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Monitoring the combustion in boiler furnaces is significant for the safety production and a higher production
efficiency of thermal power plants. Based on ultrasonic pyrometry, an algorithm is proposed to reconstruct 3D
temperature field of furnace flame in this paper. Meanwhile according to characteristics of discrete temperature
points, a method for tracing isotherms and isothermal surfaces in temperature field is also designed. In Visual
C++6.0 and OpenGL environment, a program is developed to reconstruct the temperature field.

1. Introduction

The combustion of pulverized coal in furnace is not only associated with the safety production of thermal power
plants, but exerts an influence upon its production efficiency (CHANG, WANG, & HUANG, 2006). Via monitoring
the combustion of pulverized coal, the flame combustion status can be reflected in time, and once a boiler
operates at off-design conditions, timely adjustments or relevant emergency measures for combustion can be
made by operating personnel (Donaldson et al., 2005).

The large size of coal-fired boilers in power plants, poor operation condition and high flame temperature in
furnaces make it unsuitable for contact temperature measurement (Baker, 1998; Stephenson, 1993) and some
other non-contact temperature measurement, optical temperature measurement (Wickersheim, 1984) for
instance, to measure the temperature in furnaces. In recent years, extensive attention has been exercised upon
the acoustic pyrometry, which leads to a rapid development. However, the temperature field of thermal power
plants constructed by acoustic pyrometry are mainly 2D temperature field (Jia, Gao, & Lu, 2013; Lu, Sun, & Li,
2012), and there is few study on the reconstruction of 3D temperature field by using pyrometry (Lu et al., 2012;
ZHOU, WANG, MIAO, & WU, 2013).

In this paper, flame temperature of discrete monitoring points in furnaces is acquired by means of acoustic
pyrometry. Then, in Visual C++6.0 and OpenGL environment (YU & JIAO, 2011), a method for tracing isotherms
and isothermal surfaces in 3D temperature field is examined, and a program is developed to reconstruct the
temperature field of furnace flame. Finally, satisfactory results are obtained.

2. Data acquisition system for furnace temperature

In thermal power plants, the cross sections of tangentially fired furnaces are roughly squares. To acquire the
flame temperature in furnaces, ultrasonic sensors are placed at regular intervals on every edge of furnaces and
there are totally eight ultrasonic receiver-transmitters in each layer, as shown in figure 1. As the same placement,
sensors are installed in different three cross sections of a furnace.

Propagation velocity of ultrasonic wave varies from medium to medium at different temperatures. By measuring
time interval between transmitting and receiving ultrasonic wave, the system can achieve the wave’s
propagation time. Furthermore, if we know the distance between different sensors, propagation velocity of
ultrasonic wave can be calculated, and the gas temperature can therefore be acquired in accordance with
acoustic pyrometry (SHEN, WU, AN, LI, & JIANG, 2007).
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Figure 1: Placement of ultrasonic sensors distributed in three layers

3. Visualization of 3D temperature field

3.1 The mesh of temperature data
After data acquisition and data treatment done by the measurement system equipped with ultrasonic sensors,

temperature of discrete monitoring points is obtained. Then, coordinates of these discrete points are meshed by
triangles, and a triangle mesh is generated in order to calculate temperature of every point in the furnace, trace
isotherms and plot isothermal surfaces.

In 3D temperature field, there is a regular tetrahedron containing discrete monitoring points. All monitoring
points are introduced into the established regular tetrahedron. On the basis of Delaunay triangulation (SHEN,
WU, AN, LI, & JIANG, 2007). Temperature points are inserted into the tetrahedron point by point, and the chain
table of new points is updated continuously. It is noteworthy that new points has to satisfy the following two
requirements, i.e. any triangular mesh composed of arbitrary four points should be unique, and any four points
consisting of a triangular mesh cannot be on one circle; thorough the replacement of diagonal lines, interior
angle of the minimum angle in a convex quadrangle made up of arbitrary four points no longer increases. The
detailed process is shown in figure 2.
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Figure 2: Process of Delaunay triangulation

In figure 2(a), point P is inserted into the triangular mesh preliminarily formulated by discrete monitoring points.
Then, point P is tested whether it follows Delaunay triangulation, namely whether it obeys the empty
circumscribing sphere criterion and the minimum interior angle maximized criterion, as shown in figure 2(b). If
point P does not conform to criteria mentioned above, delete it and find another point which can follow Delaunay
triangulation. Otherwise, the program keeps running. After verifying the correctness of point P, the common
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edge AB between triangle ABD and ABC can be deleted, as indicated in figure 2(c). In figure 2(d), point P is
connected with the surrounding temperature points, and a new triangular mesh is generated.

In establishing a new triangular mesh, repeatedly executive the four steps outlined above until no more point
satisfying Delaunay triangulation is discovered.

According the algorithm formulated above, triangulation of discrete temperature points is simulated by using
MATLAB, and 64 meshes are acquired. The result shown in figure 3 indicates that the proposed algorithm can
triangulate discrete temperature points in space.
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Figure 3: Simulation result of triangulation

3.2 Tracing isotherms and isothermal surfaces

In fact, plotting an isotherm is to sequentially connect different isothermal points among massive discrete
temperature points, the difficulty of which is how to find out these isothermal points. To obtain isotherms, the
following two problems have to be solves:

(1) Locating isothermal points

When a triangular mesh is formulated, the coordinate of an isothermal point can be calculated with the help of its
surrounding points whose coordinates have already been known. In this paper, we use linear interpolation
(Milanese, Norton, Piet-Lahanier, & Walter, 2013) to obtain coordinates of temperature points in furnaces.
Suppose that there is a line segment represented by L. The endpoints of L are M and N, and their temperature is
respectively tw and tn. If the temperature of an interpolation point is t and t satisfies tu<t<tn or tn<t<tw,
coordinates of the interpolation point can be calculated as follows:

- (2-1)
X =Xy +(tMM__tN ](xM ~%y)

t, —t (2-2)
Y =Yu +[tm 7tN j(yM _YN)
. (23)

(2) Plotting isotherms

After acquiring coordinates of interpolation points, connect isothermal points in sequence and isotherms are
plotted. Based on unique properties of triangle and tetrahedron, an algorithm is presented to trace isotherms in
this paper, and simulation is then carried out.

In a triangular mesh, there are only four temperature distributions, i.e. temperature of interpolation points is
higher than that of all three vertices of a triangular mesh; temperature of interpolation points is lower than that of
all three vertices; temperature of interpolation points is higher than that of only one vertex; temperature of
interpolation points is higher than that of two vertices. Four temperature distributions are shown in figure 4
respectively.
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Figure 4: Sketch map of tracing isotherms

Suppose that three vertices in part of a triangular mesh are represented by i, j and k. In the figure, '+’ means that
temperature of a vertex is higher than temperature t of interpolation points; otherwise, ‘-’ will take the place of ‘+'.
The following conclusions can be drawn from above four situations:

Because temperature of all vertices is higher or lower than that of interpolation points in figure 4(a) and (b),
namely: t<{ti, tj, t} or t>{ti, t, t}, there is no interpolation point in three edges of a triangular mesh, and the
isotherm does not exist in such mesh. While temperature of interpolation points falls among that of three vertices,
two situations may occur as shown in figure 4(c) and (d) and there must be interpolation points in two edges of a
triangular mesh. Therefore, an isotherm can be plotted by connecting these two interpolation points.

After setting a fixed displaying density in MATLAB program, a simulation of plotting isotherms is conducted by
applying the preceding algorithm. Simulation results are shown in figure 5.
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Figure 5: Simulation of plotting isotherms

(3) Plotting isothermal surfaces

Take a regular tetrahedron micro-unit for example and suppose that vertices of the tetrahedron are respectively
i,j, kandI. '+’ means that temperature of an vertex is higher than temperature t of interpolation points; otherwise,
" will take the place of ‘+'.
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On the basis of the algorithm for plotting isotherms, a method is discussed to trace isothermal surfaces in two
different conditions:

If temperature t of interpolation points is higher or low than temperature of all vertices, namely: max(ti, tj, t, t) <
t or min(t, tj, t, t) = t, we cannot obtain any interpolation point in arbitrary edge as well as any isotherm, and
therefore there is no isothermal surface. Only when temperature of interpolation points lies among that of
vertices, namely: min (t; tj, t, ti) <t < max (t, t, tk, ti), can we expect to acquire an isothermal surface.

3.3 Coloration of temperature field and program design

In this paper, an algorithm for rendering temperature field is presented on the basis of OpenGL in which the color
is quantified by RGB value.

Suppose that the average temperature of a rendered triangular micro-unit is Taver, and T1, T2 and T3 are the
temperature of three vertices in the micro-unit. In 3D temperature field, if the average of actual temperature is
Ttemp, the maximum of actual temperature is Tmax, and the minimum of actual temperature is Tmin, then,

T T+T,+T, (2-4)
aver 3
T +T.
'l'temp — max 2 min (2_5)

The flowing three situations can be discussed:
(M) Toer > Tigmo - the red value is  _ Taer ~Temp and the blue valueis B=0.

aver temp *
Tlemp _Tmin
@)1 T < Ttemp , the blue value is g _ -l-l—-temp _:Il:aver , and the red valueis R=0.
temp — 'min

(3) All green values are calculated by:
1- Ttemp -

T T

temp — ''min

T

aver

An executive file named WDCCJ.exe is achieved after compiling and running the program. The result is shown
in figure 6.

Figure 6: Result of the rendering program

4. Conclusions

In Visual C++6.0 and OpenGL environment, an algorithm is presented to reconstruct 3D temperature field of
furnace flame in thermal power plants. According to the algorithm, a program for reconstruction of the
temperature field is also developed and satisfactory results are obtained. The proposed algorithm provides a
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new solution to reconstructing the temperature field of furnace flame. The developed program can be
transplanted into various systems after related compilation, and possesses favorable performance on real-time
and stability.
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