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Abstract:

Heat transfer coefficients were measured from vertical, bare and longitudinally finned tubes to a
circular air fluidized bed. The fluidized particles were glass beads and limestone particles.
Experimental parameters were fin height, bed particle diameter, bed particle type, and air fluidizing
velocity.

Results for the finned tubes indicate that for increased air mass velocity the heat transfer coefficient
rises. In several cases a maximum was obtained for the value of the heat transfer coefficient. The
smaller fin height tubes generally gave higher values for the heat transfer coefficient. For a given tube,
the glass beads gave a higher maximum heat transfer coefficient, but at a much lower air mass velocity
than where the peak occurred for the limestone particles. The best performance was obtained with the
1/2 inch fin height tube using glass beads, and with the 3/8 inch fin height tube using limestone
particles.

The Nusselt numbers for the finned tubes were correlated with two equations. The first equation was
for the limestone data and the second was for the glass bead data.
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ABST RACT

1

Heat transfer coefficients were measured from
vertical, bare and longitudinally finned tubes to a
circular air fluidized bed. The fluidized particles
were glass beads and limestone particles. Experimental
parameters were fin height, bed particle diameter,
bed particle type, and air fluidizing velocity.

Results for the finned tubes indicate that for
increased air mass velocity the heat transfer coefficient
rises. In several cases a maximum was obtained for the
value of the heat transfer coefficient. The smaller fin
height tubes generally gave higher values for the heat
transfer coefficient. For a given tube, the glass beads
gave a higher maximum heat transfer coefficient, but at
a much lower air - mass velocity than where the peak
occurred for the limestone particles. The best
performance was obtained with the 1/2 inch fin height
tube using glass beads, and with the 3/8 inch fin
height tube using limestone particles.

The Nusselt numbers for the finned tubes were
correlated with two equations. The first equation was
for the limestone data and the second was for the glass
bead data.




INTRODUCT ION

A fluidized bed is a column containing solid
particles and having a porous bottom through which a
fiuid can be forced to flow. The motion of the fluid
mdviné'through the.particles qauées them to be lifted
and mixed. The degree And dynamics of the fluidiéation
are depéndent upon the physical characteristics of
the system and the rate at which the fluid flows
through the system.’

In a gas flui@ized system, such as is used in
this experimental program, several regimes- exist
during fluidization. Before the upward force of.the
: ai:.is equal to the weight of the bed material thépe
is no fluidizatioﬁ‘and the bed remainé fixed. The
properties of the bed dﬁring this stage are essen-
tially the same as those of a fixed bed. When-tﬁe
air velocity is inéreased above the point where the
force of the air caﬁ suppért the‘weight pf the bed,
the bed beéins to fluidize. This point is:cailed
the minimum fluidization velocity, or the incipient
fluidization velocity. Near minimum fluidization
there is only mild mixing of the particles with the

air flowing between the particles and no bubbles.




being formed. Further increase in the fluid
velocity causes larger and larger bubbies to form,
increasing particle mixing. The bea expénds during
this stage of the fluidization. This regime of
fluidization is called aggregative, because expan-
sions and contractions in the bed volume result in

a time dependent bed density. Bubble size increases
with fluid velbcity increase until thése bubbles
occupy tﬁe entire cross. section of the‘column. We
now lose the so called dense phése fluidization,
where there is a clearly defined upper surface of
the bed. At these high fluidization velocities

the terminal velocity of some particles is reached
and they are thrown high in the column. Intense
'mixing is occurring in the bed. The upper boundary
of the bed becomes hard to diétinguish and particles
are carried out of the column.‘ This regime is called
the dilute-, or lean-phase fluidization region..
These regimes are shown in Figure 1. For greater
detail and terminology the reader is referred to
numerous texts (1), (2),(3), (4).

Fluidized beds have many applications in modern




Fixed Bed Incipient or
minimum
fluidization

Gas or Liquid Gas or Liquid
(low velocity)

Aggregative Slugging
or bubbling
fluidization

Particulate
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fluidization
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fluidization

b - - -

Gas or Liquid
(high velocity)

FIGURE 1. REGIMES OF FLUIDIZATION




industry. A recent development is £he use of
fluidized bed combustors to destroy toxic substances
such as PCBs (5). New coal fired‘generatops are
also being designed using fluidized bed tecﬁnology.
Large particle limestone or dolomite fluidized bed
combustors show great potential fof reducing 505
emissions from a combustion chamber (6). There are
currently a great number of commercial applications.
of fluidized bed technology (3).

The reason that fluidized beds have found such
utility is that thé operating characteristics are
very well suited for.certain processing.needs. 'A'
number of the adyantages are: |

1. Extfemely large areas of contact between

solid and fluid which provide high overall

rates of mass and heat transfer.

2. Easily handled fluidized solids.

3. . High heat transfef rates to.immersed surfaces.
4, High thermal inertia of solids.

5. Properties of a thermodynamic fluid with a

low vapor pressure, even at high temperature.

This process system is not without certain disadvantages.




Drawbacks are:

1.

2.

.In

Power is required for fluidization.

Particle attrition and agglomeration.can be -

troﬁblesome.

The operating rates are‘limited bf the
mihimum fluidiéation’veloeity'anq tﬁe te;minal
velocity of the particles. | |
There is a certain fange of'particlee that
can be fluidized (.001-.25 Inch).

True counter current opefation can not be
obtained becatse of the high degree of mixing.
In certain applications thermal gradients may
be necessary. o |

The seale'up of fluidized beds is a difficult
task without very accurate information and

even then it is not without risk.

spite of the various drawbacks there is’

considerable promise for hew fluidized bed applications.

This research is directed toward finding heat transfer

coefficients that would be useful for someone de51gn1ng

a coal or other f0551l fuel fired generator. " I have

investigated large, limestone particles and smallef‘
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glass beads to determine heat transfer coefficients
from vertically orientated, longitudinally finned
heat transfer surfaces. The experimental variables
were fin height, particle diameter, particle type,
and fluidizing gas velocity. Experiments were alsp
performed to determine locai, along the fin, heat

transfer coefficients from the largest fin height tube.




THEORY AND PREVIOUS RELATED RESEARCH

The theory and preﬁious related research is
divided into two parts. The first part deals with
proposed heat transfef mechanisms. The second'part
deals with related research that has been done on

heat transfer from immersed surfaces.

Mechanisms of fluidized bed heat transfer

Heat can be transferred from an immersed surface to
a fluidized bed by a number of different mechanisms.
Various forms of heat transport are radiation, gas
convectién and conduction, and particle convection.
Depending upon the particulars of fluidization, one
or more of these mechanisms can dominate, acting in a
'sefies or parallel manner. A fluidized bed is essentially
isothermal in the.bulk, because of good particle
mixing, "therefore the resistance té heat transfer is
.in a film surrounding the immersed surface. All"
modeling work is dqne in this boundary, which extends
approkimately one particle diameter out from the
immersed heat transfer surface. The following discus-
sion describés some of the types of models that have

been proposed. Radiation is not considered in these
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models, because most qf the experimental work was done
at low temperatures (less than 600° C) where its effect
can be assumed to be negligible (10), and because in
high temperatufe sifuations its effect can be estimated
(1). |

A number of bhenomena can occur at the heat
transfer surface. Bubbles contacting at or near the
surface can change the heat transfer coefficient.
Particles comingiin£0'cdntact'with the surface can
absorb heat and then by dispersing into.the bulk,
transport the heat into the bulk. The rate of heat
transfer in this case will be dependent upon the
residence time of the particles and other thermal-
physical properties such as particle heat capacity and'
fluidizihq medium thermal conductivity. Heat can also
be transported by gas conduction from the surface.

One of the first trends in ﬁodeiiﬂg of the heat transfer
coefficient from an immersed surface used a boundéry
layer approach. An illustration of this type of process
is shown in Figure 2. In this model heat is conducted
through a gas film. The heat transfer coefficient is

defined as,
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FIGURE 2. FILM MODEL FOR HEAT TRANSFER
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In a fluidized bed the thickness of the boundary layer §
depends not only on the velocity and properties of the
fluid but also on the intensity of the motion of the
solid particles, which "strip off" the boundary layer.
In this model the maximum in the heat transfer coefficient
(h) versus air mass velocity (G) curvé is explained by an
increased voidage at higher fluidizing mass velocities
which results in fewer particles scrubbing the heat
transfer surface. The principal defect of these types of
boundary layer models is that they take no account of the
influence on heat transfer of the thermal-physical
properties of the solid materiai. Even subsequent
attempts to include these factors have proven unsatié-
factory. Thése correlations may be useful for assessing
the convective component of heat'transfer.

A second trend is to aésume that the particles play
a dominant part in the heat transfer process and also
take into account the contribution of thermal conduction
through the film layer near the surface. High thermal
gradients between the surface and the particles gives

rise to large h values. The thermal-physical propefties
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of the fluidized particles effect the rate of heat
transfer in these situations. Various schemes are
presented to model the transitory nature of barticle
contact and subsequent dispersion into the bed,'based
on medsurable characteristics of the bed. In these
models the maximum in the h vs. G curve is explained by
the high temperature gradient dominance at low mass flow
rates, increasing h with increasing G, and the increasing
dominance of low particle density at higher flow rates,
decreasihg h with increasing G. An illustration of this
process is shown in Figure 3.

A third treﬁd of heat transfer that was introduced
by Mickley and Fairbanks (21) is illustrated in Figure 4.
In this process transient heat transfer by "packets" of
solid particies (continuous phase) in contact.with the
heat transfer surface occurs. These packets are
continuously being displaced from the heat transfer
‘surface by gas bubbles (discrete phase). The heat
transfer rate is dependent upon the rate at‘which the
packets héat up and the frequency of their repladement
from the surface. The maximum in the .h vs. G curve is

attributed to ﬁhe simultaneous increase in the frequency
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of particle packet replacement‘and thé increase in' the
number of gas bubbles at the heat transfer surface. |
This heat transfer mechanism predominates in the dense
phase at bed voidage € 0.7 to 0.8 and breaks down upon
further bed expansion.

When working with large‘particles, the gas
convection component of heat transfer becomes important
because large particles can not .move fast enough to
fully utilize their higher heat‘storage.capacity. This
transfer mechanism is similar to thaf of heat‘conduction
tﬁrough the boundary layer model. The total heat
transfer in a large particle, bubbling‘or s;ugging
fluidized bed is accomplished by a combination of
'packéﬁ heat transfer, gas percolating- between the
particles of the packet and the surféce, and by gas
bubbles or slugs. Modeling is therefore difficult
because at least ﬁhese'three effects should be

‘considered (14) .

Previous Related Research

There has been some work done recently on

fluidized bed heat transfer to beds of large particles.
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With large particle fluidization the predominant'mode
of heat transfer is the gas convection mechanism
(15,16,17). Gas convection models have recently been
developed by Adaﬁé and Welty (18) and George et. al. (17).
These médels were developed to model heat transfer éo
immersed horizontal cylinders in large particle gas
fluidized beds. |

Adams and Weltly (18) investigéted heat transfer
from a horizontal tube in beds,of large particles
(3mm and 6émm mean diameter iimestone). They déveloped
computer programs to calculate the Nusselt number‘
distributions around the cylinder surface and the tbtal
heat tranéfer coefficients.. The assumptions of the
model-afe gxpegted to be valid for particle diameters
of 2 to 3mm and laréer. |

Baskakov and Suprun (20) developed a diménsionless
eqﬁation for the convective cémponent of fluidized bed
heat transfer from a vertical napthalene surface.’
using a wide range of particle éiées (0.16, 0.32, and
0. 5mm mean diameter éorundum, ahd 0.841.25, 2{0—3.0, and
3 -5 mm mean diameter fireclaf) they correlated data with

the following equafioh:
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0.46 0.33

Nu = 0.0175 Ar °"° pr

conv

The analogy between heafﬂand mass transfer was used to
separate the convective component of heat transfer from
the}other modes of trénsfer.

Botterill ana Denloye (19) modeled heat transfer
from a vertical cylinder in a 114 mm bed and correlatea
the Archimedes number with the quiescent bed heaf

transfer coefficient using the following equation:

3

h _-4>° ' ‘ ‘

_m]-E_E = 0.863 Ar0'39 103 < Ar <2‘x106
g .

The value of the heat transfer coefficient was used as

a measure of the gas convection heat transfer coefficient.

‘Mean pérticle sizes ranged from 160 um to 2400 um;
fluidized with air, argon, and carbon dioxide; operating
at pressures up to 10 atm. ‘ '

The packed-bed model of'Gabor (25) can be used as
an estimate of thelgas convection portion of heat fraﬂsfer
if it is assumed that it is equal to the heat transfer

before particle circulation begins, as suggested by
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Botterill and Denloye (19). The model:

showed good agreement with data up’to é pa;ticle Reynolds
number of about 250 (26).

Catipovic, et al (14) devised a model for large
particle systems (dp >1 mm) assuming that the heat
was transferred by. the particles and by the gas perco-
lating between the particles and the surface. They
measured heat transfer in a cold bed with particles

in the range 0.2 to 6.6 mm and obtained the following

equation:
h d -
P - 6(1-8) + (0.0175 ar?-4® pr0-33y(1_p)
Aq e
+ 4 |
—P(0.88 Re’2> + 0.0042 Re_.) pr0-33
D mf mf - )

They suggest that éxpressions based upon én experimentally
based mechanistic model have more predictive power and
can be uéed with more confidence thén empirical, -
dimensionless correlations.

Wender and Cobper (22) correlated data for verticél
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tubes from a number of experimenters with the following

equation:

h d

R [x T
k- (1—64. ﬁ

1072 ¢ Re, < 10

The factor Ca in the correlation is to allow for the
effect of non-axial positioning of the tube.

Other correlations of data‘are provided by Gamson
(23) and Vreedenberg (24) for vertical tubes.

Although detailed models which aescribe the means
by which surface to bed heat transfer takes place have
been proposed, ﬁhey are of limited application beéapse
they require knowledge of parameters which afe not
generally available for practical situations. Slmllarly,
although many empirical correlations relating bed to
surface heat transfer coefficients to a range of operating
variables have been proposed they are of doubtful validity
because they can not make adequate allowanceAfor the
dynamic behavio; of a gas-fluidized system. Zabrodsky
has been very right to warn that any design correlation

should only be used in cases very close to the original
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experimental conditions on which they were based (1).




EXPERIME NI'AL, PROGRAM

.The objective of this experimental investigation
was to gather information so that heat transfer
coefficients éould be calculated for several vertical,
longitudinally finned tubes. The parameters .involved
in this expgrimental program can be divided intb three
groups. The first gfoup iﬁVoives parameters dealiﬁg
with the fluidizing componenfs, which are the particle
size and type, and the physical pfoperties of the air,
the density, temperature, thermal conductivity, heat
capacity, and viscosity. ‘The second group of parameters
are the'operating COndition parameters, which are the
fluidizing medium mass velocity and the static height
of the solid particles in the bed. 'The third set of
parameters deal with the physical scale of the column
and placement of the internal heat transfer surface.

The four variabies in&estigated during this experiﬁental
program were particle type, particle diaméter, air‘méss
.velocity, and finiheight; .Inherent=parameters,of the
particie type are heat.capacity of the particles; .shape
factor of the particles, density of the particies,.and'

thermal conductivity of.the particles.
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Air, with an'inlet temperature in the range of
85 °F to 100 °F, was used as thé fluidizing medium;

- The physical properties of the inlet air were considered
constant. Spherical glass beads and irregular limestone
rocks were'used as the sblid particies. The density of
the glass beads is approximately.lSS lb/ft3 and the
density of the limestone particles is approximately
139 lb/ft3. Téble I gives the range of the eXperiﬁehtal

variables.

TABLE I. RANGE OF EXPERIMENTAL VARIABLES

3 Variables Range
; : Particle Diameter 0.0625 (In.) Limestone
| 0.0109 (In.) Glass Beads
| Air Mass Velocity . 94.0 to 858.0 1b/hr-ft’
Fin Height 0.0, 0.25, 0.375, 0.5,'0575
‘ (In.) :
Particle Types Limestohe, Glass
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EXPERIMENTAL EQUIPMENT

Fluidizing System

The main parts of the fluidizing system are the
column, glass and limestone particles, distribﬁtor
plate, funnel and the two air blowers. A schematic
drawing of the experimental equipment is shown in
Figure 5.

The column was cylindrical and constructed of clear
plexiglass that was 0.25 inches thick. The column was
13.5 inches inside diameter and 59 inches in height.

A 0.75 inch'thick flange was connected to the top and
the bottom of the column. One access port, 4 inches in
diameter was locétea with its center 6 inches from the
bottom of the column. This access port was not used
during the experiméntal runs and was plugged with é.é
inch diameter wooden piece té-miniﬁize the effect of
this port.on bed fluid dynamics. The column was
supported by a wooden frame which was bolted to the
floo?.

Two sizes of particles were used in this_investi_
gation. One being glass beads and the second beihg

limestone particles. The sizes and distributions of
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(1) Power Supply; (2) Switch Box; (3) Powerstat; (4) High Limit
Temperature Controller; (5) Wattmeter; (6) Plexiglass Column; (7)
Potentiometer; (8) Bed Manometer; (9) Main Orifice; (10) Main Orifice
Manometer; (11) Secondary Orifice; (12) Secondary Orifice Manometer;

(13) Main Air Valve; (14) Secondary Air Valve; (15) Bypass Valve; (16)
Main Air Blower; (17) Secondary Air Blower.

FIGURE 5. SCHEMAT IC VIEW OF THE EXPERIMENTAIL SYSTEM
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the glass beads were determined by Everly (7).. The
size of the limestone particles was determined by
measurement with a micro caliper. The particle size

data is listed in Table II.

TABLE II. PARTICLE SIZES

Particle Type Mean Particle Sieve Size
Diameter Range
{Inch) (Inch)
Iimestone 0.0109 0.0098-0.0160
Glass Beads 0.0625 0.0394-0.0787

fhe distributor plate consisted of two layers of
a lightweight cotton cloth sandwiched between two.
layérs of 100 mesh stainless steel wire cloth which
was placed between two pieces éf 0.03125 inch. thick
steel perforated pléteé. The perforations were .25
inches in diameter and spaced .5 inches apart center
to center distance. The funnel conneéting the bottom
of the column to the air flow line was 13.5 inches 'in

diameter at the top and 2 inches in diameter at the
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bottom. It was 12 inches high and was made of116 : ' ‘ ‘
~gauge galvanized steel. At the lower end a spout‘4 |
inches long and 2 inches in diameter was attached.

The distributor plate was fitted with two rubber
gaskets and together with the funnel section and a
13-1/2 inch diameter wooden reinforcement ring was
bolted to the bottom of the column. A 1 inch diameter
drain pipe was connected between a holé in the dis¥
tributor plate and a hole in the side of the funnel.
The drain pipe was fitted with a gate valve. The two.
blowers were connected in parallel to the fluidizéd
bed. The first blbwer was a size 4L Sutorbilt Blower
driven by a 3 H.P. electrical motor. The blower fed
into a 2 inch, schedule 4Q pipe which was connected to
a T connection with a flexible rubber hose which
'linked the T- connection and the bottom of the funnel
section of the bed. The air flow was measured by

usiné a 1.5 orifice with vena contracts taps and a
water filled manometer. The second blower was a
Sutorbilt Blower driven by a 7.5 H.P. electrical-
motor. The second blower fed into a 2.5 inch, schedule

40 steel pipe before reaching the T connection that
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is connected to the bottom of the column. Thé air
flow rate was measured using'a 1.5 inch‘orifice with
vena contracts taps aﬂd a water filled manometer.
Although there were gate valves .in each of the bléﬁer'
feed lines, the flow rate was controlled by adjusting
the gate valve for the 2 inch bypass line of the larger,
7.5 H.P. blower_motpr, air supply line. For
fluidization of the small particles, only the lafger
7.5 H.P. blower was used. The smaller blower was-
disconnected and the line plugged. This was possible

because smaller air flow rates were required.

Heater and Finned Tube Assemblies

‘Watlow firerod Cartridge Héaters were used as the
heat source in this investigation. As shown in Figure
6, each cartridge was 10 inches long,:comprised of a
heated sectiqn 6.5 inches long and two insulated ends;

one 3 inches long and the other 0.5 inches long. The .

' heater cartridges were 5/8 inches in diameter. The

- finned tubes were 12 inches long and the outside

diameter was 1 inch. The iron fin material was removed

from all but 6.5 inches of the 12 inch long tube. The
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tubes were bared 3 inches in from oﬁe end and 2.5 inches
in from the other end. The heaters were wrapped

with 3M metal tape and coated with copper antiseize
compound. This treatment provided for maximum contéct
betweén the heater cartridge and the finned portion

or the tube. The heaters were then inserted into tthe
finned tubes so that the 3 inch insulated end of- tgé'
heater cartridge corresponded with the 3 inch bared

end of the finned tube. One set screw in this end

held the cartridge in place. The opposite end was

sealed with permatex sealant. The tube assembly was

then mounted onto a frame. This assembly is shown in
Figure_7. The ffame was then inserted into £he

opened bottom of the column and bolted to the insides

of the column. The wires protruding from the top of

the assembly were then run through a 8 inchxloné.piece of
conduit to a hole located 20 iﬁches above thé distribu—
tor pléﬁe. In this manner all of the tubes weré

mounted and investigated. A total of five different
tubes were investigated. The tube surface areas and

' fin heights are given in Table III. These tubes were

supplied by Tex Fin Company of Houston, Texas. .The
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FIGURE 7. DETAILED VIEW OF A FINNED TUBE AND THE

FRAME USED TO HOLD THE TUBE IN PLACE
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completed column is shown in Figure 8.

TABLE III. FINNED TUBE DIMENSIONS

Tube Tube Fins Fin Fin Total Surface
No. OoD. per Height Thickness Are@
(in) Tube (in.) (1nsh) (Bt
1 s 0 0. 0. .2836
2 L% 12 25 .04 .4126
3 s 12 s S .04 .5481
4 1 % “b .04 .6835
5 1, 12 s 45 .04 .9543
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Electrical System

The tube surface temperature was measured by one
thermocouple'located in the bare area between fins at

a location midway between the ends of the fin material.

The thermocouple lead was then run along the tube to the

top of the tube and into the conduit leading to the
hole in the side of the column. This thérmocouple was
then attached to a Varian G-2000 chart reéorder and a
Wheelco Instruments Model 330 Potentiometer, Fox
temperatures lower fhan 600° ¥, the Wheelco Potentio-
meter was disconnected and a direct reading Model
156X15-P Brown fotentiometer was used. One thermo-
couple was usedwﬁfmeasure the bed temperature. It was
located in a thermowéll that was 12 inches from the.
distributor plate and extended 3 inchés-in the bed.
This thermocouple was connected to the Brown Potentio-
meter for.température measﬁremént. A third thermo-
couple'was placéd into a thermowell 8 inches from the
distributor plate and'exteﬁding 3 inches into

the bed. This thermocouple'was attached to a Fenwall
Model 524 high limit confroller to protect the plexi-

glass column from high bed temperatures which would
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damage the column. A fourth thermocouple was inserted
into a thermowell that was lééated 15 inches from the
distributor plate and extended 3 inches into the bed.
This thermqéouple was attached to the varian G—2000
chart recorder to provide an ;ndication of how fast the
bed temperature was approaching a steady value.

The electrical heater was'coﬁnected to a Simpéon
Model 390.Wattmeter, which was conﬁected to a Powefstat.
A Fenwall Model 524 high limit controller was éonnectea
between the Powerstat and the 110 volt power box. In
case of high bed tempefature, this controller would
turn off the pqwef to the cartridée heater in the bed.

Three thérmocouples were attached to éhe fins of
the highest fin height tube (Tube #5) so that temperat-
ﬁres of the fin at diséreté points could be measured.
The thermocouples were attached at the longitudinai cen-
ter of the fin material, %, %, and 3/4 of the fin height
out from the base of the tube, each on a differentjfin.
This was neceéséry because ofrthe difficult nature'of
the soldering proceés.' The leads exited ﬁhe coiﬁmn
through the same. conduit uéed by fhe power leads.

Temperatures were measured using a Brown Potentiometer.




EXPERIMENTAL PROCEDURE

Minimum Fluidization Determination

The first quantity obtained during the trial
staées of this éxperimental work waé the minimum
fluidizing velocity for the limestone particles used
in this research. The particles, mean diameter
approximatély lj6 mm (;063 Inch), were poured into the
top of the column until a static height of 18 inches
above the distributor plate was obtained. The main
and secondary blowers were then turned on and adjusted
so that the bed was barely fluidized. The heater was
then turned on and adjusted so that the temperafuré
on the tube surface did not rise above 1000° F. The
bed was operated'for 3-4 hours before. normal bed
temperatures'wefe,obtained. Then the main bfpass
valve was manipulated to control the air flow through
the bed. Water filled manometers were used to measure
pressure dfops across the bed, main air flow line
‘orifice, and the secondary air flow line orifice.

Data was oObtained thatvallowed'a graph of pressure
drép across the bed VS. mass air flow rate to be

constructed. From this graph the minimum fluidization -
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velocity was obtained. The minimum fluidization
velocity for the glass beads was obtained from Yurich's

thesis (12).

Procedure for a typical run

The finned tube to be investiéatedlwas chosen, Ehe
tube was cut to a length of 12 inches, and'the fini
portion 3 inches in from one end and 2.5 inches in
from the other end'was removed. A typicél finﬁed tube
is shown in Figure 7. A.thermocouplé waslthen silver
soldered to the mid poiﬁt.between adjacént fins and the
ends of the fipned section. Aluminum tape and copéer
anti-sieze compound were put on a:heéterrcartridge
and this cartridge was insérted in the finned tube. -
The heated section of the cartridge was situated
radially under the finned section of the tube. This:
finned tube was then clamped to a ffame. The framé
was placed into thg cqlumn throggh the bottoﬁ and .
attached to the ¢§lumn walls by four bolts. The
therm&coupie.ahd power lequ were run throﬁgh a piece
of condﬁit frbﬁ the toﬁ of‘tﬁe finned tube to a hole

23 inches above the distributor plate. The bed was
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then bolted together at the bottom and the particlés
were added to the column unfil a static height of 18
inches had been obtained. The main and seéondary
blowers weré'turned on and a valve in the bypaés liﬁé
was used to adjust the flow rate to the desired
fluidizatidp velocity. The power to the heater Qag
adjusted to 1000 watté. The column was allowed to
operate for 4-5 hours to reach steady state opefating
conditions. The temperatures of the tube surfacé and
bed were then recorded. The.pressure-drop across ﬁhe
_bed, main line,orifiCe, and secondary line orifice'were
recorded, and an estimate of the expanded bed height’
. was ﬁade. The flow rate of thefbypasé valve was then
adjusted to increése the flow throuéh the bed and fhe
column Was operated for 1 hour for the limestone
particles and 2 hours qu thelgléés beéds to reach:
a new steady.sﬁate. Readings were again taken and
the flow rate through thé bed increased. This
sequence was repeated until maximum flow through tﬁe
column was reached. |
The power to the heater was then turned_dff and

then the blowers were turned off. The particles were
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“then removed thiough tﬂe 1 inch'draiﬁ pipe, thg bottom .
.Of Ehe column was takeﬁ%apart, and:£he frame was
removed. A new fube waé then pfepéféd, piaéedion'the
Fframe, andfinéefted inéb the céluﬁﬁ} .The colﬁmﬂ was then
Sealed andAfilled:with particles injprepapation-for
another run. _This précedure was .continued until all

tubes and particdle sizes had been investigated. Data

were recorded in a form shown in Figure 29.




DEVELOPMENT OF THEORET ICAL MODELS
©* FOR LONGITUDINAL FINNED TUBES

This section is divided into three parts. The
first part is thé mathematical modeling of the single
thermécouple finned tubes. The second part is the
mathematical modeling of the ﬁultiple thermocouple
tube. The third-pqrt is the presentation of the

correlating equation.

Modeling of the single thermocouple finned tubes

In the cases where only one thermocbuple is
attached to a finned tube, it can not be assumed that
the temperature along the fins are uniform. By
calculating a heat transfer coefficient which takes
into account the temperature profiie along the fin,

I can make this coefficient independent of the fin
material thermoconductivity. In this section it is
assumed that the heat transfer.coefficient is constant
for all surfaces at a given air flow rate.

Figure 9 shows a fin and the coordinate system
used to analyze this problem. Heat enters the left
end of the differential section. During stéady'state.

operation there is no accumulation of energy. All the
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energy therefore leaves this element by conduction out

= LA0

the right end or by convection from the faces of the

element.

In mathematical terms this element can be

described as shown below.

-kB8§dT kBS%% - 2Baxh(T-T,) i
2.3 —|Xtax
-Rate of heat + Rate of heat - Rate of heat flow
flow by con- flow out of by convection
duction into the element from the surface
the element at point between points
at point x X + Ax x and x + Ax

where,

k

Thermal conductivity of the fin material,
BT U-ft/hr-ft2-OF
Longitudinal length of the fin, ft

Thickness of the fin, ft

Fin temperature, Op

Bed temperature, Op

Size of the differential element, ft

e 2 .0
Heat transfer coefficient, Btu/hr-ft“-"F

In this analysis it is assumed that end effects

are negligible,

Dividing through by AX and taking the limit as

0
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8x—0 and simplifying, the following differential
equation for the temperature profile along the fin

is obtained.

a2p 2h (T - T,) _
~% "~ x§ b =0
ax ,

Infroducing the dimenéionless'variableé,

T - T :
e = T_—-—TE ; X = 2{_/]'_: H m2 = 2hL2
w b ' k8
where,
L = Fin Height, Ft

and simplifying yields the following differential

equation,

The solution of this equation is the well know form

.shown below,

@ = cl'sinh(mx) +-C2 cosh (mx)

The arbiﬁrary ¢Onétants can be solved for using two |

“bquﬁdary:conditions. " These boundary conditions are,




a) 6=1, @x=0
b) k de | -
- =& = he| _ e x =1
L dx <=1 =1

- Applying these two boundary conditions to equation

(1) yields the following values for the constants Ci

and C

X
c - _ f(h cosh(m) + (km/L) sihh(m))

1 ' (h sinh(m) + (km/L) cosh(m))
C2 = 1

Substituting these equations for the arbitrary constants
back into equation (1) yields the following eqﬁatioh

describing the3témperature profile along the fin.

-(h.cosh (m) + (km/L)osinh(ﬁ)).
(h+sinh (m) + (km/L)-cosh(m))

® . = cosh (mx)
.. sinh (mx) : : 2.
Using the Fourier law of heat conduction I can now
calculate the amount of heat transferred to each fin.

Q

xBg Tw ~ Tp) ‘de 5

Fin = -
L . dX X=0

Taking thé.first_derivativé of equﬁtion (2) with

respect to x and substituting this into equatibn‘(B)
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yields an expression for the amount of heat going into

each fin.
' de | _ ._ mi(h-coshkmj + (km/L)- sinh (m))
dx %=0 (h-sinh(m) + (km/L)- cosh (m))
o _ KBS(T = T}) [hcosh(m)+ (km/L)sinh (m))
‘Fin L. (hsinh(m)+ (km/L) cosh (m))

An overall energy balance yields the following equation

(5),

Uotal = Nrin QEin ¥ Opase - . 5.
where,

%Base = BB, Ty - Tp) - 6.
and

Ab = Area of the base -~ Area taken up by the

base of the fins.
Ab' = TDB _'NFin' 6B

Qfotal-is a méasured quantity. Equations (4) and (6)
can be substituted into'equation (5) to yield equation

(7).

4.
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%otal | Mrin*P*™ (n.cosh(m) + (km/L)-sinh(m))
T ) ? (h-sinh(m) + (km/L)- cosh (m))
+  hB(¥D - Np. §) o 7.

Tﬁis equation can now be solved to determine values of
h vs. grotai/(waTb)' A computer program was written
to find the heat transfer coefficients for specific
data points. This program is shown in Figure.30.
This program uses a Wegstein convergence routine to -
find the valqe of the heat transfer coefficient.
Output‘from this compﬁter pfogfam for all runs made

is shown in Figuré 32 through 41, This program uses

é data file, as shown in Figufe 31, to calculate the
Nusselt numbe;, Prandtl number, G/GMF, Reynolds number,
and the Archimedes number for all data pointé.

A secoﬁd.computer'program was writﬁen to illustrate

the relatioﬂshiblbetween the heaf transfer coefficient
and the quantity Q

rotal’ Ts™Tp)
yields a different graph. Thege graphs are shown

‘Each finned tube’

in Figures_lOIand 1. With a valug Qf”Qrotal/(Ts—Tb)

it is very simple to obtain a value of h.
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Modeling of the Multiple Thermocouple Tube

This sectién has been placed in Appendix’A; because
. the information obtained was of quesfionable reliability.
" The information was interesting however, and theréfore
was included in ﬁhis theéis. | |

Development of the Correlating Equation

Correlating equations were developed using
dimenéionless quantities. These dimensionless quantities
relate fo certain characteristic Variables in the systeﬁu
The computer program shown in Figures 42 and 43_Was
written to fit the constants in the equatioﬁ to the.
experimental data. The data files uséd are shown. in
Figure 44. The program uséd_a simple seafch'subroutine
to find the minimum of the difference squared of the'
experimental and calculated Nusse;t_numbers.

The dimensionless quantities investigated were:

Re, ' Particle Reynolds Number
G/G £ Ratio of the gas flow rate to the
m gas flow rate at minimum
fluidization
fln . |
(1 - _Ta—if)) Ratio of the open space volume to

the. total volume occupied by the
finned tube

Ar Archimedes number




(1 - Void fraction)

(1 + Flg6g§lght) Fin height ratio

(.625/Fin height) Ratio of the maximum fin

height, .625 (In), to the
actual fin height

These variables were arranged in equétions of the

following general forms:

b

Nu = a B2 ¢© p?d g®

Nu = a + b Cc Dd Ee

where B,C,D, and E represént the dimensionless groups
and a,b,c,d, "and e represent the quanfities which were
found using the curve fit pfogram. In this manner
_equations were céhstrudted, placed into the program, and

then evaluated. TLines 46 and 47 of the program shown in

Figure 43 contaih the objective function that will be
evaluated when the program .is run. Objective functions
are inserted iﬁto this program before each new trial.
This_séquence is continued until all'éf the objective
functions have been evaluated and tﬁe best one has been

found.

B

|t g s e - o




' "RESULTS AND DISCUSSION

The results and discussion'chapter is divlded into
four sections; The first section shows data obtained
for the bare tube, glass bead runicompared to'Values
obtained from.the literature. The second sectlon.n
d1scusses the affect of system parameters on the heat

transfer coefficient. The third section shows the

results of curve f1tt1ng the experlmental data.. The
fourth sectlon covers the evaluatlon of” the performance

of these finned tubes.

Literature Evaluation of Bare Tube Data.

, Chen and Withersu(27)ddétermined heat transfer
coefficients for plain, vertical tubes in a bed of .01
inch diameter glass beads and then compared the
reSults withrthe correlations‘of'Wender'and Cooper; and .

Genettl, et al. The glass bead bare tube data of thlS

experlment 1s compared to thelr data and the correlatlons -

of Wender and Cooper, and Genettl, et al in Flgure l2.‘
Figure l2 shows that the bare tube data of this

experlment is between the correlatlons of Wender and

Cooper; and Genetti, et al It is also near the‘data of

-Chen and Withers{ Chen and Wlthers would be expected to

have hlgher heat transfer coeff1c1ents because the glass
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beads used in their research were smaller than those
that were used in this research.
These results lead to .some confidence about the
validity of heat transfer coefficients calculated in
this thesis.

Longitudinal Finned Tube System

Single,.longitudinally finned tubes were used to
investigate the effects of fin height, particle siée,
and gas mass velocity. )

The effect'of increasing fin height was generally -
a decrease in the heat transfer coefficient. This is
shown in Figures 13 and 14, where it can be seen that
the glass beads are more predictable in this trend than
are the limestone particles. The limestone particles
exhibit cross over between the heat traﬁsfer coefficients
6f the 2nd and 3rd tubes and also between the 4th and 5th
.tubes. 1In both_caseé the bare tubes give higher heat
transfer coefficients than the finned tubes under similar
conditions.

Smaller particles yield better heat transfer
coefficients_fér é gi#en surface and flow rate. Figures
15,16,17,18, and 19 show that the glass  beads have higher

heat transfer coefficients than the limestoné'particles
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‘in the region where the gas flow rafes are similar. It
shoﬁld-be noted that the fléw rate through the gléss
beads is reaching terminal Qelocity near the minimum
fluidization vélocity of the larger, limestoﬁe particles.
_The heat transfer coefficient generally increases
with mass flow rate until a maximum is reached. The
finned tube, glass particle data given in Figures 16,17,
18, and 19 shows an increase in the heat transfer
~coefficient until a leveling off'occurs at highér mass
velocities of the fluidizing fluid. The bare tube, élass
partiéle data shows a decline in the heatitrénsfer
coefficieﬁt wiﬁﬁ,an increase in the gas flow rate. This
result indicates that the heat transfer coefficient has
peaked at a flow rate near minimum fluidiéation; Figures
16,17,18, and 19 show the finnéd tﬁbe, limestone particle
data exhibiting the same type results as thé glass
particles. The heat ;rénsfer coefficient increases with
.increasing‘gas flow. In this case; howéver, the heat
transfer coefficient does reach a maximum for tubes
2,3, and 4. Thié-peak is predictable because at high
mass flow rates the bed expands, thus decreasing

particle scouring action, while not increasing the
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interstitial éas mass vélocity. The bare tube, limestone
particle'daté also exhibits an eériy peak.of thé heat
transfer coefficient near minimum fluidization, but
starts to rise again at high flo.w‘rates° ’This is shown
in Fiéuré-lSu Ploté éf-the Reynolds numbér Qs; the |
Nusselt number‘show thé same trends. These plots aré

shown in Figures 45,46,47,48, and 49.

Results of Modeling

A number,of'models weré explored in an attempt to

" correlate the data of this experiment. The-bare.tube

data was not used in this correlation because its
graphic form bears no resemblance to the data for the

finned tubes. The equation for the best fit of the

limestone. particle, finned tube data is:

. Nu = - 0.226 + O.ll7oRé0‘gl7o(l.b-- Void
: . L. .32
Fraction)o'oqg7lo(0.0625/F1n Helght)0 2

~ The best curve fit for the glass beads, finned tube

data is:

0.821
Y

Nu = = 0.768 + 0.00542+Re’ 1322

" .(0.0625/Fin Height) 28

These correlations do notip;edict’a maximum in the
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Nusselt number and also should not be used beyond the
scope of the experimental data from which they were
derived. Figures 20 and 21 show graphically the

deviation of the data from the model. Most of the

limestone particle data
model. The glass beads
15 percent of the model

Tables 4 and 5 show the'

was within 30 percent of the
experimental data was within
value for all but one point.

values of -the experimental

Nusselt number, the modeled Nusselt number, and the
percent4difference..

Performance of the Longitudinally Finned Tubes

The ratio of the product of the heat transfer
coefficient and the total area of the finned tube to the

product of the bare tube heat transfer coefficient and

. the area of a plain tube occupying the same volume, under

identical fluidizing conditions, is a measure of the
performance of the finned tube. Performance can be

evaluated using the following equation:

(Q/AT) Finned Tube
(Q/AT) Bare Tube

Performance =

where, ' o
' Q = heat transferred, Btu/hr
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RESULTS OF CORRELAT ION

TABLE 1IV.

Limestone Particles

Model

NG = 4806+ 0 117 eV P i1 Yo vt

Fraction)0'0097l-(0.0625/Fin Height)o'322
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RESULTS OF CORRELAT ION

TABLE V.

Glass Beads

Model:

Nu = - 0.768 + 0.00542.Re¥°132,5,0-821
.(0.0625/Fin Height)?-2%3

COMPARISON CHART
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AT = temperature driving force, Op

An overall fin diémeter equal to the disténcélfrom
a fin tip through the radial center to the oéposife fin.
tip-was used to calculate the area of the bare tube.
This basis means that a finned tube and a.bare tubé
will reguire the same amount of space in a fluidized bed.
.When the performance ratio exqeeds one, then for é
given volume of the fluidized bed,; ‘the finned tube

provides higher heat transfer per unit volume than .the

. bare tube.

The best performances were obtained with tube #3 for
the limesfone particles and tube #4 for the glass béads;
Figures 22 and 23 show the performance data for the
limestone particles and the glass beads. Tube.#3 showed
a 70 percent maximum enhancemeht. Tube #4 for the glass
bead§ showed a-40 percent ﬁaximum enhancement.

The glass béads,out'perform the limestone particles
at the éame flow rates, but over the ranges which could.
be considered the normal operating mass flow rate-for.
the partiéular particle, the limestone particleé always
yield a "higher ﬁaximuﬁ performancé. ’Figures 24,25,26,

and 27 show the particle performance for each individual
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tube.

~The particle size determines the ﬁobility of the
fluidized particle in a fluidized bed,'for‘a.given air
flow rate. Small particlés, such as the glass'beadS'
used in this experimental program, can move in and out
of the space bgtwéen'the fins-éf.é.finned tube fastér
than'large particles, thus making particle convection
the dominant heat tfansfer mechapism for small particles.
Particle convection is a powerful form of heat transfer
in a fluidized bed and therefore when large particles :
can -not utilize this form, their heat traﬁsfer coeff~
icients are lower. The narrow space between the fins
also limits barticle convéctivé heat.tranéfer by
increasing the residence time of the larger particles.

‘The result that several la#éer fin, fiﬁned tubes
have higher heat tranéfer coefficienté than tﬁe smaller
fin, finned tubes, for a givgn flow raté,.is probably due
to the small differences bgtwegn several of the fin
heights and an unspecified relationship between the
particle size and the fin height. This reiafionship
effects the mobility of the particle in a giveh

situation.
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ERROR;ANALYSIS
The experimental heat transfer coefficient is"
assumed to. be effected by. the measurement of qexp.and‘
(Tw—Tb) only, therefore the error analysis 1s.to be
-performed upon the following equation:
q '

h. o ex

exp = AT (Tw—Tb)
' The‘accuracy of‘the Simpson Model 390 wattmeter is
% or better of the full scale readlng (28). The 3000.0
watt scale was used for wattage measurement, therefore
‘the accuracy of these measurements is (150.0/1000. 0)x100
‘or~r15%.i The llmlts of error for the thermocouples is
+4.0 OF'(29). .The bed temperature is assumed,to be ‘
measuréd within this limit and therefore for a'morst
case (Tw-Tb), the Tb value is lSO,OOF and the percentage
error is-(4;0/150.0)x100 or t2.7%}‘ fhe tube wall
temperature was assumed to be measured within_i9‘oF,
+4 °F for the'thermocouple error and t5 °F for the
fluctuations observed during a typical e#perimental run.
The maximum and minimum-values of the heat transfer
coefficient can now be calculated and the perceht' |

_maximum error estlmated using the prev1ous assumptlons.

This analysis is based upon a heat transfer coefflclent
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of 1.0. The minimum (TwﬂTb) value in this investigation

was 166.5 °F.

Maximum positive error

hexp - 1.15
h 1.0 - 13.0/166.5

= 1.247

20

Error = (hexpfh)/h = (1.247-1.0)x100 = 24.7

Maximum negative error

.

hexp - - 0.85
h . 1.0 + 13.0/166.5

= 0.788

oo

Error = (hexp—h)/h = (0.788-1,0)x100 = 21.2
The proposed experimental error that brackets all of
the data is +24.7% and -21.2%. The maximum deviation
from the true values of the héat transfer coefficient

should be *24.7%.




CALCULATIONS

Air Mass Velocity

For the main blower a 1.5 inch orifice with vena

contracta taps and a water filled manometer were used to

measure the air flow rates. The secondary blower also

used a 1.5 inch orifice with vena contracta taps and

a water filled manometer to measure flow rates. The

sum of the flow from these two bloWers was the total

flow through the bed. The following equation was used

for the calculations (8}

G

D]

- 0.5
3600 C Y S, [2 g, (P)-P)) QlJ ,
. A L 1—@4 .

Air Mass Velocity, lbs/hr-ft

2

Orifice Coefficient, Dimensionless

Expansion Factor, Dimensionless

Cross Sectional Area of the Orifice, ft2

Cross Sectional Area of the Coluﬁn, ft2
Dimensibnal Constahﬁ, -ft-—lbm/secz-—lbf
Pressure at the Upétream Pressure Tap, lbf/ft2

Pressufe at thé Downstre;m'Pressure Tap,.lbf/ft2

Density of Air at the upstream Pressure, lbm/ft3
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@ = Ratio of the Orifice Diameter to In51de Pipe
Dlameter, Dimensionless:

For a square edged orifice, the expansion factor is

given as follows:

Y=1- P -P -4

1 "2 (.41 - .357)°
PlKr
where,
Kr = Cp/Cv

' The orifice coefficient is a function of the
Reynolds nﬁmber. It was found to be nearly constant
at .61.for the range of air flow rates used. This

value is used in all air flow calculations.

Tube Temperature

The tube temperatures were measured using
thermocouples connected to a-Barber Colman Company
Potentionmeter for high temperatufes (above 600° Fi
and a Brown Eletronik Potentionmefer for low tempera-
tures. - Temperatures were alsolfecorded as a voltage

by a Varian G-2000 chart recorder.
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Bed Temperature

- The bed temperature,_Tb, was measured at the mid-

height of the bed by a Brown Eletronik Potentionmeter.

Heat Input to Each Tube

The power to each tube was measured with a Simpson
wattmeter and then converted to the appropriate units.
g = (Watts) 3.4129 Btu
' Watt-hr

Total Tube Area

The total fin area was found by multiplying the
area per fin by 12 (the number of fins). The total
tube area was calculated by adding the total fin area

and the area of the unfinned portion of the tube.

Air Thermal Conductivity

The air thermal conductivity, kg, was determined
by linear interpolation between the values listed in
Kreith (9). The linear equation fitting the thermél
conductivity data is given below:

5

kg= 2.0 x 107> T  + .0134
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kg= Thermal Conductivity, Btu/hr-ft-°F

Tb=_Bed Temperature, Op

This equation is valid for the temperature range

from 32° F to 250° F.

Air Viscosity

The aif viscosity was calculated for. each tempera-
ture from the following equation which was fit to
_experimental data (9): |
Péé'(2.45 (r,-32) + 1538.1) 2.688 x 10 °
'pg= Air Viscosity, lb/hr-ft '

T, = Bed Temperature, CF

Heat Transfer Coefficient

The heat transfer coefficients were calculated
using the following eéuation and’ the Wegstein

convergence routine.

0 _ N-k-B-§&m[ h-cosh(m) + (km/L)-sinh(m)]
(T_-T.) L h-sinh(m) + (kﬁ7L)-cosh(mll
h = w b’
B(TD - N§)
h = Heat Transfer Coefficient, Btu/hr—ftZ—OF
Q =

Heat Input per Tube, Btu/hr
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T, ='Tu§e Wall Temperature, °F
Tb = Bed Temperature, Op
N = The Number of Fins

= Thermal Conductivity of the Fin Material,

Btu/hr-£ft-°F

‘& = Thickness of the Fin, Ft
B = Length of the‘Fin, Ft
L = Height of the Fin, Ft
T = 3.14159,.dimensionless
do = Diaﬁeter of the Tube; Ft
m =

Q-hiL2 , dimensionless
,U k , - .

Particle Nusselt Number

Nup = E_EE
Kg
Nup = Nussé;t Number, Dimensionless
.h = Heat Transfer Coefficient, Btu/hr—ftz—OF
D, = particle Diameter, Ft
kg = Air‘Thermal Conductivity, Btu/hr-ftzQOF

Particle Reynolds Number
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Rep.= Particle Reynolds Number, Dimensionless

G = Air Mass Velocify, Lbs/hr—ft?'
Dp = Particle Diameter, Ft
pg = Air Viscosity, Lbs/hr-ft
Archimedes Number
Ar =gDp eg (Qp—?g)
n?
g
Ar = Archimedes Number, Dimensionless
g = Gravitation Constant, Ft/hrzv
Dp = Particle Diamete?, Ft
Qg = Density of Air, Lbs/ft3' .
Qp. = Deﬁsity of the Partiq;és, Lbs/ft“3
B = Air Viscosity, LbS/hr—ft'




"CONCLUSIONS

The following conclusions can be drawn from this

experimental investigation.

1.

The heat transfer coefficient for all of the finnéd
fubes increased with increasing fluidizing air mass
velocity. It is believed that increasing'air.mass
velocity enhances particle motion, which decreases
the resistance to heat transfer at the boundary and
increases particle heat convection. In several cases
a maximum valpe was reached. This maximum is |

observed because of lower particle density at high

-flow rates.

" The small particles gave better heat transfer

coefficients in the rangé where the air‘flow rates
were ‘the same for the large and émall particles.
This occurs bécause particle mode heat convection-by
tﬁe small particles is greater than by the large
particles.

For the glass bead runs, the bare tube géve the
highes£ value of the heat transfer coefficient, with
Tube #2 (4 Iﬁ}) gi&ing.the second largest heat
transfer coefficients. This ié‘explained by bette?

particle circulation near the surface when there is
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minimal fléw restriction.
qu the limestone particle runs, the bare tube gave
the highest values of the heat transfer coefficient,
with Tube #3 (3/5 In.) giving the second highest
heat transfer coefficients and Tube #2 (% In.) oﬁly
slightly lower values. Tﬁbés #3 and #2 were very
similar in fin height and therefore could be expected
to yiéld similar results.
Heat transfer coefficients generally decreasea for
increasing fin height, which can be éxplained by
qonsidering the physical obétruption‘of the larger

fin height on~particle motion between the fins and

near the tube base.

The.best performance usiﬁg.the 1imes£one particles
was obtained ﬁsing Tube #3 (3/8-In.), the gain was -
70 percent. This result céﬁ be attributed to the
effects of minimally reduced particle circulation
and large surface area.

The best performance using the glass beads was
obtained usihg Tube #4 (% In.), the maximum gain was

40%. It would be expected that the émaller particles

‘would circulate better in the narrower confines.-

!
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Symbol

o -

(OTR Y

o

NOMENCLAT URE

Definition

Variables in the Nusselt Number
Correlation Program-

Parameters in the Nusselt Number

Correlation Program:
- Area of the base section of the tube

Column cross sectional area

Archimedes number

Fin material length

‘Constant

Constant

Gas heat capacity

Orifice coefficient

Constant pressure air heat capacity

Particle heat cépécity

‘Correlation factor

Constant volume air heat capacity

.Diameter of the particles

Diameter of the finned tube
Diameter of the fluidized bed
Mass flow rate:

Dimensional constant

Dimension

Dimensionless

Dimensionless

ft2

ft2
Dimensionless

ft
Dimensioniess
Diﬁensionless
Btu/lb_-°F

Dimensiornless

o_.
'Btu/lbm— F

Btu/1lb_-°F

m
Dimensionless

o

Btu/lbm.‘F

ft

ft

ft

lbm/hr—ft2

£

ftélbm/seéz-lb




Symbol

hl’h

g1
hmf

model

Hh 0

Q

BN N I

Fin

3

uC onv

Numodel

Nu

AP

-Thermal conductivity

-Thermal conductivity
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Definitioﬂ

Heat transfer coefficient

Sectionally .averaged heat transfer
coefficients

Heat transfer coefficient at minimum
fluidization conditions

Fin model. heat transfer coefficient

of the fin

Thermal conductivity of the fluid

the fluid

Thermal conductivity of

of the gas

Ratio of Cp/CV

Height of the fin

Number of fins per tube
Dimensionless number

Convective Nusselt number
Correlation modeled Nusselﬁ number
Particle Nusselt number

Ménometer fluid height

Upstream pressure

Downstream pressure

Dimension

' Btu/hr-ft2-Op

Btu/hr-ftz-oF

Btu/hr-£t2-°F

Btu/hr-ft2-°F

" Btu/hr-ft-°F

Btu/hriff-oF

Bti/hr-£t-°F

Btu/hr—ft—OF

Dimensionless
ft

Dimensionless

Dimensionless
Dimensionless
Dimensionless
ft
2
lbf/ft

2
lbf/ft




Symbol
Pr

qqu2r
d3s9

Qbase
Fin
QI‘otal

Remf
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Definition

Prandtl number

Rate of heat transfer

Rate of heat transfer

‘Heat loss from the tube base

Heat loss from the finned section

Total heat input

Minimum fluidization Reynolds
number

Particle Reynolds number

Orifice cross sectional area

Temperature in the fin

Bed temperature

Fluid temperature

Tube wall sﬁrface temperéture
Partiéle temperature
Distance.along the fin
.Dimensionless distance

Expansion  factor

. Ratio of orifice diameter to

inside pipe diameter

Dimension
Dimensionless

Btu/hr

~ Btu/hr

Btu/hr
Btu/hr
Btu/hr

Dimensionless

Dimensionless

ft2

ft
- ft
Dimensionless

. Dimensionless




Symbol

s

@g
¢p
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Definition Dimension
THickneéslof the fin ft
Thermal boundary laYér thickness ft
Bed solias void fraction _ DiﬁensioﬁleSS‘

Thermal conductivity of the fluid Btu/hr—ft—oF

Pi , 3.1416 . Dimensionless

\
Dimensionless temperature

Viscosity of the gas 1b/hr-ft
Density of,thé material lb/ft3
Densitylof the gas lb/ft3
Density of the particles._ : 1b/ft3
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APPENDIX A

MODELING.OF THE MULTIPLE THERMOCOUPLE FINNED TUBE

Modeling work was done using temperature data
obﬁained fromitube #5. Tempe;atures were recorded from
a thermocouple a£tached on the base of the finned-tube
and from thermocouples attached radially outward on
several fins. Figure 7 shows a diagram illustrating
the thermocouple placement points. The thermocouples
were‘actualiy soldered to different fins.

The differential equation,

a’e _ 2n12

~ k8§

e

was solved analytically using boundary conditions whiéﬁ
were available from experimental data. The program is
shown in Figure 28. The fin was divided into four
sections. The sections were defined as the spaces
between the thermocouple attachment points shown ‘in

Figure 8. The first section had the boundary condition:

a) e =1 : @ x=0

b) =286 @ x=x

1
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QUTFUT _XPRyXEsXH,DT,DT2
GO TO 30
END

FIGURE 28. FIN MODELING PROGRAM

XSTART XA= (Xa EEDT)/(YT BEDT)s XF=(XE-BEDT)/(XT-REDT)

(MADEL#64.5) )X (HEXPX,7543-XHk,5417%(,2618
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Theisloée at the beginning of thé section is needed,
because the end boundary condition .is satisfied by
adjpsting the value of the hea£ transfer coeffiéient
until it is matched. This can be obtained from equafion
3 on’ page 42 of this thesis, with 9ein béing'calcﬁlated

using equations 5 and 6 on page 43.

= —ENFinSB(deTb)'%g
T X

Qrins = %otal ~ UBase
: x=0

Rearranging this equation and substituting the
appropriate terms yields the expréssion for the slope at

"-the base point:

de oL Qrotal .
= = - - h.B(md - N_._§)
x| x=0 KNpinSB (TyTy) 1 Fin
where,
Qpase = hB(d - Ng;,8) (T - Tb)

A trial. and error procedure, varying h, matches the
temperature atlthe first thermocoﬁple on the fin. ‘This

h is the "sectionally averaged" heat transfer coefficient.
for the bare tube surface and the first section oflthe ‘

fin.
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The second and third sections are done in a similar
manner. The slope of the temperature.profi;e; with
respect to x, at the end of the first section is used as
the starting slope for the next section. The value of
h is varied until the modeled temperature matches the .
temperature recorded for the end of the section.

The start ef the fourth section is the same as the
second and third} but the end boundary condition is
different. The end boundary condition to be matched
in this case is,

de _ hLe

dx k
The heat transfer coefficient, h, is again varied until
the end boundary condition is satisfied.

The analysis of the data using this pfogram was
not p0551ble because the temperature profile obtained
durlng the experlmental runs was not smooth enough to
give accurate values of the flrst derlvatlve. Very
accurate data is required for an analysis of this type;
It would also be very helpful to have more‘thermecouples
attached to the fin and also to have all of the thermo-’

couples attached to the same fin. Additional
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thermocbuples woﬁld, however, effect the gas and
*particle flow past the fin, thus making the heat trans-
fer conditions less realistic. This: analysis could
have been done using numerical methods, such as Ffank's
subroutines fll), but the results would still have been
unuseable.

A second attempt was made at célcﬁlating the
sectionally averaged heat transfer coefficients. 1In--
this calculation the data was smoothed by calculating
the slope of the temperature at a point by adding the -
teﬁéeratuxe of the preceding point to the temperature of
the follqwiﬁg point éhd then dividing by. the distahce
between the two points. Using this method ar/dx could
be found and then the'amount of heat.ente;iné and
leaving by éonductién could be determined. The
difference between these two values is the amount
convected from the fin surface and with this value a heat
transfer coefficient could be calculated.
| This method was used to analyze the data and the
results are tabulatea in Tablé_VI. Some: of the low flow
rate data is-obviously wrong. Negative heat transfer

coefficienté,are not feasible in this system. Higher




TABLE VI. RESULTS OF FIN MODELING

Urotal 9 q; 93 hy h, hy
{(Btu/hr) (Btu/hr) (Btu/hr) (Btu/hr) (Btu/hr- (Btu/hr~ (Btu/hr-
££2-%p)  ££2.9)  ££2.9F
Limestone data :
3344. 2375. 851. ~705. 20.08 2.13- 12.29
3378. 2249. 381. 1960. 22.39 -26.27 73.66
3378. 2374. 683. 2027. 27.98 ~-24.78 86.78
3344. 2438. 997. 1635. 26.79 -14.25 78.54
3378. 2479. 1019. 1568. 29.23 -13.48 "80.41
3412. 2557. 1355. 1030. 29.3 11.14 69.49
3447. 2575. 1344. 1019. 29.86 11.18 69.69
3447. 2576. 1372. 940. 30.52 15.96 69.13
3447. 2584. 1388. 957. 29.92 15.75 69.33
3412. 2556. 1378. ‘ 913. 30.72 17.95 69.67
Glass Beads _ _ :
3378.- 2595, 1624. 347. - 24.79 52.16 18.58
3412. 2898. 2296. 56. 13.86 98.90 2.42
3412. 2586.. 1512. . 790. 32.33 37.05 89.36
3412. 2543. -1444. 706. 37.93 - 46.66 112.06
3447. 2559. 1456. 706. 38.92 . 49.59 133.6

- 66 -
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. flow réte data was more consistent. An interesting

' comparison can be made between the glass bead data and
the limestone particle data. The second heat transfer
1 and h3 for the

limestone particle run, while for the glass bead run, h

coefficient, h2, was lower than h

2

17 but lower than h3' This indicates

that there must be a difference in the particle mode

was higher than h

heaf transfer contribution. This would seem reasonable'
‘because thelsmgll particles would be less effected by
the narrow séaqihg between fins, while the larger
particles would have considerably more problem enfering
"and exiting the narrow space.

The heat transfer coefficients calcu;éted from
this analysis ére all larger than the average coefficient.
It would'seem to me that the only explanation for this
is that the temperatures measured are erfonepus or that
the fin modeling program does not calculate enough

temperature drop along the fin.
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APPENDIX B

'("JURVE FIT OF VOID FRACTION DATA

The void fraction of the limestone particle runs
was calculated from bed expansion data and then a
linear model was found to fit the void fraction data.
The equation that was found is the following:

Void fraction = ,119 (Mass flow rate) + .9279

(Mass flow rate at minimum
fluidization)

The mass flow rates were measured in the units of

lbm/hr—ftz.




Date: July 1, 1981
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APPENDIX C

Experimental Data
Steven D Hickel
Fluidized Bed

Run 3

Fin height: medium large

Orientation: vertical, Large particles

Data | AP AP AP power |Bed Max d Bed Tube

point|main second | Bed height | bubble Tgmp. Tgmp.
# |inches |inches | inches [watts |inches| inches F F

1 1.65 4.3 22.4 1000.0(18.0 1.0 105.25/ 675.0
2 2.85 4.25 22 2 1000.0{18.75 | 2.-4.0 |131.00| 480.0
3 3.96 4.20 22.2 1000.0{19.00 | 4.0-6.0/130.25|457.0
4 4.83 4.20 22.4 1000.0{19.50 | 6.0 132.00f 460.0
5 9590 4.10 22.4 1000.0{20.00 | 8.0 135.50] 457.0
6 8.60 4.00 22355 1020.0420.50 | 8.0 135.00]435.0
7 10.70 }3.90 22.6 1010.0{21.00 | 8.0 138.50]426.0
8 13.10 #1380 2255 1020.0)21.25 | 8.0-10.}137.00|397.0
9 15 208 N3 225 1020°0122:25 | 1250 139.00{391.0

10 17.40 '13.65 22.5 1020.0]22.50 | 12.-14.]140.00}405.0

Total heat transfer area: .6835 ft2

Comments: I observed a 1/4 inch material loss during this run.

FIGURE 29.

DATA TABLE
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DP DP  REYNOLDS
MAIN SEC  NUMBER
(IN) (IN)

1,65 4.40 57.0
2.83 4,40 61.7
3.80 4.35 65.5
4.80 4.50 469.4
5.85 4.20 2157
8.35 4.00 78.1
1075 -3.95 8249
13.15 32.85 87.4
15.70 3.80 92.0
17,60 3.75 95.2
FIGURE 32.

G
(LB/HR=

FT2)

494.1
546.8
580.4
618.3
637.6
697.5
743.4
786.0
829.3
8358.7

0/(TS-TB)

(BTU/HR-

FT2-F)
11,67
19.93
23.36
23,58
2%5:77
25.63
26,21
26,42
26.54
26,33

HTRUE
-
11.95
20.76
24,49
24.73
27.15
26.99
27.64
27.87
28.01
27.77

RESULTS FROM RUN ¢£1,
PARTICLES,

% INCH FIN HEIGHT

NUSSELT G/GMF

NUMEER
4,10  1.08
§97 gD
8.23 1.27
8:29 42435
9,09 1,39
9,01 1.53
9,19  1.43
9.24 1,72
9.27. 1481
9.18 1.88

LIMESTONE

GAS
FRANDTL
NUMBER

W71

W71

71

71

71

72

o72

W72

W72

W72

ARCHIMEDES
NUMBER

245453,3
238888.9
238321.5
237445.9
237128.3
235118.,2
233623.1
231824.3
230849.4
230462,7

= =80T




~X
-~D

1.5%5
2.90
4,00
4.90
9.85
8.60
10.75
13.15
15.70
17.30

DP
it
4.40
4.20
4.20
4,10
4.10
4.00
3.80
3.80
3.70
3.60

REYNOLDS G
NUMBER (LB/HR-
FT2)

95.3 489.3
995 942.7
63.7 982.4
66.3 607.1
69.2 634.6
76.2 699.6
80.2 738.3
85.0 785.2
89.3 826.6
91.6 849.2

RIGHURE 330,

@/(TS-TB)
s
8.34
15.08
21,62
22.51
23,06
23.11
23.29
23,76
21.45
20,35

RESULTS FROM RUN
PART ICLES,

HTRUE
(BTU/HR-
FT2-F)
9.28
17.36
25.74

26,990

27,65

277
27495
28.58
25.51
24,07

NUSSELT
NUMRER

3.13
9.48
8.41
8.78
9.00
9.02
9.08
9.24
8.24
7.77

2,

G/GMF GAS ARCHIMEDES
PRANDTL  NUMBER

NUMBER
1.07 71 240442.8
319 72 226031.8
1,27 W72 225062.1
1,33 72 224285.7
1.39 72 223574.4
1.53 /2 2232646.7
1.62 W72 222041.3
1572 072 220282.5
1.81 v 72 219680.9
1.86 72 219081,7

LIMESTONE
3/8 INCH FIN HEIGHT

= H9ULT- e




-
- Do

1.65
2.85
3.98
4.83
9.90
8.460
10.70
13.10
15.70
17.40

2
(IN)
4.30
4.25
4.20
4.20
4.10
4.00
3.90
3.80
3.735
3.65

REYNOLDS G
NUMBER  (LB/HR-

FT2)
55.4  490.9
59.0  542.4
63.3  581.4
66,1  608.7
68.8  435.9
75.7  4699.6
79407 1. 241.3
84.6  784.1
89.2  828.4
91.6  852.7
FIGURE 34.

Q@/(TS-TB)
g
8.77
14,31
15.29
15.23
15.34
16.99
17.355
19.60
20.22
19.23

HTRUE
e

9.48
16,25
17.50
17.43
17.83
19.74
20.49
23,30
24,17
22.78

RESULTS FROM RUN #3,

- PARTICLES,

NUSSELT G/GMF

NUMBER

3.18 1.07
5.28 119
9.70 1.27
9466 1.33
S9.76 1.39
6.38 1.53
6,60 1.62
7:52 1.72
7.78 1.81
7.32 1.87

LIMESTONE

% INCH FIN HEIGHT

GAS
-PRANDTL
NUMBER

71
72
W72
W72
o72
W72
072
72
72
W72

ARCHIMEDES

NUMBER

239243.,9
222469.5
222929.3
221980.4
219860,7
220222,0
218187.5
219021,4
217830.9
217239.2

= L0




DP
HAIN
(IN)
1.60
2.85
3.90
4.85
5.88
8.75

10.75
13.30
15.80
17.40

DP
SEC
(IN)
4.35
4,35
4,20
4.20
4,10
4.00
3.85
3.75
3.70
3.60

REYNOLDS G
NUMBER (LB/HR-
FT2)
35.1 490.2
99.2 946.3
62.7 979.1
65.7 609.4
68.8 635.3
75.9 703.0
79.9 740.,2
84.5 785.8
89.1 828.1
91.2 850.7
ETGURE 35.

Q/(TS-TB) HTRUE NUSSELT G/GMF GAS ARCHIMEDES

(BTU/HR~- (BTU/HR- NUMBER PRANDTL  NUMBER

$12-F) FT2-F) NUMBER
8.73 10.47 3.51 1,07 W71 237950.0
11.07 13,94 4.52 1.20 o 72 220644,2
11.85 15.16 4,91 1.27 W72 220161.6
12,44 . 16415 9.21 1,33 072 218663.0
13.84 18445 5.98 1.39 72 220824.0
14,72 19.99 6445 1.54 W72 219021.4
14.87 20,25 6.54 1,62 072 219021.,6
15.22 20,87 6.71 1.72 W72 217239.,2
15.06 20,59 6.63 1.81 v 72 217830.9
15.42 21.24 6.81 1.86 W72 216063.,1

RESULTS FROM RUN #4, LIMESTONE
PARTICLES, BARE TUBE.

BUIIw=




-~X
—D o
Z 0
~Z

2.80
3.90
4.85
9.90
8.60
10,65
13.30
15.60
17.40

DP
SEC
(IN)
4.30
4.30
3.80
4.10
4.00
4.00
4.00
3.80
3.70

REYNOLDS G
NUHMBER (LB/HR-
FT2)
59.5 542.6
63.9 582.8
65.1 594.1
69.5 836.1
73.9 699.7
80.7 744.4
86.3 796.0
89.3 828.8
92.0 834.9
FIGURE 36.

0/(TS-TB)  HTRUE
é?TU/HR— (BTU/HR~-

2=F) Fi2-F)
37.16 37.16
44,71 44.71
43.46 43.46
38.90 38.90
37.68 37.48
37.50 37.50
37.86 37.86
38.02 38.02
38.86 38.86

RESULTS FROM RUN #5,

12,16 1.19
14,64 1.28
14,22 1,30
12,469 1.39
12,22 1.53
12,15 1.63
12,26 1.74
12,25 1.81
12,51 1.87
LIMESTONE

PARTICLES, 3/4 IMCH FIN HEIGHT

GAS  ARCHIMEDES

PRANDTL ~ NUHBER
392 2254842
e 225999.2 1
72 225810.1 5
% 224563.9 T
72 221493,2
72 221007.8
72 221007.3
72 218485.0
72 217890.7

=




DP
HAIN
(IN)

W66
2,10
4,20
8.00

16.10

DP
SEC
(IN)

.00

+00

+00
+00

.00

REYNOLDS G
NUNBER (LB/HR-
FT2)
1.8 108.1
3.4 193.0
3.0 273.1
7.0 37647
9.9 535446
FTEGURE 3.

0/(TS-TB)

(BTU/HR-

FT2-F)
21,35
26.84
29.25
30,40
30.90

HTRUE

(BTU/HR~-

E2=F)

25.76
33.94
37.75
39.95
40.44

NUSSELT
NUMBER

1,31

.82

2,08
2,21
2.25

RESULTS FROM PUN #6,

BEADS,

G/GNF

1.86
3.33
4.71
6,49
9.24

CLASS
3/4 INCH FIN HEIGHT

GAS
PRANDTL
NUMBER

W72

W72

072

72

72

ARCHIMEDES
NUMBER

1032,
1167.6

1242,9
1254.5

-]

—

o
I




DP
SEC
(IN)

.00
+00
00
00
+00

REYNOLDS G
NUMBER (LB/HR-
FT2)

1.5 4.1
2.2 127.7
3.4 188.4
4.9 269.9
7.2 386.5
FIGURE 38.

0/(TS-TB)

(BTU/HR-

FT2-F)
13,47
11,58
16.80
18.73

19.02

HTRUE
(BTU/HR-
F12-F)
17.83
14,74
23.78
27.55

28.13

NUSSELT
NUMBER

.88
77
1,28
1.31

1,56

RESULTS FROM RUN #7,

BEADS, %

G/GMF

1.62
2,20
3425
4.65
6.66

GLASS
INCH FIN HEIGHT

GAS
PRANDTL
NUMBER

73
W72
72
W72
72

ARCHIMEDES
NUMEER

969.9
1098.3
1168.4
1224.6
1254.3

UL




DP
MAIN
(IN)
1.00
2.00
4,05
8.10

17.00

DP
SEC
(IN)

.00

+00

00

«00

+00

REYNOLDS G
NUMBER (LB/HR-

FT2)
2.3 132.8
3.4 187.8
4.9 287.3
7.0 378.4
10.2 950.2
EIGURE 39.

Q/(TS-TB)

(BTU/HR-

E1Z2-F)
24.79
29.80
32,62
34.20
35.00

RESULTS FROM RUN #8,
3/8 INCH FIN HFIGHT

BEADS,

HTRUE
(BTU/HR~-
FT2-F)

34,35
38.09

40,23

41,33

NUSSELT G/GMF
NUMBER
147 . 2.29
1,85 . 324
209 ksl
s AL
2,30 9.49
GLASS

GAS
PRANDTL
NUMBER

2.2

72

W72

72
072

ARCHIMEDES
NUMBER

1116,3

1176151

1245 061
N

1240.8 |
1254,2




~x
D
ZrT0
~Z

1.10
2.00
4.05
8.10
16.30

DP
SEC
(IN)

«00

.00

.00

+00

.00

REYNOLDS G
NUHBER (LB/HR-
FT12)
2.3 139.1
3.4 187.7
4.9 267.2
7.0 378.4
9.9 535.1
FIGURE 40.

Q/(TS-TB)

(BTU/HR-

FT2-F)
32,33
36.64
38.94
41,43

42,22

RESULTS FROM PUN #9,
INCE FIN HEIGHT

BEADS,

1
4

HTRUE
(BTU/HR~-
FI2-F)
34,51
39.44
42,12
45.02

45.96

NUSSELT G/GHKF
NUMBER
1.82 2,40
2,13 24
2.31 4.61
2,49 6.52
2435 9.23
GLASS

GAS
PRANDTL
NUMBER

W72
072
W72
072

72

ARCHIMEDES

NUMBER

1124.,4
1174.0
1211.4
1239.6
1231.3

(Sl U




~x
D o
Z 40
~

1.07
2,00
4,10
8.10
16,20

DP
SEC
(IN)

+00

+00
+00
+00

.00

REYNOLDS G @/(TS-TB) HTRUE NUSSELT

NUMBER (LB/HR- (BTU/HR- (BTU/HR- NUMBER
E12) Sk 2-F) E12-F)

2.4 137.1 77 .47 77.67 4,10
4,9 268.7 6797 67.99 3.72
7.0 378.3 73.48 73.48 4,06
10.0 536.7 69.52 69952 3.86
FIGURE 41. RESULTS FROM RUN #10,

BEADS, BARE TUBE.

G/GMF

2,36
3.23
4,63
6.52
9.25

GLASS

GAS

PRANDTL
NUMBER

W72
072
W72
72
W72

ARCHINEDES
NUMBER

1119.3
1172.7
1209.6
1234.8
1249.9

RIS




%'888 CORRELATION FINDER
3,000 DIMENSION X(5:10)sXL(S) s XH(5) #XC(S) 9y XX(5) s FUNC(10)
4,000 19 XF{5910) s XXF(S)
5,000 DINENSION XNU(74)yRE(74)yGGHF(74),XLEN(74) AR(74)
4,000 1XER{74) sCALCNU(74
7,000 COMHON/STEVE/ RE:DGMF;AR;XLEN XNU
8,000 COMMON/JANET/ CALCNU» NN
9,000 SAVE /JANET/
10,000 INFUT NNsNsKFRINTSEPSI
11.000 00 110, I=1+N
12,000 INPUT X(Is1)
13,000 D0 120, I=1sN
14,000 INFUT XL(I)
15,000 DO 130y I=1sN
16,000 130 INFUT XH(I)
17.000 =13 KK=10
18.000 [0 10 I=1siN !
19,000 READ(10+150) RECI)oXNUCI) yBGMF(I)sAR(I) #XLENCI) -
20,000 10  CONTINUE p
21.000 150 FORMAT(SF.5) o
22,000 CALL CMBOX(MsNsKKyKPRINTsXsXLyXHsXCoXXsXF s XXFyFUNCy .
23,000 1EFSI)
24,000 D0 200 I=1sNN
25,000 XER(I)=(XNUCI)-CALCNUC(I))/CALCNUCI)%*100,
26,000 200 CONTINUE
27,000 WRITE(108:300)7 WRITE(1085400)5 WRITE(108+500)
28,000 300 FORMAT(20X, COMFARISON CHART’s/)
22,000 400 FORMAT(4Xy EXPERIMENTAL MODEL’y10Xy 'PERCENT’
30,000 500 FURHAT(7X7'NUSSEL1’;7X;'NdSSELT’yBXy'UIFFERENCE’vl)
31,000 00 600 I=1,NN
32,000 WRITE(108,700) XNU(CI)sCALCNUCI)sXER(I)
23,000 700 FORMATC(AXsF6.2910XsF6,2510X2F642)
34,000 600 CONTINUE
35,000 GO 10 1
36,000 END
FIGURE 42. CORRELATION FINDER PROGRAM




37,000
33,000
39.000
40,000
41.000

2,000
43,000
44,000
45,000
45,500
46,000
47.000
48.000
49,000
30,000
21,000
52.000
93.000
34,000
99.000
964000
374000
28.000
992,000
60,000
61.000
62,000
63.000
64,000
63,000
66,000
70,000
71.000

FIGURE 43.

SUBROUTINE OERJ(X:NsXF»OBsKOB)

SAVE /JANET/

DIMENSION X(N)sXP(N)

COMMON/STEVE/ RE(74),GGMF(74)+AR(74) yXLEN(74) sXNU(74)

COMMON/JANET/ CALCNU(74)y NN

XDEL=0.7 KOB=KOE+1,

DO 100 I=1,NN

IF(XLEN(I)J.EQ.0.) DEL=0.05 GO TO 1000

DEL=,00333

XVOID=,119066%G6MF(I)+,27919
1000 CALCNUCI)=X(1)XRECI)XXX(2)X(1-XVOID)XXX(3)

EX(,0625/XLENCI) ) XXX (4)

XDEL=(XNUCI)-CALCNUCI) ) *%2+XDEL
100 CONTINUE

0B=-XDEL

[0 2 I=1yN
2 XF(I)=X(I)

OUTFUT OB

RETURN

END

?SBHDUTINE CONSTR(XsNsIVI)

m
—
m
=
e
—
o
=
>
=
S

T.0.) IV¥I=1,3 RETURN
T.0.,0) IVI=1,3 RETURN
T.0.) IVI=1,7 RETURN
T.0.) IVI=1.7 RETURN
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Limestone Particle Data

Glass Bead Data
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DATA FILES USED IN THE CORRELATION PROGRAMS

FIGURE 44.
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FIGURE 46.
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FIGURE 47.
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