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Abstract

Fluidized beds are characterized by high heat transfer rates between the
bed and internad surfaces and have uniform temperature distribution that can be
achieved in fluidized bed systems. In the same time there is a chaotic behavior of
hydrodynamic and heat transfer in gas-solid fluidized bed.

Experimental work was carried out in gas-solid (air — sand) fluidized bed to
investigate the steady state heat transfer coefficient. The bed column used was
(172) mm in diameter and (1000) mm height, fitted with immersed cylindrical
heating element of (25.4) mm in diameter. The fluidizing medium was air flowing
a different velocities from fixed bed to fluidized bed of (0.006-0.078)m/s, and
three different sizes of fine sand particles were used (i.e. 63, 112, and 145um),
these average particles diameters were estimated by two methods (Wide and
Narrow Range Solids).

A comparison have been done with values of the minimum fluidizing velocity that
calculated analytically, empirical, and which got experimentally. The results show
achaotic behavior of hydrodynamic gas-solid fluidized bed.

The heat transfer coefficient and the bed viodage increase with increasing gas
fluidizing velocity and the heat transfer coefficient decreases with an increase in
particle diameter.

Two empirical correlations are proposed which can ca culate wide range solids and
narrow range solids based on experimental data. The Nusselt number presented
with some dimensi onless groups as follows:-

For Wide Range Solids Nu = 0.81Re** Pr®®

Where the corrdation coefficient (R) was equal to (0.92) and the average absolute
relative error was (12.62 %).

For Narrow Range Solids Nu = 0.45Re>® pr®

Where the corrdation coefficient (R) was equal to (0.86) and the average absolute
relative error was (24.2 %).

Keywords: - Fluidized Bed, Heat Transfer, Gas-Solid.
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1. Introduction

Fluidization is a process in which
fine solid particles are suspended in a
fluid-like state by a carrier medium
(typically air) [1].

This method of contacting has some
unusual characteristics and
fluidization engineering is concerned
with efforts to take advantage of this
behavior and put it to good use. The
first mgjor successful application of
gas-fluidized bed techniques,
however, was to the engineering of
the catalytic cracking process [2,3].
This fluid-like behavior of solid with
its rapid, easy and economic
transport and its intimate gas
contacting is propably the most
important  property recommending
fluidization for industrial operations
[4].0ne of the most important
characteristics of the heat transfer in
a fluidized bed is the uniformity of
temperature throughout the system,
and the high rate of heat transfer

between the internal surfaces and the
fluidized bed. An abrupt change in
the fluidization speed can be
controlled much easier, and because
a homogenous distribution exists the
temperature implies that al fluidized
bed is being processed in the same
manner [2, 3].

These are considered as the main
reason for choosing the fluidized bed
technology to carry out the industrial
chemical processes involving the
release  of large quantities of heat
[5].

Hydrodynamic behavior of bubbling
fluidized beds is of a chaotic nature.
The degree of chaos is quantified by
the Kolmogrov entropy, which is a
measure of the rate of loss of
information in the system (expressed
in bits of information per
second).Chaotic systems are
governed by non-linear interaction
between the system variables. Due to
this non-linearity, these deterministic
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systems are sensitive to smal
changes in initia conditions and are
characterized by a limited
predictability. Chaos analysis can be
applied to fluidized bed design, scde
up, control, and to increase
fundamental understanding of the

hydrodynamics [6].

Objectives of the

Research:-

1. Study the chaotic behavior of
gas-solid fluidized bed using fine
particles.

2. Investigate the heat transfer in
gassolid  fluidized bed for
different particle diameter; and
flow conditions.

2. Experimental Work

2.1 Experiment setup

A schematic diagram of
the experimental apparatus is
displayed in Figure (1), while

Figure (2) shows a photograph

for whole experimental set up.

The experimenta work was

caried out in gassolid (air—

sand) fluidized bed to
investigate the steady state heat
transfer coefficient. The bed
column used was (172) mm in
diameter and (1000) Mm
height, fitted with a horizontal
heating tube of (25.4) mm in
diameter heated electrical with
heat flux (4446 WI/r). The
fluidizing medium was air
flowing at different velocities
from fixed bed to fluidized bed
of (0.006-0.078)m/s, and three
different sizes of fine sand

paticles were used (i.e. 63,

112, and 145 um), these

particles diameter were

estimated by two methods

(Wide Range Solids and

Narrow Range Solids).

Present

2.2 Bed Material

The experiments were
conducted with standard sand
that filled the column to a hold
up of (30cm) equivaent to (10
kg) charge. Three different
charges of particle average
sizes were used i.e. (63, 112,

and 145 um).

Particle sizes are calculated as
a wide range measuring using
the Harmonic mean particle
diameter that is determined by
seve analysis which are
reported in  Table (1) and
computed on the basis of the
following relationship [2}:-

dp:; ..(D
3 ()

dp ,
On the other hand, the particle
sizes are calculated as a narrow
cut measuring using the
geometric mean particle
diameter[7]:-

dp,, = +/dp,.dp, ...(2)

dp,,dp, Where are
sieve openings.
The three particle sizes used
ae considered within group
(A) of Geldart's classification
of solid (8).Table (2a, b) shows
the physica propeties of the
bed particles a laboratory
temperature for a wide range
and a narrow range measuring
respectively.
2.3Experimental Procedure

The general procedure
for an experimenta run is
detailed below:-

adjacent
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1.A charge of the sand sample
of (10 kg) weight was
introduced to the column up to
a packing height of (30 cm)
above the distributor plate
2.The air supply vave was
adjusted to dlow a levd of
flow that maintained the bed in

the fixed state.
3.After the minimum
fluidization velocity was

experimentally determined, the
electrical circuit was switched
on. The quantity of heat was
controlled by variac
transformer and measured by
an ammeter and voltmeter.

4The temperature recording
program (by interface system
connected computer) was
turned on for detecting the
temperatures of the eight
thermocouples in the system,
with a time interval of (10
seconds) between two readings
after a constant surface
temperature was attained.

5.The flow valve was
readjusted to increase the
magnitude of fluidizing
velocity to the next leve
and record the new set of
temperature measurements.
6.For each velocity reading
the local heat transfer
coefficient was determined
using the equation:-

q
= A (T T ...(3)
T ( s~ b)
7.The pressure drop and height
of the fluidized be were

recorded, and the voidage was
evaluated from the following

h

eguation:-
DP.
=1-———b e
H (r s rg) g
The results concerned with

hydrodynamics and heat transfer in
gas-solid  fluidized bed and
discussion of the experimental work
carried out in the research program.
3.1Chaotic Hydrodynamic
Measuring

3.1.1 Minimum Fluidizing Velocity
The transition between the fixed and
fluidized bed states is rather gradua
and somewhat ill-defined. At a
certain velocity, the force of drag
on the particles is sufficient to
counteract  the force of gravity.
Beyond this velocity, the resistance
to the flow is a maximum and bed
pressure drop becomes constant with
increasing flow. This velocity is
denoted as the  minimum
fluidization vedocity and is a
fundamental parameter used to
characterize fluidization behavior.
The vaue of minimum fluidizing
velocity is sensitive to particlés
shape, density, and size, and it is
perhaps the most  important
parameter used in classifying fluid
bed behavior, and yet one of the most
difficult to define accurately and to
edimate for design purposes without
carrying out practical test. There are
three basic approaches to obtain
equations to calculate the minimum
fluidization velocity.

For fine particles, minimum
fluidizing vedocity is caculaed
analytically by Carman — Kozeny
equation [4]:-

4= esmf Db — earrf (rs_rg)g“(S)
§l-e,) rygH Hke,) nS
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e, =04&S=6/dIf the
particles are spherical with

di(r.-r
\u, :0.00059M...(6)

m
And minimum fluidizing
velocity is calculated empirically by
using the relation of Wen and Y ul.
[9]:-

Re, =(11357+0.0408\)*- 337 ..(7)

Where the Archimedes number is
defined as:-

Ar = mgz ...(8)
And

du.r
Re:—pn': : 9
Therefore: -

Re, M,
u, =————— ...(10)
mf d

Prg

Another widely used expression
obtained empiricaly by Y. Leva M.
[14] for fine particleis:-

L;nf:ZQ(?lO?q;’%(rS—rg)og”hg'o8£ .(12)

The chaotic behavior in gas-solid
fludized bed can be seen in
numerical values of (umf) that are
calculated from different equations
and practical correlations above [i.e.
Equations (6, 7, and 11)].Table (3.1)
and (3.2) contain the experimented
and calculated values of minimum
fluidizing velocity for different
average particle diameters (63,112
and 145um) and different measuring

techniques (Wide Range Solids and
Narrow Range Solids).

It can be noticed that for fine average
particle diameters (63,112 and
145um) the methods wused to
caculate the values of the minimum
fluidization velocity (umf) differ
from one size to another (the vaues
of the minimum fluidization
velocities become bigger as the
particle sze increases), and differ
from one method to another because
of difference in the porosity and
density of sand particle. Figure (3)
shows the chaotic behavior of
minimum fluidizing velocity
experimental for different sand
particles. In redlity, particles in
fluidized beds are not distributed
uniformly and they even move rather
chaotically. The hydrodynamics of
gas-solid fluidized beds ae a
complex phenomenon, determined by
the combined effects of formation,
moation and interactions of bubbles as
well as by the solids behavior [10].
3.1.2Bed Voidage

The bed voidage () is computed
from knowledge of pressure drop
(AP), across bed height (H), by using
Equation (4). The average value of
voidage fraction is plotted in Figures
[(4)-(6)] for different average particle
diameters, as a function of fluidizing
velocity, the trend of curves shows
increase in voidage fraction with
increasing velocity.

From this Figures, it can be seen
that the gas fluidizing velocity has a
large effect on the voidage fraction
bed of fine particles. The bed voidage
increases with increasse in gas
fluidizing velocity, and the voidage
fraction is more for particle diameter
measured as wide range solids in
comparison with particle diameter
measured in narrow range solids due
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to distribution of components which
consist of the solids cut of different
particle diameters.

3.2 Heat Transfer Coefficient
Variation

The heat transfer coefficient is
calculated by using Equation (3), on
the basis of average temperatures of
the whole bed.

It will, therefore, appear that the
value of the heat transfer coefficient
for an immersed surface will depend
on the following effects:-

3.2.1 Gas Fluidizing Vel ocity
According to Geldarts classification
of particles, the Geldart's types “A”
particles are the type that has been
used in the experiments of this
research, which are considered as
fine particles. And therefore, for the
fine particles, the voidage between
the particles is small; the pressure
drop in the bed of fine particles is
smaller than that of beds containing
larger one in spite of the gas velocity
in beds of fine particles which is
lower than that of beds containing
large particles.

It is well known that the gas
fluidizing ve ocity is the
characteristic factor which is known
to govern the vaue of the heat
transfer coefficient. Figure (7) show
the variation in the average surface to
bed heat transfer coefficient with the
gas fluidizing vdocity (u) for
different particle average diameters
(63,112 and 145um) [wide range
solids]at heat flux (4446 W/nt), The
figure shows increase in the average
surface to bed hea transfer
coefficient with increasng the gas
fluidizing velocity. As the gas
fluidizing velocity increases beyond
the minimum fluidizing velocity, the

excess gas will increase the
circulation of the particles and
increases the frequency of the
replacement  between the heat
transfer surface and the core of the
bed which represents the mgjor effect
in the increase of the heat transfer
coefficient with the gas fluidizing
velocity. Figures (8) on for different
particle average diameters (63,112
and 145um) [narrow range solids] at
heat flux (4446W/n).

From these figures, it can be seen
that the gas fluidizing velocity has a
significant effect on the heat transfer
coefficient and that the bubbling
character is different from those of
beds using small particles. Also the
gas flow condition is transformed
from transitional to turbulent regime
and the interface gas convective
component becomes increasingly
significant.

3.2.2 Particle Diameter

The heat transfer coefficient will
decrease with increasing the particle
diameter, as shown in Figure (9); for
Wide Range Solids and Narrow
Range Solids.

So there is alittle change in gas flow
rate adjacent to the heat transfer
surface, at the same time, the particle
convective component of heat
transfer is much less relative to the
bed of fine particles, and the particle
circulation generated is less sensitive
to change in the overall gas flow rate
than the bed of lower (smaler) mean
particle diameter. Thus, both the
interface gas convective component
and particle convective component of
heat transfer are little influenced by
the gas flow rate beyond the point of
fluidization with large mean particles
inbed[12].
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3.3 Surface Temperature
Variation

The surface temperature is the
average of three readings. Figure
(10) and Figure (11); show the
surface temperature as a function of
air superficia velocity from fixed
bed to the fluidized bed for different
particle sizes. For the sand particle
average diameters of (63, 112 and
145pm), it can be seen that the
temperature of the heat transfer
surface decreases sharply with the
increase in the gas velocity from a
point in the fixed bed condition to
that beyond minimum fluidization
velocity.

3.4 Effect of Fluidizing
Velocity on Bed Temperature
The bed temperature is the
average of two reading Figure
(12) and Figure (13), show the bed
temperature as a function of air
superficia velocity from fixed bed to
the fluidized bed for different particle
average sizes. It can be seen that the
temperature of the heat transfer
surface decreases sharply with the
increase in the gas velocity from a
point in the fixed bed condition to
that beyond minimum fluidization
velocity.

3.5 Comparison of Experimental

Datawith Existing Correlations

The various exiging correlations
reported in the literature have been
tested in comparison with the
experimenta results in the present
study. It is necessary to assess the
experimental conditions under which
data that gave rise to each of these
correlations were obtai ned.

Each correlation reflexes the
fluidization conditions especially the
solid mixing patterns specific to the
equipment in which the experimenta
data on which it based was derived.

351 Average Heat Trandfer
Coefficient

In this section various correlations
proposed by other researchers are
compared with the experimenta data
based on the therma properties of
different particle implemented in
these earlier investi gati ons.
3.5.1.1Vreedenberg's Correlation
Vreedenberg [13], made some early
extensive studies on heat transfer
between a horizontal stainless steel
tube and an air fluidized bed at the
following conditions: bed
temperature [313-613 K], air mass
velocity [G= 0.01-0.239 kg/nt.4,
mean particle diameter [dp= 64-316
um], particle density [ps= 1600-5150
kg/n?], and the tube diameter [Dh=
169, 336 and 510 mm.
Experimental results were correlated

by:-
h Q_; 1 00.44%: 60.3
g 'me g g Ky 5

%éZOSO For
nrg

The heat transfer coefficient vaues
experimentally obtained in the
present study were compared to their
corresponding predicted values, and
the results are plotted in Figures
[(14), (15), (16)] for wide range
solids and Figures [(17), (18), (19)]
for narrow range solids, where the
(45°) line represents zero deviation
from the experimental results. It can
be seen that the correlation under-
predicts the data with a deviation%
for different particle sizes of (63, 112
and 145pm) for wide range solidsare
(50, 31 and 32), and narrow range
solids are (28, 44 and 40).

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.10, 201

A Study of Chaotic Behavior of Heat
Transfer In Gas-Solid Fluidized Bed

3512 Andeen and Glicksman
Corréation
The correlations of Andeen et 4.
[14], in conjunction with the
experimental data are examined in
Figures [(14), (15), and (16)] for
wide range solids and Figures [(17),
(18), (19)] for narrow range solids. It
is noticed that the deviation between
the present experimental data and the
predicted values for different particle
sizes of (63, 112 and 145um) for
wide range solidsare (45, 33 and 27),
and narrow range solids are (26, 20,
and 30).
hD, Sopr e O
W T 900(1- egﬁgdﬁr fg£
..... (13)
Figures [(14), (15), (16)] for wide
range solids and Figures [(17), (18),
(19)] for narrow range solids. Shows
the comparison of the experimenta
and predicted vaues of two
correlations.
3.6 Correlation of Data
In the absence of reliable methods for
determining the individua
components of heat transfer,
empirical formula ae used to
caculate heat transfer coefficient
(practicaly coinciding with the
packet mode when sufficiently
different particles are fluidized a
moderate temperatures).
In this study on heat transfer
between a horizontal immersed tube
and a bed fluidized by air at moderate
temperatures, it is well proven that
the Reynolds number and Prandtl
number are a good characteristic
dimensionless group for (h); to
summarize our experimental; the data
following corrdation is proposed:-
Nu. = C; A® B® ....(14)

Pr0.3

The constant C,and the powers in the

above eguation were caculated usng

the method of Quasi— Newton on

computer program.

4. Conclusions

The following conclusions can be

drawn from the present experimental

work as:-

1.The value of tube-bed heat transfer
coefficient increases with an
increase in the value of superficial
gas velocity and attains a
maximum at some intermediate
value.

2With a given bed of the solid
particle, the heat transfer
coefficient increases as the average
particle diameter decreases.

3.The chaotic behavior of minimum
fluidizing velocity for different fine
sand particles (63,112 and 145 um)
is shown clealy when three
different methods are used to
estimate the minimum fluidizing
velocity.

4.The bed voidage was found to

increase with increase in fluidizing

velocity.

5The values of heat transfer
coefficient estimated based on
particle diameters measured as
wide range solids are larger than
the values estimated based on
particle diameters measured as a
narrow range solids.

6.The values of the Nusslet number
were shown to increase dightly
with the increase in Reynolds
number.

7.A comparison of experimental heat
transfer coefficients with severa
existing correlations proposed by
various authors, showed a large
variation between them, when
tested against typical condition
used in our experiments.

8.A correlation for heat transfer
coefficients is proposed on the
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basis of the experimental data for
fine particle sand.
For Wide Range Saolids

Nu = 0.81Re** Pro®
For Narrow Range Solids

Nu = 0.45Re>® Pr®®
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Table (1) Size Distribution of Sand

Adjacent Aver age Mass fraction of solids
sieve diameter retained x;
openings ()
(pm)
212 - 150 181 0.34
150 - 140 145 0.25 0.36
140 - 125 132.28 0.13 0.20 0.1
125 -100 1125 0.17 0.30 0.1
100-75 87.5 0.20 0.15 0.1
75-53 64 0.27 0.1
53-25 39 0.22
dp= 1 pm
o X, 63 112 145
a d pi

Table (2a) Properties of Bed Particles, Wide Range Solids

d, (M) kgmd T . K(W/m,K) Cp(I/kg.K)
63 2358 1.87 860
112 2331 1.87 860
145 2300 1.87 860

Table (2b) Properties of Bed Particles, Narrow Range Solids

d, (nmm) (kg/m?) rS k(W/m,K) Cp/kg.K)
63 2318 1.87 860
112 2300 187 860
145 2272 187 860

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.10, 201

A Study of Chaotic Behavior of Heat
Transfer In Gas-Solid Fluidized Bed

Table (3) The Values of Experimental and Calculated Minimum
Fluidization Vdocity, Wide Range Solids

Minimum Fluidizing Velocity
Particl | Calculat | Calculat | Calculat | Experimen| % Error | % Error | % Error
Diame ed ed ed tal Equ.(6) Equ.(7)
ter Equ.(11)
um Equ.(6) | Equ.(7) | Equ.(11) (mis)
(m/s.) (m/s.) (m/s.)
63 0.016 0.017 0.019 0.021 23.8 19.05 9.5
112 0.025 0.026 0.028 0.030 16.66 13.33. 6.66
145 0.031 0.033 0.032 0.036 13.88 8.33 1111
Table (4) The Values of Experimental and Calculated Minimum
Fluidization Velocity, Narrow Cuts Solids
Minimum Fluidizing Velocity
I;grtlcle Caculate | Calculate | Calculate | Experiment| % Error | % Error | % Error
Iaermet d Equ.(6) | d Equ.(7) d al Equ.(6) Equ.(7) | Equ.(11)
EMo sy | sy | BIHAD T ys)
(m/s.)
63 0.013 0.014 0.015 0.018 27.77 22.22 16.66
112 0.022 0.024 0.025 0.027 185 1111 74
145 0.029 0.031 0.030 0.034 14.7 8.82 11.76
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Table (5) gives the values of constant and powers for
Wide Range Solids

Cl C2 C3

0.81 0.94 0.35

Where:- Proportion of variance accounted for: 0.846
Correlation coefficient (R) = 0.92
Average Absolute Relative Error (Errorto) =12.26
Then the experimental data gives the following equation:-
Nu. = 0.81Re”% Pr®®

For Wide Range Solids

Table (6) givesthe values of constant and powersfor Narrow

Range Solids
Cl C2 C3
0.45 0.65 0.33

Where:- Proportion of variance accounted for: 0.7396
Correlation coefficient (R) = 0.86

Average Absol ute Relative Error
(Erroro)=24.2

Then the experimental data gives the following equation:-
Nu. = 0.45Re"® pro®

For Narrow Range Solids
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Figure (2) General View of Experimental Set ug

Figure (1) Schematic Diagram of
the Experimental Setup
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Figure(4) Variation in Voidage Fraction
with GasFluidizing Velocity, for  Sand
Particle of 63um
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Figure (5) Variation in Voidage
Fraction with Gas Fluidizing Velocity, for
Sand Particle of 112pum
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Figure (3) Variation in Minimum Fluidizing
Velocity Experimental with Average Particle
Diameter, for Different Measuring T echniques

Figure (6) Variation in Voidage Fraction with
GasFluidizing Velocity, for Sand Particle of
145um
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Figure (7) Heat Transfer Coefficient asa
Function of GasFluidizing Velocity, Wide
Range Solids for Different Sand Particle
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Figure (10) Variation in Surface Temperaturewith the
Air Superficial Velocity for Different Particle
Diameters, Wide Range Solids at Constant Heat Flux.
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Figure(11) Variation in Surface Temperature with the

Air Superficial Velocity for Different Particle Diameters,

Figure (8) Heat Transfer Coefficient asaFunction of Narrow Range Solids at Constant Heat Flux.
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Figure (9) Variation of Surface-Bed Heat Transfer
Coefficient with Average Particle Diameter, at
Constant Heat Flux.

Figure(12) Variation in Bed Temperaturewith the Air
Superficial Velocity for Different Particle Diameters,
Wide Range Solidsat Constant Heat Flux.
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Figure (13) Variation in Bed Temperature
with the Air Superficial Velocity for Different
Particle Diameters, Narrow Range Solids at
Constant Heat Flux.
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Figure (14) Comparison Between the
Predicted Values of the Heat Transfer
Coefficient and the Experimental k,
for Wide Range Solids (dp=0.063 mm)
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Figure (15) Comparison Between the
Predicted Values of the Heat Transfer
Coefficient and the Experimental K, for
Wide Range Solids (dp=0.112 mm)
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Figure (16) Comparison Between the
Predicted Values of the HeatTransfer
Coefficient and the Experimental K, for Wide
Range Solids (dp=0.145 mm)

# Andeen etal. Comelation
4 Vreedenberg's Corelatio

hexp. (Wm2.)

Figure (17) Comparison Between the Predicted Values
of theHeatTransfer Coefficient and the Experimental
h,, for Narrow Range Solids (dp=0.063 mm)
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Figure (18) Comparison Between the Predicted Values
of theHeat Transfer Coefficient and the Experimental
hy, for Narrow Range Solids (dp=0.112 mm)
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Figure (19) Comparison Between the Predicted Values of
the Heat Transfer Coefficient and the Experimental k, for
Narrow Range Solids (dp=0.145 mm)
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