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Abstract: A novel Brillouin Optical Time Domain Analysis sensors, BOTDA(R), has been developed, which can
monitor steel corrosion in concrete structures and various insulation structures. The application of distributed
BOTDA(R) technology in heating supply pipe corrosion detection is discussed in this paper. According to the
characteristics of derictly buried heating supply pipe, we have designed the optical fiber corrosion sensors for the
prefabricated pipe, and the sensors were arranged in the junction of pipe section. Accelerated corrosion tests were
used to demo the acid soil environment. Quantitative evaluation was derived formula for steel pipe corrosion.
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1. Introduction

The corrosion of steel has become a worldwide
problem. A long period of pipeline corrosion in harsh
environments is particularly serious [1]. With the
accelerated process of urbanization in China, China's
heating supply pipe network scale has expanded year
by year. According to the statistics of 2001, the length
of district heating supply pipelines in China has
reached 60 thousand kilometers with a growth rate of
about 8 % per year [2]. Pre-insulated pipe
direct-buried technique is widely used in heating
supply pipe network in China. This installation
method has advantages of short construction period,
low cost etc. Almost all of the new heating supply
pipelines have adopted this technique. But long-period
buried pipelines with higher soil pH, especially in pipe
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joints would show relatively severe corrosion caused
by the damage of protective layer during the
Installation. At the present in china, 90 % accidents of
directly-buried heat supply network system are caused
by corrosion [3]. Fig. 1 is a picture of actual corrosion
pre-insulated pipe and the pipe has run about 5 years
underground. We don’t know the situation of
corrosion because the pipelines were buried under the
soil and hidden by the protection layer and insulation
layer.

We don’t know the situation of corrosion because
the pipelines were buried under the soil and hidden by
the protection layer and insulation layer. With the
effective corrosion monitoring to these sites, we can
evaluate the change of the allowable stress so as to
warn the corrosion of buried pipelines and avoid the
blindness of pipe replacement.
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Fig. 1. Corrosion pre-insulated pipe.

Based on above considerations, we need to select
some appropriating corrosion sensors for monitoring
the buried pipelines. But the performance and
durability of the traditional corrosion sensors often
cannot meet the actual needs of this condition [4, 5]. In
recent years, BOTDA (R) technology is developing
rapidly and this technology has been successfully used
in many field, such as structure health monitoring, fire
detection in a building, concrete temperature
monitoring etc. [6-9]. Because of its good features
such as durability, distributed measurement, frees
from electromagnetic  interference, corrosion
resistance and low cost, it can be used for the
corrosion of buried heat pipe monitoring [10]. This
paper presents an actual application of BOTDA (R)
technology for underground prefabricated heat-supply
pipe-line monitoring methods. With this technique,
we can build up an early warning mechanism to the
underground pipeline and enhance the reliability of
heating supply pipe network.

2. Experiment Design
2.1. Basic Principles of BOTDA(R)

Brillouin optical fiber sensing technology is
combination of the Brillouin scattering and OTDR
(Optical Time Domain Reflectometry) technology to
achieve the distribution of fiber strain or temperature
measurement. The shift that Brillouin frequencies of
the scattered light related to the light frequency shift is
named as Brillouin frequency shift. It can be
expressed as [11]:

fe=2nv,/2, €))

where, f, is the Brillouin frequency shift, 7 is the

refractive index of fiber core, v, is the sound velocity

and / is the wavelength of incident light.
The Brillouin frequency shift is proportional to the
change of temperature and strain that can be show as:

Af, =k,AT +k,Ac¢, @)

where Af, is the change of Brillouin frequency shift,
AT is the temperature difference between the initial
environment and the testing environment, A€ is the
strain change, kt is the temperature coefficient of

Brillouin frequency shift and k(S is the strain

coefficient of Brillouin frequency shift.

The AT can be measured by additional thermometer.
If AT is very small in the experimental environment, it
can be ignored.

In our research, we are more concerned about the
strain change and the temperature change which can
be compensated. The temperature difference of hot
water inside of pipeline and the installation
environment are easy to measure.

2.2. Design of the Optical Fiber Sensor

There are three layers in the traditional
prefabricated pipe, namely, protective layer of
polyethylene, polyurethane insulation layer and the
steel pipeline shown in Fig. 2.

Fig. 2. Prefabricated pipe.

The black section is protective layer, the white
section is insulation layer and the metal section is pipe
(The general metal is Q235). The hot water flows in
steel pipe.

The installation of Brillouin optical fiber corrosion
sensor is shown in Fig. 3.

armoured derivation optical fiber
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Fig. 3. The arrangement of BOTDA(R) optical fiber
corrosion sensor.
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For the actual engineering, we can select some key
locations to arrange the BOTDA(R) sensors. There are
many weld connection in the pipeline and these
positions are easy to be corroded place. The
connection position of steel pipe is the preferred
position for the corrosion detection. The Brillouin
optical fiber corrosion sensor can be winded to the
joint of steel pipe before the foam- in-place is done.
Then the derivation fiber can be drag to the ground
and the derivation fiber should be armoured.

The BOTDA(R) optical fiber corrosion sensor is
shown in Fig. 4 and it has been devoped by the
intelligent research institution of Dalian University of
Technology [12].

Fig. 4. BOTDA(R) optical fiber corrosion sensor.

The experiment of pre-insulated pipe corrosion is
designed as follows:

1) A length of 1.2 m of DN76 x5 pre-insulation
pipe was used for experimental purposes. One end of
the insulation layer and the protective layer was
broken open and the steel pipe was exposed. The open
section of steel pipe was polished for the experiment.
The outside diameter was changed to 73.8 mm and the
thickness was 3.5 mm.

2) The outside of steel pipe was wrapped by
unbending optical fiber continuously with single
layer. The length of optical fiber was about 15 m. It is
needed to wind the optical fiber with a certain
pre-stress to ensure close contact with the surface of
the pipe and the optical fiber.

3) The optical fiber ends were fixed to the pipe
with epoxy glue, and polyurethane were foamed on
site. Some Polyethylene materials were adhered
outside of the polyurethane. The common optical
fibers with a protective cover (armored optical fiber)
were drawn out to the soil along axial direction.

4) Experimental section of pipe was buried into the
soil, and the soil should be kept moist by spraying a
certain concentration of sulfuric acid to accelerate the
corrosion of metal.

2.3. Evaluation of Steel Pipe Corrosion
Formula

The formula derived in this paper is only suitable
to Brillouin fiber corrosion sensors for monitoring
corrosion evaluation of the results. Some basic
assumptions are used for the formula derivation in this
paper.

1) The actual thickness of the fiber layer is very
small; it is approximately 2.3 %o of the pipe diameter.
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So the fiber layer has little effect on the measurement
result. The fiber layer thickness is ignored in the
derivation process.

2) The corrosion is uniform and the section of
testing pipe is round in shape. All of the corrosion
products at the testing part are supposed to remain
within the fiber layer rather than spill outside the fiber
layer.

3) The ambient temperature of laboratory is
constant. The affection of the temperature change can
be avoided in the experiment.

Steel corrosion rate of mass loss is expressed by &
and defined as:

_xlp2-pt)p (D2-D})
o= (D} -D)p (D2 -D}) (3

where D, is the outside diameter of steel pipe (no
corrosion), D; is the outside diameter of steel pipe
rusted, to the exclusion of rusty scale, D; is the inside
diameter of steel pipe, p is the density of steel pipe.
The thickness of pipe is equal to half of outside
diameter minus inside diameter of steel pipe.

e== S “)

where e is the thickness of steel pipe.
The steel corrosion rate of mass loss & can be
written as:

— (DZ—DIZ)
o= 2e(D, + D,) ©)

The measured optical fiber strain is expressed by &
and defined as:

gzﬁ(DZ _Da):(DZ _Do)’

D D ©

where D, is the total pipe outer diameter including

rusty scales. The steel pipe diameter after rusting
satisfies the following relationship:

#(D} - D7)-n = (D} - D7) ™

where 7 is the volume expansion ratio of rust scales.
Eq. (7) can be written as:

(D, +D, XD, - D,)
- 1
D, -D; ’ ®)

Combining the Eq. (5), Eq. (6) and Eq. (8), # can be
expressed as follow:

(Dz +D, )gDo

S M P N |
7 2e5(D, + D,) i ©)
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The difference of D, and D, is small when the
corrosion is not too heavy. So it can be considered as:

D, +D, ~1

D,+D, (19)

D
The ratio of —2 is a constant for a special series type
e

of steel pipe and it is expressed by c. Then:

1)

The Eq. (11) is the relationship expression of pipe
corrosion detected by the BOTDA (R) sensor. When
we get the thickness of corrosion we can evaluate the
corrosion of buried steel heating supply pipe through
comparing the exiting data [13].

o= (11)

3. Corrosion Experiment

In order to shorten the experimental time, the
electrochemical method was used to accelerate the
steel pipe corrosion. The tip of experimental steel pipe
was immersed in NaCl solution and the concentration
of brine water was 5 %. A steel plate in the brine water
was used as negative magnet and the experimental
pipe was used as positive magnet. A voltage-stabilized

0.om 0.om 0.om 0.0m

source accelerated 16-22 V voltage constantly. The
Fiber Optic Brillouin Analyzer, DiTest STA200
Series shown in Fig. 5, was use for data acquisition.

g ¥

Fig. 5. DiTest STA200 Series.

The sampling interval time was set as 1.0 hour and
the sample distance was 0.41 m, the space resolution
ratio was 1.0 m. The effective length of measurement
optical fiber is about 4.0 m, so the valid measurement
point is 7 as shown in Fig. 6 we selected 5
measurement points as the continuous measurement
points to analysis the data.

0.0m 0.5m 0.9m 0.5m

I o
T 0.41m 0.41m T 0.41m T 0.41m T 0.41m T 0.41m T 0.41m T 0.41m T 0.41m T

Case 1

Case 3

e Valid measurement point © invalid measurement point.

Fig. 6. The distribution of valid measuring points on the optical fiber.

4. Results

We made two test specimens named No. 4 and
No. 6 for the corrosion experiment separately and
similar results were obtained. So we just talked over
the results of specimen No. 4. The corrosion
experiment of specimen No.4 was lasted about two
days until the strain detected by Brillouin Analyzer
basically did not change or it was in downward trend.
The measure domain of optical fiber was about 4 m.

We got at least 7 valid effective measurement
points in the testing. Take data in five strain peaks to
analyze, which were 34.59 m, 35.0 m, 35.4 m, 35.81 m
and 36.22 m from the starting point position of the
fiber loop. The detection state of Brillouin optical
fiber corrosion sensor after corrosion is shown in Fig.
8. As a comparative figure, Fig. 7 showed the initial
state of pipe before corrosion.

The average strain value of each point was used to
express the strain variation over time (1-25 hour)
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changes of the BOTDA(R) Fiber Optical Sensors, as
shown in Fig. 9.

Fig. 7. Optical fiber sensor before corrosion.
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Fig. 9. The diagram of strain-time relationship.

At the same time, a 3D map for
distance-time-strain relationship was drawn by the
ORIGIN software as shown in Fig. 9. (take the valid
data point position of 30.11 m, 30.52 m, 30.93 m,
31.34 m, 31.74 m, 32.15 m, 32.56 m, 32.96 m, 33.37
m, 33.78 m, 34.18 m, 34.59 m, 35.0 m, 35.4 m, 35.81
m, 36.22 m, 36.63 m, 37.03 m, 37.44 m, 37.85 m,
38.25 m, 38.66, 39.07 m, 39.47 m, 39.88 m, 40.29 m)

Strain with time change trend of the effective point
fiber can be seen from Fig. 9 and Fig. 10. We can
obtain the mass loss ratio by measuring the change
of pipe diameter fore-and aft corrosion and solving the
equation (3).
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D,=D,-2¢=73.6-2x3.5=67.6

The measurement value of D; is 72.8 mm. The
volume expansion rust # can be obtained by making
and ¢ into equation (11).

73.8

x2181.2x107°

+1=115
2

In this experiment # is equal to 1.15 and it is
thought a constant value during the experiment. So
making the experiment data into equation (11), the
biggest mass loss ratio is:

738 o1812%10°
3.5

=14.8%

T 2x(1.15-10)

Strain(pe)

Fig. 10. The diagram of distance-time-strain relationship
of points on the optical fiber.

The corrosion change of pipe is shown in Fig. 11.
The strain resolution ratio is 6 /& . Though we just do
two specimens, the optical fiber corrosion sensor can
detect the mass loss from 0 to 14.8 % for steel pipe and
the experimental results can be obtained repeatedly.
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Fig. 11. The relation between the mass lost rate of steel pipe
and time of the specimen No. 4.
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5. Discussion

Comprehensive analysis shows that the Brillouin
optical fiber corrosion sensor has the following good
features:

(1) The sensor has a good sensitive characteristic
in the trial beginning one hour. It indicates that the
sensor has a good sensitivity characteristics effective
monitoring for the early corrosion phase.

(2) The sensor can detect the mass loss up to
14.8 % and this measurement range is sufficient to
meet the actual needs of the heating supply pipe
network project.

(3) The sensor has good linearity, it can be used
in the real-time corrosion monitoring of underground
buried pipe.

The cost of Brillouin optical fiber corrosion sensor
and the whole monitoring loop is very low. The main
component of the fiber is SiO,, chemically stable.
Brillouin optical fiber corrosion sensor has durability
for corrosion monitoring in prefabricated insulating
steel pipe under long-term rusting and harsh
environment.

Furthermore, we need to measure the internal
corrosion and pressure of the heap-supply pipe when
estimate the healthy situation of pipeline, but it is not
convenient for the optical fiber to do that. So, it is
necessary turning to some other sensors or methods to
accomplish the whole health monitoring. There are
many available methods can be used to detect the
internal corrosion of steel pipe. A simple method is
gravity drop method [14]. The heating supply system
is stable relatively, so we can select one or two
experiment pipe sections and assign some gravity drop
slice into the pipe. The corrosion velocity and status
can be measure by the gravity drop.

6. Conclusions

In this paper, we design a Brillouin optical fiber
corrosion sensor which can be used in the corrosion
detection of underground heating supply pipelines.
The experiment is ongoing now and the preliminary
results are very satisfactory. It is suitable for the out
wall corrosion of steel pipe. In addition to this use,
Brillouin optical fiber corrosion sensor can be used in
the detection of water supply pipe, drain water pipe
and gas supply pipe too.
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