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Abstract--The heat transfer augmentation by particles making contact with a heat transfer surface in a 
fluidized bed was studied. The instantaneous local heat transfer coefficient and particle packing around the 
tube were simultaneously measured at the same location. The measured results were analysed by the 
conditional averaging method, distinguishing between particle contact and no particle contact. The average 
local heat transfer coefficient in the periods during particle contact can be closely correlated by an 

exponential function of the average local particle packing. 

1. INTRODUCTION 

There are many unknown details in the heat transfer 
mechanism around horizontal tubes in a fluidized bed. 
Several mechanistic models of heat transfer in fluid- 
ized beds have been developed by many investigators, 
and the trends of the. experimental results on the aver- 
age heat transfer coefficient might be quite well explained 
using these models [1]. Recently instantaneous local 
heat transfer coefficients have also been measured by 
many investigators [2-5], but to evaluate accurately 
the augmentations of the heat transfer rate that 
resulted from particles making contact with the heat 
transfer surface, not only the instantaneous local heat 
transfer coefficients but also the particle behavior on 
the heat transfer surface should be simultaneously 
measured. Therefore, it cannot be stated that the 
experimental measurements from these aspects have 
been thoroughly performed or that the heat transfer 
mechanisms have been made clear. Especially near the 
expanded bed surface of a fluidized bed, the particles 
are violently agitated. This state of fluidization, which 
was mainly investigated in the present study, cannot 
be accurately evaluated using the simplified two-phase 
model of the emulsion and bubble phases [6]. Conse- 
quently, the heat transfer mechanisms around the tube 
in such a condition have not been clarified. 

In the present study, the instantaneous local heat 
transfer coefficients and the particle behavior were 
simultaneously measured at the same location on a 
horizontal tube in a fluidized bed with glass beads 
with an average diameter of 0.42 mm. In the present 
measurements, the methods used in the previous study 
[7] were improved to make the frequency response 
higher. The mea,;ured results were statistically 
analysed, using the conditional averaging method, by 

which the period when the particles were making con- 
tact with the tube surface could be distinguished from 
the period of no particle contact, in order to make 
the mechanisms of the heat transfer augmentation 
resulting from the particle contact clear. 

2. EXPERIMENTAL APPARATUS AND 
MEASURING METHOD 

The cold model fluidized bed with a 400 mm × 400 
mm cross-section and a tube bundle of two-vertical- 
row staggered horizontal tubes (with diameter 34 mm) 
used in the present study is shown in Fig. 1. A single 
cylinder designated as the heated tube in Fig. 1 is the 
instrumented heat transfer tube. The distributor plate 
was a punched plate with an open area ratio of 4%. 
The bulk temperature of the bed, Tb was measured by 
a sheathed thermocouple with a diameter of 2.2 mm 
at the bed center, located 50 mm above the distributor. 
Glass beads, with an average diameter of 0.42 mm, 
solid density of 2490 kg m -3 and bulk density of 1580 
kg m -3, were used as the fluidized particles. Their 
measured minimum fluidization velocity, Um¢, was 
0.14m s -1 . 

The instrumented cylinder is shown in Fig. 2. A 
stainless steel foil with a thickness of 0.012 mm was 
stuck around a polycarbonate circular cylinder with 
adhesive tape (thickness of 0.127 mm). The foil was 
uniformly heated by a direct electrical current. As 
shown in Fig. 2, to detect the particle behavior, two 
optical probes with parallel alignment were con- 
structed from four optical fibers (each with a diameter 
of 0.5 mm), which were stuck to the surface of the foil 
in straight lines parallel to the tube axis. There were 
LED lights on the tips of two fibers on the left-hand 

3263 



3264 M. MIYAMOTO et al. 

H 

Ha 

Lb, L~ 

N 

NUba 

Nup 

qs, qw 

Rem 
Rp 

NOMENCLATURE 

average particle diameter 
instantaneous local heat transfer 
coefficient, equation (2) 
overall time-average local heat transfer 
coefficient 
time-average local heat transfer 
coefficient during no particle 
contact 
time-average local heat transfer 
coefficient during particle contact 

average height of expanded bed 
surface and static bed height 
number of particles existing in 
detecting space of optical probe 
circumferential average of time- 
average local Nusselt number ( = Hbdv/2 ) 
during no particle contact 
time-average local Nusselt number 
during particle contact, Hpdp/2 
surface heat flux and heat-generation 

rate per unit surface area 
Reynolds number, Umdp/v 
time fraction of periods during particle 
contact 
bulk temperature of bed 

To, Ts thermocouple temperature and 
surface temperature 

U0, Ud superficial gas velocity and excess gas 
velocity, U 0 -  Umf 

Um maximum velocity of gas through tube 
bundle 

Umf minimum fluidization velocity 
Vc circumferential velocity of particle 

(being negative in the clockwise 
direction) 

Vp normalized output of optical fiber 
probe. 

Greek symbols 
void fraction defined by equation (1) 

1 - E '  normalized local particle packing, 
equation (1) 

(1 - # ) p  normalized local particle packing 
averaged during particle contact 

0 azimuthal angle measured from 
bottom of tube in the clockwise 
direction 

2 thermal conductivity of air 
v kinematic viscosity of air 
r time. 
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Fig. 1. Experimental fluidized bed. (Units in mm.) 

side and the light from them was attenuated by the 
existing particles and then received by the other two 
fibers on the right-hand side. The distance between the 
facing tips of fibers was 3 mm. A chromel-constantan 
thermocouple with a diameter of 0.012 mm was 
inserted between the foil and the adhesive tape, and 
its junction was located at the center of the 3 mm 
interval between the facing tips of fibers. The instru- 
mented cylinder was allowed to rotate to change the 
azimuthal angle of the measuring point. It was exper- 
imentally confirmed that the distributions of the time- 

LIGHT. 

/ / ~  ] / . ~  OPTICAL FIBERS 

 22LT°L LIGHT 

Fig. 2. Instrumented cylinder. (Units in mm.) 

average heat transfer coefficient around tube were gen- 
erally unchanged by the effects of projection formed 
by the optical fibers on the cylinder. 

The light signals received by the two fibers were 
converted to voltage signals by photodiode modules, 
amplified and transmitted to a personal computer 
after A/D conversion (12 bit) and then saved on mag- 
netic optical disks, along with the outputs from the 
thermocouples. The measurements were carried out 
at a sampling rate of 1 kHz and a sampling time of 
about 60 s for each run (only for the particle velocity 
measurement, the sampling rate and time were 10 kHz 
and about 60 s respectively). 

In the present study, the static bed heights, Ls, were 
100, 150 and 200 ram, and for each L .  the superficial 
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Table 1. Average height of expanded bed surface 

Lb (mm) 
L~ 

(mm) Ud= 0.30ms -l 0.50 0.70 0.90 1.10 

100 × 121~160 145-165 165 180 170-190 
150 x 195-215 220-230 240-250 × 
200 240-250 2 6 0 - 2 7 0  260-280 270-290 x 
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gas velocities, U0, were 0.64, 0.84 and 1.04 m s-L U0 
of 1.24 m s -~ was added for L~ of 100 mm, and U0 of 
0.44 m s- ~ was added for L~ of 200 mm. The present 
experimental conditions were in the bubbling flow 
regime and the formation of bubbles was always able 
to be observed. The average height, Lb, of the 
expanded bed surface from the distributor, which was 
observed in the present experimental conditions, is 
given in Table 1. The height of the center line of the 
heat transfer tube was 218 mm. The average heights 
of the expanded bed surface located below, near and 
above the heat transfer tube for Ls = 100, 150 and 200 
mm, respectively, are also shown in Table 1. 

3. ESTIMATION OF INSTANTANEOUS LOCAL 
HEAT TRANSFER COEFFICIENTS 

The inverse heat conduction analysis method pro- 
posed by Beck et al. [8] was used to calculate the 
instantaneous local heat transfer coefficients from the 
temperatures measured by the inserted thermocouple. 
An unsteady heat conduction in a composite body 
that was composed of the stainless steel foil, adhesive 
tape, polycarbonate cylinder and thermocouple was 
numerically analysed by an approximate one-dimen- 
sional heat conduction model including two unknown 
parameters, which were the exact location of the 
thermocouple junction and the thermal resistance 
between the thermocouple and its surrounding 
medium. To determine these unknowns, when the 
stainless steel foil was heated by a step change of 
electrical current, the temperature change of the 
thermocouple was measured and compared with the 
finite-difference solutions obtained by the present one- 
dimensional heat conduction model with the heat 
input of the measured heat generation rate, qw. In Fig. 
3, the measured temperatures, T¢, of the thermocouple 
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Fig. 3. Comparisons of calculated temperature, T~ with mea- 
sured temperature, T¢. 

are compared with the numerical solutions, T~, cal- 
culated using the estimated values of the unknown 
parameters. It is shown in Fig. 3 that the compared 
temperatures agree very well and the temperature 
change of thermocouple has a time lag behind the 
surface temperature change, T~. 

In the present inverse heat conduction analysis, the 
time increment was 1 ms, and the temperature and 
heat flux at the surface were calculated from the mea- 
sured temperatures at eight future time steps (R = 9 
[8]). The frequency response of the present measuring 
system to a square-wave change of heat transfer 
coefficient was checked using a numerical simulation. 
This simulation showed that the amplitude of the cal- 
culated heat transfer coefficient was attenuated to 
75% of the one given with a square-wave change at 
frequency of 40 Hz and was attenuated to 50% at 50 
Hz. George [4] pointed out that in order to accurately 
measure the instantaneous local heat transfer 
coefficients in the fluidized bed of glass beads with a 
diameter of 1 mm, the measuring system should 
respond accurately to surface heat flux fluctuations as 
rapid as 100 Hz. However, his results also show that 
the main part of the frequency spectra of the fluc- 
tuating heat transfer coefficients is lower than 40 Hz. 
Therefore, the present measuring system may be con- 
sidered to have sufficient frequency response unless 
the minimum and maximum values themselves of 
instantaneous heat transfer coefficients are to be deter- 
mined. 

4. ESTIMATION OF PARTICLE PACKING AND 
PARTICLE VELOCITY 

The method of estimating the particle packing in 
the space between the facing tips of four optical fibers 
is similar to that of the previous study [7]. The glass 
beads used in the present study are transparent and 
have a refractivity of 1.52. Therefore, even when the 
detecting space between the facing tips is fully packed, 
some light can be transmitted through that space. 
This fact means that the present optical probes can 
correctly detect the particle packing over a wide range 
from the dilute condition to the dense phase. The 
voltage outputs from the two optical probes, each of 
which was composed of a pair of fibers with facing 
tips, were normalized with their own values of the 
maximum and minimum outputs. The particle pack- 
ing in the detecting space was determined from the 
arithmetic means of the two normalized outputs, using 
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Fig. 4. Detecting volume of optical probe system. (Units in 
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Fig. 5. Relation between normalized optical probe output, 
Vp, and number of particles, N, in detecting space of optical 

probe system 

the relation between the particle packing and the 
optical probe output obtained from preparatory 
experiments. 

The volume of the detecting space between the fac- 
ing tips of the fibers is shown in Fig. 4. In Fig. 5, the 
normalized outputs from the optical probe system are 
plotted against the number, N, of the particles in the 
detecting space. The plotted data in Fig. 5 were 
obtained by the preparatory measurements, in which 
the same optical probe system was constructed on a 
flat plate instead of on the cylinder in order to be able 
to easily place the glass beads in the detecting space. 
The solid line indicates the average of the plotted 
data and gives the relation used to calculate the local 
particle packing on the surface from the optical probe 
outputs in the present study. In the experimental bed, 
the probability that lip takes extreme values (i.e. 
different from the average value) is considered to be 
lower than that of Vp being found adjacent to the solid 
line. The number of particles existing in the detecting 
volume is related to the normalized values of the par- 
ticle packing, (1 - e ' ) ,  as shown in the following equa- 
tion 

(1 --e) N 
(1--e') -- (l--g)max - -  Nmax (l) 

where Nmax is the maximum number of particles in the 
detecting volume and (1--e)m,x is the maximum of 

(1 -e) ,  corresponding to the emulsion phase with bulk 
density of 1580 kg m -3. In the present experimental 
conditions, Nmax = 41.4 and (1 -e)m~x = 0.632. 

Furthermore, the circumferential velocity of par- 
ticles on the heat transfer tube was estimated by mea- 
suring the time required for the particles to travel 
between the two optical probes. The cross-correlation 
coefficients between the output signals from two 
optical probes were calculated, putting the various 
time displacements between these two signals. The 
particle traveling time was equal to the time dis- 
placement that maximized the cross-correlation 
coefficients [9]. But the optical fiber arrangement and 
the sampling frequency used in the present exper- 
iments were not necessarily well fitted to the particle 
velocity measurement, because in the present study 
the measurements of particle packing were made prior 
to the measurements of the particle velocity. Conse- 
quently, the measured particle velocities were used 
only to qualitatively grasp the particle movement. The 
particle velocities were determined at intervals of 10 
ms. Then, for the cases of Ls = 100 and 150 mm, 
the cross-correlation coefficients at each interval were 
computed using 500 data (with sampling frequency of 
10 kHz) from each optical probe, and 1000 data were 
used for Ls = 200 mm. 

5. EXPERIMENTAL RESULTS AND DISCUSSION 

T h e  m e a s u r e m e n t s  o f  h e a t  t r a n s f e r  c o e f f i c i e n t s  a n d  

particle packing were carried out at nine angular posi- 
tions of the heat transfer tube from the bottom, 
0 = 0 °, to the top, 0 = 180 °, at intervals of 22.5 ° by 
rotating the tube in the clockwise direction. The par- 
ticle velocities were measured at intervals of 45 ° . 

Figure 6 shows typical examples of the measured 
results at 0 = 0 °, 90 ° and 180 ° for Ls = 100, 150 and 
200 mm, when the excess gas velocity, Ud is 0.7 m 
s -~. In Fig. 6, the instantaneous local heat transfer 
coefficients for H, the normalized particle packing, 
(1 -~') and the circumferential particle sliding veloci- 
ties, Vo, on the instrumented cylinder are shown for 
3 s duration along with the measured thermocouple 
temperatures, To. The particle velocity in the counter- 
clockwise direction was taken to be positive. As shown 
in Table 1, the average heights of the expanded bed 
surface for L~ of 100, 150 and 200 mm were below, 
near and above the center line height of the heat trans- 
fer tube respectively. The instantaneous local heat 
transfer coefficient, H is defined by the following equa- 
tion. 

qs  
H = _ ~ . T ~  (2) 

l b  

For L~ of 100 mm, generally, the particles do not 
come into frequent contact with the heat transfer 
surface. At the bottom of the tube, the particle-packet 
contacts take place occasionally and make the cor- 
responding heat transfer coefficient higher. The dur- 
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ation of  each particle-packet contact was shorter than 
0.15 s. At  0 = 90 °, the contact  time was slightly longer 
when compared with the case of  0 = 0 ° ; however, the 
particle packing during contact was generally low and 
therefore the increase of  the heat transfer coefficients 
caused by the particle contact  was relatively small. At  
this angular position, the measured particle velocity 
showed that the greater part of  the contacting particle- 
packets was falling down along the periphery of  the 
tube. At  0 = 180 °, some particles were frequently 
coming into contact  with the surface, and an unusual 
fluctuation of  the heat transfer coefficient could some- 
times be observed. A typical example of  the fluc- 
tuation is shown at r = 0.1 s, when the heat transfer 
coefficient becomes momentari ly very high although 
the corresponding particle packing seems to be low. 
This phenomenon is considered to be caused by col- 
lisions of  particles falling onto the heat transfer 
surface, which have been blown up above the heat 
transfer tube by bubbles bursting in the expanded bed 
surface. 

For  Ls of  150 mm, the frequency of  the particle- 
packet contacts, their contact  times and their particle 
packings were large compared with the cases of  
Ls = 100 mm. Particularly, at 0 = 180 °, some particles 
were always making contact  with the surface, the par- 
ticle sliding velocities were small, and the amplitudes 
of  the fluctuating heat transfer coefficients were also 
relatively small. 

For  Ls of  200 mm, the frequency of  the particle 
contacts became high when compared with that of  
L~ = 100 and 150 mm. But at 0 = 0 °, the contact time 
of  each particle-packet seemed to be similar to the 
case of  L~ = 100 mm. At  0 = 180 °, the amplitudes of  
fluctuating heat transfer coefficients and the particle 
velocities were small, and the process, in which the 
heat transfer coefficient decreased very slowly, like the 
relaxation process of  transient heat conduction, could 
sometimes be observed. 

In order to investigate the particle movement  on 
the tube surface, the measured particle velocities at 
each angular position were separately averaged by 
distinguishing the velocities between the positive and 
negative directions. This conditional averaging 
method gives the following summarized qualitative 
results. 

For  the present experimental conditions, these con- 
ditionally averaged velocities did not  exceed 1.5 m s-  
and their circumferential distributions always became 
maximum at 0 = 0 °. 

On the upper side of  the tube (0 > 90 °) excluding 
0 = 180 °, particles that were sliding down on the tube 
surface were dominant,  and the velocities became 
larger as the particles were more distant from the 
top of  tube. For  L~ = 200 mm, the present method 
sometimes could not give the accurate particle velocity 
because so many particles were always coming into 
contact with the upper surface of  the tube. The general 
trends of  the obtained velocities on the upper locations 

for Ls = 200 mm showed that the particle velocities 
were low. 

On the lower half  (0 < 90 °) of  the tube excluding 
0 = 0 °, the particles that were sliding up along the 
tube surface were dominant.  But for Ls = 100 mm and 
Ud = 0.5 and 0.7 m s -~, the sliding-down particles 
could be observed as frequently as the sliding-up par- 
ticles. 

The time fraction of particle contact and the particle 
packin9 

The normalized output, V o, of  the optical probe 
system corresponding to an N of  0.5 was used as the 
threshold value distinguishing particle contact from 
no particle contact. The time fractions, Rp of the 
periods of  particle contact and the normalized particle 
packings, (1 -e ' )p ,  averaged during particle contact, 
being distinguished by the above mentioned threshold 
value, are shown in Fig. 7. The general trends of  the 
distributions of  Rp and (l--g')p are changed cor- 
responding to the relative locations between the aver- 
age expanded bed surface and the instrumented tube. 
Rp is lOW at the lower surface of  the tube and becomes 
high at the upper surface. With the exception of  
Ls = 100 mm, the trends of  the distribution of  (1 - e')p 
are similar to those for R v. In the cases of  Ls = 150 
and 200 mm as well as the case of  Ud = 1.1 m s ~ for 
Ls = 100 mm, Rp is almost 100% at 0 >~ 135 °, where 
(1-E ' )p  becomes maximum, but its maximum value 
does not exceed 0.75. In the case of  Ls = 200 mm, 
when the heat transfer tube was immersed in the 
expanded bed, the distribution of  (1 -~ ' )p  and Rp for 
the different UO is relatively similar except for the 
slightly higher distribution for UO of 0.5 m s i. 

Conditionally averaged local heat transfer coefficients 
Figure 8 shows the distributions of  the three kinds 

of  time-averaged local heat transfer coefficients, Hp, 
Hb and H,, which were obtained from H by averaging 
over the periods during particle contact, during no 
particle contact, and the total time including both 
periods respectively. The distributions only at Ud of  
0.7 m s -1 for Ls of  100, 150 and 200 mm are shown in 
Fig. 8. When Rp became higher than 90%, Hb was 
not plotted because the number of  the averaged data 
seemed to be too small to make the correct averaging. 

In Fig. 8, the difference between the average local 
heat transfer coefficients, Hp and Hb, caused by the 
particle contact was made very clear. With the excep- 
tion of  the cases of  Ud = 0.5 and 0.7 m s-  ~ for Ls = 100 
mm, Hp was more than twice Hb. The difference in 
heat transfer characteristics resulting from the differ- 
ences of  the tube locations relative to the expanded 
bed surface was also made clear. The total time-aver- 
aged local heat transfer coefficient Ha is nearly equal 
to Hp at the upper area o f  the tube, where Rp is large, 
with the exception of  the case of  Ud lower than 1.1 m 
s -~ for Ls of  100 ram. On the lower side, even for the 
case of  Ls = 200 mm (when the difference between Ha 



Unsteady heat transfer and particle behavior 3271 

10( 
(a) 

8O 

~ 6 C  

4( 

20 

10( 
(b) 

8C 

BC 

" Ls=i00 ' ' ' 1' 00 / 'Ls=l'OOmn~ '1 

~ ~  [ [] :0.70 
<>:0.50 

,~ o. 5o~ 

90 180 
0 [deg. ] 

' i , i 

40f/ Ud Ira/s] 
0:0.90 

20 ~x :0. 70 
{~ :0. 50 

0 910 180 0. 00 
O [deg. ] 

Z 0.7~l 

,~ 0.50 

0.25 

0 . 2 5 ~  

O. O01 90 180 
0 Ire9. ] 

t. OOllLs=1.50mmudo:o. 90[m/s] '] 

~ :0.70 

910 1 8 0  

O [deg. ] 
,00F, ' °° 4',0:200m  

(e) 

80 Z o. 75~- ~ :o. 70 lo:0.90 

Lo :o 5 o d ' ~ -  
/ o :o.  oTj =~ t,~'."~ L,=2.0Omm ,~ o. s o ~  

40[- Ud [m/s] 
] o, '0.90 
I ,~ :0. 70 

20}- o :0, 50 O. 25~- 

t ~z .'0.30 

011 I I 0 0 0 1 !  ' I , I 0 90 180 ' 0 90 180 
0 [deg.] 0 [deg.] 

Fig. 7. Distributions of time fraction, Rv, of period during 
particle contact and average particle packing, (1 -E)¢, dur- 

ing particle contact around tube. 

and Hp is the smallest), the overall average heat trans- 
fer coefficient, Ha, does not exceed about 75% of lip. 

In Fig. 9, for all the present experimental 
conditions, the average local Nusselt number Nup in 
the period during particle contact, calculated from Hp 
in Fig. 8, is plotted against the average local particle 
packing, (1 -e ' )v  in the period during particle contact 
shown in Fig. 7. The solid line in Fig. 9 was obtained 
by the least square approximation using all the data, 
excluding the cases of 0 > 90 ° for only Ls = 200 mm, 
and was given by the following equation. 

= - - e ) p  . ( 3 )  Nup 10.1(1 , o882 

Here the correlation coefficient of the least-square 
approximation is 0.994 and the dotted lines indicate a 
deviation of _+ 15% from equation (3). The results 
shown in Fig. 9 indicate that, except for the case of 
0 > 90 ° for Ls = 200 mm, the average local Nusselt 
numbers during particle contact are closely correlated 
with the average local particle packing, and the cor- 
relation can be closely approximated by the single 
exponential equation of (1 - e')p, in spite of the differ- 
ences of the static bed heights, superficial gas velocities 
and angular positions of the tube. 

Dyrness et al. [6] considered that the average heat 
transfer coefficients around the tube in the splash zone 
of the fluidized bed were correlated with a linear func- 
tion of the average particle packing around the tube. 
But Visser and Valk's heat transfer model [10] for the 
immersed surface in a fluidized bed gives the exponent 
two divided by three for the base of particle packing 
(1 _~)2/3. 

Decker and Glicksman [11] proposed a model of 
heat transfer in a fluidized bed of spherical particles 
with a relatively large diameter for which the particle 
thermal time constant was larger than the particle 
residence time. When the contribution of gas con- 
vection is negligible, their model gives Nup = 12. Their 
model for the emulsion is considered to give the Nus- 
selt number corresponding to the present case at 
(1 -e ' )v  = 1. Therefore, their Nusselt number is about 
20% higher than the present one, as shown in Fig. 9. 
The thermal time constant [11] of the particle used in 
the experiment is about 0.4 s. The conditional average 
particle velocities at the bottom of the tube range from 
1.5 m s -~ to 0.9 m s-L Considering the fluctuating 
instantaneous heat transfer coefficients shown in Fig. 
6 and their dissimilarity to the relaxation process of 
transient heat conduction, it seems to be possible that 
the particle thermal time constant is much larger than 
the particle residence time, to say the least, at the 
lower side of the tube or in the case of small particle 
packing during contact with the surface. On the other 
hand, in the case of 0 > 90 ° for Ls = 200 ram, as 
mentioned above, the particles near the top of the 
tube are almost at rest and once they move away from 
the top, start to slowly slide down along the tube 
surface, therefore the particle residence time is longer 
and the heat transfer coefficients become lower. 

The deviations from the correlation with the 
maximum value of 15% shown in Fig. 9 can be con- 
sidered to result from the effects of factors other than 
particle packing, such as the velocities of the particle 
movement and the interstitial gas flow adjacent to the 
tube surface. In the present experimental results, those 
factors other than particle packing do not explicitly 
seem to have significant effects on the average heat 
transfer coefficient during particle contact. The effects 
of those factors on heat transfer will be studied in the 
future to further clarify the mechanisms of fluidized 
bed heat transfer. 

In Fig. 10, the average Nusselt numbers, calculated 
by the circumferential averaging of the time-average 
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Fig. 8. Distributions of time-average local heat transfer coefficients, Ha, Hp and Hb, around tube. 
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Fig. 10. Circumferential average of time-average local Nus- 
selt number, Nuba, during no particle contact around tube. 

heat transfer coefficients, Hb, in the period during no 
particle contact indicated in Fig. 7, are plotted against 
the Reynolds numbers, Rem. Rein was defined by the 
particle diameter and the maximum gas velocity 
through the tube bundle. The results for the single- 
phase gas flow calculated from the empirical cor- 
relation equation given by Zukauskas [12] are plotted 
for comparison. The present results for single-phase 

gas flow measured using the present fluidized bed 
experimental apparatus without particles are also 
plotted. 

The results obtained by Zukauskas are the average 
Nusselt numbers for a tube bundle with ten rows. The 
present single-phase gas results, corresponding to the 
average values for the second row, give a distribution 
parallel to the Zukauskas' results but 10% higher. The 
reason why the present results give slightly higher 
Nusselt numbers than Zukauskas' result might be that 
strong turbulence was caused by the distributor plate 
being located relatively near the tubes. The cor- 
relations obtained by Zukauskas give about 10% 
higher Nusselt numbers for tubes at the 4th and 5th 
row than the average value for the 10-row bundle, as 
shown in Fig. 10. The highest turbulence intensities 
are at the 4th and 5th row among the tube bundle. 

The average Nusselt numbers Nub during no par- 
ticle contact in the fluidized bed are larger than those 
for the single-phase gas flow. This trend becomes more 
noticeable as the static bed height, Ls, and the super- 
ficial gas velocity, U0, (Reynolds number) increase. In 
the case ofLs = 200 mm in which the tube is immersed 
in the expanded bed, the relation between Nub and 
Rem seems to be roughly similar to that of the single- 
phase gas flow. As shown in Fig. 10, George's result 
obtained for an immersed tube in a bed with 1 mm 
diameter particles seems to be an extension of the 
present relation between Nub and Rem for Ls = 200 
mm. 

The increase of the average heat transfer coefficients 
during no particle contact, being compared with those 
for the single-phase gas flow, is thought to be caused 
both by the high turbulence in the gas flow resulting 
from the existence of particles by the renewal of the 
thermal boundary layer on the tube with particle 
contact. 

6 .  C O N C L U S I O N S  

The instantaneous local heat transfer coefficients 
and the particle behavior around the heat transfer 
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tube in a fluidized bed were simultaneously measured 
at the same location. When the heat transfer tube was 
located near the expanded bed surface, the particle 
contact heat transfer augmentat ion mechanisms were 
quantitatively studied. Condit ional  averaging sta- 
tistical analyses we:re carried out by distinguishing 
the measured results between the periods of  particle 
contact and no particle contact. The main results 
obtained are summarized as follows. 

1. For  all the present experimental conditions 
except the angular locations 0 > 90 ° for Ls o f  200 mm, 
the average local Nusselt numbers in the period during 
particle contact  can be closely correlated with a func- 
tion of  the average local particle packing during par- 
ticle contact. The correlation equation is given by 
equation (3). 

2. The overall average Nusselt numbers around the 
tube during no particle contact  become higher than 
those for the corresponding single-phase gas flow and 
they increase as the static bed height and superficial 
gas velocity increase. This fact means that the heat 
transfer rates in the ]period during no particle contact 
also depend on the particle packing in the period 
during particle cont~tct at the same location. 
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