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Abstract:

The primary objective of this investigation is to present information on heat transfer from spiral copper
tubes to an air fluidized bed. A cylindrical Plexiglass column, 14 inches in diameter and 12 feet in
height, and glass beads as the solid particles were used. The experimental variables were particle
diameter (0.0076 inches to 0.0164 inches), air flow rate (65 pounds per hour to 550 pounds per hour),
and number of ridges (3,5) on the spiral copper tubes. A coiled configuration of the spiral tubes was
used. The heat transfer coefficients increased with decreasing particle diameter and increasing air flow
rate. For the smaller diameter particles, a leveling off or maximum of heat transfer coefficients was
observed at higher air flow rates. The spiral tube with three ridges had higher heat transfer coefficients
than the one with five ridges. However, the comparative performance to bare tubes was similiar for
both spiral tubes. A 45 per cent increase in performance over bare tubes using spiral tubes and the
0.0164 inch diameter particles was recorded. A correlation was formulated which fit the data within the
range of experimental error.
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ABSTRACT

The primary objective of this investigation is to
present information on heat transfer from spiral copper
tubes to an air fluidized bed. A cylindrical Plexiglass
column, 14 inches in diameter and 12 feet in height, and
glass beads as the solid particles were used. The
experimental variables were particle diameter (0.0076
inches to 0.0164 inches), air flow rate (65 pounds per
hour to 550 pounds per hour), and number of ridges (3,5)
on the spiral copper tubes. A coiled configuration of the
spiral -tubes was used., The heat transfer coefficients
increased with decreasing particle diameter and increasing
air flow rate. For the smaller diameter particles, a
leveling off or maximum of heat transfer coefficients was
observed at higher air flow rates. The spiral tube with
- three ridges had higher heat transfer coefficients than
the one with five ridges. However, the comparative
performance to bare tubes was similiar for both spiral
tubes. A 45 per cent increase in performance over bare
tubes using spiral tubes and the 0,0164 inch diameter
particles was recorded. A correlation was formulated
which fit the data within the range of experimental
error. '




INTRODUCTION .

Fluidized beds have an inoreesing number of applioa§}“ ‘
tions in a wide range of industrial.operations.‘ Se%erel e
applioations are drying, calecining, . ﬁixing, ooolinﬁ towers,
catalytic reactors, coatlng, and removal of fines from bed
parficles. A fluldlzed bed 1s a column thau contalns solld
partlcles that rest on a distributor plate at the bottom of
the column, A flu1d1z1ng mass, gas or liquid, 1s passed
-up through the bottom of the colummn.. Starting with low
mass velocities of .a gas, for example, passing up thfodgh
the bed, there is no movement of the eolid'parfiolee.' As':

" the gas velocity is increased, the pressure dropf,éoross'the
bed increases, . At ‘the point whendthe preseure:drop'across:
the bed of solid particles eqﬁals the weight of the‘solid
partlcles and the friction of the partloles at’ the 31de of
the column, the bed will expand Thls is 'called the minimum
fluidization velocity. The particles:separate andesome u
particle movement begins, but there ie‘no bubbling.f'After
this point an 1ncrease in gas velocity causes the partlclee :
to separate more forming larger: pores end ohannels 1n.the'
'bed. Bubbles now begin to rise through the bed As the'
"bubbles rise, they expand and burst at the surface of the‘

bed. The bed nOW'v1sually resemoles a contalned "001llng ;
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liquid"(1). The expansion in the bed is not unlferm;

The size and number of bubbles increase as the gas
flow increases and also as the helght above the dlstrlbutor_:
plate increases. This is also a functlon of the geometry |
of the bed, column diameter, and distributor plate - |
desigh(Z). There is vigorous bubbling in the bed and
mixing of the solid particles. This is kﬁown as the
aggfegative or "bubble" fegime, the type of fluldlzatlon
encountered in most applications.. As flu1d1z1ng mass:
velocitieS-are incfeased still‘further, the bed becomee
unstable resulting"in massive slugging end surges. This
can increase to the p01nt where the solid partlcles are o
blown out of the top of the column. |

The chemical and petroleum industries use flﬁldlzed.
beds as a catalytic reformer(3), catalytic cracklng;_ |
Gasification of powdered .coal for combﬁsbion and conversien
has fluidized bed appllcatlon."Fiuidiied-beds are.being '
- used in coating of metal parts with thermoplastlc re31ns;
a heat exchanger for geothermal energy, water purlf;catlon,;:
waste heat and nuclear weste'dieposal,.an& the d?ying of
iron,ore.' | o = _.

Some of the physical advantages of & fluidized bed

are uniform temperature and solid particle mixing
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throughout the bed (much hlgher heat transfer coefflclents
than forced convection), drying of solld partlcles, gas

_ mixing, removal of fines from bed partlcles, and ablllty
to0 continually recycle or add solid partlcles to the bed.
Another ‘advantage is low capital. and malntalnence costs.:
Since a fluidized bed is a stable system that can be
operated at steady state, ease of operatlonal control is
important. Flex1b111ty of materials’ that may ‘be used is
another advantage.’ .

There are also some disadvantages that afe‘f‘
characteristics of fluidized beds. The very active
particle movement may cause erqsiqn of qplumn waiis,
immersed surfaées,.and:the solid partiéles. Difficulty
is found in fluidization of vefy sticky materials thét
can be uéed in a fluidized 5ed.0perating in fhe bubble
regime., - | |

- There are mahy épplicationé Whefe héat ié e%tracted
or added to the fluidized bed. This was’oriéinally
accomplished by heat transfer‘ﬁhroﬁgh the walis of the
column. Later, tubes were immersed-iﬁ:the-fluidized bed
for héat transfer because of thé ipcreésed'surféde areé. 3
Much research has been done in this érea~iﬁ;an effort tol

establish;reiiable design criteria. Some research has

\
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been done using tubes with extended surfaces. It haé

- been possible to improve heat transfer rétes'with
extendéd surfaces. Thé purpose of.thié investiéation;is
to present information on the heat trénsfer coeffiéiénts
of spiral .copper tubing. The spiral copper ﬁubihg has‘ 

previously'been used in'heat'exéhanger"applicafioné.




THEORY AND PREVIOUS RELATED RESEARCH

The section on‘fheoryjand previous related research .
has been divided into the mechanism of fluidization for

heat fransfer'and.prevlous related research.

Mechanlsm of Fluldlzatlon for ‘Heat Transfer

The study of the aggregatlve or "bubole reglme 1n
fluidized beds, 1nclud1ng bubble s1ze and ‘behavior and
solid particle motlon has been done by several reseachers
(3,4,5,6).. These include afctem,pts to model analytically .
the phys1cal characterlstlcs of a fluidized bed The '
models have dlfferent ranges where the nonideal behav1or
‘of a fluidized bed is considered. Mass transfer and heat
transfer in fluidized beds cannot necessarily beﬁdescribed
by the same model There have been several models pro— |
posed for heat transfer between fluldlzed beds and . surfaces.

A "film" model presented by Levenspiel and Nalton(4)_
describes a thln laminar film of fluidizing gas next to
the surface'which is the confrolling'heat_transfer': '
resiStance;' The. activity of the solid‘narticle against
this film is the model's explanation of.lncreased heat
transfer coefficients. A "packet' model presented by
Mickley and Fairbanks(8) is descrlbed as “packets" of

particles coming into contact w1th_the surface for a short
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time period, unsfeady state heat transfer is the control-
ling resistance. The "packet" then leaves the surface
and returns to the bulk medium to dissipéfe the heat.

A modification of this theory was presented by Ziegler,
Koppel, and Brazelton(9) and- extended by Genetti‘aﬁd Knudsen
(10). Assuming constant-physiéal'ﬁropérties of the solids
and fluids and spheres of uniform‘diaméter for the'solid'.
'particles?'ﬁhe mechanism proposes that particles from tﬁe
bulk medium at temperature Ty coméuinto contact with the -
surfacé at tgmperaturé Tw. Heat is transfered By-convecﬁion“
from the surrounding fluid o the particle for & length of .
time, ©. The fluid temperature, Tf; is assumed to be the
arithmetic mean of T  and T,. After time ©, the particle
returns to the bulk medium to dissipate the heat. .This
mechanism is shown on Figure l.- The conductioﬁ héa% |
transfer at the point of contact with the surface and the _
.radiant'heat transfer from the surface are-neglecfea.

They found thét the following formula describes the rate

of heat transfer from a surface in a fluidized bed;
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where,

Nup = particle Nusselt number, dimensionless

n, = heat transfer coefficient, BTU/£t>hr-CF
Dp = particle diameter, ft |
kg = thermal conductivity of fluidizing medium,

BIU/br—f+t —OF
@ = average contact time, hr
o = density of solid partiecles, lbs/f‘b3
C

ps = heat capacity of solid particles, BTU/1b-°F

Genetti and Knudsen recommended that l(_)(l—e)o'5 be
substituted for 7.2 in the above eqﬁatiOn,.where (1~-€) is the;
particle  fraction, dimensionless. The data collected in this
study was correlated using this formula. ZXunii and |
Levenspiel(3) have compared models and suggested a general'-

model which includes the different mechanisms.

Previous Related Research ‘

There have been numerous papers publishedAthét‘have
information concerning heat transfer from immersed surfaces.
Most papers include a study of the effect of particle diéa o
meter. Other work includes studies of the effect of
particle shape, density, and~heat'capacity; fluid thermal
conductivity, viscosity, void fraction, and mass velocity.

Chen and Withers(13,14) studied the hedt transfer character~
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istiés of vertical bare and finned tubes in a fluidized
bed varying fin height and fin spacings. They report that
gains as large as 190 per cent for heat transfer coeffi; |
cients for helical copper fin tubes compared to plain
tubes. | B

Bartel-and Genetti(15) studied heat trénsfer‘from a.
horizontal bundle of carbon steel bare tubes and finned

tubes to a bed of glass beads fluidized with air, Varying .

parameters were fin height, distance between tubes, particle'

diameter, and air mass velocity. Gains up to 80 per cent
compared to bare tubes were observed. DPriebe and Genetti -
(16) studied heat transfer from horizontal aiscontinuous
finned tubes and spiﬁed tubes as a function of spines per
turn and spine height. TFor copper spines, gains up to 60
per cent were observed.

Kratovil(1l7) studied heat transfer from a horizontal
bundle of éontinuous, helical copper finned tubés as a
function of fin height, fin spacing, and partiéle diameter,
- Gains as large as 190! per cent compared to bare tubes were |

recorded for certain conditions.




' EXPERIMENTAL PROGRAM

The primary objective of this investigation was to
determine the effect of the number of ridges and the mag-
nitude of the heat transfer poefficienﬁs of the spiral copper
tubes. The parametérs that shouldpeffeot the heat transfer
coefficients are the properties of the fluidized bed, fhe
operating conditions, énd the geometry of the equipment.

The. properties of the fluidized bed are the soiid particle
size, shape, and composition and the fluidizing medium. The .
operating conditions are the velocity of fhe fluidizing
medium, the heighf'of particles in the bed, and the inlet
temperature and mass flow rate of the medium used to transfer
heat from 1ns1de the splral copper tubes. ~The equipﬁent
geometry 1ncludes the diameter, the number and depth of

the ridges, and the location of the spiral copper tubes

and the shape of the column. Four of thesé parameters are
the experimental variables: particle s1ze, ve1001ty of the
fluidizing medium, the number of ridges on the spiral copper
tube, and the mass flow rate of the medium used to transfer
heat from inéide the copper tubes; -

Alr was used as the fluidizing medium. The inlet air
temperature was consistantly in the range‘of'98 9F\to 115 OF,
therefore, the physical propertieé of the inlet air to the

column were nearly constant. Spherical glass beads were
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used as the bed partiecles. The density of the glass is
apbroximateiy-lSS lbs/ft3; and the glass beads were'screened
before the fiqal data was collectedt Water was uséd as the
medium transferring heat from 1n31de the spiral copper tubes.
Data was collected for two different spiral copper tubes
(3,5 ridges). The following table is a list of the-physicai

characteristics of the spiral tubes used in this study.

Table 1. Description of Spiral Tubes

Tube 1 (HTRI 1) Tube 2 (HTRI 16)

wall thickness 20 gauge 20 gauge

mat erial copper . copper

length 6 £t (including . 6 % (iﬁclﬁding

short plain ends) short plain ends).

number of ridges 5 3
pitch | 2 inches ‘_2.8 inches .
groove depth "»15 dinches : .21l inches

outer diameter 1-1/8 inch 0D 1-1/8 inch OD

The number of ridges on the splral tubes 1ncludes a
variable dlstance between the rldges. This distance was not ..
given in the manufacturer's description of the tubes, but
there was sufficient data for each tube to calculate a

value for this distance., The distance between riages was
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was calculated as .3513 inches for Tube 1 and ;7069 inches
for Tube 2. This variable was included in detefmining the
final correlation. The range of.the four experimental

variables is given in Table 2..-

Table 2. Range of Experimental Variables

Variable Range _

Particle size ‘ .0076,.0109,,0164 inchgdiameter |
Air mass velocity . 60 to 560 1bs/hr—ft2 '

Number of ridges 3,5

‘Water flow rate 95 to 540 lbs/hr

A1l of the other-parameters were held at constant values

which will be described in the following.




EXPERIMENTAL EQUIPMENT

The equipmeﬁt used in this investigatiop is divided
into fhree types: the fluidizing system, the thermocouple
system, and the tube and water heating systemL Aischematic |
drawing of the overall ex?erimental system 1s shown in
Figure 2. A photograph of the column and surrounding

equipmen; is shown on Figure 3.

Fluidizing System

The main parts of fhe fluidizing system aré fhe coldmn,
funnel, distributor plate, air blower,-and‘glaés béads.

The'column was constructed of a cylindrical, élear
Plexiglass‘that was 3/8 inch thick. The column was 13-1/2
inches inside diameter and 8 feet 9 inches in height. 4
detail view of thé column is shown on Figure 4., The column
was divided into two sections that could be separated to
make it possible to change the spiral tubes. The lower
section was 25-3/4 inches and the upper section was 79-1/4
inches. A léyhindhflange of 3/4 inch thick Plexiglass was
connected to the ends of each section to enable the sections
to bdlt together. All sections of the column were fitted
with rubber gaskets. The top of the éolumn was‘a'femovable
'1-3/4 inch wooden ring, 3/4 inch thick,.with.a.13—l/2 inch

inside diameter. The center of the 1id was covered with
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stainless steel screeﬁ (1/32 inch~openings); To aid in
removing the glass beads between runs, a 4-1/2,inch,insidé
diameter port (made of 1/4 inch Plexiglass) was connected
to the wall of the column. The column was suppofted by

a wooden frame that was bolted to a concrete floor.

A funnel section made of 1/32 inch galvanized steel
was used as the bottom of the column. The cone section of
the funnel had a top inside diameter of 13-1/2 inches, a
bottom inside diameter of 2 inches, and a height of 10
"inches, The spout of the funnel was 2 inch diameter and
‘4 inches in .length. ’

The distributor plate consisted of a piece of 100
mesh stainless .steel ‘wire cloth between two 1/16 inch
stainless steel perforated plates (perforations wéré 1/8
inch diameter and 3/6 inch center-to-center). The'distri-
butor plate was 17 inches in diameter'énd was fittéd with |
rubber gaskets. A particle drain pipe, 1 inch outside
diameter, was connected to the distributor plate and ex-—
tended through the side of the funnel section. A quick
opening valve on the end of the pipe'wés used to empty the
column 6f thé glass beéds.

Air was supplied to the column With a Sutorbilt blower

driven by a 7% HP Brown-Brockmeyer electrical moetor. The
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air was blown through a 2-1/2 inch schedule 40 steei pipe
that was connected by a rubber hose to the stem bf the.
funnel section under the column., A gate vélvé in the main-
line and a gate valve in a 2 inch bypasshliﬁe which vented
‘air_to the atmosphere were used to regulate the air flow
rate. The supply valve was left completely open. The
air flow rate was controlled by throttling the bypass
valve and it was meésured using an orifice and water
manometer in the supply line. The orifice had a 1-1/2
inch diameter opening and vena contracta pressure taps.
The pressure drop across the orifice was measured with a
water manometer. A Duragauge pressure gauge located
between the orifice and the column was used to measure
the pressure of the air entering the coiumn. |

The pressure drop across the fluidized bed was
measﬁred with a water manometer. The pressure taps were
bladed-i6t-3/4 inches apart, the 1§Wer tap was 2 inches
above the-distributor plate.

Glass,beads were used as the solid particles in the
bed., A statib bed height of 20 inches was a constant for
all runs. An analysié of the glass beads ié included in

the following material,
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Thermocouple System

The lead wires from the seven thermocouples were wired

.into an eleven position switch box mounted on a panel

board. The switch box was connected to a Honeywell chért
recorder from which temperatures could be reéd'direotly in
°F. The thermocouples were iron-constantan (type J, B and
S gauge-30). The location of the three bed therﬁocouples
is shown on Figure 3. A single thermocouple was piaced on
the outer surface of the Plexiglass column, in the air
stream entering the column, and in the inlet -and outlet
water streams, The thermocouple.readings Wereéssuméd_

aceurate o + 0.5 °r,

Tube and Water Heating ‘System -

Two six foot lengths of the spiral'copper tube were
fitted together and bent into a 7 inch inside diameter
0011. A photograph of the coil for Tube 1 is shown in

FPigure 5. The upper end of the coil was fitted to a 1 inch

diameter steel pipé going through a hole in the column

wall, 19 inches above the distfibutor plate. The lower end
of the c01led +tube was fitted to a 1 inch diameter plpe
that went through a hole in the wall of the column, 2~ 1/2
inches gbove the distributor plate, and led to a dlscharge'

area where the water flow rate could be measured. This
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is measured by weighing the amount of wéfer diécharged
over a set pefiod of time. The average distance between
turns of the coil was 2-3/4 inchés. ' The holes where the
inlet and outlet water pipes went through the colﬁmn walls
were sealed with-Permatex silicone sealant. Water from an -
overhead tnak was heated by steam in a countercurrent heat

exchangér and used as the inlet water to the coiled tube

in the bed,.
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'EXPERIMENTAL PROCEDURE

Minimum Fluidization Velocities

A ;tatic bed height of 20 inches ébove the distribufor
plate was constant for all ruhs including determination of
the minimum fluidization velocities of the different sized
glass beads. The air blower and the heat exchanger were
started .and the bed was allowed to heat up to the norﬁal
operating temperature range. The air floﬁ rate to the
column was shut off ,completely. By throttling the air flow
rate until the first sign of bed expansion'was visibly
detected, the point of minimum fluidization could be found.
A'micro water manometer was used to measure the air floﬁ
rates in this low range. Averages of this method of detef—
minization were used as the experimental minimum fluidizing
velocities for the three particle sizes. . Théy were compared
with theoretical minimum fluidization velocities predicted-'
by the Leva correlation(5). The experimental miniﬁum
fluidization velocities showed deviationé_of less than 5
per cent from this theoretical correlation. The Leva
correlation, which is given in the calculations section; was
used in determining Gmf_for the range of bed,temperatures;
The calculated'Gmf was used in the final_porrelation of |

data for this investigation,
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Glass Bead Analysis

The glass beads were screened iﬁ the following fanges:
.005-.0098 inch, .0098-.0160 inch, and .0160 inch plus.
The density of the glass beads was 155 1bs/ft-. Using a
camera mounted on a microscope, several photographs of
random samples of eacﬁ bead range and a transparent écale.
were taken, The photograph of the scale was used té deter-
mine the average particle diameter of each range of glass
beads. The results of this aﬁalysis &ielded: small .
particles-.0076 inch diameter, medium pérticlesf.0109 inch l
diameter, and large particles—.0L64 inch diameter, vThese
values agree with the screening‘ranges Tfor the glass beads.
A photograph of a sample of each bead size-is given in
Figure 6. From theée photographs, a spherical particle

shape is a reasonable assumption.

Procedure for a Typical Run

The same basic procedure was uéed fof all runs. The
spiral éopper tube was properly installed in the colﬁmn
and the column was filled to a static height of 20 inches
with glass beads of a given diameter. The air blower was
started and adjusted to the desired air floﬁ raté. ~The

water flow rate was adjusted to a giyen operating range.
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Varying the'stéam pressufe to fhé héat exchanger,mit.was.
possible to obtain a desired inlet water temperature.
This was the most difficult part of each rﬁn.' A
Pluctuations in the steam pressure caused fluctuations

in the inlet water temperature, which made collecting
steady state data very difficult. After the air flqw
rafe was set, the column was allowed to reaéh'steédy
state, 2-1/2 to 3 hours for the first run andll-l/Z
hours for the following runs at'different air flow
rafes.” After reaching steady state,'the thermocouple,
menometer, -and water flow fate data'was collected.”
Three sets of data, spaced by‘ten minuﬁes, were éollected
for each run, The~éverage values of this data'redﬁced

the error of the inlet water temperature fluctuations,
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RESULTS AND DISCUSSION

The primary objective 6f-this investigation is to
experimentally study and analyze heat tfansfef froﬁ spiral
copper tubes in a fluidized bed. The spirai copper_tuﬁes
have an increased surface area. The parameters that were .
varied in this study were alr mass velocity, watef flow
rate, particle diameter, and the number of ridgés.én the
spiral copper tubes. The range of the maés flow rate of
air through the bed is 65-550 pourids per hour per squére
" foot. The range of mass flow rate or the water through
the spiral tube is 275-375 pounds per hour, There-are
three different glass bead sizes that were usedﬁ small-
.0076 inch diameter, medium~,0109 inch diamefer,'and
large-.0164 inch diameter. Tﬁo different sﬁiral copper
tubes were used. Tube 1 had five ridges.with a'distance
of .3513 inches. Tube 2 had three ridges with .7069 inches
between themn. ' | |

The overall heat transfer coefficient, UO, ié defined

in the following equation(18).

a = U, Ay A1,

(1)

heat loss, BTU/hr

o
it

U = overall heat transfer ooefficient,'BTU/hr—ft2—oF
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Ao = outside surface area, ftz

ZTi = logarithmic mean temperature'difference, Op

The outside surfaée area, AO, for a twelve foot
length of spiral tube was calculated as 5.15 square_feet
Tor Tube 1 and 4.02 square feet for Tube 2. The temper-
ature of the fluidized bed,’T,, was constant throughouf‘
the bed, A difference of 1 °F was the 1argest deviatién
found in the three bed temperature readings after-sfeady
state was reached. The following equation was used for -

the. logarithmic mean temperature difference.

ar, = _(TpTy) - (Tyy=T,) (2)

N 7. T,

in b i
Tv=Ta
where,

KTi = logarithmic mean temperature differencé, op
Tb = bed temperature, Op
Ti = inlet water temperature, QF _
To = outlet water temperature, Op -

A steady state energy balance on the water in_the
spiral tube gives an equation for the heat lost from the

water to the tube. The Reynolds number for the range of
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water flow rates used in this study are in the turbulent
region of flow, therefore, the inlet and outlet Qater

- temperatures should be nearly constant with respect to
tube radius. The following equétion is the result of the

energy balance.

1= WHéO CpHQO’(Ti_To) )
where,

g = heat loss, BTU/hr

WHZO = mass flow rate of water, 1lbs/hr

CjH o = heat capacity of water, BTU/1b-°F
2

T, = inlet water temperature, °F
To = outlet water temperature, OF

Substituting equation (3) into eguation (1) and solving

for the overall heat transfer coefficient gives:

2

A° ATL
Using the two different spiral copper tubes‘and varying
particle diameter and air mass velocity, data was collected.

For each run, a value for UO was calculated using equation

(4). The results are given on Figure 7,
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The inlet water temperature was kept'in,the range df s
190-196 Op, The-Bed temperature was always in the range
- of 148—166:°F, therefore, the effects of the changes:in
the fluidized bed properties are assumed negligiblé.
Using the small glass beads, data was éollected for .each - .
spirél?tuberthroughout a large water flow range holding
the other experimental variables constant. The following
equation is the definition for the relationship between
the overall heat transfer coefficient.and the inside and
outside heat transfer coefficients, neglecting the effect

of fouling on the copper surface,

= P04 e (5)
U, ., By x D Ay By
where, » B
| h, = outside heat transfer coefficient, BIU/hr-£4°-CF
h; = inside heat transfer coefficient,. BTU/hr-f4°-CF
Ay, = outside surface area, £42 | |
Ai = inside surface area, ftz

Ar = thickness of spiral tube, ft

k = thermal conductivity of spiral tube, BIU/hr-ft-CF
D63= outside diameter of spiral tube, ft '
D. = logarithmic mean diameter of spiral tube, £+

L
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The effect of Ar Do/k ﬁi was assumed ﬁegligible for
copper tube., Using a Wilson plot analysis(19), the éffect
. of Ao/ A; by was found by plotting l/U0 versus (1/WH20)°8
For turbulent flow, the Nusselt number, Nu, is a function
of the Reynolds number .to the .8 power. The Reynolds
number is direcfly proportional to the mass flow rate.
The results of this analysis are shown on Figure §. For
both tubes, a straight line relationship fits the date -
for the range_of water flow rates. Since the heat transfer
properties of the fluidized bed do not depend on~the ﬁafer
flow rate in the spiral tube, the following ~equation was

used to account for the effect of water flow rate on the

overall heat transfer coefficient.

A slope | :
> = ——T.3 (6)
A; hy , (NHZO)

From Figure 8, slope equals..484 for Tube 1 and slope equals
.546 for Tube 2. Combining equation.(5) and equation (6)

and solving for ho’ the follbwing relationship is obtained.

1

hy, = 1 slope ' :(7)

T T . 1.8

U (W ~)°
| H,0
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o
Using this equation, it is now possible to calculate

the outside heat transfer coefficient, h for all of the

o?
data collected. The results are shown on Figure 10,
Figure 11 shows the results of h0 versus particle diameter
for Tube 1 and Figure 12 for Tube 2. An increase in héat
transfer coefficients for decreased particle size is clearly
evident, approximately 35 per cent increase in coefficients
for small particles to large particles.

Figure 13 and Figure 14 show the effect of ho versus
air mass velocity for the small and medium sized particles.

The general shape of the curves of the relationship between

the points is given in Figure 9. The curves are steepest

ATIR MASS VELOCITY

FIGURE 9. ho VERSUS AIR MASS VELOCITY
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at air mass velocities near the minimum fluidization -
velocity and then level off and réach a maximunm at higher
flow rates. The particles were being blown to the top of
the column at these higher air flow rates. This large ‘
expansion of the bed (less particles in thé-area'arOUnd.
the coil in the bottom of the column) could explain the
leveling and maximum heat transfer coefficients. The
coefficients for the large particles,showﬁ on Figure 15,
increased with increasing‘air.flow rate. A~makimﬁm or
leveling did not occur in the alr flow rate rangé in.
whichh the data was collected. This is expiained by

the less. vigorous partlcle movement of the large partloles
gt the same air mass velocity.

It is evident that the heat transfer coefficiénts
for Tube 2 are higher than for Tube 1. 'For.the small
particles, this increase can be as high as:45 per‘oent.
The reason for the lower coefficients fof Tube 1 could
be that the distance between ridges is smailrfor this
particle range. In other research work done Qith helical
copper‘finned,tubes(l?), a spacing bf.less than 30 particle
diameters between fins caused a reduced heat transfer~
coefficient. The distance between ridges'for Tube 1 is

. 3513 inches and .7069 inches for Tube 2. For the large.
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particles, .0164 inch diameter, 30 particle diameters is
.492 inches. Therefore, the spacing of the ridgés is an
explanation for dedreasing_coefficients_from Tube'Z to
Tube 1, The distance between the ridges nafrows as thé
groove approéches the center of the tube én thé tube with
5 ridges. This is due to the method of spiraling the tubing;
" The width of the bottom of the groove is much lesslthan the |
distance between ridges calculated at the outéide_diameter.
The reason for reduced'heat-transfer coefficients is
., brobably due to an obstruction of particle ﬁovement.
Another reason for this effect could be nonuniform
temperature distribution 6f the water in the outside edge
of each ridge. The fidges on Tube .l are pinched clbser
than on Tube 2. If the water at these extrémé_pointsjis
much cooler than the average watér temperature in the tube
at a certain point along the length of'the tube, there Will
be less temperature difference to .drive heat'fo thé bed.
High rates of heat transfer to cooling tubes afe
necessary for fluidized combustors having high heat
generation rates., Chen and Withers(14,l5) have proposed

the following ratio as a figure of merit,




D

( h‘A)finned tube

(b A)Sein tube

where, (h A) is the heat transfer coefficient

plain tube
times;Surfgce area for a plain tube of a diameter equal‘:
to the tip.diameter of the finned tube operating at the
seme bed conditions. This is a conservative estimate of
heat transfer duty per unit bed volume for extended surface

versus plain tubes.

From the definition of the heat transfer coefficient,

Qg =h 4 AT (9)
rearranging,
q/AT = h A (10)

the figure of merit can now be rewritten and applied to

spiral tubing.

(a/AT)

gspiral tube

(QAAT)plain tube

Figure 16 shows the results of this comparison for

spiral copper tubes. - The above ratio is plotted as a
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function of particle diameter times the numbef of ridges
on the spiral tube. The data has been éalculated for
G/Gmf equal to 4 at all points. The Vreedenberg correlation
for bare tubes(ll) was used to calculate a value for

(ha) This correlation is given in the éalculation

pléin tube” _

section. It has a variable for differences in outside
diameter of bare tubes in a fluidized bed., The coiled

tube should not have exactly the same.cbefficients as a

horizontal tube. The surface area, A, for a plain tube was

calculated for a twelve foot length of 1-1/8 inch outéide

diameter tube, It 1s evident that the perforﬁance increases

as the particle diameter times the numﬁer of ridgés

increases. For the éame particle size, the performance

ags a function of a change in the number of ridges on the

spiral tube is constant in this range;. For the ihdividual'

tubes, the performance is highest for the large particles and

decreases for the medium and small particles., . There should

be a point where the performance begins to decrease

sharply as the distance between the ridges decreases‘

(an increase in the number of ridges or a largér pitch):

or an increase in particle siée.- This due to a decrease

in particle mobility’in the groove betweén the ridges. It

is recommended that a coil of 1-1/8 inch outside diameter
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copper tube of the same gauge and length fbe-étudied at
these air mass velocities to have a more fealistic. |
comparative performance of the spiral tubes; The coiled
tube is close to a horizontal tube, but may have some of
the performance characteristics of a vertical tube. -
Bartel and Genetti(15) and Priebe and Genetti(16)
showed gains as great as 80 per cent compared to plain
tubes using horizontal serrated carbon steel‘tubes.
Priebe and Genetti(16) showed gains up to 60 per cent for
horizontal copper spined tubes. XKratovil(1l7) observed
gains as large as 190 per cent for horizontal helical
copper finned tubes., Using this method of comparing
tubes with increased surface area to plain tubes, thesel
tubés exceed the performance of the spiral copper tubes.
Lack of data for plain tubes for this bed.geometry and
coil configuration leaves some doubt about the comparative
performance. _
Keairns(20) indicdted that caps of stagnant particles -
form on the top. of horizontal tubes in a fluidizéd.bed,_
causing a decreése,in the heat transfer coeffiéienfs'in
this region.. Bartel and Genetti(1l5) found little effect
due to tube spaciné when adjacent tube surfaces were

1-1/2 inches or more apart. Since the spacing of the coil
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turns on both spiral copper tubes used in this study
was more than two inches, this effect should not be a

consideration in the'performance of the spiral tubes.




CORRELATION

The experimental data collected frpﬁ the two different
spiral tubes at varying particle diameter and air flow rate
were correlated into an equation. The pérticle moaefheat
transfer model presented by Ziegler, Koppel, and Brazelton.

(9) and extended by Genetti and Knudsen(10) was used to.
correlate the experimental data. From the particle ﬁode
heat transfer model, the following equation describes the

rate of heat transfer from a surface in a fluidized bed.

h D ' 7.2

Nu = 2P =
p k - ‘ 5 2
g 6 k_©6
1+ — ) —
Ps CpePp
where,
Nup = particle Nusselt number, dimensionless
, = heat transfer coefficient, BTU/nr—ft°-~CF
Dp = particle diameter, ft
kg = thermal conductivity of fluidizing medium,

BTU/ft-hr-°F
8 = average contact time, hr
o, = density of solid particles, 1bs/ft> |
C__ = heat capacity of solid particles, BTU/1b-°F.

ps
The value -of 7.2 could be replaced by'lO(l—€)°5 as
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suggested by Genetti and Knudsen. The particle fraction,
(1~€), can be calculated for each run. This value did
not haﬁe a large range of variation for the different air
flow_rates and an average value of lO(l—v-E')’5 equéls 7,26
was calculated for the correlation. This agreeS‘withiﬁ
1 per cént of the 7.2 value. The particles were of the
same material, therefore, the heat capacity and deﬁsiﬁy _
were constant. Particle residence time at the surface, §,
was not measured directly, but it is a funcfion of tube
geometry, particle diameter, and air flow rate;_‘The
following form for correlating the particle Nusselt
numbér can be wriften~using diﬁensidnléss analysié.to

introduce dimensionless groups.in place of é/bp2,

_ T7.26
Nup = a b o] 2
|1 oy (2 BN\ (s .
. mf L : ‘
where, ‘
Nu_ = particle Nugselt number, dimensionless

G = air mass velocity, 1b/hr—ft2
G,

= minimm fluidization velocity, 1b/hr-f1°

= particle diameter, inches
P

D
I = distance between ridges on spiral tube, inches
S

= number of ridges on spiral tube, dimensionless
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The physical properties were evaluated at the bed

temperature. The minimum fluidization velocity, Gmf’

was calculated ﬁsing the Leva correlation(5), which agreed

within 5 per cent of the experimental data, Functions

must now be féund for a, b, ¢, and Cl'using the data

from this investigation.

Since G/Gmf had a larger number of different values
than the other dimensionless groups, aIGalue for a. is -
obtained by rearranging the previous equation and taking
the logarithm of both sides. '

log (7,26/Nup)'5-i = a 1og(G/G ) + log cl(Dp/I)bsc

)

From a graph of log (7.2§/Nu§)’5-l plotted versus
1og(G/Gmf), six straightélines were made using a linear
regression analysis. Thé slopes of these lines are the a
values and the intercepté are the iog ¢1(DP/L)bS? ﬁalueé;'

It was assumed a is a function of Dp/Lhand S.
a =f(D/L, S) =c, (D /0)%°
prr 2 '7p
Multiplying both sides by -1 and taking the logarithm:
log(-a) = a log(D /L) + log(~C,s°)

Prom a graph of log(-a) plotted versus log(Dp/L),

two straight lines using a linear regression analysis




50—

were obtained for constant values of S(3,5). The slopes

of these two lines are the d values. Assuming a straight
line relationship between the two pbints plotted on s

graph of d versus S, the following equation is dbtained:
d = =,0428 S + ,540

The intercepts, Il’ of the two lines aré-the values~“'

for 1Qg(-CZSe), therefore,

I, =e log s+ 1og(-02)

A graph of Il versus log S was made and a stfaight.
line relationship bétween the two points is assuﬁed{. The
slope of this line, ;1.69, is équal to e, The éntilogarithm |
of the intercept, -21.9, is the value of Coe

The value for a is now equal to the following:

a = =21.9 (DP/L)—.O4288+,540 5~1.69

The intercepts, I,, of the log (7.26/Nup)’5—i
versus log(G/Gmf) graph are equal to log Cl(Dp/L)bSc .

which can be expanded to the following:

= ' c
I, = D log(Dp/;) + 1gg(ClS )

A graph of 12 versus log(Dp/L) was plotted and two straight
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lines were drawn thrqugh the three points for bbth vélues
of S using a linear regressioh analysis,
The slopes of the two lines from the graph are the
b +values, and the intercepts are the values of log(Clsc),
It was assumed that b 1is a function of the number of

ridges, S, which can be written:

3 ) P
Taking the logarithm of both sides, multiplying by -1,

and expanding:
log(-b) = f log S + log(-C3)

A straight line was drawn through the two points
on.the graph of log(-b) versus log S. The slope of this
line, -.173, is equal to I. Taking the antilogarithm of
the intercept, a value of ~1.72 is obtained for 03{

"The intercepts, I3, of the b sloped lines are values

of log(ClSc), when expanding gives:

I3 = ¢ log S + log Cl

Drawing a straight line between the two vélues for
13 plotted versus log S, the slope, 2.87, is -equal to ¢
and the antilogarithm of the intercept, .000235, is equal
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-to_Cl. |
The final correlation is formed using the previously

determined values.

7.26
Wp = ~.0428S+,540,~1.69
1+.000235(G/Gmf)‘21'9(Dp/L) R
-.173 2
(Dp/x)—l.72 S (8)2'87
where,
Nup = ho Dp/kg = particle Nusselt number, diménsionless
h, = heat transfer coefficient, BTU/hrwftz—oF
DP = particle diameter, ft
k, = thermal conductivity of fluidizing medium,

BTU/£t-hr-°F |
G =air mass veloecity, 1bs/hr-ft°
Gop = minimum fluidization velocity, 1bs/hr—ft2

I = distance between ridgeé on spiral tube, £t

S = number of ridges on spiral tube, dimensionless
The values for the physical properties are evaluated at
the bed temperature. |

The data from all of the expérimenial.ruhs was plotted -

on log-log paper, Nup/7,26 versus | ]2 as ‘shown on
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Pigure 17. 'It can be seen on this figure, which has a
slope of a -1, that the experimental data fit the correlation
equation to within plus or minus 15 per cent,
Table 3 gives the range ofiexperimental variables

over which this,correlation.applies.

Table 3. Range of Correlation '

Variable Range
Particle diameter, Dp . 0076, .0109, and .0164 inch.
Fluidizing velocity, G 60° to 560 lbs/hr-ft2

Number of ridges, S 345
Distance between ridges, L . 3513, .7069'inch
Bed temperature, T, = 148°F to 166°F

Tube diameter, D, 1-1/8 inch
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ERROR ANALYSIS

Assuning UO is only effected by the experimentali_
determinations of q and (Tw—Tb), the error analysis is
performed on the following equation.

To= Ty

W. C_- 1n
H20 pHQO

Ao

The measurement of the water flow rate is assumed
accurate to 5 lbs/hr. ©No error is assumed in defermihiﬁg |
the tube surface area and the heat capacity of water.

A minimum value of 1n( T =Ty / To=Ty, ) of .22 vas

éxperimehtally observed., This.occurred'at'the lpWest. ‘
~value of U,, which was encogntefed at the lowef liﬁit
of the range of air mass velocity. Since it is the
smallest vaiue of ﬁo, the eiperiﬁentél error is at the'
maximum effect. The thermocouple readings are assumed
accurate to i‘.BOF, however; for éeverél runs fluctuationé
in steam pressure to the heat exchanger caused large
fluctuations in inlet water temperature...

_ Using the above experimental accuraciesy maximum

and minimum errors for Uo are determined.
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Maximum U0

(WH2O+5)(CPH §) 1n T =5 = T, 7.5
Uomax = —
AO
(U -U_ ) ' o
Error = oMAX o0 7 y 100 = +13.1
U .
(o]

Minimum Uo

Uomzn =~

Error = =—OMIN 0 ' o 100 = -27.2

Since this is the lowest heat transfer coefficient
value eﬁoountered, the maximum error should be +.20 per

cent.




CALCULATTIONS

Air Mass Velocity

A vena.¢ontracta orifice with a water filled manometer'
were used to measure the air flow rates in the column., The

following eguation was used for the calculations(l).

Ac. 1 -2 .
where, :
G = air mass velocity, lbs/hr-—ft2
Co = orifice coefficient, diménsidnless
Y = expansion factor, dimensionless
Sc = cross sectional area of 6rifi¢e, ft2
Ac = c¢ross sectional area of column, ft2
8, =.grévitationa1 constant, ftflbm/hrz—lbf
P, = pressure at upstream pressure tap, 1bf/ft2 »
P2 = pressure at downstream pressure tap, 1bf/ft2
Py = density of air at the upstream pressure,'lbm/f'b3

A = ratio of orifice dismeter to inside pipe diameter,
dimensionless
For a square edged orifice, the expansion factor is

given as follows:
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- P :
Y = l - 2 (041—035,54) ‘
P1 Kr
where,
K, = C'P/'Cv

The orifice coefficient is a function of the Reynolds
nueber, It was found to be neariy'constant at .61 for the

range of air flow rates used.

Temperature

The temperatures were read directly using fhermocoupleS'

connected to a Honeywell chart recorder.

Bed Temperature

The value used for the bed temperature, Tb,"was the

average of the three bed thermocouple readings.

Water Mass Velocity

The water mass velocity, WHZO’ was measured by weighing

the amount of water discharged over'a-giveﬁ time period.

Surface Area of the Spiral Tube

.The surface area of each tube, AO;,was determined by




=59~
measufing the reduced length of the tube compared to a’

bare tube of the same diameter.

Air Thermal Conductivity

Air thermal conductivity, ké,

linear interpolation between selected list values in

was determined by

Kreith(19). Evaluation temperature was the bed temperature,

T,, and the units are BTU/hr~f+-CF.

Air Viscosity

Air V1s0051ty was calculated for each bed temperature

from the following equation whlch was Fit to experlmental

data.
Ry = (2.45(T,=32) + 1538.1) 2.688%X107° , 1b/ft-hr
where,
py = air viscosity, 1b/ft~hr
| Tb = bed temperature, Op.

Pafticle Reynolds Number

_Rep = — B dimensionless

’
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where,

G = air mass velocity, 1bé/hr—ft2

i

_'Dp particle diameter, ft

Pg

air viscoslty evaluated at bed temperéture,

1bs/hr-ft

-Overall;Heat Transfer Coefficient

The following equation for the overall heat transfer

coefficient was derived in the previous material,

T.-T :
71 b - T
WHZO CpH2O_ in »Ef:E—- e e

U, = — °c 0 ., BIU/hr-£t°-OF

A

o
where,
C = heat capacity of water, BTU/1b-°F
pHZO :

Wy o = water mass velocity, I1bs/hr
: 2
Ti = inlet water temperature, Op
To = outlet water temperature, Op
T, = bed temperature, Op
A, = outside surface of spiral tube, ftzA

Outside Heat Transfer Coefficient

The outside heat transfer coefficient, ho; is calculated
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from the following equation derived in the previoué

material.,

1 .
b, = . . — BTU/ar-£t2-CF
1 ' .
U 2
o
where, _
U, = overall heat transfer coefficient, BTU/nr-ft°-°F
W. = water mass veloeity, lbs/hr
H20

The term 04(1/WH O)'8 was determined for each tube
2
from a Wilson plot analysis which relates the water mass

velocity to the inside heat transfer coefficient.

- Particle Nusselt Number

h D

Nu_ = —2—2 . . dimensionless.
-p ok
g
where, _

h, = outside heat transfer coefficient, BTU/hr-ftz—oF
Dp-= particle diameter, ft . ' | |
kg = thermal conductivity of fluidizing air at bed

temperature, BTU/hr-ft-°F
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Particle Fraction

AP
1-€ = s dimensionless

Lt (og - pg)

l1-¢ = particle fraction, dimensionless
AP = pressure drop across the bed, lbs/ft2

distance between pressure taps, ft

t —_
p, = density of particles, Tbs/f43
pg = density of fluidizing sir, 1bs/f13

Minimum Fluidization Velocity

The values of minimum fluidization velocity, Gmf
) ¢

used in the correlation of the data for this investigation-

is calculated from the Leva correlation(5).

1.82 oy .94
688 Dp /og(/oS ,og‘) ‘

G o = — o , 1bs/hr-ft°
g
where,
D, = particle diameter, ft
,og = density of fluidizing medium at bed temperature,

1bs /6
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density of bed particles, 1bs/ft>

ko)
I

Pg = dynamic viscosity of fluidizing medium at bed

temperature, centipoise

Heat Transfer Coefficient of Plaiﬁ Tube

The value for h which was used in comparing

plain tube
the data from this study to a plain tube was calculated

from the following correlation by Vreedenberg(ll).

2 .3

h D /k G D, p B
g = 420 ___fﬁ__i_‘ % 5 g 5
: -3 Py Ry D" ps” 8
(Chg Po/kg) &g P s
where,

h =heat transfer coefficient, BTU/hr-ft°-°F

Dt = outer tube diameter, ft

kg = thermal conductivity of fluidizing medium at
bed temperature, BTU /hr~ft-CF

Cpé =_heat capacity of particles at bed temperature,
'BTU/1b-CF |

Py = dynamic viscosity of fluidizing medium at bed -

temperature, lbs/ft-hr
P = density of fluidizing medium at bed temperature,

1bs/ft3




—64—
pg = density of particles, 1bs/ft>
g = acceleration of gravity, ft/hr2




CONCLUSIONS

There are several conclusions that may bérdrawn as
a result of this investigation. |

The fluidized bed heat transfer coefficients were -
inversely proportional to the particle diameter. A 35 per
cent increase in heaf'transfer coefficients from the large
particles (.0164 inches mean diameter) to the -small
particles (.0076 inches mean diameter).,

The heat transfer coefficients increased as the air
mass felocity was increased. For the small and medium
sized particles, the transfer coefficients increased up
t0 a certain rate where a maximum was reached., The range
of air mass velocity was not sufficient to find a maximum
or levéling of heat transfer coefficients for the large
particles. |

The spiral tube with three ridges had higher heat
transfer coefficients than the tube with five ridges, up
to 45 per cent increase. The comparative performance.of
the two spiral tubes was similiar for .the range of pérticlé
diameter. Improved performance of 45 percent compared tb
bare tubes was found for the iarge diameter particlés.

A correlation using the particle mode heéf transfer

model was formulated. This included variables for air
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mass velécity; particle diameter, number of ridgés‘énd
distance between the ridges on the spiral tube:' The
maximum deviation of 15 per cent from the correlation;
for the calculated heat transfer coefficients was within

the range of experimental error.




RECOMMENDATIONS

The purpose of this type of research is to develop .
a general correlation for inﬂustrial fluidized bed
applications. This must include a wide range of parameters.
The scope of this type of correlation is much gréater than
one investigation can inelude. ‘

The use of spiral tubing in fluidized beds appears .
to be encouragip@;?because of performance, ease of handling,
and conforming to cylindrical bed geometries. _Mdre work
should be done with spiral tubes of'varying outside dizmeter
and ridge spacing (a function of pitch and the number of
ridges).. |

There is some doubt as to the accuracy of using a
horizontal bare tube correlation from other research for
compéring performance of spiral tubes in a coii
configuration. Further research using this bed geometry,
particle size and material, and operéting conditions is

recommended for a coiled bare copper tube,




NOMENCLATURE.

Definition

functions of experimental
variables in correlation
equation

surface area

cross sectional area of
column

inside tube surface area
ouutside tube surface area
orifice coefficient

function of spiral tube in
Wilson plot analysis

heat capacity at constant
pressure

heat capacity of solid
particles

heat capacity at constant
volume

outside dismeter of tube

logarithmic mean diameter
of tube :

particle diameter
outside'tube diameter
acceleration of gravity
air mass veloclty

gravitational constant

. ft-lb/nre-1b

Dimension

dimensionless’

Ft2

£42
£12
£42
dimensionless

dimensionless
BTU/1b~°F
BTU/ib-OF
BTU/1b-"F
inches
'inches

inches-
inches
£t/hre

1bs/hr-ft°

T
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Definition

minimum fluidization velocity

heat transfer coefficient

inside heat transfer

" coefficient

outéide heat transfer
coefficient

thermal conductivity

thermel conductivity of
fluidizing medium

ratio of'Cp/Cv
distance between ridges on

spiral tube

distance beétween pressure
taps

particle Nusselt number
upstreém pressure
downstream pressure

pressure drop across the
bed :

rate of heat transfer
radius

particle Reyﬁolds ﬁumber
tube wali thickness

nunber of ridges on the
spiral tube

Dimensign
1bs/hr—£t2
BTU/hr—ft2-OF
. 2 0
BTU/hr-fto-CF

BTU/hr—££°-OF

. BTU/hr-£1-CF

BTU/hr-ft-CF

dimensionless
inches
feet
dimensionleés;
a2
-.lbf/it
c. o 2 :
, ;bf/it
2
lbf/ft‘

“BTU/hr
iﬁches
dimeﬁsionless
“inches

dimensionless
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Definition

cross sectional area of the
orifice

bulk bed temperature

fluid temperature

inlet water temperature

outlet water temperature
particle temperature
surface temperature

unsteady state particle
temperature

temperature difference

logarithmic mean temperature
difference

overall heat transfer
coefficient

water mass velocity

expansion factor

ratio of orifice diameter to
inside pipe diameter

pafticle fraction
time

average contact time

dynamic viscosity of fluidizing

medium

Dimension

BTU/hr—f42-CF

1bs/hr’

dimensionless

dimensiconless '

dimensionless.
hr

by

1b/ft~hr
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Definition

density of the fluidizing

. medium

density of solid material

density of upstream air

Dimension

1bs /Tt

1bs/f4
1bs/ft3.
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