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Abstract: Under the conditions of high demand for energy saving and environmental protection,
the thermal power unit is required to phase out the traditional extensive operation mode—a method of
oxygen-enriched combustion in a furnace, considering safety first. Achieving efficient and economic
operation with an optimal proportion of air distribution in these thermal power units is crucial.
The high-precision simulation equipment could provide an experimental basis for optimal operation
of field units. This paper starts by improving the accuracy of simulation equipment. In this work,
the method of dividing nodes and branches in the boiler was based on signal flow graph theory.
According to the flow characteristics of the working substance, the method for calculating the node
and branch pressure drop was analyzed and set up. Subsequently, a fluid network model of the
multi-dimensional flue gas system was constructed. With the help of our self-developed simulation
model and data-driven platform, a modular simulation algorithm was designed. The simulation
analysis of the boiler showed the accuracy of the model.

Keywords: thermal power plant; flue gas system; fluid network; nodes and branches; signal flow
graph; simulation

1. Introduction

A decrease in electricity consumption has meant that the average utilization hours of thermal
power units have decreased rapidly. Many thermal power units run at a low load for a long time, or
the working conditions are adjusted frequently. Under severe environments, efficient and economic
operation of the thermal power unit is important [1]. High-precision mathematical models can provide
the necessary data support for operation optimization. The boiler equipment, especially the burning
system, is a key component for achieving efficient operation optimization. An accurate description
of the flow characteristics of a flue gas system has long-term significance. Many researchers have
established many different types of flow-characterization models from different perspectives.

With the cold-flow model experiment, a cold test model was built to study gas flow characteristics
in a boiler [2–4], potentially providing the basis for the design of a real boiler. Advanced measuring
devices and methods were used to monitor the dynamic field of the boiler. The two-dimensional
(2D) velocity field was reconstructed using the sound velocity distribution obtained by acoustic
measurement [5]. An experimental investigation of the aerodynamic field in a four-cornered
tangentially fired boiler was carried out using linear discriminant analysis (LDA) technology and a
rotation method [6]. The powder velocity field in a boiler was set up using particle imaging velocimetry
by dispersing tracer particles that followed the different motion of fluids in the two-phase particle
flow field [7]. With the development of numerical simulation, the flow characteristics in a boiler
could be simulated. Y. Zhou used the standard k-ε turbulence model to study the flow field of a
tangentially fired boiler. The comparison error between the simulation result and test data was about
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10% [8]. C.R. Choi and C.N. Kim conducted research on flow, burning and NOx production in a
tangentially fired boiler under different working conditions by using a re- normalization group (RNG)
k-εturbulence model [9]. J.T. Hart used standard k-ε, RNG k-ε and Reynolds stress models to simulate
the aerodynamic field of the burner nozzle area in a tangentially fired boiler, and compared the errors
of the three models [10]. N. Modlinski used a realizable k-ε turbulence model to study the effect
of different swirl-plate angles on the flame temperature [11]. Even though numerical simulation
techniques can describe dynamic and flow fields with high precision from microscopic images, further
refinement of these models is needed.

The dynamic field of the fluegas in a boiler has the basic characteristics of a fluid network.
Many studies have been conducted on the fluegas flow from a fluid network viewpoint. The use of
a steady-state or quasi-steady-state model of a fluid network to analyze the dynamic characteristics
of 1D or multi-dimensional fluid networks has developed rapidly. B. Ge built a network model of
compressible fluid by analyzing the energy conservation and quality conservation of the nodes [12–14].
Considering the network similarity, an analog simulation method that could be applied to a general
fluid network was proposed. The pressure model was analogous to a pure resistance linear circuit
model, and the temperature model to a hypersurface model in L-dimensional Euclidean space [15,16].
K. Cai and other researchers analyzed two types of common fluid-network modeling methods: node
pressure and network, and subsequently built a mathematic model of flow resistance of a fluegas
system in a supercritical boiler [17].

To improve the accuracy of the node model, the pressure-correction method and integration have
been combined to solve the problem of instability in fluid-network node modeling [18].

The network structure was established using graph theory, and the quasi-Newton iterative
algorithm was used to calculate the transfer coefficient matrix [19]. The above fluid-network model
could have described the flow characteristics macroscopically, but this was ignored in the report.
The boiler was described as a node, and the model was inaccurate.

In recent years, advanced algorithms have been used in fluid network modeling. In 1998,
W.H. Shayya and S.S. Sablani began to use artificial neural network models to calculate the friction
coefficient along the fluid network [20]. The nonlinear fitting ability of the artificial neural
network played an important role in modeling the complex fluid network. Furthermore, in 2012,
S. Samadianfard introduced a genetic algorithm to calculate the hydraulic friction coefficient [21].

In recent years, with the ability to map a time series onto complex networks, progress has been
made in complex multiphase nonlinear dynamics analysis. G. Zhongke et al. applied complex
networks to the nonlinear analysis of multiphase flow, and pointed out that the two-phase flow
conductivity time series based on experimental measurements could be used to construct complex
networks [22]. Q. Sun et al. mapped the time series of the flow pressure difference onto complex
networks. The identification of the air-water two-phase flow pattern and its nonlinear dynamic
characteristics in a vertical riser was also studied by analyzing the community structure and statistical
properties of the network [23]. To a certain extent, the complex network theory eradicates some of the
shortcomings of simple networks.

This paper draws on the analysis theory of complex network structure to study the burning
condition of the boiler. In this work, a fluid network model of a fluegas system in a tangentially fired
boiler was constructed, based on the theory of a signal-flow diagram. The influence of gas-phase
dynamic characteristics on the combustion process was described based on nodes and branches.
As evidenced by specific examples, the model fully simulated the dynamic characteristics of the
fluegas system in the boiler. It may also be applied in the simulator of thermal power units to provide
model data for optimization and adjustment of combustion systems.

2. Fluid-Network Model Based on Signal Flow Graph Theory

Regardless of the type of internal working fluid, the fluid network is usually considered as nodes
and branches connecting nodes in analysis and modeling.
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In 1953, S.J. Mason proposed the signal flow graph that could be used to solve linear algebraic
equations from topological graphs. The theory could be used for the analysis of feedback systems,
solving linear equations, simulating linear systems and designing digital filters. The complex system
was also described with nodes and directed segments with arrows [24]. With signal flow graph theory,
nodes and branches can be used to describe the relationship of a device in a fluid network. However,
the device not only corresponds to the nodes, but may also correspond to the branches. The connection
between the devices may also correspond to both the nodes and branches.

The theory can be described as follows [25]:

(1) When using the node to describe the device in a fluid network, it accurately reflects the change in
pressure of the devices. The compressing process is neglected, such as the pumps and fans.

(2) When using the node to describe the type of connecting pipeline among the devices, the pressure
of the pipeline would change because it is under high pressure. The changing pressure could be
calculated via the increasing number of nodes.

(3) When using the branch to describe a connecting pipeline among the devices, it could reflect the
change in mass and flow, and the change in pressure would be neglected.

(4) When describing a device such as a valve, which mainly affects the change in mass and flow, the
change in pressure could be obtained via node calculation.

(5) There are three types of nodes in the signal flow graph: input, output and mixed nodes. During
the setup of the model, the input and output nodes correspond to the boundary condition, which
is usually atmosphere, or fluid with confirmed parameters, and so on.

(6) The calculation of a mixed node is more complex. The impact from upstream and downstream of
the node, and entering and out-flowing of the node, should be considered.

In this paper, the flow refers to mass flow. mi is the mass of the fluid and qmi is the flow of the
branch passing through node i, which is defined where the flow entering the node is positive and that
exiting is negative. qm,ext is the additional flow through node i, or the node characteristic correction.
The magnitude of the positive and negative qmi value is the same. Vi is the volume of node i, ρi is the
density of the fluid, pi is the pressure of node i and Ti is the temperature.

Thus, the mass conservation equation of a single node can be described as follows:

dmi
dt

= ∑ qmi + qm,ext; (1)

dmi
dt

=
d(Vi × ρi)

dt
= Vi(

∂ρi
∂pi
× ∂pi

∂t
+

∂ρi
∂Ti
× ∂Ti

∂t
). (2)

The length of the pipeline among the nodes and the node volume are constant. The density
of the fluid varies with pressure and temperature, and the impact of the temperature is neglected.
ci denotes the change of density with pressure, or the compressive energy of the working fluids. For the
uncompressed fluid, dρi/dpi = 0, and for the general fluid, the compressed coefficient is considered
as a number close to zero. The relation between compressibility and flow is as follows:

ci
dpi
dt = ∑ qmj + qm,ext;

ci = Vi
dρi
dpi

.
(3)

The flow and pressure of the pipeline inlet is described by:

qmj = Cm ·
√

∆p, (4)



Energies 2017, 10, 1432 4 of 12

where Cm is the admittance of the pipeline, which reflects the circulation resistance, and ∆p is the
differential pressure of the pipeline inlet and outlet. The equation is nonlinear. The following is the
result after Taylor series expansion, ignoring higher-order terms with an initial condition of zero:

qmj = qmj0 +
∂qmj

∂(∆p)

∣∣∣
qmj0

(∆p− ∆p0);

qmj = Bm · ∆p; and

Bm = Cm√
∆p

∣∣∣∣
0
=

∂qmj
∂(∆p)

∣∣∣
qmj0

,

(5)

where Bm is the admittance after linearization. Without considering the additional flow, the following
results after linearization:

ci
dpi
dt

= ∑ Bsm∆pm−∑ Bsn∆pn. (6)

Bsm is the branch admittance that enters the node, and Bsn is the branch admittance that exits the
node. pj and qmi are the upstream and downstream node pressure with a relationship of:

pj > pi > pk

ci
dpi
dt

= ∑ Bsm(pj − pi)−∑ Bsn(pi − pk). (7)

p′i is the final pressure, and Equation (7) can be described as:

ci
pi − p′i

dt
= ∑ Bsm(pj − pi)−∑ Bsn(pi − pk); (8)

ci
pi − p′i

dt
= ∑ Bsm pj −∑ Bsm pi−∑ Bsn pi + ∑ Bsn pk; and (9)

ci
pi
dt

+ ∑ Bsm pi + ∑ Bsn pi = ci
p′i
dt

+ ∑ Bsm pj + ∑ Bsn pk. (10)

Subsequently, the formula of node pressure pi can be obtained:

pi =
ci

p′i
dt + ∑ Bsm pj + ∑ Bsn pk

ci
dt + ∑ Bsm + ∑ Bsn

. (11)

After Laplace variation of Equation (7) under an initial condition of zero:

Pi(s) =
∑ BsmPj(s) + ∑ BsnPk(s)

ciS + ∑ Bsm + ∑ Bsn
. (12)

pi is determined by the pressure of the final moment, and the upstream and downstream pressure.
The equivalent transfer coefficient form among the nodes is the first-order inertia element.

3. Model of the Single-Layer Tangentially Fired Boiler

The nozzle form of the tangential burner was a rectangular jet. The overall pressure drop included
that of the primary airduct and that of the jet from burner to boiler. The flow resistance coefficient of
the equivalent branch was obtained using the total pressure drop and the mass flow [26].

3.1. Pressure Drop of the Primary Airduct

In the primary airduct, the mixture of primary air and pulverized coal was a typical dilute
gas–solid flow. There were two types of pressure drop: the working fluid acceleration pressure drop,
and the frictional pressure drop. The latter was composed of two drops corresponding to the gas and
solid phase.
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The acceleration pressure drop can be described as:

4 pacc =
ρgv2

g

2
(1 + µ

(
vs

vg

)2
), (13)

where µ is the powder concentration, ρg is the gas density, vg is the gas velocity and vs is the
solid velocity.

The friction pressure drop is given by:

4 p f = 4p f g +4p f s = λg
L
d

ρgv2
g

2
+ µ

vs

vg
λs

L
d

ρgv2
s

2
= λg

L
d

ρgv2
g

2
(1 + µ

λs

λg

vs

vg
), (14)

where λg is the equivalent friction coefficient of the gas phase,λs is the equivalent friction coefficient of
the solid phase, L is the length of the pipeline and d is the diameter of the pipeline.

3.2. Pressure Drop in Boiler

The nozzle form of the tangential burner was a rectangular jet. The pressure drop of the jet from
burner to boiler could be calculated with jet speed along the direction of the nozzle.

The expanding angle of the jet can be calculated using:

cot
θ

2
=

x0

b0
=

0.41
a

, (15)

where x0 is the distance from the jet origin to the nozzle, and b0 is the nozzle radius.
The relation between the two is as follows:

ωm

ω0
=

1.2√
a x

b0
+ 0.41

; and (16)

ωx

ωm
=

1−
(

y
ybj

) 2
3
2

, (17)

where a is the empirical constant (related to the turbulence degree of the airflow and the uniform
distribution of the velocity field at the nozzle), ω0 is the initial speed of the nozzle and x is the distance
measured to the nozzle. ωm is the speed at axis x from the nozzle, and ωx is the speed at axis x from
the nozzle. y is the distance to the axis, and ybj is the distance between the axis and the boundary.

The pressure drop is calculated based on the change in the jet velocity:

4 pacc = (1 + c0)
ρ(ω2

0 −ω2
m)

2
, (18)

where c0 is the density of coal fines.

3.3. Tangential Boiler Model of Single-Layer with FourCorners

The signal flow graph model of the single-layer tangentially fired boiler was built as shown in
Figure 1. Si is the node of pressure, and i is from 0 to 8. S0 is the inlet pressure node of the air–powder
pipe. Sj is the outlet pressure node of the air–powder pipe, and j is from 1 to 4. Sk is the pressure node
of the injector, and k ranges from 5 to 8. Sk reflects the position and pressure of the circle.
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Table 1 shows the structure and parameters of the 350 MW supercritical coal-fired units. Figure 2
is the hypothetical tangential structure for theoretical calculation.

Table 1. Parameters of the boiler structure.

Parameter Value Parameter Value Parameter Value

Width of boiler 14.904 m Length of boiler 14.094 m Height of boiler 61.900 m

Number of
burner layers 5 Number of

secondary air layers 6 Number of
over-fire air layers 2

Elevation of the
top burner 27.402 m Elevation of the

lowest burner 20.566 m

Internal diameter
of pulverized

coal nozzle
0.51 m

External diameter of
pulverized coal

nozzle
0.53 m
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Figure 2. Hypothetical tangential structure for theoretical calculation.

On the simulation platform STS (Simulation Training System), which was designed independently,
algorithms were designed to calculate the node pressure, the pressure drop of the air-powder pipeline
and the jet flow. Figure 3 shows the module distribution and connection relationship in STS.
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Figure 3. Simulation model of the single-layer tangentially fired boiler.

On the simulation platform, the response curves of key parameters with different inputs and
external disturbance were studied, as shown in Figure 4.
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disturbance when powder pipes 1 and 3 were blocked; and (d) powder exit with pressure disturbance
when powder pipes 1 and 3 were blocked.
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In the subfigures, the ordinate is absolute pressure and the unit is KPa. By changing the inlet
pressure disturbance of the air-powder pipe, the response curves of the air-powder pipe outlet pressure
and the injector pressure were studied.

It can be seen from the subfigures that the position and pressure of the tangential circle varied
with the pressure of the separator outlet of the coal grinding machine (and the inlet of the air-powder
pipeline). When the air-powder pipelines were blocked, the amplitude of the pressure varied.
According to the curve in Figure 4d, on the same branch of the fluid network, the pressure change
of the downstream node lagged behind the front node. The lag time was adjusted by ci in the node
calculation process.

4. Tangential Boiler Model of the Direct-Current Burner with Intersecting Adjacent Multilayers

Figure 5 shows the position of the primary and secondary air pipelines in the single layer of the
350 MW boiler. The nodes of the signal flow graph are shown in Figure 6.

Energies 2017, 10, 1432 8 of 12 

 

In the subfigures, the ordinate is absolute pressure and the unit is KPa. By changing the inlet 
pressure disturbance of the air-powder pipe, the response curves of the air-powder pipe outlet 
pressure and the injector pressure were studied. 

It can be seen from the subfigures that the position and pressure of the tangential circle varied 
with the pressure of the separator outlet of the coal grinding machine (and the inlet of the 
air-powder pipeline). When the air-powder pipelines were blocked, the amplitude of the pressure 
varied. According to the curve in Figure 4d, on the same branch of the fluid network, the pressure 
change of the downstream node lagged behind the front node. The lag time was adjusted by ci in the 
node calculation process. 

4. Tangential Boiler Model of the Direct-Current Burner with Intersecting Adjacent Multilayers 

Figure 5 shows the position of the primary and secondary air pipelines in the single layer of the 
350 MW boiler. The nodes of the signal flow graph are shown in Figure 6. 

 

Figure 5. Burners in the single layer and positions of the air ducts in the boiler. 

Secondary air
Primary powder

Secondary air  

Figure 6. Burners of the single layer and model of the signal flow graph of the boiler. 

The calculation of the pressure drop in the secondary airduct was relatively simple compared to 
the calculation of the pressure drop in the air-powder duct. This pressure drop was composed of the 
acceleration and friction pressure drops. 

These pressure drops were calculated for the fluid in a single phase by: 

2

2
g g

accp
ρ υ

ζ= , (19) 

Figure 5. Burners in the single layer and positions of the air ducts in the boiler.

Energies 2017, 10, 1432 8 of 12 

 

In the subfigures, the ordinate is absolute pressure and the unit is KPa. By changing the inlet 
pressure disturbance of the air-powder pipe, the response curves of the air-powder pipe outlet 
pressure and the injector pressure were studied. 

It can be seen from the subfigures that the position and pressure of the tangential circle varied 
with the pressure of the separator outlet of the coal grinding machine (and the inlet of the 
air-powder pipeline). When the air-powder pipelines were blocked, the amplitude of the pressure 
varied. According to the curve in Figure 4d, on the same branch of the fluid network, the pressure 
change of the downstream node lagged behind the front node. The lag time was adjusted by ci in the 
node calculation process. 

4. Tangential Boiler Model of the Direct-Current Burner with Intersecting Adjacent Multilayers 

Figure 5 shows the position of the primary and secondary air pipelines in the single layer of the 
350 MW boiler. The nodes of the signal flow graph are shown in Figure 6. 

 

Figure 5. Burners in the single layer and positions of the air ducts in the boiler. 

Secondary air
Primary powder

Secondary air  

Figure 6. Burners of the single layer and model of the signal flow graph of the boiler. 

The calculation of the pressure drop in the secondary airduct was relatively simple compared to 
the calculation of the pressure drop in the air-powder duct. This pressure drop was composed of the 
acceleration and friction pressure drops. 

These pressure drops were calculated for the fluid in a single phase by: 

2

2
g g

accp
ρ υ

ζ= , (19) 

Figure 6. Burners of the single layer and model of the signal flow graph of the boiler.

The calculation of the pressure drop in the secondary airduct was relatively simple compared to
the calculation of the pressure drop in the air-powder duct. This pressure drop was composed of the
acceleration and friction pressure drops.

These pressure drops were calculated for the fluid in a single phase by:

4 pacc = ζ
ρgυ2

g

2
, (19)
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where ζ is the equivalent resistance coefficient. Considering the influence of secondary air, the result is
shown in Figure 7.
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Figure 7. Response curves of the (a) powder entrance with pressure disturbance when powder pipes 1
and 3 were blocked, and (b) powder exit with pressure disturbance when powder pipes 1 and 3 were
blocked, under the influence of secondary air.

Compared with the simulation result in Figure 4, the influence of the outlet pressure of the
coal-grinding machine on the pressure position of the tangential circle reduced. In the figures, the
ordinate is also absolute pressure, and the unit is KPa. By changing the inlet pressure disturbance
of the air-powder pipe, the curves of the air-powder pipe outlet pressure and the injector pressure
were studied.

5. Overall Network Modeland Simulation Verification

5.1. Overall Network Model

There were 5 pulverizing systems in the 350 MW supercritical units. The nodes are shown in
Figure 8.
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Figure 8. Node distribution of the air–gas fluid network in the boiler.

5.2. Simulation of the Overall Dynamic Model

The simulation curves under different inputs and disturbances are shown in Figure 9.
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It is hoped that the research results will improve the accuracy of thermal-power-unit 
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Figure 9. Tangential circle pressure at different heights (a) under the outlet pressure fluctuation of
the bottom separator; (b) under the outlet pressure fluctuation of the middle separator; and (c) under
pressure fluctuation of secondary air. (d) Tangential circle pressure changing condition at different
heights under pressure fluctuation of secondary air.

In the subfigures, the ordinate is gauge pressure and the unit is Pa. The tangential circle pressure
at different heights was studied. On comparing the simulation curves, it is evident that the influence
of the outlet pressure fluctuation of the bottom separator on the tangential circle pressure was greater
than that of the middle separator. The influence of the pressure fluctuation of secondary air on the
tangential circle pressure was greater than that of the primary air.

6. Conclusions

By analyzing the characteristics of a mixture of wind and powder, a complex multi-dimensional
fluid network model was built to describe the change in node pressure in the boiler under different
ratios of wind to powder. Thus, the flow characteristics of the complex fluid in the boiler were obtained.

It is hoped that the research results will improve the accuracy of thermal-power-unit simulations
and can be used for further research about optimal operation. The modeling method and process
were described with the help of our self-developed simulation platform (STS). The simulation results
showed that the model obtained can demonstrate the characteristics of the fluid network in a boiler.
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