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Abstract

On a laboratory-scale testing platform of impinging entrained-flow gasifier with two-burner, the pressure signals are measured at two axial
positions with stainless steel water-cooled probes. The probes are traversed radially from the wall to the reactor centerline (spaced 15 cm apart) for
six radial positions (0, 3, 6,9, 12, and 15 cm) to acquire pressure signals. Multifractal detrended fluctuation analysis (MF-DFA) is a method which
is accurate and easy to implement, therefore it is used on the pressure fluctuation to examine the multifractal characteristics. It is found that the
pressure fluctuation exhibits multifractal characteristics, the analysis of the pressure fluctuation signals under “unstable operating state”, “stable
operating state” and also “cold state” suggests that the combustion system is characterized by a dynamical change from heterogeneity toward
homogeneity, revealed by a loss of multifractality. Moreover, the analysis confirms the existence of multifractal characteristics in the investigated
pressure fluctuation series. Origin of multifractal phenomena of the pressure signal measured in the entrained-flow gasifier is interpreted in terms

of the multiplicative cascade process.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Gasification is a very versatile process to convert a variety of
carbon-containing feedstocks as coal, petroleum coke, lignite,
heavy oils, residues and natural gas into syngas. The entrained-
flow gasification technology has been extensively applied to the
production of ammonia, methanol, acetic acid, other chemicals
and also the power generation in Integrated Gasification Com-
bined Cycle (IGCC) application [1-3]. The gasification process
of an entrained-flow gasifier is very complicated, because it
relates to the fluid flow under the condition of high tempera-
ture, high pressure and heterogeneous state. Use of impinging
stream flow configurations, which are characterized by streams
of jets of fluid impinging against each other in a confined vessel,
has proved useful in conducting a wide array of chemical engi-
neering unit operations and enhancing heat and mass transfer
between phases due to the high transfer coefficients obtainable
in this type of flow configuration [4—-10]. A comprehensive lit-
erature review on various aspects of the opposing jet techniques
and their applications has been presented by Kudra and Mujum-
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dar [11], Michel [12], Kostiuk [13] and Tamir [14]. Two equal
suspension streams flow against one another at high velocity
(>35m/s) and impinge at their midpoint, resulting in a highly
turbulence zone. The gas flows decrease their axial velocity up
to zero at the impingement plane, and then turn to radiant; while
particles penetrate to and from between the opposed streams
by inertia and friction forces, and achieve the highest relative
velocity at the beginning of penetration.

Fractals and multifractals are ubiquitous in natural and social
sciences [15]. The most usual records of observable quantities
are in the form of time series and their fractal and multi-
fractal properties have been extensively investigated. There
are many methods proposed for this purpose [16,17], such as
spectral analysis, rescaled range analysis (R/S analysis)[18],
fluctuation analysis [19], detrended fluctuation analysis (DFA)
[20-22], wavelet transform module maxima (WTMM) [23-25],
and detrended moving average [26-28], to list a few. Due to the
simplicity inimplementation, the DFA is now becoming the most
important method for determination of fractal scaling properties
and detection of long-range correlations in noisy, nonstation-
ary time series. It has been successfully applied to a number
of classical study fields such as DNA sequences [29], neuron
spiking [30], long-time weather records [31], geology [32-37],
economics time series [38,39], texture analysis [40] and heart
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Nomenclature

D, independent random variable, 0<D; <1
) singularity spectrum; multifractal spectrum
Af the difference of fractal dimensions

Fo the initial equipment factor

F the final pressure fluctuation phenomenon
F,(s) the detrended fluctuation function

F~(v, s) the variance for each of the 2N segments
h(q) a family of scaling exponents
AP pressure difference (Pa)

q the index variable, can take any real value

s the size scale

Xk a series of length N

yy(@)  the fitting polynomial in the vth segment

Y(@) the cumulative sum

Y(i) the difference between the original time series and
the fits

Greek letters

o the singularity strength
Ao the width of multifractal spectrum
(q) the mass exponent

rate [41]. As a result, we choose this method to analyze our
data.

The main objective of this paper is to investigate the multi-
fractal characteristics of different pressure fluctuation signals in
a gasifier using multifractal detrended fluctuation analysis (MF-
DFA), and to judge different combustion status. The paper is
organized as follows: Section 2 describes the MF-DFA in detail.
Section 3 outlines the schematic diagram of experiment setup.
Section 4 presents the results of data analysis and discusses their
physical interpretation. Section 5 comments on the implications
of the current work.

2. Multifractal detrended fluctuation analysis
(MF-DFA)

The idea of DFA was invented originally to investigate
the long-range dependence in coding and noncoding DNA
nucleotide sequences [20]. Then it was generalized to study the
multifractal nature hidden in time series, termed multifractal
DFA (MF-DFA) [22]. Due to the simplicity in implementation,
the DFA is now becoming the most important method in the
field. The MF-DFA procedure consists of the following steps.
Let us suppose that xy is a series of length NV, and this series is
of compact support.

Step I Calculate the cumulative sum

Y(i)EZ[xk—(x)], i=1,...,N (1)

k=1

where (x) represents the average value.

(a) 2000 (b) 2000

1500 1500

1000 1000

Y(i) and Y (i)

500

-500
0 200 400 600

=500

Fig. 1. Illustration of detrending procedure in the detrended fluctuation analysis:
for two segment lengths s =100 (a) and 200 (b), the profiles Y(i) (dotted lines;
defined in Eq. (1)), least squares quadratic fits to the profiles (solid lines), and
the detrended profiles Ys(i) (dashed lines) are shown vs. the pressure fluctuation.
One sees that the typical variance for a box in (a) is smaller than that in (b).

Step 2 Divide the profile Y(i) into Ny = int(N/s) nonoverlap-
ping segments of equal length s (see Fig. 1). Since length N of the
series is often not a multiple of the considered scale s, a short part
at the end of the profile may remain. In order not to disregard this
part of the series, the same procedure is repeated starting from
the opposite end. Thereby, 2N segments are obtained altogether.

Step 3 Calculate the local trend for each of the 2N, segments
by a least-square fit of the series. Then we define the detrended
time series for segment duration s, denoted by Y;(i), as the differ-
ence between the original time series and the fits, Y(i) represents
the fluctuations with respect to the local average.

Yo(i) = Y (@) — (i) @

(@) is the fitting polynomial in the vth segment. Fig. 1 illustrates
this procedure for s=100 and 200. In the example, quadratic
polynomials are used in the fitting procedure, which is char-
acteristic of quadratic DFA (DFA2). Linear, cubic, or higher
order polynomials can also be used in the fitting procedure (con-
ventionally called DFA1, DFA3, and higher order DFA). Then
determine the variance for each of the 2N, segments.

l S
F2w,5) = > Y0 = Ds+il = n@)

i=1
I, .
= EZYS [(v—1)s+1i] (3
i=1

for each segment v, v=1,..., Nyand

2 _1 - _ _ a 12
F(v,s) = s;{y“" (v — Ny)s + il — yu(D)}

= lzxf[zv —(v—Ny)s +1i] )
N

i=1

forv=N;+1,...,2N;.
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Fig. 2. Schematic diagram of experimental setup: 1, liquid tank; 2, O steel cylinder; 3, N, steel cylinder; 4, pump; 5, gas mass flow meter; 6, burner; 7, syngas exit;

8, slag discharge; 9, pressure transducers; 10, A/D board; 11, computer.

Step 4 Average over all segments to obtain the gth order
fluctuation function

1 2N, 1/q
amz{MQ}ﬁmmw} ®)
S =1

where the index variable g can take any real value except for
q=0. When ¢ =0, we have

1 2Ny )
Fo(s) = exp{ o > In[F2(v, )] (6)
S =1

according to L’Hopital’s rule.

Step 5 Vary the value of s in the range from sy, &6 to
Smax ~ N/4, we can determine the scaling relation between the
detrended fluctuation function F,(s) and the size scale s, which
reads

Fy(s) ~ s"@ )

Step 6 The final product of the MF-DFA procedure is a family
of scaling exponents h(g) which for actual multifractal signal
form a decreasing function of ¢ (for monofractals 4(q) = const).
From the h(g) we can calculate the singularity spectrum fla)
using the following relations:

a="hq)+qh'(q), fla)=qla—h@]+1 (®)

The shape and extension of f{a)-curve contains significant
information about the distribution characteristics of the exam-
ined data set. In general, the spectrum has a concave downward
curvature, with a range of a-values increasing correspondingly
to the increase in the heterogeneity of the distribution. The
width of multifractal spectrum is Aa (Aa=amax — @min) and

the difference of fractal dimensions of maximum probabil-
ity subset (o =amin) and the minimum one (o =amax) iS Af
(Af=f(amin) — flamax)).- Aa and Af can be either positive or
negative.

3. Experimental

The schematic drawing of the experimental apparatus was
shown in Fig. 2. The maximum values of operation pressure and
temperature were 1 MPa and 1500 °C, respectively. The gasi-
fier was cylindrical, vertically oriented, the inner diameter and
length of the combustion chamber composed of a 15 mm thick
cast refractory shell, were 300 and 2200 mm, respectively. The
cast refractory shell, wrapped with a 235 mm thick, low ther-
mal conductivity fiber blanket to reduce the heat transfer, was

0, Diesel 0,

Water L ¢ Water
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Fig. 3. General view of the burner (all dimensions in mm).
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Table 1
Experimental conditions

Condition 17 diesel (kg/h) 2% diesel (kg/h) 17 0, (Nm/h) 2% 0, (Nm*/h)  Oo/fuel Nm?/kg)  1¥ burner, velocity (m/s) 2% burner, velocity (m/s)
1 180 1.80 2.55 243 1.38 61.72 58.82
2 205 2.08 3.59 3.58 1.74 86.89 86.65
3 205 2.08 322 3.20 1.55 77.94 77.45
4 222 2.46 2.86 2.85 1.22 69.22 68.98
5 205 2.05 322 341 1.62 77.94 82.53
6 205 2.05 3.04 3.00 1.47 73.58 72.61
7 205 2.05 2.60 2.60 1.27 62.93 62.93
8 - - 2.67 2.67 - 64.62 64.62

protected by a stainless steel column shell of 0.8 m in diam-
eter and 2.5m in height. Ports were located at sides of the
gasifier for viewing, temperature measurement and insertion
of the water-cooled probe. Opposed turbulent flow fields were
obtained by two opposed round burners composed of inner and
outer channels, which was shown in Fig. 3. The O, was fed
into the burner outer channel by steel cylinder, with a pressure-
reducing valve to avoid pressure oscillations in order to achieve
steady flow. The gas flow rates were measured by mass flow
meters (D07-9C/ZM, Beijing Sevenstar Huachuang Electronic
Co., Ltd.). The diesel oil was fed into the burner inner channel by
a gear pump (A-73004-00#, America Cole-Parmer Company),
the flow rate was determined gravimetrically with an elapsed
timer and an electronic weight scale. In the gasification pro-
cess, two burners were used to produce opposite jets of fuel that
impinge on the center of the combustion chamber. High rela-
tive velocities between the particulate matter and the gaseous
phase in the central area provided good conditions for active
diffusion and convection at the particle surface, and the high
temperature together resulted in fast burning and gasification
reaction under highly reducing conditions to produce raw syn-
gas. High-temperature gaskets interfaced the furnace segments
and eliminated all leakage. From the reaction chamber, the raw
syngas flowed into the quench chamber, where the raw syngas
was cooled and partially scrubbed by the water, then the syngas
was discharged. After the experiment, the No was fed into the
burner inner channel by steel cylinder to clean burner.

Pressure signals were taken from the gasifier with two stain-
less steel water-cooled probes, at two axial positions equidistant
from a burner, see positions A and B in Fig. 2, at each axial
position, probe was traversed radially from the wall to reactor
centerline (spaced 15 cm apart) for six radial positions (0, 3, 6,
9, 12, and 15 cm) to acquire pressure signals. A pressure sensor
(CECC420G22M1) was used to record the pressure fluctuations,
the pressure sensor has two ports, one placed in combustion
chamber and the other one (reference) kept at ambient pres-
sure. Pressure difference AP were measured and then converted
into voltage signals by a multi-channel card (PCI-1711L-A2).
Voltage signals were sent to a computer to store results through
an A/D converter. Pressure difference AP were used instead of
static pressure signals, since differential pressure signals were
much more stable and reliable compared to static pressure sig-
nals. Fourier analysis showed that the dominant frequency of
the pressure fluctuation in the gasifier was lower than 40 Hz.
Hence a sampling frequency of 100 Hz was chosen in the exper-

iments. For each measurement, 20 000 points were recorded in
order to include enough information. Pressure difference AP at
the two axis positions were measured for all the experimental
conditions. A summary of experimental conditions in this work
was listed in Table 1.

4. Results and discussion
4.1. Calculation results

The pressure fluctuation signals’ multifractal spectra fla)
have been calculated for three states.

(1) Unstable operating state including ignition and shut down
state.

(2) Stable operating state, due to the high thermal capacity of
the refractory walls, about 4 h were needed to achieve steady
state as monitored by steady readings of wall temperatures.

(3) Cold operating state, i.e. without flame but O, was still sup-
plied to the burner outer channel by steel cylinder and the
temperature of the gasifier was approximate indoor temper-
ature.

Fig. 4 shows the first 10000 typical pressure fluctuation
signals in position A under condition 4 and the MF-DFA2 fluc-
tuation functions F(s).

Fig. 4. The typical pressure fluctuation signals and the MF-DFA2 fluctuation
functions Fy(s): (a) typical pressure fluctuation signals for time series; (b) the
MF-DFA2 fluctuation functions Fy(s) vs. the scale s in log—log plots for the
pressure fluctuation signals, symbols used to indicate the various moments are
g=6(x), g=4 (%), ¢=2(0), g=-2(0), g=—4(0O), g=—6 (+).
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Fig. 5. The pressure fluctuation at unstable operating state: under condition 1, the ignition pressure fluctuation signals (a) and its multifractal spectrum (b); the shut

down pressure fluctuation signals (c) and its multifractal spectrum (d).

Multifractal characteristics in different pressure fluctuation
signals are confirmed by calculating the In(F,) versus In(s) plots.
Shown in Fig. 4(b) are plots of the gth-order moment F; ver-
sus the scale s in a log—log plot. All of these plots are mostly
close to be straight, have different slopes and are shown for
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comparison, signifying that the studied pressure fluctuation sig-
nals can be regarded as multifractal measures. Since multifractal
characteristics indeed exist, the pressure fluctuation series may
be transferred into a more useful compact form through the
multifractal formalism, namely, the f{a)-a plots.
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Fig. 6. The pressure fluctuation at stable operating state at axis position A: under condition 6, pressure fluctuation signals multifractality spectra in different radial

positions are shown.
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4.1.1. Unstable operating state

The multifractal spectra f{a) of the pressure fluctuation sig-
nals forignition and shut down are plotted in Fig. 5. It can be seen
in Fig. 5 that different pressure fluctuation scopes and movement
trends correspond to multifractal spectra with different sizes and
shapes. Concretely, Fig. 5(a) denotes that the shape of multifrac-
tal spectrum is like a hook to the right (see Fig. 5(b)). On the
contrary, Fig. 5(c) denotes that the shape of multifractal spectrum
is like a hook to the left (see Fig. 5(d)). Intuitively, the multi-
fractal spectra may contain some useful statistical information
about the pressure movements.

In sum, Aa may indicate the absolute magnitude of the pres-
sure movements in a gasifier, the larger value of Aa, the more
violent of pressure fluctuation. The Afmay indicate the different
trends of pressure movements. Multifractal spectrum is directly
calculated from the pressure fluctuation signals, it should yield
some information about the trend of different pressure fluctua-
tion signals.

4.1.2. Stable operating state

Two equal suspension streams flow is against one another at
high velocity (>35 m/s) and impinge at their midpoint, resulting
symmetrical ascending and descending two zones. Axis posi-
tions A and B relatively near to the horizontal plane position of
two burners, where the pressure fluctuation is more violent and
the pressure signals is more abundant than other areas, under
condition 6, we analyze the pressure fluctuations at two axis
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04r
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Table 2
Values of Ax and Af at axis position A

Insert (cm)

0 (a) 3 (b) 6 (c) 9 (d) 12 () 15 ()
Aoe 00832  0.365 00702 00768  0.0663  0.1628
Af 05790 07006 03519 04625 03099  0.6621

positions A and B, respectively. As is shown in Fig. 6, we can
get Table 2, immediately.

As is shown in Table 2, under the stable rate of feed-in, for
same axis position and different radial positions in the gasifier,
Ao and Afare not a constant. A« has the maximum value at the
center of the gasifier (Fig. 6(f)), Af has the maximum value at
probe insert 3 cm position (Fig. 6(b)), but at other radial posi-
tions, A« and Afhave not obvious changing rules. Ao describes
the singularity strength of some measure, the bigger Ao means
the stronger singularity strength of the system more body multi-
fractal characteristics and means the pressure signal fluctuation
is more violent; Af represents the changing trend of pressure
fluctuations.

Because of two equal suspension streams that flow against
one another and impinge at their midpoint, resulting in two
zones namely symmetrical ascending and descending zones,
the position (Fig. 6(f)) is at the ascending zones, which has
the biggest gas velocity, and the fuel absorbs heat, inflates and
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Fig. 7. The pressure fluctuation at stable operating state at axis position B: under condition 6, pressure fluctuation signals multifractality spectra in different radial

positions are shown.
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Table 3
Values of Ax and Af at axis position B

Insert (cm)

0 (a) 3(b) 6 (c) 9 (d) 12 (e) 15 ()
Ao 01318 00914 01233  0.1435  0.0794  0.1093
Af 05218 04073 06102 04557 05391  0.8290

gasifies quickly; so this position is the most violent place of
pressure fluctuation. A« has the biggest value in this position
and also means that the system has the most strong singularity
strength in this position, which obvious shows the multifractal
characteristics.

For position B, as is shown in Fig. 7, we can get Table 3,
immediately.

As is shown in Table 3, under the stable rate of feed-in, for the
same axis position and different radial positions in the gasifier,
Aca and Afare also not a constant. A« has the maximum value at
the probe insert 9 cm position (Fig. 7(d)), Af has the maximum
value at the center of the gasifier (Fig. 7(f)), but at other radial
positions, both A« and Afhave not obvious changing rules.

4.1.3. Compared the results of stable operating state with
that of the cold state

Under the cold state, will the pressure fluctuation still show
the multifractal characteristics? Therefore, we analyzed pressure
fluctuation signals in different radial positions at axis position
A, the result is shown in Fig. 8.

Fig. 8 shows the generalized fluctuation F,(s) for several
q values. Although a slight ¢ dependence is observable, all of
these plots are mostly close to being parallel, signifying that the
studied pressure fluctuation series under the cold state can be
regard as monofractal measures. This confirmed that the actual
reaction process in the combustion field is a high temperature,
multiphase reaction, the absorbing heat and emitting heat of the
flame reached a dynamical balance, which producing pressure
fluctuations cannot be observed under cold states.

102 T

Fa(s)

10! 102 103
§
Fig. 8. The MF-DFA2 fluctuation functions F(s) vs. the scale s in log—log plots
for the cold state pressure fluctuation signals under condition 8 (insert 15 cm at
axis position A): symbols used to indicate the various moments are g=6 (x),
q=4 (%), q=2(0), q=—2 (), g=—4(O), g=—6 (+).

4.2. Discussion

Since the pressure fluctuation series distribution exhibits mul-
tifractal characteristics, then the next question is which processes
lead to such multifractal characteristics, a physical interpre-
tation must be done. When applying a multiscaling approach
to temporal clustering of earthquakes, multifractal character-
istics are interpreted in terms of diffusive processes of stress
in the Earth’s crust [42]. Moreover, multifractal characteristics
in rainfall data have been explained with an assumption that a
large-scale flux is successively broken into smaller and smaller
cascades, each receiving an amount of the total flux specified by
a multiplicative parameter [43]. On the other hand, the multi-
fractal characteristics in air pollutant concentration time series
are interpreted with the aid of random multiplicative process
of air pollutant concentration [44,45]. It should be noted that
the stochastic processes proposed for above systems to gener-
ate multifractal characteristics are closely related to the heart
of turbulence, namely, the multiplicative cascade process. The
only difference is the characteristic physical quantity accompa-
nying in the stochastic processes. For earthquakes, rainfall, air
pollutant and turbulence, the corresponding characteristic quan-
tity is stress, water, concentration and energy, respectively. For
pressure fluctuations, in practice, there is not just a single ori-
gin, the pressure signal measured in the gasifier is a result of
a number of influencing factors, such as size and geometry of
burner, physical properties of the dispersed phase and the contin-
uous phase, the size of combustion chamber and operating state.
Analysis of pressure measurements has indicated that the multi-
fractal characteristics of these pressure fluctuations also depend
on the temperature of the gasifier. Coal gasification generally
refers to the reaction of coal with air, oxygen, steam, carbon
dioxide, or a mixture of these gases to yield a gaseous prod-
uct, this is a mol increased reaction and the reaction depends
on temperature greatly. One mechanism by which energy can
be transferred to an acoustic field was investigated by Lord
Rayleigh [46], who stated the commonly cited criterion which
follows:

“If heat be given to the air at the moment of greatest condensa-
tion, or be taken from it at the moment of greatest rarefaction, the
vibration is encouraged. On the other hand, if heat be given at the
moment of greatest rarefaction, or abstracted at the moment of
greatest condensation, the vibration is discouraged”. As a corol-
lary to Rayleigh’s criterion, we may state that if equal amounts
of heat are added in and out of phase with the pressure oscilla-
tions, then the vibration is neither encouraged nor discouraged
by the heat addition.

Due to the complexity of the atomization process, although it
is difficult to clearly describe the mechanism and also impossi-
ble to combine all the influencing factors, but the two concepts,
structural and operating factors, are found to be very useful in the
description of pressure fluctuation processes. As mentioned ear-
lier, multifractal behavior is frequently associated with systems
where the underlying physics is governed by a random multi-
plicative process. So if we assume the multifractal characteristics
of pressure fluctuation in the gasifier are generated through the
random multiplicative process of all kinds of phenomena, the
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final phenomenon F, can be expressed by

m
Fy = FoD\Dy-+-Dy = Fo| [ Di ©)

i=1

m
InF, =In Fo—i—Zln D; (10

i=1

where D; is an independent random variable denoting the oper-
ating factor such that 0<D; < 1, and F) is the initial equipment
factor. As m approaches infinity, based on the central limit theo-
rem (CLT), In F,,, will approach a normally distributed random
variable plus a constant. In other words, the pressure fluctuation
series will be lognormally distributed. The physical interpre-
tation of the pressure fluctuation distributions using the above
process seems to be acceptable to explain the multifractality.

5. Conclusions

On a laboratory-scale testing platform of impinging
entrained-flow gasifier with two-burner, the pressure signals
are measured at two axial positions with stainless steel water-
cooled probes, probes are traversed radially from the wall to
reactor centerline (spaced 15 cm apart) for six radial positions
0, 3, 6,9, 12, and 15 cm) to acquire pressure signals. Multi-
fractal detrended fluctuation analysis (MF-DFA) is a method
which is accurate and easy to implement, therefore it is used on
the pressure fluctuation to examine the multifractal characteris-
tics. In conclusion, the pressure fluctuation signals are complex
but not totally an uncorrelated random process. The observa-
tion of multifractal spectrum of pressure fluctuation in gasifier
is encouraging since multifractal formalism has been success-
fully applied to systems as complex as turbulence, and has led to
a better understanding of such complexity. The analysis of the
pressure fluctuation signals under “unstable operating state”,
“stable operating state” and also “cold state” suggests that the
combustion system is characterized by a dynamical change from
heterogeneity toward homogeneity, which revealed by a loss of
multifractality. The potential of multifractal analysis is far from
being fully exploited, since it was only recently that attention
has been drawn to the need for a thorough testing of the mul-
tifractal tools, and, in particular, a much deeper understanding
of the nature of the impinging combustion phenomena and their
interactions with the multifractal methods.

Finally, we would like to stress that there are tremendous
potential applications of the MF-DFA in the analysis of frac-
tals and multifractals. In the two-dimensional case, the methods
can be adapted to the investigation of the roughness of fracture
surface, flame images and many other images possessing self-
similar properties. In the case of three dimensions, it could be
utilized to quality the multifractal nature of temperature fields
and concentration fields. So it may also have a great potential
in modeling the complex structure of combustion field, concrete
applications will be reported elsewhere in future presentations.
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