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Continuity equations and momentum balance equations of the gas and

solid particles phases in fluidized beds were used for developing scal-
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The hydrodynamic behavior of a hot fluidized bed combustor can be

modeled in a cold scaled bed by applying four dimensionless groups.

Two sets of fluidized beds were involved in this study. The first

set contained a three-dimensional 6' x 6' Babcock and Wilcox hot fluid-

ized bed and a three-dimensional 18" x 18" air bed. The 18" air bed

was geometrically similar to the Babcock and Wilcox hot bed and reduced

by approximately four to one from the Babcock and Wilcox atmospheric

fluidized bed combustor. The copper particles were used as the bed

material in the 18" bed which was fluidized by 100°F air. The bed

material which was mainly limestone or rather calcined and reacted

limestone was fluidized by 1600°F air. The comparisons of the auto-

covariance function of pressure fluctuations on the two beds could not



be made since the dynamic pressure fluctuations were apparently damped

out by the filters in the pressure line.

The second set contained a two-dimensional helium bed and a two-

dimensional small air bed which were geometrically similar. The bed

dimensions of the small air bed are reduced by approximately two to one

from the helium bed. The spent bed material from Babcock and Wilcox

atmospheric fluidized bed combustor was used as the bed material in the

helium bed which was fluidized by 70°F helium. Copper particles were

used as the bed material in the small air bed which was fluidized by

100°F air. Pressure fluctuation data were collected from the helium

bed and the small air bed and in addition motion pictures were made of

both systems to determine if there were similarities in their hydrody-

namics.

The experimental results in this study were not conclusive, at this

time, as a result of questions regarding distributor plate design. That

is, further work needs to be done to determine how the distributor plate

should be scaled to produce both uniform fluidization and flow patterns

that resemble the parent fluidized bed.
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TESTING OF COLD SCALED BED MODELING FOR FLUIDIZED BED COMBUSTORS

I. INTRODUCTION

With the energy crisis and the diminishing of the domestic re-

serves of oil and natural gas, coal has gradually become the primary

source for industrial and utility power generation. Many advanced tech-

nologies are being developed to utilize coal in various energy applica-

tions. Among these new schemes, the atmospheric fluidized bed combus-

tion process appears to be the most attractive since there are a number

of advantages to burning coal in an atmospheric fluidized bed combustor

(AFBC):

1. An atmospheric fluidized bed combustor is operated at

atmospheric pressure in order to prevent the polluted

gas from leaking out of the combustor.

2. Sulfur emission can be reduced by adding a sulfur ac-

ceptor, usually limestone or dolomite, to the coal feed.

3. The relatively low bed temperature involved at 1550°F

maintains the emission of nitrogen oxides in the flue

gas at acceptably low levels. Therefore, the minimum

pollution can be obtained.

4. Overall heat transfer rates will be greater in fluidized

bed combustors than in conventional boilers.

5. The fluidized bed combustor will be able to burn low-

grade fuels which are not acceptable for conventional

boilers.

Currently, pilot plants and commercialized atmospheric fluidized

bed combustors are being developed. The design of an AFBC depends on
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many factors such as fluid-solid hydrodynamic behavior, the gas-solid

contacting patterns, combustion kinetics, elutriation, and the heat

transfer effect of heat exchange tubes immersed in the fluidized bed

combustors. Large beds usually have different solids circulation and

gas-solid contacting patterns than small beds. Small cold scaled

models have many advantages in modeling for hot fluidized bed combus-

tors. They are easier to construct and operate, easier to instrument

and easier to modify for studying a variety of parameters.

The 6 ft x 6 ft AFBC pilot unit at Babcock and Wilcox in Alliance,

Ohio was involved in this study. Three cold scaled beds were used for

flow modeling of the AFBC. This study emphasizes the cold bed modeling

of the AFBC, but is not concerned with the many problems which fre-

quently occur in fluidized bed combustion such as the coal devolatiliza-

tion reaction, desulfurization reaction, combustion efficiency, temper-

ature profile and sulfur retention efficiency.

In Chapter II, a fluid mechanics theory will be used to help derive

the four dimensionless groups on which the cold scaled models are based.

Chapter III deals with how the cold scaled models are applied to

scaling tests for the atmospheric fluidized bed combustor by measuring

the pressure fluctuations across the bed and by taking movies on gas-

solid contacting patterns.

Chapter IV gives a detailed description of the experimental appar-

atus and set-up for each of the cold scaled beds and the AFBC.

Chapter V describes the experimental procedures.

Chapter VI presents the results of the statistical analysis on the

pressure fluctuations and presents the flow modeling of the scaled

models on the AFBC.
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Chapter VII provides some conclusions of the study.

Finally, the appendices, which give detailed information to

support the main text, are presented.



II. BACKGROUND

Summary

4

A fluid hydrodynamic theory of the dynamical interaction of fluid

and particles in the fluidized bed has been developed during the last

few decades. The theory has been widely applied to the stability of

the uniformly fluidized state and the bubbling phenomena, which are the

characteristics of most gas-fluidized beds. In principle, the motion

of a system of particles suspended in a fluid is completely determined

by the Navier-Stokes equations to be satisfied at each point of the

fluid, together with the corresponding continuity equation and the

Newtonian equation of motion of each particle. The continuity equations

and momentum balance equations of the gas and solid phases are used for

developing the scaling parameters (four dimensionless groups) for the

cold flow simulation of fluidized beds with the atmospheric fluidized

bed combustors.

A set of tests (described in Chapter III) will be performed to

evaluate whether a four dimensionless-group scaling criteria is suitable

for modeling the AFBC using small cold scaled models.

2.1 Cold Flow Simulation Theory and Four Dimensionless Groups

The continuity equations and momentum balance equations for the gas

and particles phases in the fluidized bed have been derived in detail

by Anderson and Jackson (4),(7). The results are given below:

The gas phase continuity equation is

3t
7. (cu) = 0 (2-1)



The solid phase continuity equation is

(l-s) + 7[(1-e)] = 0

The gas phase momentum equation is

au
+ uVul = - of + E pf g

and the particle phase momentum equation is

where

av
p + v7v] = VE

s
+ of + (1-e) P

s
gat

(2-4)

5

(2-2)

(2-3)

c: void fraction (voidage)

u: velocity of gas phase

v: velocity of solid phase

p
f

: gas density

p
s

: solid particle density

n: number of particles per unit volume, s = 1 - n V (2-5)

where V is the volume of one particle
0

E: gas phase stress tensor

s
E : solid phase stress tensor

f: force exerted by gas on solid per solid particle

g: gravity force vector.

To close the set of continuity equations and equations of motion,

it is necessary to relate the interaction force f and the stress tensors

E, E
s
to the void fraction, velocity and pressure fields of gas and

solid particles. For the stress tensors, the simplest possible assump-

tion is that they have the same form as the shear stress of a Newtonian

fluid when expressed in terms of the local mean pressure and velocity



field.

6

0" Du
k 2+ X(E) 7u 6 + + 6ik V111 (2-6)ik

Ov. Dv
k

Es = - ps 6. + A
s
(E)7v 6. +

s
(E)[7,- +

2
6. Vv] (2-7)

ik ox, ax 3 ik

The constitutive relation for the fluid-particle interaction force nf

will be taken to be of the form

where

nf = n a(E)(u - v) + (1-c) C(E) pf
d

(u v) + (1-E)7E (2-8)

p, p
s

: gas and solid particle pressure, respectively

X(E), is(E): effective bulk viscosity for gas phase and solid

phase, respectively

f
(E), 1.1

s
(c): effective shear viscosity for gas phase and

solid phase, respectively

C(E): mass coefficient

a(E): drag coefficient defining gas-particle inter-

action force per particle

where

a(E) = C
D

(Re,p) p - T71S(d ) g(E)

C
D

: drag coefficient

Re,p: particle Reynolds Number

Re,p = dlu - vlpfAlf

d : particle diameter
p

S(d o): area of particle cross-section transverse

to direction of flow

n S(d ) =
3

(1-E) .-,--

p 2 a

(2-9)

(2-10)

(2-11)
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s: dimensionless shape factor, s = 1 for a sphere

g(e) : g(e) =
-4.7

A detailed description of this form of of is given by Anderson and

Jackson (7). Equation (2-8) consists of three contributing terms. The

first term represents a drag force proportional to the relative local

velocity of the phases, with a local drag coefficient per particle.

The second term is proportional to the relative acceleration of the two

phases and to the mass of fluid displaced by the particles. The third

term represents the reaction of gradients in the local fluid stress

field on the particle phase.

By inserting Equation (2-8) into Equation (2-4), Equation (2-4) is re-

written as

av -

s
(1-6)[-

57 -t7
+ v7v] = 7E s

+ n a(e)(u v) + (1-e) C(e) P
f

(2-12)

d- (u - v) + (1-6) 7.E + (1-6) p g
dt s

By inserting Equation (2-8) into Equation (2-3), one obtains

Du
n a(e)(u - v) + (1-e) C(c) p

f 7it-
(u v)

7E = Pf[-97 + u7u] +

(2-13)

- o
f

g

By inserting Equation (2-13) into Equation (2-12), Equation (2-12)

gives
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av "
p
s
(1-01-

T
+ 17.7v] = 7E

s
+ n a(c)(u - v) + (1-0 C(c) Pf

d
(u - v)

+ (1-c) p
f [at

1-c+ u7u] + [n a(c) (u v)

d
+ (1-c) C(e) Pf -dT (u v)]

- (1-0 P
f

g (1-c) Ps g d
s

n a(c)(u - v) + (1 -e) C(c)
Pf -d7

(u - v)

= 7E +

au
+ (1-0 Pf + uVu] + (1-E)(P

s
Pf) g (2-14)

which may be used as an equation of motion for the particle phase in

place of Equation (2-4).

Scharff, et. al. (6) used the dimensionless parameter, denoted by

primes, for scaling Equations (2-1), (2-2) and (2-14). The dimension-

less parameters are defined as

x = L x' (for all distances except solid particle size) (2-15)

d
P

= D
P P
d' (for solid particle size)

u = U

v = V v' (= U v')

t = T t'

P = P P'

U =
T

Therefore, Eauation (2-1) can be written as

(2-16)

(2-17)

(2-18)

(2-19)

(2-20)

(2-21)

(2-22)



BE of 7'

at
+ 7.(e u) =

T Bt' L
(e U u') =

U De U- + u') = 0
L 9t L

9c

9t
+ 7".(e u') = 0

Equation (2-2) can be similarly written as

3 v-
at

(1-e) + 7.[(1-e) v] =
T

(1-e) + 7.- [(1-e) U v-] =

a

3t'
(1-6) + 7-[(1-e) = 0

9

(2-23)

(2-24)

Equation (2-14), which is the combination of Equation (2-3) and Equa-

tion (2-4), can be rewritten as

9u -
P
s
(1-6)[-

3v
+ v7v] P(1-e)[-

Tt-
+ u7u] =

(a) (b)

d -
n a(e)(u - v) + (1-e) C(E) Pf

Tt7
(u - v)

(1-0(p
s

pf) g + + 7E

(c) (d) (e)

(2-25)

The terms of (a) and (b) on the left-hand side of Equation (2-25)

-A.

U 9v' U U 9iu'
= P (1-c)

9t
-77 + U v 17, .7 v] p,(1-c) [T, T7.7 U u

r-
7 u']

Dv' -- U Du' -
= Ps(1-c)

U

L 7
v .7 v

,

L
] - p

f
(1-e) [9t' + u'7-u-] (2-26)

(c) terms on the right-hand side of Equation (2-25)

(1-c) (P
s pf ) g (2-27)

By inserting Equations (2-9) and (2-10) into (d) term on the right-hand

side of Equation (2-25), it gives



(d) term -
n a(c) (u - v) + (1-c) C(E) Pf

d
(u - v)

E:

1
CD(dplu - vlp

f
)

f

- vl 1 (1-E) &-- g(E)61

(1-e) C(e) Pf
dt

(11 v)]

10

CD
Up

f p
v'l1D- 3

P
= [ p

f

1

v'l
2

(1-c)
D

s

d
g(e).

,
P P

U

dt
U(u'- v') + (1-c) C(e) 0

f T
(u-- v') ]

d

of
U

D U p

= e (D ) (CD P f
1

u - v
3

d') lu-- v'; (1-c)
d'

g(E)

. (u-- v') ]
1-c U

2
d

C(e) pf (T--) c-Tt7- (u'- v')

D Upf
3 1-e

D

c U
2

S i= 7, ) ) C
D

[ P ;
- iu

-
v ; g(e)

z f ;.t

1- c
2

d
* (u'- v') ] + C(e) P

L dt
(u'- v')

(e) term on the right-hand side of the Equation (2-25)

(2-28)

- 3v. 3v
2 -1= 7E s = V[-p s

6
ik

+
s
(c)7-v

Pik + Dxk ]
-

ik
Vv)]

ik axk

V' s 7'
= '(-P 61.k) 'LX (e) .(u 17')(sik] +

7' s U(c) k 2 V'
L 3 3;r. 6ik

'(U v- H 1

1



= 7".(-p
s

ik
) +

u
7"-D,

s
(e)(7".v")6

ik
] +

av 3v"

L

U

2 ax'

k 2
V {1Js(E) [Dx- + 6ik (V-v")]}.
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(2-29)

Inserting Equations (2-26), (2-27), (2-28) and (2-29) into Equation

(2-25), one obtains

2 2
U Dv" Du"

p
s
(1-e)

L
[---Dt 7 + v"7'v'] p

f
(1-e)

L
[

Dt
u 7 u']

Do U p
3

2

,1e U
2

:s4-7 -

p

= (1-c)(P
s

Pg) g + c p IeD Df p
f d"

f

g(e)(13.-- v')]
1-e U

2
d

C(e) p
f

(17)
C:T.7

v")

+ = 7 ' . ( - p s

(ik
) + 27 .[A (s)(7 v )o

ik
] U2 V-{P

s
(E)

Dv" Dv'
k 2

[ax' + Pik
(7".v")]1

k
(2-30)

Scharff, et. al. express that the solids pressure, p
s

, and solids

s,

viscosities,
us

and A , pose a major limitation on scaling for simula-

tion. The solid pressure is a measure of the mean square particle kine-

tic energy fluctuation. It appears reasonable to take

s
Uo

-7p 'A.,

L

It is reasonable to expect p
s
to depend on particle elasticity, 1

P
s

u2

Since there are already terms in within Equation (2-30), the

term in -7p
s
does not appear to introduce any new scaling constraints
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although it does suggest that attention be paid to the size distribu-

tion of particles and particles elasticity in a simulation.

The specification of Xs and us appear uncertain. From dimensional

considerations it appears likely that these quantities scale either as

p UL h(c,r ,1 ) or ps U D h(c,r ,1 ), where h is a general function
s o o p o o

and r
o

is particle roughness. Either form does not affect the cold

flow simulation of the combustion situation.

From the above discussion, it is sufficient to scale Equation

(2-30) by neglecting p s, Xs and us. Multiplying Equation (2-30)

through by L , Eauation (2-30) can be rewritten as
p
s

U

3v
p
f au'

(1-c)[
at

v"7"v'] - [

at
+ u"V'u-]

p
s

2

e
Ps Pg D Upf

3
= (1-c)( ) (

L
2)

+ (

1
) (D

L
) (

f
) C [ 13

p
s

P
s

D p
f

vii] J11.1
I - 17' 1 g(e) v')

p

P
f d1-6

C(e)
at'

(u v )

P P
s

Equation (2-31) yields the dimensionless groups as

where

L g L Pf Dp Upf

U2
' Dp ' ps ' P-

(2-31)

L g
. (A reciprocal of Froude number) the ratio of the product

U
2

of the acceleration gravity times a characteristic bed

dimension to superficial gas velocity sauared.
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P
f

p
the ratio of gas density to solid density

L
: the ratio of characteristic bed dimension to the average

particle size

pf U D
p

. (particle Reynolds number) the ratio of superficial gas
1-1

f

velocity times the average particle diameter to the

kinematic viscosity of the gas.

2.2 Flow Modeling

In flow modeling, if the four dimensionless groups have the same

numerical values in two geometrically similar fluidized beds of other-

wise different properties (for instance, different particle size, dif-

ferent particle density, different gas viscosity, etc.) then, accord-

ing to simulation theory, both beds are hydrodynamically similar.

Now, one needs to develop how the scale factor relates to the

ratio of superficial velocity, the ratio of particle size and the time

factor for both of the systems.

Let the subscript 1 denote the hot flow system and 2 denote the

cold flow system. First of all, combining the particle Reynolds number,

one gets

Since

D
pl

U
1

p
fl

D U
p2 2

p
f2

fl f2

D
pl

p
fl

U
2

p
f2

D
p2 Ul Pfl

L
21

Ll g L2 g
and -

D
pl

D
p2

1

2
U
2

2

(2-32)

(2-33)



Thus,

D
pl

L
1

U
1

2

D
p2

L 2
2 U

2

Inserting Equation (2-34) into Equation (2-33), one gets

L
1

- L '2
/1f1 U2

p
f2 fl r2 2

U,

=

1-1 P

(

L
) since = 1)

L
2

u
f2

U
1

p
fl f2

p
fl 1 L2 L2

14

(2-34)

L1
u_
tl

p
f2

2/3

( scale factor (2-35)
L
2 f2

P
f

)

l

By using Equation (2-34) and Equation (2-35), one obtains

D
pl

= m D
p2

U
1

=m2 U
2

Similarly, one can get p
sl

as,

since

P fl
psi = P s2 p

f2

Pfl Pf2

psl ps2

Combining L and U results in the scaling of time T, as,

T =
U

Equation (2-34) gives

L U12 L /m 2 L 2 m 2
1 1 '1

)

1
(T2)

(L
2
/T

22 U
2

L2

. T T

11) = =
T
2

L
2

(2-36)

(2-37)

(2-38)

(2-39)

(2-40)
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L
1

where in = . (scale factor)

i.e., the time factor is equal to the square root of scale factor.

Also, bubble frequency = (pericd)-1

i.e.,

f
2

T
1

f
1

T
2

where f is the bubble frequency.

So,

f
2

T
1

L
- = - 1%

= = m
2

1
T
2

L
2

(2-41)

(2-42)

For two geometrically similar fluidized beds, the time factor or

frequency factor can be obtained by taking the measurement of the pres-

sure fluctuation across the beds. This will be discussed in Chapter VI.

2.3 Previous Work on the Cold Flow Modeling

There has been little work done to determine the hydrodynamic be-

havior of the hot fluidized bed combustor by using the cold scaled beds.

A recently published article by Fitzgerald and Crane (18) represents

the first example of studies which deal with the comparison between the

behavior of large cork particles in a large cold fluidized bed fluidized

with air with the behavior of small sand particles in a small bed fluid-

ized by freon gas. They also compared the behavior of small tungsten

particles in a small bed fluidized by water with the behavior of large

styrofoam particles in a large bed fluidized by air. The motion pic-

tures showed that the cork-air bed behaved like the sand-freon bed;

also, the tungsten-water bed behaved similar to the styrofoam-air bed.
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They have also measured the pressure fluctuations across the beds and

have compared the power spectral density of the fluctuations. The re-

sults are quite similar.

Then, experimental results strongly indicate that the four dimen-

sionless groups can be used for scaling cold models. Therefore, it

seems very encouraging that the hydrodynamic behavior of the atmospheric

fluidized bed combustors can be modeled by the cold scaled beds in the

same way.
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III. SCALING TEST FOR ATMOSPHERIC FLUIDIZED BED COMBUSTORS

The experimental program in this study will emphasize the Babcock

and Wilcox atmospheric fluidized bed combustor. The tests to be con-

ducted will measure whether the cold scaled models with scaled solid

particles give the correct predictions for the flow of the fluidized

bed combustor solid in an actual hot AFBC. Comparisons will be made

between the three-dimensional 6 ft x 6 ft (183 cm x 183 cm) B & W AFBC

and a three-dimensional 18 in. x 18 in. (46 cm x 46 cm) scaled bed (see

Figures 3-1-A and 3-1-B). In addition, comparisons will also be made

using a two-dimensional 5 in. x 19 in. (12.7 cm x 48.3 cm) helium bed

and a two-dimensional 2.5 in. x 9.5 in. (6.4 cm x 24.2 cm) small thin

air bed which are shown in Figures 3-1-C and 3-1-D.

The designs and calculation for each of the cold scaled models are

described as follows:

Let the subscripts "1" denote the B & W AFBC, "2" denote the two-

dimensional helium bed, "3" denote the small thin air bed and "4" denote

the three-dimensional 18" bed.

3.1 Operating Conditions of B & W AFBC

The operating conditions of the B & W AFBC are

p
sl

: solid particle density, 156 lb
m
/ft

3
(2.5 g/cm

3
)

p
fl

: air density at 1600°F, 0.019 lb
m
/ft

3
(3.04 x 10

-4
g/cm

3
)

: viscosity of air at 1600°F, 0.047 cps

d
1

: immersed heat exchange tube diameter, 2 in. (5.08 cm)

D
pl

: surface average particle diameter, 2 mm

L
1

: 6 ft (nominal dimension)



A.

6 ft 1

r: (183 cm) -%1

HOT ATMOSPHERIC PRESSURE
FLUIDIZED BED COMBUSTOR

* Square cross section
(6' x 6' (183 cm x 183 cm))

* Fluidized by air and com-
bustion gases at 1550°F
(850°C), 14.7 psia (1 atm abs.)

* 2" (5 cm) diameter tubes

* 0.08" (2 mm) diameter reacted-
limestone particles

* Superficial velocity = 8 ft/sec
(2.42 m/sec)

18

B.

18"

(45.7 cm)

COLD ATMOSPHERIC PRESSURE
SCALED MODEL (1/4 size of AFBC)

* Square cross section
(18" x 18" (45.7 cm x 45.7 cm))

* Fluidized by air at 100°F
(38°C), 14.7 psia (1 atm abs.)

* 1/2" (1.25 cm) diameter tubes

* 0.02" (0.5 mm) copper particles

* Superficial velocity = 3.86 ft/sec
(1.17 m/sec)

Figure 3-1. Operating conditions of the 3-D B & W AFBC and
the 3-D 18" cold scaled bed.



C.

19"

(48.3 cm)

HELIUM BED WITH HOT FLUIDIZED
BED COMBUSTOR SOLIDS

* Thin cross section
(5" x 19" (12.7 cm x 48.3 cm))

* Fluidized by helium @ 70°F
(21°C), 27 psia (1.84 atm abs.)

* 1" (2.5 cm) diameter tubes

* 0.04" (1 mm) diameter reacted-
limestone particles

* Superficial velocity = 5.8
ft/sec (1.76 m/sec)

19

D.

--71 9'5" (24.2 cm)
1

SMALL THIN AIR BED

* Thin cross section
(2 1/2" x 9 1/2"
(6.4 cm x 24.2 cm))

* Fluidized by air @ 100°F
(38°C), 14.7 psia (1 atm abs.)

* 1/2" (1.25 cm) diameter tubes

* 0.02" (0.5 mm) copper par-
ticles

* Superficial velocity = 3.84
ft/sec (1.17 m/sec)

Figure 3-1 (continued). Operating conditions of the 2-D helium bed
and the 2-D small thin air bed.
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U1 : gas superficial velocity, 8 ft/sec (2.44 m/sec)

T
1

: bed operating temperature, ca. 1600°F

P1 : atmospheric pressure

3.2 Design and Calculation of Operating Conditions for the Helium Bed

The two-dimensional fluidized bed in OSU Chemical Engineering

Department will be the candidate for the helium test. It is desired to

set the helium bed to have similar operating conditions to the B & W

AFBC. By applying the four dimensionless groups, both the helium bed

and the B & W AFBC should have the identical values, i.e.,

Up
fl

U
1

D
pl Pf2 2 Dp2

fl f2

Pfl Pf2

psi Ps2

L L
21

D
p1

D
p2

Ll g L2 g

U
1

2
U
2

2

(3-1)

(3-2)

(3-3)

(3-4)

Let one use d
1
and d

2
(the heat exchange tube diameter) to replace

L
1
and L

2
(the characteristic bed dimension) since one wants to scale

the heat exchange tube size of the helium bed from that of the B & W

AFBC. Thus, Equation (3-3) and Equation (3-1) can be combined and

written as

/In
D
pl

U
1

0
fl

d
1

U
1

p
fl 0.047 cps

2.61
d2 U2 pf2 0.018 cpsuf2 Dp2 U2 Pf2

where u
2
= 0.018 cps (from Perry, 5th, 3-210).

(3-5)



Using Equations (3-3) and (3-4), one gets

dl U 2
1

=
d
2

U
2

U, A
1 4

=
U
2

d
2

21

(3-6)

By using the same solid particles in the helium bed as that in the hot

bed, it gives p
's1 Ps2.

From Equation (3-2), one gets

p
fl

= p
F2

= 0.019 lb
m
/ft

3
(3-7)

Inserting Equation (3-7) and Equation (3-6) into Equation (3-5), one

obtains

d
1

3/2 d
1

= 2.61 = 1.9
d
2 2

d2 1.9 1.9

d
1 2 in.

1.05 inches

(3-8)

(3-9)

.*. d
2

=4, 1", this is the size of the immersed heat exchange tube used

in the helium bed.

By using Equation (3-3), the average particle diameter is

D
p2

=
1
) (2 mm) = 1 mm (3-10)

Using Equations (3-6) and (3-8), the superficial velocity can be deter-

mined, thus,

1
= (1.9) 2 = 1.38

U
2

.*. U
2
= (8 ft/sec)/1.38 = 5.8 ft/sec (3-11)

Now, one needs to calculate the desired bed pressure at 70°F (21.1°C).

Using Equation (3-7) and applying the ideal gas law to helium, the bed

pressure can be calculated as,
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P
f2

RT
-

(0.019)(10.73)(70 460)

M 4

= 27 psia = 12.3 psig (3-12)

Therefore, the helium bed with B & W AFBC's solid particles has the

operating conditions as follows:

a. A two-dimensional (5" x 19") fluidized bed fluidized by

helium at 70°F (21.1°C)

b. Bed pressure maintained at 12.3 psig (1.84 atm abs.).

c. 1" (2.5 cm) dummy heat exchange tubes with the same con-

figuration as B & W AFBC's geometry.

d. 1 mm average diameter of reacted limestone particles

used as bed material. The bed material is obtained by

screening actual spent bed material from the hot unit

to duplicate at half scale the size distribution in

the hot bed. It can be expressed as:

1 1
D
pl

= D
p2

=
x. xi

Z (

d d
) E ()

i pi 1 i pi 2

1
D = D
p2 2 pl

1

(d
, 2

pi 1

e. A superficial gas velocity of 5.8 ft/sec to model

8 ft/sec for the B & W AFBC.



23

3.3 Design and Calculation of Operating Conditions for

Small Thin Air Bed

Having obtained the operating conditions for the two-dimensional

helium bed, one needs to develop a two-dimensional small thin air bed

to model the two-dimensional helium bed by using air at 100°F instead

of helium gas. The scaled small air bed will have similar geometry to

the helium bed but its dimensions will be reduced by approximately two

to one.

Air at 100°F and atmospheric pressure will be supplied by a 15-HP

blower in the Chemical Engineering Building. The density of air at

100°F and atmospheric pressure is

p
f3

(essentially N ) =
PM

=
14.7 x 28

2 RT 10.7 x 560

= 0.070 lb
m
/ft

3

and

(3-13)

the viscosity of air at 100°F,
pf3

= 0.019 cps (from Perry, 5th,

3-210).

The small air bed must now be matched, using the same dimensionless

groups, to the helium bed.

Using the equation
P
f2

-
P
f3

P
s2

0
s3

the density of the bed material of the small air bed must be

p
f3 0.070 3 3

P = p = x 2.5 g/cm = 9.2 g/cm
s3 p

f2
s2 0.019

One calculates that the bed material must have a density of about 9

(3-14)

(3-15)

g/cm
3

. Therefore, copper will be used as the bed media.
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Using Equation (2-35) to calculate the size of the heat exchange tubes,

one finds,

2/3 2/3
r

d
3 lif3

p
0.019 0.019f2

d
2

'

/1f2
p
f3

] [
0.018 0.070

]

= 0.432

. . d
3
= 0.46 in. since d

2
= 1.05 inches (3-16)

Therefore, 1/2-in, diameter dummy heat exchange tubes will be used.

Similarly, from the Equation (3-3), the copper particles in the

small air bed will have an average diameter of 0.5 mm, i.e., D = 0.5
P3

mm. By using Equation (3-6), the superficial air velocity can be cal-

culated as

U
2 2

1/2

ft .46
= U

3
= (5.8 )(

0

U
3

d
3

sec 1.05

1/2

= 3.84 ft/sec (3-17)

Finally, one needs to determine the bed dimensions of the small air bed

by applying Equation (3-3).

L d
3 p3 0.5

L
2

d
n2

1

. . L
3

= 0.5 142

= 0.5

(3-18)

The characteristic bed dimensions of the small air bed will be

scaled by half from the helium bed. Therefore, the small two-dimen-

sional air bed has the following operating conditions:

a. The two-dimensional air bed (5/2" x 19/2") will be

scaled by approximately two to one from the two-
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dimensional helium bed and fluidized by air at 100°F

(38°C)

b. Bed pressure will be kept at atmospheric pressure.

c. 1/2 in. (1.27 cm) dummy heat exchange tubes will be

used.

d. The bed material will be copper with an average par-

ticle diameter of 0.5 mm and a density of ti 9 g/cm
3

.

e. A superficial gas velocity of 3.84 ft/sec will be

used to model the 5.8 ft/sec gas velocity of the two-

dimensional helium bed.

3.4 Design and Calculation of Operating Conditions for the

Three-Dimensional 18" Bed

A direct comparison will be made of the flow patterns between a

three-dimensional cold bed and the B & W hot AFBC. The cold bed will

have the similar geometry to the B & W AFBC. The dimensions of the

cold bed was determined by the following calculations:

The fluidizing gas, air, at 100°F and at atmospheric pressure has

a density of p
f4

= 0.07 lb
m
/ft

3
and a viscosity of p

f4
= 0.019 cps.

Therefore, using Equation (3-14), the density of the bed material must

be

0.070
P s4 = p

sl
(

0.019
) A (2.5 g/cm

3
) = 9.2 g/cm

3

P
fP

c4

l

to maintain the ratio between the gas density and the bed material and

using Equation (2-35), the diameter of the heat exchange tubes must be:



d
4

2/3
[

f4
p
fl

2/3
(0.019)(0.019),

= x(0.047)(0.07)
j

= 0.233
P
fl

P
f4

d
4
= 0.233 (d

1
) = 0.466 in. = 0.5 in.

Now, one needs to determine the characteristic bed dimensions:

Since

where

L
1

d
1 0.5 in.

0.25
L4 d4 2 in.

L
4
= (0.25)(6 ft)(

12

f

in.
) 18 inches

L
1
= 6 ft is the bed dimension of the B & W AFBC.

26

(3-19)

(3-20)

(3-21)

The bed dimension will be one auarter of B & W AFBC's dimension making

its cross section dimension 18" x 18" compared to B & W AFBC 6' x 6'

and in addition, the average particle diameter must be

p4

D
pl 2 mm

0.5 mm.
4 4

The superficial velocity must be

U d 1/2

U1 (T-1)

4 4

U
4
= (8 ft/sec)(

0.466
)

1/2
= 3.86 ft/sec.

'

(3-22)

(3-23)

Therefore, the three-dimensional air bed has the following operating

conditions:

a. The three-dimensional air bed (18" x 18") will be scaled

by approximately one quarter from the B & W (6' x 6')

AFBC.
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b. Bed pressure will be kept at atmospheric pressure.

c. 1/2" (1.27 cm) dummy heat exchange tubes will be

used.

d. 0.5 mm average diameter of copper particles (density

of ti 9 g/cm
3

) will be used as bed material instead

of reacted limestone particles.

e. A superficial gas velocity of 3.86 ft/sec will be

used to model the 8 ft/sec gas velocity of the B & W

AFBC.

3.5 Sequence of Scaling Tests

The first test of the study involves the comparison of gas-solid

flow patterns and the frequencies of pressure fluctuations between the

helium bed and the small thin air bed. Figure 3-1-D shows a two-dimen-

sional small air bed which is scaled to match the hydrodynamic behavior

of the two-dimensional helium bed shown in Figure 3-1-C. Both beds are

also geometrically similar. If the gas-solid contacting patterns of

the helium bed and the small air bed appear similar and the autocor-

relation function of pressure fluctuations measured from those beds are

matched, then, according to the previously derived equation

(density of helium at 70°F)p
f,He bed

s,He bed
(density of limestone particles taken from B & W AFBC)

(density of air at 100°F)p
f,small air bed

(density of copper particles) 'p
s,small air bed

small copper particles can be used to simulate the bed material in a

fluidized bed combustor.
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The final test involves the direct comparison between the actual

three-dimensional B & W atmospheric fluidized bed combustor (Figure

3-1-A) and the three-dimensional cold scaled 18" bed (Figure 3-1-B).

The scaled model has similar geometry to the hot fluidized bed but its

scale is reduced by approximately four to one. If the autocorrelation

function of pressure fluctuations measured for the hot bed and the

scaled bed are matched, then, from the following equation

p
f,hot bed

(density of air at about 1550°F)

s,hot bed (density of dolomite particles of B & W AFBC)

(density of air at 100°F)p
f,scaled air bed

(density of copper particles)p
s,scaled air bed

the copper particles in the cold scaled bed will be able to simulate

the limestone particles in the hct bed. Therefore, the validity of the

scaling technique by applying the four dimensionless groups should be

confirmed.
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IV. EXPERIMENTAL SET-UP AND APPARATUS

Four fluidized beds are involved in this study. Three cold scaled

models are constructed by the personnel of Chemical Engineering Depart-

ment, OSU. One hot B & W AFBC which is located in Alliance, Ohio is

available for collecting data. The apparatus and set-up for each of

the beds will be detailedly described in this chapter as follows:

4.1 Helium Bed

The whole system consists of a two-dimensional helium bed, Airco

helium trailer, critical orifice assembly, Validyne transducers P-305-1,

Foxboro control valve and pressure controller, amplifying and recording

equipment, and NOVA minicomputer. A schematic diagram of the entire

apparatus layout is shown in Figure 4-1.

Two-Dimensional Bed

The two-dimensional bed has dimensions of 19' x 5' x 80' (48.3 x

12.7 x 200 cm). The doors are fabricated from a 1" thick transparent

polycarbonate material which provides visual access on the front and

rear sides of the bed over the entire length. Each of the two doors is

divided into sixteen small partitions and reinforced by steel grids.

Since the operating pressure in the bed will be kept at 12.3 psig, the

bed has been air-tested at 2 atm abs. to warrant leakage-proof. Near

the bottom of the bed, there is a safety valve (set at 15 psig) which

is mounted at the left-hand side of the plenum chamber to avoid the

incidental blowup. Figure 4-2 shows a photograph of the 2-D helium bed.
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Figure 4-1. Schematic diagram of the two-dimensional helium bed.
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Figure 4-2. A photograph of the 2-D helium bed.

Figure 4-3. Airco helium trailer.



32

Helium Trailer

The fluidizing gas (helium) is supplied by an Airco helium trailer

(Figure 4-3) which consists of eighteen cylinders which are 20 ft

(6.1 m) in length and 8.75 inches (22.2 cm) inside diameter. The

initial helium pressure in the trailer was 2640 psig (180 atm) at 60°F

(15.5°C).

Critical Orifices Set

The high pressure helium gas passes through valves (1/3" (3.2 mm)

I.D.) (Figure 4-4) and enters the bed through the critical orifices

(Figure 4-5). The orifice assembly has five orifice plates. Each ori-

fice plate is connected to a high pressure manifold. The diameter of

the main orifice plate is 0.075" (1.9 mm). The others have a diameter

of 0.016" (0.41 mm). They are made of stainless steel with copper

plates as gaskets (Figure 4-6).

Distributor

A perforated-type "sandwich design" distributor plate is made of

aluminum plate with a 100-mesh screen inserted between the plates to

avoid particles from falling into the plenum chamber. The plates are

drilled with 3/16 in. (4.76 mm) diameter holes on 0.79 in. centers. The

open area is about 2.5% of the total area. The ratio of pressure drop

across the distributor to the pressure drop across the bed is about 20%.

Heat Exchange Tube Array

The immersed heat exchange tube array is shown in Figure 4-7.

This configuration is B & W geometry. The horizotal center-to-center
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Figure 4-4. A photograph of the high duty valves set.
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distance is 3" (7.62 cm). The tubes are Plexiglas rods 1" (2.54 cm) in

diameter and 4.75" (12.1 cm) in length. They are horizontally placed

and glued on the front and rear transparent doors.

Bed Material

The spent Babcock & Wilcox bed material which is a mixture of

limestone, rather calcined and reacted limestone is used as bed media.

One foot of the bed height is taken for the experiment. Spent bed

material from B & W's AFBC was sieved and then recombined to produce

bed material with the same particle size distribution but at half scale,

that is, the shape of the distribution curve was the same but the mean

particle diameter was reduced by half. Table 4-1 shows the particle

size distribution of the spent B & W material used in this experiment.

Table 4-2 presents the screen specification of U. S. sieve series and

Tyler equivalents. The average surface particle diameter is 0.93 mm

calculated by the following formula:

1
D

x.

E
d

i pi

Bed Pressure Control System

(4-1)

The bed pressure should be kept at 12.3 psig while running the

experiments. A pressure controller and a 1 1/4" (3.2 cm) Foxboro pneu-

matic control valve (Figure 4-8) are the major devices in the entire

pressure control system. A schematic of the control mechanism is shown

in Figure 4-9. An electronic control circuit of the controller is

shown in Appendix A.
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Table 4-1. The Particle Size Distribution of B & W Bed
Material Used in the Helium Bed.

U. S. Sieve No. dpi (1) Weight Fraction xi (%)

- 8#, + 12# 2030 0.069

12#, + 20# 1260.5 0.514

- 20#, + 35# 670.5 0.403

- 35#, + 50# 398.5 0.014

50#, + Pan Trace

The average surface particle diameter is

1
D =
p xi

d
i pi

= 930 u

= 0.93 m/m
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Table 4-2. U. S. Sieve Series and Tyler Equivalents.

U. S. SIEVE
DESIGNATION

SIEVE OPENING NORMINAL WIRE DIA. TYLER
DESIGNATIONmm inch mm inch

No. 4 4.76 0.187 1.54 0.0606 4

6 3.36 0.132 1.23 0.0484 6

8 2.38 0.0937 1.00 0.0394 8

10 2.00 0.0787 0.900 0.0354 9

12 1.68 0.0661 0.810 0.0319 10

14 1.41 0.0555 0.725 0.0285 12

16 1.19 0.0469 0.650 0.0256 14

18 1.00 0.0394 0.580 0.0228 16

20 0.841 0.0331 0.510 0.0201 20

25 0.707 0.0278 0.450 0.0177 24

30 0.595 0.0234 0.390 0.0154 28

35 0.500 0.0197 0.340 0.0134 32

40 0.420 0.0165 0.290 0.0114 35

50 0.297 0.0117 0.215 0.0085 48

60 0.250 0.0098 0.180 0.0071 60

80 0.177 0.0070 0.131 0.0052 80

100 0.149 0.0059 0.110 0.0043 100

140 0.105 0.0041 0.076 0.0030 150

200 0.074 0.0029 0.053 0.0021 200

230 0.063 0.0025 0.044 0.0017 250

325 0.044 0.0017 0.030 0.0012 325

400 0.037 0.0015 0.025 0.0010 400
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Figure 4-8. I--1 inches Foxboro pneumatic control valve.
4
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Pressure Measurement and Data Acquisition System

Pressure transducers are connected to the bed via a short length

of 1/4 inch O.D. polyflow tubing. The pressure taps are located at 6

inches (15.2 cm) and 9 inches (23.0 cm) above the distributor plate.

The reference taps are located at 24" (61 cm) above the distributor.

The transducers are attached on the exterior walls of the bed above the

pressure taps to prevent solid particles from entering the transducers.

Figure 4-10 shows the schematic diagram of the pressure transducer

mounted on the exterior walls of the helium bed. The transducers used

are Validyne P-305-1 (Figure 4-11) with diaphragm capacity from 0 to

1.25 psi.

A transducer produces an output voltage (0 to 5 volts) proportional

to the pressure difference sensed from the positive and negative input

channels. The sample interval is selected to be 0.012 sec, and a total

of 8192 data points are collected. This gives an operating time of

98.3 sec. The pressure fluctuation signal is observed on the oscillo-

scope while the data are beinc collected.

These measurement and acquisition systems are based on the trans-

mission of pressure fluctuation signals through the transducer and

electronic modules to the amplifying and recording equipment and finally

to be statistically analyzed by the NOVA minicomputer and OSU CDC CYBER

computer facilities.

Cinematographic Operations

In order to visualize the gas-solid contacting flow patterns and

bed characteristics, a couple of selected runs are recorded on Super-8
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Figure 4-11. Validyne P-305-1 pressure transducer.



45

movie film at 18 frames per second. A Nikon R-10 cinecamera and four

high-intensity photoflood lamps will support this job. This technique

gives an excellent permanent record of the overall bed behaviors.

4.2 Small Thin Air Bed

The thin air bed is scaled from the helium fluidized bed and re-

duced by a factor of two to one. It has the dimensions of 9.5" x

2.5" x 48" (24.1 cm x 6.4 cm x 122 cm). It is made of 1 inch-thick

Plexiglas. All the walls are transparent for observing the solid cir-

culation and gas solid contacting patterns around the immersed dummy

heat exchange tubes. The tube array has the same geometry as that of

the helium bed but the tube diameter and the tube spacing are scaled by

one half from those of the helium bed.

The distributor is a perforated plate having holes of 1/8" (0.32

cm) in diameter and 2/5" (1 cm) center-to-center spacing. Copper par-

ticles are used as fluidizing media instead of the spent bed material

from the B & W bed. The D of the copper particles is 0.49 mm 0.5

mm) which is just half of that of the spent bed material (D = 1 mm)

used in the helium bed. The bed height scaled down from the helium bed

is 6 inches (15.2 cm) above the distributor.

A smaller 15-HP blower was used to provide air to fluidize the bed

at atmospheric pressure and 100°F (38°C). The blower has a capacity up

to 280 cfm output at seven psi (0.132 m
3
/sec at 0.48 atm).

The pressure fluctuation measurement, data acquisition system and

cinematographic operation are the same as those conducted in the helium

bed.
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A schematic diagram of the entire layout of the small thin air bed

is shown in Figure 4-12. A photograph is also presented in Figure 4-13.

4.3 B & W Atmospheric Fluidized Bed Combustor

The Babcock and Wilcox's atmospheric fluidized bed combustor (AFBC)

consists of a three-dimensional combustor, coal and limestone conveying

system, immersed steam tubes in the combustion chamber, steam tubes in

the freeboard, and boiler facilities. A schematic diagram of the entire

layout is shown in Figure 4-14 (from EPRI Annual Report, 1978).

The three-dimensional AFBC has a square cross section dimension of

6 ft x 6 ft (183 cm x 183 cm) and operates at the atmospheric pressure.

The steam tube bundles set in the freeboard and the combustion section

are 2 inches (5.04 cm) in diameter. The heat exchange tubes immersed

in the bed are designed to remove enough heat to maintain the combustor

temperature at 1550°F and those set in the freeboard are used for pre-

heating the inlet gas and in the process lowering the 1550°F exhaust

gas to 400°F. For a detailed description of the calculation and design

of the B & W AFBC see T. J. Fitzgerald, 1980 (17).

The static height of the bed media is 4 ft and the average particle

diameter (mainly limestone) is 0.08" (2 mm). The configuration of the

immersed dummy heat exchange tube array is shown in Figure 4-15. The

pressure measurement and data acquisition system are the same as those

conducted in the helium bed.
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Figure 4-13. A photographic presentation of the small thin air bed.
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4.4 18" Three-Dimensional Cold Scaled Bed

(1/4 Size of the B & W Hot AFBC)

The three-dimensional 18" cold fluidized bed is one fourth of the

size of the B & W AFBC. The schematic diagram is shown in Figure 4-16

and Figure 4-17. It has the dimensions of 18" x 18" x 72" (45.7 cm x

45.7 cm x 183 cm). The bed is made of 1" thick Plexiglas plate rein-

forced by steel grids. The size of the immersed dummy heat exchange

tubes are reduced by four to one from the B & W AFBC and are 1/2 inch

(1.27 cm) O.D. Fiberglas tubes of B & W geometry. No dummy heat

exchange tubes were placed in the freeboard of the cold scaled model as

it was unnecessary for the purpose of this study. The distributor is

a "sandwiched" and perforated type design. It is made of two pieces of

mild steel plates (18" x 18") with a 200-mesh screen inserted between

them. The center-to-center distance among the openings is 1/2" (1.27

cm). The diameter of the opening is 5/32" (0.4 cm). Figure 4-18 shows

the distributor configuration of the 18" bed.

The fluidized gas (air) is supplied by a Roots Blower (Model

3514 J) which is driven by a 20-HP Rogers electrical motor (Lincoln

Code T-2545). The pressure fluctuations measurement and data acquisi-

tion system are similar to those done on the helium bed.
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Figure 4-17. A photographic presentation of the 3-D 18" bed.
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V. EXPERIMENTAL PROCEDURES

5.1 Helium Bed

5.1.1 Operating Procedures

The entire helium system is operated under a high pressure condi-

tion. The initial helium pressure in the helium trailer is about 2640

psig (ca. 180 atm). The helium pressure is reduced to about 15 psig at

the plenum chamber of the bed while it passes through critical flow

orifice plates. The bed pressure is controlled at the desired pressure

(12.3 psig) by the 1.25" control valve (see Figure 4-1). A step-by-

step procedure for conducting the experiment is outlined below:

1. Open the main valve on the helium trailer. High pressure

helium gas passes through the manifolds, valves and cri-

tical flow orifice devices into the bed to fluidize the

bed material.

2. The bed pressure is set and controlled at 12.3 ± 0.1 psig

by the pneumatic pressure controller.

3. Obtain the reading of the pressure difference across the

1.375" orifice plate from the U-tube water manometer.

This reading gives the volume flow rate of helium through

the fluidized bed. The volume flow rate can be controlled

at the desired value by using one large critical flow ori-

fice plate with a 0.075" (1.9 mm) inside diameter and four

small critical flow orifice plates with 0.016" (0.41 mm)

inside diameters. The open area of a small critical ori-

fice plate is one twentieth of that of the large one.
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4. The pressure fluctuation signals transmitted through the

transducers are observed on the oscilloscope, recorded

with an FM instrumentation tape recorder and analyzed by

a NOVA 840 minicomputer.

5. While collecting data, a Nikon R-10 cinecamera is used

for taking the movies of the gas-solid flow patterns.

The film speed is set at 18 frames/sec.

6. Seven runs of tests are completed for the helium study.

Each run takes about 100 seconds. Four sets of pressure

fluctuation data are collected for statistical analysis

based on different superficial velocites: 6.6 ft/sec,

5.8 ft/sec, 5.1 ft/sec and 4.4 ft/sec (2.0 m/sec, 1.77

m/sec, 1.55 m/sec and 1.34 m/sec).

7. At the end of each run, the temperature of the helium

tank had lowered by 16°F since about 4% of total helium

is used in each run (10C seconds). The changes of pres-

sure and temperature can be described by the following

equation:

y-1
T
2

P
2

y n v-1
. (---) = (

T1

2
,-)

T
1

P1
1

where

T
1

: initial temperature in the helium tank

(5-1)

T
2

: final temperature at the end of discharge

P
1

: initial pressure in the helium tank for

each run

P
2

: final pressure at the end of discharge
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n
1

: initial helium amount at the beginning of

each run

n
2

: final helium amount at the end of discharge

Cu heat capacity at constant pressure
Y C

v
heat capacity at constant volume

for helium, y = 1.667

In order to keep the helium density constant, three hours

are required to let the helium temperature warm back up

to 520°R. Table 5-1 shows the changes of temperature

and pressure for each test.

Table 5-1. The Changes of Temperature and Pressure in the Helium
Trailer During the Operation of Each Test.

Initial Final Initial Tank Final Tank
Run

n
2 Pressure Pressure Temperature Temperature AT AP

No. n
1

P
1

(atm) P
2

(atm) T
1
(°R) T

2
(°R) (°F) (atm)

1
0.96

1.00
180 168 520 506.0 -14 -12

2
0.92

0.96
168 157 520 505.4 -14.6 -11

3
0.88

0.92
157 146 520 504.8 -15.2 -11

4
0.84

0.88
146 135 520 504.1 -15.8 -11

5
0.80
0.84

135 124 520 503.3 -16.6 -11

6
0.76

0.80
124 113 520 502.5 -17.5 -11

7
0.72

0.76
113 103 520 501.6 -18.4 -10

8. During this high pressure discharging one needs to con-

sider the Joule-Thomson effect which is represented by



3p

3T

H
= -0.114 °F/atm

where

H : enthalpy

then,
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(5-2)

AT = -0.114 (Ap) = + 1.2°F

The increase of temperature seems not very apparent.

Thus, the Joule-Thomson effect could be assumed negligible.

5.1.2 Determination and Description of Minimum Fluidizing Velocity

A U-tube water manometer is used for recording the pressure drop

across a 1.375 inches (3.5 cm) calibrated orifice plate. Figure 5-1

shows the calibration chart of helium superficial velocites versus pres-

sure drop across the orifice plate. A sequential measurement of pres-

sure drop across the bed and the pressure drop across the orifice plate

are taken simultaneously at different superficial velocites. Therefore,

the minimum fluidizing velocity Umf can be determined graphically from

the intercept of two slopes. The pressure-velocity curve is shown in

Figure 5-2. The experimental Umf value is 2.4 ft/sec (0.73 m/sec)

which is found to be in good agreement with the 2.25 ft/sec (0.7 m/sec)

calculated from the semi-theoretical equation given by Wen and Yu (23).

The equation can be represented by

where

(Re,p)mf = /33.72 + 0.0408 Ga - 33.7 (5-3)

(Re,p)mf : particle Reynolds number at onset of fluidization
pf U D

P
)

1.1. mf



8

PRESSURE DROP ACROSS ORIFICE PLATE, AP (cm H2O)
0 10 20 30 40 50 60 70

2.5

6

4

2

0 5 10 15 20 25

PRESSURE DROP ACROSS ORIFICE PLATE, AP (inch H2O)

2.0

1.5

I.0

0.5

0

Figure 5-1. The calibration plot of helium superficial velocity vs. the pressure
drop across the 1 375" orifice plate.



0
03

SUPERFICIAL VELOCITY OF HELIUM, U (m/sec)
0 0.5 1.0

20

15

I0

5

0

1.5

2 3 4 5

SUPERFICIAL VELOCITY OF HELIUM, U (ft/sec)

Figure 5-2. The pressure drop vs. superficial velocity curve for determining
the minimum fluidizing velocity of the helium bed.



61

D,
3

Pf (Ps pf) g
Ga : Galileo number (

f

Generally speaking, in an idealized system, the minimum fluidizing

velocity is the velocity at which the bed suddenly changes from a fixed

state to a fluidized state. In practice, however, there may be a large

transitional region between them. If the points in the intermediate

region are ignored and separate lines are drawn through the points for

the fixed and fluidized regions, the intersection point of these two

lines will give the desired minimum fluidizing velocity. As the super-

ficial velocities are below the minimum fluidizing velocity, there will

be no fluctuations in the measured pressure which can be measured di-

rectly using a U-tube manometer. As soon as the superficial velocity

significantly exceeds the minimum fluidizing velocity, bubble formation

occurs at random positions rather than at preferred points. The pres-

sure drop fluctuates with respect to time owing to the bubble formation.

The time period is essentially constant from one cycle to the next.

Therefore, the bubble frequency can be determined.

5.2 Small Thin Air Bed

The small two-dimensional air bed is operated at atmospheric pres-

sure. One hundred °F (38°C) air is supplied by a 15-HP root blower to

fluidize the copper particles. The bed height is 6 inches above the

distributor. Two ports are chosen for measuring the pressure fluctua-

tion data: one is 3 inches (7.6 cm) above the distributor and the other

is 4.5 inches (11.4 cm) above the distributor. The desired air super-

ficial velocity in the bed is kept at 3.84 ft/sec (1.17 m/sec). Two
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long time runs of tests are done. It takes about 66 minutes for each

run to collect pressure fluctuation data points (ca. 330,000 data

points).

The procedures of measuring the pressure fluctuations data from

the 3-D 18" bed and the B & W AFBC are very similar to helium bed and

small air bed and will not be repeatedly discussed here.
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VI. RESULTS AND DISCUSSIONS

6.1 Previous Work on the Analyses of Pressure Fluctuations

The measurement of pressure fluctuations in the fluidized beds was

the major task of the study. The characteristics of pressure fluctua-

tions in a fluidized bed are a complex function of particle properties,

bed geometry, bed pressure and flow conditions of the fluidizing fluid.

Many papers have been published in which pressure fluctuations are used

to determine the characteristic behavior of the fluidized beds.

Shuster and Kisliak (9) measured the pressure fluctuations by re-

cording the strain produced in a metal diaphragm by the pressure dif-

ference existing across a section of the bed. They evaluated the qual-

ity of fluidization based upon the measurement of the magnitude and

frequency of the pressure drop fluctuations across a section of a fluid-

ized bed.

Winter (14) used a conductivity cell to determine the pressure

fluctuation in a gas fluidized bed. He concluded that the amplitude

of the pressure fluctuation and average bubble size definitely increase

with the distance from the distributor plate H, and the gas superficial

velocity U.

Tamarin (28) used a set of photodiodes and a lamp as a probe to

measure the pressure oscillations in a fluidized bed. He suggests that

the pressure fluctuations in the bed are connected with the passage of

bubbles through the upper surface of the bed and changes in the bed

height.

Hiby (29) has shown that the pressure fluctuation of the total

bed is caused by the bubbles which are formed periodically and not at



64

random. From his experimental work, he indicated that the bubbles

originate at the bottom of the bed in the gas-fluidized system. He

gave an approximate expression of frequency of bubbles as

4 g(1-e)
1/2

f = (

37
2 He

where

(6-1)

H : bed height of a fluidized bed

e : void fraction of a bed.

Baird and Klein (11) found that at superficial gas velocities in

excess of the minimum fluidizing velocity, the pressure drop fluctuates

regularly but not sinusoidally. He also concluded that the oscilla-

tions of a gas-fluidized bed are a relaxation phenomena connected with

the periodic formation of gas bubbles.

Kang, Sutherland and Osberg (8) and Lirag and Littman (5) used the

probability density function, the autocovariance function and the power

spectral density function of the pressure fluctuations to calculate the

root mean square (r.m.s.) value and the frequency. Lirag and Littman

used the calculated frequency to estimate the average bubble diameter

escaping the bed (equivalent sphere) as

where

1/3 - Q 1/3

D
B

= (7) (

DB :

Q

Qo

(6-2)

average bubble diameter escaping the bed (equivalent sphere)

volumetric flow rate

volumetric flow rate at minimum fluidization conditions

From their studies, they concluded that the pressure fluctuations are

caused by the bed height fluctuations resulting from the bubbles
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escaping the surface of the bed and the frequency of fluctuation de-

creases with the bed height because of bubble coalescence as suggested

by Tamarin (28) and Hiby (29).

Verloop and Heertjes (15) derived an equation which related the

major frequency of pressure fluctuation to the bed height as:

1/2
1 g(2-E)

f = ( (6-3)
27 H

The Equation (6-3) shows that the frequency is proportional to H
-0.5

and that it depends on the expansion characteristics. The frequency is

independent of the solids density and the particle diameter. They also

found that the influence of the gas velocity is very small. A doubling

of the velocity changes the frequency by about 20 percent. In deriving

Equation (6-3), they assumed that all the particles move in phase and

have the same frequency and the fluid moves in phase with the particles.

Furthermore, they also considered that the fluid velocity with respect

to the particles, instead of superficial velocity, is constant.

Recently, statistical approaches have been widely used to study

the phenomena of pressure fluctuations in gas bubbling beds. Catipovic

(19) determined the bubble frequency by using autocovariance functions

and determined the bubble rising velocity by applying the crosscovari-

ance function of two sets of pressure fluctuation data taken from two

different vertical positions. Fitzgerald and Crane (18) used the power

spectral density function to determine the average frequency of pres-

sure fluctuations. Furthermore, from the ratio of two scaled cold beds,

they confirmed that the validity of the cold flow modeling where one

cold model could be used to predict the performance of a scaled second

model by applying the same four dimensionless croups. Fan, et. al. (27)
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used the on-line experimental facilities such as a correlation and

probability analyzer and a Fourier transform analyzer, X-Y plotter,

etc. to execute the calculations of the autocorrelation function, the

cross-correlation, and the probability density function of a pressure

fluctuation signal. They concluded that

(a) the motion of bubbles in the upper portion of a bed,

(b) the combined effects of the formation of large bubbles

in the middle portion of the bed,

(c) the formation of small bubbles near the distributor,

and

(d) the jet flow immediately above the distributor

are the major causes of pressure fluctuations. Moreover, they showed

that the bed height had a significant effect on the frequency of the

pressure fluctuations and the measured frequencies were in good agree-

ment with the predicted result from the Equation (6-3) derived by

Verloop and Heertjes. Meanwhile they showed that the particle size,

the distributor design and gas velocities in the bed did not have a

significant effect on the major frequency.

The measurements of pressure fluctuations in this study were

analyzed using statistical approaches. The resulting autocovariance

function and autocorrelation function for each of the four fluidized

beds were used to determine if the cold scaled beds could be applied

for modeling the atmospheric fluidized bed combustors.

6.2 Theoretical Analysis by Statistical Approaches

For a continuous stationary random process x(t), the covariance

between x(t) and its value x(t + k), separated by k intervals of time,



is called the autocovariance at time lag and is defined by

where

lim 1
T

R(k) =
T 2T f

[x(t) - x- ] [x(t + k) - x]- dt
->oo

-T

T
-
x =

lim
f x(t)dt

T-).00 2T
-T

R(k) = autocovariance at time lag k.

Suppose one sets the stationary random variable x(t) to have the

zero mean, i.e., x = 0. Equation (6-4) can be expressed as

lim 1
R(k) = I x(t) x(t + k)dt

- T
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(6-4)

(6-5)

(6-6)

one would like to introduce a (normalized) autocorrelation coefficient

which is defined by

where

P(k) -
R(k)

R(o)

im
T

R(o)
l 1

T
I x(t) x(t)dt = x

2

T-K0 2
- T

(6-7)

R(o) = the variance of x(t) at time lag equal to zero.

From the above description, one could get the plot of R(k) versus

time lag k which is the autocovariance function {R(k)} of the station-

ary random nrocess. The plot of autocorrelation coefficient p(k) as a

function of the time lag k is called autocorrelation function {p(k)} of

the process.

Some certain properties of the autocorrelation and autocovariance

functions need to be mentioned, such as:

a. The autocovariance function R(k) is an even function of time

lag k; that is R(k) = R(-k) since
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R(k) = x(t) x(t + k) = x(t k) x(t) = x(t) x(t k)

= R(-k) (6-8)

Here, R(k) is measured by shifting the function k sec ahead and aver-

aging the product of the original and the shifted function; R(-k) is

measured by shifting the function backward by k sec and averaging the

same way. A shift in x(t) must yield the same result as a shift in

x(t) the same amount in the opposite direction. Similarly, the auto-

correlation function {p(k)} is always an even function, i.e.,

P(k) = P(-k) (6-9)

Thus, the autocovariance functions and the autocorrelation functions

are independent of the direction of the shift. Both of them should be

necessarily symmetric about k = 0. Therefore, only the positive half

of the autocovariance or autocorrelation function needs to be plotted.

b. The value of the autocovariance or the autocorrelation func-

tion at any time lag (except k = 0) never exceeds a value for zero

argument; that is

R(k) < R(o) or p(k) < p(0)

A mathematical proof is also straightforward.

Since

[x(t) ± x(t + k)]
2

> 0

This inequality is always true.

Expand Equation (6-10),

(6-10)

x
2
(t) + x

2
(t + k) ± 2 x(t) x(t + k) > 0 (6-11)



Consequently,

x
2
(t) + x

2
(t + k) > 2 x(t) x(t + k)

Taking the time average of both sides of inequality, one obtains

lim 1 r

T
2 lira

1(t)dt +
2T

2

T-*°° -T
x T- 2T J x (t k)dt

k

T

>
lim 1

T- 2T
I 2 x(t) x(t + k)dt

4-03

-T

2 R(o) > ± 2 R(k)

R(o) > R(k)

Similarly,

P(0) > P(k)
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(6-12)

(6-13)

(6-14)

(6-15)

(6-16)

c. The most commonly used formula for estimating the autocorrela-

tion coefficient p(k) for the kth lag is

where

r(k) -
C(k)

C(0)

r(k) : the estimate of the kth lag autocorrelation

(6-17)

C(k) : the estimate of the kth lag autocovariance defined by

N-k
1

C(k) = E (x(t) x) + k) x)

t =1

where k = 0, 1, 2 ... K (K < ) (6-18)

C(o) : the estimate of the kth lag autocovariance at time lag

equal to zero.
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From the above description, a normal stationary random process

x(t) can be completely characterized by its mean and its autocovariance

function {R(k)} or equivalently by its mean, variance and autocorrela-

tion function {p(k)}. The following properties are summarized and

applied to the flow modeling of cold scaled fluidized beds and the hot

AFBC.

R(k) = R(-k)

R(o) = x
2

p(k) =
R(k)

R(o)

P(k) = P(-k)

p (o) = 1

6.3 Periodicity and Frequency of Pressure Fluctuations

(6-19)

(6-20)

(6-21)

(6-22)

(6-23)

The presence of a periodic component in the pressure fluctuations

in fluidized beds was identified by Lirag and Littman (5), Fan, et. al.

(27) and Fitzgerald and Crane (18) by analyzing the autocovariance func-

tion and power spectral density function of the pressure fluctuation.

The same function obtained in this work confirms the existence of

periodic phenomena. Specifically, it has been observed that the auto-

covariance function has a sinusoidal shape. Figure 6-1 to Figure 6-4

show the autocovariance plots of pressure fluctuation signals in the

helium bed based on different scaled superficial velocities. The com-

puter program for calculating the autocovariance coefficients appears

in Appendix B. The autocovariance functions indicate the presence of

a periodic component. A maximum value is obtained at zero time lag and

the autocovariance function becomes sinusoidal with a fairly constant

time period as the time lag is increased. The time period, frequency,
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Figure 6-1. Autocovariance function of the helium/reacted limestone system.
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mean pressure and root mean sauare values of the periodic component of

the pressure fluctuations for helium/reacted limestone and air/copper

systems are given in Table 6-1. The trends in the changes in the fre-

quency, root mean square value and mean pressure based on different

superficial velocities are given in Figure 6-5. The results in Figure

6-5 show that the frequencies essentially remain invariant for a given

measuring port at different helium flow rates. The root mean square

value at a time lag equivalent to zero increases slightly or negligibly

when the helium flow rate is increased. The mean pressure increases

negligibly as the flow rate is increased.

6.4 Flow Modeling of Experimental Results

6.4.1 Helium Bed and Small Air Bed

Tests on both the helium/reacted limestone and air/copper fluid-

ized bed models with identical four dimensionless ratios were conducted

to evaluate the fluidization hydrodynamics theory. The experimental

conditions are summarized in Table 6-2.

A long time run for collecting the pressure fluctuation data from

the small air bed was performed with approximately 330,000 data points

recorded. In order to confirm if the autocorrelation plot of the first

run can be accepted, a second long time run was made to test the first

one under the same operating conditions. Figure 6-6 and Figure 6-7

(probe location: 3 inches above the distributor) show the similar

autocovariance plots and so do Figure 6-8 and Figure 6-9 (probe loca-

tion: 4.5" above the distributor).. Hence, the validity of the auto-

correlation function of the small air bed can be shown.



Table 6-1. The Characteristics of Autocovariance Functions of Helium/Reacted Limestone
and Small Air/Copper Scaled Beds

Superficial
Velocity
(ft/sec)

U

Probe Location
(Distance above
the distributor,

inch)

Mean of
Pressure
(inch H20)

Root Mean
Square at

Time Lag Zero
(inch H

2
0)

Average
Period
(sec)

Frequency
(hertz)

U _

mt

0
4-)

6.6 2.75
6 12.40 4.79 0.30 3.33

9 10.66 5.28 0.30 3.33
cn
as

qj
(1) 4

5.8 2.42
6 12.15 4.86 0.29 3.45

9 10.04 5.10 0.30 3.30
44 U)
(-)

aiU)
C4

6

5.1 2.12
6 12.08 4.48 0.29 3.45

9 9.90 4.60 0.29 3.45

4.4 1.83

6 11.91 4.18 0.29 3.45

9 9.58 4.20 0.29 3.45

O
al

1 04 (I)

0 M
3.84 2.20

3 20.21 7.12 0.185 5.41

4.5 9.97 4.47 0.185 5.41
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Table 6-2. The Comparisons of Experimental Conditions Between the Helium/Reacted
Limestone and the Small Air /Cooper Systems.

CONDITIONS HELIUM/REACTED LIMESTONE AIR/COPPER

5 19, .

3ed dimension (2-0) 5" x 19" (12.7 cm x 48.3 cm) 7 x 7- (6.4 cm x 24.1 cm)

Static bed height 12" (30.5 cm) 6" :15.3 cm)

Hole spacing of the distributor 0.79" (2 cm) 3.4" (1 cm)

Hole diameter of the distributor 3.138" (0.48 cm) 0.125" (0.317 cm)

)IPdist/2Pbed (Theoretical) 201 :07

IPdist/AP,_,ed (Experimental) 18.3% 19.27

0.45 ^, 0.4
mf

Geometry of dummy heat exchange
tubes

Diameter of dummy heat exchange
tubes

Spacing of dummy heat exchange
tubes

BED MATERIAL

0 of bed material
0

Density of bed material

Density of fluidizing gas

U
mf

(Theoretical)

W Geometry 2 s W Geometry

1" (2.54 cm) 0.5" (1.27 cm)

2" (7.62 cm) 1.5" (3.31 cm)

SPENT 3 6 H AF3C MATERIAL COPPER PARTICLES
;Mainly reacted limestone particles)

0.037" (0.092 cm) 0.019" (0.049 cm)

156 1:bm.-fp2 562 1bn/ft

2500 kg/m') :9000 kg/m-)

Helium, 0.019 lb /ft' Air, 0.070 lb /ft
3

(0.304 kg/m") ;1.128 kg/m ,

2.25 ft/sec (0.7 misec) 1.38 ft/sec (0.58 m/sec)

Gmf (Experimental): 2.4 ft/sec (0.72 m/sec) 1.75 ft/sec (0.53 m/sec)

Superficial as velocities to
4.4 6.6 ft/3ec(1.34 m/sec) 2.24 ft/sec (1.17 misec)

me tested

Film speed for taking movies 18 frames/sec 24 frames/sec

3ed pressure 27 Asia (1.34 atm abs.) Atmospheric

3ed temperature 70°F (21°C) 100°F (38°C)
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Measured at U = 3.84 ft/sec, U/Umf = 2.20
Probe location: 3" above the distributor.
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Figure 6-7. Autocorrelation function of the small air/copper bed.

Measured at U = 3.84 ft/sec, U/Umf = 2.20
Probe location: 3" above the distributor.
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Figure 6-8. Autocorrelation function of the small air/copper bed.

Measured at U = 3.84 ft/sec, U/Umf = 2.20.
Probe location: 4 1/2" above the distributor.
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One needs to calculate and draw ± 1.96 o (standard deviation)

lines on the air plot since one desires to determine the 95% confidence

interval on the autocorrelation of the small air bed. Therefore, the

approximate expression for the standard deviation and variance of the

estimated autocorrelation coefficients of the pressure fluctuation sig-

nals of the small air bed can be obtained by Bartlett's formula (1),

as

+c
1

+

Var[r(k)] = E fp
v

2
+ p

v+k
p
v-k

- 4 pk pv p
v-kN

v=-co

+ 2 pv
2

pk
2

The standard deviation can be expressed as

(6-24)

a(k) = Var [r(k)] (6-25)

where:

Var[r(k)] : variance of the estimated autocorrelation coef-

ficients for time lag k

a(k) : standard deviation of the estimated autocorrelation

coefficient for time lag k

N : number of data points which are used for calculating

the autocovariance function of the helium bed

v : time lag from positive infinite to negative infinite

p
v

: estimated autocorrelation coefficient from time

lag v.

Appendix C contains the computer program for calculating the stan-

dard deviation of each of the estimated autocorrelation coefficients of

the small air bed. One can draw two lines of the upper limit and lower
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limit of ± 1.96 o on the original autocorrelation plot of the air bed.

Figure 6-10 gives an example of 95% confidence interval within the

range of ± 1.96 o.

In order to compare the autocorrelation plot of the helium bed with

that of the air bed, it is required to adjust the scales of the abscissa

and the ordinate of the helium plot (Figure 6-11) to be equivalent to

those of the small air/copper plot. To put Figure 6-11 on Figure 6-10,

one obtains Figure 6-12. Figure 6-13 and Figure 6-14 show similar

phenomena. It appears that the autocorrelation function of the helium

bed is not completely contained in ± 1.96 a range. The discrepancies

shown in Figure 6-12 and Figure 6-14 are possibly due to the inhomo-

geneity of the helium flow distribution and the experimental deviation

of the time period between the helium plot and the air plot. They will

be discussed, thus,

(a) The inhomogeneity of the helium flow distribution

The movies of the helium bed show that more bubbles are produced

in the center of the bed than at the sides. It appears as though the

distribution of the helium flow is nonhomogeneous. The design of the

distributor seems to be responsible for this. Experimentally, the ratio

of pressure drops measured across the distributor and the bed is:

AP
dist 0.1 psi

0.55 psi
18.30

AP
bed

which is close to the theoretical design ratio 20% (shown in Table 6-2).

From the experimental viewpoint, the low ratio of pressure drop

across the distributor to the pressure drop across the bed appears pos-

sibly unsuitable for the distributor design of the helium bed since

good fluidization cannot be obtained.
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Figure 6-11. Autocorrelation function of the helium/reacted limestone bed with the same
scale as that of the small air/copper bed.
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Figure 6-12. The comparison of the autocorrelation functions between the small air/copper
system and the helium/reacted limestone system.
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Figure 6-13. Autocorrelation function of the helium/reacted liMestone bed with
the same scale as that of the small air/copper bed.
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Figure 6-14. The comparison of the autocorrelation functions between the small air/copper
system and the helium/reacted limestone system.
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One possible alternative method for determining the pressure drop

across the distributor and the pressure drop ratio can be derived from

the design information of the orifice plate (see Figure 4-1). The open

area of the distributor in the helium bed is 2.5%. The open area of

the orifice plate downstream from the bed is 1.56% of the cross sec-

tional area of the bed. Based on the 5.8 ft/sec of the superficial

helium velocity, the pressure drop across the orifice plate is 50 cm

(0.71 psi) which can be obtained from Figure 5.1. Therefore, the pres-

sure drop across the distributor can be calculated as

v AP 0.5
o)

v
d

AP
d

where

(5.8 ft/sec)/(1.56%)
(

0.71 psi
)

0.5

(5.8 ft/sec)/(2.5%) AP
d

AP
d

= 0.27 psi

AP
o

pressure drop across the orifice plate

AP
d

: pressure drop across the distributor

v : velocity of helium gas through the orifice plate

v
d

: velocity of helium gas through the throat of the

distributor

Therefore, the ratio of pressure drop across the distributor to

the pressure drop across the helium bed can be set at
0.27 psi

= 49%
0.55 psi

which possibly can be used for determining the hole size of the distrib-

utors on the helium bed and the small air bed.
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(b) The analysis of the experimental deviation of the time period

between the helium plot and the air plot

One needs to find out how much experimental deviation exists.

Based on the theoretical calculation, the time factor for helium/reacted

limestone and air/copper systems, according to Equation (2-42)

T
helium

= (

L
helium

)

1/2

= (2)
1/2

= 1.414,
T
air air

should be equal to 1.414. In order to evaluate the experimental time

factor, a statistical approach of linear regression is applied to deter-

mine it. Let one consider a straight-line graph and its equation. A

regression equation can be written in the form of

where

Y (6-26)

X : time lag of peaks and valleys on the autocorrelation

function of the small air/copper system.

Y : time lag of corresponding peaks and valleys on the

autocorrelation function of the helium/reacted limestone

system.

a : the Y intercept when X = 0

EY EX
2
- EX EY

a -
n EX

2
- (EX)

2

b : (the regression coefficient), the slope of the straight-

line equivalent to the time factor

b =
n E(XY) - EX EY

n EX
2

- (EX)
2
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Figure 6-15 to Figure 6-18 show that the experimentally measured

time factor b is about 10% error of the predicted value 1.414. The

deviation is caused from the time lag shift of the autocorrelation func-

tions of the small air/copper system and the helium/reacted limestone

system.

Movies of both systems are taken for each experimental condition.

The bubble growth phenomena and solid flow patternas in these two geo-

metrically similar two-dimensional fluidized beds are investigated by

observing the slow-motion movies. The gas-solid contacting patterns

around the immersed heat exchange tubes cannot be easily observed be-

cause the immersed heat exchange tubes tend to break up the bubbles to

produce the voids when the bubbles grow to have a characteristic dimen-

sion approximately equal to the space between the tubes.

6.4.2 Babcock and Wilcox's AFBC and 18" Air Bed

The experimental conditions for the B & W hot bed and 18" air bed

are summarized in Table 6-3.

Two long time runs were conducted for collecting the pressure

fluctuation data from the 18" air bed. Thirty three thousand data

points were taken for each run. Figure 6-19 to Figure 6-20 show the

autocovariance functions of the 18" air/copper bed.

The pressure fluctuation data collected from the B & W AFBC in

Alliance, Ohio in March 1981 appear to be invalid. Figure 6-21 to

Figure 6-24 show that the plots do not give the normal autocovariance

functions. One possible problem is that the dynamic pressure fluctua-

tions are damped cut by the filters in the pressure lines. The filters

were in place when the dynamic pressure measurements were made and it
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Helium Bed: U = 6.6 ft/sec, U/U
mf

= 2.75

Air Bed: U = 3.84 ft/sec, U/Umf = 2.20
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Time lag of peaks and valleys on the

Air/Copper system (sec)

Figure 6-15. Experimentally measured time factor for helium/reacted
limestone and small air/copper systems. (Probe loca-

tion: 6" above the distributor for the helium bed;
3" above the distributor for the air bed.) U

He
= 6.6

ft/sec, U . = 3.84 ft/sec.
air
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Helium Bed: U = 5.8 ft/sec, U/umf = 2.42

- Air Bed: U = 3.84 ft/sec, U/Umf = 2.20
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Figure 6-16. Experimentally measured time factor for helium/reacted
limestone and small air/copper systems. (Probe loca-
tion: 6" above the distributor for the helium bed; 3"
above the distributor for the air bed.) U

He
= 5.8

ft/sec,uair=3.84 ft/sec.
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Figure 6-17. Experimentally measured time factor for helium/reacted
limestone and small air/copper systems. (Probe loca-
tion: 6" above the distributor fcr the helium bed; 3"
above the distributor for the air bed.) U

He
= 5.1

ft/sec,Uair =3.84 ft/sec.
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Figure 6-18. Experimentally measured time factor for helium/reacted
limestone and small air/copper systems. (Probe loca-
tion: 6" above the distributor for the helium bed; 3"
above the distributor for the air bed.) U

He
= 4.4

ft /sec, uair = 3.84 ft/sec.
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Table 6-3. The Comparisons of Experimental Conditions Between the 3 S N AFBC
and the 13" Air/Copper Systems.

CONDITIONS B s w AFBC 13" AIR/COPPER

Bed dimension (3 -0) x 6.0' (133 cm x 133 cm) 18" x 18" (45.7 cm x 45.7 cm)

Static bed height 4 (122 cm) l' (20.3 cm)

Type of the distributor Bubble cap type Perforated type

Hole spacing of the distributor 0.22" (16 holes/cap) 0.5" (1.27 cm)

Hole size of the distributor 0.182" (16 holes/cap) 0.136" (0.4 cm)

(Experimental) = 27.5%'.5 -si 2uUlal 41.2
"2 st/12bed 1.33 psi 1.7 psi

nor
0.5 0.4

Geometry of dummy heat exchange
tubes

Diameter of dummy heat exchange
tubes

Spacing of dummy heat exchange
tubes

Bed material

0 of bed material
p

Density of bed material

See Figure 4-15 3 s N Geometry

2" (5.1 cm) 0.3" (1.27 cm)

6" (15.2 cm) 0.3" (3.91 cm)

'limestone particles and partially Copper particles
reacted limestone

0.073" (3.2 cm) 0.013" (C.049 cm)

156 to ift3 562 '5 /ft3
1. 3

(2500 kg /m, (3000 kg/m )

100°F Air, C.070 lbm/ft3

(1.133 kg/m-)

Density of fluidizing gas 1600°F Air, 0.013,1b /ft

(0.304 kg/m':

"mf

Superficial gas velocity to
be tested

Bed pressure

Bed temperature

not available 2.1 ft/sec (C.64 m/sec)

3 ft/sec (2.44 misec) 3.86 ft/sec (1.13 m/sec)

Atmospheric Atmospheric

about 1600°F (870°C) 100'F (33'0)
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Figure 6-19. Autocovariance function of the 3-D 18" air/copper bed.
Measured at U = 3.86 ft/sec. Probe location: 6 inches
above the distributor.
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Figure 6-20. Autocovariance function of the 3-D 18" air/copper bed.
Measured at U = 3.86 ft/sec. Probe location: 7.5
inches above the distributor.
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Measured at U = 8 ft/sec. Probe location: 12
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Figure 6-22. Autocovariance function of the B & W AFBC system.
Measured at U = 8 ft/sec. Probe location: 18

inches above the distributor.
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Figure 6-23. Autocovariance function of the B & W AFBC system.
Measured at U = B ft/sec. Probe location: 24

inches above the distributor.
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is felt that only static measurements were recorded and the system was

not suitable for measuring the dynamic pressure fluctuation signals.

An alternative design for improving that defect has been developed. It

is proposed that when the hot fluidized bed combustor is shut down, a

full throat ball valve should be installed upstream (between the bed

and the filter) from the presently installed critical flow orifice and

scintered filter. This design is shown in Figure 6-25. The full throat

ball valve can be closed to prevent the 1600°F hot air in the combustor

from blowing through the pressure-measuring lines when one replaces the

pressure tap or replaces the 1/4" swagelock fitting with sintered metal

filter. This arrangement would allow the recording of dynamic pressure

fluctuation measurements for short periods of time without interrupting

the operation of the Babcock and Wilcox AFBC.
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VII. CONCLUSION

Phenomena concerning the pressure fluctuations in gas fluidized

beds and flow modeling of cold scaled beds with atmospheric fluidized

bed combustors are found in this study. They are described in the

following:

1. The autocovariance function of nressure data show that pres-

sure fluctuations of the fluidized bed is caused by the motion of

bubbles which are formed periodically and not randomly.

2. The frequencies of pressure fluctuations essentially remain

invariant along the bed at a fixed gas superficial velocity. The for-

mation of smaller bubbles near the distributor, the jet flow immediately

above the distributor and the formation of larger bubbles through bubble

coalescence in the middle portion of the bed appear to be the major

causes of pressure fluctuations in the gas-fluidized bed.

3. The gas superficial velocities have negligible effect on the

frequency of pressure fluctuations.

4. The experimental results in this study are inconclusive, at

this time, as a result of the questions regarding the distributer plate

scaling criteria. That is, further work needs to be done to determine

how the distributor plate should be scaled to produce both uniform

fluidization and flow patterns that resemble the parent fluidized bed.

5. The distributor design effects the gas flow distribution, the

uniformity of fluidization and the major frequency and/or period of

oscillation.

A direct comparison between the hot B & W 6' x 6' AFBC and a

18" x 18" air/copper cold bed will be completed in a future study.
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APPENDIX A

Schematic diagram of the electronic control circuit
of the pressure controller in the helium bed.
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APPENDIX B

Computer program for calculating and drawing the
autocovariance function of the pressure fluctuation signals.

ZOPYOUTSPC
PROGRAM AUTSPC(INPUT.OUTPUT.TAPF1.AUTO,SPFCT.

C TAPE20=OUTPUT,DUMFIL,TAPE21=DUMFIL.

C TAPE2=AUTO,TAPE3=SPECT)
Ct*****k*********Ig*******t#1.***4**k**K**4#14440*K#4*****K*P

CM44*******It#**********4*k*******tic****K******44******f44

C THIS PROGRAM COMPUTES THE AUTO COVARIANCE (OR CORRELATION) AND
C POWER SPECTRUM VALUES FOR ONE TIME SERIES OF DATA.
C THIS VERSION OF THE PROGRAM 13 SET UP FOR THE TIME SERIES :DATA
C TAKEN FOR THE HELIUM FLUIDIZED BED.
C THE CALCULATED VALUES ARE OUTPUTTED TO SEPARATE FILES IN 4.Y FORMAT.
C CALLING FORMAT: BAUTSPC(., INPUT FILE,)
C TAPE1 = INPUT FILE
C TAPE2 = AUTO CO- OUTPUT FILE (1)
C TAPES = POWER SPECTRUM OUTPUT FILE (1)
C TAPES 20 21 ARE USED BY ARANO SUBROUTINES.
C SEVERAL SUBROUTINES IN THE ARANO L IBPARY ARE USED.

INTEGER POINT,T(PE,TYPE'4,CHAN,DUOMY,TAFENUM,TITLI
REAL RDUMMY

DIMENSION AUTOC(8102),PSPECT(9192).X(4096.1),TITLE(3)
COMMON/I0/IWRT1,1WRT2
IWRT1=20

IWRT2=21
044c1c40**********k*ict*Rk*t4*F4fAccIts*4*f.i.i4lic*i*

C SPECIFY A VALUE FOR M SUCH THAT TI-IF LENGTH OF THE TI;4E SERIES

C IS EQUAL TO 2 * *M (NOTE: THE DIhENSIONS OF ARRAYS AUTOC
C AND PSPECT MUST EQUAL 2*(2wtM) .)

M=12

C SPECIFY THE NUMBER OF LAGS DESIRED (POT TO EXCEED ':VALUE OF LENGTH)
LAGS=IFIX(4.010.024)

C SPECIFY THE TIME PERIOD (IN. SECS) PFTWE74 DATA SAMPLES
PERI0D=0.024

C SPECIFY WHETHER A CORRELATION (1) OR A COVARIANCE (2) IS DESIRED
TYPF=2

Crnt************#*****i*******w**K****#****KotiK***
C CALCULATE THE VALUES FOR "LENGTH" AND "N":
C (NOTE: N INDICATES THE LENGTHS OF THE AUTOC AND PSPECT ARRAYS.

LENGTH=2Ki.M

N=M+1

C CALCULATE THE NUMBER OF POINTS TO BE CALCULATED FOB
C POWER SPECTRUM CURVE:

C (FREQUENCY RANGES ... 0 TO 1/2)

NFREQ=LENOTH/2+1

C CALCULATE THE INTERVAL BETWEEN ADJACENT FREQUENCIES (IN 1-1,7RT7

DELTAH7=1./(FLOAT(NFREG-1);2.kPERIOD)
c**k****11,4t4.$4.*#44,*$4***w.**4r.tt*t**it.tt**
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APPENDIX B
(continued)

C READ IN THE DATA: (USE ONLY EVERY OTHER DATA POINT)
REAB(1,1)TITLE

1 FORMAT(8A10)

PEAD(1,*)(X(POINT,1),RDHMIY.PriT,4T-=1.LENr.TH)
1-.1,4.kk.4.1.4.4**4st44,441,1,44444**4;,m4441,t*i.

C REPEAT FOR ALL CHANNELS:
CHAN=1

C SUBTRACT OUT THE AVERAGE VALUE FROM ONE CHANNEL OF DATA:
CALL DTREND(X(1,CHAN),;ENOTH,2)

C MARE COPIES OF THE DATA:

DO 100 POINT=1.LENOTH

AUTOCPOINT=X(POIIJINA01)
C PSPECT(POINT)=X(POINT,CHAO)

100 CONTINUE
C CALCULATE THE AUTO COVAPIAr4CE OP CUPELAT:OP

CALL ACPFT(AUTOC.LPIGTH.I,TYPE)
C CALCULATE THE POWER SPECTPUM
C TYPrw=i
C CALL ;FTSPC(PSPPCT,Lci,IGTHATYPEL)
C OUTPUT THE AUTO CO- 0AL.JF;

T,:.RENUM=CHAN*2

WRITFITAPE140,3)(T:TLE.LAOS)
3 FORMAT(8A10,',"LAO IN SECCNOin, ':10'

'4RITE(TAPENUM,4)(PERIODFLOAT(I-1),AUTOC:11,:=1:.AG3
4 FORMAT(3(F8.4.2/,E12.5,2X))

C OUTPUT THE SPECTRAL VALUES:
C TAPEOUN=TAPENUM+1

URITE(TAPrNUM,5)TITLE,,4FiFO
C 5 FORMAT(8A10,/,"FREOUENCY HERT:",/,

"POWER SPECTRUM VALUE ", /,T10)

C :IRITE(TAPENUM,4)(DELTAHD,FLCAT(I-1).r:PECT(I),I=1,i4PPEn)
200 CONTINUE

c*kkk-tict***kio*gii,tgtkg#g4tk441,ttigi.t44ri 1,,,tfcm

STOP

END

E:: ENCOUNTERED.
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APPENDIX C

Computer program for calculating the standard deviation of the estimated
autocorrelation coefficient at each corresponding time lag.

111FTLETT

C THIS 0FCGRAm CALCULATES THE STANOARO CEVIATION FUNCTICN FC;
C THE AUTCCC=FFLATICN FUNCTION USIT3 9ARTLETT'S FORMULA. THE FORMULA

-1-- USES-THE CALCULAT4D-AUTOCCRPELAIION-FUNCTION-4NO-THs__
C NUPRER CF CATA POINTS UPC WHICH 4 "SAMPLE" FUNCTION IS PASEO. THE

C FOFAULA IS THAT THE VAFTANCE rInP LAG K IS APRFOXIMATEO RY THE SUMMATION OF!
C p(v)**2 Frtv41oF(V-0 - 4'01v)R(V1R(V-) 24p(v);.2.,p(K)*.2 ,

C OILS; ALL V (POSITIVE INFINITY 70 NEGATIVE INFINITY). OIVICED 3Y-
C THE NUmPER CF OATA S4mFLES USE% OCT!, 9(N) FERFESENTS THE

__C___AUTOCOPPELATION-sc.:-LA4-41-r--THF---STANOAR0-0E-VIAT404-IS---THEN

C EQUAL TC THE SCUA:E ROOT CF THE vaRtvicE.

RROGFAM EARTLET(INPUT.OUTPUT,T4PEI,T4PE21
_c _ .

_

C

C

N T 7G: ..14 L A-G S-.-,1-444.-L--.142-,-.4-s4-24 L A446 r. "-ER R Ca,

.!LAGS41.NLN1P1K.ILGIFIK.LOLIHIT,HILImIT
*-AL AUTCO,AUT:7.(2000).STOOEV(10001.0UmmY-
OCUFLF PRECISICN SUM

11

-C--SFECIFY-THE--NUmFF-X-CF-0.4-74-SA4aLss_us.7.1,7_;0_11;E_TE,To,q4.E. ;1-

C AUTCCOVAPIaNcE PI:CTIOlt
NSA,AP.4095.

C

C

C FE: 0 :4 THE a UTCCOVAR:ANCE VALUES!
n(1.21 NLAG:

2 F0R'AT(/./,/.I5)
NL,4101K=NLAGS-14.1000-
NL.IGSH1=NLAGS-1
NL5SFIK=NLAGS1000
PEIC(1.*)(0Um"Y.AUTC(LAG),LA5=10000LM121K)
;.ct pmart 7X ,3

C

C CONVERT THE AUTCCOVARIANCE VALl'ES TO AUTOCORRELATION VALUES:
AUT01=4UTC(10t7)
0^ 210 LAG=10OG.NLMIPiK
AUT-CtLAG1=AU-TCAUTO

200 CONTINUE.
-C

C- I7E THE ALTO ARP AY SUCH -THAT THE- TOR LOCAT IONS ARE-ZERO
c ANC ",..ECT THE PCIIT IVE LAGS (1001.1002 1 INTO THE

-CHE GA T /-VE-L-A GS-4.45.R,-P ) t

OC 310 LAnz.NLGspv,iggq
AUTC(LAG1:0

3C0 CONTINUE
LAGN=99ct-
00 350 LAG0=1001,:999
AUT(LAIIM---AUT-C4144.44
LAGN=LAGN-1

-- 350 OCNTINUE
C

C 9Y CEFTNITICN, THE V4PIANCE ETYAL1 ZERO FOR LAG ZEPOt

C
C _ . . _

C PEFEAT THE PAIN LOOP FOP ALL ROSITIVF LAG VALUES!
------ -00 IGO KLAG=1,NLAGSH1
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APPENDIX C
(continued)

C CALCULATE THE SUHmATTON FCP ALL NCN-7E4O TEPHS t
C ( THIS ASSUMES THAT AUTOCCFRELATION(LAG) IS ZERO FOR
C LAG VALUES GPE4TEP THAN NLAGS OF LESS THAN -NL AGS.)
C
C FTPST t CALCULATE IFS CONTPTIUTICNS CF THE FIRST ANO LAST

TE=N1, TAKING aovvrratlz CF THE mIPROF TM/AG:" ABOUT THE Y Axis' _________
S'2,4=Crl E ( ( AUTC (i °Ca) *AL:IC(10C°) )*(1. .0AUTC(1 COO +KLACI

C AUTC,(1.0C0+KL AC) ))
1 4CG VLAG-.1.1LAnSmt

SI1H=SUH-"OFL-P-HAUTi}(1 EC5+-VLA4)-*AUTo(-1.-4004-VLA-G)
(2 .O44. cAuTo (tcoct.KLAr) AUTNICOCIKLA 5) ))

400 CONT INU E

NC.4., CALCULATE THE CONIFIEUTIONS FRO.. THE 4tOOLE TWO TERMS t
UM. :HIT ( NL ACS+1) _ . _ . _

HTL ImiTmeZ (NLAGS+1)
-5G3 VLAG=LCLTH-IT-,-HILImIT

StIM=S+CBLE (AliTC (1300 +VLAG-KLAnt *(AUTO( 1000+VLAG+KLA
-4.0AUTO{1000+KLAO *AUTO (1.0004VLAG) )

SCC CONTINUEC-
C (ITV TOP THE e!P4 EY THE NUHEEP 7e OAT.% SAH3LES ctsaYPI ANOC A L A T E cu.:RE-- 710 -TG -O -- P:IINET-H%- 5-T A NOA FO--CE

(mHICH TS ST!.,PEC! IN AN OFFSET AFP AY) t
STOCEV(KLAG+1) =SCFT SNGL (SUM) /FLOAT 1NSAMPt1

C E41 Cc MAIN LOOP t
900 CONTINUE

C wPTTF THE 7E 3UL. TS ON A Frt.: t-
,,4PITS (2 .H) (STelEV(LAr) ,LAc=i,NLAns)
FoRHAT (1X .6E12.41-- --

C
C ALL 10

STOP
ENO


