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Abstract—Argonne National Laboratory has developed methods for investigating erosion phenomena in
fluid/solids systems by integrating a state-of-the-art, two-phase, two-dimensional, hydrodynamic computer
model (FLUFIX, which computes temporal and spatial distributions) with erosion models that correlate
the computed hydrodynamic properties with erosion patterns and rates. In this paper, a spectral analysis
correlating the porosity, pressure, and velocity of a generic, lew-tube, fluidized-bed combustor in time and
space is reported. The major frequencies of porosity, pressure, and velocity oscillations are 0.7-4 Hz.
Porosity and pressure oscillations traveled in the combustor at speeds of 0.4 1 ms™'. Pressure oscillations
are well correlated with the lagging porosity oscillations.

INTRODUCTION

FLuUIDIZED-BED combustion (FBC) technology attracts
intense commercial interest because of its ability
to burn high-sulfur coal in an economical and environ-
mentally acceptable manner, despite unsolved erosion
problems [1]. Detailed knowledge of the complex
phenomena of solids circulation and bubble motion
in the bed through either experimental measure-
ment or computer simulation is considered essential
to understanding the erosion problems. Over the past
few years, Argonne National Laboratory (ANL)
has been developing methods to investigate local
erosion in bubbling FBC systems [2], using a state-
of-the-art, two-phase, two-dimensional, hydrodynamic
computer model, FLUFIX, to compute temporal and
spatial distributions of the flow properties [3] and
using spectral analysis and erosion models to evaluate
flow dynamics and local erosion patterns and rates [4].

Using these methods, ANL has conducted an
erosion study on a generic two-dimensional, few-
tube, fluidized-bed combustor [5-7]. The spectral analy-
sis reported in this paper is part of the study. Spectral
analysis for FBC applications [5, 8] cxamines how
fluctuations of hydrodynamic properties arc dis-
tributed around their average values and how adjacent
fluctuations (adjacent in time or space) are related.
The autocorrelation and its Fourier transform, the
energy spectrum, show the relationship between ad-
jacent property fluctuations, from which the major
oscillation modes of the two-phase flow in the bed
were determined. Because of the good cross-cor-
relations between adjacent property fluctuations in
space, the fluctuation propagation speeds were also
determined. In addition, the phase diagrams of prop-
erty fluctuations and their rates of change were used

to demonstrate the periodicity of randomness of the
fluctuations.

FORMULATION

The FLUFIX code computes temporal and spatial
distributions of flow properties in an FBC, yielding
the hydrodynamic properties of a two-phase flow
based on the basis of the principles of conservation of
mass and momentum [3]. The general mass con-
servation equations and the separated phase momen-
tum equations for transient and isothermal gas/solids
non-reactive multiphase flow (in vector notation and
conservation law form) for the hydrodynamic model
are:

continuity
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NOMENCLATURE
A power spectral density é Kronecker delta function
¢ constant & gas volume fraction or porosity
! fluctuations £ volume fraction of phase k
G solids elastic modulus [Pa] £, solids volume fraction, 1 —¢
Gy constant &* compaction gas volume fraction
q fluctuation . time lag [s]
g acceleration due to gravity [ms 7] I MICroscopic viscosity
! unit tensor [Pa<sx 10 = poise]
P pressure [Pa] N density of phasc k [kgm %]

! time [s] a,.  effective stress [Pa]
U, minimum fluidizing velocity [ms '] T Coulombic stress for solids [Pa]
¥ velocity [ms '] T microscopic viscous phase stress tensor
v velocity [ms ']. [Pa]
o angular frequency [rad s '].
Greek symbols
% standard deviation Subscripts
17 autocorrelation i phase
B;,  cross-correlation k phase
B fluid—particle friction coefficient tensor n total number of phases
[kem “s '] s phasc.
The Kronecker delta function is given by mean
< . _ l 1+ 7
o, =1 1 k=y F= Tj F(1) dr (7
=0 if k#y, (4) ‘

where & = 5, indicates a solids phase. The momentum
cquations (equations (2) and (3)) were first given in
ref. [9] and extended in ref. {10].

The solids elastic modulus, G(¢,), is defined as the
normal component of the solids Coulombic stress
through the following relationship:

Vi, =Gl Ve,. (5)

For convenience, G(g,) is the only component of the
solids Coulombic stress used. A simple semi-empirical
formula of the solids elastic modulus may be written
for a two-phase fluid/solids mixture (s, = s) as

G(e):/ G, =exp [cle,—eF)] = exp [—c(e—e¥)].  (6)

In this study, the constants ¢ and G, were taken to be
600 and 1 Pa, respectively : the value of ¢* was 0.367.

The two-phase FLUFIX code computes temporal
and spatial distributions of porosity, pressure, and
velocity for numerous computational nodes in an
FBC. A tremendous volume of data is generated. To
efficiently and effectively compare and evaluate these
results, statistical parameters such as mean, variancc,
autocorrelation, power spectral density. and cross-
correlation were used. The mean value of a property
distribution. F(r). is defined as follows:

where ¢, is an arbitrary initial ttime and T the time
interval of computation. The interval T is arbitrary,
but it must be long compared with the fluctuation
period. The fluctuation of a property function.
f(t) = F(1)— F. represents the instantancous devi-
ation from the mean value. Standard deviation. auto-
correlation, and power spectral density of a fluc-
tuation are defined as follows [11] :

standard deviation
2= [fOf0]" (8)
autocorrelation
ROENIOVIIETE )
power spectral density

5

1

A(o) = = J B(A) cos mi da. (10)
T Jo

The value of an autocorrelation coefficient. f8,. stands
for the possibility of a periodic oscillation at a given
location. If f3, is plotted against the time lag 4, a
peak autocorrelation value at 4, often indicates an
oscillation mode having a period cqual to 4,. The
same oscillation mode is also identifiable in a plot of
power spectral density vs frequency by the peak value
at the corresponding frequency, 1/%,. Most FBC
property fluctuations have scveral oscillation modes.
Note that turbulent fluctuations have no preferred
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oscillation mode. Similar to an autocorrelation, the
cross-correlation of two fluctuations f and g are
defined as follows [11]:

Cross- c()rrela tion
B () = F(Dglt+ 1)/ (ey,). (1

The cross-correlation represents the degree of simi-
larity of two fluctuation patterns ; the higher the cross-
correlation value, the higher the degree of similarity.
For two identical fluctuation patterns, the cross-cot-
relation coefficient equals one. In general, if a high
cross-correlation coefficient for two adjacent locations
is found at a certain time lag, the fluctuations are
regarded to propagate from one location to the other
during a time period equal to the time lag. The propa-
gation speed can be computed by dividing the spacing
of the two locations by the time lag. In this paper, the
propagation speeds were computed for cross-cor-
relation peaks having values higher than 0.6. Because
the fluctuations of pressure, porosity, and velocity are
discrete data points computed from the FLUFIX code
and stored (typically) every 50 time steps. statistical
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parameters (equations (7)—(11)) were integrated
numerically using trapezoidal approximation.

FLUIDIZED-BED COMBUSTOR

The two-dimensional, few-tube FBC systems under
investigation were 0.816 m high and 0.306 m wide and
had an initial bed height of 0.442 m. The air was
injected into the combustor through four inlets. Two
different bed geometries were considered: five tubes
in three rows (Fig. 1(a)) and three tubes in two rows.
A computational grid of 48 by 18 nodes was defined
for the FBC system. The locations of some typical
nodes (e.g. nodes 2, 4, D-H, and d~h) are shown for
one quarter of the three-node bed in Fig. 1(b). At
each node, the FLUFIX code computed the temporal
porosity, pressure, solids velocity, and gas velocity
distributions. For the three-tube FBC, the total com-
putational time included 1400 stored time steps (5 ms
interval) for a total of 7 s: an initial 2 s period at a
jet velocity of 1.12xmimmum fluidizing velocity
(U,r=209cms '), asecond 2.5 s peried at 1.7U ...

INITIAL BED HEIGHT

s T e

N

RIR INLETS

(b)

Fia. 1. (a) Generic five-tube FBC geometries. (b} Lower right quarter of a three-tube FBC showing some
node locations.
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0.22 OBSTACLE 0.19
0.63 0.57
0.22 0.23
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0.16 0.23 0.23
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0.005
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0.56 0.56
0.17 0.12
0.64
0.25
0.42 0.43
0.05 0.09
0.56 0.64 0.58
0.12 0.16 OBSTACLE 0.19
0.63 0.58
0.15 0.18
0.59 0.61
0.17 0.18
0.56
0.12

Key (dimensionless)

MEAN
STANDARD DEVIATION

F1G. 2. Porosity means and standard deviations (five-tube; 2.3U,,;).

and the last 2.5 s period at 2.3U,;. A similar time
frame for the five-tube arrangement covered 2 s at
1.12U,,.2.5sat 1.7U,,, and 3 s at 2.3V,

RESULTS AND DISCUSSION

Two basic statistical parameters, the mean and
standard deviation, were used to evaluate the bubble
dynamics in the FBC. From a statistical point of view,
a bubble (usually defined by an isoporosity value of
0.8) may have passed a location during a time interval
if the sum of porosity mean and standard deviation
at the location is larger than a specified value; the
larger the sum, the larger the bubble. Some statistical
means and standard deviations of porosity fluc-

tuations from 4.5 to 7.5 s in a five-tube FBC are
summarized in Fig. 2. These results were computed
from 20 nodes around the tubes (called obstacles in
Fig. 2) and five middle column nodes, D-H. The sum
of porosity mean and standard deviation at many
locations in the bed was higher than 0.8, indicating
the active bubble motions. No bubble was found on
top of the tubes, where the porosity mean was low
(close to the packed bed porosity, & ~ 0.4) and the
standard deviation was near zero. The porosity mean
and standard deviation around the tubes averaged
about 0.55 and 0.16, respectively.

The means and standard deviations of porosity,
pressure, and velocity were affected by the fluidizing
velocity. The porosity means around the tubes gen-
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erally increased with the jet velocity. For example,
beneath the center tube of a three-tube FBC. the
porosity mean increased from 0.55 to 0.66 as the jet
velocity increased from 1.12U, to 2.3U,. In other
words, higher fluidizing velocities caused larger
bubbles to form. The means and standard deviations
of pressure fluctuations showed little sensitivity to
the tube arrangement. For instance, the pressure means
and standard deviations of the node beneath the
center tube in a three-tube FBC were 3.60 and 0.49
kPa, respectively ; their corresponding values in a five-
tube FBC were 3.64 and 0.49 kPa.

Autocorrelations and power spectral densities of
local porosity, pressure, velocity, and momentum flux
fluctuations in an FBC were used to help determine
major oscillation modes, if any. Major oscillation
modes were determined by matching the auto-
correlation peaks with the power spectral density
peaks. Figure 3(a) shows a porosity fluctuation from
4.5 to 7 s at node 2 located beneath the side tube in
the three-tube FBC (sce Fig. 1(b)). Figure 3(b) is the
autocorrelation vs time lag plot, and Fig. 3(c) the
power spectral density vs frequency plot. The two
autocorrelation peaks at time lags of 0.6 and 1.16 s
matched the two power spectral density peaks at 1.7
and 0.9 Hz; thus, two major porosity oscillation
modes at these frequencies were determined. In gen-
eral: (1) the major oscillation modes for porosity,
pressure, and velocity were 0.7-4 Hz; (2) a primary
low frequency mode at about 1 Hz was found in most
locations ; and (3) the velocity fluctuations had higher
frequency modes than porosity and pressure.

Figure 4 summarizes the major pressure oscillatory
modes in a five-tube FBC at 2.3U,,. The primary
oscillation mode was about 0.8 Hz and the secondary
oscillation mode was 2.2 Hz. According to Broadhurst
and Becker, the slugging frequency for this situation
is about 1.4 Hz [12]; according to Verloop and
Heertjes the major frequency is about 1.3 Hz [13]. The
major frequencies estimated from these two theories
are close to the primary oscillation mode we
computed. Possible causes of these oscillations include
bubble formation, breakup, and coalescence. The
oscillation modes were insensitive to the fluidizing
velocity and tube arrangement.

Fluctuations at different locations in space or
different properties at the same location can some-
times be cross-correlated. The two porosity fluc-
tuations in Fig. 5(a) at nodes D and E (locations are
shown in Fig. 1(b)) were cross-correlated. Their cross-
correlation and phase diagram are shown in Figs. 5(b)
and (c). These two porosity fluctuations had a high
cross-correlation coefficient, 0.8, at 0.105 s (Fig. 5(b)),
and the phase diagram (Fig. 5(c)) shows the com-
plexity of the correlation. Note that the phase diagram
of two fluctuations is a straight line if the two fluc-
tuations are identical and is a closed loop (ellipse) if
two periodic functions have the same frequency. In
general, porosity fluctuations at adjacent vertical
locations had good similarity, and a propagation
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FiG. 3. Porosity fluctuations, autocorrelation, and power
spectral density (node 2, three-tube, 2.3U,,): (a) fluc-
tuations ; (b} autocorrelation ; (c) power spectral density.

speed could usually be determined from the cross-
correlation plot. However, the porosity fluctuations
at nodes d and e near the wall could not be correlated
because the solids axial velocity at node d near the
wall was nearly zero and could not be correlated with
any other fluctuation. Table | summarizes porosity
propagation velocities for three- and five-tube FBCs
at 2.3U,,. Local propagation velocities (0.47-1.0 m
s ') changed with location and with tube arrange-
ment. The average propagation speed in a five-tube
FBC was faster than a three-tube FBC. According to
Grace's theory, the porosity propagation rate is about
1.16 ms "' {14]; according to Needham and Merkin’s
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2.2 2.2 2.2
0.7 0.7
2.2 OBSTACLE 2.2
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0.7 0.8
2.2 ———
0.8 0.8
2.2 2.2
0.8

Key (Units are Hz)

PRIMARY MODE
SECONDARY MODE

F1G. 4. Pressure oscillation modes (five-tube, 2.30,,).

theory, the propagation speed isabout 1.14ms~ ' [15].
These estimated propagation velocities agree closely
with our results.

Besides the cross-correlations in space, cross-cor-
relations between porosity and pressure, porosity and
velocity, and pressure and velocity at the same
location were performed. Only the pressure and the
lagging porosity were well correlated. In the three-
tube FBC, pressure and porosity fluctuations had
about 64-84% similarity and the time lags werc
between 0.1 and 0.38 s. These important findings indi-
cate that simple diagnostic measurements of pressure
can be used to correlate erosion patterns.

Finally, phase diagrams were constructed in an

attempt to evaluate the oscillatory behavior and poss-
ible fluctuation randomness. A porosity fluctuation at
node 4 in the upper right-hand side of the side tube
in the three-tube FBC, from 4.5 to 7 s and its phase
diagram are shown in Fig. 6. The porosity varied from
0.38 10 0.9 and the rate of change ranged from —20
to 10 s~'. The two large loops in Fig. 6(b) indicate
that two large bubbles passed this location. Several
smaller loops in the center region show the oscillations
of the bubble itself. Fluctuations appear to have a
certain degree of randomness. By accumulating a
much longer computational time period, the present
study may be extended to the chaotic analysis of the
FBC.
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FiG. 5. Cross-correlation between two-porosity fluctuations
and phase diagram (nodes d and 4, five-tube, 2.3U,;): (a)
porosities ; (b) cross-correlation ; (c) phase diagram.

CONCLUSIONS

Spectral analysis, including the calculation of stat-
istical parameters (i.e. mean, standard deviation,
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F1G. 6. Porosity fluctuation and its phase diagram at node
4: (a) porosity; (b) phase diagram.

autocorrelation, cross-correlation, and power spectral
density) and the construction of phase diagrams, was
conducted to study the flow dynamics of a few-tube
FBC. The results provide much information toward
developing correlations of the hydrodynamics and
erosion in a few-tube FBC. Porosity means and
standard deviations appear to be useful in describing
bubble motions. Major oscillation modes (0.7-4 Hz)
of porosity, pressure, and gas and solids velocities were
found in most locations in the bed. Fluctuations of
pressure, porosity, and velocity generally had good
cross-correlation, and they propagated from the bot-
tom of the bed with speeds of 0.4-1.0 m s™ ', As for
the cross-correlation between the pressure and the
lagging porosity fluctuations, the high cross-cor-
relation values (over 0.6) supported the use of simple
diagnostic measurements of pressure to correlate

Table 1. Propagation velocity of porosity fluctuations (2.3U,)

Porosity propagation velocity (ms™')

Middle column Side column
Nodes  Three-tube  Five-tube Nodes  Three-tube Five-tube
D-E 0.50 .81 d-e — —
E-F 0.74 0.59 e 0.85 1.00
F-G 0.85 1.00 f-g 0.47 0.68
G-H 0.89 0.94 g-h 0.47 0.81
Average 0.75 0.84 Average 0.60 0.83
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bubble dynamics and erosion patterns. However, the
differences in the distribution of pressure and porosity
means and standard deviation suggest careful inter-
pretation of the pressure measurements is required.
Despite the different instantaneous flow patterns in
a three- and a five-tube FBC. the similar statistical
results indicated that a three-tube FBC simulation
may provide adequate information about the flow
dynamics of a generic few-tube FBC.
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DYNAMIQUE SPECTRALE PAR SIMULATION NUMERIQUE DE COMBUSTEURS
BIDIMENSIONNELS A LIT FLUIDISE

Résumé—Le Laboratoire National Argonne a développé des méthodes pour étudier les phénomenes
d’érosion dans les systémes fluide/solides par intégration de I’état de I'art pour un modéle numérique
hydrodynamique diphasique bidimensionnel (FLUFIX qui calcule les distributions temporelles et spatiales)
avec érosion qui relie les propriétes hydrodynamiques calculées aux configurations et vitesses d’érosion.
On rapporte ici une analyse spectrale qui corréle la porosité, la pression et la vitesse dans le temps et
I'espace pour un réacteur a lit fluidisé. Les principales fréquences des oscillations de porosité, de pression
et de vitesse sont 0,7-4 Hz. Les oscillations de porosité et de pression se déplacent dans le combusteur 4
des vitesses de 0,4-1 m s~ . Les oscillations de pression sont bien corrélées aux oscillations de porosité.

SPEKTRALE DYNAMIK IN SIMULIERTEN ZWEIDIMENSIONALEN WIRBELBETT-
BRENNKAMMERN

Zusammenfassung—Am Argonne-National-Laboratory wurden Verfahren zur Untersuchung von Erosions-
phianomenen in Fest/Fliissig-Systemen entwickelt. Zu diesem Zweck wird ein Rechenmodell (FLUFIX)
zur Emittlung zeitlicher und riiumlicher Verteilungen in zweidimensionalen Zweiphasenstromungen mit
Erosions-Modellen verkniipft. welche die berechneten hydrodynamischen Eigenschaften mit Erosions-
formen und -geschwindigkeiten verkniipfen. In der vorliegenden Arbeit wird iiber eine Spektralanalyse zur
zeitlichen und rdumlichen Beschreibung von Porositit, Druck und Geschwindigkeit in einer Wirbelbett-
Brennkammer berichtet. Die wesentlichen Frequenzen der Porositits-, Druck- und Geschwindigkeits-
oszillationen liegen zwischen 0,7 und 4 Hz. Die Porositits- und Druckoszillationen schreiten in der Brenn-
kammer mit 0.4-1 m s~ fort. Die Druckoszillationen lassen sich gut mit den phasenverschobenen Porositéts-
oszillationen korrelieren.
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CNEKTPAJILHAA JUHAMHKA CMOJEJMPOBAHHBIX KOMIIBIOTEPOM JIBYMEPHBIX
KAMEP CTOPAHHUSA C KUIIAIUM CJIOEM U HECKOJIBKHMH TPYBAMH

Amoramms—B Hanmonanpsoit naboparopan AproHsa paspaboTanbl MeTonsl MCCAEAOBAHMI ABICHHI
3PO3MH B CHCTEMAax KHAKOCTCH/TBEPHBIX TeNl NOCPEACTBOM IBYMCDHOH BBIMHCIIMTENIBHOM CXEMBI
FLUFIX, nossonsroiiel paccYHTHIBATD BPEMEHHbBIC W NPOCTPAHCTBEHHBIE paclpeneieHud, B mMopmelei
3PO3HH, YCTAHABIHBAIOLIMX 32aBUCHMOCTD MEXIY PACCYMTAHHBIME THAPOIHHAMHYECKHMH CBOHCTBAMH H
KApPTHHOH M MHTEHCHBHOCTBHIO 3pO3uH. B NaHHOM HMCCIEROBAHHM NPOBOIMTCH CNEKTPAJILHLIA aHAIH3,
YCTaHABJMBAIOUMH BPEMEHHYIO H NIPOCTPAHCTBEHHYIO KOPPEIAUMIO TOPO3HOCTH, JaBIEHHR H CKOPOCTH
THMHUYHOR KaMepbl ¢ KHOMIUMM CHOeM H HeckoibkuMH TpybGamu. OCHOBHBIC HaCTOTBI OCUMISLHH
NOPO3HOCTH, AaBjleHHs # ckopocTy cocrasiam 0,7-4 Iu. Ocunansuny NOpo3HOCTH M OaBJicHUs fepe-
MELIATNCh B kaMepe cropaHus co ckopocTamu 0,4-1 M ¢~ ! CyluecTByeT TecHas B3aUMOCBSA3b MEXY
OCUMJUTAUHAMH JABJICHAA U 3aMa3dbIBAIOWIHMH OCUMLIALMAMH NOPO3HOCTH.
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