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Abstract

Experiments on wing wall were carried out in a circulating fluidized bed pilot plant of 1000 mm x 500 mm in cross
section and 5000 mm in height operated at room temperature. A wing wall (918 mm x 500 mm) was hung at two
different positions in the riser. A downward solids flow was noticed when the wing wall was located at the top of the
riser, but no downward solids flow was observed on its surface when the wing wall is placed 1300 mm below the roof.
For a given operating condition, the heat transfer coefficient on the wing wall was higher when it was placed at the top
of the riser than when located at mid-height. The difference in heat transfer between water wall and wing wall, as
observed in the present experiment, is similar to that noted in commercial boilers.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Wing walls or platen tube panels are important parts
of a circulating fluidized bed (CFB) boiler. These heat-
ing surfaces extract the additional amount of heat the
boiler furnace needs to lose to maintain a furnace exit
gas temperature of 800-850 °C. A wing wall can be ei-
ther a part of the evaporator or superheater of the
boiler. Typically wing walls hang from the roof (Fig. 1)
and extend from the front wall to some distance towards
the opposite wall, where the furnace exit is located. The
CFB boilers often use more than one wing wall to ab-
sorb the required amount of heat, which could be as
high as 30% of that absorbed by the furnace walls.

A great deal of information [1-4] is available on heat
transfer on enclosing walls of the furnace which are
commonly know as water walls. A large body of data on
heat transfer coefficients for the furnace walls in both
laboratory and commercial units are also available [1,4].
As far as is known, no information on heat transfer or
hydrodynamics on wing wall is available in published
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literature. Wing walls, which are located away from the
walls, may operate under hydrodynamic conditions dif-
ferent from those on the walls. Therefore, it is not
known if the experimental data on water wall or the
mechanistic model [5] for the water wall can be applied
directly to wing walls.

The present work is probably the first attempt in
open literature to report information on wing walls. It
provides preliminary data on heat transfer in wing walls
measured in a large pilot plant operated at room tem-
perature and compares measured data with those on
vertical riser walls.

2. Experiment on pilot plant
2.1. Description of pilot plant

Experiments on the wing walls and the enclosing
water wall were carried out using a closed loop cold-
model CFB riser of 1000 mm x 500 mm rectangular
cross-section. The system, illustrated in Fig. 1 consists of
a riser, two separators, two standpipes for storing re-
circulating solids and a J-valve to feed solids back into
the riser. The riser is 5000 mm in height. Clear plastic
(LEXAN) was used on the front wall along the height of
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Fig. 1. Schematic diagram of the experimental unit.

the riser column for visual observation whereas the
other three walls were made of wood lined with an
aluminum sheet. The aluminum sheets were used to

J

ensure a smooth surface, because roughness might affect
the hydrodynamics within the riser. Pressure taps are
located on the side wall of the riser column at 500 mm
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intervals (Table 1). Air was provided by a 2.5 m¥/s, 11.2
kPa fan. Air enters the bottom of the riser through a
multi-orifice (9 mm diameter) distributor of 20% open-
ing area coupled with a fine wire mesh of 50% opening
area. The superficial gas velocity was measured by both
venturi meter and pitot tube arrangements. The highest
superficial velocity in the experiments was 5 m/s.

At the top of the column, entrained solids were car-
ried by the gas from the riser to the separators as shown
in Fig. 1. Air leaving the secondary separator was led to
the baghouse and then to the suction of the fan. Solids in
the standpipe entered the riser from the J-valve through
a 140 mm ID clear plastic (Acrylic) tube centered 700
mm above the distributor. The wing walls were hung at
two positions marked as Case 1 and Case 2 as shown in
Fig. 1.

2.2. Wing wall

The wing wall was 918 mm long, 500 mm wide and 50
mm thick. It had heaters placed on it in several locations
as shown in Fig. 2. It was hung in the upper part of the
fluidized bed riser at 1300 mm in (Case 2) and at 50 mm
in (Case 1) below the roof of the riser (Fig. 1). The
movement of the wing wall was restricted by holding it
to the side wall with long wooden screws and coupling it
with an extension rod from the front wall of the riser at
its right bottom corner. This ensured a rigid and stable
support when it was suspended in the riser.

The wing wall was fabricated of 6.25 mm thick low
conductivity Tivar 1000 antistatic UHMW polyethylene.
It was made of two sheets of this material, one on each
side of the wing wall supported by 37.5 mm strips of the
same material along the edge. Fiberglass insulated flex-
ible silicon rubber heaters of low thermal conductivity,
were attached to each side of the wing wall. The heaters
(2 nos 610 mm x 50 mm and 6 nos 50 mm x 152 mm)
were installed on both sides of the wing wall (Fig. 2) to
reduce heat loss from the walls. The heaters were placed
in grooves on both surfaces, in such a way that they were
flush with the surfaces. Double sided insulating fiber-
glass tape was applied between the heaters and the
surfaces within these grooves. These heaters are ther-
mally insulated by fiberglass on all four sides.

The heaters were chosen because they are very thin
(0.7 mm) and are made of a material with a low thermal
conductivity. Such heaters are known to have [6] a
constant heat flux. All the heaters were electrically con-
nected in parallel with each other. The temperature
distribution over the heated surface was measured from
the outer side by 22 thermocouples. In the present study,
Teflon coated T-Type thermocouples (0.3 mm thick)
were attached to the heaters. These thermocouples have
a resolution of 0.1 °C and a response time of 0.3 s.
Details of the thermocouples and their locations are
shown in Fig. 2. Two additional thermocouples were

used to measure the gas—solid suspension temperature.
Connecting leads for the thermocouples and the heaters
were routed internally through the interior of the wing
wall. This was done to keep the surface of the wing wall
smooth. All wires were collected in one corner of the
wing wall. From there they ran first through the side of
the wing wall and then through the sidewall of the flu-
idized bed riser. The heaters were connected with the
power source through a wattmeter and an auto trans-
former (variac). The heat flux of the heaters was con-
trolled by the variac.

2.3. Solids flux measuring system

A non-isokinetic probe was used on each side of the
wing wall to measure the upward and downward solids
flux. They were located 310 mm from the sidewall of the
riser and 1500 and 720 mm below from the top of the
roof for Case 2 and Case 1 respectively. Details are
given in Table 1 and Figs. 1-3. As per the suggestion
of Rhodes et al. [7], the suction air velocity inside the
probe was maintained within the range of 4-7 m/s. The
probes were 7.5 mm inside diameter, with one opening on
the outside of the wing wall, and the other opening within
the wing wall. The opening on the inside was attached to
flexible plastic tube. This tube first ran through the side
of the wing wall and then through the side of the fluidized
bed. Valves were attached to the end of each tube to
control the flow of solids.

2.4. Water wall

A heating strip, 610 mm long and 50 mm wide, was
attached to one side of the riser wall, 1500 mm below
from the roof of the riser. This heating surface simulated
the enclosing water wall. It was used to compare the heat
transfer coefficient of the water wall with that on the
wing wall (Case 2) at a specific height. The water wall
test section was similar to the wing wall section except
that it was flush with the sidewall of the riser instead of
hanging from the roof. Details are on Fig. 4.

2.5. Experimental techniques

To conduct the experiments, the wing walls were
placed in two positions, referred to here as Case 1 and
Case 2 (Fig. 1). The test section, simulating the water
wall, was kept on the sidewall of the riser at 1500 mm
below the roof. The heat transfer coefficient was mea-
sured after a steady-state condition was reached. The
gas—solid suspension was first allowed to flow over
the heat transfer surface at a given velocity and then
the power for the heater was switched on. Once the
temperature of the surface reached a steady value, the
local heat transfer coefficient between walls and the bed
was determined from the flowing equation
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Fig. 2. Details of experimental setup of wing wall: (a) wing wall placed at 1300 mm below the roof (Case 2) and (b) wing wall placed at
the top of the roof (Case 1).
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(a) by measuring the voltage across the autotransformer
and the current by ammeter,
(b) by reading values directly off the wattmeter.

(1)

The heat flux O is calculated by dividing the power in-
put, P, by the heater area, 4. Both methods gave similar results in all experiments.
The input power, P, can be calculated by two dif- Therefore, the simpler method described in (b) was used

ferent ways:

to estimate the heat flux of the heating surface.
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Table 1
Locations of pressure transducers in the riser

Height, to midpoint of measurement
section from distributor (m)

Transducer no.

(a) Differential pressure transducers
0.8

1.5

2

2.5

3

3.5

4

4.5

5

O 003N LW =

(b) Absolute pressure transducers
At bottom 0.06 m

(¢) Solid flux measuring probe
At the surface of the wing wall

Case 1
From roof 720 mm
From side wall 310 mm
Case 2
From roof 1500 mm
From side wall 310 mm

In the setup for solids flux measurements, solids were
collected through the trap over a specified period of
time. The probe was purged by a three way valves until
sampling started. It also allowed the suction rate to be
set before the start of the sampling period (Fig. 3). The
solids flux rate was obtained by weighing the particles
collected over a specified period of time. The net down-
ward solids flux was obtained by subtracting the upward
solid flux from the downward solids flux and vise versa.
The probe was calibrated by integrating the flux profile

over the cross sectional area of the riser and compared
that with the externally measured solids flux.

The superficial velocity was measured in the riser
using the venturimeter installed in the air duct. The
solids circulation rate was measured by means of two
knife valves in the upper part of the return legs, located
just below the two separators. The solids circulation rate
was calculated by measuring the time for a known vol-
ume of solids to accumulate on top of the knife valve
after the valve was closed.

For each experiment, the solids valve was opened
allowing solids to flow into the riser. When the solid
levels in both return legs remained unchanged the system
was deemed to have reached a steady state condition.

2.6. Bed material

Nova Scotia sand having a mean diameter 263 pm,
particle density of 2564 kg/m? and bulk density of 1320
kg/m® was used as the bed material. The particle size
distribution is given in Table 2.

3. Results and discussion of data from CFB pilot plant
3.1. Hydrodynamics

The wing wall setup was hung from the top of the
riser at two different locations;

1. middle of the left wall and at the top of the riser.
2. middle of the left wall and 1.3 m below from the top
of riser.

3.1.1. Case 1 (top of the riser)
In Case 1, a net downward solid flow was noticed on
the surface of the wing wall as shown in Fig. 5. Data,

l Purging air
‘ ‘ Valve
4.__
L
(r & e
To
T Vacuum
Side Wall
Up flowing Solid
Gas Solid Collector
Suspension

Fig. 3. Schematic diagram of solid flux measuring probe.
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Table 2

Size analysis of “00” grade Nova Scotia sand used in the experiments
Diameter range (pm) Sample weight (g) Weight fraction, x; dp,; (mm) x;/dp; (mm~")
600-500 15 0.05 0.550 0.092
500-425 39 0.13 0.4625 0.285
425-335 86 0.29 0.380 0.765
335-250 55 0.19 0.2925 0.635
250-212 37 0.13 0.231 0.541
212-180 25 0.08 0.196 0.431
180-150 19 0.06 0.165 0.389
150-125 10 0.03 0.1375 0.246
125-106 7 0.02 0.1155 0.205
106-0 3 0.01 0.053 0.191

S =296 > (xi/dyi) = 3.8
d, =263 um

collected by the solids measuring probe, show that the
net downward flux of solids increased with an increase in
the external solid circulation. This observation can be
explained as follows. The upward moving gas turns 90°
at the top of the riser to move towards the riser exit. So,
a stagnant zone or cavity is created at the top corner of
the riser just opposite to the exit to the cyclone. Though
there could be much eddies, the net upward gas velocity
is zero in that area. The streamlines of gas carrying
solids in this region was clearly visible through the
transparent front wall. The test zone was observed to lie
above of this gas flow path. On the other hand, because
of their higher momentum, the solids continued to move

upwards. Some of them directly hit the roof of the riser
while others gradually lost their momentum due to in-
ertial effect and fell down in the cavity. The ratio of
downward and upward fluxes gives the relative measure
of downward solid flux. It was 1.6 while the external
solid recycle rate was 2.0 kg/m”s. This ratio increased to
2.2 when external recycle rate was increased to 8 kg/m?s.
This suggests a relatively mild influence of the recycle
rate.

3.1.2. Case 2 (1300 mm below the roof)
In this case, the solid flux was measured further
down the riser, but still away from the wall. Unlike the
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(V; = 3.9 m/s) for wing wall (Case 1).

previous case, no net downward solids were noticed on
the surface of the wing wall in this case (Fig. 6a and b).
This observation can be explained by the core annulus
structure, the widely accepted hydrodynamic model for
the CFB riser. According to this model, the solid con-
centration is very low at the center of a CFB riser and it
increases exponentially towards the wall of the riser [8].
As the wing wall in the present experiment was located
at the middle of the riser, one can expect a very low
concentration of solid in that region. Glicksman [9]
reported that the gas velocity at the center of a CFB
riser is as much as twice of the cross sectional average
gas velocity (superficial velocity). Neither high upward
gas velocity nor low concentration of solid favor for-
mation of clusters, which flow downward on the wing
wall. The presence of solids reduce the thickness of the

12 12
X
x [ | =2
2% 8 = u 8 ok &
L o T '
T E s E
=) . <)
. [a]
0 0
2 4 6

Gs (kg/m?.s)

(@) m Upward Flux ¢ Downward Flux

boundary layer on the wall giving a flatter velocity
profile in the radial directions compared to when gas
alone is flowing [10-12]. For this reason, solids near the
wing wall at the center do not flow downward. How-
ever, when the solid concentration is increased greater
number and heavier clusters are formed. Consequently,
solids tend to flow down more on the wing wall. Mea-
sured data showed (Fig. 6a and b) that the net upward
flux of solids on the surface decreases with the in-
creasing of external solid circulation. This was irre-
spective of superficial velocity.

3.2. Heat transfer

To study the effect of varying hydrodynamic condi-
tions on the heat transfer, local heat transfer coeflicients
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Fig. 6. Variation of upward and downward solids mass fluxes with external solids circulation rates at two different superficial velocities

(V; = 3.9 m/s, V; = 4.4 m/s) for wing wall (Case 2).
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were measured on the wing wall at both upper and lower
locations. Experiments were carried out at different
external circulation rates and superficial velocities. A
typical data on local wall temperature, average bed
temperature and heat flux are shown in Table 3. The
temperatures on both side of the wall were found similar
and local wall temperatures were estimated by averaging
the recorded values from both sides. Results shown in
Figs. 7-9 compare the results for both cases, the varia-
tion of heat transfer coefficients along the height of the
wing wall at a fixed operating condition. For Case 1,
(Fig. 7), at higher external circulation rates (8 and 6 kg/
m?s) the heat transfer coefficient decreased gradually
from the top of the heating strips towards its bottom.
This can be explained by the observed net downward
solids flow (Fig. 5) along the height of the wing wall. The
net downward solid flux was in excess of 4 kg/m?s. As
the layer of particles sweeps down the heating strip, it
gradually approaches thermal equilibrium with the sur-

Table 3
Typical data on local wall temperature, average bed tempera-
ture® and heat flux®

Distance along the 12.7 158.7 304.8 450.8 596.8
heating strip (mm)
Local wall 51 556 574 569 578

temperature, Ty
Calculated local heat 86.7 56.3 49.5 512 482
transfer coefficient, 7,

# Average bed temperature, T, = 42.5.
°Heat flux = 736.9 W/m?,

face. This reduces the thermal driving force which is the
temperature differential across the gas film. This causes
lower heat transfer and consequently lower heat transfer
coefficient which is based on temperature difference be-
tween the wall and the average bed temperature. These
results support the hydrodynamic behavior in the riser
as observed by the solid flux measurement probe. Sim-
ilar observations are also made on heat transfer to the
water wall [13,14]. These results showed higher heat
transfer coefficients at higher external solid circulation
rates.

However, at a lower external solids circulation rate
(2-4 kg/m?s), the heat transfer coefficient on the lowest
point of the wing wall is higher than that on the point
just above it. The heat transfer in cold bed comprises
contributions of both gas convection and particle con-
duction. In the case of low external circulation rate, we
can see from Fig. 5 that both upward and downward
solid fluxes are very low. This gives a low particle con-
centration in the upper bed. Thus, here the gas convec-
tion from the upward gas flow is more dominant than
the conduction from the moving particles. In case of
forced convection on a flat plate, the heat transfer on the
leading edge is highest. Thus in the present case, the heat
transfer at the bottom of the wall is highest. To verify
this hypothesis, several tests were carried out without
any solids in the riser. Results clearly show that for pure
gas convective the heat transfer coefficient is highest at
the lowest point of the wing wall.

Results from Case 2 where the wing wall was at 1300
mm below the top of the roof (Fig. 8) showed a different
scenario. The heat transfer coefficient is higher at the
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bottom of the heating strip at all external solids circu-
lation rates. The heat transfer coefficient gradually de-
creases down to the heating strip. It is apparent that
there is no net downward solids flow along the wing wall
at this position. Solids flux measurements (Fig. 6) sup-
ported the findings. In general, heat transfer coefficient
increases with increasing superficial velocity and exter-
nal solids circulation rates. The difference in heat transfer
coefficients between two superficial gas velocities (3.9

and 4.4 m/s) at a fixed circulation rate of 6 kg/m’s is
significant at the lowest point of the wing wall. The heat
transfer at the lowest position depends mainly on the gas
velocity. At higher velocity, the Reynolds number is
higher and the convective heat transfer coefficient will
also be higher in this region of developing thermal
boundary layer. However, further up in the developed
region, due to the formation of the thermal bound-
ary layer, heat transfer coefficient is low and is nearly
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constant. The contribution of particle convection is also
important here because of high net upward solid flux. As
the solid flux is upwards, the particle convection is also
higher in the lower end. For the same reason the particle
convection decreases towards the top. Owing to the
particle convection, the heat transfer coefficient in this
case is higher than the heat transfer coefficient measured
(Fig. 8) without solid.
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The relative importance of downward solids flow,
along the heating strips for a given velocity and circu-
lation rates is shown in Fig. 9. In Case 1, at the highest
point of the heating strip, the heat transfer coefficient is
nearly 1.5 times the value recorded in the highest point
of the wing wall in Case 2. However, at the lowest point
where gas convection is dominant both have the very
similar heat transfer coefficients. The upper wing wall
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(Case 1) shows higher heat transfer in the upper end of
the heating surface because here the downward solids
flux is higher than that at the top of the lower wing wall
(Case 2). However, as one moves down, the downward
flux declines because the solids sweep upward over the
upper wing wall due to higher local gas velocities at
those positions. Therefore, the difference of heat transfer
coefficients on the lower end of wing walls at two loca-
tions is low. Finally, the lowest point of the wing walls is
influenced by the strong entry effect of upward moving
gas and solids. Thus both have higher but similar heat
transfer coefficients.

The local heat transfer coefficient along the width of
the wing wall is shown in Fig. 10. Local heat transfer
coefficient is plotted for different operating conditions at
three different heights measured from the bottom of the
heating strip and along the width (distance measured
from the sidewall) of the wing wall. Near the wall the
heat transfer coefficient is higher suggesting a greater
solid concentration at the wall and on the corner.

As the external solid circulation increases, the heat
transfer coefficient also increases due to the increase of
suspension density as well as solids concentration. In
Case 1 (upper location), an interesting observation is
made when the CFB unit was operating for two different
external solids circulation rates (Fig. 10a and b). At the
top of the heating strip (H = 596.8 mm), the heat
transfer coefficient was higher than that at the bottom.
This is due to a greater downward solids flow at higher
circulation rates. On the other hand, at lower circulation
rate the heat transfer coefficient at the bottom (H = 12.7
mm) is higher than that at the top signifying an upward
solid flow. A wide variation is observed at the position
423 mm from the sidewall of the riser. This is because
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the heating strip is a long (610 mm in height) one instead
of short (50 mm in height) one, which forms thermal
boundary layer on the heating surface along the height
of the strip.

Within the range of operating parameters (V' = 3.5-
4.4 m/s and G, = 2-7.4 kg/m®s) a net upward flux (Fig.
6a and b) was always observed in Case 2 (Fig. 10c-f).
The hydrodynamic observation also supports the heat
transfer measurements. Taken at specific points, for
example, Fig. 10c—e show that the local heat transfer
coefficient near the corner (70 and 185 mm away from
the side wall of the riser) increases with the external solid
circulation rates. However, no noticeable change was
observed for the position 423.5 mm away from the
sidewall. However, in Fig. 10e and f, due to the different
superficial velocity, there was a noticeable change on
that position. This is explained by the followings. At the
corner solid concentration is higher [15]. Therefore,
the local heat transfer coefficient here depends more on
the solid concentration than on the gas convection. The
gas convection is more predominant in the middle of the
riser. It is also seen that smaller the heating surface area,
the larger the heat transfer coefficient. This supports the
observations made by other researchers elsewhere [16].

3.3. Comparison between water wall and wing wall heat
transfer

Local heat transfer coefficients along the water wall
were obtained for different superficial velocities and ex-
ternal solids circulation rates. The variations are plotted
in Fig. 11 where the distance along the water wall is
measured from its bottom to the top. Similar to the
trend reported earlier [13,14], the local heat transfer
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water wall at a specific operating condition.

coefficient increases with the increase in distance from
the bottom to top, suggesting a predominantly down-
flowing solid layer next to the water wall surface, with
fresh cold solids coming into contact with the top part of
the surface.

Experiment shows that, heat transfer coefficients in-
crease with an increase in the solids circulation rates.
More interestingly, for the same operating conditions, it
is observed that heat transfer is higher on the water wall
than that on the wing wall at a given elevation (Case 2)
shown in Fig. 12.

The difference in heat transfer coefficients between
water wall and wing wall is lower when the wing wall
was at the top of the riser (Case 1). As mentioned earlier,
the hydrodynamic condition on the wing wall in Case 1
is similar to that on the water wall which is characterized
by a net downward solids flux. When the wing wall is
placed at mid-height (Case 2), the hydrodynamics con-
dition is one of dispersed flow with net upward solid
flux. However, the heat transfer coefficient in Case 2 is
greater than the heat transfer coefficient without solids
because of a flatter boundary layer over the wing wall
and total absence of particle convection.

4. Conclusion

The experimental investigation on the wing wall for
the bench scale laboratory unit shows the following:

1. The hydrodynamic condition on the wing wall is dif-
ferent from that on the water wall.

2. At any operating condition the heat transfer coeffi-
cient on the wing wall is lower than that on the water
wall irrespective of its position.

3. The position of the wing wall affects both hydrody-
namics and heat transfer. A wing wall placed at the
top of the CFB riser has higher heat transfer coeffi-
cients than that when placed at the mid height of
the CFB riser. This is due to a downward solids flow
at the top corner of the riser.

4. No downward solids flow was noticed while the wing
wall was placed at mid height.

5. While modeling heat transfer in a rectangular riser,
the corner affect should be taken into consideration
because of its influence on both hydrodynamics as
well as heat transfer rates.
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