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Nomenclature
Average density of the surrounding
Gi Partial derivative p
medium
g Gravitational acceleration Ngl Boiler thermal efficiency
h Air jet penetration length € Flow velocity inhomogeneity
IS Nozzle drag coefficient AP Pressure drop
0 or ¢ Jetangle Re Reynolds number
p or
Air density R Jet penetration radius
Po
r Jet nozzle radius uo Flow velocity in air cap
n Dynamic viscosity Ui Local flow velocity in z direction
Average flow velocity in z
[ Characteristic length u
direction
l1 Orifice diameter of cap outlet \4 Velocity in cross section /7
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Average value of core pipe diameter
2 V2 Velocity in cross section /2
and cap diameter

I3 Core pipe orifice diameter V3 Velocity in cross section /3
Height from top wall of core pipe to
l4 V4 Velocity in cross section /4

top wall of caps

Is Core pipe diameter Vs Velocity in cross section /s

Abstract

Air caps are an effective way of ensuring uniformity of air flow in Circulating Fluidized Bed
(CFB) boilers. Published literature on the design and configuration of these air caps is severely limited.
In this study, extensive theoretical as well as experimental investigations have been carried out to
design novel air caps in order to improve efficiency of CFB boilers. A small-scale test bench of 220t/hr
CFB boiler has been developed, integrated with novel air caps. It has been observed that
inhomogeneity in air flow velocity decreases from 65.79% to 21.25%, while the pressure drop
decreases by 20%. A mathematic model of air caps has been derived and its accuracy verified through
cold tests. Two empirical correlations for calculating the pressure drop and the air jet penetration length
of the novel air caps have been obtained and verified. Finally, in order to validate the innovative design
of air caps, this methodology has been implemented to a full-scale 220t/hr CFB boiler. The hot test
results depict that the thermal efficiency of the boiler has increased from 86.4% to 91.8% when tested

with the novel air caps in-place, which is equivalent to a saving of 6,000 tons of coal per year.

Keywords: Circulating Fluidized Bed (CFB); Flow uniformity; Mathematic model; Velocity Distribution; Hot

test; Error analysis.



1. Introduction

Circulating Fluidized Bed (CFB) boilers, owing to their extensive fuel adaptability and low-cost
pollution control, are widely used in power generation [1]. The CFB boilers can easily handle
combustion of inferior coal (calorific value of less than 4,000kcal). However, in recent years, numerous
reports have pointed out that the thermal efficiency of CFB boilers is lower than expected. For example,
Li [2] has reported that the exhaust flue gas temperature of a 220t/h CFB boiler can be as high as
171.2°C, with a thermal efficiency of 86.4%, which is lower than the expected design efficiency of
88%-90%. This means that almost 5,000 tons of inferior coal is wasted every year. There are almost
ten thousand CFB boilers currently in use in China alone. Hence, there is a strong demand to improve
the thermal efficiency and minimize the environmental impacts of the CFB boilers.

A CFB boiler utilizes a fluidized bed combustor in which crushed coal particles, smaller than
10mm in diameter, are suspended in a stream of upward flowing air. About 60% of the combustion air,
known as primary air, is introduced into the combustion chamber through a set of caps installed on
bottom of a CFB boiler’s combustion chamber. Air caps are a significant component of a CFB boiler.
Appropriate design of air caps is very important for reduction in energy consumption and enhanced
operation safety of a CFB boiler [3, 4]. Poor air cap design and non-uniform air flow distribution lead
to degradation in its thermal performance. For example, in order to maintain stable and complete
combustion, a large amount of air has to be injected into a CFB boiler. The oxygen content in the
exhaust flue gas is as high as 12.02% [2]. A number of small carbon particles remain unburned and are
carried out of combustion chamber by the flue gas, raising temperature of the exhaust flue gas
significantly. Therefore, the thermal efficiency of the CFB boiler decreases. An effective measure to

solve this problem is to use novel air caps. The purpose is to uniformly distribute the primary air into



the fluidized bed at low-pressure drop, and hence, enhancing the combustion efficiency considerably
and reducing air cap erosion. In order to effectively design novel air caps for energy-saving purposes,
extensive theoretical and experimental investigations need to be carried out.

Today, there are mainly three kinds of air caps used in fluidized bed boilers, i.e., Arrow-type,
Bell-type and T-type air caps. Mirek and Klajny [5] have studied the design method of a two-outlet
orifices air nozzle (Arrow-type air cap) with low-pressure drop. It has been found that the air cap
design should meet two basic criteria, i.e., the required pressure drop value and the optimal air jet
penetration length, which are most important for nozzle design. Furthermore, the values of pressure
drop and penetration length can be obtained by cold tests. Niu [6] have investigated the resistance
characteristics of Bell-type air caps with ten-outlet orifices in a CFB boiler. The influence of the
thickness of the cap, the area of the annular gap and the diameter of the exit hole on the resistance of
the air cap is studied through cold test. It has been shown that Bell-type air cap offers more resistance
causing considerable erosion. Similar research studies have been carried out on the resistance
characteristics of the Bell-type air cap in CFB boilers [7-9] with similar conclusions. Yang et al [10]
carried out investigations on the pressure drop characteristic of a float air cap. It has been found out
that float nozzle has a higher resistance than Bell-type air cap, which results in the formation of an
effective barrier against backflow at low boiler loads. Li and Guo [11] have obtained the resistance
characteristic curve of T-type air cap through cold test. It has been shown that this kind of cap has a
flow dead zone, which is easy to cause uneven distribution of primary air. Feng et al [12] have studied
the resistance characteristics of three typical air caps (Arrow-type, Bell-type and T-type air caps). It
has been found that Bell-type cap has the highest resistance but the most uniform primary air

distribution in the cross-section of the combustion chamber, among the three types of air caps. Because



the uniformity of the primary air distribution can induce uniform and stable fluidization across the
entire cross-section of the combustion chamber, which is necessary for safe operation of the CFB
boilers [13], the Bell-type air caps are most widely used in CFB boilers [14].

However, Bell-type caps encounter many problems in practical applications. For example, a large
area of overall dislocation, cover wear, holes plugging and inner core tube rupture and so on [15].
There is an urgent need to improve the design of the Bell-type caps. Unfortunately, very few studies
exist on the design improvement of such air caps. Moreover, the available literatures mostly acquire
the values of pressure drop and air jet penetration length of the air caps through cold test, and not
empirically. However, in practical engineering applications, it is more appropriate to use empirical
relationship to design air caps. Therefore, there is a need for empirical design improvements of Bell-
type air caps. In this study, based on the design of conventional Bell-type air caps, a novel air cap
design has been developed. At the same time, empirical correlations to calculate pressure drop and air
jet penetration length have been obtained. Moreover, the innovative design of the air cap has been
validated by hot test of a full-scale 220t/hr CFB boiler. These are the main contents of this study.
2. Development of Novel Air Cap

The different stages of development of the novel air caps are discussed in details below.
2.1 Design issues with conventional Bell-type air caps

The design of a conventional Bell-type air cap is shown in Fig. 1, including the core tube and the

outer cover.
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Fig. 1 Conventional Bell-type air cap
There are normally ten small holes on the outer cover of the cap. The primary air jets from these
small holes, at very high velocity, into the combustion chamber. This leads to high pressure drop and
power consumption. Cover abrasion, cover damage, holes plugging and inner core tube rupture
(see Fig. 2 [15]) often occur in Bell-type air caps with large diameter. This causes poor resistance
partitions and fluidization of air distribution plate, slag leakage, coking and other accidents, seriously

affecting the normal operation of the boiler.



(c) Cover damage (d) Inner core tube rupture

Fig. 2 Problems of Bell-type air cap in application [15]

Site inspection results show that the improper installation and maintenance is the main cause of
these problems [16-17]. When installing Bell-type air cap, the small holes of the cap are required to be
arranged against each other, to reduce the ash deposition and prevent air flow from directly impacting
the wall surface of the adjacent nozzle [18].

The contact part of core pipe of the cap and the outer cover is provided with a mounting thread,
through which the height of the nozzle can be adjusted and the hood can be replaced. Due to the
operational environment of the caps, it is easy to jam and deform between the threads. Therefore, in
actual use, it does not guarantee the full offset arrangement of Bell-type caps, which results in erosion

and wear of a large number of holes in the nozzle. Moreover, during the maintenance and replacement,



due to the limitations of the site construction conditions, there is a difference in the installation height
between the replaced new air cap and the original old air cap, which cannot be adjusted to the same
plane (as shown in Fig. 3 [15]). Furthermore, the height of the core pipe is fixed, which results in a
large gap between the core pipe and the outer cover of the air cap. These gaps change the resistance
characteristics of the Bell-type cap, resulting in a significant pressure drop through the nozzle (the

maximum pressure drop can be more than 40%).

Fig. 3 Install dislocation of air cap [15]

Under the comprehensive effect of the two factors mentioned above, causes the resistance zone of
the air distribution plate (the air caps are installed on it) i.e. the resistance in some areas is small, the
air volume is large, and the wear of the air cap is aggravating, while the air volume in some areas is
small, resulting in the fluidization dead zone and even coking. In order to avoid coking, operators often
use increased air volume, which further aggravates the wear of the hood.

2.2 The reformation scheme and design optimization of air cap
In order to solve the aforementioned issues with the conventional air caps, a new type of air cap

has been designed according to the actual operation of the boiler (see Fig. 4).
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Fig. 4 Geometric details of novel air cap

The novel air cap proposed in this study is designed to extend the outlet holes of the nozzle
downward and form an angle of 60° with the vertical direction. It can greatly reduce the disturbance
of the adjacent air holes of the air cap and the backflow of the bed material, hence, cover abrasion and
broken are avoided. In the study of flow characteristics, it has been found that the air ejected from the
outlet pipe of the novel air cap hits the bed material at the bottom of combustion chamber obliquely at
high velocity, and then rebounds upwards. The air is fully mixed and dispersed with the bed material
and fluidized, so that the velocity of the mixture of air and bed material is significantly reduced when
it reaches the extended pipe of the air caps. It is well known that the velocity of the gas-solid mixture
has a great influence on the abrasion of the air cap, therefore, the abrasion of the outlet pipe of the air
cap is considerably reduced. In order to maintain the uniform air flow in the novel air cap, four outlet
holes with large diameters, arranged in a circular array, have been designed. The inner core is specially

designed with a series of small holes to ensures even distribution of air. Thus, the disturbance of bed



material at the bottom is more sufficient and the fluidization is more uniform.

The length and angle of the outlet pipe of the novel air cap will affect the air flow and distribution
in the furnace.

1. If the length of the outlet pipe of the novel air cap is too short, the inertia of the high velocity
air ejected from the extended pipe is not adequate, resulting in the streamlines turning up too early.
Therefore, the air cannot penetrate into the bed material layer at the bottom of the combustion chamber,
resulting in poor fluidization.

2. If the length of the outlet pipe of the novel air cap is too long, air jets from any two adjacent
outlet pipes will impact each other, resulting in uneven mixing with the bed material and part of the
kinetic energy being wasted. Thus, the bed material cannot be fluidized more efficiently. Moreover,
the bed material around the outlet pipes of the air caps cannot be disturbed effectively, resulting in the
formation of local flow dead zones, which is very disadvantageous to boiler combustion.

3. If the angle of the novel air cap is too small, the penetration of high-velocity air jets from the
novel air caps will be more than what is required, resulting in excessive abrasion of the air distribution
plate and reduction in the operational life of the CFB boiler. This will also have significant impact on
the flow structure within the boiler.

4. If the angle of the novel air cap is too large, air jets from any two adjacent outlet pipes will
impact each other. Therefore, the momentum of the air ejected from the outlet pipes is not adequate to
make the bottom bed material to be fully disturbed, resulting in uneven mixing, loss of thermal
efficiency of the boiler and reduction in the operational life of the air caps.

In order to evaluate the performance of the retrofit, a series of cold tests using the novel air caps

have been carried out. Through these tests, the characteristics of pressure drop and air flow penetration



depth can be understood, and the corresponding characteristic curve, as well as empirical correlations,
can be obtained.
3. Mathematical modelling of the Novel Air Cap
According to literature [5], the dynamic characteristics of air cap is mainly decided by two factors:
pressure drop and air jet penetration length. Air caps with enhanced performance should have low
pressure drop and optimal air jet penetration length. Therefore, it is very important to calculate the
relationship between these two important kinetic parameters through mathematical derivation.
3.1 Derivation of mathematical correlation for pressure drop across the air cap
According to literature [19], pressure drop (AP) across the air cap can be expressed as follows:
AP = 2 pyv? (1)
£=aReP )
Combining the above two equations:
) p(laiIReibi)Vf

AP = : €)

where subscript i(1,2,3,4,5) corresponds to five resistance zones (i.e. cap outlet orifice, ring seam,
core pipe orifice, cap turning point and core pipe) respectively. a; and b; are constants to be
obtained through the regression of experimental data.

By definition: Re = pTVl 4)
where 1 is the dynamics viscosity, [ is characteristic length and p is the density of air. Therefore,

we deduce:

i, p<|ai|("ﬁ“)bi)vi"
AP = (5)
2

where p and n are both constant. Simplifying Eq. (5), we get:

bi._b;
AP = 37, ng|1] v (6)



where n; is a constant; and as shown in Fig. 5, [; is the orifice diameter of cap outlet, [, is the
average value of core pipe diameter and cap diameter, l3 is the core pipe orifice diameter, [, is the
height from top wall of core pipe to top wall of caps and [ is the core pipe diameter. From Fig. 5, it

can be clearly seen that 1, is equal to zero.
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Fig. 5 Schematic diagram of the prototype nozzle

3.2 Development of the mathematical correlation for pressure drop across the air cap

The experimental results of pressure drop (AP) under six different conditions are shown in Table
1. The primary air volumetric flow rate in conditions 1-5 is 1000, 2000, 3000, 4000, 5000 and 6000
(Nm>/h) respectively.

In Table 1, v4-vs means the velocity flowing through [;-ls cross sections respectively.
Because [, isequal to 0, so v, equals 0. Therefore, v, does not exist in Table 1. Velocity in // and
15 cross sections could be directly measured in velocity tester, velocity in /2 and /3 cross sections could

be calculated according to the law of mass conservation.



Table 1 The experimental results of pressure drop (AP)

Condition 1 Condition 2 Condition3 Condition4 Condition5 Condition 6

vl (m/s) 5.9 11.79 17.68 23.58 29.47 35.37
v2 (m/s) 4.5 9.09 13.63 18.17 22.72 27.26
v3 (m/s) 10.55 21.10 31.65 42.20 52.75 63.30
v5 (m/s) 4.42 8.84 13.26 17.68 22.10 26.53
AP (Pa) 544 1036 1738 2756 4179 6082

The values of a;, b; and n; can be obtained by regression of experimental data, as follows:

AP = 155.996v2¢67 + 0.0007v33** + 0.0567v3%%3 + 0.0268vZ°7 (7)
Details of the tests and the verification of Eq. (7) will be discussed in section 5.
4. Derivation of mathematical correlation for air jet penetration length

The schematic diagram of vertical downward jet of gas is shown in Fig. 6 [20].
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(a) (b)
Fig. 6 Schematics of vertical jet depth [20]
In Fig. 6, 1 is the jet nozzle radius, s is the total air jet penetration depth along the direction of the

nozzle’s outlet, h is the vertical component of total air jet penetration depth (h = s cos), R is the air



jet penetration radius at penetration depth, the density of air jet is po, the average density of the
surrounding medium is p and V is the volume of the surrounding medium. The air jet volume of the
cap is:

V = 1r?x + 3 (h = x0)(R? + 1% + Rr) (8)

Diffusion of gas in medium is:

_ _ R-r
tan@ =k = — 9)
Therefore:
R=k(h—-xy) +r (10)

Inserting Eq. (10) into Eq. (8), we get:
V = mr?x, + g(h —Xo)(R(R+r) +1r?) = mr?x, + g (h — xo)[k?h? + (3kr — 2k?x,)h +
(k2x3 — 3krx, + 3r?)] (11)
As nozzle momentum is equal to the buoyancy of two-phase flow around the gas jet column, and
the influence of the inclination angle, we get:
poir?(upcosd)? = pVg (12)

Thus, the following expression can be obtained:

1 — — —
h = = {/r2p2g? (3pougk + pgr — 3pgkxo) +xo — (13)

Based on [21], X, =71, 6 = 6.6° and k = 0.116. Hence, the following equation is acquired:

h = % /r2p2g2(3pouk + pgr — 3pgkr) +r —i (14)
The experimental verification of Eq. (14) will be discussed in section 5.
5. Cold test of novel air caps

For the purpose of conducting cold tests, it is a classical research method to simulate the actual

bed material using water, and the corresponding model is called Water Model Experiment [22-26]. An



advantage of this methodology is that the visualization is significantly better; the trajectory and
distribution of air jets can be captured more effectively. This provides the preliminary research basis
for follow-up hot tests in this study. Details of the cold test bed procedures, results and analysis are
discussed below.
5.1 Experimental set-up and procedure

In order to verify the mathematical models obtained in the previous sections, and to analyze the
flow uniformity of the novel air caps, cold tests have been carried out using a scaled model. Fig. 7
shows the test bed and its schematic. The test bed comprises of an air supply system and air caps. The
air supply system is composed of a centrifugal fan and an air supply pipe. The air is driven by the
centrifugal fan (1), through the pipeline, the valve (3), the glass rotameter (2), the air caps (6). It is
then injected into the furnace (7) and then discharged to the atmosphere by exhaust pipe (4). The
combustion chamber is made of Plexiglas and steel. Fifty air caps installed on the top wall of the wind-
box provide the primary air to the combustion chamber. The novel air caps have been connected to the
air distribution plate by thread. This way, the height of the air cap can be adjusted according to the
requirements, and the direction of the outlet pipe of the novel air cap can be adjusted to make them
evenly arranged. The heights of all novel air caps are kept consistent, while the outlet pipes of adjacent
air caps are opposite.

The pressure drop across the air caps and the fluidizing air rates have been monitored in the cold
test performed. The pressure drop across the caps is measured by using U-tube pressure gauge (5). The
outlet pressure is the same as the atmospheric pressure. Thus, the pressure drop of the hood is obtained.

The fluidizing air rate can be directly recorded by the glass rotameter (2).
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Fig. 7 Cold test bed

5.2 Results and discussions
The results obtained from cold test are discussed below.
5.2.1 Pressure drop across the air novel air caps

The experimental results for the pressure drop are shown in Fig.8.
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Fig. 8 Experimental results of the pressure drop

Comparing the pressure drop across the old type (conventional) and the novel air cap
configurations, it can be seen that both these are a function of volumetric flow rate. Although at lower
flow rates the pressure drop experienced by both the configurations is roughly the same, however, as
the volumetric flow rate increases, the pressure drop across the novel air caps is recorded to be
markedly less than the conventional air caps, and this difference increases as flow rate increases. The
cold test results confirm the appropriateness of the novel air caps. The average pressure drop across
the novel cap configuration, under six different test conditions, is 18.9% lower than that of the
conventional cap configuration. Furthermore, as the outlet holes of the caps are at an angle of 60° with
the vertical direction, there is no bed material backflow.
5.2.2 Verification of the mathematical pressure drop correlation for the novel air caps

Based on mathematical correlation in Eq. (7), the calculated values of AP are obtained. These
calculated pressure drop values are compared against the cold test pressure drop values, and their

relative errors computed, as shown in Table 2.



Table 2 Relative error in pressure drop

Condition Calculated AP (Pa) Experimental AP (Pa) Relative Error (-)
Con. 1 542 544 0.003
Con. 2 1018 1036 0.017
Con. 3 1683 1738 0.031
Con. 4 2638 2756 0.043
Con. 5 3965 4179 0.051
Con. 6 5734 6082 0.057

From Table 2, it can be clearly seen that the calculated values are in good agreement with the
experimental ones. The highest relative error does not exceed 1%. This proves that the mathematical
correlation in Eq. (5) is credible and can be used for accurate prediction of pressure drop across air
caps.

5.2.3 Error analysis of the mathematical correlation for pressure drop

After conducting the cold tests, the reliability of the mathematical correlation for pressure drop
needs to be evaluated using error analysis approach. The detailed description regarding the principles
of error analysis can be found in [27].

AP = f(vq,vy,v3,v5) = (X4, X5, X3, X,)

Based on the principles of calculus, the following equation can be obtained:

_0AP dAP dAP dAP _v4 o '
A(AP) = v X Av, + v, % Av, + v ¥ Avs + Fvg ¥ Avs = Y, G X AX; (15)
. . . ]
where Anyg is the test error in the pressure drop and AX; is the measurement error of X;. |Ci| = |§|

(the absolute value of partial derivative) reflects the influence of X; on AP, and is of great importance

[28]. The calculated values of |C;| are shown in Fig. 9.
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Fig. 9 Calculated values of |C;| for AP

From the results depicted in Fig. 9, it can be clearly seen that the maximum absolute value of the
partial derivative is |C5| under all the working conditions considered. This means that v is the most
important factor affecting the pressure drop and special attention should be paid to this in engineering
design of air caps.
5.2.4 Verification of the mathematical air jet penetration length correlation

Because the density of water is almost the same as that of the dense area of the fluidized bed, and
that the water is transparent and easy to observe and photograph, it was considered to simulate the
dense area at the bottom of circulating fluidized bed with a container filled with water. In this way, the
behavior of the air jet from the caps, through the gas-solid fluidization zone in the dense phase, can be
simulated by the behavior of the test bed air caps penetrating the static water in the water model.

In the cold tests, we have used the image method. A scale has been fixed beside the hood and a

high-definition camera has been used to take photos of the jet under each experimental condition. An



image processing software has been used to read the jet depth value. Since the mathematical correlation
of the jet length has already been derived in Eq. (14), the comparative results of theoretical calculations
and experimental measurements are presented in Fig. 10. It can be seen that the air jet penetration
length increases linearly with the flow velocity in air caps, and that the theoretically calculated air jet
penetration length values of the novel air cap configuration are in good agreement with the

experimentally measured data.
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Fig. 10 Theoretical and experimental air jet penetration length values
Further analyzing the calculated and measured air jet penetration length values, Table 2
summarizes the relative error between these values. It can be seen that the theoretically calculated air
jet penetration length values of the novel air cap configuration are in good agreement with the
experimentally measured data, and that the maximum error is less than 10%. It clearly shows that the

mathematical correlation can be used for accurate predictions of air jet penetration length.



Table 3 Relative errors in air jet penetration length

uo (m/s) h-Calculated (mm)  h-Experimental (mm) Relative Error (-)
5.89 4.32 4.53 0.045
11.79 17.28 19.01 0.090
17.68 32.66 35.04 0.068
23.58 48.39 4418 0.095
29.47 63.77 58.89 0.083
35.37 78.68 85.23 0.077
41.26 93.05 98.39 0.054
47.16 106.95 111.22 0.038
53.05 120.37 125.46 0.040

5.2.5 Error analysis of mathematical correlation for air jet penetration length
The reliability of the mathematical correlation for air jet penetration length is evaluated in this
section.
h = f(r,p,up) = (X1, X2,X3)

Based on the principles of calculus, the following equation can be obtained:

dh

Ah=ar

XA+ 2 x AP+ 2 x Aug = 32, G X AX; (16)
ap dug

where Ah is the test error in the penetration length of air jet and AX; is the measurement error of X;.

IC;| = |%| is the value of |C;| which reflects the influence of X; on Ah, and is of great significance.

The calculated values of |C;| are shown in Table 4.



Table 4 Calculated values of |C;| for Ah

oh/ar oh/dp dh/ du,
0.095 5.16¢-05 0.0018
0.30 1.47¢-05 0.0025
1.05 2.36¢-05 0.0027
1.99 3.12¢-05 0.0026
2.9 3.79¢-05 0.0026
4.02 4.39¢-05 0.0025
5.04 4.95¢-05 0.0024
6.05 5.46¢-05 0.0023
7.03 5.95¢-05 0.0022

From the results summarized in Table 4, it can be clearly seen that the maximum absolute value
of the partial derivative is |C;| under all the working conditions. This means that r is the most
important factor affecting the air jet penetration length and special attention should be paid to this in
engineering design of air caps.

5.2.5 Flow uniformity analysis in novel air caps

In order to analyze the flow uniformity enhancements by using novel air caps in the CFB boiler,
cold tests have been performed using both the conventional and the novel air caps (details of cold tests
are in section 5.1). It has already been discussed in Fig. 7 that cross-sectional plane P1 has been
considered for evaluating flow uniformity, while the details of the precise monitoring locations are

presented in Fig. 11, namely ul to u9.
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Fig. 11 Test points in the CFB boiler cold test bed
The cold test was conducted at Q=6000m’/h. The flow velocity values at aforementioned
monitoring points have been recorded and summarized in Table 5, for both the air cap configurations.
It is evident that the flow velocity in the novel air cap configuration is significantly higher than in the
conventional air cap configuration, under the same operating conditions. This suggests that the
resistance to the flow offered by the novel air caps is considerably lower than the conventional air caps,
though this does not signify flow uniformity enhancement.

Table 5 Flow velocity at Plane P1

Flow velocity in Flow velocity in novel air
Monitoring point
conventional air caps (m/s) caps (m/s)
ul 2.65 5.15
u2 1.58 5.08
u3 1.47 4.93
ud 2.32 4.55
us 2.5 4.97

ub 1.33 4.78



u7 2.93 4.77

ud 1.89 5.12

u9 1.2 5.19

In order to evaluate the effectiveness of the novel air caps in terms of flow uniformity,
inhomogeneity in the z component of flow velocity, at cross-sectional plane P1, has been used. The
flow velocity inhomogeneity can be expressed as [29]:

e = /% n (“iﬁ‘ﬁ)2 x 100 (%) (17)

where ¢ is the flow velocity inhomogeneity, ui is the local flow velocity in z direction at plane P1, u

is average flow velocity in z direction at P1 and n are the number of measurement points in plane P1.
Flow velocity inhomogeneity on plane P1, in case of a conventional CFB boiler, has been computed
to be €1=63.21%, while it is £2=21.37% for the CFB boiler installed with the novel air caps. Thus, it
can be inferred that flow velocity homogeneity significantly increases as novel air caps are installed in
a CFB boiler. The effectiveness of air flow modifier is reflected by flow velocity inhomogeneity

reduction on the plane P1, which can be expressed as:

Ae = &%) (18)
€1
where Ag is the percentage reduction in flow velocity inhomogeneity. Ae for the data in Table 5 has
been computed to be (63.21-21.37)/63.21=70%. This means that the novel air caps configuration is
66% more effective in uniformly distributing air flow within the primary air supply system of the CFB
boiler compared to conventional air caps configuration.

The next step is to experimentally prove that the novel air cap configuration developed here

actually improves air flow distribution within a CFB boiler.



6. Hot test results

The final verification of the aforementioned results has been carried out by Guang Dong Special
Equipment Test and Research Institute [2] in their hot test reports. The results of hot test are
summarized in table 6.

Table 6 Results of hot test

Before  After %
Test Items Symbol  Unit
retrofit  retrofit change

Carbon percentage of the received base Car % 3431  42.51 23.9

Hydrogen percentage of the received base Har % 2.33 2.86 22.7

Oxygen percentage of the received base Oar % 14.99 10.89  -27.3
Nitrogen percentage of the received base Nar % 0.63 0.62 -1.6

Sulphur percentage of the received base Sar % 3.35 0.26 -92.2
Water percentage of the received base Mar % 18.31 17.89 2.3

Ash percentage of the received base Aar % 2924 2497 -14.6
Low calorific value Qaw  kl/kg 14170 15560 9.8

Unburned carbon content in slag Caz % 2.59 3.69 42.5

Percentage of slag content accounting for the

Oldz % 30 30 0.0
total ash content
Unburned carbon content in fly ash Cm % 0.47 2.01 327.6
Percentage of fly ash content accounting for
Oifh % 70 70 0.0

the total ash content

Exhaust flue gas temperature Opy °C 171.2 140 -18.2



Oxygen content in exhaust flue gas Vo2 % 12.02 8.03 -33.2

CO content in exhaust flue gas Vco %  0.0053 0.0048 -94

Heat loss from incomplete combustion of
qs % 0.06 0.06 0.0
flammable gas

Heat loss from incomplete combustion of
qQ4 % 0.633  0.633 0.0

solid
Heat loss from boiler radiation qs % 0.4 0.4 0.0
Heat loss from ash slag qe % 02226 0.2226 0.0
Thermal efficiency of boiler n % 86.4 91.8 6.2

It should be noted that the difference in calorific values of coal used before and after retrofit is
less than 10%. Due to the extensive fuel adaptability of CFB boiler, coal with different calorific value
can be combusted in CFB boiler effectively, and the fuel with calorific values difference less than 20%
has little effect on the thermal efficiency of CFB boiler according to our experience. It can be seen
towards the end of the table that heat losses in the 220t/hr CFB boiler, installed with novel air caps,
have significantly decreased. Hence, the thermal efficiency of the boiler has been shown to increase
from 86.4% to 91.8%, which is equivalent to savings of 6,000 tons of coal per year. The economic
benefits of this energy-saving technology are very significant, and hence, it confirms the effectiveness
of the optimally designed air flow modifier (air caps). Further investigations are required in order to
gauge the effects of the developed nozzle design on abrasion, cover damage, holes plugging and inner
core tube rupture.

7. Error analysis of the thermal efficiency of CFB boiler

After conducting the hot test, the reliability of CFB boiler's thermal efficiency needs to be



evaluated using error analysis approach. The boiler's thermal efficiency can be expressed as:

Ng = d1 =100 — X2, q; (%) (19)
where qi(i=1, 2, 3, 4, 5 and 6) represents net heat (q1), heat loss due to exhaust gas (q2), heat loss due
to unburned gas (q3), heat loss due to unburned carbon (q4), heat loss due to radiation (qs) and heat
loss due to sensible heat in slag (qe) respectively. According to [30], the following empirical equations

can be used to calculate the values of q2, q3, g4, g5 and ge:

Q2 = (m + nayy) (1 - 3) Zetem o) (20)

100 100

where m =0.5, n=3.45, apy is excess air coefficient, Opy is exhaust gas temperature and tamb is ambient
temperature.
43 = 7\O(pyVCO (%) (2D

where A= 3.2 and Vco is the volume percentage of CO in exhaust flue gas.

— BAar(ahz Chz afh Crn ) 0
da Qr \100-Cp, t 100—Cgp, (%) (22)

where B is the calorific value of combustible material (33700kJ/kg), Aar is the ash percentage of the
received base in %, Qr is the low calorific value of the received basis in kJ/kg, Ch, and Cm represent
the weight percentage of combustible material in coal slag and fly ash in % respectively, and an; and
am represent the percentage of coal slag content and fly ash content in total amount of fuel ash in %

respectively. In the current study, according to [31], an.=0.2 and am=0.8.

45 = = oo + 4 (%) 23)

where h=0.33, d=0.495, X, and X are the rated and current loads of the boiler respectively.

Aar
de thOO Chy ( )hz Qr (24)

where (c9)n- is the enthalpy of coal slag. Combining Egs. (20-24):

_ _ _ Qs Opy—tamb B Aar ( ahz Chz arh Cfn )
Ng = 100 [(m + napy) (1 100) 00 T AapyVeo + Qr \100—Cp, + 100—Cg +



Aar

(_ Tooxg T d) + ap, W( )hz (25)

where [32]:
(c9)p, = 0.00028876%, + 0.68516,, + 26.76 (26)
Upy = 0.22.3\1/02 (27)

Thus:
Mgt = f(Opy, Vo,, Veo, Cm, Chzs Aars Qr) = (X1, X2, X3, X4, X5, X, X7) (28)
Based on the principles of calculus, the following equation can be acquired:

Ang = j;‘gl X ABpy + S - AV, + o+ ﬂ x AQ, = Y7, C; X AX; (29)

where Angl is the test error in the thermal efficiency of the boiler, AXi is the measurement error in Xi,

ong __ Ang

C: = =
1 0X; AXii

where AXii is fractional change in Xi (0.1%) and Ang is the variation in ng caused by
AXii. The results of the error analysis for the 220t/hr CFB boiler are summarized in Table 7. It can be
clearly seen that the maximum test error in the thermal efficiency of the 220t/h CFB boiler is 0.034%.
Hence, the results presented in table 6 regarding the increase in the thermal efficiency of the 220t/hr
CFB boiler (by 6.2%), after the installation of novel air caps is thus confirmed.

Table 7 Results of error analysis

Items Symbol Unit  Value Accuracy AXi Ci Ci * AXi

Exhaust flue gas

Opy °C 140 0.1 0.1 0.00427  0.000427
temperature
Oxygen content
in exhaust flue VO2 % 8 0.01 0.0008 0.014 1.08e-05

gas

CO content in VCO % 0.048 lppm  0.000001 5.377 5.38e-06



exhaust flue gas

Unburned carbon

Cth % 2.01 1 0.0201 0.4485 0.009
content in fly ash
Unburned carbon
Chz % 3.69 1 0.0369 0.1165 0.004
content in slag
Ash percentage of
Aar % 24.97 0.5 0.125 0.0536 0.007
the received base
Low calorific
Qr klJ/kg 15560 1 155.6 0.000086 0.013
value
Test error in the
Angl % 0.034

thermal efficiency

9.0 Conclusions

The primary aim of the present study is to carry out theoretical and experimental investigations
on the development and use of novel air caps in a 220t/hr CFB boiler, in order to increase its thermal
efficiency. Mathematical correlations have been developed for air pressure drop and air jet penetration
length from air caps. Cold tests on a scaled CFB boiler model, installed with novel air caps, have been
carried out to verify the accuracy of the developed correlations, under varying operating conditions.
analyze the of novel air cap. The average pressure drop across the novel air caps has been recorded to
be 18.9% lower than conventional air caps. Moreover, through the cold test, it has been noticed that
uniformity in air flow has significantly improved; inhomogeneity is reduced by 66%. As the novel air
caps have outlets at an angle of 60° vertically, it has been observed that air flow from the caps do not

impact the wall surfaces directly, and that there is no bed material backflow. Thus, the abrasion of the



air cap and ash deposition is significantly reduced. The same methodology has been implemented to a
full scale 220t/hr CFB boiler as well. According to the results of the hot test performed on a 220t/hr
CFB boiler, the thermal efficiency of the boiler increases from 86.4% to 91.8% when novel air caps
are used. This increase in the thermal efficiency of the CFB boiler corresponds to an equivalent saving
of 6,000 tons of coal per year. The economic benefits of this energy-saving technology are very thus
very significant.
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