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Abstract

There are a variety of low-grade and hard-to-burn coals used in grate boilers in China. Almost all of them are manufactured with
arches to promote the efficiency and their applicability to various coals. However, those boilers sometimes suffer from the unsteady com-
bustion known as ‘‘puff’’, which degrades energy efficiency, emits smoke pollution and even damages components. The mechanism
responsible for its occurrence has been speculated to be related to the abnormal combustion of volatile released from coal, however,
the details have not been clearly known up till now.

In this paper, an experimental system is set up to investigate the unsteady combustion mechanism in an industrial traveling grate boi-
ler. Natural gas is used to simulate the volatile from coal. Under the condition of two typical air distribution modes, dynamic pressure
signals at various flow rates with fixed stoichiometric ratio are measured and influence factors on the unsteady combustion are studied.
The detailed combustion characteristics are analyzed with large eddy simulation. The simulation is in reasonable agreement with the
experiment and further discovers the mechanism of the volatile-related unsteady combustion. Moreover, the frequency analysis of the
experimental data also confirms this mechanism.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There are more than 500,000 industrial boilers in China
[1], consuming about one third of the total nationwide coal
consumption. Most of these industrial boilers are coal-fired
grate boilers. The coal used in these grate boilers is mostly
raw coal without size grading, much less briquetting and
washing. On the other hand, the coal quality for an indus-
trial boiler is sometimes changeable due to the variety in
coal quality of different coalmines. All these facts make
the coals difficult to ignite and burn out.

To promote the efficiency of grate boilers and their
applicability to various coals, most of these grate boilers
are manufactured with arches to optimize combustion.
There are usually two arches over the grate in the furnace,
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the front arch and the rear arch. The main function of the
front arch is to radiate heat on the new coal entering the
furnace, which guarantees the ignition; the rear arch keeps
the high local temperature and thus promotes the burnout
of the coal. Moreover, the appropriate match between the
front arch and the rear arch can improve the mixing of the
air and the combustible gas, which reduces the combustible
gas loss.

There are a variety of arch types in harmony with the
various coals in China. In order to burn low-grade coals,
Chinese researchers have developed several novel arches,
such as the a-shaped arch [2], the vortex arch [3] and the
double-herringbone arch [4].

The pressure in a furnace is usually required to keep
slightly negative under the normal operation condition,
about �20 � �30 Pa. But a grate boiler sometimes may
suffer from a kind of unsteady combustion known as
‘‘puff’’, which makes the pressure in the furnace rise above
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Nomenclature

Cs Sm agorinsky constant
d distance to the closest wall (m)
f mixture fraction
H total enthalpy (J kg�1)
Ls mixing length for sub-grid scales (m)
Mj sub-grid scale mass flux of mixture fraction

(kg m�2 s)
M-T mixed-type air distribution
p pressure (Pa), or probability density function
PDF probability density function
Pr Prandtl number
Qj sub-grid scale thermal energy flux (W m�2)
Sc Schmidt number
Sij rate of strain tensor for the resolved scale (s�1)
Sj sub-grid term in the generic governing equation
Sr source term due to radiation (W m�3)
SR stoichiometric ratio
S-T separated-type air distribution
S/ source term in the generic governing equation
t time (s)
u velocity (m s�1)

V volume of a computational cell (m3)
x coordinate vector

Greek symbols

a,b parameters in b function
dij Kronecker delta function
j von Kármán constant
l dynamic viscosity (Pa s)
/ generic variable
q density (kg m�3)
rij molecular strain rate tensor
sij sub-grid scale stress

Subscripts

i, j, k cartesian components; coordinates
t sub-grid scale coefficient

Superscripts
� filtered variable
0 sub-grid scale variable

Fig. 1. Sparks and smoke spurting from the furnace as a phenomenon of
‘‘puff’’.
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the atmospheric pressure. Such unsteady combustion is a
common phenomenon in grate boilers with arches, which
can result in efficiency drop, smoke pollution and compo-
nent damage. However, the occurrence mechanism and
whether it is related to the various coals and arches are
not clearly known.

In an effort to understand the unsteady combustion, a
number of studies have been performed during the past
few years. Hui et al. [5] found that ‘‘puff’’ is a common phe-
nomenon in grate boilers with arches. There may be a rela-
tionship between ‘‘puff’’ and arches. Huang et al. [6] further
discovered following features.

(1) They mainly occur when high volatile coal is burnt;
(2) They are related to the air distribution mode under

the grate;
(3) Sparks and smoke spurt from the furnace intermit-

tently (Fig. 1).

Considering the above features, Huang et al. [6–8] spec-
ulated that there must be an intrinsic relationship between
such unsteady combustion and the abnormal combustion
of the volatile from coal.

In this paper, an experimental grate boiler model is
established to simulate an industrial traveling grate boiler
with arches in which the unsteady combustion occurs. Nat-
ural gas is used to simulate the volatile. Under two typical
air distribution modes, the magnitudes of dynamic pressure
fluctuations at various flow rates are studied to determine
influence factors on the volatile-related unsteady combus-
tion. Large eddy simulation is used to study the vorticity
and combustible gas profile in the furnace under the two
air distribution modes so as to understand the occurrence
mechanism. Moreover, frequency characteristics of the
measured pressure fluctuations are analyzed for the further
investigation on the mechanism.

The paper is organized in the following manner: The first
section briefly describes the experimental facility and
measurement scheme, and second the LES model and
the numerical settings adopted in the simulation. Then,
the experimental and simulated results are given and the
mechanism of the volatile-related unsteady combustion is
discussed. Finally, the frequency characteristics of experi-
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Fig. 3. Diameters of the holes in the perforated plate in the column
direction.

J.J. Ji et al. / Applied Thermal Engineering 28 (2008) 145–156 147
mental data are investigated, going with some discussions
on them.

2. Experimental set-up and measurement scheme

2.1. Experimental set-up

In this study, a real traveling grate boiler in which the
volatile-related unsteady combustion occurs is chosen as
the prototype of the experimental combustor. The size of
the experimental combustor is one tenth of the real furnace
size. Natural gas is used to simulate the volatile.

As is shown in Fig. 2, the width of the combustion
chamber is 220 mm and the height of it is about 600 mm.
The wall is made of the refractory material with a thickness
of 100 mm. Air and natural gas are fed from the grate.
There are six rooms under the grate. Every room has three
air pipes at uniform intervals. Air flows from the holes
bored directly upwards in the air pipes. The flow rate of
every pipe in one room is the same. Various air distribution
modes can be established by adjusting volume fluxes of the
air pipes. Partition plates are fixed between adjacent
rooms.

Natural gas enters the combustion chamber through a
perforated plate under the front four rooms. Since the vol-
atile distribution along the grate length increases first and
then decreases until zero in the real traveling grate boiler,
the plate has 220 holes of 20 columns and 11 rows to dis-
tribute natural gas so as to simulate the volatile distribu-
tion feature. The diameters of the holes in one row are
the same. The diameters of the holes in the column direc-
tion (corresponding to the grate length direction of the
industrial furnace) are shown in Fig. 3.

A 20 mm thick layer of ceramic pebbles with hydraulic
diameters of 10–15 mm is supported directly by the grate
made of a stainless steel net. The ceramic pebbles simulate
the coal on the grate and stabilize the flame.
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The pipeline of the air supply subsystem is also shown in
Fig. 2. Air is supplied through a Roots blower. Six main air
ducts are connected to the pressure stabilizer and every
main duct furcates into three air pipes in every room. Pitot
tubes in the main ducts are used to measure the flow rates.
Compressed natural gas tanks provide the natural gas
and the flow rate is measured by a rotameter. The natural
gas is mainly composed of methane, whose volume frac-
tion is 91.4% (measured by a Shimadzu GC-14B gas
chromatograph).

The pressure signals are recorded by a dynamic pressure
sensor (model 106B51) made by PCB company (USA). The
resolution of the sensor is 0.34 Pa and the low frequency
response of it is 0.5 Hz. The data are input into the com-
puter via the sampling of the data acquisition board (model
AD8201, Chinese RBH Inc.) and the amplification of the
signal conditioner (model 480E09, PCB Inc.). The sam-
pling frequency is 1000 Hz.
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2.2. Experimental scheme

Two typical air distribution modes are adopted in the
experiment for comparison. One is the mixed-type air distri-
bution (abbreviated to M-T), that is, the air and the natural
gas are supplied to the chamber from the same rooms,
which makes the air and the natural gas mix well, as is
shown in Fig. 4, where the volume flux distribution of the
natural gas is calculated according to the diameters of the
holes in the perforated plate; The other is the separated-type
air distribution (abbreviated to S-T), that is, the air and the
natural gas enter the combustion chamber from different
rooms, which results in the poor initial mixing of them.

To study the influence of M-T and S-T on the unsteady
combustion, pressure fluctuations at different flow rates
under these two air distribution modes are measured. The
detailed scheme is shown in Table 1, which can be divided
into two parts:

1. Combustion at different flow rates: test 1� test 3 in the
table with the same stoichiometric ratio 2.0. The influ-
ence of flow rate is also studied in this part;

2. Cold flows: test 4–test 6 in the table. This part is the
baseline to investigate the contribution of the volatile
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Fig. 4. Volume flux distribution of the natural gas and the air of the two
air distributions (M-T and S-T).

Table 1
Scheme of the experiment (M-T and S-T are adopted for each test)

Test State Stoichiometric ratio Flow rate (m3/h)

1 Combustion 2.0 12.6
2 Combustion 2.0 25.3
3 Combustion 2.0 52.6
4 Cold flow – 12.0
5 Cold flow – 24.0
6 Cold flow – 50.0
chemical energy to pressure fluctuations by comparing
the cold flows with the combustion.
3. LES model and numerical method

Large eddy simulation (LES) is adopted to study the
combustion characteristics of the two air distribution
modes in the experiment. Although a real vortex is always
three dimensional, two-dimensional large eddy simulation
(2D LES) is used here for the simplification according to
the flow field characteristics of the traveling grate boiler.
The Smagorinsky-Lilly sub-grid turbulence model and the
non-premixed (PDF) combustion model are used. Running
a case on a PC workstation with a 2GB RAM and double
3.0 G CPU needs about 2 days to make the flow field
approaching a statistical steady state.

In the LES, the spatially filtered value �/ of a variable /
is defined as

�/ðxÞ ¼ 1

V

Z
V

/ðx0Þdx0; x0 2 V ð1Þ

where V is the volume of a computational cell, and x is the
coordinate vector.

Ignoring the density pulsation, a generic form of the fil-
tered governing equations can be written as

oðq�/Þ
ot
þ oðq�uj

�/Þ
oxj

¼ � oSj

oxj
þ S/ ð2Þ

where Sj is the sub-grid term, and S/ is the source term.
The detailed expressions for Sj and S/ in the generic equa-
tion are shown in Table 2, where rij is the molecular strain
rate tensor.

rij ¼ l
o�ui

oxj
þ o�uj

oxi

� �
� 2

3
l

o�uk

oxk
dij ð3Þ

The sub-grid scale stress sij is defined by

sij � quiuj � q�ui�uj ð4Þ

Smagorinsky–Lilly model [9,10] is employed to close sij.

sij ¼
1

3
skkdij � 2ltSij; lt ¼ qL2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
where lt is the sub-grid scale (SGS) eddy-viscosity, and Ls

is the mixing length for sub-grid scales. Sij is the rate of
strain tensor for the resolved scale defined by

Sij ¼
1

2

o�ui

oxj
þ o�uj

oxi

� �
ð5Þ
Table 2
Detailed expressions for Sj and S/ in the generic governing equation

Equation / Sj S/

Continuity 1 0 0
Momentum ui sij � op

oxi
þ orij

oxj

Energy H Qj
o

oxj

l
Pr � oH

oxj

� �
þ Sr

Mixture fraction f Mj
o

oxj

l
Sc �

o�f
oxj

� �
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Ls is computed using

Ls ¼ minðjd;CsV 1=3Þ ð6Þ

where j is the von Kármán constant (=0.4187) [11,12], d is
the distance to the closest wall, Cs is the Smagorinsky con-
stant (0.16) [13].

The sub-grid scale thermal energy flux Qj and the sub-
grid scale mass flux of mixture fraction Mj are simply mod-
eled [13] as

Qj ¼ �
lt

Prt

oH
oxj

; Mj ¼ �
lt

Sct

o�f
oxj

where Prt and Sct are assumed to be constant. Prt = Sct =
0.7 [14,15].

The mixture fraction variance f 02 is not solved with a
transport equation, but directly modeled as

f 02 ¼ 1

2
L2

s jr�f j2 ð7Þ

bfunction is assumed as the PDF shape, given by the fol-
lowing function of �f and f 02

pðf Þ ¼ f a�1ð1� f Þb�1R
f a�1ð1� f Þb�1 df

ð8Þ

where a and b are all the function of �f and f 02

a ¼ �f
�f ð1� �f Þ

f 02
� 1

� �
; b ¼ ð1� �f Þ

�f ð1� �f Þ
f 02

� 1

� �

Then, mean species mass fractions or temperature /i are
achieved by

/i ¼
Z 1

0

/iðf ;HÞpðf Þdf ð9Þ

Thus, the look-up table, which is the function of �f , f 02,
and enthalpy H , is constructed.

/i ¼ /ið�f ; f 02;HÞ ð10Þ
Table 3
Simulation settings

Items Scheme

Method Finite volume method (FVM)
Solver Segregated implicit
Temporal

discretization
Second order

Pressure PRESTO!
Momentum equation QUICK
Other equations Second order upwind
Pressure–velocity

coupling
PISO

Inlet boundary
condition

Velocity inlets

Outlet boundary
condition

Pressure outlet (0 Pa)

Wall condition Constant temperature (500 K), constant
emissivity (0.8)

Cell type Quadrilateral paved grid
Total cells amount 12,900
Time step 0.0002 s
The natural gas is assumed as pure methane in the sim-
ulation, for the main species in the natural gas is CH4. The
intermediate species decomposed from methane, i.e. CO,
H2, and C(s) and the products, i.e. CO2, H2O are included.
The concentration sum of CH4, CO and H2 is regarded as
the concentration of combustible gas in the combustion
chamber. P-1 model [16,17] is used for radiation. The
Weighted-Sum-of-Gray-Gases Model [18,19] is chosen to
calculate the absorption coefficient. The numerical simula-
tion settings are shown in Table 3.
4. Results and discussion

4.1. Magnitude analysis

Since the unsteady combustion is caused by large mag-
nitude pressure fluctuations of combustion, magnitude
analysis of the experimental data are used to study the
influence factors on the unsteady combustion in this sec-
tion. The magnitude of a dynamic pressure signal is esti-
mated by its standard deviation, that is

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n� 1

Xn

i¼1

ðpi � �pÞ2
s

ð11Þ

where �p is the mean pressure; pi is the pressure data point; n

is the total number of the pressure data points.
Typical pressure signals measured in the experiment are

given in Fig. 5, where (a) and (b) show the pressure signals
of the cold flow for M-T and S-T at 50 m3/h (test 6 in
Table 1), (c) and (d) showing the combustion pressure sig-
nals for M-T and S-T at 52.6 m3/h (test 3 in Table 1),
respectively. Using standard deviation, the magnitudes
for the two air distribution modes at the three flow rates
are summarized in Fig. 6.

It can be seen from Figs. 5 and 6 that: (1) the combus-
tion pressure magnitudes are much larger than those of
cold flows, which are all close to zero; (2) the pressure mag-
nitudes of the cold flows almost have no relation with the
flow rate, however, the combustion pressure magnitudes
increase with the increasing of flow rate; (3) combustion
pressure magnitudes of S-T are much larger than those of
M-T at any flow rates we tested. And this trend is more
obvious with the increasing of flow rate.

Based on the above three results, some influence factors
on the unsteady combustion are analyzed as follows:

(1) Volatile chemical energy

According to aerodynamics, the slight pressure fluc-
tuations in the cold flows are caused by the unavoid-
able turbulent noise and the periodic vortex shedding
behind bluff bodies. However, as far as the combus-
tion is concerned, there is not only fluid flow but also
the reaction between the fuel and the air. The reaction
will release heat and do expansion work, which
causes pressure disturbance in the furnace. As a
result, it can be concluded that pressure fluctuations



Fig. 5. Typical dynamic pressure signals: (a) cold flow, M-T at 50 m3/h; (b) cold flow, S-T at 50 m3/h; (c) combustion, M-T, 52.6 m3/h, SR = 2; and (d)
combustion, S-T, 52.6 m3/h, SR = 2.
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will be largely enhanced if there is fuel combustion.
Therefore, volatile chemical energy does a much
greater contribution to the unsteady combustion than
aerodynamic instability does, which confirms forego-
ing Huang’s speculation [6,7].

(2) Flow rate

In cold flows, larger flow rate only leads to intenser
turbulence and vortex shedding. The change in the
pressure fluctuation magnitude is imperceptible.
However, the combustion pressure magnitudes
increase remarkably with the increasing of flow rate,
owing to the fact that larger flow rate of combustion
results in more combustible gas and more chemical
energy for the reaction. Since larger boiler load
implies larger flow rate, larger boiler load makes the
unsteady combustion easier to occur.

(3) Air distribution mode

The combustion pressure magnitudes of S-T are
much larger than those of M-T independent of flow
rate, indicating that poor initial mixing between the
volatile and the air leads to larger pressure fluctua-
tions than good initial mixing does. Therefore, for
those air distributions similar to S-T in a real travel-
ing grate boiler, if the volatile releases plentifully
from coal and there is not enough air there, great
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pressure fluctuations will yield, which may lead to
‘‘puff’’.
4.2. Numerical simulation results

The above experimental results imply that poor initial
volatile-air mixing makes the unsteady combustion occur
easily. To understand the mechanism, the typical combus-
tion under the two air distribution modes (M-T and S-T)
whose pressure fluctuations are previously shown in
Fig. 5(c) and (d) is simulated for comparison.

The simulated combustion pressure fluctuations of M-T
and S-T are shown in Fig. 7. (The frequency seems higher
than that of the experiments because that the calculation
time step must be set smaller than the experiment time res-
olution in order to achieve convergence within each itera-
tion.) The simulation result also shows that the
combustion pressure magnitude of S-T is much larger than
that of M-T. The pressure magnitude of M-T is about
30 Pa, close to the data recorded in the experiment
(Fig. 5). And the pressure magnitude of S-T is about
200 Pa, a little larger than the experiment result but accept-
able for the quality analysis of the mechanism.

The evolution of the vorticity and the combustible gas
mole fraction of the combustion for S-T are shown in
Fig. 8, where the vorticity is denoted by the contour lines
and the combustible gas mole fraction is indicated by the
flooded contour. In the figure, the combustible gas mole
fraction is calculated as the mole fraction sum of CH4,
CO and H2. As can be seen, the vortexes are rolling up
from the noses of the front arch and the rear arch. But,
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Fig. 7. Simulated combustion pressure fluctuations
the combustible gas is only in the vortex core shedding
from the front arch nose. Furthermore, combustible gas
enveloped in the shedding vortex is transported down-
stream until it impinges on the wall and breaks up into
smaller vortexes.

The simulated vorticity and temperature map for S-T
during vortex shedding stage are shown in Fig. 9. And
the pressure field when the vortex breaks up is shown in
Fig. 10. The temperature is high on the border of vortexes
and low in vortexes core, which means that the reaction
mainly occurs on the border of vortexes where the combus-
tible gas and the oxygen meet. The combustible gas envel-
oped in vortexes is difficult to react with the oxygen around
the vortexes in the process of vortex shedding. But when
the vortex breaks up, the wrapped combustible gas is to
release and quickly react with the surrounding oxygen,
which leads to a pressure source around the impinging
point (see Fig. 10).

The simulated results for M-T (Fig. 11) show that there
are also vortexes shedding in the chamber, but the combus-
tible gas burns out before it reaches the front arch nosedue
to the good initial mixing. Thus, there is no remarkable
pressure disturbance like that in S-T.
4.3. Mechanism of the unsteady combustion

As is shown in the experiment and the simulation, the
vortex shedding and the volatile chemical energy play
important roles in the occurrence of the unsteady combus-
tion. Thus, the detailed mechanism is concluded in Fig. 12,
which can be described in the following stages:
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of M-T and S-T, flow rate = 52.6 m3/h, SR = 2.



Fig. 8. Simulated vorticity evolution and combustible gas mole fraction of S-T, flow rate = 52.6 m3/h, SR = 2.
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(1) Aerodynamic instability is unavoidably caused by the
turbulence and periodic vortex shedding from the
noses of arches, which can lead to slight pressure fluc-
tuations whose magnitude, however, is very small and
can be neglected.

(2) Volatile releases largely from the coal under the front
arch. If the air distribution cannot make the air ini-
tially mix well with the volatile, more volatile will
not burn out steadily before it arriving at the nose
of the front arch and consequently be entrained in
the vortexes shedding from the front arch. Once the
volatile is involved in vortexes, it is difficult to react
with the outer oxygen and its combustion is
depressed. Thus, there exists plenty of unburnt vola-
tile in the vortex core in the process of vortex growing
up.
(3) When the vortexes impinge on the wall, they will
break up into small-scale structures. The enveloped
volatile is thus released and quickly reacts with
the surrounding oxygen due to the high temperature
in the combustion chamber. As a result, the pressure
in the furnace rises abruptly because of the great
contribution of volatile chemical energy to pressure
fluctuations and thus the intermittent ‘‘puff’’
occurs.

Furthermore, some influence factors on the volatile-
related unsteady combustion are discussed as follows
according to the above mechanism:

(1) Configuration of arches: Since the volatile usually
releases largely from the front of the grate but little



Fig. 9. Simulated vorticity and temperature of S-T (at t = 0.048 s in
Fig. 8), flow rate = 52.6 m3/h, SR = 2.

Fig. 10. Simulated pressure distribution of S-T (at t = 0.144 s in Fig. 8),
flow rate = 52.6 m3/h, SR = 2.
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at the rear of the grate, and the air supply at the rear
is usually excessive, the unsteady combustion is gen-
erally induced by the front arch. On the other hand,
the shape of the rear arch influences on the character-
istic of vortexes shedding from the front arch. Fur-
thermore, it transports flue gas abundant in oxygen
to the front area where the unsteady combustion
originates. Therefore, the design of arches is a key
factor to the unsteady combustion and will be an
important issue in further investigations to control
it in grate boilers.

(2) Volatile content in coal: In the combustion of coal
with higher volatile, more volatile is released and
entrained in vortexes, thus greater pressure fluctua-
tion will yield, leading to more occurrence probability
of the unsteady combustion.

(3) Air distribution: Poor volatile-air mixing makes more
volatile unburnt before it arriving at the nose of the
front arch. As a result, more volatile is enveloped in
vortexes and larger magnitude of pressure fluctuation
is produced.

(4) Boiler load: Larger boiler load means more coal input
and more volatile release, which enlarges the pressure
fluctuation magnitude. Second, larger boiler load
leads to higher flow speed and thus less residence time
before the volatile arriving at the nose of the front
arch. As a result, more volatile is unburnt and
entrained in vortexes, inducing larger magnitude of
pressure fluctuation.

4.4. Frequency analysis

Pressure fluctuation frequency contains the combustion
information, indicating the distribution of periodic compo-
nents that synthesize the pressure signal. The frequency
spectrum of the typical case whose pressure fluctuations
are previously shown in Fig. 5 is analyzed and discussed
in this section.

The spectrum density function of the measured pres-
sure signals of the cold flows is shown in Fig. 13a. For
M-T, the basic frequency of 2 Hz and the second har-
monic of 4 Hz can be clearly seen, revealing the periodic-
ity of the pressure fluctuation. Researches [20,21] have
shown that vortex shedding leads to periodic pressure
fluctuations in cold flows. Therefore, the frequency of
2 Hz is caused by periodic vortex shedding from arches.
On the other hand, the frequency peaks of the S-T pres-
sure fluctuation are also 2 Hz and 4 Hz. There is almost
no difference between S-T and M-T in the frequency peak
distribution.

The spectrum density functions of the measured pres-
sure signals of the combustion for M-T and S-T are shown
in Fig. 13b. There is more combustion noise compared
with the cold flows. And the peaks of the spectrum density
function for M-T are dispersed, indicating the noise of var-
ious frequencies. However, the frequency peaks of S-T are
concentrated. The main peak can be identified, that is
about 8 Hz. The reason may be as follows according to
the mechanism of the unsteady combustion related to
volatile.

In the cold flow, there are vortexes shedding in both
M-T and S-T. In addition, the flow rate and the arches
of M-T and S-T are the same. According to aerodynam-
ics, vortex shedding frequency is determined by mean flow



Fig. 11. Simulated vorticity evolution and combustible gas mole fraction of M-T, flow rate = 52.6 m3/h, SR = 2.
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Fig. 12. Schematic of the mechanism of the volatile-related unsteady
combustion.
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velocity and structure dimension at a certain Reynolds
number [22]. Therefore, the frequency characteristic of
the cold M-T flow is almost the same as that of the cold
S-T flow.

In the combustion, there are also periodic vortex shed-
ding in M-T and S-T. However, due to the fact that the
contribution of fuel chemical energy to pressure fluctua-
tions is much larger than that of aerodynamic instability,
whether there is periodicity in the pressure fluctuations is
mainly determined by the feature of fuel combustion. In
S–T, the periodic vortex shedding and breakup may induce
periodic fast reaction between the volatile and the oxygen
and thus periodic pressure raise, which is strong because
of the chemical energy release, and therefore pressure fluc-
tuations show periodicity. Whereas, for M-T, the only fac-
tor that can cause periodic pressure fluctuation is the pure
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vortex shedding (without the periodic abrupt pressure raise
when vortexes break up) and it is much weaker than the
combustion noise and thus is concealed by the combustion
noise of various frequencies.
5. Conclusions

An experimental system is established to simulate the
traveling grate boiler in which the volatile-related unsteady
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combustion occurs. Dynamic pressure signals at various
flow rates with fixed stoichiometric ratio 2.0 under the
two air distribution modes, M-T and S-T, are measured
and analyzed with their magnitudes. The difference in the
combustion features between M-T and S-T is studied by
large eddy simulation. As a result, the mechanism of the
unsteady combustion and some influence factors are
obtained. Finally, frequency characteristics of M-T and
S-T are compared for further investigation on the mecha-
nism. The detailed conclusions are as follows:

1. The ‘‘puff’’ is confirmed to be caused by the unsteady
volatile combustion induced by the vortexes shedding
from the front arch. Volatile is usually abundant under
the front arch and if there is not enough air, volatile will
be entrained in vortexes shedding from the nose of the
front arch. In this process, the volatile combustion is
depressed. When vortexes break up, the enveloped vola-
tile will quickly react with outer oxygen, leading to great
pressure fluctuations and the resultant unsteady
combustion.

2. The unsteady combustion lies on the configuration of
arches. Since the vortex shedding from the front arch
is the source of the unsteady combustion, and the rear
arch influences the flow field including the vortex shed-
ding, the configuration of arches is critical.

3. The unsteady combustion is related to coal type and boi-
ler load. Higher volatile coal and larger boiler load make
more volatile to be involved in vortexes and therefore
greater pressure fluctuations yield when vortexes break
up, which promotes the occurrence of ‘‘puff’’.

4. The unsteady combustion depends on the air distribu-
tion. Poor initial volatile-air mixing makes the volatile
less burnt out before it reaches the nose of the front arch
and more volatile is entrained in vortexes. Therefore, the
unsteady combustion is easy to occur when initial vola-
tile-air mixing is poor.
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