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Abstract

This work concerns the local air ratio in a circulating fluidised bed (CFB) furnace, estimated by fluctuating signals from zirconia cell
probes and compared to simultaneous analysis of concentrations of extracted gas samples. The time fraction during which the fluctuating
zirconia cell signal shows oxidising gas conditions is strongly correlated to the local air ratio of the gas. This correlation is characterised by
two parameters that depend on the fuel properties and the position in the furnace. When the two parameters are determined, the fluctuating
signals from zirconia cell sensors can be used to obtain the air ratio at different heights in the furnace. This provides a cheap and robust
technique for on-line monitoring of the gas conditions in the furnace when, for example, optimising the operation of a CFB boiler to reduce
nitrous oxide emissions. The method is limited to the freeboard, because the vivid fluctuations of gas concentrations in the bottom bed
region are faster than the response time of this type of sensor.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

To improve the understanding of the combustion process
in fluidised bed furnaces it is advantageous to consider
the fluctuating properties of the fluidised medium, such as
temperature, gas concentrations, velocity and particle load-
ing. The severe environment and the rapid variation of the
conditions inside a furnace make measurements of such
quantities difficult, however. One method to study fluctuat-
ing gas concentrations is by zirconia cell sensors inserted
into the furnace, e.g.[1–8]. Zirconia cell sensors have been
produced in millions to control the air to fuel ratio in car en-
gines, where the sensor measures the air ratio in the exhaust
gas. The measurement technique has the advantage of being
simple and cheap, with reasonably short response time.

Unfortunately, the interpretation of the output voltage sig-
nal is not straightforward when the sensor is exposed to
fluctuating conditions in a fluidised bed combustor. In an
ideal case, where the sample gas consists of only inert gas,
combustion products and oxygen, the voltage signal (U) is
correlated to the partial pressure of oxygen (PO2) in the gas
according to the Nernst equation

U = RT

4F
ln

(
PO2(ref)

PO2(sample)

)
(1)
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whereR is the universal gas constant,T the temperature of
the cell andF the Faraday’s constant. When the combus-
tion is still in progress, some gas components (such as H2,
CO and hydrocarbons) may interact with the oxygen on
the catalytic surface on the sample side, whereby the volt-
age signal is affected. Since the electrode surface is highly
catalytic (it is covered by a porous platinum layer), it has
been argued that thermodynamic equilibrium of the sample
gas is established on the surface, and that the voltage signal
of the sensor is determined by the equilibrium partial pres-
sure of oxygen[6]. If so, it follows from Eq. (1) that the
signal shows a steep change around the stoichiometric gas
composition[9].

In practice, there is a slotted metal shield surrounding the
cell and inside this shield the gas has to diffuse through a
protective coating made of porous magnesium-spinel, before
reaching the catalytic platinum layer. Since the diffusivities
of gas species differ from each other (especially H2 differs
from oxygen), the oxygen concentration at thermodynamic
equilibrium on the platinum surface may be different from
the one in the sample gas. The influence on the voltage
signal by a range of gas components has been investigated
by Rau and Schwartz[10] and Brailsford et al.[9], who
also gave corrections on the Nernst equation for these gas
components. Furthermore, it has been shown that sensors
from different manufacturers give different responses to the
air to fuel ratio when the sample gas contains, for example,
hydrogen[11]. This effect is probably due to the properties
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Nomenclature

B transition voltage level (V)
CF gaseous fuel concentration (volume fraction)
CO2 oxygen concentration (volume fraction)
Cβ virtual oxygen concentration (volume fraction)
E gas exchange rate (s−1)
fox time fraction at oxidising condition (–)
fred time fraction at reducing condition (–)
F Faraday’s constant (9.65× 104) (A s/mol)
g0t stoichiometric flue gas yield per mass unit

of fuel (m3/kg)
h height above air distributor (m)
k index of phases: (1) oxidising; (2) reducing (–)
K empirical parameter (–)
l0t stoichiometric air demand per mass unit

of fuel (m3/kg)
mloc local air ratio (–)
nf average frequency of fluctuations (Hz)
PO2 partial pressure of oxygen (Pa)
R universal gas constant (8.314) (J/(mol K))
Sβ,k source term ofCβ (volume fraction/s)
t time (s)
tox average duration of oxidising pulses (s)
tred average duration of reducing pulses (s)
T temperature of zirconia cell (K)
U voltage signal from zirconia cell (V)
Uk superficial gas velocity of phasek (m/s)

Greek symbols
γ oxygen demand of gaseous fuel

(mol oxygen/mol fuel) (–)
µ, σ empirical parameters used inEq. (5)(–)
τ time constant of zirconia cell sensor (s)

of the protective coatings. Thus, corrections may have to be
applied on Nernst equation to measure the oxygen concen-
tration in different atmospheres, but this requires that the
corrections are verified for the particular sensor in use and
that the concentrations of a range of gas species are known
in the gas measured. In a fluidised bed furnace, there is
usually insufficient information on the fluctuating gas con-
centrations to apply such corrections. Furthermore, vivid
fluctuations of gas concentrations in a fluidised bed furnace
could prevent equilibrium to be established on the catalytic
surface, and the gas composition may not be the same over
the whole sensor. Therefore, under these conditions, the
partial pressure of oxygen derived from Nernst equation is
unreliable. The equation shows that there could also be an
influence of temperature. However, thermocouple measure-
ments show that, on the time scale considered, temperature
fluctuations in the bed are small in relation to the response
of the zirconia cell probe. Also the influence of changes
in heat transfer because of variations in particle concen-

tration is negligible thanks to the protective outer metal
shield.

Since the actual oxygen concentration is difficult to ex-
tract accurately from the voltage signal of the zirconia
cell sensor in a fluidised bed furnace, previous work in-
stead focussed on the time fractions under reducing or
oxidising conditions[1–3,7,12,13], which for some ap-
plications are of more interest than the average oxygen
concentration:

• The time fraction under reducing conditions in different
locations in a fluidised bed furnace can be used to deter-
mine the potential risk of in-bed corrosion[2,6,12].

• The frequency of fluctuations and the average time in-
tervals under reducing or oxidising conditions has been
shown to be important for sulphur capture by limestone
in fluidised bed firing coal[7,14,15].

• The time fractions under reducing condition may vary
over the cross-section in the furnace, indicating lateral
maldistribution of fuel and air, which reduces the perfor-
mance of the combustor[13,16].

• Fluctuations from zirconia cell sensors have also been
used, with moderate success, to study properties of bub-
bles in the bed[3,6].

Statistical properties of fluctuations in zirconia cell sig-
nals are easily captured and are not sensitive to the exact cor-
relation between oxygen concentration and voltage signals
when they only differentiate between two states (reducing
or oxidising). To distinguish oxidising from reducing condi-
tions, the voltage levels of reducing and oxidising conditions
have to be determined. Holt et al.[17] suggested a partial
pressure of oxygen above 10−3 bar to be oxidising and be-
low 10−12 bar to be reducing atmosphere. These limits are
chosen somewhat arbitrarily, but the limit is not critical as
long as it is well within the range of the fluctuations, be-
cause the voltage signal swiftly changes between high and
low values.

In summary, the zirconia cell probe has been proven to be
a robust in situ measurement technique for use in fluidised
bed combustors. The interpretation of the results is not clear,
however, and it has not been reported how the properties of
the fluctuating signal depend on the local air ratio of the flue
gas. Therefore, the aim of the present work is to establish
a correlation between the time fractions under reducing or
oxidising conditions, measured by a zirconia cell sensor,
and the local air ratio in the gas of a fluidised bed furnace,
measured by a suction probe and conventional gas analysers.
The present analysis is valid for conditions in the furnace
that do not deviate too far from stoichiometric conditions so
that fluctuations between oxidising and reducing conditions
occur.

1.1. The zirconia cell

The vital part of a zirconia cell sensor is the electro-
chemical layer made of stabilised zirconium oxide, which
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Fig. 1. Schematics of a zirconia cell sensor. The sample gas is outside the thimble shaped zirconium oxide layer and reference gas on the inside. Oxygen
ions formed at the cathode migrate through the medium, which gives a voltage between the two surfaces. The protective slotted metal shield surrounding
the cell is omitted in the figure.

is doped to create defects of the atomic structure, leaving
voids where oxygen ions can migrate through the mate-
rial if the temperature is sufficiently high (in the order of
600◦C). The cell material is a selective oxygen ion con-
ductor. The schematic of a zirconia cell sensor is outlined
in Fig. 1. Porous platinum plates, used as electrodes, cover
the surfaces of the zirconia material. The inner reference
side is usually flushed with air serving as a reference gas.
If the partial pressure of oxygen differs in sample and ref-
erence gas, oxygen atoms are ionised at different rates on
the surfaces, and the ions diffuse through the ion conductor,
giving rise to a voltage between the electrodes that is deter-
mined by the difference of partial pressure of oxygen across
the cell. The voltage formed is the output signal from the
sensor.

The sensors used in this work were manufactured by
Bosch and are thimble shaped, 24 mm long and 8 mm in
diameter. An external slotted stainless steel shield (omitted
in Fig. 1) together with a porous ceramic coating on the
catalytic surface protect the cell from erosion and corro-
sion. Further description of the Bosch zirconia cell sensor
is given by Saari and Davini[6] and Bergqvist[1]. The zir-
conia cell sensor was mounted at the tip of a probe that is
water-cooled, except for the 10 cm closest to the cell, where
air cooling is applied in order to avoid large temperature
gradients within the cell. Three of these probes were used
simultaneously in the measurements, inserted into the centre
of the furnace at different heights. The voltage signals were
logged at a sampling rate of at least 20 Hz during 180 s. It
has been shown previously that higher sample frequency
adds no further information, since the response time of this
zirconia cell sensor, under fluidised bed conditions, is in
the order of 0.05 s, probably limited by the gas diffusion
through the protective coating[1].

2. Method

2.1. Local air ratio

To avoid introduction of a large number of unknown gas
concentrations and to simplify the discussion when studying
the voltage signal from the sensor in a combustion chamber,
a virtual oxygen concentration,Cβ, is introduced as

Cβ = CO2 − γCF (2)

whereCO2 is the actual oxygen concentration andCF the
total concentration of combustible gases (only CO and hy-
drocarbons are considered here), which consumesγ moles
of oxygen per mole of fuel gas. This virtual oxygen con-
centration becomes negative under reducing conditions. It is
used to estimate a local air ratio (mloc) as

mloc ≈ 1 + g0t

lot

Cβ

0.21− Cβ

(3)

whereg0t is the gas yield from stoichiometric combustion
(per unit mass of fuel) andl0t the corresponding air demand.
The overall average air ratio is given by the flow of air to the
combustor divided by the stoichiometric air demand of the
fuel, whereasmloc is an estimation of the condition of the gas
in a particular point.mloc differs from the overall air ratio by
the unburnt fuel that remains in solid phase at the point of
measurement. Since the zirconia cell sensor responds only
to the conditions of the gas, it is preferable to correlate its
output signal tomloc and not to the overall average air ratio.
The local air ratio in the centre of the furnace may differ from
the overall average air ratio also if there are lateral gradients
of oxygen and combustible gases. This uncertainty, when
correlating the conditions of the gas to the signal from the
zirconia cell, is circumvented by estimatingmloc from gas
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Fig. 2. Simultaneous voltage signals from zirconia cell probes at different
heights in the CFB furnace when firing coal andmloc ≈ 1. No secondary
air was supplied.

concentrations measured in the same position as the zirconia
cell sensor.

The voltage signal from a zirconia cell sensor inserted into
a fluidised bed furnace usually fluctuates between two almost
saturated states, as illustrated inFig. 2. (The experimental
conditions and the plant are described in the next section.)
The values of the voltage signals, such as shown inFig. 2,
are summarised in the form of probability density functions
in Fig. 3, showing that the signal seldom is between 0.3 and
0.6 V. When the voltage is below this transition region, the
condition of the gas is oxidising (Cβ > 0), and when the
voltage is higher, the condition is reducing (Cβ < 0). Here,
for convenience, the two states will be separated by a voltage
level of B = 0.4 V.

Fig. 3. Probability density functions of the voltage signals ofFig. 2.

Fig. 4. Voltage signal under reducing and oxidising conditions and the
average value at 7.90 m above the air distributor, when firing wood chips
in a CFB.

The voltage signal depends on the gas components and
on whether thermodynamic equilibrium is established on
the surface of the zirconia cell. The average voltage, on the
other hand, mainly depends on the time fractions, during
which the zirconia cell is exposed to each of the two phases.
An example of the average voltage signal from a zirconia
cell sensor at 7.9 m above the air distributor, when firing
wood, is shown as a function ofmloc (defined byEq. (3))
in Fig. 4. The voltage signal (U) is split into three average
voltages indicating: the time under reducing conditions (U >

B), under oxidising conditions (U < B) and the average
of the signal during the total time. The average voltage of
each phase (oxidising or reducing) changes little withmloc
compared to the total time-average signal, which mostly
depends on the time fractions of each phase. The fraction
of time that the voltage signal is below the transition level
is calledfox. The dependence offox on mloc is illustrated in
Fig. 5, which shows a behaviour that is similar to the average

Fig. 5. Time fraction of oxidising condition (fox) vs. the local average
air ratio (mloc) at a height of 7.9 m above the air distributor when firing
wood chips or coal.
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voltage signal inFig. 4, but the advantage is thatfox varies
between two known levels (0 and 1). The average voltage
signal can be replaced byfox without any significant loss
of information in the presence of two clearly distinguished
phases.

The variation offox with the local air ratio can be repre-
sented by some simple function expressing its position and
slope. Such a function could be, for instance, the error func-
tion

erf(x) = 2√
π

∫ x

0
e−t2 dt (4)

which goes from−1 to 1 symmetrically aroundx = 0. In
the present case the function looks like

fox = 1

2

[
1 + erf

(
mloc − µ

σ

)]
(5)

whereµ determines the position andσ the slope of the curve
at the positionmloc = µ,

∂fox

∂mloc
= 1√

πσ
(6)

The local air ratiomloc can be expressed as a weighted av-
erage of the two phases

mloc = foxmloc,2 + (1 − fox)mloc,1 (7)

wheremloc,2 andmloc,1 are the local air ratios of respective
phases, given the indices (1) for the reducing phase and (2)
for the oxidising phase. Here, the transition time between
oxidising and reducing conditions is neglected, which gives
that fox + fred = 1. The measured average local gas con-
centrations givemloc and zirconia cell measurements give
fox (and fred), but the local air ratios of the two phases are
unknown. To estimate these, the derivative ofmloc with re-
spect tofox (Eq. (8)) can be used together withEq. (7):

∂mloc

∂fox
= mloc,2 − mloc,1 (8)

The derivative can be estimated from experiments, where
fox is measured in a point in the combustion chamber during
changes of the local air ratio, similar to what was shown in
Fig. 5. Eq. (8)shows that, the smaller the difference between
the local air ratios of the phases, the lower becomesσ and
the steeper is the slope of the curve expressed byEq. (5).

The presence of two clearly separated gas phases in the
combustion chamber indicates that the gas phase reaction
rate is limited by large-scale mixing rather than by chemical
kinetics. This observation can be used to assess the trend of
σ along the height (h) in the freeboard region, from mass bal-
ance on horizontal segments of the furnace under stationary
conditions. The gas flow is divided into two phases: the re-
ducing phase (k = 1), which is assumed to contain gaseous
fuel but no available oxygen, and the oxidising phase (k =
2), which contains oxygen but no gaseous fuel. What is
mixed is assumed to burn instantly. The virtual oxygen con-
centration,Cβ,k, defined inEq. (2), gives thatCβ,1 < 0 and

Cβ,2 > 0 if both gaseous fuel and oxygen remain in the
fluid. The mass balance ofCβ,k is formulated as

− ∂

∂h
(UkCβ,k) + Sβ,k + (−1)kE(Cβ,1 − Cβ,2) = 0 (9)

where Uk is the superficial gas velocity of phasek, Sβ,k

is a source term that accounts for production/destruction
from combustion andE the gas exchange rate, which is as-
sumed constant with height and the same in both directions,
whereby the net gas exchange rate is zero. To further sim-
plify the derivation, no solid fuel conversion is accounted
for and constant superficial gas velocities are assumed. As
a consequence of the definition,Cβ remains unaffected by
combustion of gaseous fuel, which implies thatSβ is equal
to zero and thatCβ is a conserved scalar. These simplifica-
tions ofEq. (9)result in

∂Cβ,k

∂h
= (−1)k

E

Uk

(Cβ,1 − Cβ,2) (10)

The difference between the two phases yields a first-order
linear differential equation

∂

∂h
(Cβ,2 − Cβ,1) = −E

(
1

U1
+ 1

U2

)
(Cβ,2 − Cβ,1) (11)

which has the solution

(Cβ,2 − Cβ,1) = K1 exp

[
−E

(
1

U1
+ 1

U2

)
h

]
(12)

whereK1 is a constant that depends on the boundary condi-
tions. In order to find a simple relationship betweenσ and
height, the derivation is restricted to a case in the vicinity of
mloc ≈ µ ≈ 1, where the derivative ofEq. (5)is proportional
to 1/σ and as follows fromEq. (8), mloc,2−mloc,1 is propor-
tional toσ. In addition, the difference between the local air
factorsmloc,2 − mloc,1 is almost proportional toCβ,2 − Cβ,1
(from linearisation ofEq. (3)) whenCβ,1 + Cβ,2 ≈ 0 (i.e.
mloc ≈ 1). These two linearisations together withEq. (12)
give a correlation as

σ = K exp

[
−E

(
1

U1
+ 1

U2

)
h

]
(13)

whereK is an empirical parameter. This estimation shows
an exponential decline ofσ with height.

If the average air ratio is far below unity, or if all fuel is
burnt, all of the gas may become either reducing or oxidis-
ing, andfox is either 0 or 1. In both cases the derivative in
Eq. (8)approaches zero, and the furnace is better described
as a perfectly mixed reactor. In such a case, this evaluation
method based on two different phases is no longer applica-
ble. Experiments were performed to find out how the prop-
erties of the fluctuating signals from zirconia cell sensors
depend on the height above the bed, the fuel properties, and
the air to fuel ratio.
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3. Experiments

3.1. The boiler

Zirconia cell measurements were performed in the
Chalmers 12 MW circulating fluidised bed (CFB) boiler,
outlined inFig. 6 and further described in[7,18], although
all necessary information is given below. Also the data
of Figs. 2–5were obtained from this plant. The size of
the combustion chamber is 1.7 m × 1.7 m × 13.5 m. The
fluidisation air is introduced through 144 air-cap nozzles
that form the air distributor. The vertical walls are covered
with refractory lining (0.11 m thick) up to 2 m above the
air distributor and two of the walls are covered all their
height. The average height of the dense bottom bed was
estimated to be about 0.5 m. The fuel enters the combus-
tion chamber by gravity from the fuel chute, (2) inFig. 6,
at a height of 1.1 m above the air distributor. Entrained
bed material is captured in the refractory lined cyclone (5)
and returned to the combustion chamber by the particle
seal (6). The bed temperature is controlled by an external
heat exchanger at the particle seal (7) and by recycled flue
gas, which is mixed with the primary air below the air
distributor.

The tests involved variation of the air ratio in the flu-
idised bed furnace. Normally, secondary air is injected into
the furnace somewhere above the bed, but here, in order
to maintain the same total air ratio in the whole riser, the

Fig. 6. The 12 MW CFB boiler at Chalmers University of Technology: (1)
combustion chamber; (2) fuel feed chute; (3) air plenum; (4) secondary
air inlet into cyclone exit duct; (5) cyclone; (6) particle seal; (7) heat
exchanger. Measurement ports on the boiler wall indicated as circles.

Table 1
Boiler operation parameters

Wood chips Coal
(Russian)

Coal
(British)

Primary gas flow (kg/s) 2.0–2.2 2.0–2.3 2.0–2.3
Secondary air flow (kg/s) 0.17–0.70 0–0.69 0–0.69
Umf (m/s) 0.03 0.03 0.03
Utot (m/s) 3.7–4.4 3.3–3.9 3.3–3.9
Bed pressure drop (kPa) 5–6 5–6 5–6
O2 at stack (vol.%, dry gas) 3.0–3.7 2.9–3.5 2.9–3.5
Fuel (kg/s) 0.58–0.87 0.29–0.43 0.29–0.43
Bed temperature (◦C) 830–860 830–860 830–860
Bed material Silica sand Silica sand Silica sand
Size (mm) 0.30 0.30 0.30

Fuel analysis
Moisture (%) 46 11.2 14.1
Volatiles (%) 44 29.5 30.4
Ash (%) 0.3 11.6 6.9
Cfix (%) 10 47.7 48.6
S (%) – 0.38 1.33
Lower heating valuea

(MJ/kg as-received)
9.0 24.7 25.7

a Estimated from fuel composition.

secondary air was injected at the exit of the cyclone (at 4
in Fig. 6). The ratio of secondary to primary air was var-
ied from zero to about 0.7 and the fuel feed rate was ad-
justed to always maintain an oxygen volume concentration
of 3.5% in the stack. With the intention to change the con-
ditions of the fluid dynamics in the furnace as little as pos-
sible between the test cases, the boiler was operated with
a primary airflow of about 2.1 kg/s in all test cases at a
bed temperature of 830–860◦C. The average pressure drop
over the bed was about 6 kPa and the dominant bubble fre-
quency was about 1–2 Hz, estimated from pressure fluctua-
tions in the bed. The boiler operation parameters and the fu-
els are specified inTable 1. Three fuels were fired: (A) wet
wood chips, (B) Russian bituminous coal and (C) British
bituminous coal. In the context of the present tests, the
coals were similar and no differentiation is made between
them.

3.2. Gas measurements

Boiler operation parameters, such as flow rates, temper-
atures and pressures, were monitored and logged once a
minute. Gas concentrations of O2, CO, CO2 and hydro-
carbons were measured on-line in the combustion chamber
by a water-cooled gas suction probe, which was inserted
into the centre of the furnace at 4.2 or 7.9 m above the air
distributor. The gas sample was pumped through the probe,
having a ceramic filter at the tip, via tubing to a gas drier
and a set of gas analysers, which were calibrated regularly.
The hydrocarbon instrument measured the total concentra-
tion of hydrocarbons as methane equivalents by a flame
ionisation detector (FID). The gas was usually sampled
during 5–10 min in every measurement before the filter was
cleaned by back-blowing pressurised air through the probe.
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4. Results and discussion

The zirconia cell signal depends on the position in the
furnace, on the fuel properties and on the local air ratio.
In the region close to the surface of the bed (0.56 m in
Fig. 2), the voltage signal showed almost constant reducing
conditions, while at the next level (1.50 m), the signal was
vividly fluctuating between high and low voltage levels. This
behaviour is a consequence of the high gas velocity of the
intermittent gas jets of the oxidising phase from eruptions of
bubbles, implying that the measurement probe close to the
bed’s surface was exposed to oxidising conditions during
short time intervals, often shorter than the response time of
the zirconia cell. Thus, the response time is not always short
enough to catch the dynamics in the bed region of a CFB
boiler, but it can still be used further up in the furnace, where
the difference between the gas velocities of the phases is
reduced.

The problem of uneven gas velocities of the phases in the
region close to the bed remains the same when measuring
the gas concentration by extraction of gas samples to on-line
gas analysers. To determine the global average from a mea-
surement in a fixed point, the gas velocity should be mea-
sured at the same time as the gas concentration; otherwise
the measured average is biased towards the concentration of
the gas with lowest velocity. However, a few meters above
the bottom bed, in the freeboard, the difference of gas ve-
locities of the phases is small, and the measured gas con-
centration represents the average value of the gas flow. The
measured average local gas concentrations of O2, CO and
hydrocarbons at 7.9 m above the air distributor are shown
in Fig. 7, plotted against the average air ratio,mloc, which
was altered by varying the fuel feed rate together with the
secondary air supply, and calculated fromEqs. (2) and (3).

Fig. 7. Measured gas concentrations (dry gas) at 7.9 m above the air
distributor vs. local air ratio when firing wood chips or coal: (a) oxygen;
(b) carbon monoxide; (c) hydrocarbons as methane equivalents.

The difference between the gas concentrations of wood and
coal indicates that the coal burns to a larger extent in the
lower region of the furnace. The gas concentration measure-
ments were performed in the freeboard of the furnace, while
the fuel particles mostly devolatilise in the bed region be-
fore being fragmented into small pieces that may become
entrained. This results in unburnt carbon in the form of fine
char that is present in a low concentration along the entire
height of the furnace. Since no air or fuel was introduced
into the combustion chamber between the fuel chute and the
exit, the global air ratio was constant along the riser from the
fuel injection until the exit to the cyclone. However, the char
that is consumed along the height affects to some extent the
local air ratio of the gas, estimated byEq. (3), which does
not account for the solid fuel present. In addition, products
of devolatilisation influence the local air ratio of the gas,
particularly in the bed or splash zone. Therefore, the esti-
mation inEq. (3) is suitable above the bed and splash zone
only, where the presence of devolatilisating fuel particles is
small and the combustion rate of entrained char particles is
limited.

The measured time fractions under oxidising conditions
(fox) from zirconia cell measurements at different heights
and varied air ratios were compared tomloc in order to esti-
mate the parametersµ andσ in Eq. (5). The results at 7.9 m
above the air distributor are illustrated inFig. 5and at differ-
ent heights when firing wood inFig. 8, where the symbols
are measurements and the lines are the correlation,Eq. (5).
µ was in the range of 0.99–1.02 when the gas concentra-
tion and the zirconia cell measurements were performed at
the same height. The function described byEq. (5)may be
affected whenmloc is determined from a gas concentration
measurement at another height thanfox, if gas production
from the solid fuel alters the air to fuel ratio of the gas
between the two positions. Such a displacement of the gas
concentration measurement prevented accurate determina-
tion of µ in the lower positions of the furnace in the present

Fig. 8. Time fraction of oxidising condition (fox) vs. local average air
ratio (mloc) at different heights above the air distributor.
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Fig. 9. Estimated values ofσ along the height of the furnace; the symbols
are from a curve fit ofEq. (5) to measured data and the trend lines are
from the exponential function inEq. (13), with parameters adjusted to fit
the data points.

experiments. The effect of the displacement is estimated to
be less than 10% in the freeboard, where it is caused by
combustion of fine char particles. This is not a consequence
of the method as such, as long as the gas concentrations are
measured at the same position as the zirconia cell or when
there is no gas production from solid fuel between the cell
and the sampling for gas analysis. Although there was a
displacement of the curve in the present case, it has only
a small influence upon the slope,σ. This parameter, deter-
mined from the experiments, is plotted against the height of
the combustion chamber inFig. 9. σ follows a clear trend;
it is reduced with height and it shows a lower value for coal
than for wood. The trend along the height is well described
by an exponential fit, in accordance toEq. (13), which gives
the dashed lines inFig. 9. The lower values ofσ for coal than
for wood chips, under globally similar conditions, is obvi-
ously due to the larger volatile fraction in wood than in coal
and earlier combustion when using coal, which to a large
extent burns in the bed, in contrast to wood, whose large
volatile fraction mostly burns above the bed. The volatiles
are less mixed with the oxidising phase than the products of
partial combustion of char. Consequently, the gas mixing in
the freeboard is more critical for high volatile fuels than for
fossil fuels.

The gases of the two phases interact and burn while the gas
flows upwards in the combustion chamber, which reduces
the difference between the local air ratios of the two phases,
gives a steeper relationship betweenfox andmloc in Fig. 8,
and a trend of fallingσ in Fig. 9. The somewhat faster
fall of σ with height when firing wood compared to coal
may indicate that the gas exchange rate (E) is higher in the
wood case where more combustible gases are present. Even
though the trend inFig. 9probably is general, the parameters
of the relationship depend on the fuel and on the rate of
mixing between the two phases, which, in turn, depends

Fig. 10. (a) Development ofmloc in oxidising and in reducing phases
usingEqs. (7) and (8)along the height of the furnace under stoichiometric
conditions; (b)fox in the same case.

on the geometry of the furnace and on the conditions of
fluidisation.

The average local air ratios, in each of the two phases,
can be estimated from the test results byEqs. (7) and (8).
The local air ratios are plotted against the height of the fur-
nace inFig. 10a at the average air ratio ofmloc = 1. The
values offox and dmloc/dfox at mloc = 1 were calculated us-
ing Eq. (5). The local air ratios of the two phases approach
the asymptotic value of the given average air ratio (1, in this
case) with increasing distance from the dense bed. The lo-
cal air ratio of the oxidising phase decreases faster than that
of the reducing phase is increased, because the oxidising re-
gions above the bed expand, extending the time fraction of
the oxidising phase in the lower part of the riser, as seen in
Fig. 10b, wherefox is plotted against height. At an average
local air ratio of unity andfox less than 0.5,Eq. (7)gives an
oxygen concentration in the oxidising phase that is higher
than the oxygen demand (per volume unit) from the gaseous
fuel in the reducing phase, i.e.Cβ,2 > |Cβ,1|. This situa-
tion probably originates from the two-phase flow in the bed,
where the oxidising phase (oxygen rich bubbles) occupies
a considerably smaller volume fraction than that of the re-
ducing phase (surrounding emulsion). Above the surface of
the bed, the oxidising regions expand with height and their
velocities are reduced to become more equal to that of the
reducing phase.

4.1. Fluctuations

The average frequency of change between the two phases
has been extracted from the measurements at different
heights and different local air ratios. The average fluctuation
frequency (nf ) is plotted against the average time fraction
of oxidising conditions (fox), for wood chips inFig. 11, and
for coal in Fig. 12. The highest fluctuation frequency was
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Fig. 11. Average frequency of fluctuations, firing wood.

found in the lower part of the combustion chamber around
fox = 0.5. The maximum fluctuation frequency is in the
same order of magnitude as the dominant bubble frequency
(1–2 Hz) and one could suspect that the distinction of the
medium in oxidising and reducing phases is linked to the
eruptions of bubbles at the surface of the bottom bed. As
can be seen fromFig. 11, the maximum of the fluctua-
tion frequency is gradually reduced along the height of the
combustion chamber, up to 4 m, but then the frequency of
fluctuation increases from 4 to 7.9 m for wood (Fig. 11),
but not for coal (Fig. 12). This difference between the fuels
cannot be explained at present.

The measured average duration of fluctuations in each
phase,tox for the oxidising phase andtred for reducing con-
ditions, is plotted inFig. 13, for test series utilising both
coal and wood fuels and at various heights. Since the time
fraction of oxidising conditions (fox) should be equal to the
fluctuation frequency times the average duration of each fluc-
tuation, the parabolic curves inFigs. 11 and 12can be used to

Fig. 12. Average frequency of fluctuations, firing coal.

Fig. 13. Average duration of fluctuations (in s): (a) reducing periods; (b)
oxidising periods, in log-scale.

estimate the average duration of each oxidising packet from

tox = fox

nf
(14)

which is plotted as the solid line inFig. 13b. The trend rep-
resents well the data, and the times of the oxidising regions
are strongly related tofox. The average duration of the re-
ducing periods is estimated similarly, simply by changing
the numeratorfox in Eq. (14)to (1− fox), and is shown as
the solid line inFig. 13a. From the fluidisation velocities in
Table 1it can be deduced that a time of 0.5 s corresponds
to a length of a gas packet of about 2 m.

4.2. Measurement performance

Fluctuations of shorter duration than the response times
of the zirconia cell sensors (about 0.05 s) cannot be de-
tected, and regions with a vertical size of less than 0.2 m can
pass the sensor undetected when the average gas velocity is
higher than about 3.5 m/s. It is likely that more shifts would
have been detected if the response time of the sensor was
shorter. Then the frequency of fluctuations,Figs. 11p3pcand
12, would be higher and the cycle times inFig. 13 would
be shorter. Hence, only large-scale fluctuations are captured
from measurements with zirconia cell sensors. This is illus-
trated inFig. 14, which shows modelled voltages (dashed
fat line) from a sensor exposed to an atmosphere that fluc-
tuates stepwise between oxygen partial pressures of 10−15

and 10−1 bar (thin solid line). The voltage from the sensor
(U) is characterised as

dU

dt
= −1

τ
(U − Ua) (15)

where Ua is the voltage from an ideal sensor, calculated
from Eq. (1)at the ambient partial pressure of oxygen, and
τ the time constant of the sensor (a value ofτ = 0.08 s
was used in the illustrations). InFig. 14a, the atmosphere
is assumed to fluctuate symmetrically (fox = 0.5) with a
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Fig. 14. Signal from an assumed binary fluctuating atmosphere. The thin
solid line is for an ideal sensor with infinitely fast response time and the
dashed line is the signal from a sensor with a time constant of 0.08 s.

frequency of 1 Hz during the first period and later at 5 Hz.
The signal of the sensor tends to approach an intermediate
value when the frequency of the symmetric fluctuations be-
comes high (>5 Hz). Such intermediate voltages are seldom
observed in measurements from fluidised bed boilers, and it
can be concluded that the dominant frequency is not higher
than the one measured. However, for inhomogeneous fluc-
tuations, for example atfox = 0.10, as shown inFig. 14b,
the oxidising periods are on an average much shorter than
the reducing periods. In this case it is likely that several ox-
idising periods pass the sensor undetected; the signal from
the sensor underestimatesfox under highly reducing condi-
tions. The situation is reversibly similar under highly oxi-
dising conditions, where the sensor would overestimatefox.
Thus, the method to estimate the time fractions of reduc-
ing/oxidising atmospheres from zirconia cell measurements
is most reliable aroundfox = 0.5, and the reliability be-
comes lower with distance from this value. Furthermore, in
case offox = 0.5, superimposed faster fluctuations may
be present, and there could be smaller regions of oxidising
gas escaping detection in an overall reducing period, and
vice versa in the oxidising periods, as illustrated inFig. 14c.
However, such small-scale fluctuations have a small influ-
ence on the overall estimation offox if they exist in both
phases, and only the large-scale (dominant) fluctuation fre-
quency is detected.

The errors of the measuredfox are estimated inFig. 15, and
expressed as the difference in time fraction under oxidising
conditions of assumed binary signals and calculated output
signals, such as inFig. 14. The estimations were made for
various ratios of fluctuation period (1/nf ) and response time
of the sensor (τ). In our case, with a frequency of fluctuation
of around 1 Hz and a response time of about 0.05 s, the
ratio is in the order of 20, for whichFig. 15shows that the
error is small in the interval of 0.15 < fox < 0.85. This

Fig. 15. Difference of detected and actualfox from assumed fluctuations
and modelled response, as illustrated inFig. 14, for different ratios of
the period of fluctuations and response time of the sensor ((1/nf )/τ).

analysis, based on binary fluctuations, is a simplification
compared with the distributions of sizes of gas packets and
gas compositions of the real gas in the furnace, but it gives
a clear indication on the accuracy.

5. Conclusions

The local air ratios of a combustion chamber burning
solid fuel are evaluated with a method that is applicable to
full-scale fluidised bed furnaces. It is shown that the simple
zirconia cell probe can be used to estimate the local air
ratio of the gas above the bottom bed region of a fluidised
bed furnace under the condition that the furnace is not op-
erated under extreme oxidising or reducing conditions. The
analysis of the signal from the zirconia cell is simplified
by considering the time fractions of oxidising and reduc-
ing conditions, from which the local air ratio of the gas is
estimated in any position in the furnace where fluctuations
occur. This requires the determination of two parameters
(σ andµ) of a given function, relating the time under ox-
idising conditions measured by the zirconia cell sensor and
the local air ratio measured by gas analysis (Eq. (5)). The
parameters depend on the fuel properties and on the posi-
tion in the furnace. The method could be used as a cheap
and simple arrangement to monitor the local air ratios at
various heights, for example when utilising staged over-fire
air in order to minimise emission of nitrous oxides.

The measurements also give information about the fre-
quency of fluctuations between reducing and oxidising gas
conditions, which is valuable for various combustion stud-
ies. An example of such studies is modelling of sulphur
capture by limestone[7].

Detection of bubbles in a fluidised bed combustor by zir-
conia cell sensors is difficult because the oxidising fraction
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of the gas depends not only on the bubble properties, but also
on the overall air to fuel ratio and on the fuel properties. Fur-
thermore, small oxidising regions cannot be detected since
the response time of the sensor limits its resolution.
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