Journal of Al-Azhar University Engineering Sector

Vol.16, No.60, July 2021, 666 - 677

EFFECT OF AXIS RATIO ON HEAT TRANSFER FROM AN ELLIPTIC
CYLINDER IMMERSED IN AFLUIDIZED BED
M. A. Mohammad

Mechanical Engineering Department, Faculty of Engineering, Al-Azhar University, Cairo, Egypt
*Corresponding Author's E-mail: mostafa_azhar2015@yahoo.com

Received: 29 April 2021  Accepted: 08 June 2021

ABSTRACT

Heat transfer characteristics around three elliptical cylinders with different axis ratio in
a fluidized bed are experimentally studied. Air is used to fluidise 3 batches of different sizes
of silica sand, of 500, 780 and 950 um average diameter. The cylinder axes ratio AR
(longitudinal axis / transverse axis) for the experimented cylinders are 1, 2, and 4. Behaviours
of local Nusselt numbers as a function of cylinder’s axis ratio around the tube surface are
presented. The impact of Reynolds number, average particles size and cylinder’s axis ratio on
average Nusselt number are demonstrated. The results showed that for all cases
the average rate of heat transfer improves with Reynolds number. For the same average
particle size of the bed, the average rate of heat transfer improves with increasing axis ratios.
The results also showed that for the same axis ratio, the average rate of heat transfer decreases
with increasing the mean particles size. The experimental results of a cylinder with axis ratio=
1 is compared with another work and a good agreement is noticed
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1. INTRODUCTION

Fluidized beds are found promising for “clean wastes technology” such as applications in
electric power generation, because of their efficient and clean burning of coal which reduced
pollutants [1]. Heat exchangers are used in the fluidization process to remove/add heat to the
fluidized bed by cooling or heating coils. Heat exchangers are mainly depending on cylinders
as standard immersion elements that can exchange heat. To enhance the heat transfer, a
surface geometry that provides high heat transfer rates with the lowest pressure drop is
definitely preferred because of reducing the consumed power. As a result, it is useful to
determine the evaluation standards that can be advanced to obtain the performance of the heat
exchangers based on the enhancing of the heat transfer and decreasing the cost of the
consumed power.

Numerous attempts have been made for studying the heat transfer and fluid flow
characteristics around “enhanced heat transfer surface” of different cross-sectional shapes. An
array of tubes is one of the famous and simplest arrangements which is used widely for heat
transferrapplications. A great deal of effort has been expended on the acquisition and
correlation of experimental data for the circular cylinder, and a sequence of developed
algebraic representations for the heat transfer characteristics has been incoming [2-7].
furthermore, for non circular cylinders (semi-circular, square, rectangular, diamond, triangle
and .....etc), relatively available information exists [8-24]. Such device has to be
consolidated, light-weight and of high performance. Using of streamlined cylinders is usually
used because of the relative ease of fabrication as well as the wake region behind the cylinder
and drag coefficient are small when compared to a circular one. Crossflow heat exchanger
with elliptic tube arrangement is receiving increased attention, because it produces enhancing
heat transfer compared with the other tube cross-section [25-29]. Raman et al. [30] simulated
flow past unconfined elliptic cylinder with various axis ratios (AR) of 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9 and 1, to predict fluid flow characteristics at Reynolds number Re = 50 and
Re = 100. The wake sizes behind the cylinder and the coefficient of drag are noticed to
enhances with increasing AR but decrease with increase in Reynolds number. Li et al. [31]
studied the coefficients of heat transfer and drag over the outer surface of tubes have elliptical
cross section with minor/major axes ratio of 0.3, 0.5, and 0.8 for Reynolds numbers ranged
from 500 to 10,000. It is found that an elliptical cylinder with an axes ratio equal to 0.5 causes
pressure drop by 30 % to 40 % comparing with that of a circular cylinder. Nusselt number of
lenticular or elliptical cylinder with axes ratio of 0.5 and 0.3 is about 17 to 35% lower than
that of a circular cylinder. Terukazu et al. [32] found that for elliptical tube, drag coefficient
and pressure drop is lower than that of a circular cylinder so the elliptical tube performs better
than the circular configuration. Badr [33] studied numerically the effects of axes ratio and the
angle of attack on heat transfer coefficient for isothermal surface of a single cylinder with
elliptical cross section. Reynolds number is ranged from 20 to 500. It is found that the
maximum convective heat transfer occurs at zero angle of attack. Blaszczuk et al. [34] studied
experimentally the effect of the mean size of bed particle, density, and fluidizing number on
the heat transfer characteristics in a fluidized bed with an array of submerged super heater
tubes. It is concluded that the heat transfer coefficient increases with the decreases of the size
of bed particle. Furthermore, because of the reduction of the solids mixing and the increasing
emulsion contact time on the tube surface, it is noticed that the heat transfer coefficient
decreases. Kim and Kim [35] and Olsson and Almstedt [36] studied the influence of pressure
and fluidization velocity on heat transfer coefficients between a horizontal tube submerged in
a fluidized bed with silica sand particles. Because of pressure increasing due to the increase of
density it is noticed a significant increase in average heat transfer coefficient. Bansal [37],
Masoumifard et al. [38], Burr [39], Baskakov and Berg [40] investigated experimentally the
effects of fluidization velocity and particle size/ type on fluid flow and heat transfer

667
JAUES,16,60,2021



P OO ~NO O, WNE

EFFECT OF AXIS RATIO ON HEAT TRANSFER FROM AN ELLIPTIC CYLINDER IMMERSED IN A FLUIDIZED BED

mechanisms associated with the tube bundle in a gas fluidized bed. He observed that at flow
rates in the range of incipient fluidization, the onset of fluidization occurs at the tube sides,
with a corresponding increase in local heat transfer coefficient in that region. Nagahashi [41]
investigated the dynamic forces on submerged tubes fixed horizontally with different cross-
section area, both singly and in arrays of such tubes, in a fluidized bed.

As summarized through the above survey and up to the authors' knowledge, it can be noticed
that some researchers investigated the effect of some parameters like fluidizing velocity and
mean particle diameter on the average heat transfer coefficient between the fluidizing bed and
immersed heating element. Otherwise, it is noticed that less literatures available on the effect
of elliptic tube axes ratio on the convective coefficient of heat transfer around the horizontal
tube and the fluidized bed. So, the main objective of this work is to study the effect of tube
axes ratio on the heat transfer coefficient around a horizontal elliptical tube immersed on
fluidized bed.

2. EXPERIMENTAL WORK

The same setup was used in a previous work on the heat transfer from elliptic tube to fluidized
bed of Coal [42]. A test rig is constructed to measure the heat transfer characteristics from the
elliptical tested cylinder which is immersed in a fluidized bed. The test rig includes a test
section, fluidizing system, wind tunnel, and measuring instruments. Fig. 1 shows the basic
components of the test rig.
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An open loop wind tunnel is constructed to give air velocity with uniform distribution through
the test section. The test section wall is made of acrylic glass material to enable visual
observations of the fluidized bed behavior. And, it is kept vertically and has a length of 1000
mm while its outlet and inlet cross section are square, with dimensions of 200 mm x 200 mm.
Air is forced through the test section and the wind tunnel by a centrifugal blower. To control
the air flow rate through the test section a ball control and bypass valves are used. Standard
Pitot tube with a liquid manometer is used to measure the air velocity before entering the test
section. The fluidizing air with superficial velocities from 0.2 to 0.45 m/s enters the test
section from the bottom through the distributor plate. Heat transfer takes place in the test
section from the tested cylinder to the fluidized bed by using a cartridge heater of outer
diameter of 16 mm and net length of 200 mm. The test section is filled with silica sand up to a
static height of H=150 mm while the tested cylinder is located horizontally crosses the bed
region far from the middle of the 100 mm side as shown in Fig. 2.

Heated cyvlmder

o

Figure 2: Cylinder position.

The tested cylinders are made of polished cupper and ended with two wooden tips to
minimize axial heat loss; their dimensions are given in Table 1.

Table 1: Shapes and dimensions of the tested elliptical cylinders

Specimens Major length, a Minor length, b Hydraulic diameter, Dn Axis ratio, a/b

Case 1 40 10 29.3 4
Case 2 35.4 17.7 45.9 2
Case 3 27.3 27.3 54.6 1

Eight thermocouples of 0.5 mm diameter copper-constantan (T-type) is fitted to measure the
temperature at points on the outer surface of the test cylinder. The thermocouples are placed
in equidistance on the circumference of the tested cylinder at the middle at 45° intervals (100
mm from both inside test section walls) as shown in Fig. 3.
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Figure 3: Details of the tested cylinder
To determine the average wall temperature, the thermocouples are imbedded into notches and
grooves along the test cylinder. Groove's length is nearly 100 mm with width of 5 mm and
depth of 0.8 mm from the outer surface of the test cylinder. The thermocouples wires and
junctions are fixed by plastic steel epoxy (devcon) and the free wire terminals are connected
via 12-channel selector switch to the temperature recorder. Also, there are two thermocouples
of the same type are mounted at the middle of the bed region before and after the tested
cylinder to measure mean bed temperatures. Experiments are conducted in a laboratory
fluidized bed heat exchanger with silica sand of average diameters of 500 um, 780 um and
950 um. Air and material properties are listed in Table 2. The pressure drop across the bed is
measured by using U-tube manometer, through holes on the sidewall of the test section.
Various values of Reynolds number, Re, are based on the hydraulic diameter of the heated
cylinders and are ranged from 690 to 1550. The experimental data are based on the equivalent

hydraulic diameter, D, of the tested heated cylinder which can be calculated as follows:
44

Dy, =— 1)

P
Where Ac is the cross section area, and P is perimeter of the heated tube.

- The local heat transfer coefficients are computed using the equation.

hg _ VI
As(rs,ﬂ_rh ] (2)
Where | and V are the current and the voltage of the cartridge heater while As, Ts,0 and Ty are
the tested cylinder surface area, local surface and mean bed temperatures, respectively.
Therefore, the local Nusselt numbers are calculated by:

Nu, = %

“ (3)

- By integrating the local values of Nue over the entire perimeter of the tested cylinder, the
average Nusselt number, Nu, is calculated as:

Nu= [’ Nupdy ), 4)

- Reynolds number based on the hydraulic cylinder diameter, Re, is calculated as follows:
Re _ anooDh

Hy (5)
- Archimedes number is given by
Ar = 8fg (Ps;Pg)dg

g (6)
2.1 Measurements’ Uncertainties

The error analysis of the experimental work shows the inclusion of the measured parameters

error on the results uncertainty. A differential analysis for the experimental uncertainties is

carried out using error analysis differential approximation method [43]. The maximum

uncertainties in measuring the investigated parameters are 0.5% for air temperature, 3.1% for

air velocity before the test section, and 2.17% for pressure drop across the bed.

- The properties of the fluidizing gas, air, are evaluated at mean film temperature, Tms and
listed in Table 2.
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Table 2: Properties of phases used in the present study [44]

Parameters Value Parameters Value
pa (kg/md) 1.071 dp (um) 500, 780 and 950
Ua (kg/m. s) 1.991*10° pp (kg/m?3) 2600
Cra (J/kg. K) 1007 €s 0.58
Ka (W/m. K) 0.02781 Hst (M) 0.15m
P, 0.721

3. RESULTS AND DISCUSSION

3.1. Minimum fluidization velocity

The relation between the pressure drop across the bed and superficial velocity, AP—Usup, is
very important to estimate the minimum fluidization velocity, Umf, as it is located at the point
when the superficial velocity is increased and pressure drop becomes constant. The

experimental values of AP and Umf are linked closely with mean particles as illustrated in

Table 3.
Table 3: Experimental values of pressure drop and minimum fluidization velocity

Particle size APmf (Pascal) Umf (m/ s) Ar ()
dp= 500 pm 2115 0.2 10593
dp= 780 pm 2956 0.22 40216
dp= 950 pm 3548 0.25 72658

From these results, it can be concluded that the minimum fluidization velocity is increased
with increasing particle size. Also, it is found that changing the cylinder axis ratio has
unremarkable effect on the pressure drop or minimum fluidization velocity.

In this work, different aspect ratios and particle sizes are plotted through the figures to find the
pressure drop across the bed and the superficial velocity at the minimum fluidization
velocities (APmf and Umf, respectively), and also the results are shown in Table 3.

3.2 Effect of Axis Ratio on Heat Transfer

Firstly, the local Nusselt numbers distributions around three elliptical cylinders immersed in
silica sand of 500 um mean diameter for different 0 are presented in Figure 4.

In this Figure, the local heat transfer of the particle flow around heated cylinders, circular
cylinder (AR=1) and elliptical cylinders (AR=2 and 4) are compared. The circumference of
circular cylinder cross section is the same as that of elliptical cylinders. Therefore, when the
major and minor axes lengths is changed, the cross-section shape of the elliptical tube changes
accordingly. It is found that, the local Nusselt numbers distribution around circular cylinder is
not of similar trend to that around elliptical cylinder. The situation in the upstream region and
particle contacting situation with cylinder wall in the downstream region are worse. This may
be attributed to larger particle stagnation and cavitation zones existed in the upstream and
downstream regions respectively [45]. Compared with local Nusselt numbers distribution
around elliptical cylinders the cavitation and stagnation zone are relatively small. Also, it is
indicated that when AR increasing the particle stagnation zone in the upstream region will
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decrease gradually and the particle cavitation zone in the downstream region will also
decrease gradually until disappear. Which indicate that the particle flow situation in the
upstream region will improve as AR increase and the particle contacting situation with tube
wall in the downstream region will also improve when AR increases, so causes increasing in
heat transfer coefficient.

| AR-1 * AR-2 * AR=4 |
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Figure 4: Variation of local Nusselt number, Nuf versus 0 for a single elliptical horizontal
cylinder immersed in a bed of dp= 500 um for different Axis Ratio, AR.

Secondly, the variations of average Nusselt numbers with AR for elliptical cylinders are
presented in Figs. 5 through 7. These figures show that, the average Nusselt number, Nu,
increases as Reynolds number, Re, increases because of the rapid particle's movement. Also,
the results show that Nu is slightly increased with the increase in axis ratio, AR, of tested
cylinder as a result of decreasing motionless regions around cylinder circumferences.

3.3 The Mean Particle Size Effect on Heat Transfer

Figs. 8 through 10 show the effect of Reynolds number and particle size on the average
Nusselt numbers for a single elliptic cylinder.
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Reynolds number, Re, on the average Nusselt | Reynolds number, Re, on the average Nusselt
number, Nu for single elliptic tube immersed | number, Nu for single elliptic tube immersed
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Figure 8: Effect of Particle size, dp, and
Reynolds number, Re, on average Nusselt
number, Nu for single elliptic tube of Axis
Ratio, AR= 1.
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Figure 9: Effect of Particle size, dp, and
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Figure 10: Effect of Particle size, dp, and
Reynolds number, Re, on average Nusselt
number, Nu for single elliptic tube of Axis
Ratio, AR=4.

The results show that Nu decreased with increase in particle size. For certain values of
Reynolds number and Axis Ratio, the heat transfer increases as the mean solid particle
diameter decreases this is owing to the increase in the effective heat transfer area covered by
the particle itself.

3.4. Comparison with previous work

There are several correlations and theoretical models available in the literature for the
prediction of heat transfer coefficients for circular cylinders immersed in small particle range.
The experimental data of the present study of a cylinder of AR=1 immersed in different mean
particle size, 500 pm, 780 pm and 950 pm are compared with the calculated values from Eq. 7
of previous study, Bansal [37] as shown in Fig. 11.

Nu=18982(1-¢,) (?)“'m? pro3

For Ar >2550 (7)
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Figurell: Comparison between present work of Nu for single elliptical tube of AR= 1
immersed in particles of mean size of dp= 500 um and circular cylinder that of Bansal [37].

As shown in figure, the experimental Nusselt values of the present study and the predict
values which theoretically calculated have the same trends and are slightly higher than that of
Bansal [37] for all particle sizes within nearly 5%.

SUMMARY AND CONCLUSIONS

The effects of mean particle size, cylinder Axes Ratio, and Reynolds number, on the local and
average heat transfer coefficient for a submerged elliptical cylinder in a fluidized bed have
been determined. From the present results, it can be concluded that:

1) The pressure drop across the bed and minimum fluidization velocities are increased
with the increase in the mean particles size.

2) Increasing AR may be useful to improve the particle flow distributions on both
the downstream and upstream regions of the heated cylinder then causes
increase for the heat transfer.

3) Reynolds number and particles size have a greater effect than body shape
characteristics (AXxs ratio).
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NOMENCLATURE

A:  Cross-sectional area of heated cylinder, m?.
A Length of major axis, m.

B Length of minor axis, m.

Cpa  Specific heat of air, J/kg K.

Dn Hydraulic diameter, m.

dp Particle's diameter, m.

G Acceleration due to gravity, m/s?.

Hst  Static height of the bed, m.

h Coefficient of average heat transfer, W/m?.°C.
he  Coefficient of local heat transfer, W/m2.°C.
Ka Thermal conductivity of air, W/m.K.

L Heated tube length, m.

P The perimeter of the tested cylinder, m.

Q Total input power to the heater, W.

Tsp  Local surface temperature of the body, °C.
Tb Mean bed temperature, °C.

Umt¢  Minimum fluidization velocity, m/s.

Usyp  Superficial air velocity, m/s.

GREEK LETTERS

Ma Air dynamic viscosity, kg/m.s.

pa  Airdensity, kg/m?3.

pp  Particle's density, kg/m®.

AP  Pressure drops across the fluidized bed, pascal.
E Volume fraction.

DIMENSIONLESS GROUP

Ar  Archimedes number.

Nu  Average Nusselt number.

Nue  Local Nusselt number.

Re Reynolds number.

Pr Prandtl number.

SUBSCRIPTS

Circumferential angle on tube surface.
Air.

Bed.

Cylinder's cross-section.
Particles

TOW>»O
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