Mansoura Engineering Journal (MEJ), Vol 18, No. 4, Dec. 1993, M. &9

INVESTIGATION OF HEAT TRANSFER AND FLUIDIZATION DYNAMICS
ARQUND HORIZONTAL BUNDLE TUBE IN FLUIDIZED BED
By
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ABSTRACT

Experiments were performed on a fluidized bed model with a
cross section of 80*85mm® and a height of 1.2m. Sand particles
were used as a bed material. Measurements of specific air
consumption, pressure drop, mean wall ftemperature, bed
temperature distributjions and particle sizes have been carried
out. Some primary experiments were carried out at ambient
temperature to study fluidization characteristics of sand
particles. The measurements were taken at near room
temperature and ambient pressure using three sand particle
sizes {dp = 2.32, 1.60, 1.10mm). Experimental results for heat
transfer coefficient and aerodynamic characteristics between
immersed bundles of horizontal smooth tubes and air-fluidized
beds as medium and different particle sizes were reported. The
results were presented as a function eof specific air
consumption, bed height and bed particle diameter. Empirical
equations correlating the pertinent wvariables has heen
guggested. The ohtained data were compared with experimental
results and thecretical models from literature.



M.

70 Dr. M.M.Sheta.

1. INTRODUCTION

Heat transfer between the fluidized bed and internal or
external surfaces has been a subject of research worldwide for
arcund 40 years. The main reason for this is the development
of new technologies with fluidized beds such as fluidized bed
combustion of coal, fluidized bed c¢ooling towers and heat
exchangers and others.

The remarkable features of fluidized bed combustion are
excellent heat and mass transfer , the temperature uniformity
in the ped, the insensitivity to coal grade,and the effective
pollution contrel. Thanks to the specific properties of the
fluidized bed, that the heat transfer coefficient of the
fluidization fluid is considerable better than that achieved
in the pure stream {1,2]. This has encouraged considerable
interest in the study of bed to immersed tube heat exchanger.

Beat transfer in a fluidized bed is a selid-to-solid heat
transfer, which is much efficient than a gas-to-solid heat
transfer. The friction action of high temperature particles
imparts the particles heat rapidly to the cooler surface. As a
result of this, there is a greater heat absorpticon than in a
conventional boiler. The total surface required for egual heat
transfer rates with a conventional boiler, is less if in-bed
tubes are presented [3). An impetus is given to the
development of fluidized bed combustion by recognition that
heat exchanger surfaces immersed in the bed enable good
control of the bed temperature to be achieved without any
determine effect upon mixing, i.e. solid recirculation in the
Ead [4].

The advantages of heat transfer coefficient, in the
axistance of fluidized beds at the contact surfacea with them
have been widely recognized for guite some time, but the
reliable prediction of these coefficients has remained an
elusive goal despite the effortas of many investigaters [5,6].
In certain applications, most notably atmospheric fluidized
bed combustors, banks of horizontal tubes are the most
practical heat exchange surfaces available for control of bed
temperature by the removal of heat.

In this work, the basic parameters for the design and
operation of an atmospheric fluidized bed system are
identified, to study the hydrodynamics, thermodynamics and
heat transfar processes in the system. Experimental results of
the model are presented, and the effects of the different
variable on the design and performance of the atmospheric
fluidized bed are investigated. The effect of radiation on the
heat transfer process is not considered in this work due to
the low bed temperatures (Te<50°C).

2-Design of Heat Transfer Section

The equipment used in the experimental study is schemati-
cally represented in Fig.(l) . It consists mainly of a fluidi-
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zation shell [80*85mm2} of height 1.2m, made of aviation
plywood whose inner surface is varnished

The heat transfer section, consists of in-line parallel
horizontal tubes of slightly shorter length than the bed
dimension

The tube boards (made of chip boards) are inserted flush
with the wall of the fluidization shell, while the holes in
the wall of the tube beards are roughly filled with platicine
to prevent leakage, the assembly of the bundle and the bhoards
is rigid and can be removed easily from the fluidization shell
The fluidization shell allows the cold air to flow externally
with respect to the tube bundle by the aid of a gas
distributor plate.

Gas distributor plate was made of cloth with an average
bore size of 10 micron placed betwecn two metal plates with
many coaxial holes of 1.5mm diameter. The air, which acting as
the fluidization fluid, is delivered from a compressor and its
quantity is regulatad by means of a hand driven throttle
valve. The flow rate is measured with an orifice plate and a
liquid level manometer .

The particular presasure drops in the fluidized bed are
measured using a number of pressure probes on the test section
and a multi-tube manometer as shown in Fig.(l). Pressure
probes are made of small copper tubes of 3mm inside diameter
and 65mm long. The pressure drop through the bed is measured
using two probes, one at an axial distance of 2Zmm and the
other at 600mm above the distributor plate. The first probe is
put in an inclined position with angle of 75 to the horizontal
plane, and the other is at a height sufficient to be above the
expanded bed. Total pressure drop, i.e. sum of the distributor
pressure drop and the bed pressure ,is measured by using two
probes, one at 20mm below the distributor plate and the other
at 60Cmm above it. The difference between the total pressure
drop and the bed pressure drop gives the pressure drop through
the distributor plate.

Bed temperature is an important factor for £luidized bed
system. Stability of measurements of heat transfer depends on
the bed temperature. Two thermocouples are used to measure the
bed temperatures before and after the tube bundle. The
thermocouples are constructed to be movable in the radial
direction through the bed wall. The thermocouples are made of
chromel allumel of ¢.5mm diameter.

The external mean uurface temperature of the tube bundle
wag measured with chromel-allumel thermocouples of 0.3mm
diameter, three thermocouples were inserted in the tube along
with the central couple and then brought through a groove teo
the surface of the tube at the equator. Its junction was
flushed with the surface of the tube and the groocve was filled
with solder, all thermocouples were brought teo the tube
through its inner diameter. Thermocouples are located at equal
distances on one heated tube as shown in Fig.(2).
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The heated tube ,was made of stainless steel with outer
diameter of 6mm ,the active length of the heated tube is BOmm
in erder to avoid the influence of the wall .Teflon seals were
placed at both sides to reduce axial heat loss. An (AC) power
supply with voltage regqulator was used to energize the heater.

The mean surface temperature of the heated tube was
calculated as a mean value of twelfth measurements of the tube
surface temperatures, which can be obtained by rotating heated
tube in 0°, 45°, 90°, 135° along the axial direction . The
heated tube could change place with any tube in the bundle to
measure the mean value of surface temperature of the tube
bundle.

3. Experimental Set Up And METHODS

Preliminary, three different particle eize groups of sand
are selected by separating particles to the following ranges
{1400-850), {2000-1400) and {2800-2000) micron. More accurate
sieving analysis is operated again for each group.

The experimental procedure was as follows: first, the tube
bundle was formed by placing the tubes in the desired places,
five rows of tubes could be formed then the bed material
(sand) of certain size was poured up to a certain fixed
hejight, the compressor is then started and the air flow is
regulated so that the velocity wasz at least twice greater than
the minimum £fluidizing velocity, The heated tube is then
turned on and its power is regulated until reached the steady
state.

Bed temperatures near the surface of the heated tube and
before tube bundle were calculated as a mean value of five
measurements of bed temperature at different positions all
relevant heat transfer related data then registered. The air
flow is decreased and a new steady state is awaited.

The thermophysical properties of the fluidizing gas in the
bed wpug and Ag and other properties included in the next
section of the analysis are taken ,simply , as those for air
at the uniform bed temperature. All properties of air are
calculated at mean value of air temperature in the bed Tov,m.

To,m = (Tb,1 + Tb,0)/ 2 (1)

In general the heat transfer to horizontal tubes in a
gas~fluidized bed 1is described by an overall equation
expressing that the heat transfer rate (Q) is proportional to
the temperature difference between wall and bed core taking
into account a transfer area (A).

Q= a A (Tu ~Ts) {2)
The proportionality factor 1s wusually called the heat

transfer coefficient (). The overall heat transfer
coefficient between an immersed bundle of horizontal tubes is
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measured by the place of the heated tube with the other tubes
in each position in the tube bundle

All experiments were carried out with an 1in-line tube
bundle . Table (1), shows the parameters of the tube bundle
which have been used in obtaining the experimental data .

Ext. diameter |Number of{Tube length| Pitches No.of rows
of the tube, mm|] htubhes, #|in mm, L gst/dr ma/dc] 7 72
[ 5 4] 2 2 S S

Table{l} Parameters of the in-line tube bundle

4. RESULTS ANDR BISCUSSION

Expariments are performed on a fluidized bed model to study
the hydrodynamics and heat transfer. The test runs were
clasgified as:-

1- Cold flow tests ,included the invesatigation of the effects
of bed material and packed bed height or weight on the
fluidizatiaon characteristics and regimes .

2- Hot flow test to study the heat transfer under steady
heating of air-fluidized bed acting as fluidized bed heat
exchanger for the bed material as a storage medium for energy.

4.1 Cold Flow Test-Results And Discussion

The values of the bed resistance coefficient tends te be
practically invariant with specific air consumption (or
Reynolds number] and the bed pressure drop behaviour in the
bed.

The bed resistance coefficient can be expresaed asg:
E =12 APy / p g*° ‘ (3)
£ =2 Eu (4)

Buler number as a function of Reynolds number, bed particle
gize, bed height and shell bed diameter are used to find the
bed resistance coefficient on a model. Then, the aerodynamics
experimental data were processed according to the dimensional
analysis made by the author relation:

:r n de nl H n2
= K Rep (jxr) (5! (5)

Figs.{3-4) show the variation of { g* /q* as a function of
Reynolds number in logarithmic coordinat@s, it was found that
the bed resistance coefficient is directly propertional with
the bed size and bed height. The difference appeared in the
results is due to the effect of the bed static pressure drop
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Apv and the total weight of the bed material on the bed
resistance coefficient.

Also, it is found from these figures that the average value
of the exponent n is equal to 1.55, which depends on bed
diameter and bed height. For constant values of Rep the
variation of { q* /gq* with duv/de and H/D was determined, and
the average valués for nl and n2 was found .

By substituting the values of Rep, dv, dp, D, Rep, q;r PR

and, B in equation (5), the values of the constant K were
determined, and their average wvalue was computed to give the
following final correlation:

0.15 0.35
* 1.55, dt H
€ = 0.915 -;i::aep () (5! (6)

Equation {6} includes the bed resistance coefficient for a
horizontal tube bundle. The values of the bed resistance
coefficient tends to be practically invariant with Reynolds
number and the bed height, but it decreases with the increase
in the bed particle size.

The percentage error of the experimental data from those
computed by this correlation was found to be within 8%.

4.2 Hot Flow Test-Resulis And Discussion

Resultes for average heat transfer coefficient in the case
of tube bundle as a function of specific air consumption are
given in Fig.(5-6). The heat transfer rate decreases with the
decrease of bed height and with increase of the bed particle
diameter. It can be seen also that, the heat transfer
coefficient decreases as the bed particle diameter increases,
but the decrease is smaller for particle diameter of
dp=2.32mm. The uncertainty in the present experimental results
of heat transfer in case of the tube bundle in fluidized bed
is found within 4%

Figs.{7-9) sghow the wvariation of Nup q*/q;r with Rep on

log-log coordinates where both the Nusselt number and Reynolds
number were based on particle diameter. It is observed that
the Nusselt number increases with the increase in Reynolds
number and bed height , but it decreases with the increase in
the particle size . The average slope of the curves was found
to be 1.105

For constant values of Rep the variation of RNup q*/q;Ir with

dt/dp and H/D has been plotted on log-log coordinates. The
slope of the curves were found ,and the following functional
relationship was thus obtained : )

de G0.095 1.075 B 0.03 0.33
a* C (——dr) Rep {-5-] Prg (7}
mi
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By substituting the wvalues of Huy, q;r ,qQ* , dv, dp ,D ,

Rep and Prq in the above eguation, the value of the constant C
is determined, and its average is computed Lo give the
following final correlation

g*, 4, 0-095 1.075 . 0.03 0.33
Nup = 0.067 %, () Rep (5 Prg {(8)

The percentage deviation of the experimental values from
those computed by this correlation was found to be within 15%.

The influence of various parameters on maximum heat
transfer coefficient is shown in Fig.(9). It can be seen that
the maximum heat transfer coefficient decreases as the bed
height decreases and that the decrease is more pronounced in
the case of large particle diameter dp=2.32mm, possibly
because particle convection, which is hindered due to the
presence of a tube bundle , becomes then less significant.
Blsc, the experiments with the bundle tube have been shown
that the maximum heat transfer coefficient in a bed height of
120mm is partially identical, the heat transfer rate decreases
as the bed height decrease and bheing independent of the bed
particle diameter.

The present experimental data on maximum heat transfer
cogfficient of the tube bundle in a fluidized bed of different
particle diameters (1.10, 1.60 and 2.32mm) are plotted in
Fig.(l0}), where the values of maximum Nusselt number versus
Archimedes number are presented, and have been correlated by
the fellowing relation :-

Nupmax - 0.206 Ar0'27 Prg.JB {9}

Where the particle archimedes and Nusselt number are
defined as :

g ds’ pa ( pp - Py ),

Ar = 2 (10)
Hag

x dp

max Imax

Nug = %o (11)

Equation (9) includes the dimensionless heat transfer
coefficient for a horizontal tube bundle which allows for the
effect of the particles and gas properties on the maximum heat
transfer rate. This correlation has been obtained at 5.10"< Ar
<4.5.10%and 35<Rep<l55, with a mean approximation error of 5%.

A comparison between the present experimental results and
the data of Catipovic [7) and Gelperin et el [8) in the case
of a tube bundle is shown in Fig.(11). Data from literature
were taken for sand particle in the same size range fluidized
by air at near ambient temperatures. It can be seen that there
are noticeable differences in the range dp>1400pm of sand
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particles sizes the agreement is, with Catipovie (7]. Also, it
is found that the correlation of Gelperin and other(8] gives a
good fit to this paper’'s data in the range dp<l400um of sand
particle gizese.

5. CONCLUSIONS

Based on the experimental results, the following
conclusions may be stated :-

The registance coefficient of particles in the fluidized
state is increased, regardless of Reynolds number or specific
air consumption. The bed resistance ccefficient across the bed
appears to be increased rather independent of the bed height
and sizes. Increasing of available bed resistance within the

fluidized bhed is important to improve heat transfer
characteristics

The heat transfer coefficient records a good improvement
with increasing of bed height, whereas it has a significant
drop with higher specific air consumption.

From the fact that heat transfer coefficient is varieq for
dp=l.310mm £from 127 to 184 w/mak, dp=£.60mm from 100 to 175
w/m°k and dp=2.32mm from 66 to 156 w/m°k, it can be concluded
that the influence of the parameters that were wvaried in this
paper decreases as the particle size increases . 1t 1is
somewhat gurprising that bed height is the most important
parameter in this particle size range.

Examining also the wvalues of maximum heat transgfer
coafficient in the bed, « (bed-to-tubes ) was found to range
frem 156 to 184 w/m’k which is eguivalent to 2-8 times that
for forced convection between pure hot gases and similar tube
and bed material. Also, it was found that the correlation of
Gelperin and other[8] gives a good fit to this paper‘s data in
the range dp<l400um of sand particle sizes.

6. NOMENCLATURE

A Surface area cof heated tube m?

a Thermal diffusivity m’/sec

D Equivalent shell diameter m

d Diameter m

H Bed height m .
g Gravitational acceleration (9.81 m/sec”)
A Thermal conductivity W/m k

Q The heat transfer rate

q* Specific air consumption m” /m°sec

T Temperature (°c ., ®)

o Heat transfer coefficient wW/mlk

Ap Pressure drop N/m?

7] Dynamic viscosity N_sec /m°

v Kinematic viscosity m*/sec

[ Censity kg/m:|

C Resistance coefficient
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[

Re

Pr

1 SUBSCRIPTS

b Bed

g Gas

i Inlet

m Maan

mf Minimum fluidization
o Qutlet

o} Particle

t Tube

w Wall

max Maximum

Z DIMENSIONLESS GROUPS
o MR WRVES

g do’ po { pp - pa )

Archimedes Number {Ar = 5 )
La
[+4:] dp
p Husselt Number {Nup ='——§?_" }
q d»
p Reynolds number {Rep = -——j;r—~)
a Prandtle Number {Prg = wvg /ag)
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1- Alr compressor 2=
3- Valve q-—
s- Pressure indicatien b=
7- Scraen (distributor plate) B-
9- Free bosrd smection 10-
11— Ampermeter 12—
13- Variable transfarmer 14—

15~ Collector of thermacoupl @s

Storage tank

Orifice meter
Delivery pipe
Flujdized bed section
Manometers

Vol tmeter

Digital VYoltmeter

Fig. (1) Schematic of the AFB system and auxilaries
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1- Thermocouple wires 2~ Thermocouple junctions.
3- Tube boards 4~ lleated tube

5- shell wall 6~ Teflon seals

T7- 4 bolts of ¥ 4.

Flg.[(2) Detalls of the Lheat transfer hesied Lube
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