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Abstract

Previous research has shown that the diameter of a circulating fluidized bed (CFB) has a significant effect on the
heat transfer rates to peripheral walls, a phenomenon important for the application of CFBs as combustors and
boilers. In order to better understand the effect of bed diameter on heat transfer, two laboratory-sized scale models
were built and run at room temperature. The two units were of the same height and were run at the same operating
conditions with the same particles; the only difference was that the diameter of the second unit was 50% larger than
that of the first. The two scale models are designed to simulate the hydrodynamic behavior in full-sized pressurized
CFB combustors that are 14.3 m tall with diameters of 0.33 and 0.50 m, respectively. To compare the effect of bed
diameter on hydrodynamics, the solid-fraction profiles and the fraction of the wall covered by clusters of particles
were measured. The coverage of the wall by clusters was determined by analyzing images of visual data recorded
with a digital high-speed video camera through the transparent bed wall. The results show that distinctly different
solid-fraction profiles exist in the different-sized beds and that a 50% increase in bed diameter can nearly double the
fraction of the wall covered by clusters. In addition, statistical analysis of time-resolved measurements of the wall
coverage by clusters indicates that the presence of clusters follows a spatial Poisson process, i.e. the arrival of a
cluster is an event that is independent from the arrival of other clusters. © 2000 Elsevier Science Ltd. All rights
reserved.

1. Introduction wall heat transfer could be correlated with respect to hy-
drodynamic conditions in the small bed, namely the

One issue facing designers of circulating fluidized bed average cross-sectional solid concentration. Recent
(CFB) combustors is the applicability of heat transfer results from larger CFBs have shown that heat transfer
data from laboratory-sized scaled beds or pilot plants to depends strongly on bed diameter was well as the aver-
full-sized commercial beds. For some early work on age solid concentration [1]. This is expected since a lar-
CFBs, there was the implicit assumption that bed-to- ger-diameter bed has a lower ratio of perimeter to cross-

sectional area and will accumulate more particles on the
circumference for the same internal recirculation of
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Nomenclature

specific heat capacity (J/kg K)
particle diameter (m)

bed diameter (m)

fraction of wall covered by clusters
gravitational acceleration (m/s>)
heat transfer coefficient (W/m> K)
thermal conductivity (W/m K)
Nu Nusselt number

Rep Reynolds number

t cluster—wall contact time (s)

u,  gas superficial velocity (m/s)

»w%\bvam

Greek symbols
2

2 goodness-of-fit test parameter

0 cluster—wall contact gap as a multiple of 4,
€ volumetric void fraction

A Poisson distribution parameter

o density (kg/m?)

Subscripts

c cluster

f fluid

gc  gas convective
pc  particle convective
S solid

1.1. Theory

the heat transfer model

A physical model for heat transfer to the walls of a
CFB has been developed based on the cluster renewal
model originally postulated for bubbling fluidized beds
[2]. The CFB heat transfer model considers clusters
coming to the wall from the core at the bed tempera-
ture and remaining there for a short period of time.
Their contact with the heat transfer surfaces can be
modeled as a transient, one-dimensional conduction
process, where /1. denotes the heat transfer coefficient
based on the heat flux from the cluster divided by the
initial temperature difference between the wall and the
cluster:

he = [(kpe). )
Tt

Furthermore, the heat transfer takes place through a
small air gap between the particles and the wall, which
can be modeled as a contact resistance in series with
the transient conduction [3]. The total term is com-
monly known as “particle convective” heat transfer, or
pe:

1 ody\ !
hpe = (h*c + k7f> )

Finally, since the wall is not completely covered by
clusters of particles, the total convective heat transfer
can be modeled as convection from the dilute and pri-
marily gaseous phase acting in parallel with the con-
vection from the dense and primarily solid phase [4].
The weighting factor is the fraction of the wall covered
by clusters, or f:

heony = f - hpc + _f)hgc (3)

1.2. Hydrodynamics and the heat transfer model

Several variables in the heat transfer model are gov-
erned by bed hydrodynamics and operating conditions,
yet only f is clearly expected to be a function of bed
diameter. Previous research has shown that ¢ is
roughly a function of the average cross-sectional solid
concentration and that § is a number on the order of
unity [5]. Empirical formulations for k. show that it is
a function of the gas and solid conductivities and the
cluster void fraction [6], although it typically works
out to be roughly twice the gas conductivity for con-
ditions found in CFBs. ¢ is typically expressed as a
function of the falling velocity of the clusters and the
contact length, but it is unclear how the either the con-
tact length or the descent velocity will depend on bed
diameter. Convection in the dilute phase can be well
approximated using single-phase heat transfer corre-
lations [5]; for turbulent, fully-developed, single-phase
heat transfer in a pipe, /g is not a strong function
of bed diameter (NugC%ReZ/S, so that he~D~'/3).
fis expected to vary with bed diameter as the circum-
ferential concentration of solids changes with the ratio
of perimeter to cross-sectional area. Although it is not
clear if 0, ¢, and ¢ should depend on bed diameter, f°
emerges as the only heat-transfer variable that can be
expected to be strongly affected by the diameter of the
bed. For these reasons, our interest here lies in measur-
ing f, as well as the average cross-sectional solid con-
centrations since most heat transfer data are correlated
with the latter parameter.

2. Experimental apparatus

Two CFBs designed to run at room temperature
were built and operated according to the same set of
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specifications, except for the diameter of the beds.
Both beds used the same solids material with identical
mean and distribution of particle size. One bed was
50% larger than the other (51 mm versus 76 mm)
while both had the same height (2.2 m) and the same
abrupt 90° flow exit. The risers themselves were made
of clear acrylic, thereby allowing for direct visual
measurement of the flow at the wall. The operating
conditions were determined based on a simplified set
of scaling laws for fluidized beds [7] applied to typical
CFB operating conditions. The risers were designed to
be 1/6.5 scale models of the full-sized pressurized
CFBs, so that the beds being simulated would be 0.33
and 0.50 m in diameter and 14.3 m tall. The superficial
gas velocity for the scale models was 1.6 m/s, simulat-
ing a superficial velocity in the full-sized bed of 4.1 m/s
since u, scales with the square-root of the linear scale
factor. The use of polyethylene as the solid material
(p, = 910 kg/m®) was meant to simulate the solid-to-
gas density ratio in a pressurized CFB combustor
operating with a material such as limestone (p,~2500
kg/m®) at roughly 10 atm and 1100 K. Fig. 1 shows a
schematic of the CFB used in this study, and a sum-
mary of the design and operating conditions of the
scale-model and hypothetical full-scale CFBs is given
in Table 1.

Solid-fraction measurements were obtained at vari-
ous locations along the bed from differential pressure-
drop data along the wall of the riser. Observations of
fractional wall coverage were made approximately
55% of the way up the bed (approximately 1.2 m
above the air distributor), in a wall region 33 mm x 33
mm in the smaller bed and 50 mm x 50 mm in the
larger bed. The flow of particles at the wall was

region of interest:

air discharge
55% of bed height
(=1.2 m above

distributor)

cyclone
separator

particle
return

LI circular riser:
L=22m
D =51 0r76 mm
air supply

Fig. 1. Schematic of scale-model CFB.
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Table 1
CFB specifications

Models Full-scale

(small/large) (small/large)
Cross-section shape Circular Circular
Diameter 51/76 mm 0.33/0.50 m
Height 22 m 14.3 m
Gas velocity 1.6 m/s 4.1 m/s
Mean particle diameter 120 pm ~ 240 pm

Particle sphericity 0.85 0.85

Mininum fluid velocity 0.97 cm/s 2.5 cm/s
Solid specific gravity 0.91 ~ 2.5
Bed pressure ~ 1 atm ~ 10 atm
Bed temperature ~ 300 K ~ 1100 K

recorded with a digital high-speed video system operat-
ing at an exposure rate of 250 Hz; lighting was pro-
vided by a synchronized strobe lamp. A thin (0.25
mm), black-colored plate was inserted concentrically
roughly 5-10 mm from the wall in order to provide
the contrast needed to identify particles in the wall
region; this distance from the wall was selected to have
a minimal effect on the flow of the clusters based on
the observations prior to experimentation. The regions
defined by the plate were roughly 11 cm? in the smaller
bed and 25 cm? in the larger bed. Fig. 2 shows a sche-
matic of the CFB riser with the black plate and strobe/
camera setup. Post-processing of the digital video
images with an image-analysis software package
allowed for measurements of cluster size and determi-
nation of the fraction of the wall covered by clusters.
Some level of judgment was required to enable the
software package to define clusters.

3. Experiments and results
3.1. Experimental operating conditions

A total of six operating conditions were run: two in

black plate,
concentric with wall

D camera/
strobe

/

riser wall

Fig. 2. Schematic of measurement region (top view).
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Table 2
CFB operating conditions

Run no. Bed size Solids flux (kg/m? s) Solid conc. @ 55% bed height
1 Large 30 1.8%

2 Large 18 1.3%

3 Small (Not matched) 1.2% (matched)

4 Small (Not matched) 1.8% (matched)

5 Small 30 (matched) 1.6% (not matched)

6 Small 18 (matched) 1.1% (not matched)

the larger bed and four in the smaller bed. Two exper-
iments were first run in the larger bed in order to ob-
serve the behavior at the wall with both dense and
lean average cross-sectional solid concentrations. Four
experiments were run in the smaller bed to duplicate
the dense and lean conditions by matching either the
solids flux rate of the larger bed (“‘operating con-
ditions’’) or by matching the average cross-sectional
solid concentration at the viewing location (‘“local
solid fraction”); matching of the local solid fraction
was achieved by varying the solid recirculation rate
while keeping the superficial gas velocity constant.
Both matching methods were chosen in order to better
understand the parameters of interest; Table 2 sum-
marizes the conditions for each run.

3.2. Solid-fraction profiles

Because of the difference in bed diameter, matching
the operating conditions did not guarantee that the
average solid fraction at a given cross-sectional lo-
cation would be the same. In fact, the smaller-diameter
bed has a higher value of the Froude number (u2/gD
— which can be viewed as a ratio of gas momentum
to suspension weight) and will tend toward lower
cross-sectional solid concentrations for a given solids
flux rate. This behavior can be seen in Fig. 3(a) and
(b), which present the solid-fraction profiles for the
dense and lean cases, respectively. This behavior has
also been reported by Arena et al. [§], and here we see
that the most significant effect on the concentration is
in the lower portion of the riser.

In Fig. 3(a), the denser run in the large bed (Run
#1) has a higher average cross-sectional solid concen-
tration than the similar run in the small bed for the
same solids flux rate (Run #5). The same can be said
for the lean cases, shown in Fig. 3(b), when comparing
Run #2 to Run #6. There is little difference between
the solid-fraction profiles in the small bed when run-
ning at either the same operating conditions or local
solid fraction (compare Run #4 to Run #5 or Run #3
to Run #6).

Since the only significant difference in solid concen-
tration is near the bottom of the bed, and since heat-

transfer surfaces are generally in the upper portion of
the bed, one might expect that there would be little
difference in heat-transfer coefficients between the
smaller and larger beds. Such an expectation would be
based on past research, in which heat-transfer data
was generally correlated only with solid concentration.

(a)

- —— Run#1

40

percent solid concentration

100

percent solid concentration

percent bed height

Fig. 3. Average cross-sectional solid-fraction profiles, dense
cases (Run #1 — large bed; Run #4 — small bed, matched
solid fraction; Run #5 — small bed, matched solids flux). (b)
Average cross-sectional solid-fraction profiles, lean cases (Run
#2 — large bed; Run #3 — small bed, matched solid fraction;
Run #6 — small bed, matched solids flux).
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Fig. 4. Fractional wall coverage vs. time. (a) Run #1 (large bed, dense case). (b) Run #2 (large bed, lean case). (c¢) Run #3 (small
bed, lean-matched solid fraction). (d) Run #4 (small bed, dense-matched solid fraction). (¢) Run #5 (small bed, dense-matched
solids flux). (f) Run #6 (small bed, lean-matched solids flux).
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As mentioned previously, there appears to be an effect
of the bed diameter on heat transfer, which would in-
dicate that there are other contributors to CFB heat
transfer than just solid fraction.

3.3. Fractional wall coverage

The results from these six operating conditions show
that the bed with the larger diameter does indeed have
a higher fraction of the wall covered by clusters.
Fig. 4(a)—(f) present the measurements of instan-
taneous and time-averaged wall coverage for each run.
Table 3 summarizes these results as the time-averaged
measurements of fractional wall coverage, with separ-
ate comparisons between the large and small beds for
the dense and lean cases (Run #1 versus Run #4 and
Run #5, and Run #2 versus Run #3 and Run #6). As
expected, the cases with the higher average cross-sec-
tional solid concentrations show greater wall coverage
(Run #4 versus Run #5, and Run #3 versus Run #6).
Based on the model for heat transfer in Eq. (3), then,
it appears that there may be physical explanation for
increased heat transfer with bed diameter.

3.4. Fractional wall coverage — statistical analysis

Further inspection of the measurements of fractional
wall coverage shows that the distribution of instan-
taneous measurements in each case can be best
described using a Poisson distribution. Fig. 5(a)—(f)
present histograms of the instantaneous measurements
of fractional wall coverage for each case along with
the best-fit Poisson distribution. This implies that the
arrival of clusters at a given area of the wall is like a
spatial Poisson process; i.e., the wall coverage can be
described and characterized by a steady arrival of clus-
ters in which each arrival event and the number of
clusters arriving in each event is independent of the
other events [9]. In this analysis, the Poisson distri-
bution parameter, represented by the symbol 7, is phy-
sically equivalent to and ought to be equal to the
measured fractional wall coverage. As shown in

Table 3
Experimental results

Run no. Bed size Matched condition Average wall coverage

Dense cases

1 Large - 69%

4 Small Solids conc. 39%

5 Small Solids flux 24%
Leans cases

2 Large - 9.1%

3 Small Solids conc. 8.4%

6 Small Solids flux 6.6%

Table 4, the value of /4 that best fits the data for each
case is very close in value to the measured fractional
wall coverage. The chi-squared (x2) goodness-of-fit test
was used to determine the best value of 1 for each
case. In Table 4, we also present the ratio of the y2
values to the maximum allowable x> values for a 95%
confidence level. When this ratio is less than unity, as
it is in four of the six cases, the Poisson distribution
with A for an average fractional wall coverage is
appropriate [10]. In the two cases for which ¥2/(}%)max
exceeds unity, it does not exceed it by much, so we still
retain confidence in those results.

It is interesting to note that in the cases for which
the particle concentration was leaner (Runs #2, 3 and
6), the trend of increasing f with D is not as pro-
nounced; in fact, based on the statistical analysis, there
appears to be a dependence only on average cross-sec-
tional solid concentration. Runs #2 and 3 are the ones
for which the local solid fractions were matched and
they have roughly the same f or A, while Run #6,
which has a slightly lower average cross-sectional solid
concentration (but the same solids flux rate as Run
#2), has a slightly lower value for f or A. The appar-
ently different trend in f versus D for the leaner cases
may be indicative of a different mechanism governing
the wall coverage under lean conditions.

3.5. Fractional wall coverage — sensitivity analysis

One element of variability in the treatment of this
data is the human judgement that is necessary to
“teach” the image analysis software how to recognize
clusters. With white particles on a black background, a
“density threshold” can be set for a particular gray-
scale value in regions on the image (with 256 gray-
scale levels, values range from 0 for black to 255 for
white). Above this density threshold, particles are close
enough together to be defined as a cluster; below this
density threshold, the space is either empty or the par-
ticle concentration is dilute enough so as not to con-
tribute to the particle-convective heat transfer. Setting
the proper density threshold requires sampling some of
the images to see which threshold best defines the tran-
sition between the dense phase and the dilute phase of
the flow. For the results presented here, the density
threshold was set to a value of 30. Although this
method adds uncertainty to the data, analysis of each
of the cases indicates that the trends observed in the
data do not change with the selected density threshold.
Fig. 6(a) and (b) show that even as the selected density
threshold varies, the various cases compare similarly
(Fig. 6(a) is for the denser cases and Fig. 6(b) is for
the leaner cases). In other words, regardless of the
uncertainty in this part of the analysis, the average
fractional wall coverage is always greater in the larger
bed for a given set of operating conditions or for a cer-
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Fig. 5. Poisson fit to f measurements. (a) Run #1 (large bed, dense case). (b) Run #2 (large bed, lean case). (¢) Run #3 (small bed,
lean — matched solid fraction). (d) Run #4 (small bed, dense — matched solid fraction). (¢) Run #5 (small bed, dense — matched

solids flux). (f) Run #6 (small bed, lean — matched solids flux).

tain local solid fraction. It should be noted that
Fig. 6(b) shows that a higher density threshold under
lean conditions results in a slight reversal of the trend,
but since the values for wall coverage are so low in
those cases (less than 4%), this can be considered

insignificant.

4. Conclusions

There is clearly a relationship between bed diameter

and the average cross-sectional solid concentration and
between bed diameter and the fractional wall coverage
by clusters of particles. Between two beds in which the
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Table 4
Measurements vs. statistical fits

Run no. Bed size Measured f (%) Best fit 4 (%) Chi square/maximum chi square
Dense cases

1 Large 69 73 0.89

4 Small 39 40 0.92

5 Small 24 23 1.29
Lean cases

2 Large 9.1 8.5 0.73

3 Small 8.4 8.3 0.78

6 Small 6.6 7.4 1.15

only difference was the cross-sectional diameter, the
following observations were made:

e a distinct difference exists in solid-fraction profiles,

0.80

0.60

0.40

0.20

average wall coverage

0.00 . . —
25 35 45 55

0.10

0.08

0.06

0.04

average wall coverage

0.02 +

0.00 . r ' ' .
25 35 45 55

density threshhold (gray-scale units)

Fig. 6. (a) Sensitivity to cluster definition, dense cases. (b)
Sensitivity to cluster definition, lean cases.

in which the larger bed is much denser in the lower
portion of the riser;

e a distinct difference exists in the fraction of the wall
covered by clusters, in which the larger bed has
more of the bed material at the wall;

e and the coverage of the wall by clusters appears to
behave like a spatial Poisson process.

It should be noted that for both hydrodynamic par-
ameters measured, especially f, there must be a limiting
bed diameter beyond which no further changes are
observed. Obviously, the maximum condition for wall
coverage is f=1, and as that limit is reached, this
mechanism for increasing heat transfer must go away.
Therefore, although these results are obviously appli-
cable to the scale models that we have studied, it is
unclear how they actually apply to full-sized CFB
boilers that can be 10-100 times larger.
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