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Abstract:

Heat transfer coefficients were measured in two systems; one in which heat was transferred from a
bundle of continuous helical copper finned tubes to a cylindrical air fluidized glass particle bed and
another in which heat was transferred from coiled spiral tubes to the fluidized bed.

Experimental parameters for the two systems included tube geometry, bed particle diameter, and air
fluidizing velocity.

Results for the helical finned tubes indicate that the coefficient generally increased with increasing
fluid-izing velocity. A maximum coefficient was observed in some cases. The coefficient increased
with decreasing particle size. The coefficient increased with increasing fin spacing and decreasing fin
height. The coefficient was very sensitive to fin spacings greater than 8 particle diameters and became
less sensitive to fin spacings less than 8 particle diameters. The coefficient increased with an increase
in the tube bundle center-to-center spacing, until the tubes became located close to the column wall,
then the coefficient decreased. Performance increased with increasing air fluidizing velocity, increased
fin spacing, and decreased fin height. An average gain in heat transfer of up to 135 percent was
obtained with helical finned tubes compared to a bare tube.

Results for the coiled spiral tubes indicated that the coefficient also increased with increasing fluidizing
velocity and decreasing particle diameter. The coefficient increased with decreasing groove depth and
increasing flute pitch. Most of the data fell within plus or minus 15 percent of a correlation relating
experimental parameters to the heat transfer coefficient.
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ABSTRACT

Héat transfer coefficients were measured in two
systems; one in which heat was transferred from a bundle
of continuous helical copper finned tubes to a cylindrical
air fluidized glass particle bed and another in which heat
‘'was transferred from c01led spiral tubes to the fluldlzed
-bed.

Experimeﬁtal parameters for. the.two-systems included
tube geometry, bed particle dlameter, and air fluidizing
velocity. o

'Results for the helical finned tubes indicate that
the coefficient generally increased with increasing fluid-
izing velocity. A maximum coefficient was observed in
_ some cases. The coefficient increased with decrea51ng
. particle size. The coefficient increased with increasing
~fin spacing and decreasing fin height. The coefficient was
very sensitive to fin spacings greater than 8 particle dia-
meters and became .-less sensitive to fin spacings less than.
8 particle diameters. The coefficient increased with an
‘.increase in the tube bundle center-to-center spacing, until
the tubes became located close to the column wall, then the
coefficient -decreased. Performance increased with increas-
ing air fluidizing velocity, increased fin spacing, and
decreased fin height. An average gain in heat transfer of
"up to 135 percent was obtained with helical finned tubes
compared to a bare tube..

Results for the coiled spiral tubes indicated that the.
coefficient also increased with increasing fluldlzlng

'3.veloc1ty and decreasing particle diameter. The coefficient

increased with decreasing groove depth and increasing flute
pitch. Most of the data fell within plus or minus 15 per-
cent of a correlation relating experlmental parameters to
the heat transfer coefflclent.




INTRODUCTION

In the past 20 years the contributions  to the

technique of fluidization have been numerous, with the

number of theoretical and experimental investigations

.varied in many directions. The use of fluidized bed

egquipment has opened wide possibilities for improving

" various industrial technologies.

The so-called fluidized bed results when a fluid
is caused to flow.upward through a bed of suitable-
sized particles at a velocity sufficiently high to buoy
the particles and to ‘impart to them a fluid-like motion.
Therefore, a fluidized bed is a relafive stable condi-
tion of fluid—solid contacting which is intermediate to
a paeked column on one.hand, and pneumatic transport on
the other (1).

At low fluidiziﬁg velocities, the fluid merely

passes through the bed as in a packed bed. The bed of

particles offers resistance to the fluid flow through it.

‘As the velocity of the flow increases, the drag exerted

on the particles increases. With the fluid flowing up-

. ward through the bed, the drag force will tend to cause

the' particles to rearrange themselves within the bed to

offer less resistance to the fluid flow. .This causes

[ - [l
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the bed of particles to expand. With further incrgase
in the upward fluid velocity, the expansion continues
and a stage will be reached where the drag force exerted
on the particles will be sufficient té support the weight
of the particles. In this state, the'fluid—particle
system begins to behave like a fluid andAwill flow under
é hydrostatic head. This is the point of incipient
fluidization. The velocity corresponding to this condi-
tion is termed the minimum fluidization velocify. The
: préssure.drop across the bed at this point will be ecual
to the weight of the bed (2). ~

As the fluidizing medium velocity is increased:
beydnd the point of minimum fluidization, the fluid
bubbles expand and coaleéce as they rise upward through
the bed and burst as they reach thg upper bed surfacé.
The bubble action tends to agitate the bed, increésing
the random motion of the particles. The uniform expan-

- sion behavior of the bed is lost. This condition of a

freely-bubbling bed is known as aggregative fluidization.

The final regime of fluidization, known as slugging,
is evident when the fluid velocity is increased until  the

size of the bubble diameter'approaches the 'size of the

]
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' eolumn; Layers-of fluidizing medium are seen rising in
"the column in plston like action. Maximum partiele mo-
'tlen occurs durlng slugglng} Slugging is usually unde—
~'sirable since it increases the problems of entrainment
' Jand lowers the performance potenrial of the_bed'for both

'phy51cal and chemical operatlons (3).

All three reglmes of fluldlzatlon were observed in

this - lnvestlgatlon

The fluldlzed bed has both de81rable and unde51r-

©able characterlstlcs. Listed below are some of the
-advantages_and‘disadvantages (4) :

"Advantages

fl. Due .to the'intense'agitation in a well-fluidized
bed local temperatures and. sollds distribution aré much
more uniform than in. flxed beds. This may be important

1n many chemical and catalytic processes.

©2.. Fluidization allows easier implementation of

" continuous recycling of .solids.

3. Increased motion of the particles past internal

" or external heat transfer surfaces results in heat trans-

fer coefficients much higher in a fluidized bed than in

a fixed bed operaring under'cqmparable flow conditions.

This makes temperature control easier.

T T T 7T
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4, Use of a fluidized bed lowers maintenance costs

because of few movable pafts.

. Disadvantages

1. Because relative fluid and particle motion is
basicaily co-current, the'driving force is not completely

favorable, and the fluidized bed acts as a single stage.

Multiple beds can be employed, but this runs into more

expense. : : ; N -y
2. In fluidized operation eguipment, erosion may
be serious. Special and genefally expensive designs
méy be required to eliminéte or'ﬁinimize wear in reactors
and transfer lines.
3. Particle degradation and elutriation may cause
severe catalyst losses.
4. Space velocity through the column is limited
because the bed fluidizes in a narrow rangé of veloci-

ties. A fluid reactor is in this respect restricted,

‘whereas the fixed bed offers a greater degree of freedom

and adjustment of space‘velocity.

Despite some of its serious drawbacké, the use of

~fluidized beds in industrial operations has been wide-

spread. The use of a fluidized bed by the U.S. Petroleum

industry in the catdlytic cracking of oil (4) and in the

LU I B w At a T
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catalytic reformer (3) has led to a technical fevolution
in this field.‘ In recent years there is an intensive
. effort on research and development to explore the advan-
tages offered by fluidized bed téchnology to the combus-—
tion and conversion of coal (5). Fluidized 5eds are
currently being looked at for the incineration of
carbonaceous industfial wastes (6) and the incineration
of petroleum refinery wastes (7). Fluidized beds are
presently being used in the following industrial opera;
| tions: the calcining of nuclear wastes; the roasting of
sulfide ores; as a heat exchanger to cool hot alumina
particleé; iﬁ the production of alkyl chloride, acri¥A
lonitrile, phthalic. anhydride, vinyl acetate monomer; and
the oxidation of ethylene. These few applications just
mentioned are in no way complete; but do show some 6f
the diversity of uses for the fluidized bed in inaﬁstry.
téday.ﬂ |

As can be seen from these exaﬁples,_most appliéa—'
tions require energy to be transferred.to or from'the
- fluidized bed. . Heat transfer surfaces immersed in the
-bed are an efficient.method fér transferring energy.
" The objectives of this investigation are in two

parts: The first part was to experimentally study and

I



.aoalyze heat transfer from vertical, continuous, helical,

"COpper}finned tubes arranged.in a bundle in an air

fluidized bed.; The bed material consisted of glass beads
'of7controlled.diameters.' Experimental variables‘inoluded

'f.fin.height"fin spacing,'particle diameter, fluidizing
.Egas mass veloc1ty, and tube bundle center to-center

spacrng The second part was to finish the 1nvest1gatlon
started by David Everly, analy21ng heat transfer from
c01led spiral copper tubes in an alr fluldlzed bed.

Agaln, the bed material consisted of glass beads of

- controlled diameters. Experlmental variables for this

part 1ncluded groove depth, number of flutes, flute

-pltch partlcle dlameter, and gas mass velocity.




THEORY AND PREVIOUS RELATED RESEARCH

The theory and previous research from extended

surfaces in fluidized beds is presented in two parts.

The first section presents proposed mechanisms for heat
transfer from immersed surfaces; the second section
describes previous research with immersed heating
surfaces.

Mechanism.of‘Fluidization for Heat Transfer

Various researchers (2,3,4,8) have investigated the

phenomenon of bubbling and the associated particle mo-

.tign in fluidized beds. The phenomenon of bubbling is

a'striking and obvious feature of the gas fluidized
beds. Bubbles in gas fluidized beds are very important
for they are responsible for most of the features that

differentiate a packed bed from a fluidized bed. They

- modify gas flow thrbugh the system that causes particle

movementhwhich generally results in rapid and extensive
particle mixing. A direct consequence of this is very
high heat transfer coefficients that can be obtained
bétween the bed and immersed surfaces,

Several models based on various controlliﬁg heat
transferyresistances have been presented to explain

these high values of heat transfer coefficients.

T e T L A |
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Levenspiel and Walton (9) presented a -‘"film" model,
FPigure 1. In the film model a thin laminar film of
fluidizing gas is next to the surface. The major resis-
tance to heat flow is considered to be in this film. The
scouring action of the fluidized particles against the
£ilm decreéses its thickness, thereby decreasing thé
resistance to heat flow. Levenspiel and Walton derived
a simple expressioﬁ in terms of the modified Nusselt and.
Reynolds numbers for the effecti&e gas film thickness on
the assumption that the film is bquen whenever a parti-
cle touches the transfer surface. They then predicted
the overall heat transfer coefficient that would be
obtained if the heat transfer was limited by the average
thickness of the éas film developing between fhe'points
of contact where the film is broken. 1In order fo make
their model fit their experimentally determined coeffi-
cients, they found it necessary to modify the power to
. which the Reynolds group was raised and the cons@gnt
that they had predicted for their expression.

Mickley and Fairbanké (10) proposed a "packet"
model, Figure 2. In their model, packets or an emulsion
of ?articles at the bulk bed teﬁperature Tp, moves intb-

contact with the transfer surface at a higher

T
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temperature T,,. Unsteady state conduction from the
transfer surface to the packet 6f particieslbegins on
contact. This conduction of'energy into the packet is
the controlling resistance. After a short duration of
confact with the transfef surface, the packets are
visualized as leaving the surface, breaking up, and
dissipating heat to the bulk of the bed. The packet
properties were assuméd to be those of a quiescent bea°
:Ih their own experiments, Mickley and Fairbanks found
that bed—to—surface transfer coefficients were propor-
tional to’ the square root of the thermal conductivity
of the quiescent bed, as their'unsteady state diffusion
ﬁodel predicted. The simplifying assumption that thé
packet of'gas and particles can be treated as a uniform
medium, with the thermal propertiesvof the bed at incip-
ient fluidization is obviously‘unrealistic in the neigh-
borhood of the heat transfer'surface,-because of the
effect of the surface on local pafficle packing. .

~Mickley and Fairbanks' proposed packet model was
later modified by Ziegler, Koppel, ana Brazelton (11).
This new model was extended b& Genetti‘and‘knﬁdsen (12).

Under this new model, the physical properties of the

LI = TTT T T .-
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:sdlids‘and fluids are constant. The fluidized particles
‘are spheres of uniform diamefer;' Particles from the bulk
of fhe fluidized bed, having the 5ulk medium temperaturé,
' Tb,-move adjabent to the transfer surface, while adjaceht
' tQ the sﬁrfacé the particie recieves energy by éonvection
‘y_from the fluid around thé partiéie; This £fluid around the
-.partiéle is assumed to be. at the arithmetic mean of thé
transfer éurface tempeiature ana.the bulk ﬁedium'temper~
étufe. .After some'time, the particle leaves the Surface_‘
ana.réturﬁs to the bulk .of the bed. Conduction at the
~pdiht'of contéct.has.been‘shown to'be vefy small and can
be neélécted.' This mécﬁaniéﬁ is sketched-fof a typical
particle on figure~3. Ziegier, Koppel,:and Brazelton (11)
'aevéloped the following fofmula’to describe the rate of

heat transfer from a surface in a fluidized bed:

p =~ Mop T B ,
1.+ 6k 0 . )
kg [ 6k )
- fc D2

T v TT T

D S



_13_
Heat Transfer Surface
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Figure 3. PARTICLE MODEL FOR HEAT TRANSFER
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where,

Nup = particle Nusselt number, dimensionless

ho. = heat transfer coefficient, BTU/ft2-hr-OF

Dp = particle diametef, ft

kg' = thermal conductivity of fluid, BTﬁTft/hr—ftz-oF
© = average contact time, hr |

ps = solid particle density, lbs/ft3

C,.. = heat capacity of solids, BTU/1b-°F

When Genetti and Knudsen extended this model, they
recommended that 10(1-¢)%°2 be substituted for the 7.20
in the above equation, where (l1-&) is the particle volume
fraction. '

Kunii and Levenspiel (3),in an attempt to compare
theories and‘develop criteria to suggest which modei
applies, suggested the "general" model. The folioWing
four heat transfer mechanismé may oéerate simultane&usly
in their model: . - . " _

1. Heat is transferred through a thin gas film with
thickness on the order of a particle diameter or less.

2. Heat transfér by conduction in the vicinity of
the particle-surface contact points, with frequent re-

placement of particles at the surface.
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3. Unsteady state absorption of heat by fresh
emulsion which is swept up to and then away from surface.
4., Steady state conduction througﬁ the emulsion
layer whiéh is seldom swept away. This represents a

film model for‘the emulsion.\ '

The modeis that have been presentea here are nbﬁ
necessarily in conflict with each other but méy corre-
spond to different ranges of operating conditions. These
models are not recommended for design purposes, but do'
giVe a qualitative understanding of the processes that
occur. The mathematical equétions developed from these
models can be very useful in correlating experimental
data. |

Previous Related .Research

Immersing extended surfaces in:a fluidized bed_can
greatly iﬁcrease the aréa for heat transfer. Numerous
éapers have been published céncerniﬁg heat transfer from
immersed surfaces in fluidized beds. Studies have been,
done to determine the effect of fluid mass velocity, void
fraction, fluid thermal conductivity, particle density,
particle heat capacify, particle diameter and'shape, and

surface geometry.

© i mr T (N TT T 7
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A‘study by Genetti, Schmall, and Grimmett (13)
showed. the effect of bare and.serrated fin tube orienta-
xdtion on the heat transfer coefficient.- Variables

hstudled 1ncluded partlcle s1ze, mass veloc1ty, and
' orlentatlon angle° A minimum heat transfer coefflclent

‘was observed at an orientation angle of 45O for the bare

-tube,and 60° for the~serrated fin tube.

Vreedenberg (14) investigated the heat transfer from

a horizontal heating tube in a fluidized bed. He oor—-
related the Nusselt number fn terms of the Reynolds
number, void fraction, and fluid and solid particles.
Devfations of exberimentai values“from his-correlation
wereléo%. Variables in his study included bed tempera-
A. ture}'fluid mass velocity,.particle diameter and shape,
- and tube.diameter. | A

fetrie} Freeby, and Buokham (15) studied a bundle
of 19 horiiontai aluminum bare and helical finned tubes.
The tubes were heated electrlcally or w1th steam conden-
;51ng on the 1n51de. They found as dld Vreedenberg that
the heat transfer coefficient 1ncreases w1th air mass
‘ ve1001ty, but decreases w1th partlcle dlameter They
.also observed a max1mum in heat transfer coeff1c1ents

‘with’ 1ncrea51ng gas mass veloclty.
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Chen and Withers (16) studied the heat transfer
* from bare and finned tubes positioned vertidally~in a
fluidized bed. They varied fin height and fin spacing.
They reportea gains as large as 190% for heat transfer

~ coefficients for helical copper fin tubes compared to

plain tubes.

'There have been numerous investigationé into the
heat transfef:ffom tube bundles in an air fluiaized bed
here at Montana State University under the direction of
Dr. William Genetti. Table I is a list of the principle

in%estigators along with some of the results.

T T T T
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' . Table

I. PREVIOUS RELATED RESEARCH AT MONTANA STATE UNiVERSITY

Investigator

Tube Position and Type

Parameters Varied

Agreement With

Correlation Developed

Gain in
Heat Transfer
Compared With

Bare Tube -

_ Bartel (17)

1973

" priebe (18)

1975

Kratovil (19)
1976

" Vanderhoff (20)

1978

Everly (21)
1978

horizontal bundle of
carbon steel finned
and bare tubes

horizontal bundle of

carbon steel serrated
finned tubes, stain-

less steel and copper
spined tubes

horizontal bundle of
copper helical finned
tubes

verticle bundle of
carbon steel serrated
finned tubes

copper coiled spiral
tubes

fin height, tube
spacing, particle
diameter, fluidiz-
ing air vel.

fin and spine height,
spine material,
spines per turn,
particle diameter,
fluidizing gas vel.

fin height, fin
spacing, particle
diameter, fluidiz-

" ing gas vel.

fin height, fin
width, fin spacing,
particle diameter,
fluidizing gas vel.

groove depth, numbex
flutes, flute pitch,
particle diameter,
fluidizing gas vel.

+15%

serrated tubes -
+ 12.5%

spine tubes =
+ 12.5%

+208 -

no correlation

+20%

80%

spine tubes -
60%

190%

743

40%

.
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" EXPERIMENTAL APPARATUS

The discussion of the equipmeht will be divided
into two main sections: the helical finned tube system
and the coiled spiral tube system.

Helical Finned Tube System

The equipment used in this system was already
available, having Been once previously used for similar
‘heat transfer'investigations of serrated finned tubes
by Dan Vanderhoff. Minor modifications were made to
improve the éfficiency and ease of operation.

The main parts of the helical finned tube system
arevthe fluidizing column, the fluidizing system, ana
the electrical system.

A schematic drawing of the overall experimental
system is shown on Figure 4. It shows the relationship
between wvarious parts; A photograph of the column and
the surrounding equipment is-shown on Figure 5.

Fluidizing Column

Figure 6 shows a detailed view of the column. The
column was cylindrical in shape, .59 inches high and 13%
inches inside diameter. It was fabricated of clear,

¥-inch plexiglas. The column was c%ear to allow visual
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@ Power Supply: @ Switch Box; @ Powerstat; @ Rheostat; @ High Limit
Temperature Controller; @ Wattmeter; @ Plexiglass Column; Thermocouple
Switch Box; @ Potentiometer; Bed Manometer; @ Orifice; @ Orifice
Manometer; @ Main Air Line Valve; @ Bypass Valve; @ Air Blower.

Figure 4. SCHEMATIC VIEW OF HELICAL TUBE SYSTEM
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COLUMN OF HELICAL FINNED TUBE SYSTEM

Figure 5.
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Figure 6. DETAILED VIEW OF HELICAL FINNED TUBE COLUMN
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observation of the bed when fluidized, and it was easier
to see that the heaters'and tubes remained in position.
One access port, 4 inches in diameter and located 6
~inches from the bottom of the column, was used to clean.
the bed when éhanging particle sizes. Flanges,‘3/4—inch'
thick, were placed to the top aﬁd bottom of the coluﬁn.

A small, 6 inches high, galvanized steel funnéi,
13% inches bottom diameter and 19 inches top‘diameter,
fitted with a rubber gasket, was bolted to the top flaﬁge
of the column. Attached to the top of the funnel was a
steel perforated plate sandwiched between two 24 inCheg
by 24 inches plexiglas plates. The plexiglas plates
were 3/4-inch thick and had a'l9—inch diameter hole cut
in the center of them. This steel perforated plate séha—
wich was the air exit port and also allowed filling of
thé column. Attached to6 the top of the steel perforated
plate sandwich was a clear piexiglaé cylinder 19 ihches

o

in diameter and 20 inches high.

A wooden ring, along with a funnel fitted with
rubber gaskets, was bolted to the bottom flange of the
column. This funnel.supportea the distributor plate.
The funnél was constructed from 16 gauge gaivanized

steel. The funnel was 12 inches in height, 13% inches

i
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intdiameter.at the topr and 2 ‘inches in diameter at the
’bottom.' Thenspout of the funnel was 2 inches in diameter
| and.4 inches long. A l—inch.dlameter particle drain was
fastened to the distributor plate and extended through
:'the_side of the funnel. The drain.pipe_was fitted wlth
._a gate value. The distributor'plate consisted of two
-"layers of:a_lightweightvcotton cloth sandwiched between
two layers of 100 mesh stainlese steel wire cloth which
was, placed between two pleces ‘of 0. 03125 inch thick.

- steel perforated plates. The perforatlons were ¥ inch
“in'diameter with %-inch center—tofcenter distance. This
‘distributor plate proved to prouide sutficient pressure
drop for uniform fluidization..

| _ " The . column waé eupported on a wooden.frame anchored
to the floor.

Fluldlzlng System -

. Alr was used as the flUldlZlng medium. The air

l'was supplied to the‘column by a Sutorbllt alr'blower-
driven by a 7% hphﬁotorﬁ A 2%-inch schedule 40 pipe

’Was'used both .for a main air supply line to the column
.and for a column by pass line. The main air'supply'line

' was connected to the steel funnel, attached to the bottom

'of the column ‘with a. flex1ble rubber hose. A gate valve
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wés located in the main supply line and the by-pass line.
. The. gate valve in the suppiy line was left open for all
the runs, while the air flow rate to the column was
reéulated by adjusting the gate valve in thé by-pass
line. - |

An orifice in the'main air supply line wés used to
measufe the air flow rates to the column. The pressure
'drop across tﬁe orifice was méasured with a water mano-
meter. The minimum fluidization flow rates were
"measured usiqg a micromanometer. The orifice had a 1%-
inch diameter opening, and veha'contracta taps.

Back pfessure from the column was measured with a
Duragauge pressuré gauge located downstream from .the
orifice. |

_Thrée sizes of BlésthO—Lite glasé~beads were used’
as the bed material. Their sizes and distributions were
deterﬁined by Everly (21), using a camera-mounted micro-
scope. A stagnant bed height of 18 inches was used in

each run. The particle density was 155 lbm/ft3. The

glass bead characteristics and distributions are listed

in Table II.
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Table II. BLAST-O-LITE BEAD SIZE ANALYSIS

Average Distribution - Nominal
Diameter (in) {in) Nanme
0.0076 : 0.005-0.0098 Small
0.0109 . 0.0098-0.0164 Medium
0.0164 >0.0164 . Large

Electrical System

The electrical system consisted of the heater and
tube.assemblies, the thermocouple system ahd the power
supply. |

Watlow firerod cartfidge heaters of apbropriate
diameters.were used as the heat source for the finhed
tubes. As shown in Figure 7, each cartridge was 10
inches long, comprlsed of a 6%-inch heated sectlon and
two insulated ends. A 1/8-inch diameter longltudlnal
hole was drilled through the lead end of the heater. A
51ngle thermocouple wire was soldered to the surface, at
.the base of a fin, midway .along the length of eech tube.
The thermocouple wire was passed through the 1/8-inch
diameter hole in the heater. The heated section of the

cartridge heater was inserted into the finned tube with
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Figure 7. DETAILS OF A CARTRIDGE HEATER
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the two insulated ends protruding. A set screw on the
~ finned tube was tightened to secure the tube in placé
on the heater. Figure 8 is a photograph of the cart-
ridge heater and the finned tube. The smdller insulated
end (.4'incﬁ) was inserted into a stainless steel tube
9 inches long and % inch inside diameter. The other
end of this stainless steel tube was fastened to thé
distributor piate. The larger insulated end (3 inches)
was insertgd into a copper tube 52 inches long and %
“inch inside diameter. The other end of this copper tubé
.wéé inserted through the steel éerforated plate on the
top of the column.

The leads from the heaters aloné with the tube
thermocouple wire were threaded through the inside of
the 52-inch long copper tube and out the top of the
column. The leads from the heaters were connected
through fuses to seven parallel toggle switches. From
these switches the line ran to a rheostat and then
through a ﬁowerstat where the power cbuld'be varied.

A switch béx-was connected to tﬁe powerstat. Also
connected to the switch box was a Feﬁwall model 524 high
'.Eempérature limit’controller. This instrument was a -cut-

off relay to avoid probiems of overheating the bed. A
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Figure 8. CARTRIDGE HEATER AND FINNED TUBE
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thermocouple in the bed acted as the sensing device for
the instrument. A 240 volt line source was fed into |
the switch box.

Along with the single thermocoupie attached £o‘eacﬁA
tube, two more thermocouples were used to measure the
bed temperature in three different locations. The three
thermowells were located 11% inches above the distributor
plate and were equally spaced'around the circumference
of the bed. The thermowells projected 3 inches into the
bed. Another thermocouple was used_to measure the in-
coming air temperature. Its thermowell was located .
downstream froﬁ the orifice in the main air supply-line.
Leads from the tube thermocouples, the bed thermocouples,:
and the main air line thermocouple were plugged into a
‘ panel‘board which was wired to a switch box. A model
156x15~-P Brown Potentiometer qulconnected to the switch
box. The temperature was measured directly from the .
potentiometer. _ : . ' _ ': x,‘

A total of eigﬁt different sizes of finned tubes
were investigated. A bundle:of seven tubes of the same
size was used in the column. The tubes wefe épaced 2

inches center-to-center. After the last tube set was
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investigated, the center-to-center spacing was increased.

. to 3 inches and then to 5 inches. The surface areas'and-,

various dimensions are given in Table III. An end view

“and side view of the finned tubes is shown on Figure 9.

Coiled Spiral Tube System.

| The equipment used in_this“system was'alsb avail-
.'éble,.having been once éréviously ﬁsed fof a study of |
coiled spiral tubes of.a different geometry. Only a
briéf descriétipn of the equipment.in this system'will.
_be.éiven'here;sthe reader ié referred to Everly (21)
for a more defailed'description.

The'main'parts of.the eguipmént used in this
,iﬁvestigatién'are the fluidizingicolumn( the fluidizing
éystem, the £hermoéouplé syétem, and the tube and water
heating system. .

fhg fiuidizing system.Was the same aé.that described
' for the heiiéailtube systém. |
A séhemétic drawing of the overall experimental.
.-fsystem is shown on'Figure 10. A photograph of the

_fcolumﬁ ahd the sqrrounding equipmen£ is shown on

Figure 11.




L

Ll

A A R | W N |

 Table III: HELICAL FINNED TUBE DIMENSIONS

' Fin Tube Fin Fin Tip Fin Base Fins Fin Avg.* Total
Tube O:D. O:D. He%ght Wi@th Wi@th Per Spaping Tube2
No. (in) (in) (in) (in) (in) Inch - (in) - Area (ft")
1 1.453 ;625 .414 .0110 .0164 9 .0951 1.1995
2 1.375 .625 .375 .0134 .0242 9 .0871 1.0604
3 1.328 .625 .352 .0110 .0170"° 9 .0951 0.97509
4 1.094 .625 .234 | .0110 .0120 5 .1840 0.37809
5  1.094 .625 - .234 ~ .0090 .6110 14 .0554 0.89712
6 l.094' .625 .234 .0094 .0130 18 .0330 1.0658
7 1.000 ..453 .274 . .015? .0330 5 .1750 0.35264
8 1.500  .750 | . 375 .0140 .0330 7 .1229 0.95433

-.Zg_.

*The average total tube area was calculated using the average~width between

the fin tip and the fin base.




;_]H||||HH||||||||6|5|"||H|IIHIHIIIII\IH’!
T

O

END VIEW

Figure 9.
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SIDE VIEW

HELICAL FINNED TUBE DETAILS AND NOMENCLATURE
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Figure 10.
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Figure 11. COLUMN OF COILED SPIRAL TUBE SYSTEM
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Fluidizing Column

Figure 12 is a detailed view of the column. The
column was constructed from plexiglas 3/8 inch thick,

9 feet'ﬁigh, and 14 inchés in diameter. The column was
divided into tﬁo sections that could be separated to
change the tubes. The lower section was 25-3/4 inches.
and the upper'section was 9011/4 inches; Wire screen
was wrapped éfoﬁnd the lower section and a third of the
upper‘seCtion. This wire helped dissipate the elecﬁri—
-cal charge that built up on the outside of the column
during fluidization. The top of the column was a re-
movable 1-3/4-inch wooden ring covered with a stainless
steel screen.

A funnel made from 1/32-inch galvanized steel was
fastened to the bottom'bf the bed and supported the
aistributor plate. \

" The distributor plate consisted of a.piece of 100
mesh stainless steel wire cloth sandwiched between two
1/16-inch stainless steel perforated plates. A particle
.drain pipe was connected to the distributor plate and'
extended through the side of the funnel section. A

guick opening valve was fitted on the end of the particle
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drain pipe. This‘was used to empty the column_bf glass

'beads.s

The column was supported by a wooden frame thatl

. was anchored to the floor.

. Thermocouple System

Thermocouples were used to measure inlet and outlet

water temperatures, inlet-air temperatures, outside

column temperature, and three bed temperatures."The
location of the bed thermocouples is shown on Figﬁre 2.

The leads of the thermocouples were cdnnected to a

_swifch box which was connected to a 156x15-P Bréwn

Potentiometer;

.Tube and Water Heating System

One-six—f&ot length of spiral copper tube was bent
into a’?—inqh7insidé diameter coil. A photograph of the
coil is shown in Figure ié;- Connected to the bottom end
of'tﬁe.tubé Qas a:one4incﬁ'pipe that_protruded:through
thé column wall. .This'oﬁe—ihch pipe was connected to‘

more piping that lead to a water sink. The top end of

“the’ tube was fitted with a one-inch pipe that also pro-

truded through the column wall. Connected to this pipe

=T LU ) Tt L Y T )
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Figure 13. COILED SPIRAL TUBE
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was a steam heated countercurrent heat exchanger.

- Water was supplied to the heat exchanger and tube by -

an overhead tank.

Table IV_is a list of the thsical characteristics
of the spiral tubes used in this inﬁestigation and pre-
vious studies. Everly (21) and Genetti and Everly (Z2)
investigated tubes_lA} 2A, 3A, and 4A. T have in—-

vestigated tubé$ 53 and 5A for this investigation.
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.Table IV.

COILED SPIRAL TUBE DIMENSIONS

Surface?

.Tube _Wall Leggth Pi?ch, P Groove . Outside‘ ce
No. Thickness (£t.) (in.) Depth (in.) Diameter (in.) Area (ft°)
1a 20 gage 12.0 2.00 0.150 1-1/8 2.57
2A 20 gage 12.0 2.80 - 0.210 1-1/8 2.02 :
3A 20 gage 6.0 2.23 0.184 1-1/8 2.51 ;
4n 20 gage 10.4 plain plain 1-1/8 1.76
5A 20 gage 6.0 2.60 0.166 1-1/8 2.25
6A 20 gage. 6.0 3.10 0.101 1-1/8 1.96

. * The surface area was based on 6.0 ft.

length of tube.




EXPERIMENTAL PROCEDURE

"Minimum Fluidization Velocities

: Miniﬁum fluidization velocities:ef the three
particle sizes were determined for each of the eight
:ltube_buﬁdles'ih the helicel finned tube system. - Once
.the‘tpbe bundle was assembled in the column, the column
‘was filled to static height of 18 inches from the dis-
‘tributor plate. The.eir was turned onznuiregulated SO
the bed was bubbllng freely Tﬁe heatets were then
'turned on to allow the column to heat up to normal
‘operetlng temperature and also drive off any moisture
in the‘pafticles; ’The coiumn took 3-4 hours te reach
'steady state

The minimum fluldlzatlon velocity was determlned
By regulatlng the air flow rate until 1n1t1al fluidiza-
'tien or defluidiéetion of the bed was visually verified.
A.Waterffilledimieromanometer wae used to measure the
pfesSure dtop across the orifice. »This process was
repeated several times.fet each particle size. An
lxeverage of all'the readinge Was used as the minimum
:fluidization velue. ihe.average minimuﬁ fluidization‘

" values for the three bead sizes are shown oﬁ Pigure 14.
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Figure 14. PARTICLE MINIMUM FLUIDICATION VELOCITIES
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Typical Run Procedure for the Helical Finned Tube System

The same procedure was used for all runs. A sét of
finned tubes was selected and the thermocouples were in-
stalled. The heaters were layered with aluminum tape
and cop?er_anti—sieze compound, to help promote'contact—'
ing between the ﬂeaters and the tubes. The heater was |

then inserted into the finned tubes. The two protruding

insulated ends of the heater were fitted into the stain—.-

less steel tubing and the copper tubing supports. The
tube thermocouple leads and the heater leads were then
threaded through the copper tubing. This assembly of

heater, finned tube, and support tubes was positibnea

and secured into place in the column. The leads from the

.heaters and thermocouples were connected to their'respéc—
tive panels. Particles of the proper size weré poured ~
" ih the toﬁ of fhe column to a static bed height of 18
inches'above the distributor.plate. '
ﬂﬂmapower:to the heaters was turned on and adjusted
to 200 watts per heater. The blower was turned on and
‘-the‘air flow rate adjusted. The column was allowed tq
reach steady sfate. ‘Steady s£ate was feachéd'in 4 hours

‘ for the first flow rate and 2 hours for each successive

flow rate. A reading consisted of recording the seven

P
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”temperatures of'the,finned tubes ln the bundle, the
.Sevenfheater wattages, the three temperatures of the
bed- the temperature of the incoming;air, the pressure
" drop across the orlflce and the bed and the amblent'
?fcond;tlons; ‘The air flow rate was then 1ncreased after
';the‘second.readlng. This procedure was repeated untll
-all of the desired'flow rates had been 1nvest1gated
All three particle sizes were investigated for

" each tube To change particle size, the partlcles
.-were drained out'through the particle draln plpe. The
. remaining'particles'were removed by opening the access
4port and ‘using a‘vacuum'cleaner. |

Typlcal Run Procedures for the C01led Splral Tube System

The tubes were properly 1nstalled in the column.
The column was f;lled to a static bed height of 20 inches
with the desired particle size. - The air blowers were. |
n-;turned on and adjusted to the desired flow rate. The
water was turned on and adjusted to the des1red flow .
rate. The water flow rate'remalned constant “throughout
'the run.. The inlet water temperature to the tube was
ad]usted by varying the amount of steam to the exchanger
The 1nlet water temperature was also maintained constant

'throughout_the run. The column was allowed to reach
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steady state, 4 hours for the first air flow rate and
~- 1% hours for each successiﬁe air flow rate. Three
readings 15 minutes apart‘were taken for each air flow
'rate. A reaaing consisted of recording the iﬁlet énd.
outlet Water temperature, the three bed temperatures,
- the water flow rate, the incoming air temperature, the
_pressﬁre drop across the orificg and the bed, ahd the
ambient condifions. The air flowlrate was then in-
creased after the third reading. This procedure was
repeated until all‘of the desired flow rates had been
iﬂVestigated. |

All three particle sizes were investiéated for
each tube. The particle sizes were changed .in the same
procedure as the helical finned tube system.

A run had to be made for each tube using one of the
three particle sizes. This run was made using the same
procedure described above e#cept the air flow rate was

held constant and the water flow rate varied. This run

was made to obtain data for the Wilson pldt analysis.

Tt TPt TT T




DEVELOPMENT OF THEORETICAL MODEL
FOR HELICAL FINNED TUBES

As was mentioned previoﬁsly, a sinéle'thermocouple
was attached to thg surface of each tube in the bundle.
This thermocouple measured the temperéture of the base
of the fin. When using this temperature fo calculate
the’heat transfer coefficient, it would assume thaf -
there is a uniform temperature distribution across the
tube and fin. Since this is not true, the temperature
“distribution in the fin must be accounted for.

The helical fins used in this study were slightly‘
tapered. A model was developed that would- account for
the taper. This model worked well for low air flow’
fates, but the equation became unstable at higﬁ flow
rates. A second model was then developed that didn't.
take into account the taper in the fin. The second
model worked well for both low and high air flow fates.
The heat transfer coefficiehfs obtained from both models
were compared for the low flow ratés. The?e was only a
0.154-2.5% difference between the two models. Kratovil
(19) also reported that the téper was sé slight as to
not significantly affect the final values for the heat
transfer coefficients. Based on these findings, the

taper was not taken into account in determining the

T LUl ey Ant s ¥ At i [}
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:tempe?atﬁre diétribution in the fin. An average fin
:"thickness between the base of‘tﬁé £in and the tip of
: the‘fin was used. L |
To-obtéin the femperaturé_distribution in the fin, .
It a steady étate eneréy balance was taken aroundﬂé differ—'
flentiél finnelement. Assuming aﬁgular symmetry;.the
-Problem'bécamé l—aiﬁénsional in the r—direﬁtion, as
‘shdwn-on figure 15. |

.Heat flows,by‘cpnduction'into'the'léftiface of
the éiemenf, wﬁile heat floﬁs out.éf the element by
‘“cohduétipn thfough the,riéht facé‘and by convection
from fhé surface. Undér sfeédy'sfdte conditiéns, the

accumulation.of-energy‘within the element is zero.

“k2wrw AT | + k2w rw 4T ~2h2TWrAr(T-Ty) = 0

ar Iy dr ly+Ax
“Rate of heat — rate of heat — rate of heat = 0
flow by con- flow out of . flow by con-
duction into element at - vection from
element at r (r+Ar)- surfaces be-
' ' s : ‘tween r and
(x+Ax)
where, .
k = thermal conductivity of the fin, BTU;ft/hr—ftz—oF
h = average heat transfer coefficient, BTU/hr-ftz—QF
w =

average fin thickness, ft

L} i T
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Figure 15. PROPOSED MODEL OF HELICAL FIN
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Dividing through by Ar and taking the limit as Ar
goes to zero and simplifying, the following differential

equation for the temperature distribution in the fin was

obtained,

a [ d(T-T )} - 2hr (T-T,) = 0

dr . dr wk
Defining 52= 2h/wk, and expanding out the derivatiﬁe
term in the preceding equation gave,

a(r-m,) + r a%(r-Tp) - B2r(T-Ty) = 0
dr ar?
Multiplying through by r and by Bz/ﬁz to get the deriva-

tive in the form of pr-instead of r gave,

- B2r2 aZ(1-1y) + Br a(T-Tp) - B2r2(T-Tp) = 0 N
d(ﬁzrz) d(Br)

Eqﬁation (1) is now in the form of the modified (or

hyperbolic) Bessel's differential equation,

x% dy + xdy - (xz—nzly =0 : ‘ - (2)
dx?  dx : :

T =TT L e |}
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The complete solution to equation (2)  is of the form,

y. = C1In(x) + CoKj(x)
Therefore, the solution to equation (1), for n=0;'was
5;of the form,-
- Tb = ClI (Br) + C2K (pr) L - (3)
The ‘two boundary'conditiohs to this problem were:
'_a)'.f=roj TéTW

b) -k dr| = h(T| © -Tp)
- .drir=r) lr=rq -

Applying the two boundary conditions. to equation (3)

and sdlving the . two equations simultaneously yielded

_ equations for the constants Cp and Cj.

:,ci:= T (hKg (Bry) - kBKy (Bry)
. | [h[I (BrO)K iBrl) - I (Brl)K (1BrO)J -

kas l_‘Imsrl)K (pro) + 1 <;Bro>Kl<;arﬂ]

Coy = Ty=Tp- Cllb(Bfo5
| -Ko(Pro)

Substltutlng the equations for Cq and C2 back 1nto equa—

tion (3) ylelded an equatlon for the temperature dlstrlbu—

-tlon in .the fln..

rr L TTT T T
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The heat transferred ‘to each fin could then be
found by applying Fourrier's law,
dfin = k2T row 4T ' ' ' (4)

ar | _
r=r,

Taking the derivative of equation (3) with respect to r

and substituting it into equation (4) gave,
dfin = ’kZT‘rOWB‘?2Kl(Bro) - ClIl(?roﬂ

Té obtain a relation between the experimental values
of;QAST, and the average heat transfer coefficient, h,
the abové expression was‘divided by the experiménta%ly
measured temperature difference and multiplied by the
total number of fins, Ny. A certain portioﬁ of the tube
was bére, so this was added on to the expression.

The final relation, then, is:

_Q__ = Ntk2Tr I'OWB [CZK]_ (BI‘O) - ClIl(Bro)] +‘hAb
) T )
AT . . , L

B

‘There is one major assumption in this model, and
that was that the heat transfer coefficient was constant

over the entire surface of the tube.

T
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The heat transfer coefficient in the abové expres-
sion is now based on the model and_accoﬁnts for the
temperature'distribution in the fin. A éomputer program,
employing function generator subroutiﬂes for the Bessel
functioﬁs, was used to solve the above equation for
Q/AT given a.predetermined sequence of values for the
hgat transfer,coefficient. Graphs of the heaf transfer
.coefficient versus the calcuiated Q/AT were constructed
for each of the eight tubes inv¢stigated. These graphé
are shown on Figures 16, 17, and 18. Using these
figgres, the heat transfer coefficient aécounting for
the temperature distribution in the fin could be found

for each of the experimental Q/AT values.
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RESULTS AND DISCUSSION

The dlscuss1on of the results is presentea in two parts.

'The first- sectlon descrlbes the results obtalned w1th the
*Hcopper hellcal flnned tube-system, and the second section
jpresents results obtalned with the coiled splral ‘tube system.

-Hellcal Flnned Tube System -

A vertlcal bundle of seven hellcal flnned tubes was-

:used to study the effects of fin height, fln spa01ng, tube

bundle center- to center spacing; fluidizing gas mass velo-

" city, and particle diameter.

All average heet transfer coeff1c1ents, hmodel’-re"

- ported in this section allow for the temperature gradient

from the base to the'tip'of'the'fin.-

The 'same helical finned tubes used in this investigaf

tion were used by Kratovil '(19), but in the horizontal posi-

" _tion.  The correlation developed by Kratovil for the ‘tubes

in a hdrizohtal_position‘was used with my calculated

-k .values. With the exception of Wheu the fin spacing

moadel

'bedomes small, 14 and 18 fins per inch, most of my data

fit hls correlatlon plus or'mihus 30 percent. His correla-

| tlon w1th my data is plotted on Flgure 19. The plus or

.mlnus 30_percent-dev1atlon seemns to indicate that Kratovil's

=TT = T TTT ™ | Bt}
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correlation for a bundle of helical finned tubes ih the
horizontal position predicts fairly well the heat transfer
from a vertical bundle With'lérge'fin spécings of' 5, 7, and
9 fins per inch. Using his correlation with the data from
the two tubes with small fin spacing gives a deviation as
“large as 75 percent.. This large deviationVseéms reasonable
because, in the vertical position the small fin spacing will
hinder particle movement into and outjof thé fin more thah
if the tubes were in a horizontal position. Iﬁ the verti-

. cal position the particlés.can become ‘trapped in the'fiﬁ
spacing, causing an increase in the resistance to heat
transfer. This was confirmed by my reported results.of
lower heat transfer coefficients than Kratovil reported in
the horizontal positioﬁ wiﬁh these same tubes. ’

" Effect of Mass Velocity and Particle Size on hmodel——

As the fluidizing gas mass velocity was increased,
hmodelh_generally increased, sometimes reached a maximu@
and then decreased with further increase in the gas mass
velocity. The méximum'occurs.bedause of two opposing
factors. With an increased mass velocity'thgre'is increased
particle movement which results in shorter particle-surface

residence times and higher heat transfer coefficients.

— T ™ L e | I 11
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'Wlth the 1ncreased mass veloc1ty there is also a higher void
) fractlon whlch reduces the partlcle concentratlon adjacent

to the surface,and consequently reduces the coefficients.

In this'investigation:the plots of hy 4.7 versus air

: ;mass ve1001ty for the small partlcles generally had the

steepest p051t1ve slopes, followed by the slopes of the
plots for medlum partioleS}_followed by the slopes of the
plots for large partlcles. S ‘ . _ ..-/

‘The heat transfer coeff1c1ent increased with decreas;
Ing particle size. The 1ncrease was larger between the

medium and small partlcles than between the  large and medium

partlcles. 'There were lncreases.aS'large ‘as 35 percent

between the"large”and small-particles; The dependence of

mode1l °Om particle size was lessened with decreasing frn
spacing and increasing fin height. A representative plot

of hmodel .versus alr mass velocity, G, with the three dif~-

ferent partlcle ‘sizes for’ hellcal finned tube No. 7 is
,’shown on F;gnre 20.. The_plots of hde1 versus G for the
rest of the helical finned tubes are ‘shown on Figures 35-41

in the appendices of this thesis. . ' o 4 ,

'Effeet'ofoin-Spacing on hyngel -

.Three'tubes with fin heights of .234 inch were used to

—T T T Tt L i i R S
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model with fin spacing. The

determine .the dependence of h
fin spacing varied from .0330 to .1840 inch. Nominal fins
per inch were 5, 14, and 18.. - |

The.heat transfer coefficient increased wiéh'increaéing
fin spacing. With a smaller fin spaciﬁg, particlé motioh |
into and out of the fin becomes harder, resulting in an -
increase in thé'particle-Surface residence time., This
‘increase in particle—éurfacefreSIdencthime feduces the
ratefof heat transfer per‘unit'area,‘thus decréasing the
héaf'transﬁer coefficient. Figure 21 is a plot showing
the'éffedts of fin spacing on the heat transfer coeffi-
cient as the air mass velbcity.is increased. This plot
is for the large size particles; Plots for‘thé'sma;l and
medium size particles are shown on Figures 42 and 43 in
the appendices of this théSis. |

Figure 22 is a plot of the heat transfer coefficienf'
" versus the ratio of the particle”diameter to the spacing
between fins (Dp/s) at an air mass velocity'ratio YG/Gmf)
equal to 4.0. The tubes in this plot héd constant'fin
heights of .234 inch. |

The curve is steepest when Dp/s i§ les; than .130,

increased fin spacing, and flattens out for Dp/s greater

L LUl het R~ S 2 B T
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than .130, decreased fin spacing. For Dp/s less than .130
the heat transfer coefficient ‘is quite'sénsitive to fin
spacing (greater than 8 particle diameters). Thislimplies
thét the particles are free to.move into and out df the
fins,.reSulting in higher heat transfer Coefficieﬁts,b64
cause of reduced particle-surface residence times. For
Dp/s‘greater than .130 the hea# transfer coefficient is
less éensitive to- fin spacing (less:thén78 pérticle”dia~~
meters). This implies that the motion of the barticiés
becomes more hindered with smaller fin spacing and the
heat transfer coefficient levels out. ' Fin spacing in this
range'have'a‘small:effedtﬁon the heat transfer COéffiCieﬁt.

Kratovil (19) reported that the heat transfer coef-
fiéieﬁt is sensitive td fin spacings greater than lO‘parR
~ticle diameters and least sensitive to fin spacihgs”leSS'
than 10 particle diameters for the helical finned tubes in
a- horizontal position. H |

Comparison of my results with KfatovilS'iﬁdicates thaﬁ
.thé finned,tubes in the vertical position;are moie.sentis-"
tive to fin spacing than in the horizontal position.

Effect of Fin Height on hmodel

Three tubes with constant fin spacing of 9 fins per

L T ™ (i at}
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inéh erg uéed té deterﬁine thé dependence of the_héat
) ff%ﬁsfer éoefficient wiﬁh fin height.. The fin height varied
" from .352 to .414 inch. .
:_The‘heat'transfer coefficient decreased with inéreasing
iifingheigﬁt;- This is what éah be ekpected since particle
-ﬁovément into and out of the fin is.hindéréd with longer
.fiﬁs; The hindered éérticle motién increases the particle-
surface fesidence'time thﬁs_deqreasing the heét transfer
.coéfficiéﬁt. q |
Figure 23 is a réprésentative plot showing the effect
'gﬁ increasing fin ﬁéight qn'the heaf transfer coefficient as
Ithe ai; mass velocity increases. ‘This plot is fof the mé—
dium sized ﬁaftiéles. Plots for tﬁe small and large size
'péfticles are shown on Figures 44 and 45-in the-éppendices
‘_of this‘thesisl | |
In thgﬁrange of fin heights and fin spacings looked
-ét in this iﬁvéstigation,}fin sbacing seems to have more
“of an effeé% on'the,heat,tfahsféf coefficient than fin

height.

Effect of Tube Center—to-Center Spacing ‘on hrodel
After the last helical finned tube No. 8 had been

studied. - The center-to-center -tube spacing in the bundle -

T ™ T < T T 3
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was increased from 2-inches to 3-inches,. and then to 5-
inches. At each different tube bundle spacing analysis
was made usiﬁg medium and large particle sizes. Figures
24 and 25 show the effect of incfeasing.the center-to- ‘
center tube spacing on the‘heat transfer coefficient.-

Thé heat transfer coefficient increased as the center-—
to-center spacing was increased from 2 to 3-inches. In-
creasing the spacing to 3-inches allowéd moré foom for |
particle movement around the tubes than was availéble
at the 2~inch spacing. This increased spacing enhancéd
more particle movement into and out of the fins on the
tube, which resulted in higher heat transfer coeffiéients..

When the bundle spacing was increased to 5-inches, the
heat transfer coefficient dropped below the values bbtained'
at the 2-inch center-to-center spacing.- At the 5-inch
spacing the tubes were only 1.75 inches from_the wall of
the fluidizing column. Visual observation of the column
‘while it was fluidizing revealed that thelbubbie action of
the fluidizing gas was less along the'wéll than in the
" center of the coiumnh This defluidization aloﬁg the wall
results in less particle,métion wﬁich, increases the sur--

face-particle residence time. Therefore, the heat transfer
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coefficient will decrease.

A measure of the helical fin tube performance is tﬁe
ratio of the product of the heat transfer coefficient and
the total area“to ﬁhe ratio of the produdt of the heat
transfer coefficient and area of a plain tube occupying the
saﬁe Volume under identical fluidizing conditions (16).

The performance for this invesfigation”wés calculated

using the following ratio:

Performance = (Q/A T) Fin Tube
‘ (Q/A T) Bare Tube

where:

heat transfered, BTU/hr

Q
T = temperature driving force, °F
The area of the bare tube, used to determine (Q/AT)
Bare Tube, was calculated using the 'overall fin diémeter‘.
The 'overall fin diameter' is defined as the tube diameter
across the fin tips. The heat transfer coefficients fdr a .
bare tube was obtained from work done by Chen and'Witheré
(16) . | '
When the performance ratio or performance exceeds one

it can be expected that the finned tube provides higher
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heat t?aﬁsfer dﬁty‘per,unit area than a bare tube.

All the helical finned tubés_inﬁéstigaﬁed had peffqr—

‘ manées higher .than unity‘_.The'avérage increase in tﬁe
heat-traﬁsfér'coefficient over that of é bare tube was 137
‘'percent. Vanderhoff (20)'reportéd géins of 74 percent using

; }é.vértical bupdle of carbon_steéi sérfatéd finned tubes.
KratQQil (lé)lrepofted éains of l90ipercen£ using a hori-

zqntal buﬁdle of'helical-finned tubés.

:Figure 26 is a'plot showing the effect of fin spacing
oh fﬁe tubé pérférmance as. the fluidizing air mass velo-
.city'ihcreaseé. Thé-perfofmancévdecreases'With'decreasing‘
fin spécing.. By increaéing the-fin spacing from 18 fins -
per incﬂ to 5 finsiéer iﬁch,.a maximum increase of. 24 per-
'cént oécurs in the performaﬁce'of the finnéd tubes.

Fiéufe 27 is a plot showing the effect of fin height
on. the tube>performance as ﬁhe fluidizipg alir mass velocity

' .increases. ﬂThe'performancé‘deéreases with increasing fiﬁ.
heiéhf.- A méximum-increaéerof 10 percent occurs in the

:performance by decreasigg the fin height from'.4l4 inches

o) 352 inches. R
i Figuﬁe 28 is é plot showiﬁé tﬁe effect of ihcreésing

the tubé'qenter~£o—center spacing in the bundle on the
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pefformance. -At high air mass velocities the performance
I:increased 10 percent when the center—té—center spacing was
increased from 2-inches to 3~inches. When the center-to-
center spacing was increasgd to 5-inches, a maximum de-
crease of 21 perqent compared to the 3-inch séacing
occured, and a maximum decrease of 25 percent compared to
the 2-inch spaéing.occured. '

In Table V the performance for all eight helical
finned tubes are listed at an air mass velocity ratio (G/
Gmf) equal to 4.0. The best performer based on the average
performance of all three particle sizes was a tube of inter-
mediate fin spacing with intermediate £fin height.

Coiled Spiral Tube System

As was previously mentioned some of the coiled épi;al
tubes listed on Table IV were investigéted previously>by
Everly (él) and Genetti and Everly (22). I have studied
tubes 5A and 6A in this investigation.

A 6-foot length of spiral copper tubé, bent into a
7—inch inside diameter 'coil was uéed to study the effects
of_groove depth, flute pitch, particle diameter, and gas.
massuﬁelocity.'

The following eQuation is the definition for the




Table V. PERFORMANCE OF HELICAL FINNED TUBES AT G/Gmf ='4.0

Tube Fin Fin p P ‘P Ranking
' ' Based on

No. F.P.I. Spacing  Height (Sm Beads) (Med Beads) (Lg Beads) Avg. P
1 9 L0951 414 - 1.84 2,21 3.36 3

2 9 .0871 ‘. .375 1.69 2.40 3.76 2
3 9  .0951  .352 2.08 . 2.46 4.17 1

4 5 - .1840  .234 1.65 1.80° . 2.89 5

5 14 .0554 .234 . 1.07 1.46 2.29 7

6 18 .0330 234 1.05 1.40 2.09 8

7 5 - + .1750 .274 1.78 -'_" 1.84 2.99 C 4

8§ 7 .1229 .375 1.51 1.92 2.77 . 6

._LL._
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“relationship betWeen the overall heat  transfer Coeffrcient,
-and‘the inside and outside heat tranSfer coefficients;
Il=l+'rD‘+A |

— — ——)— —_———

.Uo 'ho 'k DL A.h.

The overall heat transfer coefflclent U , was calcu-
}lated from experimental measurements us1ng the following
'.equatlon.

U = W o Cpmo 8 ((TT)/ (1)

. Aé

In order'to obtain the inside heat transfer coeffi-~
oient,_hi, a Wilson plot analysis was used. This was
aocoﬁplished by Varying the water flow rate throdgh the
: coiled spiral‘tube holdiné the other variables of the in-
'vestrgatlon constant - The Wilson plot analys1s using the
medium s1ze partlcles is shown on Flgure 29, for tubes No.
5A and oA For both tubes, a stralght llne relationship
flt the data for the range of water flow rates investi-
gated. Slnce the heat transfer properities of the fluid-
ized bed do not depend on the water flow rates in the tube,

the-following equation was used to obtain the inside'heat

transfer.ooeffioient:

T——Y"=T {2l il it ety e 2 T o
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éo— = slope o
hid; (Mg o)
' 2
The contribution of conduction within the copper tube
wall was negligible; therefore, the flﬁidized bed heat
transfer coefficient, ho} is related to the overall céef—

ficient and the water flow rate by the expression:

ho = 1
-1/UO.— slope/ (W

).8
HZO
Everly (21) correlated the héaf transfe£-coefficients
. he obtained for tubes No. 1A and 2A using the particle
model for héat transfer described previously in this
thesis. Figure 30 shows his correlatiqn with the exper-—
imental points I obtained in this investigation with tubeé
No. 5A and 6A. Most of the experimental data fit tﬁe Eor—
relation to within plus or minus 15 percent.

Genetti aﬁd Everly (22) were able to obtain a fit
of plus or minﬁs 15 percent using Evérly's correlation
' with tube Wo. 3A. Thus Everly's correlation seems to
acéurately predict the heat transfer coefficient for
coiled spiral ﬁubes for the given range of applicability

listed on Table VI.

 guinn ) ™ LU SN m L | I N
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Table VI RANGE OF CORRELATION APPLICABILITY
Variables’ _ Range

Particle Diameter .0076 - .0164, inches
Groove Depth - - .10 - .210, inches
Number of Flutes, N 3 to 5 -
Pitch, P.. . - 2 to 3.1, inches
Air'Mass Velocity, G 100 to 550, lbm/hr—-ft2

Bed Material : glass spheres

" Bffect of Mass Velocity and Particle Size on hg

The fluidized bed heat transfer coefficient, hg, is
plotted versus the air mass velocity, G, on Figures 31 and
32 for the‘coiled'spiral tubes No. 5A and 6A respecﬁively°

It was.generally observed that the.heat transfer co-
efficient increased; reaches a haximum value, and then de-
creased with increasing fluidizing air mass velocity. The .
: maximum is a result of the same two opposing factors
meﬁtioned earlier in this section for the helical finned
tube system. |

H?igurés 31 and 32 also shoﬁ that'thg'heat‘transfer

~coefficient increased with decreasing particle size.
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Increases in the coefficient as large as 45 percent were
‘noted between the small and large particles for tube No.
5A; and 36 percent for tube No. 6A.

Effect of Groove Depth and Pitch on hO

The two coiled spiral tubes used in this investigation

had 4 flutes. Another coiled spiral tube reported by
Genetti and Everly k22) also had 4. flutes. Figure 33.showé
Ca ﬁlot of the heét transfer coefficient, hy, versus the aif
mass Velocity, G, for these three coiled spiral tubés.

. It was generally observed that the heat transfer co-
efficient'increased with decreasing groove depth, §, and
increasiné pitch, P. The maximum increase was 20 percent
between tube No. 62 (§ = .101, P = 3.1) and tube No. 3A
(6§ = .184, P = 2.23). ‘

As the groove depth decreases and £he flute pitch
increases, the fube'approachés.the'gedmetry of a bare tube.
Tt would therefore ‘seem reasonable that the heat transfer
coefficient would increase with decreasing groove depth and
inéreasing flute pitch.

" Performance of Coiled Spiral Tubes

.”Géﬁetti and Everly (22) concluded that the performancez

" ratio (hOAO/Abhb) is a function of the groove depth, §;
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"partlcle dlameter, Dé; flute pitch P-.and number of flntes,
) N. Based on results from thls 1nvest1gatlon and prev1ous
:1nvest1gatlons (21 22), the performance ratlo appears. to

.;go through a max1mum as P6/N increases. This parameter
.-as proportlonal to the space between the flntes. As this

' spaee‘increases partiele metion is.enhanced) there by in-
.creasing the heat transferacoeffieient. At the'same time -

:.the area for heat transfer is decrea51ng causing the pexr-

'-formance ratlo to go through a maximum (22). _Flgure 34
'for G % 200 lbm/hr—ft2 is a plot of_the performance‘ratio
'rersus PS/N. TubeINQ. 38 kd =..184;.P = 2,23, N = 4) of

intermediate geometry was the best performer.
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ERROR ANALYSIS

The discussion of the error analysis will be divided
into two main parts: the helical finned tube system and
the coiled spiral tube system.

Helical Finned Tube System

Assumlng the experimental heat transfer is only
afrected by the measurements of qexp and (Tthb), tue error .
analysis is performed on the following equation:

h = q

exp .
AT (TW Tb)

The wattmeter was assumed to be accurate within ; 5
" percent.- . The bed temperature is assumed to be measured
within + .5 °F and the tube wall temperature could be
measured within + 1.5 °F. The minimum (T =Ty, ) value in, thls
investigation was 12.25 °F.

The maximum and minimum errors for hex?'can be deter- .’

mined using the previous assumptions. This analysis was

. t 1
based -on an hexp true' value of 110.‘
g Max1mum'hexp A . S :., -/-.l'
Pagp = 205 T =125
~h . ‘ l - 2. 00/12.25

Error‘=,(hé -h)/h = (l 254-1.0) x 100 = 25.0 %
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Minimum h

exp

'h 1+ 2.00/12.25 '
Error = (hg, ~h)/h = (0.82-1.0) x 100 = -18.0 %

'.Therefore the- experimental error range bracketlng all
:results is +25 0 % and ~-18.0 %. Therefore, maximum de-
'Vlations from 'true"values should be about + 25 %.

C01led Spiral Thue System

Assuming the overall heat transfer coeffic1ent U P

is only affected by the measurements of W r Tay p and
H20 i b
fTo; The error analysis is performed on the following

5equaticn;
UO = Wsz ?szo In ((Ti—fb)/(To—Tb)l
A
, . o
The measurement of WH 6 was assumed to be accurate to
2

’

5 1bm/hr._ No error was assumed.ln determlnlng the tube
'surface area and heat capa31ty of the water. The  temper- -
" ature measurements are accurate to + .5 °F. The minimum
.value for ln(Ti— b/T T } in this study was .144. Using the
smallest value of U r- the experimental error -is at the max-.
1mum effect. |

Using'the above-experimental accuracies, maximum. and

-minimum errors. for Uo‘are.determined.




-91-

Maximum U

(W, +5)(C... ) 1n
. H20...5._p,HZO T =5 = T.+.5
u. .= o b
oMax A A
o)
. ( U - U _ ) _
‘Exror = oMax o x 100 = 15 percent
) U ’ )

" Minimum U

.H20
v = T +.5 -~ T.—=.5
oMin
A.
o
€ Uosin ~. U . ' ' '
Exror = = ' x 100 = -14 percent
U .

Thereforé, since .this is the lowest heat transfer coef-

ficient value encountered, the maximum error should be

-

ébéut'i 15.0 percent




CALCULATIONS

' This section is divided into the following three
parts: the equations.that were used by both. the helical -
finned tube system and:the‘coiled spiral tube system to
analyze the experimental data, the.equatiéns that were
‘uséd tolénalyze only the exberimental dafa of thé
“helical tube system, and tﬁe equatiqns that were used
to énalyze only the experimental data of the:coiied
spiral tube system.

Common Calculations to Both Systems

Air Mass Velocity

As mentioned previously, a vena contracta orifice -
with a water manometer was used to determine the air
mass velocity to the columns. A standard equation for

the orifice is used.

G = 3600 C,Y¥g 2go (P1-P2) P
Ac .1 - gt '
where, =

G'.= air mass velocity, lbm/hr—ftz‘

Co = orifice coefficient, dimensionless

Y = expansion factor, dimensionless

8¢ = cross-sectional area of orifice, ff

Ac = cross-sectional area of column, £

ge = gravitational constant, ft-lbm/hr®-lbsf
P] = pressure at upstream pressure tap, 'lbf/ft2

pressure at downstream pressure tap, 1bf/ft

K
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- -
=
ll

- density of air at the upstream pressure,
 1bp/ft3

ratio of orifice diameter to 1ns1de plpe
dlamter, dimensionless .

vs}
il

.For a square—edged‘orifice, the expansion.factor

is given as follows:

Y =1 - P;-Pa(.41 - .35B%)
- PR, )

where,

Ky = Cp/Cy

The orifice coefficient is a function of the’
‘Reynolds number. It-was found to be nearly constant
at .61 for the range of air. flow rates used.

Temperatures

As was mentioned. previously; the temperatures'were
read directly, using thermocouples connécted to a Brown

Potentiometer. o ' SO e

Bed Temperature
The value used for the bed temperature, T, was the

average of the three bed thermocouple readings.
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Air Thermal Conductivity -

| Air'thermal‘cohductivity; kg Was determined by

| linear interpolaticn between.selected table values‘in

_ Krelth (23). -Evaluation'temperatufe was the bed.
:Htemperature, Ty, and the unlts are BTU~ft/h1 ft2— F.

© Airx VlsCOSlty

Alr v1sc051ty was calculated for each bed
temperature from the following equatlon which was

fit to experimental data.

= (2.45(Ty,-32) + 1538.1) 2.688 X 107°, lby/ft-hr

. = ‘air viscosity, 1b/ft-hr
"Tp = bed temperature, 9F '

Particle Reynolds Number

.Rep =:GDEf.d1menslonless
LU : . pg -
where, -,
¢ - air mass'velocity,'lbm/hr-jft2
: Dp = partlcle diameter, ft
air viscosity evaluated at bed temperature,

)1 =
9 Lbn/£t-hr
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Helical Finned Tube System

Heat Input to Each Tube

Elecfrical power input to each tube was measured
with a Simpsbn Wattmeter; A conversion factor of 3.413
BTU/watt-hr was used to convert the measured watts to
BfU/hr. |

Surface Area of the Helical Finned Tube

The surfécé area of each tube was determined by
calculating the bare area and adding on the finned area.
The finned area was determined by multiplying the area
of the fins by the number of fins on the tube.

Experimental Heat Transfer Coefficients

The experimental heat transfer coefficient for each

finned tube was calculated from the standard equation for

convection from a surface.

, BTU/hr-ft2-OF .

hex. =
P
Ar (Ty-Th)

where, .

hexp = experimental heat transfer coefficient,
BUT/hr-ft2-OF :

Am = total tube area (fin + bare areas), fr2
Tw = heat transfer surface temperature,°OF

= bed temperature,®F

=
o}
[
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The experimental heat transfer coefficient for the bundle
of finned tubes was détermined by averaging the seven in-
dividual finned tube hexp values. |

" Particle Nusselt Numbeér

Nu_ = h D_ , dimensionless

P model P
k
g
_ Where,
Nup = particle Nusselt number, dimensionless
hCdel = heat transfer coefficient based on
analytical temperature profile in
| a fin, BTU/hr-ft2-OF E ) o
kg = air thermal conductivity, BTU-ft/hr-£ft"-"F
Dp © = particle diameter, ft '

Coiled Spiral Tube System

Water Mass Velocity.

’

The water mass velocity, W

, was measured by
H20

weighing the amount of water discharged over a given time

peroid.

Surface Area of the Coiled Spiral Tube

The outside surface area of each coiled spiral tube}
AO, was determined by measuring the re@uced.length of each
"spiral tube before it_was.coiled. This was accomplished
by multiplying the area of each ridge by the_humbe; of
ridges and adding .on the bare area between the fidggs and

the bare area of the ends of the spiral tube.
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Heat Transfer Coefficient

Tit—Tb .

o

Wiy0

' L " In -
Uo = WHz0CPH,0 ~ To~Tb , BTU/hr-ft#-OF
2o B
'“wherey'
' Uo ‘= overall heat transfer coefficient,
. BTU/hr-f£t2-°
.CPH20 = heat capac1ty of water, BTU/lbp-
'fWHZO = water mass veloc1ty,.lbm/hl
'_A§ ' = outside surface area of c01led spiral
' ‘tube, £
. Ty = inlet water temperature, Oop
- To. = outlet water temperature, OF -
Tb = bed temperature, OF
Outside Heat Transfer Coefficient’
g = . 1 - .., 'BTU/hr-ft2-OF .
't%*(slope/WHzo)TSO "
.O '
_where,
ho = outside heat transfer coefficient,
BTU/hr~£t2-OF :
UQ =.

overall heat transfer coeff1c1ent,
BTU/hr-£t2-OF

.water mass velocity, lby/hr
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'8was determined for each coiled.

The term(slope/w )
. H0 -

spiral tube from a Wilson plot analysis which relates

the water mass velocity to'thé inside heat transfer

coefficient. -

: Psfticle Nusselt Number

p = hODp dimensionless
kg
where,
Nup'=,particle Nusselt number; dimensionless
hy, = outside heat transfer coefficient,
o BTU/hr-£ft2-CF
,Dp = particle diameter, ft
kg = air thermal conductivity, BTUéft/hrjftZ—oF

 Minimum Fluidization Velocity

The values of minimum fiuidization velocity used
in the correlation of the data for' coiled spiral tubes

is calculated_ffom the Leva correlation (4).

Gug = 688 D182 p (PP 7%, 1bp/hr-ft?

B
.88
v

Lan} LUl D | e et e
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minimum fluidization velocity, 1bm/hr—ft2

particle diameter, in

density of fluidizing gas, 1bm/ft3

'dénsity of bed particles, lbﬁl/ft3

viscosity of fluidizing gas, 1lbpy/ft-hr:




| CONCLUSIONS

From the,ihvestigation of the helical finned'tube_system

'the following conclusions were drawn:.

1. }Heat.transfer coefficients incréased with increasing

fluldlzlng alr mass veloc1ty. For some conditions a-

maximum was reached
2,-;Heat_trausfer_coefflcients'increasedxwith decreasing
- Particle size.‘-The-increase‘was'generallyygreater:
between the small and medium sized particles than
ibetween the medlum and large 51ze partlcles. .

3. Heat transfer coefflclents 1ncreased with increased -
fin spa01ng;; The coefflclentuwas very sensitive to
'fln spaclnés'greater than 8 particle diameters and
lessvsenSitiue,to fin spacings less than 8 particle'
diameters.' | |

df‘4%“Heat-trausfer coefficlents increased with decreased

fin helght.

-

" .5, Heat transfer coeff1c1ents 1ncreased w1th an 1ncrease

~in the tube bundles center-to center spa01ng, untll
the tubes became located close to the column wall,

'then_the.coefflclent.decreased.'
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§. Performance of the tubes increased with .increasing
fluidizing air mass velocity, increased fin spacing,
and decreased fin height.

7. The best pgrformance was with a tube of intermediate
fin spacing and intermediate £in height. \

8. An average géin of up to 135 percent was obtained

with the helical finned tubes compared to a bare tube.

From the investigation of the coiled spiral tube system

the following conclusions were drawn:

1;5 Heat transfer coefficients increased with decreasing
particle size for all geometries.

2. It was generally observed that the heat'transfgr co-
efficient incréased with increasing fluidizing air
mass velocity, with a maximum &alue observed in some
éases.

3. The heat traﬁsfer coefficient increased with decreas-
ing groove depth and increasing flute pitch.

4. The best performance was from a tube with intérmediate

number of flutes and.intermediate groove depth and

flute pitch.
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Most of the data fell within plus or minus 15 percent
of a correlation relating experimental parameters to-

the heat trénsfer coefficient.
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" Symbol

C1:C2

 inside surface area,
"spiral'tube

'fln surface ‘area,

heat eapabity

'heat capac1ty
'partlcles

'_spiral'tube

‘NOMENCLATURE

Definition’

'bare tube surface area

cross sectlonal area of B
" column .

coiled

helical”
flnned tube -

total tube surface area

outside surface .area, coiled -
.spiral tube .

'constants in development

of temperature distribut-
;on in hellcal fln

:-orlflce coefflclent

: heat capa01ty at constant
‘pressure

of water

coiled splral tube |

ofzsolid )

heat capa01ty at constant

=.volume

l_logarlthmic‘mean diameter

outside diameter, coiled

. .
-particle diameter

air mass velocity

© 1bm/hr-ft

ftZ;

f£2

fe?

ftz'

£t
£t2

dimensionless

dimensionless

BTu/lb—OF
Bru/hr—oF
BTU)BI;OF
'BTU/hr;éF

-

-inches

inches

‘inches

2

T




exp.

model
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" Definition

minimum fluidization
velocity ' -

gravational constant

average heat transfer

coefficient

‘experimental heat trans-

fer coefficient, helical
finned tube ‘

heat transfer coefficient
accounting for temperature
distribution in fin

inside heat transfer coef-
ficient,coiled spiral tube

outside heat transfer
coefficient, coiled spiral
tube

modified Bessel functions

thermal conductivity of
copper tube -

thermal conductivity of
fluidizing medium

ratio of Cp/Cv
fin height,helical finned
tubes or distance between

flutes, coiled spiral tube

numbe¥ of flutes, coiled:

’spiral tube

number of‘fins, helical
finned tube '

" Dimension
1bm/hr-ft>

ft—lpm/hrz—lb

£
BTU/hr-ft2-CF

BTU/hr-£t2-CF

BTU/hr-££2-CF

BTU /hr-ft2-°F

BTU /hr-f£°-CF

dimensionless

' BrU-£t/hr-££2-CF

BTU-£t/hr-ft2~CF

dimensionless.
inches
dimensionless

dimensionless

UL | Ll L i T
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Definition

particle Nusselt No.

flute pitch, coiled .
spiral tube ‘

‘upstream pressure

downstream pressure

pressure drop across

the bed
rate of heat tpansfer
particle Reynolds No.

radius of tube at fin

“tip

radius of tube at fin
base :

fin spacing, helical
finned tube

cross sectional area ,
of orifice

temperature driving
force /

bulk bed temperature .

inlet water temperature,
coiled spiral tube

outlet water temperature,

coiled spiral tube

heat transfer surface
temperature

Dimension

dimensionless

inches

er2
1bg/ft

2
1b./ft

2
lbf/ft_

BTU/hr
dimensionless

inches
inches
inches

ft
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' Deflnltlon

overall heat transfer

'coefflclent, coiled
.:splral tube R

water mass velbcity

expan51on factor

ratlo of orlflce dla— )

meter.'to inside pipe
diameter

particle fraction’.
average. contact time

:V150051ty of fluld—

izing medlum

den51ty of fluldlzlng

,medlum
_den51ty of partlcles
.den51ty of upstream air

.. groove depth, 001led
© spiral tube .

Dimension

BTU/hr—ftz—oF

1%/1??

dimensionless

dimensionless

dimensionless

hr

1bm/ft-hr

1bm/ft>
3
ibm/ft

1bm/££3

inches

O | I ¢ 4 1§ !
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