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a b s t r a c t

The furnace temperature and heat flux distributions of 1 MW tangentially fired furnace were studied
during coal-over-coal reburn, and the influences of the position of reburn nozzle and reburn fuel fraction
on furnace temperature and heat flux distributions were investigated. Compared with the baseline, the
flue gas temperature is 70–90 �C lower in primary combustion and 130–150 �C higher at furnace exit, and
the variations of the flue gas temperature distributions along furnace height are slower. The temperature
distribution along the width of furnace wall decreases with the increase of the relative furnace height. In
the primary combustion zone and the reburn zone, the temperature and heat flux distributions of
furnace wall are much non-uniform and asymmetric along the width of furnace wall, those of furnace
wall in the burnout zone are relatively uniform, and the temperature non-uniformity coefficients of the
primary combustion zone, the reburn zone and the burnout zone are 0.290, 0.100 and 0.031, respectively.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The requirements for environmental protection are increasingly
strict, especially for coal-fired utility boiler. Therefore, low
pollutant emissions must be considered in the design of a coal-fired
utility boiler. Fuel reburn is an effective low-NOx combustion
technology, and it is different from conventional combustion. Fuel
reburn is a three-step combustion: in the first step the main fuel
(usually coal) is burnt completely under oxidizing atmosphere, and
the combustion zone is called as primary combustion zone; in the
second step reburn fuel is injected into the furnace above the
primary combustion zone to develop reducing atmosphere for NOx

reduction, and the combustion zone is called as reburn zone; the
third step over-fire air (OFA) is injected into the furnace above the
reburn zone to oxidize carbon monoxide, hydrogen and any
remaining unburned char coming from the reburn zone, and the
combustion zone is called as burnout zone [1,2]. Reburn fuel can be
any of three basic fossil fuel types: coal, natural gas, or oil.
Compared with natural gas reburn and oil reburn for NOx reduc-
tion, coal reburn is economical low-NOx combustion technology.
Since main fuel in the primary combustion is coal, the low-NOx

combustion technology is called as coal-over-coal reburn (COCR)
.
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when coal is used as reburn fuel. COCR often causes the increase of
unburned carbon in fly ash [3,4]. At the same time, compared with
conventional combustion, COCR alters furnace heat flux distribu-
tion owing to the three-step combustion. Therefore, in terms of
boiler efficiency, performance reliability and low-NOx emission, the
following specific requirements for the COCR furnace design must
be considered: (1) proper unburned carbon in fly ash and CO
emission; (2) low-NOx emission; (3) proper flue gas temperature at
furnace exit; (4) no extreme peak in the heat flux distribution of
furnace wall.

Since furnace configuration design effects NOx emission [5], and
thus, the investigation of the influences of COCR on boiler perfor-
mance is necessary for the optimum design of the COCR boiler
configuration. Many researchers have investigated the influences of
some variables on NOx emissions during COCR, and these impor-
tant variables are as following: the reburn fuel fraction (Rff); the
position of reburn nozzle; the air stoichiometric ratio in primary
combustion zone (SR1); the air stoichiometry in reburn zone (SR2)
[2–7]. In practice, the furnace temperature distributions and
furnace wall heat flux distributions are indispensable for boiler
furnace design [8]. An important aspect of boiler design is related to
the thermohydraulic behaviour of the furnace wall tubes. According
to flue gas temperature distribution and the furnace wall heat flux
distribution, the operating temperatures of evaporator heating
surface can be accurately estimated to verify that tubes do not
experience excessively high metal temperatures, which avoids
resulting in tube failure due to overheating under practical
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operation [9]. Up to now, although the experiments of coal reburn
have been conducted, most experiments were conducted in drop-
tube furnaces and single burner furnaces [10–13]. Since the burner
arrangement type and the furnace configuration of drop-tube
furnaces and single burner furnaces are obviously different from
those of utility boiler furnace, the experimental results of temper-
ature distributions and furnace wall heat flux distributions in drop-
tube furnaces and single burner furnaces cannot be used to guide
utility boiler furnace design. In order to provide useful informations
of furnace temperature and heat flux distributions for COCR boiler
design, the experiment was conducted in a 1MW tangentially fired
furnace with low NOx burners (LNB) and low NOx concentric firing
system of biased primary air (CFS). The experimental results of NOx

and CO emissions and unburned carbon in fly ash are presented in
reference [4]. The influences of the reburn fuel fraction and the
position of reburn nozzle on the temperature and heat flux distri-
butions of furnace were investigated in the paper. ShenMu coal (a
Chinese bituminous coal) was used as both the main fuel and the
reburn fuel.
2. Test facility

Fig. 1 is the scheme of the test facility for a 1 MW (heat input
power) PC furnace, and the test facility is a tangentially fired
furnace, which is 4200 mm in height, 770 mm in width and
630 mm in depth. The burners were separated into two groups, the
top group of burners was arranged on each corner of the furnace
including one upper secondary air, one lower secondary air and one
primary air, and the bottom group of burners was arranged on
somewhere near the middle of furnace wall including reburn coal
injection nozzles (port1, port2, port3 and port4) and OFA injection
nozzles, as shown in Fig. 1. The relative height of reburn nozzle (h0)
is defined by:
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Fig. 1. The scheme of the test facility fo
h0 ¼ h
Dh

(1)

where h is the distance between reburn nozzle and upper
secondary air burner, Dh is the hydraulic diameter of furnace cross-
section, and it can be expressed as:

Dh ¼
2ab
ðaþ bÞ (2)

where a and b are the width and the length of furnace cross-section,
respectively. The relative locations of the four ports are 0.26, 0.45,
0.68 and 0.94, respectively.

The primary air and secondary air were injected from burners
located in the four corners into the furnace at set angles to form
imaginary circles in the furnace center, as shown in Fig. 2. Primary
air nozzles and secondary air nozzles were laid out at different
offset angles, and the combustion systems are called CFSII
(concentric firing system of biased primary air). The CFS has many
advantages: (1) The imaginary circle diameter of secondary air is
larger than that of primary air, and thus the outer concentric flow of
air provides an oxidizing atmosphere near the boiler wall surface.
In oxidizing atmosphere, the existing form of Fe is Fe2O3 in ash, and
ash melting temperature does not decrease. In the meantime, the
outer concentric flow of air can prevent combusting coal particles
from scouring furnace wall surface. Therefore, the CFS can prevent
furnace wall surface slagging. (2) The inner concentric zone and the
outer concentric zone at furnace cross-section are in fuel-rich
atmosphere and air-rich atmosphere, respectively. The mixing of
fuel with air and combustion is delayed so as to reduce local peak
temperature, and then thermal-NOx formation is reduced. (3) The
CFS can also provide the fuel-nitrogen compounds a greater resi-
dence time in fuel-rich atmosphere, and thus fuel-NOx formation is
also reduced [14].
flue gas
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Fig. 2. The concentric firing system of biased primary air (CFSII).

Table 1
Proximate analysis and ultimate analysis of dry coal.

Proximate analysis, wt % (as air-dry)
Moisture Ash Volatility Fixed carbon Net heating (kJ kg�1)
2.6 6.56 32.76 58.08 28,370

Ultimate analysis, wt % (as air-dry)
Carbon Hydrogen Oxygen Nitrogen Sulphur
73.63 4.54 11.38 0.95 0.34
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Reburn burners and OFA burners form the wall tangentially-
firing system (WTFS), which can increase the uniform temperature
of wall surface and can prevent furnace surface slagging and fouling
in reburn zone [15], as shown in Fig. 3.

The primary air was separated into two streams by a plate added
in the pulverized coal pipe which was horizontal bias combustion
burner. Two pulverized coal feeders were installed in each corner,
which fed two pulverized coal streams into the primary air sepa-
rately to form horizontal bias combustion. One pulverized coal
feeder was installed each wall to feed coal into reburn nozzle. The
twelve feeders were calibrated using the measuring weight method
for various operating conditions, and the pulverized coal feeding
rate had an accuracy of �3.5% of the measured value.

In the experiment, primary fuel and reburn fuel were the same
kind of coal, ShenMu coal, a Chinese bituminous coal. The proxi-
mate and ultimate analysis data are given in Table 1. During coal
reburn experiment, the total fuel flow rate was kept constant
(0.0282 kg/s) with changes in the amount of fuel sent to the
primary and reburn zones, and the total air flow rate was also kept
Fig. 3. The scheme of the wall tangentially-firing system (WTFS).
constant (0.3087 kg/s) with changes in the amount of primary air,
reburn air and OFA. The fuel and air distributions are given in
Table 2. In order to obtain an efficient mixing of reburning flow
with flue gas flow in furnace, reburn air mixed with a part of flue
gas taken from economizer exit by flue gas recirculation fan to
carry reburn coal into furnace (as shown in Fig. 1), and the oxygen
concentration of reburn flow was 14%. The OFA was pure air.

The flue gas temperatures of furnace center were measured by
water-cooled suction pyrometer which consists of thermocouple
part, radiation shield cap and water-cooling suction casing. Plat-
inum–rhodium thermocouple, which can measure temperatures
from 0 to 1600 �C, was placed within a 4-mm diameter corundum
sheath. The suction pyrometer is shielded by three concentric
ceramic caps to minimize the radiative exchange with the
surrounding surfaces or flames. These measure reduced the error
obtained by using a bare thermocouple by over 95%. Since the
cross-section of furnace can be approximately regarded as a square,
the heat transfer conditions of each furnace wall are similar.
Therefore, the temperature distributions of furnace rear wall were
only investigated in the experiment. Furnace wall temperatures
were measured by Ni–Cr and Ni–Si thermocouples immersed in the
inner wall, and the temperature measurement positions of rear
furnace wall are shown in Fig. 4. The measurement accuracy of Ni–
Cr and Ni–Si thermocouple is �1 �C at 0–1370 �C.

In the furnace, flame flow is down from top to bottom, down-
fired. Here, the down direction of flame flow is regard as the plus
direction of furnace height. In order to indicate temperature
measurement position, the relative height of furnace (Z) and the
relative width of furnace wall (X) are defined as follows:

Z ¼ z
Dh

(3)

X ¼ x
a

(4)

where z is the distance between a certain furnace center and the
location of upper secondary air burner; x is the distance between
a certain location of furnace rear wall and the right corner of
furnace rear wall along the width; a is the width of furnace rear
wall, 770 mm. Twenty-two of Ni–Cr and Ni–Si thermocouples were
immersed in the rear furnace inner wall, as shown in Fig. 4.

3. Results and discussions

In order to investigate the influences of COCR on the furnace
temperature distributions, the combustion test without coal
Table 2
Fuel flow rate and air flow rate.

Rff% Coal flow rate, kg/s Air flow rate, kg/s

Primary fuel Reburn fuel Primary air Reburn air OFA

15 0.02397 0.00423 0.239609 0.02225 0.046839
20 0.02256 0.00564 0.225514 0.034364 0.048819
25 0.02115 0.00705 0.21142 0.046479 0.050799



Fig. 5. The temperature distributions of furnace center at Rff¼ 15%.
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reburning was taken as the baseline, the air stoichiometric ratio of
which was 1.15, and the total fuel flow rate was kept same as that of
the reburn experiment.

3.1. The flue gas temperature distributions of furnace center

In the COCR experiment, the influences of reburn fuel fraction
(Rff) and the relative location of reburn nozzle (h0) on the flue gas
temperature distributions of furnace center were investigated, and
the results are shown in Figs. 5–7. In the process of coal reburning,
the temperature of flue gas is 70–90 �C lower in primary combus-
tion zone (Z¼�0.43–0.26), 130–50 �C higher at the furnace exit as
compared to the baseline. The reasons for the differences of
temperature distributions between COCR and the baseline are as
follows: (1) owing to coal reburn diverting a portion of the fuel
from primary combustion zone to reburn combustion zone, the
amount of fuel in primary combustion zone decreases, and it leads
to the decrease of the flue gas temperature in the primary
combustion zone as compared with the baseline; (2) reburn fuel
combustion is delayed above the primary combustion zone, and it
leads to the increase of flue gas temperature at furnace exit as
compared with the baseline.

Compared with the baseline, the variations of flue gas temper-
ature along the furnace height are slower, as shown in Figs. 5–7.
Owing to coal reburn diverting a portion of the fuel from primary
combustion zone to reburn zone, the combustion flame is pro-
longed in furnace, and it makes the combustion volumetric thermal
load vary slower. Therefore, the variations of the flue gas temper-
ature along the furnace height are slower during coal reburning.

With the increase of reburn nozzle position, the variation of flue
gas temperature in primary combustion zone (Z¼�0.43–0.26) is
not notable, but that in burnout zone (Z¼�0.94–4.6) is notable.
Increasing the position of reburn nozzles along furnace height
Fig. 4. The scheme of measurement positio
makes the reburn coal combustion delayed, and a large amount of
unburned char continues to combust in burnout zone. Therefore,
with the increase of the reburn nozzle position, the flue gas
temperature of burnout zone (Z¼�0.94–4.6) increases, as shown
in Figs. 5–7.

According to above experimental results, in the boiler design,
some important factors need to be considered as follows:

(1) Owing to the high temperature flue gas in reburn zone and
burnout zone, coal with low ash melting temperature used as
reburn fuel easily causes ash-slagging on furnace wall. There-
fore, the characteristics of reburn coal are important for the
furnace design.
n of temperature in rear furnace wall.



Fig. 6. The temperature distributions of furnace center at Rff¼ 20%.
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(2) The flue gas temperature distributions of COCR along furnace
height are apparently different from that of the baseline, and it
indicates that heat load distributions of COCR furnace are also
different from that of the baseline. Therefore, in the design of
furnace heating surface, the differences of heat load distribu-
tions of the three combustion zones (primary combustion zone,
reburn zone and burnout zone) need to be noticed.

(3) Since the combustion delay of reburn coal causes the increase
of flue gas temperature at furnace exit, unburned carbon in fly
ash, and CO emission [4], the residence time of flue gas in
furnace needs to be increased. To ensure adequate residence
time for burnout and low volumetric heat release rate of
furnace for low NOx formation, a large volume furnace design
with expanses of water-cooled walls is indispensable.
3.2. The temperature distributions of furnace wall

In furnace, flame temperature is higher than 1000 �C and radi-
ative heat transfer is predominant. Therefore, the flue gas
temperature distributions have a great influence on the tempera-
ture distribution of furnace wall. The experimental results show
that the temperature distributions along the width of furnace rear
Fig. 7. The temperature distributions of furnace center at Rff¼ 25%.
wall are similar at Z¼ 0.39, 0.56 and 0.89. The temperature distri-
butions of furnace wall at Z¼�0.215, 0.564 and 1.707 are only
presented, as shown in Figs. 8–10. The temperature contours of
furnace wall are shown in Figs. 11–13.

In the primary combustion zone (Z¼�0.215), the temperature
distributions of furnace wall are much non-uniform along the
width of furnace wall, and they are also asymmetric. The temper-
atures on both sides of furnace wall are low, and the maximum
temperature occurs on the furnace wall at the upstream of
Fig. 8. Temperature distributions of the rear furnace wall along width at Z¼�0.215.



Fig. 9. Temperature distributions of the rear furnace wall along width at Z¼ 0.564.

Fig. 10. Temperature distributions of the rear furnace wall along width at Z¼ 1.707.

S. Li et al. / International Journal of Thermal Sciences 49 (2010) 225–233230
tangentially rotating combustion flame flow (X< 0.5). With the
increase of the reburn nozzle position and reburn fuel fraction,
furnace wall temperature decreases.

In the reburn combustion zone (Z¼ 0.564), the temperature
distributions of furnace wall are also asymmetric, and the
maximum temperature occurs on the furnace wall at the down-
stream of tangentially rotating combustion flame flow (X> 0.5).
The influences of the reburn nozzle position and reburn fuel frac-
tion on furnace wall temperature are not obvious.
In the burnout zone (Z¼ 1.707), the temperature distributions of
furnace wall are relatively uniform. With the increase of the reburn
nozzle position and reburn fuel fraction, furnace wall temperature
increases.

In Figs. 11–13, the temperature contours of furnace wall in
primary reburning combustion zones are tight, and the tempera-
ture contours of furnace wall in burnout combustion zone are loose.
The results indicate that the temperature gradients in primary and
reburning combustion zones are large, and those in burnout zone
are low. High temperature central region is almost invariant during
coal reburning, where Z is 0.3 or so. At fixed reburn position, with
the increase of the reburn fuel fraction, the temperature of lower
furnace wall decreases, and that of upper furnace wall increases.



Fig. 11. Temperature contours of furnace wall at SR2¼ 0.85 and reburn injection h0 ¼ 0.26.
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In furnace, heat transfer and fuel combustion occur simulta-
neously, and all the factors related to heat transfer and combustion
are coupled. Whenever the combustion process of fuel is changed,
this results in different flame composition and different tempera-
ture distribution, and thus different heat absorption will be
incurred, which means that the heat transfer process is varied. In
the experiment, test coal is ShenMu coal, a Chinese bituminous
coal, which is prone to ignition. Since the primary combustion zone
is in oxidizing atmosphere, pulverized coal entrained by primary air
ignites timely when it is injected into furnace, and combusting coal
rapidly releases heat. Since the direction radiation intensity of the
furnace wall near high flame flow is large, the furnace wall at the
upstream of tangentially rotating combustion flame flow absorbs
Fig. 12. Temperature contours of furnace wall a
larger amount of heat as compared with that at the downstream of
tangentially rotating combustion flame flow. Therefore, in the
primary combustion zone, the maximum temperature occurs on
the furnace wall at the upstream of tangentially rotating combus-
tion flame flow, and the temperature distributions of furnace wall
are much non-uniform and asymmetric.

Since reburn zone is in reducing atmosphere, the reburn coal
combustion is delayed, which makes the furnace wall at the
downstream of tangentially rotating combustion flame flow absorb
much radiation heat. Therefore, in reburn zone, the maximum
temperature occurs on the furnace wall at the downstream.

With the increase of the furnace height, the imaginary tangen-
tial circle diameter of flue gas flow enlarges, and thus the mixture of
t SR2¼ 0.85 and reburn injection h0 ¼ 0.45.



Fig. 13. Temperature contours of furnace wall at SR2¼ 0.85 and reburn injection h0 ¼ 0.68.
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flue gas temperature becomes ratively uniform in burnout zone
[16]. In the meantime, most of fuel was combusted before flue gas
entered burnout zone. Consequently, the temperature distribution
of combustion flame flow in the burnout zone is uniform, which
makes furnace wall absorb radiation heat uniformly, and thus the
temperature distribution of furnace wall is uniform.

In order to investigate the non-uniform extent of temperature
distributions of furnace wall, the temperature non-uniformity
coefficient (d) is defined:

d ¼ ðtmax � tminÞ
tm

(5)

where tmax, tmin and tm are the maximum temperature, minimum
temperature and average temperature of furnace wall, respectively.

The temperature non-uniformity coefficients of furnace wall are
shown in Table 3, and this shows that the non-uniform extent of
temperature distribution decreases with the increase of the furnace
height. In the primary combustion zone, the non-uniform extent of
temperature distribution is maximum.
3.3. The heat flux distributions of furnace wall

The non-uniform temperature distribution of furnace is the
major cause of heat flux non-uniformity of furnace wall. Based on
the calculation of furnace heat balance, the heat flux distribution of
furnace wall was investigated. The furnace wall is composed of
refractory bricks, and the heat absorbed by furnace wall is trans-
ferred to ambient. The local heat flux of furnace wall is calculated
according to the temperature of furnace wall, ambient temperature
and the heat transfer coefficient of furnace wall [17]. In the exper-
iment, the total fuel flow rate and the total air flow rate kept
constant, and unburned carbon in ash fly and CO concentration
Table 3
The non-uniform coefficients of temperature distribution of furnace wall.

Relative height of furnace wall (Z) �0.215 0.564 1.707
Non-uniform coefficient (d) 0.290 0.100 0.031
were investigated [4]. Therefore, the average heat flux of furnace
wall is calculated according to the calculation of furnace heat
balance. The relative heat flux of furnace wall can be calculated by:

~q ¼ q
q

(6)

where ~q, q and q are the relative heat flux, local heat flux and
averaged heat flux of furnace wall, respectively.

In the experiment, since the furnace wall is composed of
refractory bricks, the temperature distribution of furnace wall can
reflect the heat flux distribution of furnace wall, and high
temperature of furnace wall means high heat flux on local furnace
wall. Therefore, the relative heat flux distributions of furnace rear
wall are only presented when the relative height of reburn nozzle
(h0) is 0.26, as shown in Fig. 14. The mean heat flux ðqÞ is 34.47 kW/
m2. The results show that: (1) The heat fluxes on both sides of
furnace wall are low, and the heat flux distributions are asymmetric
along furnace width; (2) In primary combustion zone (Z¼�0.43–
0.26), the variation of heat flux along furnace width is noticeably,
and the distribution is much non-uniform; (3) With the increase of
reburn fuel fraction, the heat flux of furnace wall in primary
combustion zone (�Z¼�0.43–0.26) decreases, but that in burnout
zone (�Z> 0.94) increases; (4) In the burnout zone, the heat flux
distribution of furnace wall is relatively uniform.

In practical application, the temperature and heat flux distribu-
tions of furnace wall directly influence the stability and security of
heating surface. For a natural circulation boiler, the temperature
variances of furnace wall with different heat flux may result in
different flow rates of water-cooled tubes. In the range of self-
compensation, if the heat flux varies greatly among the water-
cooled tubes, the circulating flow rate in the tubes with a very low
heat flux may possibly be very low, even stagnation or flow reversal
may occur, which impairs the reliability of the operation. For forced
flow boiler, over-high heat flux of water-cooled tube may lead to
heat transfer deterioration and tube failure due to deformation
resulting from excessive temperature differences among adjacent
tubes of membrane water-cooled wall. Therefore, in order to over-
come above problems in the design of COCR boiler furnace heating
surface, circulation circuits should be divided according to the



Fig. 14. Calculated relative heat flux contours of rear furnace wall at reburn injection h0 ¼ 0.26.
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differences of heat flux distributions. The water-cooled tubes should
be divided into several panels, and the tubes in the same panel
should have identical heat absorption and structure. The tubes in
furnace corner should be classified into an independent panel.

4. Conclusions

The furnace temperature and heat flux distributions of 1 MW
tangentially fired furnace were studied during coal-over-coal
reburn. The following conclusions can be drawn from the experi-
mental results:

(1) During coal-over-coal reburn, as compared with the baseline, the
flue gas temperature is 70–90 �C lower in primary combustion
and 130–50 �C higher at the furnace exit, and the variations of the
flue gas temperature along furnace height are slower.

(2) In the primary combustion zone and the reburn combustion
zone, the temperature distributions of furnace wall are non-
uniform and asymmetric along the width of furnace wall, and
those in the burnout zone are relatively uniform.

(3) The non-uniformity coefficient of temperature distribution
along the width of furnace wall decreases with the increase of
the relative furnace height, and the temperature non-unifor-
mity coefficients of the primary combustion zone, the reburn
zone and the burnout zone are 0.290, 0.100 and 0.031,
respectively.

(4) In the primary combustion zone and the reburn combustion
zone, the temperature and heat flux distributions of furnace
wall are much non-uniform and asymmetric along the width of
furnace wall, those in the burnout zone are relatively uniform.

(5) According to the experimental results of coal-over-coal reburn,
in boiler design, some important factors need to be considered
as follows: ash-slagging on furnace wall, the change of furnace
heat load along furnace height, the residence time of flue gas in
furnace, and the layout of heating surface in the primary
combustion zone.
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