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Abstract: In this work the theoretical model for heat transfer from a wall to a
liquid-solid fluidized bed by liquid convective mechanism has been proposed
and developed. The model is based on thickness of boundary layer and film
theory. The key parameter in the model is the distance between two adjacent
particles which collide with the wall. According to the proposed model, the
liquid convective heat transfer in a fluidized bed is 4 to 5 times more intense
than in a single-phase flow. Additionally, the wall-to-bed heat transfer coeffi-
cient has been measured experimentally in water—glass particles fluidized bed,
for different particle sizes. Comparison of the model prediction with experi-
mental data has shown that size of the particles strongly influences the mech-
anism of heat transfer. For fine particles of 0.8 mm in diameter, the liquid con-
vective heat transfer model represents adequately the experimental data, indi-
cating that particle convective mechanism is negligible. For coarse particles of
1.5-2 mm in diameter, the liquid convective heat transfer mechanism accounts
for 60 % of the overall heat transfer coefficient.

Keywords: model; boundary layer; film theory.

INTRODUCTION

Liquid—solid fluidized beds are characterized by high heat and mass transfer
rates, uniform temperature, and ability to reduce fouling. These specific features
give rise to their numerous traditional and novel applications as: reactors,! bio-
reactors,24 in food processing,> for waste water treatment® and thermal energy
generation.”
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912 JACIMOVSKI et al.

Heat transfer in liquid-solid fluidized beds is a complex phenomenon,
affected by physical properties of liquid and solid, operational parameters and
geometry factors. Wall-to-bed heat transfer coefficient is commonly interpreted
as a sum of contributions of liquid convective (ac) and particle convective heat
transfer mechanisms (a;c). The major resistance to heat transfer is considered to
be in the laminar sublayer at the wall, where forced liquid convection takes place.
Particle convective contribution refers to the heat transferred by particles due to
their collisions with the wall, and the movement in and out of the thermal bound-
ary layer. The key factors affecting the heat transfer rate are thickness of bound-
ary layer (liquid convective mechanism) and the particle velocities, which deter-
mine the frequency of contacts between particles and wall (particle convective
mechanism). Both the thickness of boundary layer and the particle velocities are
generally difficult to quantify, and that can explain the fact that there is a very
few theoretical studies on mechanism of heat transfer in liquid-solid fluidized in
literature.8-9

Heat transfer in liquid—solid fluidized beds has been much more investigated
experimentally,!0-15 yielding in empirical correlations for the prediction of heat
transfer coefficient, which are limited to the certain ranges of operating condit-
ions. The typical forms of empirical correlations have been suggested by Mouro-
yama et al.:11
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and Haid et al.:13
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Jamialahmadi et al.16 have compared the predictions for heat transfer coef-
ficient from a number of empirical correlations, and concluded that there are
quite big discrepancies among them. Therefore, the same authors attempted to
generalize the correlation for heat transfer coefficient. They suggested an
approach where the total heat transfer area (4) is divided into the part where the
heat is transferred by liquid convection (4.) and the part where the particle
convective mechanism takes place (4p). Each of the mechanisms contribute to
the overall heat transfer coefficient (a) proportionally to the fraction of area

where it occurs, as it is given by:

Ap Ap
a=0 + 0y = 1—7 ac+7ap (3a)

They assumed the local liquid convective heat transfer coefficient (o) to be

as in the single phase flow, defined by equation of Gnielinski et al.l7 and the
particle convective heat transfer coefficient (ap) is represented by unsteady-state
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HEAT TRANSFER IN FLUIDIZED BED 9 1 3

heat transfer defined by equation of Mickley and Faribacks.!® The fraction of
area affected by particles (4p/4) has been defined by an empirical Eq. (3b), as the
dependence on particle concentration (1—) and particle to column diameter ratio
(dy/D):

0.256
A d
P P 0.507
—=1.5| — 1-¢ 3b
s Gl I )

The exponents in Eq. (3b) have been determined by fitting the large number
of experimental data for the heat transfer coefficient, measured by various
authors, to the Eq. (3a).

Khan and Elkamel® have proposed the theoretical model for heat transfer
coefficient between immersed flat element and fluidized bed. That model inc-
ludes the energy balance equation in order to assess the fluid convective contri-
bution and Fourier equations for the unsteady-state thermal conduction in order
to assess the particle conductive and fluid conductive components of the heat
transfer coefficient. The necessity of numerical solutions of the rigorous model
equations restricts the practical applicability of this model.

Wasmund and Smith8 have developed the model for the contribution of the
particle convective heat transfer mechanism, based on the particle velocities and
radial temperature profiles. By comparison of the modelled particle convective
contribution, with the experimental data for overall heat transfer coefficient, they
concluded that the particle convective mechanism accounts for 30-60 % of the
overall heat transfer coefficient, depending on the ratio of particle to fluid ther-
mal resistance.

The aim of this work was a theoretical study of liquid convective heat trans-
fer mechanism in liquid—-solid fluidized bed. A new model, which predicts the
contribution of liquid convective mechanism, has been developed based on the
boundary layer thickness and film theory. For comparison, the wall-to-bed heat
transfer coefficients have been measured experimentally for different particle sizes.

Theoretical model for liquid convective heat transfer

Some of the early theories of heat transfer in fluidized beds are based on the
existence of the fluid boundary layer adjacent to the column wall.19:20 The
developed theoretical models8:%:16 are commonly based on the fact that the main
resistance to heat transfer lies in the fluid film next to the column wall, while the
resistance of the bed is assuming to be negligible. The fluidizing particles influ-
ence the heat transfer in two ways: a) their motion affects the thickness of bound-
ary layer, a result of which is the liquid convective heat transfer and b) they
transfer heat themselves by absorbing it on the hot wall and releasing it in the
bulk of the bed.
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914 JACIMOVSKI et al.

The model for liquid convective heat transfer from the wall, which will be
presented in this work, is based on the concept that the presence of fluidizing
particles has two effects: a) it reduces the thickness of the liquid boundary layer
compared to the single-phase flow and b) the free area for heat transfer by liquid
convection is reduced, since a certain part of the area is occupied by particles
which collide with it.

In the single-phase flow of liquid over a flat surface, the continuous hydro-
dynamic boundary layer is formed. Under laminar conditions (Re, < 2x10%), the
local thickness of the boundary layer at is defined by:2!

Oty = 4.64xRe, /2 4)
where Re; is the local Reynolds number at a distance x from the leading edge. An
average thickness over a certain length L is defined by:

L
Sy = % [ Opdx =3.09LRe; " (5)

0
When the heat transfer between the surface and fluid takes place the thermal
boundary layer has been formed parallelly with hydrodynamic boundary layer. If
Prandtl number (Pr) is larger than unity, the thermal boundary layer is contained

within the hydrodynamic one and the thicknesses of those two layers are related
by:21

O _pp1i3 (6)
O
Considering Eq. (5), the thickness of the thermal boundary layer can be exp-
ressed by:
Or =3.09LRe; ~1/2Pr-1/3 (7
According to the film theory, the heat transfer coefficient can be defined as
the ratio of fluid thermal conductivity and the thickness of the thermal boundary
layer as it is given by:

Ot _ A 03047 Re 2Pl (8)
or L

Eq. (8) gives the value of the convective heat transfer coefficient in a single-
-phase flow (agf). In the case of fluidized bed, the moving particles collide with
the heat transfer surface (column wall) and cause brakeage of the continuous
boundary layer. We assume that the thermal boundary layer is formed on the dis-
tance between two adjacent particles which collide with the wall, as it is depicted
in Fig. 1a. This distance has been approximated by the mean distance between
collisions according to the kinetic theory of gases. This approximation is based
on the study of Carlos and Richardson,2?2 who have shown that the movement of
the particles in the particulate fluidized bed can be satisfactorily represented by
the movement of molecules in the kinetic theory of gases. Consequently, the
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HEAT TRANSFER IN FLUIDIZED BED 9 1 5
authors define the mean distance between collisions by Eq. (9), analogously to a
mean free path of molecules:22
d
= ©)
62 (1-¢)
By incorporating Eq. (9) into the Eq. (7), the thickness of thermal boundary
layer in the fluidized bed is defined by:

d
Sy =1.06——L—Re; V2 P! (10)
Ji-e)
In Eq. (10) Rep, is the particle Reynolds number. The local liquid convective heat
transfer coefficient in a fluidized bed (asf) is then defined by:

o, :%—0.94301&4/(1—3)11%“2 pr'/3 (11)
p

fb

W I wall and b) segment of the wall representing the coverage of the area
L i by colliding particles.

) @
/ If
/ I
““‘I . w
| I
a | Fig. 1. a) Distance between adjacent particles which collide with the

Similarly to the approach of Jamialahmadi et al.,!® we assumed that the
liquid convective mechanism occurs at the part of the heat transfer area which is
not occupied by particles. In order to estimate the fraction of free area, we would
use the simplified representation based on the square setup of particles which
collide with the wall as it is depicted in Fig. 1b. The total area of the square unit
is (dp+L)2 and the area covered by particles is (dpzn)/4. The fraction of free area

(Bfree) can be calculated using:
2
2 d)7w
(dp+L) -2
4 (12)

Oc... =
free (dp +L)2

The contribution of liquid convective mechanism to the heat transfer coef-

ficient in a fluidized bed is defined by:
e = Giree Oy (13)
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916 JACIMOVSKI et al.

EXPERIMENTAL

The heat transfer coefficients have been measured in the experimental apparatus schem-
atically shown in Fig. 2. The fluidization column was the copper pipe equipped with the
heating jacket. The diameter of the inner pipe was D = 25.4 mm and the length of heating
section was H = 0.7 m. The fluidizing liquid was water, which was at the room temperature at
inlet, and the heating medium was saturated water vapour, flowing in a counter current mode.
The experiments have been performed at atmospheric pressure. Fluidizing particles of differ-
ent sizes were made of glass and their characteristics are given in Table I. According to the
diagram of the hydrodynamic behaviour of fluidized systems, given by Jamialahmadi et al.,'®
glass particles smaller than 2.2 mm fluidized by water exhibit particulate behaviour, which is
the case for all particles used in this study.

Fig. 2. Experimental apparatus (a — col-
i umn, b — heating section, ¢ — steam gener-
a ‘ ator, d — inlet nozzle, e — screen, f — distri-
i V butor, g — fluidized bed, h — overflow, i —
pressure taps, j — flowmeter, k — valve, m —
Ni—Cr thermocouple, n — cooper tube 8/6

C j
S K \Y/ mm, o — jacket wall, p — column wall, q —

thermoisolation).

TABLE I. Characteristics of the particles and range of superficial liquid velocity

d, / mm pp/ kg m U/ ms! U/ms’! Re,

0.8 2923 0.148 0.04-0.139 60-160
1.20 2641 0.188 0.05-0.206 100-280
1.52 2710 0.260 0.06-0.209 200—400
1.94 2507 0.288 0.06-0.28 265—-620

After establishing the desired water flowrate, the following quantities have been mea-
sured in a steady-state: wall temperature at inlet and outlet (7 ; and 7j ), water temperature at
inlet and outlet (7, ; and T,,,) and pressure drop over the heating section (AP). The range of
the tested superficial liquid velocities for each particle diameter is given in Table I, together
with the corresponding particle Reynolds number. The bed voidage corresponding to each
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HEAT TRANSFER IN FLUIDIZED BED 9 1 7

superficial velocity is calculated based on the pressure drop using the basic equation of fluid-
ization:
g=1-— 4P (14)
(oo =p)att
The wall-to-bed heat transfer coefficient has been calculated based on the heat balance
for heating section:

Geepr (T — T,
gt pf( 2 ,1) (15)
DrHAT;,

In Eq. (15) Gy is the mass flow rate of water, ¢, is the specific heat capacity of water and the
logarithmic mean temperature difference is defined by:

_ (o2 -Top)~(Ton ~Ten)
In((Top —Toep / (To1 — T )
RESULTS AND DISCUSSION

(16)

In

As it can be concluded from empirical correlations as well as the proposed
model (Eq. (13)), the bed voidage has a key influence on the heat transfer in
fluidized bed. Therefore, it is important to have the appropriate correlation for
prediction of the dependence of the bed voidage on superficial velocity. Firstly,
we attempted to correlate the experimental data for bed voidage with classical
Richardson-Zaki correlation?3 (Eq. (17)), based on free particle terminal velocity

(Uiso, Table I):
U 1/n
£= (—j 17)
Utoo

It turned out that Eq. (17) fits the experimental data only for particles dp, =
= 0.8 mm (Fig. 3). For all larger particles Eq. (17) underestimates experimental
data, which means that the effect of the column wall reduces the particle terminal
velocity. This effect has been taken into account by correction factor K (Eq.
(18)), suggested by Khan and Richardson.24 The modified Richardson—Zaki
equation (Eq. (19)) fits adequately the experimental bed voidage for particles of
1.1, 1.52 and 1.97 mm (only the data for d, = 1.97 mm has been shown on Fig. 3):

d 0.6
K:I—l.ls[%J (18)

U 1/n
e

Fig. 4 shows the experimental heat transfer coefficient vs. bed voidage for all
four particle sizes. Similar to the findings of other authors, the heat transfer
coefficient rises with the increase of particle size in the given rage of particle
diameters. The difference is more pronounced for lower bed voidage, while for
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918 JACIMOVSKI et al.

the loose beds (&> 0.9) the size of particles has no influence on heat transfer
coefficient.

] L J
0.9
% 08
2
L eq. (17) 0.8 mm
07
" ® exp .97 mm
0.6 eq. (17) 1.97 mm
0.5 === eq.(19) 1.97 mm
0 0.1 0.2 0.3 _. . .
Fig. 3. Bed voidage vs. superficial velo-
Superficial velocity, m s'! city.
- 7000 01.97 mm
5
2
f.é 6000 © .52 mm
= < 1.1 mm
= 5000 o € 0.8 mm
ooy
2 L
= 4000 e
4
3
2 3000
w
[
i
= 2000
<
L
T
1000 Fig. 4. Experimental h fer coef
0.5 0.6 0.7 0.8 0.9  Fig. 4. Experimental heat transter coet-

Bed voidage ficient vs. bed voidage.

It can be also observed from Fig. 4, that the heat transfer coefficient exhibits
a slight maximum for the bed voidage of about 0.74 for coarser particles, while it
is somewhat shifted towards higher bed voidage (about 0.8) for smaller particles.
This maximum has been usually interpreted in literature® as a consequence of the
opposed effects of increase in the liquid velocity and particle velocity on one side
and decrease in particle concentration on the other side.

The comparison of the experimental data for heat transfer coefficient with
predictions of literature correlations defined by Egs. (1), (2) and (3a) has been
shown in Fig. 5a for d, = 0.8 mm and in Fig. 5b for d, = 1.52 mm. It can be seen
that the correlation of Muroyama et al.!! (Eq. (1)) fits very well the experimental
data for d,, = 1.52 mm (mean relative deviation 3.5 %, Fig. 5b), while all three
correlations overpredict the experimental data for dj, = 0.8 mm (Fig. 5a).

Fig. 6 shows the liquid convective heat transfer contribution (ayc) vs. bed
voidage, calculated from the model Eq. (13), for different particle sizes. The
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HEAT TRANSFER IN FLUIDIZED BED 9 1 9

liquid convective heat transfer coefficient for the single-phase flow (o), calcul-
ated from Eq. (8), using the pipe diameter D = 25.4 mm as characteristic geo-
metry, is given for comparison. It should be noted that bed voidage at abscissa
corresponds to superficial velocity according to Eq. (17).

_ 6000 6000
* ? v b)
g 3000 5 5000 .
A R = 58S 0o
£ 4000 T 24000 | e e Q‘W I
Q = TN N 5 % "N
BETEs | o
% oo 0’ @ o% % %%%
§ 3000 e o exp (0.8 mm § 000 o expdp=l.52mm ©
€ | ke & eq.(3a)
g 2000 cq. (3a) 22000 | —— w1
5 ——eq.(D) 5 e ()
5 -—-c g ---eq.(2)
= 1000 €. (2) = 1000
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
Bed voidage Bed voidage

Fig. 5. Comparison of experimental data with literature correlations for dy:
a) 0.8 and b) 1.52 mm.

5000
= —— 0.8
v mm
oL 4000 | Lo
= --- L.5mm
< 3000
E 1.9 mm
S 2000 single-phase ‘
8 flow E
£ 1000 PR ———
2, Fig. 6. Model prediction for liquid con-
04 05 06 07 08 09 1 vective heat transfer contribution in fluid-
Bed voidage ized and single-phase flow.

The predicted values of ¢ in the fluidized bed are 4-5 times higher com-
pared to the single-phase flow. The values of ajc in the fluidized bed exhibit
slight increase with bed voidage up to the maximum at ¢ =~ 0.87 followed by a
sharp decrease. Since o). depends on 1 and B¢, in order to explain the trend ay¢
vs. &, the dependence of dT and fgee On superficial velocity (i.e., bed voidage)
will be analysed. The equation for the thickness of the thermal boundary layer
(Eq. (7)) can be written in the form:

1/2
5y [é} (20)
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920 JACIMOVSKI et al.

The increase in superficial velocity directly influences dT such that it dec-
reases it, as in the single-phase flow. However, in the fluidized bed, the increase
in velocity simultaneously increases the distance between two collisions, L (Fig.
7), which increases the thickness of the boundary layer (Eq. (19)). Those two
opposed effects lead to the nearly constant value of Jt in fluidized bed (o) up
to ¢ = 0.87, as it is presented in Fig. 7. For ¢ > 0.87, the sharp increase in L pre-
dominates the increase in the velocity, causing the increase of drq,. The fraction
of free area (fg.cc) increases with bed voidage as it is presented in Fig. 8. Regard-
ing the trend of oy vs. & (Fig. 6), it can be concluded that the increase in o for
€ < 0.87 is due to the increase in e, Since oTq, =~ const. The sharp decrease in
o1c for € > 0.87 is due to the increase in JdTq,. It can be seen from Fig. 6 that the
size of the particles does not have a strong influence on aj.. However, the higher
values of ¢, are obtained for smaller particle diameter. That is the consequence
of lower L for the smaller dj, for the same bed voidage (Eq. (9)).

9 T 04
8 |
7 ] 03
6
. J g
g L =
E 4 /, | 0.2 £
~ 31— aomem - /
/ L
) s 0.1
-
1 -
0 0 Fig. 7. Distance between two consecutive col-
0.5 0.6 0.7 0.8 0.9 1 . . .
lisions and thickness of thermal boundary layer in
Bed voidage a fluidized bed vs. bed voidage (dj, = 1.1 mm).

Fig. 9 shows the comparison of the modelled liquid convective component
(Eq. (13)) with the experimental data for overall heat transfer coefficient for each
particle diameter. As expected, the curves which represent the liquid convective
component (ayc) lie below the experimental data for d, 1.1, 1.52 and 1.97 mm
(Fig. 9b—d). The difference between the experimental data and model prediction
for ayc corresponds to the contribution of particle convective heat transfer (o),
which is larger for larger particle diameter and accounts for 17 % for dj, = 1.1
mm, 40 % for dp = 1.52 mm and 43 % for dj, = 1.97 mm. This is logical since in
the bed of larger particles higher liquid velocity is needed to achieve the same
bed voidage. Higher liquid velocity cause higher particle velocity and conse-
quently higher frequency of contacts between particles and the wall. This is in
agreement with the findings of Wasmund and Smith.8 According to their model
for the system water — 1.53 mm glass particles, the particle convective contri-
bution accounts for 50 % of the overall heat transfer coefficient, which is close to
our result of 40 % for the same system.
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Fig. 9. Comparison of the experimental data for heat transfer coefficient with modelled liquid
convective contribution for d;: a) 0.8, b) 1.1, ¢) 1.52 and d) 1.97 mm.

One very interesting result has been obtained for the smallest particles dj, =
= 0.8 mm where the model for liquid convective contribution adequately repre-
sents the experimental data (Fig. 9a), which indicates that the particle convective
contribution is negligible for such a small particle. Although this in accordance
with the decreasing trend of apc with decrease in the particle diameter, more
experimental work on different fluid-particle fluidized beds is needed in order to
confirm the indication.
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CONCLUSIONS

Despite of numerous available empirical correlations for heat transfer coef-
ficient in liquid-solid fluidized beds, there is only a few studies regarding the
mechanisms of heat transfer. In this work the liquid convective heat transfer
mechanism in fluidized bed has been studied theoretically. A new model based
on the thickness of thermal boundary layer and film theory has been proposed for
the prediction of liquid convective heat transfer. The distance between two adjac-
ent particles which collide with the wall is a key model parameter which deter-
mines the thickness of boundary layer and the fraction of heat transfer area where
liquid convective mechanism takes place. The model predicts the values of liquid
convective component (ajc) in fluidized bed which are 4-5 times higher com-
pared to the single-phase flow. By comparison of the model prediction with the
experimental data for heat transfer coefficient for different particle sizes, it was
concluded that size of the particles strongly influences the mechanism of heat
transfer. For very fine particles dj, = 0.8 mm, the liquid convective heat transfer
model represents adequately the experimental data for the overall heat transfer
coefficient, indicating that the particle convective heat transfer is negligible. With
the increase in particle size, the contribution of particle convective heat transfer
becomes more significant, such as that for coarse particles of dp 1.5-2 mm, in
case of which the liquid convective component accounts for 60 % of the overall
heat transfer coefficient.
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M3BOJ

[MTPEHOC TOIIJIOTE KOHBEKTUBHUM MEXAHU3MOM V¥ [TAPTUKYJIATUBHO
OJIYUOU30BAHOM CIIOJY

IAPKO P. JARBUMOBCKU', IAHULA B. BP3UR’, PATIMUJIA B. TAPUR-TPYJIOBUR', PAJIA B.IIJAHOBUR’,
MUXAJ M. BYPULL', 30PAHA Jb. APCEHUJEBUR' n HEBEHKA M. BOIIKOBUR-BPATOJIOBUR
1YHueep3umem y Beoipagy — Hncinutayw 3a Xemujy, Texnonoiujy u Mewmanypiujy — Hnciuutiyw og
HauuoxanHol 3nauaja 3a Peiiydnuky Cpoujy, Beoipag u ZYHueep3uweu7 y Beoipagy —
Texnonowxo—memanrypwxu Qaxynitein, beoipag

Y oBOM pamny pasBHjEH je TEOPHjCKH MOZEJ NMpeHoca TOIUIOTe KOHBEKTUBHUM MEXaHH3-
MOM Ca 3Wfa KOJIOHE Ha TEYHOCT Y MapTUKYIaTUBHO (IyHIM30BaHOM CJI0jy. Mofen je 3acHO-
BaH Ha /1e0/bMHM IPAaHUYHOT Cj10ja U Teopuju dunma. KibyyHu mapamerap Mopesna je pacro-
jame nsmehy nBe cycemHe yecTHLie Koje ce cynapajy ca 3upom Kosose. [TpeMa mpemiokeHoM
MOZeny TPeHOC TOIUIOTe KOHBEKLUHjOM Ha TEeYHOCT y (IynOu30BaHOM CJiojy je 4 mo 5 myra
WHTEH3UBHMjU HETo y jefHo(asHOM ToKy. KoeduuujeHTH mpeHoca TOIJIOTE Cy eKCePUMEH-
TanHO ojpeheHn y GiaynnusoBaHOM C/10jy BoJja—CTakieHe cepe, 3a pasaUuUTe NPEYHUKE
yectula. Ilopehewme exciepuMeHTalHMX pe3yiTaTa W IpenBubhama Mojena je IoKasaao fa
MPEYHHK YeCTHIa 3Ha4ajHO YTHYE Ha MEXaHHM3aM IIPEHOCA TOMJIOTE. 38 BEOMa CUTHE YeCTHULle
npeuHrka 0,8 mm, MoJes MpeHoca TOIOTe KOHBEKIMjOM Ha TEYHOCT y MOTIYHOCTH OIHCYje

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



HEAT TRANSFER IN FLUIDIZED BED 923

eKCIIepUMEeHTa/IHe pe3ysiTaTe, yKa3yjyhy Aa je MpeHOC TOIUIOTE YeCTHIIaMa 3aHeMapJbHB. 3a
KpYIIHe YecTHlle, pevyHuka 1,5-2 mm, KOHBEKTUBHHU NPEHOC Ha TeYHOCT YMHU 60 % of yKym-
HOT KoeduIMjeHTa IPeHoca TOMIoTe.
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REFERENCES

W. Liang, Z. Yu, Y. Jin, Z. Wang, Y. Wang, M. He, E. Min, J. Chem. Technol.
Biotechnol. 62 (1995) 98 (https://doi.org/10.1002/jctb.280620116)

Q. Lan, A. Bassi, J.-X. (Jesse) Zhu, A. Margaritis, Biotechnol. Bioeng. 78 (2002) 157
(https://doi.org/10.1002/bit.10171)

. Q. Lan, A. S. Bassi, J.-X. (Jesse) Zhu, A. Margaritis, AIChE J. 48 (2002) 252

(https://doi.org/10.1002/aic.690480209)

. U. Trivedi, A. Bassi, J.-X. (Jesse) Zhu, Powder Technol. 169 (2006) 61 (https://doi.org/

10.1016/j.powtec.2006.08.001)
B. Habib, M. Farid, Chem. Eng. Process. Process Intensif. 46 (2007) 1400
(https://doi.org/10.1016/j.cep.2006.11.008)

. R. Sowmeyan, G. Swaminathan, Bioresour. Technol. 99 (2008) 3877 (https://doi.org/

10.1016/].biortech.2007.08.021)
M. Tan, R. Karabacak, M. Acar, Geothermics 62 (2016) 70 (https://doi.org/10.1016/
j.geothermics.2016.02.009)

. B. Wasmund, J. W. Smith, Can. J. Chem. Eng. 43 (1965) 246 (https://doi.org/10.1002/

cjce.5450430505)
A. R. Khan, A. Elkamel, Appl. Math. Comput. 129 (2002) 295 (https://doi.org/10.1016/

S0096-3003(01)00039-X)

Y. Kato, K. Uchida, T. Kago, S. Morooka, Powder Technol. 28 (1981) 173
(https://doi.org/10.1016/0032-5910(81)87040-4)

K. Muroyama, M. Fukuma, A. Yasunishi, Can. J. Chem. Eng. 64 (1986) 399
(https://doi.org/10.1002/cjce.5450640307)

Y. Kang, L. T. Fan, S. D. Kim, AIChE J. 37 (1991) 1101 (https://doi.org/10.1002/
aic.690370715)

M. Haid, H. Martin, H. Miiller-Steinhagen, Chem. Eng. Process. Process Intensif. 33
(1994) 211((https://doi.org/10.1016/0255-2701(94)01003-X)

H.R. Jin, H. Lim, D. H. Lim, Y. Kang, K.-W. Jun, Chin. J. Chem. Eng. 21 (2013) 844
(https://doi.org/10.1016/S1004-9541(13)60556-X)

M. H. Maddahi, M. S. Hatamipour, M. Jamialahmadi, Int. J. Therm. Sci. 125 (2018) 11
(https://doi.org/10.1016/j.ijthermalsci.2017.11.007)

M. Jamialahmadi, M. R. Malayeri, H. Miiller-Steinhagen, Can. J. Chem. Eng. 73 (1995)
444 (https://doi.org/10.1002/cjce.5450730404)

V. Gnielinski, in VDI-Wirmeatlas, Springer, Berlin, 2002, p. 593
(http://dx.doi.org/10.1007/978-3662-10743-0)

H. S. Mickley, D. F. Fairbanks, AIChE J. 1 (1955) 374 (https://doi.org/10.1002/aic.6900
10317)

O. Levenspiel, J.S. Walton, Chem. Eng. Symp. Ser. 50 (1954) 1

D.T. Wasan, M.S. Ahluwalia, Chem. Eng. Sci. 24 (1969) 1535 (https://doi.org/10.1016/
0009-2509(69)80092-8)

C. I. Geankoplis, Transport processes and separation process principles, 5™ ed., Prentice
Hall, Boston, MA, 2018 (ISBN: 978-0-13-418102-8)

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



924 JACIMOVSKI et al.

22. C.R. Carlos, J. F. Richardson, Chem. Eng. Sci. 23 (1968) 813 (https://doi.org/10.1016/
0009-2509(68)80016-8)

23. D. Kunii, O. Levenspiel, Fluidization engineering, 2" ed., Butterworth-Heinemann,
Boston, MA, 1991 (ISBN: 978-0-08-050664-7)

24. A.R.Khan, J. F. Richardson, Chem. Eng. Commun. 78 (1989) 111 (https://doi.org/
10.1080/00986448908940189).

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.




@Article{Jacimovski2022,

  author    = {Ja{\'{c}}imovski, Darko R and Brzi{\'{c}}, Danica V and Gari{\'{c}}-Grulovi{\'{c}}, Radmila V and Pjanovi{\'{c}}, Rada V and Đuri{\v{s}}, Mihal M and Arsenijevi{\'{c}}, Zorana Lj and Bo{\v{s}}kovi{\'{c}}-Vragolovi{\'{c}}, Nevenka M},

  journal   = {Journal of the Serbian Chemical Society},

  title     = {{Heat transfer by liquid convection in particulate fluidized beds}},

  year      = {2022},

  issn      = {1820-7421},

  month     = {apr},

  number    = {7-8},

  pages     = {911--924},

  volume    = {87},

  abstract  = {In this work the theoretical model for heat transfer from a wall to a liquid-solid fluidized bed by liquid convective mechanism has been proposed and developed. The model is based on thickness of boundary layer and film theory. The key parameter in the model is the distance between two adjacent particles which collide with the wall. According to the proposed model, the liquid convective heat transfer in a fluidized bed is 4 to 5 times more intense than in a single-phase flow. Additionally, the wall-to-bed heat transfer coef­fi­cient has been measured experimentally in water–glass particles fluidized bed, for different particle sizes. Comparison of the model prediction with expe­ri­mental data has shown that size of the particles strongly influences the mech­anism of heat transfer. For fine particles of 0.8 mm in diameter, the liquid con­vective heat transfer model represents adequately the experimental data, indi­cating that particle convective mechanism is negligible. For coarse particles of 1.5–2 mm in diameter, the liquid convective heat transfer mechanism accounts for 60 % of the overall heat transfer coefficient.},

  doi       = {10.2298/JSC211216020J},

  file      = {:D\:/OneDrive/Mendeley Desktop/Ja{'{c}}imovski et al. - 2022 - Heat transfer by liquid convection in particulate fluidized beds.pdf:pdf;:10_11488_5567.pdf:PDF},

  keywords  = {boundary layer, film theory},

  publisher = {Serbian Chemical Society},

  url       = {https://www.shd-pub.org.rs/index.php/JSCS/article/view/11488},

}




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




