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Original scientific paper
The straightness deviation is a key parameter to evaluate the operation state of large low-speed rotary kiln in hot state. In order to measure the straightness
deviation of the kiln cylinder, a method was presented and experimentally demonstrated in real industry field in this paper. Firstly, a reference coordinate
system was established on the basis of the operation principle of rotary kiln. Based on the coordinate system, the cylinder of the rotary kiln was divided
into several cross sections. The geometry data of each section was collected by the designed laser system. Considering that the data contain the
components of straightness deviation and kiln cylinder surface deformation, a mathematical model was proposed to process the collected data.
Furthermore, a three dimensional geometry model of the kiln cylinder was set up by employing the cloud data, which can be used to provide theoretical
guidance to analyse the operation state of the rotary kiln. Finally, several experiments were conducted in real industry fields to verify the proposed method,
and experimental results demonstrated that the method is effective to evaluate the straightness deviation of the rotary kiln. Moreover, the measurement
system is featured with small measuring error and low cost.

Keywords: large rotary kiln; straightness deviation measurement; three dimensional geometry model
Metoda raéunalnog mjerenja odstupanja ravnosti cilindra rotacijske peci

Izvorni znanstveni ¢lanak
Odstupanje ravnosti predstavlja kljuéni parameter u procjeni operativnog stanja velike sporohodne rotacijske pe¢i u toplom stanju. U svrhu mjerenja
odstupanja ravnosti cilindra, u radu se predstavlja i eksperimentalno demonstrira metoda iz stvarnog industrijskog podrucja. Najprije je uspostavljen
referentni koordinatni sustav zasnovan na principu rada rotacijske peci. Na temelju koordinatnog sustava, napravljeno je nekoliko poprecnih presjeka
cilindra rotacijske pec¢i. Geometrijski podaci svakog presjeka dobiveni su pomocu konstruiranog laserskog sustava. Uzimajuéi u obzir da podaci sadrze
komponente pdstupanja ravnosti i deformacije povrsine cilindra peéi, predloZzen je matemati¢ki model za obradu prikupljenih podataka. Nadalje, pomocu
podataka iz oblaka postavljen je trodimenzionalni geometrijski model cilindra peci koji moze pomo¢i u teorijskoj analizi radnog stanja rotacijske peci.
Kona¢no, provedeno je nekoliko eksperimenata u stvarnom industrijskom podrucju u svrhu provjere predlozene metode i rezultati su pokazali da je

metoda ucinkovita u procjeni odstupanja ravnosti rotacijske pe¢i. Uz to, taj sustav mjerenja karakterizira mala mjerna greska i niska cijena.

Kljucne rijeci: velika rotacijska pe¢; mjerenje odstupanja ravnosti; trodimenzionalni geometrijski model

1 Introduction

Rotary kiln is large critical mechanical equipment
with heavy load and low speed (2 + 6 rpm) in production
of cement, metallurgical and chemical industry as well as
environmental protection [1]. It is mainly composed of
cylinder, riding rings, rollers and piers [2, 3], as shown in
Fig. 1. It is extremely important in industry to maintain
the reliability of the rotary kiln in order to ensure its 24-
hour continuous operation throughout the year [3, 4].
Therefore, monitoring the operation condition and
determining its health state is of vital importance.

The straightness deviation is a vital parameter to
determine mechanical state of a rotary machine in hot
state [5+9]. In cement rotary kiln, the six supporting
rollers must support load of up to 15 000 + 20 000 kN [10,
11]. It is reported that when the straightness deviation is
+10 mm, the body stress increases three times, and the
load applied on the supporting roller increases one time
[5+7]. Therefore, the oversize of straightness deviation
will cause the overload of supporting rollers, thereby
leading to the overload of bearings (most are plain
bearings) in them. When the plain bearings are
overloaded, this will decrease thickness of the oil film
[10]. In such cases, the heat is generated by friction and
mechanical interaction of the roughness of the harder
surface with the softer plain metal, leading to the
malfunction of the kiln [11]. In extreme cases, it even
ruptures the rotary kiln shell, leading to the serious
economic losses [12+15]. Therefore, the straightness
deviation of the kiln cylinder can reflect the load of the

roller bearing. Furthermore, it can be used to evaluate the
operation state of the kiln and adjust the rotary kiln's axis
to maintain the safety of the rotary kiln and reduce
economic losses. It is impending to find an effective
method to measure the straightness deviation of the kiln
cylinder.

In order to measure the straightness deviation of the
kiln cylinder in hot state, it is important to design a
measuring instrument which features with easy operation,
low cost and high accuracy as the whole measurement
process is in abominably industrial environment. Also, as
the data collected by the measurement system contain the
two components of straightness deviation and kiln
cylinder surface deformation, a mathematical model
should be proposed to separate these two factors.
Furthermore, considering the needs for analysing the
overall operation state of the rotary kiln, the 3D geometry
of the kiln cylinder should be established. Xiao et al. have
studied the relationship between the straightness deviation
of kiln and the stress cylinder surface [6]; Dhillon, B. S et
al. had researched the fatigue life prediction of kiln roller
under axis line deflection [7]; Pazand K et al had
discussed the relationship between the shell deflects and
Von-Mises equivalent stress on the inner surface of the
rotary kiln [8]; but they did not propose any method for
measuring the straightness deviation of kiln cylinder. Eng.
Zbignie et al. have studied the causes of straightness
deviation and kiln cylinder surface deformation and
proposed a method for measuring them. However, no
research has been presented to extract the information of
straightness deviation of the collected data [12, 13].
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Weifei, Zheng et al. have put forward a method to
measure the distortion of cement kiln axis, but they did
not propose the mathematical method to calculate the
straightness deviation [14, 15]. Stutz et al. have presented
a measurement system for straightness deviation of the
kiln cylinder based on three dimensional laser scanning
technology. The straightness deviation and the kiln
cylinder surface deformation can be achieved by this
system [16]. However, the application of the measuring
system is limited as it is expensive and the cost of
measurement process is high.

4} ]

Figure 1

Rotary kiln in a cement plant in China

In this paper, a low-cost online method is proposed to
obtain the straightness deviation of rotary kiln cylinder
and the three dimensional geometry model of the rotary

kiln cylinder in hot state. The remainder of this paper is
organized as follows. In Part 2, the measurement principle
and measurement system were introduced. In Part 3, a
straightness deviation calculation model to process the
sequence of measurements was proposed. In Part 4, a
three dimensional geometry model of rotary kiln cylinder
was presented. In Part 5, experiments were done to verify
the designed system and the calculation method in real
industry field and in Part 6, conclusions were drawn.

2 Measurement method and measurement system
2.1 Measurement method

As shown in Fig. 2, the cylinder of the rotary kiln was
comprised of many linked cross sections. The straightness
deviation as well as the three dimensional geometry
model of the rotary kiln cylinder can be obtained by
measuring the geometry profile of each cross section with
the laser system.

Before data acquisition, we first established a
baseline at one side of the rotary kiln and supposed that
the baseline is parallel to X axis, which was perpendicular
to Y axis in the horizontal level and Z axis in the vertical
level (Fig. 3). The position coordinates of the instrument
can be measured via the total station at the baseline. The
measured coordinates are recorded as x =[x;,x,,X3,..., X,
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Figure 2 The diagram of measurement principle

The reference line

(2)

A number of cross sections for measurement were
chosen on the basis of the length of the rotary kiln. For
example, at least 30 cross sections should be selected for
a rotary kiln with the length of 70 m. Before measuring,

Left rolle

Rotary kiln tyre

Right roller

(b)

Figure 3 The coordinate system (a) The reference line of the start measuring point (b) The reference coordinate system

the starting measurement point of each cross section on
the cylinder of the kiln should be in the same reference
line, as shown in Fig. 3a. During the actual measurement,
the manhole of each cross section was used as the
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reference point. Under the influence of multiple factors
such as temperature and gravity, the sections of the
cylinder are generally not rounded and have straightness
deviation and deformation. Fig. 4a is a schematic diagram
of measuring the section deformation of the rotary
cylinder with the measurement system. When the kiln
cylinder rotated, the measuring spots i(i = 1, 2, 3,..., n) on

the cross section of the kiln cylinder moved in a circle
with the rotation centre. And circles with different
radiuses can be obtained when the cylinder rotated once.
As a result, different distances L; between the instrument
and various spots i on the cross sections can be acquired
by the measurement system. And the azimuth of the spots
i can be expressed by 6;, where 8, = 2n/(n"i).

Rotation'center

|j Laser sensor

@

Measurement instrument

(b)

Figure 4 Diagram of the measurement principle: (a) Schematic diagram of measuring the section deformation of the rotating cylinder based on laser
scanning (b) Schematic diagram of installing the measurement instrument

Large rotary kiln cylinder
b

Straightness deviation
calculation

Unfolding drawing Of the
kiln cylinder deformation

3D display of the kiln
cylinder deformation

Figure 5 Diagram of the measurement framework

Specifically, n is the number of sample points
collected by the laser system, which can be calculated by
the formula n = f*¢, where f'is the sample frequency and ¢
is sample time. And, the geometric centre and the
eccentricity of each section can be calculated according to
the established coordinate system and the mathematics
model. Furthermore, the three dimensional geometry
model of the rotary kiln can be obtained with the cloud
data collected by the system.

2.2 Measuring system
As shown in Fig. 5, the straightness deviation

measurement system for rotary kiln is composed of two
parts: (i) data collection, which is responsible for the

control of the laser system and data acquisition and
storage (ii) model building, which is used for straightness
deviation calculation and 3D geometry model building.
The system mainly accomplishes the following tasks: (1)
control of the laser for data collection; (2) data storage
and model calculation.

The measurement system worked as follows in the
real measurement in industry field. Before the
measurement, a magnet was mounted on the meshing gear
of the kiln, and a hall sensor was installed by the fixture.
The hall sensor generated a pulse signal when it was
opposite to the magnet. Then, the pulse signal was sent to
the laser trigger control circuit by wireless module to
control the start and stop the laser data acquisition system.
Thereby, the amount of data collected would be
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controlled precisely in a cycle of the rotary kiln cylinder.
The system interacted with the upper computer through
serial port protocol (RS-232).

In this paper, the function of the system software
could be summarized as follows: (1) Trigger the system to
start and stop and collect data. (2) Calculate the
straightness deviation and the three dimensional geometry
models by mathematical model.

3 Processing the sequence of measurements
3.1 The definition of eccentricity of the section

In practical measurement, the laser sensor was aimed
at the centre of the cylinder’s section and detected the
distance between the sensor and the cylinder surface in
one revolution of kiln (about 15 s). The data measured by
the laser sensor was a simple sine wave without any local
deformation on rotary cylinder. The relationship between
the measured displacement data and rotation angle of the
kiln can be expressed by Eq. (1).

L(H):e-cos( ey

180-n+(pJ’

Specifically, e is the eccentricity of the cylinder’s
section, ¢ is the measurement angle of the laser sensor,
and 6(0<6<360) is the rotation angle. Schematically,
this situation is shown in Fig. 6a and the simulated result
is shown in Fig. 6b. Then, the eccentricity of the
cylinder’s section can be described by the following Eq.

2):

e = —max min ) (2)

-Section i
4
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Figure 6 The simulation result when there is only straightness deviation
of rotary kiln cylinder: (a) The diagram of Laser sensor installation (b)
The simulation result

In the operation of the rotary kiln, the form of the
cylinder’s deformation became complicated because of
uneven temperature distribution and thermal expansion
around the rotary cylinder. In section measurement, the
actually measured data consisted of rotary kiln’s
straightness deviation and cylinder surface deformation.
Therefore, it is essential to adopt a reasonable
mathematical model to separate measured data in the
calculation of rotary kiln’s straightness deviation.

According to the operation principle of the rotary
kiln, before calculating the rotary kiln’s straightness
deviation and building the three-dimensional model of
rotary kiln, we put forward three definitions as follows:

- The rotation axis of the kiln is a straight line, and the
measured axis of the kiln refers to the curve
connected by all the geometric centres of the
measured sections.

- The rotation centre is surrounded by the geometric
centre of the section while the rotary kiln rotates and
the movement trail of the geometric centre is a circle,
whose radius is equivalent to the eccentricity of the
section.

- The coordinate of eccentricity of the section is the
measured result when the rotary kiln rotates at a
certain place; that is to say, the calculation of the
coordinate of eccentricity is based on the reference
point.

3.2 The calculation model of straightness deviation

In practical measurement, the cylinder was divided
into N sections (N > 20) along axis X, as mentioned in
Section 2.1. Then, the cross sections of the kiln cylinder
were measured one by one with the measurement system.
According to the definitions mentioned in Section 3.1, the
rotation straight line was surrounded by all the measured
sections and the real axis of the rotary kiln was the curve
formed by the geometric centres of all the sections.
Hence, the key of the measurement problem of the
straightness deviation of the rotary kiln is to calculate the
geometric centres of the measured sections.

In order to calculate the coordinate of the geometric
centre and the eccentricity of each section, we assume that
the radial deviation is ¢ which represents the deviation
value between contours and base circle, which value
satisfies Eq. (3):

Do &=0.), & =min. 3)

As is shown in Fig. 6, it can be found that there was a
base circle based on an average circle of each cross
section. By using this method, the centre coordinate of the
base circle can be calculated by utilizing the collected
data and then the eccentricity can be obtained.

Detailed process of the model is described in Fig. 7.
The parameters are defined as follows: O is the rotation
centre of the section; O’ is the geometric centre of each
cross section of the kiln cylinder while (a, b) is its
coordinate; L,(x;,y;) is the coordinate of the measured
points (i =1, 2, 3,..., n); n is the number of the sampled
points by the laser system; R is the radius of the base
circle; 7; is the radius from point Z; to rotation centre of
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the section; and the eccentricity can be expressed by Eq.

“4)

e=va’+b. (4)

Figure 7 The geometrical model of the calculation method

By geometrical analysis [17 + 22] of AL OO', we
can get:

i =e-cos(0, - )+ (R+ &) ~[e-sin@— ). (5)

As e<<R, sin(f,—¢)<L (6)

And a=e-cosp,b=e-sing , the above equation can be
converted to Eq. (7)
& =r,—R—a-cosf, —b-sinb,. @)

1

where ¢ is the radial distance from point L,(x;,y;) to the
basic circle.

no .2 . .. n _ .
21:1 &7 is the minimum, and Zi:1§i =0. That is:

> (;=R—a-cosf,—b-sin6) =0 ®)

u 2
min J(a)zz_ [r,—R—a-cos@, —b-sinb,] 9)
a={R.a,b} i=1

If 6 min }J(a)/@a =0,0 I&inb} J(a)/lob=0

a={R,a,b

It can be got:

laser sensor can only measure the deviation value of
radius of each section, but cannot measure the dynamic
radius. It needs to transform Egs. (11) and (12) in order to
calculate them.

The radius of the cross section can be express by
7, =R, +Ar;, where R, is the mean radius, and for each
section, it can be deemed to a constant; Az is the
deviation value of radius of each section which can be
measured by the laser system. Therefore, Eqgs. (11) and
(12) can be transformed to Egs. (13) and (14)
respectively.

a=Q2/n)Y. Arcos6,+(2/n)y"" R, coso, (13)
b=(2/n)Y " Arsin6,+(2/n)y " R sin6, (14)
And as:

(2/n)y." R sin6, =0 (15)
(/)" R cos6, =0 (16)

Therefore, Eqs. (13) and (14) can be transformed to Egs.
(17) and (18) respectively:

R=(1/mY" r, (17)
a=(2/n)Y." Arcos6,b=(2/n)y " Arsin6,  (18)

Therefore, the geometric centre (a, b), base circle R and
eccentricity can be calculated using the above Egs. (17)
and (18).

4  Three dimensional geometry model

In order to establish the three dimensional geometry
model of the rotary kiln cylinder, a mathematical model
was proposed. We set NV as the number of displacements
recorded by the laser sensor, n as the number of sections
selected, R as the radius of the rotary kiln, and
L;(1<i<nl<j<N) as the displacement value

measured by the laser sensor (Fig. 8). Based on the
established spatial coordinate system, the displacement
data acquired by the laser sensor could be converted into
spatial values. The spatial point coordinates of each
section can be expressed with a matrix. Where the spatial
point coordinates of the section can be expressed with the
matrix M,.

x;, sinBR ~ cosBR, |

" x; sinfhR, cosBhR,
R=(/my." 7, (10) X

n M; =" 19
a= (2/’1)2[:1 1,c0s6; (11) x; sinB.R, cosBR, (19
b=2/m)>" rsin, (12) i

/ z’:l |x; sinByRy  cosPyRy |, .,
It is difficult to calculate the geometric centre and the ) )

eccentricity of each cross section by Egs. (11) and (12) as Where g, =2nk/N,1<i<n,I<j<N
the radius 7; of each cross section is a variable. And the
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Ri:Li—ZLLi/N+RC

M. is the matrix of spatial

; coordinate point

converted from the collected data by the laser system. It
contains the two components of straightness deviation and

- - ____ 1

cylinder surface deformation. In order to establish the
three dimensional geometry model of rotary kiln, it is
necessary to transform the matrix M, to the M.’ by the
calculation method mentioned above in Section 3.2 where
M ' is the corresponding matrix formulation.

®

o Y

Figure 8 Computation process diagram

As the data acquired were distributed in scattered
points, an interpolation method could be used for
interpolation calculation for them. There are many
interpolation methods such as nearest neighbour
interpolation,  bilinear  interpolation and  cubic
interpolation. Cubic interpolation produces more accurate
results than nearest neighbour Interpolation and bilinear
interpolation, but 70-time multiplications and 45-time
additions are needed for interpolation calculation of each
point. Therefore, it needs far larger amount of calculation
than nearest neighbour interpolation and Bilinear
Interpolation. As the amount of the data acquired
concerning the rotary kiln is not large, cubic interpolation
[23+25] can be adopted. Considering that the Delaunay
triangle [26+28] has demonstrated some excellent
characteristics such as missing and spurious keypoint
influence the Delaunay triangulation net only locally, in
this paper, the Delaunay triangulation method was used to
triangulate the scattered data points to form the three
dimensional geometry model of the rotary kiln cylinder.

According to cubic interpolation, the value of the
point to be interpolated was known based on interpolation
of the 4 x 4 points around it. The formula is set out as

V! 4 3 3 i ]
=3 T gty

where x', ', z' represent the spatial data. The procedures
for calculating the coefficient a; depend on the features of
the interpolation data. i and j are local coordinates of the
16 points around the point to be interpolated. Through
cubic interpolation, the coordinates of the point to be
interpolated were converted into floating point
coordinates (i +u, j +v) . Based on the coordinates of 16

(20)

points around it, the target coordinate value f(i+u,j+v)

can be known via the following interpolation Eq. (17):
fG+u,j+v)=ABC 2D

where 4, B and C are all matrixes, with their forms set out
as:

A=[s(1+u) su) s(l-u) s2-u)] (22)
fG-1j-2) fGj-2) fG+1j-2) f@i+2j-2)

_[SU=Lj=D fG@=D Sl f+2 70 (23)
fG=Lp  fG)  fG+L)  fG+2))
FG-1j+1) fGj+D) fG+1j+1) fi+2,j+1)

C=[s(1+v) s(v) s(d-v) s2-v)]" (24)

Function § in matrixes 4 and C is the interpolation basis
function. The expression of the common basis function is:

- 2f o o<1
son=ti-sulespf bl 1<pl<2 @)
0, |w| 22

The calculation procedures of Cubic Interpolation are
set out as follows:
- Obtain the coordinates of the 16 points around the
point to be interpolated and express them with Matrix B;
- Based on Eq. (25), obtain the interpolation basis
vectors s(u) and s(v) of the interpolation basis function
s(w) in x axis and y axis directions respectively and
express them with matrixes 4 and C;
- Calculate the value of the point to be interpolated
based on Eq. (21). According to Delaunay triangulation
and Cubic interpolation method, a three dimensional
geometry model can be set up with the cloud data.

5 Experiments and result
5.1 Verification of the system in industry field

In order to verify the effectiveness of the
measurement method, we did experiments in the real
industry field. And all the eccentricities of the measured
cross sections have been calculated. The results are shown
in the following Fig. 9 and Fig. 10.
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Figure 9 Measurement result for section 2#: (a) The collected data and
the fitted result; (b) The collected data and the fitted result in the system
of polar coordinates and e = 28,16 mm
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Figure 10 Measurement result for section 8#: (a) The collected data and
the fitted result; (b) The collected data and the fitted result in the system
of polar coordinates and e = 2,58 mm

After processing the collected data using the
mathematical model, the raw curve was fitted to a sine
curve, which matched the simulated result mentioned in
Section 3.1. Also, it was proved that the measurement
method was valid in the real industry field as we used this
method to evaluate the rotary kiln’s straightness deviation
in at least three cement plants in China. Moreover, the
changing trend of the cylinder’s straightness deviation
was obtained as shown in Fig. 11.
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Figure 11 The diagram of the variation trend of the straightness
deviation

5.2 Experiments of errors of instalment

In measurement, it is difficult to aim the laser sensor
at the centres of the cylinder’s section perfectly. Given the
above situation, it is necessary to evaluate the influence of
the instalment error. Two different situations were singled
out. One was to assess the effect caused by the instalment
error of laser sensor, and the results were shown in Fig.
12. Another aimed to assess the effect when the deviation
angle of the laser beam is 5° relative to perfect position,
and the results were shown in Fig. 13.

T T T T T T T T T T T T T T T T T T T T T M T T T
25 —— R=45mm | J
[ ] —@— R=4500mm
20 i
g
g 154 | ] T
? |
[ 1 <
= L ]
£ 101 ./ §
8 ./ |
O . \
B /
5 B E
\ . ] LN o \-
0 AN :./

Cross section Number/N

Figure 12 The influence of instalment laser in different distances. It can
be found that there is almost no influence in different distances.

After detailed analysis of Fig. 12 and Fig. 13, it is
clear that the calculation method can help compensate for
the errors caused by instalment and angle deviation. It
means that it is easy for the instalments of the
measurement instrument by using this method to evaluate
the straightness deviation of the rotary kiln cylinder. And
it is convenient to obtain the change trend of it with this
calculation method.
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Figure 13 The influence of instalment laser in an offset angle (<5°). It
can be found that there is almost no influence in an offset angle (<5°).
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Figure 14 Deformation of the kiln cylinder surface
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Figure 15 Straightness deviation of the kiln cylinder
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Figure 16 Overall deformation of the kiln cylinder (including
straightness deviation and deformation of kiln cylinder surface)

5.3 Results of three-dimensional model

According to the three-dimensional model mentioned in
Section 4, the measured data were analysed and
processed. The results were shown in Figs. 14+16, which
were three dimension drawings expanded along Axis X.
The straightness deviation and deformation of the rotary
cylinder surface can be observed directly in Figs. 14+17.
The three-dimensional model not only offered a

theoretical basis to evaluate the operating conditions of
rotary kiln, but also laid a solid foundation for the
mechanical model analysis.

Rotation axis Supporting

Station #1

Supporting
Station #2

Supporting
Station #3

Figure 17 Three-dimensional geometry model of rotary kiln cylinder
6 Conclusion

At present, measuring the straightness deviation of
large rotary kiln cylinder in hot state remains a challenge
in cement industry. Therefore, a measurement method and
instrument were proposed in this paper. Based on the
established coordinate system, the cylinder of the rotary
kiln was divided into several cross sections. And the
geometry data of each section were collected by the
designed system. A mathematical model was proposed to
separate the factors of straightness deviation and cylinder
deformation from the collected data. Moreover, a three-
dimensional geometry model was established based on
the cloud data. Experiments on measurement of the
straightness deviation of large rotary kiln in real industry
field were conducted. The experimental results indicated
that the proposed measurement system and method were
effective for evaluating the straightness deviation of the
kiln cylinder. It provides theoretical foundation for
maintaining the rotary kiln.

The measurement method for the kiln cylinder can be
applied in the cement, metallurgical and chemical plant,
which has a wide application prospect. In the future, we
will optimize the measurement method and the three-
dimensional model of the kiln cylinder, and research on
the deformation mechanism of it.
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