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Heat Transfer Coefficient in a Shallow
Fluidized Bed Heat Exchanger with a
Continuous Flow of Solid Particles

This work shows the experimental study of a contisugas-solid fluidized bed with an
immersed tube where cold water is heated by fledligolid particles presenting inlet
temperature from 450 to 700°C. Experiments weregiedrout in order to verify the
influence of solid particle flow rate and distanicetween baffles immersed in a shallow
fluidized bed. The solid material was 254 diameter silica sand particles, fluidized by air
in a 0.90m long and 0.15m wide heat exchanger.rmibasurements were taken at steady
state conditions for solid mass flow rate from @@ 00 kg/h, in a heat exchanger with the
presence of 5 or 8 baffles. Bed temperature meawnmts along the length of the heat
exchanger were experimentally obtained and heatrtwas for differential control
volumes of the heat exchanger were made in ordebtain the axial profile of the bed-to-
tube heat transfer coefficient. The results shottred heat transfer coefficient increases
with the solid particle mass flow rate and with theesence of baffles, suggesting that

these are important factors to be considered indiagign of such heat exchanger.
Keywords: Shallow fluidized bed, experimental work, heathenger, bed-to-tube heat
transfer coefficient, heat recovery

Introduction

Fluidized beds are commonly used in chemical, loubal and
petrochemical industries in processes such as bgdvon cracking,
drying of solids, combustion and gasification oflcand biomass,
thermal treatment of metals, recovery of energynfigases and hot
solid particles, synthesis reactions and coatingpoficles.

Gas-solid fluidized systems are characterized bgptFature
uniformity and high heat transfer coefficients, dioethe intense
mixture of the solid material by the presence of igabbles.

A shallow fluidized bed (SFB) is characterized byga#l bed
height, usually around 0.10m, and small gas bub#esglications
of shallow fluidized beds include drying and hegtiooling of
solid particles, due to the advantageous small firedsure drop
associated with it. Many researchers have beenyisigdheat
transfer in fluidized beds seeking to understanthefphenomenon
and the determination of parameters that influgheesuspension-
wall or bed-to-tube heat transfer coefficient

continuous flow of solid particles along the heathanger length,
in spite of their technological importance in agess such as heat
recovery. The movement of the solid particles, Whginduced by
the rising bubbles and axial pressure gradient, haye a distinct
pattern near the tube wall and the solid pattefectf the bed-to-
tube heat transfer coefficient. A continuous sdliadv was studied
by Rodriguez (1998) and Rodriguez, Pécora and Bi2a402).
Rodriguez (1998) studied the influence of the phtdiameter and
solid particle mass flow rate on the bed-to-tubethwansfer
coefficient in a shallow fluidized bed heat exchem@gSFB heat
exchanger) with five immersed tubes. The authoifiedrthat the
heat transfer coefficient increases with the desweazf the particle
diameter and with the increase of the solid partichss flow rate. A
decreasing heat transfer coefficient, from thedsillet to the solid
outlet position, was also observed.

Rodriguez, Pécora and Bizzo (2002) made experinierasder
to verify the influence of the presence of bafflesan SFB heat
exchanger. Their results showed that baffles affétw bed
temperature profile and the bed-to-tube heat tearcsdefficient.

Mathur and Saxena (1987) and Chung and Welty (1990) The present experimental study intends to increheesolid

investigated the influence of the bed temperatauperficial gas
velocity and particle diameter on the heat trangiercess They
observed the increase of the bed-to-tube heatféraesefficient
with the increase of bed temperature and gas \gjamd with the
decrease of particle diameter.

Khan and Turton (1992) studied the influence of wdag
position around the tube, superficial gas velqgiigrticle diameter
and the type of solid material on the heat tranisfeide a fluidized
bed with an immersed tube. They observed the isere&the heat
transfer coefficient with the increase of gas viédjoand with the

decrease of particle diamet&hey obtained the largest bed-to-tube

heat transfer coefficient at 9and 120 positions in relation to the
bottom of the tube.

Ndiaye, Barboza and Steinmertz (1996) also studiee
variation of the bed-to-tube heat transfer coeffiti with bed
temperature, verifying that the heat transfer goeffit increases
with bed temperaturfor all tested conditions.

All these experimental works are related to batohddions
where there is temperature uniformity inside theidized bed.
Literature review shows little research on fluidizbeds with a
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particle mass flow rate range and the number ofildsaghown in

work by Rodriguez, Pécora and Bizzo (2002), in otdeverify their

influence on bed-to-tube heat transfer coefficiant temperature
profiles along the heat exchanger length.

Nomenclature

A= heat transfer areaf

B = heat exchanger widtim

¢ = specific heat at constant pressuiékg K)

d, = mean particle diametem

di = external tube diameten

d, = internal tube diametem

H = heat exchanger heighm,

h, = bed-to-tube heat transfer coefficienf(m? K)

h, = water-tube convective heat transfer coefficig{n? K)
k = thermal conductivity/(m K)

L = heat exchanger lengtim,

Ls = fluidized bed heightn

L; = height of the heat exchanger window,

LMTD = logarithmic mean temperature differen®@,

m = mass flow ratekg/h

Nuatiies= NUMber of baffles in the heat exchanger, dimensaml
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Pr = Prandtl number for the water flow, dimensionless
g, = heat transfer rate from fluidized bed to tule,

Re= Reynolds number for the water flow, dimensionless

S= distance between bafflas,

T = temperature®

tyig=tests 1to 19

U = overall heat transfer coefficiem/(m? K)

Uy = superficial gas velocity at minimum fluidization
condition,m/s

U, = superficial gas velocitym/s

Greek Symbols

Ax = differential length in the axial direction, m
0= air density, kg/mh

Subscripts

a = relative to air

b = relative to fluidized bed

i = relative to inlet conditions

o = relative to outlet conditions

s=relative to solid particles

t = relative to tube

x = relative to coordinate in the axial direction
w = relative to water

Experimental Setup

The experimental system is schematically shown ig E,
consisting of three main components: a bin forgaed particles; a
fluidized bed combustor where the solid particlesravheated by
injection of liquefied petroleum gas (LPG) as fuahd a fluidized
bed heat exchanger where solid particles were ddmjeair and by
water flowing inside an immersed tube in the bethe Tsolid
material was silica sand particles presenting 2§66kand 254m
as density and mean Sauter particle diameter, ctgply. A
pneumatic valve was used to feed the combustiormbka A
conical feeding valve with internal cooling was dise feed the heat
exchanger with hot solid particles from the comimmstchamber.
After the heat recovery process, the cold sand k& heat
exchanger towards a solid reservoir.
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Figure 1. Experimental system.

The bed temperatures along the heat exchangerhlesut
inside the combustion chamber were measured wjith Kyand T
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thermocouples connected to a data acquisition rsysiype K
thermocouples were immersed in the fluidized b&2r@.above the
tube. It was assumed that the distance betweens tudrel
thermocouples was large enough to assure that #asured values
correspond to the bed temperature. The temperatfithe solid, air
and water flows are also measured by thermocoaplée entrance
and at the exit of the SFB heat exchanger. Pressessurements
were performed with a workbench &f tubes connected to an
orifice plate meter and a Venturi meter in ordemnteasure air and
water mass flow rates, respectively.

The heat exchanger with a shallow fluidized bed.(2) was
made of carbon steel with one stainless steel BEHIN external
diameter, where the water flowed in a counter flasangement.
The heat exchanger length) (was 0.9 and the width B) was
0.15m, therefore the length-to-width ratib/B) was equal to 6. Such
a ratio allows one to assume that there is a ghwg-for the solid
material along the heat exchanger length. More rim&tion
regarding the experimental setup can be found iis®&000).
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Figure 2. Heat exchanger with 5 baffles: (a) direction of solid material
indicated by the arrows; (b) low baffle; (c) high baffle.

The first half of the experimental tests was perfed with a
heat exchanger without baffles,{ses= 0) and the second half was
carried out with the presence of baffles. Confitjores with five
and eight bafflesng.mes= 5 and 8) were tested, therefore distances
between bafflesS) of 0.15 and 0.1 were used, respectively.

The experimental data were obtained when the systaohed a
steady state regime. All experimental tests weredaoted with a
constant bed height of 0.06m. The operational ¢@rdi in each
experimental test are presented in Tab. 1 to 3s@tebles show the
mass flow rates i), temperatureT), superficial gas velocityug)
and the ratiouy/uyy), whereu, is the superficial gagselocity at the
minimum fluidization condition. The subscrigtando refer to inlet

and outlet conditionsrespectively.

Bed-to-Tube Heat Transfer Coefficient

A methodology to obtain the bed-to-tube heat tmnsf
coefficient along the heat exchanger length wa=ldged from the
experimental data. Energy balances were made &r tocbbtain the
water temperature along the heat exchanger lefigt. (

Supposing there is no heat loss for the environpzewrertically
uniform bed temperature atposition {,,) and plug flow for the
solid material, the energy balance for a contrélr@ of length4x
(Fig. 3), provides Eq.(1):

@)

qb,Ax = rnocb(Tbx_ Tb*A): mNQ/( -[\-N«XA X Tw)(
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Table 1. Operational conditions tested for the heat exchanger configuration without baffles (Npaffies=0).

Operational condition t1 t2 t3 t4 t5 t6 t7 8 t9 t10
m [kg/H 242 246 249 254 291 292 344 372 375 755
Solid Ts; [°C] 5105 526.0 490.0 7225 664.0 5440 597.0 621.0 .0611627.0
Ts0[°Cl 82.0 65.7 91.8 86.5 113.1 100.2 123.6 1445 100.242.11
m, [ko/ H 548 540 548 548 540 534 540 540 540 537
Air T.i [°C] 38.8 39.7 42.9 42.1 46.9 47.3 46.2 49.0 46.0 51.3
T [°Cl 1540 1470 163.0 210.0 201.0 210.0 213.0 249.0 .0195225.0
m, [kg/ A 100.0 100.0 100.0 100.0 97.0 985 1000 96.0 97.08.6 9
Water Twi [°C] 25.9 24.0 26.7 26.6 24.6 24.6 23.1 26.0 24.8 23.2
Two[°C] 36.8 33.1 37.1 36.9 39.7 36.9 38.4 43.3 39.9 43.3
U, [m/d 015 015 015 015 016 015 016 017 016 0.18
U, / Ups 3.8 3.8 3.9 3.9 4.0 3.9 4.1 4.5 4.2 4.5
Table 2. Operational conditions tested for the heat exchanger Table 3. Operational conditions tested for the heat exchanger
configuration with five baffles (Npaffies=5). configuration with eight baffles (Npaifies=8).
Operational condition t11 t12 t13 t14 Opera_tl_onal t15 t16 t17 118 t19
condition
m [kg/H 138 438 684 804 m [kg/H 102 27.6 387 76.8 99.6
Solid  Tsi[°Cl 579.0 6240 6050 650.0 Solid  Tsi[°Cl] 562.0 632.0 650.0 707.0 708.0
Ts0[°C] 87.6 86.1 2942 313.1 Ts0[°C] 66.8 82.8 96.7 234.9214.3
m, [ko/ H 42.0 42.0 42.0 420 m, [kg/H  42.0 420 420 420 420
Air T.i[°Cl 37.4 343 463 435 Air Tai[°C] 416 384 362 346 319
Tao [°C] 137.0 150.0 305.0 312.0 Tao[°C] 120.0 155.0 170.0 234.9 238.0
m, [ka/H 93.9 93.9 93.2 93.2 m, [kg/H 935 935 935 923 923
T e
Water Twi [°C] 255 25.7 20.2 20.2 Water Twi [°Cl 224 227 223 191 191
Two [°C 418 460 683 716 Two[°C] 36.6 402 440 632 59.2
a, [m/d 0.13 0.14 0.17 0.18 U, [m/d 0.12 0.13 0.14 0.18 0.18
T, / Upy 3.3 3.6 4.5 4.7 0,/ Uy 2.9 35 3.7 45 4.6
Whereq,, ¢,,c, are the heat transfer rates from the fluidized
coup T HUBZEb BED T T TS T bed-to-tube and specific heat at constant pressiutee gas-solid
. PARTICLES ] . fluidized bed and water, respectively.
Moo Tox =i i qwl l T Mo CuT The vertically uniform temperature can be adoptetabse
! ! almost instantaneous temperature equilibrium beatvwgsss and fine
! ! solid particles ¢,<30Qum), as discussed by Molerus (1997). The
M Co o : WATER ! - Cor Toeon plug flow for the solid material was adopted beeaakthe length-
| | to-width ratio {/B=6) of the SFB heat exchanger. Such assumption
i 7 was experimentally verified in previous works asi$&a(2000) and
| T T T 1 Rodriguez (1998).
— — The bed heat flowd, ,, ) can be also given by:
—— | Chax = Upe (7dAX) (LMTD),, )

Figure 3. Heat balance for a control volume of length 4x.
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WhereU,, d;, LMTD,, are the overall heat transfer coefficient,
external tube diameter and logarithmic mean tentpexalifference,
respectively, for the control volume of lengtr.

Observe in Eqg. (1) thath,g OMm¢. Hypothesis commonly
applied for gas-solid systems becapse> pg .

The energy balance showed in Eq. (1) provides ategly to
predict water temperature profi(&, ), asT, is known along.
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The average logarithmic mean temperature differencéhe 750 ; ; ;
control volume of lengtlix can then be calculated as: m, kg hl; T, [ C]
o 24.2; 5105
- (T - L A 24.6; 526.0
LMTDAX = (Tb Tw)x (Tb Tw) XA X . (3) 600 . 24.9; 490.0
|n{(Tb‘Tw)x o 254 7225
(T = T weax o 291; 664.0
450r .o 4 292; 5440
Therefore, the global heat transfer coefficientdachdx (Uy) o % if 2‘7“21 ggzg
can be obtained through Eq. (2) and (3). =300k % L S o
. ! : = 2 s _ . ® - 375; 611.0
Neglecting the fouling resistance, the bed-to-thkat transfer 24 Ao 8 . 755 627.0
. ) . . i [ oy -9 B
coefficient at intervalx (h, 4) is obtained from: he 4 2 3. %7 e
150} ﬁﬁiﬁg *2*5 -
1.1,14d,d,d @ 258t &
UAx hb,Ax hw,Ax dti Zkt dt,i 0 . . . .
_ _ 0.0 0.2 04 0.6 0.8 10
Whereh, ,,, h,,,, d, andk; are the bed-to-tube and water-to- WL

tube heat transfer coefficients, internal tube diten and thermal
conductivity of the tube, respectively. Figure 4. Bed temperature
According to Incropera and DeWitt (1996), for turnt flow in ~ (Mbaffies = 0)-
circular tubes, characterized by moderate propesyations, the
Dittus-Boelter equation is recommended. Considetting water 750

profiles for experiments without Baffles

properties at the mean temperature for edchthe water-to-tube ' ' m, [kg/h]; T, [°C]
heat transfer coefficient can be obtained by EQ. (5 v 13.8; 579.0
600}, _ . . o 43.8; 624.0
— _0.023k, R&® Pr 5 e 4 68.4, 605.0
L ®) N o 80.4; 650.0
i 450+ RPN y
0O O o R =3 oo
Wheren = 0.4 for heating andk,, Re and Pr are the water 02 vy o A a7,
thermal conductivity, Reynolds and Prandtl numbersthe water = 300F v, ° o 42 gl
flow, respectively. Equation (5) has been confirneggerimentally I vow Co g
for the following range of conditions: 0Pr < 160; Re= 10 000 v g
andL/d,; = 10. 150 v . se o
The methodology developed can be applied to gas<ilid oo
systems that involve heat exchanger between fleditlibed and B L . L
immersed tubes. Such procedure makes possiblecpioedi of the 0.0 02 0.4 06 0.8 1.0
bed-to-tube heat transfer coefficient and it isfuiséo design I
fluidized bed heat exchangers. X
The l{ncertamty analysis _for gas-solid heat transteefficient  rigyre 5. Bed temperature profiles for experiments with 5 baffles
was obtained by Eq. (6), as discussed by Holma®4(19 (Nbafries = 5).
N (oh, 2 750
©) =3 22 | 2 (y) (6) .
= oy, m [kg/; T, [C]
soole © ° o 10.2; 562.0
Where u(y) represents the uncertainties of the measured M ° 276, 6320
temperatures and mass flow rates. I vve 4 38.7; 6500
450k - . v 76.8; 707.0
. ) « %4 % oy o 99.6; 708.0
Results and Discussion o e, % aa, v
— > 0 g
Experimental measurements of bed temperature @sctidn of o300 o ey, . T3 ]
the heat exchanger lengttiL) are shown in Fig. 4 to 6. L oo, . e M
Figure 4 (tests without baffles) shows that the tedperature 1501 o, S b aa, |
along the heat exchanger follows an exponentiadeay, but in MR e s
Fig. 5 and 6 (testsvith baffles), some regions present constant c e 8
temperature, showing that there is btsmperature uniformity 0 . L L L . L .
inside each region between two baffles. 0.0 0.2 0.4 0.6 0.8 1.0
x /L
Figure 6. Bed temperature profiles for experiments with 8 baffles

(Nbafies= 8).
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It was not possible to maintain a constant inldtisemperature — T —
for all tests performed, because the cooling wtev rate inside 1500, o5 O
the conical valve was constant. As the solid piarticass flow rate v, & m=138kgh
increased, the inlet solid particles temperatdig) @lso increased, | Y Yy, v v m=804kgh
in spite of the bed temperature at the combusttmamber being 1200+ AL ey ]
approximately 85%C for all the tests. AR

Figure 7 shows a comparison of bed temperatureélgsdbr the
three heat exchanger configurations testegnés< 0, 5 and 8) for
similar solid particle mass flow rates and inldicstemperatures. A
larger range of bed temperature variation was eksemwith the
decrease of the distance between baffles, prolmht#yto the longer 600
residence time of solid material inside the heaherger, and to the
increase of the bed-to-tube heat transfer coefficie

h, Wm?K]

[AA Ap
AL DAOAN ADAA AAABA AAMA AAADA ABAD ADBDS ADBD BB

300 1
750 T T T T L 1 L 1 L 1 n 1 n
m, [kg/hl; n .o SImm] 0.0 0.2 04 0.6 0.8 10
o 375, 0 900
) d x/L
6001 o 438 5 150
A 387, 8 100 Figure 9. Bed-to-tube heat transfer coefficient profiles - Npases= 5.
450 & - R o | |
— =8
o A rl)mﬂes
= - . 4 v —
g ° o e, 1600- vy, o m= 276 kgh
e o VY vy v m= 387 kgh
° . A v YVvvy Yvy
150} * s e ﬁA N VIV vywy YYVYY yyvy vV
*ss § g (? 1200-D E
1S 7050 Poong Oog
0 . 1 . 1 . 1 . 1 . 3 " 08000 6pgg 00000 oooo goooo oooo 80
0.0 0.2 0.4 0.6 0.8 1.0 = 800+ g
x/L
Figure 7. Influence of distance between baffles on the fluidized bed 400k |
temperature prOfI|e. AN AAAA AAAAA AAAA AADAA AAAN ANADD ADADN AAAAD AAAA AL
1 " 1 1 1
0.0 0.2 04 0.6 0.8 10

Figures 8 to 10 show the profile of the bed-to-thieat transfer
coefficient (hy) for some tested conditions. It was verified that t /L
heat transfer coefficient increases with the ineeein the solid
particle mass flow rate for all the heat exchangenfigurations
tested. Analyzing these figures, a decreasing lprdéir the heat
transfer coefficient along the heat exchanger kengs reported
previously by Rodriguez (1998), can be also vatifie

Figure 10. Bed-to-tube heat transfer coefficient profiles - Npafies = 8.

The influence of the number of baffles in the haansfer
coefficient can be seen in Fig. 11.

2 —

T T
3000 T T T T T o o m= 344 kghn . =0
[ A nzbiﬁ'eszzt 9 kghl| 21004, | 4 ms 438 kghn,, =5
= 24. N - -
2500+ H 4 '™ ¢ ITL— 387 kg/h’rl’)afﬂes_ 8
o m= 375 kgh
Vv _ i 1800+ LYYW E
vy 'Vvvv M r’rg— 5 kg/h LTI kYN ALAAL Mada AdAaA AkAA A4
R Yy v | %, 1
2000 YVvy Yvvy Yyy < 1500 LN e i
- Y Yyyy YYYYy vy | NE . LT TN vee,
~ YV vy ; ®%%00 0000 00000 000s ool
% 1500} g = 1200+ g
E'Q -D
O oo L -
1000' o DDDDD Boop 0O00oo 0000 ooooo 0000 oogoo oood 004 %
00 0
600+ ©0©/00900 0000 00000 0000 00000 0000 00000 0000 001
AL DADA ADDAD DADA DADDA AADA AABAD ADAD AADAD AALA DA L L L L " L N L N
500 1 0.0 0.2 04 0.6 0.8 1.0
" 1 " 1 " 1 " 1 "
0.0 0.2 04 06 08 1.0 X
L Figure 11. Bed-to-tube heat transfer coefficient profiles for the three heat
exchanger configurations.

Figure 8. Bed-to-tube heat transfer coefficient profiles - Npasies = 0.
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It was noticed that larger heat transfer coeffitserwere
observed when baffles were introduced in the heahanger,
agreeing with the results found by Rodriguez, Pecamd Bizzo
(2002). Such behavior is attributed to an incraeasthe horizontal
component of the solid velocity with the presenteaifles. Higher
heat transfer coefficients were obtained for thathexchanger
configuration with 5 baffles suggesting that dises between
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