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Abstract - This work presents an experimental study of a continuous gas-solid fluidized bed with an
immersed horizontal tube. Silica sand (254um diameter) was used as solid particles and air was used for
fluidization in a 900mm long and 150mm wide heat exchanger. Measurements were made under steady state
conditions for a solid particle mass flow rate from 14 to 95kg.h™ and a number of baffles from 0 to 8. Results
showed that the heat transfer coefficient increases with the solid particle mass flow rate and with the number
of baffles, suggesting that these are important factors to be considered in the design of such equipment. An
empirical correlation for the heat transfer coefficient is proposed as a function of solid particle and gas mass

flow rate, number of baffles and gas velocity.
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INTRODUCTION

Fluidized beds are commonly employed in
chemical, biochemical and petrochemical industries
in processes such as hydrocarbon cracking, drying of
solid particles, combustion and gasification of coal
and biomass, thermal treatment of metals, synthesis
reactions and coating of particles.

In order to optimize processes, heat recovery
from gas or solid particles that leave the reactors at
high temperatures is recommended. A fluidized bed
heat exchanger with immersed tubes is commonly
employed for such a purpose.

Gas-solid fluidized systems are characterized by
temperature uniformity and high heat transfer
coefficients due to the intense mixture of the solid
material with the gas bubbles normally present.

A shallow fluidized bed is continuously operated
and typically characterized by a height-to-length
ratio far below one and a length-to-width ratio of at
least 5 as suggested by Biilau and Hallstrém (1998).
Applications of shallow fluidized beds include the

*To whom correspondence should be addressed

drying and heating/cooling of solid particles, mainly
due to the advantage of the small drop in bed
pressure. This equipment is recommended by Elliot
and Holme (1976), Aihara et al. (1993) and Virr and
Willians (1985).

The design of fluidized bed heat recovery
equipment involves the determination of gas-particle
and suspension-wall heat transfer coefficients. Heat
transfer between an immersed surface and a gas-
solid fluidized bed consists of three additive
components: particle convection, gas convection and
radiation. The influence of each component is the
subject of a lot of research and the results show the
important effect of particle diameter and bed
temperature on the heat transfer process (Chauk and
Fan, 1998). The literature shows a considerable
amount of correlations for these coefficients, but it is
important to notice that as they are very dependent
on particle and gas properties besides gas flow rate,
they must be applied carefully.

Mathur and Saxena (1987) and Chung and Welty
(1990) investigated the influence of bed temperature
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(Ty), superficial gas velocity (u,) and particle
diameter (d,) on the bed-to-tube heat transfer
coefficient (h,). They observed an increase in hy, with
an increase in Ty, and u, and with a decrease in d,,.

Khan and Turton (1992) studied the influence of
angular position (@), superficial gas velocity (u,),
particle diameter and type of solid material on hy,.
They observed an increase in h, with an increase in
u, and with a decrease in d, They obtained the
largest bed-to-tube heat transfer coefficients at 90°
and 120° from the bottom of the tube.

Ndiaye et al. (1996) also studied the variation in
bed-to-tube heat transfer coefficient with bed
temperature, verifying that hy, increases with T, for
all conditions tested.

All this experimental work is related to batch
conditions where there is temperature uniformity
inside the fluidized bed. A review of the literature
shows little research on fluidized beds with a
continuous flow of solid particles along the heat
exchanger length in spite of their technological
importance in processes such as drying and heat
recovery. The movement of the solid particles, which is
induced by the rising bubbles and axial pressure
gradient, may have a distinct pattern near the tube wall,
which will determine the heat transfer coefficient.

A continuous solid flow is found in work by
Tardin et al. (1997), Rodriguez (1998) and
Rodriguez et al. (2002). Tardin et al. (1997) studied
experimental data on a nonisothermal fluidized bed
heat exchanger with an immersed tube whose main
function was the heat recovery from ashes produced
by a pilot scale plant of a IMW circulating fluidized
bed boiler. The results were applied to verify the
correlations for the bed-to-tube heat transfer
coefficient available in the literature. According to
the authors, the correlation of Molerus et al. (1995)
were in good agreement with experimental data, with
less than 20% deviation.

Rodriguez (1998) studied the influence of particle
diameter and solid particle mass flow rate on the
bed-to-tube heat transfer coefficient in a shallow
fluidized bed heat exchanger with five immersed
tubes. The authors verified that hy, decreases with the
increase in particle diameter and increases with the
increase in solid particle mass flow rate. It was also
observed that h, decreased between the solid inlet
and the solid outlet positions. Rodriguez et al. (2002)
conducted experiments in order to verify the
influence of the presence of baffles inside the
fluidized bed on the heat transfer process. They
observed that h, increases in the presence of baffles.

The present experimental study was conducted in
the same experimental apparatus as that used by

Rodriguez (1998) and Rodriguez et al. (2002), but
with just one immersed tube inside the bed in order
to improve the control of water flow rate through the
tube. Experiments were carried out using a larger
range of solid particle mass flow rates and number of
baffles than in previous work. An empirical
correlation for the heat transfer coefficient in a
bubbling shallow fluidized bed heat exchanger is
proposed from experimental results.

EXPERIMENTAL SETUP

The experimental system, as outlined in Figure 1,
consists of three main components: a bin for the sand
particles, a fluidized bed combustion chamber where
solid particles were heated and a bubbling fluidized
bed heat exchanger where solid particles were cooled
by air and by water flowing inside an immersed tube
in the bed.

A pneumatic valve was used to feed the
combustion chamber. A conical feeding valve with
internal cooling was used to feed the heat exchanger
with hot solid particles from the combustion
chamber. After heat recovery, the cold sand left the
heat exchanger for a solid reservoir to be reused.

Bed temperatures along the heat exchanger length
and inside the combustion chamber were measured
with type K thermocouples connected to a data
acquisition system. Type K thermocouples were
immersed in the fluidized bed, 0.02m above the tube.
It was assumed that the distance between tube and
thermocouples was large enough to assure that the
measured values correspond to the bed temperature.
Temperatures of the solid particles and air flows were
also measured by type K thermocouples at the entrance
and at the exit of the heat exchanger. Water
temperature measurements at the inlet and outlet of the
heat exchanger were made by type T thermocouples.
Pressure measurements were performed with a
workbench of U tubes connected to an orifice plate
meter and a calibrated Venturi meter to measure air and
water mass flow rates, respectively.

The heat exchanger (Figure 2) was made of
carbon steel and it was isolated by ceramic fiber
50mm thickness. The equipment contains one
stainless steel tube with 0.0065m external diameter
and 0.0045m internal diameter for the cooling water
flow. Sand inlet temperature was in the range of 490
to 726°C. Solid material (group B in Geldart’s
classification, 254pum in diameter) and a heat
exchanger (900mm long, 150mm wide and 300mm
high) were used. Cooling water, inside the immersed
tube, and solid particles, in the fluidized bed, had a
counter flow arrangement inside the heat exchanger.
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Figure 2: Heat exchanger with 5 baftles: (a) direction of solid material indicated
by the arrows; (b) low baffle; (c) high baffle.
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Measurements were made under steady state
conditions for a solid mass flow rate from 14 to
95kg.h™ and a fixed bed height of 100mm. The
length/width ratio of the heat exchanger makes sure
that there is plug flow for the solid material along the
heat exchanger length.

Type T thermocouples were calibrated against a
standard glass thermometer considering 10 points in
the temperature range of 0 to 100°C. The true value
of water temperature is believed to lie within +0.1°C
of the indicated value with a confidence level of
95%. The maximum uncertainty with a confidence
level of 95% for type K thermocouples was
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estimated as +2.2°C.

The Venturi meter was calibrated with a balance
and a chronometer by measuring the weight of the
amount of water flowing through the heat exchanger
for a given time interval. The estimated uncertainties
of the balance and chronometer were =1g and +0.5s,
respectively.

Uncertainties in tube diameter, tube length and
materials properties are not considered in the
uncertainty analysis.

Operational conditions and experimental results
for heat transfer coefficient for each experimental
test are presented in Tables 1 to 3.

Table 1: Operational conditions and h,, results for the heat exchanger configuration
without baffles (n,= 0) — tests 1 to 12.

Operational Test
Conditions 1 | e | 8| u | 6 | 7 [ 8 | o | a0 [ a1 | a2
. Solid:
mg [ kg.h] 242 24.6 249 25.4 29.1 29.2 344 36.9 37.2 37.5 38.4 75.5
T, [°C] 510.5 | 526.0 | 490.0 | 722.5 | 564.0 | 544.0 | 597.0 | 694.0 | 621.0 | 611.0 | 569.0 | 627.0
T, [°C] 81.9 | 657 | 918 85.5 | 113.1 93.8 | 1256 | 139.1 | 143.1 | 1002 | 129.6 | 1433
. Air:
m, [kgh'l | 548 | 540 | 548 | 548 | 540 | 534 | 540 | 537 | 540 | 540 | 548 | 537
T, [°C] 38.8 39.7 | 429 | 421 469 | 473 | 462 | 453 | 490 | 460 | 422 | 513
Teo[°C] 1544 | 147.0 | 163.0 | 157.0 | 201.0 | 210.0 | 213.0 | 185.0 | 249.0 | 195.0 | 229.5 | 225.0
. Water:

m,, [ kg.h] 100.0 | 100.0 | 100.0 | 100.0 97.0 98.5 | 100.0 98.6 96.7 97.0 | 100.0 98.6
Ty.i[°C] 259 24.0 26.7 26.5 24.6 24.6 23.1 23.7 26.0 24.8 243 23.2
Ty, [°C] 35.8 33.1 37.1 36.9 39.7 36.9 38.4 41.6 433 399 42.0 433
h, [W/m’K] | 347.4 | 3422 |3584 |275.1 |493.6 |381.9 |3953 |3957 |403.6 |418.6 |4782 | 4785

Table 2: Operational conditions and h,, results for the heat exchanger configuration
with five baffles (n, = 5) — tests 13 to 18.
Operational Conditions Test
t13 t14 t15 | 116 | a7 t18
. Solid:
g [ kgh'] 13.8 20.4 31.8 43.8 80.4 94.8
T, [°C] 579.0 602.0 619.0 624.0 650.0 670.0
T, [°C] 87.7 137.7 59.1 86.1 313.1 350.2
. Air:
g [ kgh'] 42.0 42.0 42.0 42.0 42.0 42.0
T, [°C] 374 48.8 37.8 343 435 412
Ty, [°C] 137.0 203.0 122.0 150.0 312.0 319.0
. Water:
m,, [ kgh] 93.9 93.9 93.9 93.9 93.2 93.2
T,.i[°C] 25.5 24.6 24.6 25.7 20.2 20.2
Tyo[°C] 41.8 47.3 39.2 46.0 71.5 74.0
hy [W/m?K] 494.7 553.1 507.0 606.7 873.3 849.1
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Table 3: Operational condition and h;, results for the heat exchanger configuration
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with eight baffles (n,= 8) — tests 19 to 25.

501

Operational
CI:)nditions Test
t19 20 T21 22 123 t24 125
. Solid:
i, [ kgh] 27.6 38.7 42.0 66.0 76.8 85.0 86.4
T, [°C] 632.0 650.0 648.0 686.0 707.0 726.0 600.0
T, [°C] 82.8 110.6 148.2 228.0 237.0 231.9 142.9
. Air:
i, [ kgh'] 42.0 42.0 42.0 42.0 42.0 42.0 42.0
T, [°C] 38.4 36.2 41.6 38.1 34.6 327 363
Ty [°C] 155.0 170.0 220.0 249.0 254.0 245.0 191.0
Water:
m,, [ ke.h'] 93.5 93.5 93.5 92.3 92.3 92.3 94.0
Ty.i[°C] 22.7 223 243 19.3 19.1 19.2 21.8
Ty, [°C] 40.2 44.0 54.1 61.1 63.2 61.4 57.1
h, [W/m’K] 502.6 543.9 688.6 766.0 782.3 735.1 916.7

BED-TO-TUBE HEAT TRANSFER
COEFFICIENT, h,

Coefficient h, was obtained from experimental
data on mass flow rates and inlet and outlet
temperatures of the three currents in the heat
exchanger: solid, air and water.

Supposing a heat exchanger is insulated from its
surroundings, the energy balance in a control volume
involving the equipment would provide

s =g +dw (1

where q,q,,9,, are given by

qs = 1‘hscs (Ts,i - Ts,o ) (2)
g =MgC, (Tg,o - Tg,i) 3)
Ay =thye (Tyo~Tus) 4)

The overall coefficient of heat transfer (U)
between gas-solid suspension and water can be
found by equation (5):

q,, =UALMTD (5)

where the heat transfer area (A) and the logarithmic
mean temperature difference (LMTD) are given by

A=nd,L (©6)

(T

LMTD = s, Tw,o) - (Ts,o - Tw,i)

In Ts,i _Tw,o

Ts,o - Tw,i
The solid exit temperature (T,) was assumed to
be equal to the bed temperature at the solid outlet
position (Ty,). This procedure is based on the
hypothesis of almost instantancous thermal
equilibrium between gas and solid particles. This
hypothesis is reasonable for particles smaller than

400um, as discussed by Molerus (1997).

The average bed-to-tube heat transfer coefficient
can be calculated by equation (8):

L:i_ L&jLi]ni (8)
hy U | hydg 2k dy

()

According to Incropera and DeWitt (1996) for
turbulent flow in circular tubes, characterized by
moderate property variations, the Dittus-Boelter
equation is recommended:
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_0.023 k,, Re"*pr"

hw
d;i

9

where, n = 0.4 is used for the heating process.
Equation (9) has been confirmed experimentally for
0.7 <Pr<160, Re > 10000 and L/d,; > 10.

The Nusselt number for the heat transfer between
gas-solid suspension and tube wall can be calculated
with equation (10):

_ hyd,

ke

Nu

(10)

The uncertainty analysis for the gas-solid heat
transfer coefficient (h,) was calculated with equation
(11) (Holman, 1994), where n(y;) represents all the
uncertainties derived from the measurement of y;.
The y; variables in this equation are the water mass
flow rate and the solid and water temperatures at the
inlet and outlet of the heat exchanger as shown by
equations (4) to (9).

uz(hb)=2(%’f 0 (vi) (11)

i 1

RESULTS AND DISCUSSION

The bed temperature along the heat exchanger
length showed a decreasing profile from the solid
inlet to the solid outlet position as discussed
previously by Parise (2000) and Rodriguez et al.
(2002). This is a typical profile for bubbling shallow
fluidized beds.

The presence of baffles increases the total heat
transfer rate, resulting in a low solid temperature at
the exit of the heat exchanger. This result is
attributed to the increase in the solid residence time
inside the heat exchanger due to the increased path
of the solid particles due to the baffles.

Figure 3 shows the influence of the solid particle
mass flow rate on the heat transfer coefficient
obtained by the methodology described. The
influence of the number of baffles can also be
verified in this figure, in addition to the vertical lines
representing experimental uncertainties in the bed-

to-tube heat transfer coefficient.

The maximum uncertainty obtained for h, was of
about 8%, which is quite acceptable for gas-solid
fluidized beds.

For a fixed number of baffles, it was observed
that the heat transfer coefficient increases with the
increase in the solid particle mass flow rate. This
behavior can be explained by the increase in the
horizontal component of the solid velocity,
increasing the contribution of particle convective in
the heat transfer process, as observed by Ivanyutenko
(1992), Rodriguez (1998) and Rodriguez et al.
(2002). The presence of baffles inside the fluidized
bed increases the bed-to-tube heat transfer
coefficient as shown in Figure 3. This behavior can
be attributed to acceleration of the particles as they
cross the windows formed by the baffles, which
increases the particle convective coefficient. However,
no significant differences between experiments with 5
and 8 baffles are observed, suggesting that there is an
optimal number of baffles for application for heat
recovery purposes.

With h, experimental results from this work and
from work by Rodriguez et al. (2002), a correlation
for bed-to-tube Nusselt number was proposed as a
function of three dimensionless ratios: solid particle

mass flow rate and gas flow rate (Ihs/ Ihg), heat

exchanger length and distance between baffles (L/S)
and superficial gas velocity and superficial gas
velocity under a condition of minimum fluidization

(uo/ umf) :

. \03! 012 -0.23
Nuy, = 98.35 —= (—] [ Yo j (12)
mg S umf

The correlation coefficient for equation (12) was
091 and was obtained for 0.33<m, /Ihg <2.26;

1<L/S<9; 3.70<u,/u,s <6.35. As shown in

Figure 4 the values predicted by equation (12) were
in good agreement with experimental data and with
work by Rodriguez (1998) and Tardin et al. (1997)
within 20%. The negative coefficient obtained for
the u/uys ratio was expected because the tests were
performed for u,/u,s > 3 and as u, increases the
bubbles size also increases, reducing the heat transfer
area between tube wall and emulsion phase.
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Figure 4: Comparison of the proposed correlation with the experimental data.

Figures 5 and 6 show the bed-to-tube Nusselt
number (Nu,), obtained experimentally and also
from some correlations in the literature, applied to
experimental data. Significant differences between
the values obtained can be observed, showing the
complexity of fluidized beds and the influence of
geometry and operational conditions on the
phenomena involved. Lower deviations are observed
for the correlation of Andeen and Glicksman (1976)
concerning the heat exchanger without baffles.
Figure 6 shows that the Molerus et al. (1995)

correlation was the best one for experiments with 5
and 8 immersed baffles up to (ms / mg)=1.

Vreedenberg’s correlation showed the best results for
(Ihs /1 ) >1, but it can be observed that values in the

experimental results are higher than all the predicted
values in the literature in this range. These results
show the importance of the solid mass flow rate and
presence of baffles in the heat transfer between the
emulsion phase and the tube wall in heat recovery
equipment.
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CONCLUSIONS

The analysis of experimental results produced the
following conclusions:
= The bed-to-tube heat transfer coefficient
increased considerably with the increase in solid
particle mass flow rate as well as with the presence
of baffles, in agreement with result of Rodriguez
(1998) and Rodriguez et al. (2002).
= A small difference in hy, between tests performed
with 5 and with 8 baffles was observed, indicating
that there is a maximum for number of baffles which
no more significant increase in the heat transfer
coefficient are observed.
* An empirical correlation is proposed to determine
the bed-to-tube heat transfer coefficient in an SFB
heat exchanger in good agreement with the
experimental data.
= The correlations of Molerus et al. (1995), Andeen
and Glicksman (1976) and Vreedenberg (1958)
showed lower deviations from the experimental
results for bed-to-tube heat transfer coefficient.
Concerning the heat exchanger with baffles, the
correlation of Molerus et al. (1995) showed the

lowest deviation for (Ihs /1, ) <I.

» Deviations larger than 20% observed between
experimental results and equation (12) suggest that
physical parameters like bubble diameter and solid
particle velocity should be investigated.
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NOMENCLATURE
A heat transfer area, m?
B heat exchanger width, m
c specific heat at constant J/kg K
pressure,
d, mean particle diameter, m
d; external tube diameter, m
dy; internal tube diameter, m
H heat exchanger height, m
hy bed-to-tube heat transfer W/m*K
coefficient,
h,, water-tube convective heat W/m*K

transfer coefficient,

k thermal conductivity, W/m K

L heat exchanger length, m

L fluidized bed height, m

L height of the heat exchanger m
window,

LMTD logarithmic mean °C
temperature difference,

m mass flow rate, kg/h

n, number of baffles in the dimensionless
heat exchanger,

Pr Prandtl number, dimensionless

q heat transfer rate, A

Re Reynolds number, dimensionless

S distance between baffles, m

T temperature, °C

tN experimental test N dimensionless
(1SN <25),

U overall heat transfer W/m’K
coefficient,

Upnf superficial gas velocity at m/s
minimum fluidization
condition,

u, superficial gas velocity, m/s

Subscripts

g Gas )

b fluidized bed )

i inlet conditions )

o outlet conditions ()

] solid particles )

w water )
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