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Gas/particle two-phase flow experiments at different over-fire air ratios were conducted using a 1:20
small-scale model of a down-fired 350 MWe superficial utility boiler designed with multiple injections
and multiple staging combustion technology. The mean velocity, fluctuating velocity and particle volume
flux were measured using particle dynamics anemometer measurements. None of four conditions of
pulverized coal short-circuit occurred. When the over-fire air percentage was 1.9% and after the arch air
flow reached the tertiary air, the position of maximum gas flow velocity of the arch secondary air and the
maximum particle volume flux in the fuel-rich flow was close to and eroded the furnace hopper side
wall. When the over-fire air percentage was increased to 9.6%, the position of maximum gas flow velocity
of the arch secondary air and the maximum particle volume flux in the fuel-rich flow started to deviate
from the hopper side wall but did not erode the furnace side wall. However, when the over-fire air
percentage was 9.6%, the gas velocity of the arch air flow entering the furnace hopper was still high and
the arch air flow downstream depth was too deep. Therefore, use of an over-fire air percentage greater
than 19.1% was recommended.

Published by Elsevier Ltd.
1. Introduction

China is the largest anthracite producer and consumer with a
forecasted increase in this trend as a result of economic develop-
ment [1]. Anthracite, with a high degree of coalification and low
volatile content is difficult to ignite and requires a long burnout
time [2,3]. Because down-fired boilers have high furnace temper-
ature and longer burnout time, they are suitable for burning
anthracite and are used widely in China [4]. Most down-fired
boilers generate fly ash of high carbon content and exhibit severe
slagging, skew combustion and high NOx emissions (>1300 mg/m3

at 6% O2) [5e8]. High NOx emissions occur because unreasonable air
velocity distributions cause pulverized coal in the lower part of the
furnace to combust in an oxygen-rich state.

The control ofNOxemissions fromdown-fired boilers has become
a topic of significance as promulgated legislation that commences on
1 July 2014 (thermal power plant air pollutant emission standards),
has limited these emission concentrations to 200 mg/m3 (at 6% O2).
Over-fire air (OFA) is an important means for reducing NOx emis-
sions, but few reports exist regarding FW (FosterWheeler) andDBEL
ax: þ86 451 8641 2528.

r Ltd.
(Doosan Babcock Energy Limited) down-fired boilers in terms of
OFA. Researchers have proposed installing OFA in FW boilers to
reduce NOx emissions [9]. Xue et al. [10] conducted experiments in a
0.9 MWe thermal test bench based on the prototype of a 300 MWe
FW boiler to investigate pulverized coal combustion characteristics
and NOx emissions from the furnace after installation of OFA. Ren
et al. andLi et al. [11e14] studied the influenceof differentOFAangles
and OFA ratios on pulverized coal combustion characteristics and
NOx emissions from FWboilers by cold single-phase experiment and
numerical simulation. Kuang et al. [15] studied the influence of OFA
arrangement locations on aerodynamic fields and NOx emissions in
DBEL boilers by numerical simulation.

The study of gas/particle flow is significant for both the
operation and transformation of large boilers, especially for pul-
verized coal combustion characteristics in the furnace. Compared
with the pure gas phase, gas/particle flow characteristics are more
complex and experimentation is the primary means to study gas/
particle flow. Experiments have been conducted to investigate
gas/particle flows in elbows and power plant boilers, Huber and
Sommerfeld studied gasesolid flow behavior in pneumatic
conveying systems by phase-Doppler anemometry [16]. Akilli
et al. investigated gasesolid flow in a horizontal pipe after a 90
vertical-to-horizontal elbow by light probe [17,18]. Chen et al.
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studied gas/particle flow in a new swirl burner and the influence
of different distance between Adjacent Rings the gas/particle flow
in the centrally fuel rich burner [19,20]. Li et al. investigated gas/
particle flow in different swirl burner structure and near the
double swirl flow burner region in different outer secondary air
vane angles [21,22]. Fan et al. studied gas/particle flow on a novel
pulverized coal combustion technology for a large utility boiler by
phase-Doppler anemometry [23]. Few experiments exist
regarding the study of gas/particle flow in down-fired boilers:
only Li et al. and Ren et al. have conducted gas/solid two-phase
flow characterization experiments for a 300 MWe FW down-
fired boiler [24,25] while Kuang et al. have performed experi-
mental investigations for a 600 MWe MBEL down-fired boiler
[26,27]. Limited literature is available on gas/particle flow exper-
iments using different OFA rates in down-fired boilers. We have
adopted multiple injections and multiple staging combustion
technologies as proposed by Liu et al. [28] to design the com-
bustion system of a down-fired 350 MWe boiler. OFA is installed
in the upper furnace, as shown in Fig. 1. To investigate the in-
fluence of different OFA rates on particle behavior and flow
characteristics in down-fired boilers, we constructed a 1:20 scale
boiler cold two-phase model and performed measurements using
a PDA (particle dynamics anemometer) system. Results from such
experiments are beneficial in combustion system design and the
operation of similar boilers.

2. Experimental setup

2.1. Utility boiler

Fig. 1 provides a structural diagram of the original down-fired
350 MWe boiler. Down-fired boilers are divided into an upper
and lower furnace by the arch. The upper volume is smaller than
the lower and the lower part of the furnace is the main
Fig. 1. Combustion system of do
combustion region. Twenty-four louver type bias burners are ar-
ranged on the front and rear arches and symmetrically to the
furnace center. One group burner consists of two burners and
there are six group burners on each arch. Each burner includes
two primary, two vent, two inner, two outer and one oil air nozzle.
Bias pulverized coal, arch secondary air and tertiary air are injec-
ted into the furnace through nozzles near the front and rear walls,
through short nozzles and at a 25� angle through the down-dip
device, respectively. Thirteen OFA nozzles were arranged sym-
metrically along the width of the furnace to its centerline on the
front and rear wall of the upper furnace part. OFA was injected
into the furnace at an angle and adopted the form of an inner
straight and outer swirl flow.

2.2. Small-scale gas/particle flow experiments

The gas/solid two-phase cold-flow experimental system is
illustrated in Fig. 2. It consists of an induced-draft fan, a small-
scale furnace model, a power feeder, a cyclone separator and a
three-dimensional PDA. In the test rig model, the measurement
origin is the point of intersection between the central height of
the primary air nozzle exit and front wall. For each measurement
point, X0 denotes the horizontal distance between the front and
rear walls in the lower part of the furnace while X signifies the
distance between the measurement point and origin in the
horizontal direction.

Ten cross-sections were selected for the measurement pro-
cess, namely H/H0 ¼ 0.07, 0.14, 0.21, 0.28, 0.35, 0.42, 0.437, 0.455,
0524 and 0.594 where H0 is the vertical distance between the
outlet of the fuel-rich flow nozzle and the upper edge of the dry
bottom hopper, while H is the vertical distance from the mea-
surement point to the outlet of the fuel-rich flow nozzle. Several
measurement points were selected along each cross-section for
data collection. The arrangement for the measurement points
wn-fired 350 MWe boiler.



Fig. 2. Schematic of gas/solid two-phase cold-flow experimental system.
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was relatively dense in the fuel-rich zone below the inner sec-
ondary, outer secondary, primary and vent air while measure-
ment points in the fuel-lean zone were relatively sparse.

All the air flux into the model was measured using Venturi tube
flow meters with a measurement error in air flow rate of less than
10%. Glass beads were fed into the primary and vent air by powder
feeder and then brought into the test rig by the primary air.

There are several aspects to consider when building the test rig
we used to conduct our cold two-phase experiments:

1. Geometric similarity: the ratio of model rig to full scale boiler is
1:20 and is therefore convenient for measurement using the
PDA system.

2. Under the same conditions for the model and prototype, the
ratio of momentum flux rate of model air flows should be
consistent with the full-scale boiler.

3. Under the same conditions for the model and prototype, the
Reynolds number of the primary and secondary air exits must be
larger than 10,000 to ensure the air flows are self-modeling.

4. In gas/particle experiments, the coarse glass bead diameter is
48.15 mm while that of the fine glass beads is 14.35 mm. The
furnace also has a certain amount of swirl and the Froude cri-
terion is ignored in the present gas/particle flow experiments.
The gas/particle two-phase flow is considered to be similar to
the flow conditions of the real furnace when the aforementioned
criteria are met.

A three-dimensional model of PDA constructed by DANTEC
Company was used in the gas/particle flow experiments. It consists
of an argon laser, a transmitter, fiber optics, receiver optics, signal
processors, a traversing system, a computer and a three-
dimensional auto-coordinated rack. The velocity measurement
range of the PDA system is 0e500m/s with a measurement error of
�1%. The diameter measurement range was 0.5e1000 mm with a
measurement error of �4% and the particle concentration mea-
surement range was 0e106 particles/cm3 with a measurement er-
ror of 15%. Detailed information and principles regarding PDA can
be found in the literature [24e27,29].

During the experiments, particles 0e10 mm in size were used to
represent gas-phase flow as they follow the air flow characteristics,
while coarse particles 10e100 mm in size were used to represent
solid-phase flow. Particle volume flow is measured by measuring
particles from 0 to 100 mm. Four cases were arranged under con-
ditions that the primary air and vent air are the design air flow and
the total amount of over-the-arch secondary air, the tertiary air and
the OFA is constant while the inclination of the tertiary 25� remains
unchanged. The four OFA ratios were 1.9, 9.6,19.1 and 28.7%. Table 1
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Fig. 3. Profiles of dimensionless vertical velocity distribution for air in furnace.
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documents the entrance velocities of the model rig under full load
and some OFA parameters.

3. Results and discussion

Vx, Vy and Vy0 denote the horizontal, vertical and exit velocities
of the primary air nozzle in the vertical direction, respectively. The
velocity positive direction is indicated by the arrows in Fig. 2. Vmax
is defined as themaximumvelocity of each horizontal cross-section
and would appear in the vertical cross-section for each over-the-
arch nozzle. Meanwhile, the connecting line of Vmax/Vy0 of each
horizontal cross-section is defined as the velocity decay curve.

3.1. Gas/particle two-phase velocity distribution

3.1.1. Gas/particle two-phase vertical velocity distribution
The vertical velocity distributions of the particle and gas phases

in the furnace are depicted in Figs. 3 and 4. Both particle and gas
phases follow a similar velocity distribution law. With the excep-
tion of the OFA ratio being 1.9%, under the other three OFA ratio
conditions, the velocity in the center region of the furnace (X/
X0 ¼ 0.5) is negative, namely two-phase flow in the center of the
furnace is in an upward direction and the vertical velocity near the
boundary walls of the furnace is positive. This means that the gas/
particle two-phase flow is downward near the boundary walls.
Therefore, a w-shaped flow field occurs.

From the cross-sections in Fig. 4 it can be seen that only one
velocity peak appeared at X/X0¼ 0.08. The section corresponding to
the inner secondary air nozzle and the corresponding velocity peak
of the outer secondary air nozzle is undetectable. The reason may
be that the particle concentration of the lean pulverized coal flow is
small. The lean pulverized coal flow from the nozzle spreads
around after being injected into the furnace because of the ejecting
of secondary air and the PDA fails to detect the spread of lean
particles in the pulverized coal air flow. The peak in the figure oc-
curs mainly because of inner secondary air high speed injection
into the furnace; the smaller the OFA ratio, the greater the vertical
velocity peak value. When the OFA ratio decreases, the over-the-
arch secondary air volume and velocity increase. The H/H0 value
increases gradually leading to gradual decreases in cross-section
along the furnace height direction and peak speed. Themain reason
for this phenomenon is that the over-the-arch downward air flow
in the downward process has diffused gradually and mixed with
the surrounding gas. In the H/H0 ¼ 0.455 section, the peak value of
the vertical velocity increases slightly, because the tertiary air
nozzle faces downward at a 25� angle with the horizontal direction.
Tertiary air has an ejection effect on over-the-arch downward air
flow and continues downward. In the H/H0 ¼ 0.594 section, the
peak value has been reduced, mainly because of diffusion after the
over-the-arch downward air flow has mixed with tertiary air flow.
With an OFA ratio of 1.9% in this section, themostly vertical velocity
is negative and the air flows upward. Because the horizontal ve-
locity of the tertiary air is too high, the air flow momentum is still
Table 1
Exit parameters of each air flow at different OFA ratios.

Case (%) Modeled velocities (m/s)

Primary
air (WP)

Vent
air (WV)

Inner
secondary
air (W1)

Outer
secondary
air (W2)

Tertiary
air (W3)

OFA (W0)

1.9 10 10 26.41 26.41 26.41 1.22
9.6 10 10 23.72 23.72 23.72 6.08
19.1 10 10 20.37 20.37 20.37 12.16
28.7 10 10 17.02 17.02 17.02 18.24
large after the front and rear wall air flows intersect. Under this OFA
ratio, a skewed flow field forms in the furnace. The three other
conditions have similar velocity distributions.
3.1.2. Analysis of gas/particle two-phase horizontal velocity
distribution

Changes in OFA ratios have a small influence on the aero-
dynamic fields near the nozzles, but a large impact on the lower
furnace aerodynamic fields. Furthermore, the smaller the OFA ratio,
the greater the velocity in the center of furnace. From Figs. 5 and 6,
the velocity distribution trend of the gas and solid phases is very
similar. Before tertiary air injection into the furnace, the downward
air flow velocity is relatively small, because the burner nozzle on
the arch and the secondary air nozzle are injected separately into
the furnace at a 5� vertical direction. Below the H/H0 ¼ 0.437 sec-
tion, the injection of tertiary air forms an obvious peak and
the mixing air flow horizontal momentum increases suddenly in
each section. A maximum peak value appears in the section H/
H0 ¼ 0.455, because the tertiary air nears the H/H0 ¼ 0.437 section
and is injected down into the furnace at a horizontal direction of
25�. The section most affected by the tertiary air is below H/
H0 ¼ 0.437. Below H/H0 ¼ 0.280, the OFA ratio of 1.9% is different
from the other three and the horizontal velocity in the center
furnace is still large.

It can be observed in Figs. 5 and 6 that whenH/H0¼ 0.07 to 0.28,
the horizontal velocity between the furnace center and primary air
nozzles is mostly negative. Negative values indicate that the air
flow direction is from the center of the furnace to the primary air
pulverized coal flow and the regions of primary air pulverized coal
flow and furnace center exist as a large recirculation zone. Hot gas
recirculating can cause convective heat transfer with the ejected
flow from the primary air nozzle and is beneficial to rapid primary
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Fig. 4. Profiles of dimensionless vertical velocity distribution for particles in furnace.
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air pulverized coal flow ignition and the combustion of pulverized
coal. As the OFA ratio increases, the peak velocity decreases, recir-
culating less gas volume and reducing high temperature gas
convective heat transfer.
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Fig. 5. Profiles of dimensionless horizontal velocity distribution for air in furnace.
3.1.3. Distribution of velocity decay curves
Fig. 7 depicts the decay curves of the vertical maximum ve-

locity of the gas-phase. In the furnace, the residence time of the
pulverized coal is determined by its downward depth. For the
boiler, as the residence time of the pulverized coal decreases, the
pulverized coal combustion is insufficient. The released quantity
of heat decreases and the flame center moves up, resulting in a
decrease in furnace temperature and reduction in heat carried
by the recirculation of flue gas. The high temperature gas is used
for ignition and is conducive to combustion. We conclude from
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Fig. 7. Decay curves of air flow in the furnace at different OFA ratios.
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Fig. 7 that the overall trend of maximum vertical velocity de-
creases continuously as the downward depth increases at H/
H0 ¼ 0.437 and the injection of tertiary air increases the velocity
slightly. When the OFA ratio is 9.6%, the injection effect was
strongest and the increase in speed is also most significant.
When OFA ratios are 19.1 and 28.7%, the increase in velocity is
smaller, mainly because the velocity of the tertiary air decreases
and the injection effect weakens as the OFA ratio increases.
When the OFA ratio is 1.9%, the velocity is a large negative value
for the same reasons as that given for Figs. 3 and 4. The flow
field is deflected at the same time, causing uneven absorption of
heat at the heating surface. The local high temperature in the
furnace is likely to lead to slagging and this operating condition
should be avoided in the actual operation of the boilers. When
the OFA ratio is between 9.6 and 28.7%, the velocity distribution
is much more reasonable, but when the ratio is 9.6%, the air flow
velocity into the furnace hopper is large and may lead to the
depth of the air flow above the arches decreasing excessively.
When the OFA ratio is larger than 19.1%, the air flow velocity
into the furnace hopper decreases and it is suggested that the
OFA ratio be maintained above 19.1%.

3.2. Distribution of gas/particle two-phase fluctuation velocity

3.2.1. Distribution of gas/particle two-phase vertical fluctuation
velocity

The profiles of the vertical fluctuation velocity distributions of
gas and particles (Figs. 8 and 9) are similar. Every section between
H/H0 ¼ 0.07 and 0.35 has two small peaks generated by inner and
outer secondary air. After H/H0 ¼ 0.35, only one peak remains
because the outer secondary air is attached to the wall and the left
one is generated by the outer secondary air. After section H/
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Fig. 8. Profiles of vertical rms fluctuation velocity distributions for air in furnace.
H0 ¼ 0.42, the tertiary air mixes with the air flow from the arches.
The confluence of the two air flows causes a large vertical fluctu-
ation velocity and as the OFA ratio increases, the tertiary air volume
is reduced gradually and the peak value of the vertical fluctuation
velocity decreases.

3.2.2. Distribution of gas/particle two-phase horizontal fluctuation
velocity

Figs. 10 and 11 are the profiles of the horizontal fluctuation
velocity distributions of gas and particles and show that the pul-
sation curves are similar. As the horizontal velocity is small, the
peak of the fluctuation velocity generated beneath the nozzle is not
obvious. The fluctuation velocity in the furnace center is small
between H/H0 ¼ 0.07 and 0.28. After H/H0 ¼ 0.35, the horizontal
fluctuation velocity beneath this section increases gradually. After
tertiary air injection into the furnace, in the entire area from the
lower part of the vertical wall to the furnace hopper, the horizontal
fluctuation velocity increases and indicates that the air flow mixes
strongly here. When the OFA ratio increases, the horizontal velocity
component of tertiary air reduces, mixing becomes weak with the
air flow above the arches and the horizontal fluctuation velocity is
also small.

3.3. Distribution of particle volume flux

The distribution of particle volume flux in Fig. 12 shows that
the curve distribution trend is similar to the velocity distribution
curve in the vertical direction. The particle volume flux has a
relatively large maximum value after emission from the dense-
phase nozzle. The apex position is below the dense-phase
nozzle. There is no apex of particle volume flux for the lean-
phase air flow since its particles enter the secondary air rapidly
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Fig. 10. Profiles of horizontal rms fluctuation velocity distributions for air in furnace.
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Fig. 11. Profiles of horizontal rms fluctuation velocity distributions for particles in
furnace.
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Fig. 12. Particle volume flux distributions in furnace.
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because of entrainment of the inner and outer secondary to force
particles downward.

As the downward depth increases, the peak value of the particle
volume flux declines and the particles disperse to the surrounding
secondary air region quickly. The particle volume flux is relatively
small in the furnace center region and mostly negative, indicating
that particles travel upwards, following the air flow.
Fig. 13. Position of maximum air velocity and particle volume flux distribution at
different OFA ratios.
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3.4. Distribution of positions of maximum air velocity and particle
volume flux

Fig. 13 depicts the distribution of positions of maximum air
velocity and maximum particle volume flux at different OFA ratios.
Over-the-arch secondary air and primary air both move downward
next to the front wall before reaching the tertiary air and the
principle among different OFA ratios is similar. After meeting the
tertiary air, for a 1.9% OFA ratio, the maximum particle volume flux
appears adjacent to the hopper side wall. The primary air brushes
the hopper and causes slagging of the hopper and thermal fatigue.
Unlike for an OFA ratio of 1.9%, the position of maximum air velocity
and particle volume flux deviate from the side wall of the hopper
under other OFA conditions. Meanwhile the air flow has a relatively
large penetrating depth to avoid air flow short-circuiting.

4. Conclusions

This work reports on the use of a PDA system to investigate gas/
particle flow characteristics for a down-fired 350MWe supercritical
utility boiler. The influence of OFA ratio on the aerodynamic field
was also investigated. Experimental results will provide a reference
for futurework such as boiler design and its operation. Research into
the four different OFA ratios, 1.9, 9.6, 19.1 and 28.7%, was conducted
and the conclusions are as follows. For all four OFA ratios, the air
flows reached the hopper area. However, for an OFA ratio of 1.9%,
after meeting the tertiary air, the position of maximum gas velocity
of the over-the-arch andmaximum particle volume flux of the fuel-
rich flowwas close to the hopper side wall, brushing the hopper. As
the OFA ratios increased, the positions of maximum gas velocity of
the over-the-arch and the solid-phase maximum particle volume
flux of the fuel-rich flowmoved away from the hopper side wall. At
an OFA ratio of 9.6%, the velocity of the over-the-arch air flow is still
relatively large and may result in a large penetrating depth. Thus,
use of an OFA ratio greater than 19.1% was recommended.
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Glossary

X0: horizontal distance between the front and rear walls in the lower part of the
furnace (mm)

X: distance between the measurement point and origin in the horizontal direction
(mm)

H0: vertical distance between the outlet of the fuel-rich flow nozzle and the upper
edge of the dry bottom hopper (mm)

H: vertical distance from the measurement point to the outlet of the fuel-rich flow
nozzle (mm)

Vx: the horizontal velocity (m/s)
Vy: the vertical velocity (m/s)
Vy0: outlet velocity of the fuel-rich flow nozzle along the vertical direction (m/s)
Vmax: maximum velocity of each horizontal cross-section and would appear in the

vertical cross-section for each over-the-arch nozzle (m/s)
W: modeling velocities (m/s)

Subscripts

P: primary air
V: vent air
0: over-fire air
1: inner secondary air
2: outer secondary air
3: tertiary air
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