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4batract-The experimental heat transfer data for horizontal square inline tube bundles (D, = 13.0 mm and 
sitch values are 19.5,29.3 and 39.0 mm) immersed in fluidized beds of glass beads (a,, = 1.25 and 3.1 mm) and 
rands (a, = 0.794 and 1.225 mm) are measured as a function of fluidizing velocity and system pressure (1.1,2.6, 
4.1 and 8.1 MPa). The heat transfer coefficient values are found to increase with particle diameter, system 
sressure but are almost independent of tube pitch in the range investigated here. The h, values are compared 
aith the pr~ictions of five different theories available in the literature. The two correlations for Nu, are also 
:onsidered and evaluated. Significant conclusions are drawn on the basis ofreported h, data for large particles 

at high pressures. 
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INTRODUCTION 

THE PROJECTED scarcity of petroleum fuels has 
necessitated the development of pressurized fluidized- 
bed coal combustors. The proper design and efficient 
operation of these units require the knowledge of heat 
transfer coefficients between immersed boiler tubes and 
fluidized beds of large particles (> 1 mm). There are 
many investigations of this nature for small particles 
(-c 1 mm) at ambient conditions and most of these are 
summarized by Botterill Cl], and Saxena et al. [2]. For 
large particles and particularly at high pressures the 
investigations are scarce [3-61. The measurements at 
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high pressures with small particles have been 
conducted by Altshuler and Sechenov [7], Borodulya 
ct al. [3, 41, Botterill and Desai [S], Denloye and 
Botterill 163, Rabinovich and Sechenov 191, Traber PI 

al. [lo], and Xavier cl ul. [l 11. In addition, several 
workers such as Borodulya et al. [3,4], Catipovic c’t (I/. 
[ 123, Golan et al. [ 13,141 and Zabrodsky et ol. L 151, 
have investigated large particles at ambient pressures. 

In most of the above works, the system pressure is up 
to 1 MPa except Xavier et al. [l l] and Borodulya et cd. 
[3,4] who have operated up to 2.5 and 8.1 MPa. 

respectively. Out of all these studies only Canada and 
McLaughlin [S] have examined horizontal tube 
bundles for large particles and for pressures up to 
1 MPa. Here we report measurements of heat transfer 

conducted on square inline tube bundles of three 
different pitches (19.5,29.3 and 39.0 mm) immersed in 
fluidized beds of glass beads (& = 1.25 and 3.1 mm)and 
sand (5 = 0.794 and 1.225 mm) at pressures of 1.1.2.6, 
4.1 and 8.1 MPa. These experimental results are 
analyzed to examine the dependence ofthe heat transfer 
coefficient, h,, on such parameters as fluidizing velocity. 

pressure, particle diameter and tube pitch. These data 
are also used to establish the reliability of available 
theories of heat transfer for large particles. All the 
theories except one are developed primarily on the 
basis of information generated around 1 atm. The 

present data will thus provide a rationale to assess these 
theories for their adequacy at high pressures. In the next 
section, we describe our experimental facility and the 
results of the heat transfer coefficient obtained under 
different conditions. 

EXPERIMENTAL 

The experimental arrangement consists of the 
cylindrical fluidized bed, off-gas cleaning system, tube 

bundle with heat transfer probe, gas flow and electrical 
measuring devices. The bed is contained within a 600 
mm long and 105 mm diameter cylindrical stainless 

steel column and is supported on a perforated plate 
distributor with an open area of about 2%. The static 
bed height is maintained at about 100 mm. The bundles 
are made in an inline square arrangement from 13 mm 
diameter wood cylinders. Three such bundles of 25,9 
and 5 cylinders with 19.5, 29.3 and 39.0 mm center- 
to-center spacing (pitch), respectively, have been 

investigated. The central tube in each case serves as the 
heat transfer probe and is made by a single winding of a 
70 pm copper wire around the cylinder and held in 
position by an adhesive glue. The surface ofthe probe is 
then smoothed by machining it to a depth of half the 
wire diameter. The probe is calibrated at 323.2 K by 
treating it as a resistance thermometer in the arm of a 
Wheatstone bridge. The heat transfer coefficient is 
determined from the knowledge of the power required 
to restore the bridge balance under different Auidizing 
conditions. The measurements are made at pressures of 
1.1, 2.6, 4.1 and 8.1 MPa with air as the fluidizing 
medium. Glass beads and sands of two different 

Table 1. Properties of solids 

Material 

Glass bead 
Glass bead 
Sand 

Sand 

Size range 
(mm) 

3.0-3.2 
1.2Zl.3 
l.O- I.5 

0.G 1.0 

diameters are used as bed material and their relevant 

properties are listed in Table 1. 

The experimental heat transfer coefficient, 1z,, for 
narrow cut glass beads of average diameter 1.25 and 3.1 
mm and horizontal tube bundles of pitch 19.5,29.3 and 

39.0 mm are shown in Fig. 1 as a function of fluidizing 
velocity and four system pressures. Similar plots for 
0.794 and 1.225 mm sands are displayed in Fig. 2. It is 
clear from these plots that h, follows in all cases the 
same qualitative variation with respect to fluidizing 
velocity, system pressure, change in particle diameter 
and pitch. In all cases, for a given particle and tube 
bundle at a fixed pressure, the h, values increase with an 
increase in the mass fluidizing velocity, G. The increase 
is rapid at low values and becomes relatively slower at 

higher values of G. Thus, h, vs G plots exhibit a flat 
maximum for these large particles at these high 
operating pressures. It is also to be noted that h, is 
consistently larger at higher pressures over the entire 
fluidization velocity range investigated here. The 

FIG. I. Variation ofh, with G for a horizontal tube bundle in a 
fluidized bed of glass beads (zP = 1.25 and 3.1 mm) at various 

pressures and tube pitches. 
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FIG. 2. Variation of h, with G for a horizontal tube bundle in a 
fluidized bed of sand particles (a, = 0.794 and 1.225 mm) at 

various pressures and tube pitches. 

values increase by a factor of 2.CL2.5 for the present 
case. Further, for the conditions of the present 
experiments no systematic effect of tube pitch is found 
on h, for these inline tube bundles. For otherwise 
identical conditions, the h, values for larger particles 
are greater than for smaller particles. This difference for 
glass beads is about 15-25x and up to 10% for sand 
particles. The qualitative variations in h, with system 
and operating parameters can be explained on the basis 
of the hydrodynamics of fluidized beds and the heat 
transfer process involving particle convection and gas 
convection [16]. 

For a given pressure and tube bundle, h, increases 
with G due to enhanced particle convection but at 
higher velocities this rate of increase reduces due to a 
decrease in the solids concentration in the region close 
to the heat transfer surface. The contribution to h, due 
to gas convection on the other hand continuously 
increases with gas velocity. These two facts together 
yield the characteristic dependence of h, on G 
mentioned above and displayed in Figs. 1 and 2. As the 
gas pressure is increased the gas convection con- 
tribution to h, increases rapidly and consequently 
the heat transfer coefficient increases with pressure. It is 
somewhat surprising that the effect of horizontal tube 

pitch is not found even when its value is as low as 
19.5 mm or 1.5D,. This is not in agreement with the 

observations made at ambient pressures by Zabrodsky 

et al. [15], Borodulya et al. [3,4], Grewal and Saxena 
[17], and Saxena [18]. The present results suggest that 
at high pressures due to the increased value of gas 
density the formation of particle bridging between the 
gdjacent tubes, ‘lee’ stacks on the down stream side of 
the tube or in general stagnant solids in the region 

around a tube is prevented. As a result smooth 
fluidization occurs even for a relatively tight bundle. 

The effect of particle diameter is particularly 

important to note, because h, for larger particles is 
larger than for smaller particles and this trend becomes 
more pronounced with increasing pressure. For smaller 

particles at ambient pressure, the dependence of h, on 
d, decreases. The reason for the difference in this 
characteristic dependence of h, on d, lies in the 
mechanism of heat transfer. While for.small particles, 
particle convection plays a dominant role, for large 

particles the gas convection is more important and its 
contribution to h, enhances as the pressure increases. 
In the present case for glass beads when the particle 
diameter increases from 1.25 to 3.10 mm, h, increases 

by 15% at the lowest pressure and by 25% at the highest 
pressure. For sand particles where the size is some- 
what smaller and its increase also is moderate (0.794 

1.225 mm), h, increases only by about 10% at the 
highest pressure and is about the same at the lowest 
pressure. 

COMPARISON WITH HEAT TRANSFER THEORIES 

In the previous section we discussed the qualitative 

dependence of h, on system and operating parameters 
on the basis of the generally advocated and accepted 
mechanism of heat transfer. Now we will examine the 
success of the available theories to quantitatively 
predict the observed h, data. However, all the theories 
except one [16] are developed and examined on the 
basis of data mostly at ambient or in a few cases at 
pressures up to 1.0 MPa. The theory of Ganzha et al. 
[16] gives particular attention to the formulation ofthe 
gas convection contribution to h, which becomes very 
important at pressures above ambient. We briefly 
review these heat transfer theories in the following. 

Ganzha et al. [16] expressed the overall heat transfer 

coefficient as the additive contribution of gas film 
conduction and gas convection. They finally express 
the particle Nusselt number as 

Nu = 8.95(1 -E,)“~ 

+0.12Re0.* Pr0.43(1 ~~~~~~~~~~~~~~~ (1) 

where 

E, = ~,,,~+1.65A(1-~,,,~){1-exp(-a/A*}, (2) 

E,,,f = l _ (1 -s,p) CO.7293 +O.~~Wp/Wl , 
c 1+ (&J~T,l 

(3) 

A = (Re- Re,f)/,,iAr, (4) 
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and 

V. A 

a = 0.367 In {(E,+-~,,,~)/(l -E,~)). (5) 

Staub [19] developed a model for horizontal t ube 

bundles in which he accounted for the restrictions 
caused to the motion of large particles in the bed by the 
tubes. Considering a turbulent flow regime in the bed he 
derives 

z = [I +($&)“‘73(~)l”“~45, (6) 

for 20 pm < 2, < 1000 pm, and &, is taken as 1000 pm 
for 1000 pm < a, < 3000 pm in equation (6). The solids 
circulation velocity, us, is expressed in the following 
form by employing the concept of mixing length 

U, = 0.42( 1 - $Sk4. (7) 

Nu, is calculated from the Colburn equation for heat 
transfer from tube banks [20]. 

Glicksman and Decker [21] emphasize the concept 
of steady-state conduction from the heat transfer 
surface to the first row of particles and lateral mixing of 
the gas, and express the overall heat transfer coefficient 
as 

where 

Nu = (1-S) (9.3 + 0.042Re f’r), (8) 

6 = (F - E,f)/( l-E&), (9) 

and 

E = U/[1.0%4+(1 -E,f)U,f/E,f]. (10) 

Catipovic et al. [12] express the heat transfer 

coefficient as composed of contributions due to 
emulsion and bubble phases and finally show that 

Nu = [6+0.0175Ar0.46 Pro.33] (1 -,6)+p(dp/DT) 

FIG. 3. Comparison of the present experimental data of h, fol 
glass beads and sands at pressures and tube pitches with the 

theory of Ganzha et al. [16]. 

maximum heat transfer coefficient for a bed of coarse 
particles. Their expressions are respectively 

NIL,,,,, = 0.21Ar0.32 for 1.4 x 10’ < Ar < 3.0 x 108. 

(15) 

and 

Nu,,, = 0.843Ar0.” +0.86di.’ A#-‘” 

for lo3 < Ar c 2 x 10h. (16) 

The experimental data points presented in Figs. 1 
and 2 are compared with the predictions of Ganzha et 

a/.‘~ [ 161 theory, equations (l)-(5). in Fig. 3 where 

[Nu-8.95(1 -E,,,)~‘~]E~~(~ -cJ ~0.‘33 Pry ‘L’ 

x [0.88Re~~ + O.O042Re,,] Pr”.33, (11) 

where 

(1-B) = 0.45 + 
0.061 

(u-l&,)+0.125 
(12) 

Zabrodsky et al. [lS] also assumed like many 
previous workers that h, comprises ofheat conduction 
from the surface to the particles through the gas film, 
and gas convective contribution which is evaluated 
semi-empirically in terms of the ‘filtrational’ part of the 
effective thermal conductivity. Their final result is 

h, = 7.2k,( 1 -E)/L?,, + 26.6~~.~C,,p,;I,, (13) 

where 

(14) 

Here AP, is the experimental pressure drop measured 
across the top part of the fluidized bed above the I!,,,,~ 
level at different u values. 

We will now consider specific data sets and examine 
the abilities of different theories to reproduce h, as a 
function of G. Thus, in Figs. 4 and 5, h, data for glass 
beads of mean diameter 3.1 mm at pressures of 8.1 and 
4.1 MPa are considered, respectively. In each case, data 
for all the three pitches are shown and no systematic 
effect of tube pitch on h, is evident. This justifies the 
comparison of these data with the theories developed 
for heat transfer from single tubes. The trends of 
agreement and departure of experimental data points 
from different theories in the two figures are remarkably 

Maskaev and Baskakov [22], and Denloye and 
Botterill [6] have given relations for evaluating the 

is plotted against Re on a log-log scale. The continuous 
line with a slope of 0.8 represents equation (1). The 
graph represents around 170 data points and all except 
about 15 points agree with the predictions of theory 
within a deviation of k 20”/,. The reproducibility of our 
data is about +4% but their accuracy is judged only as 
+ 10%. In view of the appreciable uncertainty in 
establishing bed voidage at the heat transfer surface, i.e. 

c, and E,,,f, we regard this comparison between theory 
and experiment as quite good and conclude that the 
theory ofGanzha et al. [ 161 appears completely reliable 
in predicting heat transfer coefficients from immersed 
surfaces for large particles and pressures. The accuracy 
of prediction is coupled with our ability to establish 
voidage in the bulk of the bed and at the heat transfer 
surface. 
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similar. Thus, the theories of Ganzha et al. [16], and 
Glicksman and Decker [2 1 J areconsidered adequate in 
reproducing the observed dependence of h, on G. 
Predictions of Staub’s [19] theory are considerably 
smaller than the experimental results though its 
applicability to particles of 3.1 mm diameter can be 
questioned. We wanted to explore its appropriateness 
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FIG. 5. Comparison of measured and calculated heat transfer 
coefficients for horizontal tube bundles and a fluidized bed of 

FIG. 6. Comparison of measured and calculated heat transfer 

glass beads (& = 3.1 mm) at 4.1 MPa pi%ssure. 
coefficients for horizontal tube bundles and a fluidized bed of 

sand (6, = 1.225 mm) at 8.1 MPa pressure. 

specially because it is formulated for horizontal tube 
bundles. This point will be clarified further in the 
following while discussing results of sand particles. 
Zabrodsky et al.% [15] theory leads to values which are 
much greater than the experimental values. Our 
prelim~ary calculations suggest that this discrepancy 
creeps in h, probably due to an approximate 
calculation of the gas convection contribution. With 
some justification, the exponent of pI (13) can be 
changed from 1 to 0.5 [6,11]. With this modification 
the agreement between the calculated and experimental 
values gets considerably improved. The calculated 
values from Catipovic et d’s [12] theory are in 
complete disagreement with the experimental values. 
The theory fails to reproduce both the observed 
magnitude and the qualitative trend of variation of h, 
with G. 

Experimental data of sands of average diameter 
1.225 mm are shown in Fig. 6 along with the calculated 
values on different models mentioned above. The 
conclusions that can be drawn from a comparison of 
theory and experiment as given in this figure are in 
complete accord with those mentioned above and 
based on Figs. 4 and 5. As mentioned above in 
connection with the dependence ofh, on G, the increase 
of h, with G for the larger values of the latter is very slow 
and thereafter it decreases slowly with further increases 
in G, Figs. 1 and 2, and consequently determination of 

Nu,,, is not very precise. We have compared the 
estimated experimental Nu,,, values for glass beads@ 
= 3.1 mm) and sand (&, = 0.794 mm) in Table 2. The 
latter choice is dictated by the desire to obtain a value of 
Ar so that the correlation of Denloye and Botterill [6] 
could be examined. It is clear from Table 2 that in all 
cases there is a satisfactory qualitative agreement 
between theory and experiment, i.e. the Nu,,, values 

2Qoo1 

+- 

I I I 
6 10 14 18 

G (kg m-2 S-I) 
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Table 2. Comparison of experimental and predicted Nu,,, 

Pressure 

(MPa) 

8.1 
4.1 
2.6 
I.1 

Archimedes Maskaev and Denloye and 
number Experimental Baskakov 1221 Botterill [6J 

Glass beads: ~2’~ = 3.1 mm 
2.29 x 1 O8 110.3 99.4 
1.49 x IOX 97.1 86.7 
1.02 x 10s 83.3 16.7 
4.59 x 10’ 61.6 59.4 

8.1 
4.1 
2.6 
1.1 

Sand : 
10’ 

d, = 0.794 mm 
3.2 x 19.8 25.4 

1.89 x 106 15.23 21.4 14.2 
1.29 x 10“ 13.4 19.0 12.81 
5.78 x lo5 11.6 14.7 10.4 

decrease as the Archimedes number or pressure 
decreases. However, for glass beads the experimental 

Nu,,, values are consistently larger, while for sand 

these are consistently smaller than those predicted on 
the basis of Maskaev and Baskakov’s [22] relation. 

Denloye and Botterill’s [6] relation gives Nu,,, values 
consistently smaller than the experimental values for 
sand. The disagreement between calculated and 
experimental values ranges between 8.t&22.0°/0 and in 
view of the uncertainties in our data we do not attach 
much significance to it except for its systematic nature, 
which is somewhat intriguing. 

CONCLUSIONS 

Based on the analysis of the present experimental 
heat transfer data from horizontal tube bundles in beds 
of large particles at high pressures in terms of the 
available theories some general conclusions can be 
drawn. 

The heat transfer coefficient increases as the particle 

size is increased for large particles. This result is in sharp 
contrast with the findings in the literature for small 
particles at ambient pressure. 

For square inline horizontal tube bundles (D, = 
13 mm), it is found that the heat transfer coefficient 
is insensitive to the variation in the horizontal 
and vertical pitch in the range l.SO,-3.00,. 

Three ofthe five available heat transfer theories for h, 
are found to be unsuccessful in reproducing the 
experimental data. These are due to Zabrodsky et al. 
[ 153, Catipovic et ul. [ 121, and Staub [19]. The theories 
due to Glicksman and Decker [21], and Ganzha et al. 
[16] can successfully correlate the experimental data. 
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TRANSFERT THERMIQUE ENTRE DES LITS FLUIDISES DE GRANDES PARTICULES ET 
DES FAISCEAUX DE TUBES HORIZONTAUX POUR DES GRANDES PRESSIONS 

RCu~-Desex~~encessurdesfais~auxdetubeshorizontauxenligneBpascar~(D~ = 13~etvaleurdu 
pas : 19,5 ; 29,3 et 39,0 mm) immerges dans lits fluidises de billes de verre (2, = 1,25 et 3,l mm) et de sable (2, 
= 0,794 et 1,225 mm) permettent la mesure du transfert thermique en fonction de la vitessede fluidisation et de 
la pression (1,l; 2,6; 4,l; et 8,l MPa). Les valeurs du coefficient de transfert thermique augrnentent avec le 
diambtre des particules, la pression du systeme, mais sont plutot indipendantes du pas des tubes dans le 
domaine etudie ici. Les valeurs de k, sont comparees aux predictions de cinq theories differentes disponibles 
darts les textes. Les deux relations pour Numax sont consider&. Des conclusions sont tit&s sur la base des 

don&es de k, pour des grosses particules aux pressions &levees. 

W~RME~BERGANG ZWISCHEN EINEM FLIESSBETT MIT GROSSEN PARTIKELN UND 
EINEM WAAGEREC~EN ROHRB~NDEL BEI HOHEM DRUCK 

Zusnmmenfaasnng-An einem waagerechten Rohrbiindel, das sich in fluchtender Anordnung (Dr = 13,0 
mm; Teilung 19,5 ; 29,3 und 39,0 mm) in einem Fliegbett aus Glasperlen (a, = I,25 und 3,l mm) und Sanden 
(a, = 0,794 und 1,225 mm) befindet, wird der Wiirmeiibergang in Abhiingigkeit von der 
~uidisationsg~h~ndigkeit und vom Systemdruck (1,l; 2,6; 4,l und 8,l MPa) experimentell untersucht. Es 
zeigt sich, da8 der W~~e~~rgangskoe~zient mit dem Partikeldurchmesser und dem Systemdruck ansteigt, 
im untersuchten Bereich jedoch fast unabhangig von der Rohrteilung ist. Die Werte ftir k, werden mit 
Berechnungen nach fiinf unterschiedlichen Theorien aus der Literatur verglichen. Die beiden Korrelationen 
fiir Nu,,, werden ebenfalls beriicksichtigt und ausgewertet. Aufgrund der mitgeteilten k,-Daten werden fur 

grol3e Partikel bei hohen Drticken wesentliche Schlugfolgerungen gezogen. 

TEIIJIOOBMEH MEmAY IICEB~OOJKM~EHHbIM CJIOEM KPYHHbIX YACTAH M 
I-OPA30HTAJIbHbIMH IIYYKAMM TPYG IIPH IIOBbIBIEHHOM ,4ABJIEHMW 

A~OTa~~o~y~e~bI 3KcnepuMeHTa~bH~e 3HaHeHHB Xo~nuneHToB Tenno~MeHa MeXrny ~opn- 
nopno pacno~oxennbtMu nyrxahin 7py6 (D-r = 13,O MM c tuaraMn 19,5; 29,3 N 39,O MM) II ncesnooxa- 
meHHblhw C~ORMB meKnnHHblx mapsxos (d, = I,25 n 3,l MM) w necka (I$ = 0,794 n 1,225 MM) B awne 
~ytixuaii CKO~OCTH ncee~oo~nmatomero raaa B jzaenemia (I,1 ; 2,6; 4,l n 8,l MIIa). Haiiseno, YTO c 

pOCTOM BHaMeTpa YaCrAH B AaBJteHHa K03+#iHHHeHTbl TenBOO6MeHa yBeJI&iYHBatOTCB, B TO ‘)Ke 
Bpehla cna60 3aBHcB OT mara ~py6 B BCCJIeAOBaHNOM iUlana30He HX 3HaHeHHii. 3KcnepHMeHTanbHbIe 
3HaHeHnB Xo~~~ueHToB ~nn~6Mena cono~aana~Tca c pacYernbrMn, no~yqeHH~M~ c noM0~~ 
nrtrn pasnminbtx Koppennunii, BMeKW4iXCSI B JIKTepaType. &Ui COIIOCTaBneHHii WCIIOnb30BaHbI 

raxnte nee A3BecTHbIe Koppenrnrrs Ana pacgera Nu,,,. npor%AeHHan pa6oTa n03BOnwIa CAenaTb 

HeKOTOpbIe BbIBOAbI OTeI'lJ'IOO6MeHe IICeBAOOmHmeHHbIX CJlOeB KpYIIHbtX YSICTAU. 


