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DISTRIBUTED HIGH TEMPERATURE SENSING USING
FIBER BRAGG GRATINGS
Syam Prasad Kuncha, Balaji Chakravarthy, Harishankar
Ramachandran, and Balaji Srinivasan
Department of Electrical Engineering, Indian Institute of Technology-Madras,
Chennai, India
In this paper we present a novel, practical approach for carrying out distributed high
temperature sensing in boilers. We have demonstrated distributed high temperature sensing
using fiber Bragg gratings encapsulated inside a rugged mechanical structure. The encapsulation is designed to not only protect the optical fiber from the harsh environment of the
boiler, but also to scale the temperature down to a range over which the gratings are
relatively stable. A key aspect of our work is the use of a Bayesian inference technique
to retrieve the temperature outside the encapsulation within < 1C accuracy based on the
temperature measured by the fiber Bragg grating (FBG).
Keywords: Bayesian inference approach; Boilers; Distributed sensing; Fiber Bragg gratings; High
temperature sensing

1. MOTIVATION
Distributed sensing is a key requirement in several structural health monitoring applications such as aerospace vehicles, bridges and dams. An emerging
application is in boilers, where the knowledge of the temperature profile across
the boiler (see Figure 1) can enable specific placement of heat exchange tubes leading to enhanced efficiency of energy transfer and significant cost savings (Boiarski
et al. 1995).
Sensors based on optical fibers are attractive for distributed sensing due to
their immunity to electromagnetic radiation, ability to bend around tight corners,
and their light weight. Specifically, optical fiber sensors based on fiber Bragg gratings (Hill et al. 1997) have evinced keen interest since the sensing information is
wavelength encoded and their amenability to distributed sensing (Zhang and
Kahrizi 2003). However, their relatively poor thermal stability translates to their
applicability only over a limited temperature range (Erdogan et al. 1994). As such,
for high temperature applications as in boilers, the FBGs need to be encapsulated
such that they are not exposed directly to the boiler temperatures ( 1100C). This
paper deals with the demonstration of distributed sensing using FBGs, including the
design=simulation of the encapsulation and estimation of the temperature outside the
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NOMENCLATURE
a

b

c

Ti

Tpi

Tpo

coefficient of the second degree
term in the parabolic equation used
for generating parabolic profiles for
prior information (per square
meter)
coefficient of the first degree term
in the parabolic equation used for
generating parabolic profiles for
prior information (per meter)
constant coefficient in the parabolic
equation used for generating
parabolic profiles for prior
information (no unit)
the value of the temperature
measured at the location of the
fiber (in Kelvin)
the simulated value of the
temperature at the location of the
fiber corresponding temperatures
at the periphery (in Kelvin)
prior information on the
temperatures at the periphery of
encapsulation tube (in Kelvin)

To

z
zo

the temperature that has to be
retrieved i.e., the original
temperature inside the boiler at the
periphery of the encapsulation (in
Kelvin)
position along the length of the
encapsulation tube (in meters)
arbitrary position along the
encapsulation tube (in meters)

Greek Letters
Thermal expansion coefficient of
aK
the optical fiber (per Kelvin)
an
Thermo-optic coefficient of the
optical fiber (per Kelvin)
DkB
Shift in the Bragg wavelength due
to change in temperature (in
nanometers)
DT
Change in temperature to which
the gratings are exposed (in Kelvin)
kB
Bragg wavelength (in nanometers)
r
Error in the temperature
measurement (in Kelvin)
vi
Normalized difference in value
between the temperature measured
using optical fiber and the
temperature that has been
simulated (no unit)

Figure 1. Cross-section of a boiler (courtesy: BHEL).
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encapsulation based on measured temperature measured using the Bayesian
inference approach.
2. DEMONSTRATION OF DISTRIBUTED SENSING USING FBGs
Fiber Bragg gratings consist of periodic modulation of the refractive index in
the core of the optical fiber (Hill et al.1994). When broadband light is incident on
them, they reflect a narrow band of wavelengths around a center wavelength known
as the Bragg wavelength. The Bragg wavelength is determined by effective refractive
index of the waveguide and the spatial period of the grating. Any perturbation of
the refractive index or the spatial period results in change of the Bragg wavelength.
For a perturbation in temperature (DT, in Kelvin), the expected change in the Bragg
wavelength (DkB , in nm) would be
DkB ¼ kB  ðaK þ an Þ  DT

ð1Þ

where aK and an (per Kelvin) are thermal expansion coefficient and thermo-optic
coefficient respectively of the optical fiber material (Othonos and Kalli 1999).
The temperature sensitivity of FBGs can be determined experimentally by
subjecting a fiber Bragg grating to various temperatures and observing the resultant
spectral shift. The FBG spectrum as a function of different temperatures is illustrated in Figure 2. The change in the Bragg wavelength with respect to that at room
temperature as a function of temperature is plotted in Figure 3. From the figure, we
can see that the coefficient of temperature-induced spectral shift is about 13.5 pm=C.
Fiber Bragg gratings may be used as distributed temperature sensors by cascading several gratings with different Bragg wavelengths. However, when the fiber
is exposed to high temperatures, the reflectivity of the grating decreases as some
of the defects contributing to the UV-induced index changes are transformed to their
original state (Baker et al. 1997). We have experimentally verified that the gratings

Figure 2. Plot of the fiber Bragg grating reflection spectrum as a function of temperature.
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Figure 3. Bragg wavelength shift as a function of temperature, illustrating the linearity of the FBG
response.

inscribed in B-Ge doped fibers will erase completely at 900C. As such, we have used
the FBGs for measuring temperatures up to 300C after performing annealing
at 350C for a few minutes to erase the unstable portion of the refractive index
modulation. This is shown in cycle 1 of Figure 4 below. It can be clearly seen that
the subsequent cycles do not show any degradation.
The experimental setup used for our measurements is illustrated in Figure 5.
Wideband probe radiation from an EELED centered at 1550 nm was launched via
a circulator into the optical fiber consisting of FBGs having three different Bragg
wavelengths. The reflected spectrum from the FBGs extracted through the other port

Figure 4. Thermal cycling of a fiber Bragg grating showing the stability of the grating after the first cycle.
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Figure 5. Schematic diagram of the experimental setup for the demonstration of distributed sensing using
fiber Bragg gratings.

of the circulator was measured using an Optical Spectrum Analyzer (OSA). The
Bragg wavelengths were chosen such that the wavelength shift expected at 300C
does not result in the reflection peak overlapping with that of another FBG kept
at room temperature. The gratings were fabricated at the Indian Institute of Science,
Bangalore using three different phase masks and the Bragg wavelengths were
1540.07 nm (GF1_7B), 1551.59 nm (GF1_15C) and 1555.55 nm (NW_8B) respectively. In order to carry out the distributed temperature measurements, the FBGs
were placed inside a 100 diameter, 60 cm long hollow alumina tube. The alumina tube
was in turn introduced into a tube oven, which consisted of 28 cm long heating coils
embedded in its inner walls.
The Bragg wavelength shift of a FBG (GF1_7B) with temperature was first
calibrated against a built-in thermocouple reference located at the center of the oven.
The two other Fiber Bragg gratings (GF1_15C and NW_8E) were positioned at 7 cm
and 13 cm away from the center. The wavelength shift of each FBG located at

Figure 6. Temperature profile of the oven measured using fiber Bragg gratings. The measured profile is
seen to be consistent with the profile simulated using Fluent.
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different positions was noted from the reflection spectrum obtained in the optical
spectrum analyzer as a function of the set temperature. The temperatures at those
positions of the oven were calculated from the thermal sensitivity curve of the
corresponding fiber Bragg grating. The experiment was repeated by positioning
the FBGs at two other points in the oven i.e., at 4 cm and 17 cm from the center.
The temperature profile of the oven is then plotted as shown in Figure 6. It can
be clearly seen that the temperature falls off gradually as we move away from the
center. This is because the ends of the oven are exposed to room temperature,
thereby acting as a heat sink. The measured temperature profile is found to be consistent with the profile simulated using Fluent 6.2, a commercially available software.
The error bars represent the error in the measurement when the FBGs are kept at
constant temperature for longer duration of time.

3. DESIGN OF FIBER ENCAPSULATION
For the measurements inside the boiler where the temperature is as high as
1100C, the encapsulation should have the following characteristics:
. It should be mechanically strong
. It has to be a low conducting material so that the temperature is scaled down to
the desired range (< 350C) at the sensor location
. It must withstand the high temperatures present inside the boiler
. It must be economical and easily available
The sensing optical fiber has to be placed inside such encapsulation. If the
encapsulating material is inside the boiler for a relatively long duration, the temperature across the tube will tend to homogenize with respect to the boiler temperature
resulting in the degradation of the FBG. Hence a mechanism has to be provided to
take away the heat of the encapsulation tube. This can be achieved by passing a coolant with some velocity into the tube as shown in Figure 7. Water is an excellent
choice as it is easily available and its properties are well documented.
The velocity of the coolant and the material for encapsulation has to be chosen
so that when it flows out through the other end, the temperature should not exceed

Figure 7. Schematic diagram of the high temperature distributed sensing system using encapsulated fiber
Bragg gratings.
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Figure 8. Temperature profile simulated at the fiber location for a uniform temperature profile outside the
encapsulation.

373 K (boiling point of water). The other constraint in our approach is the maximum
temperature to which the fiber Bragg gratings are exposed to. For the reasons
discussed above, we decided to limit the maximum temperature to 300C (573 K)
inside the encapsulation. We have simulated the temperature profiles inside the
encapsulation for different materials as well as different velocities of water with an
aim of optimizing both of them. Figure 8 is a plot of the temperature profile inside
the encapsulation for different materials, assuming a uniform temperature profile
outside the encapsulation of 1100C and a constant velocity of water (10 m=s). From
this plot, we see that the ceramic material would be an apt choice. In an effort to optimize the velocity of water, we simulated the temperature profiles inside the encapsulation for different velocities of water (Figure 9). As expected, the simulations show

Figure 9. Temperature profile simulated at the fiber location for different velocities of water.
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lower temperatures inside the encapsulation for higher cooling water flow rates.
However, the temperature measurement sensitivity (represented by the slope of the
curve) is compromised at the higher water flow rates. As such, we found that the
water velocity of 5 m=s is optimal for our application.
It is also important for the boiler application that the measurement time should
be in the order of a few minutes i.e., the whole encapsulation should reach the steady
state temperatures within that time. The steady state is defined as the time taken for
the temperature inside the encapsulation to reach within 0.3C of the final value.
For example, the measurement time will be relatively low for higher velocities of
water. Another important parameter that determines the measurement time is the
thermal conductivity of the encapsulation material. We have studied the time
responses for different materials with the aim of identifying the optimal encapsulation material. As expected, the materials with lower value of thermal conductivity
will take more time to reach steady state. Though the ceramic takes more time to
reach the steady state ( 9 min), it is well below the 15 minute time between two
successive measurements in normal applications. It can withstand temperatures as
high as 1800C and has very low thermal conductivity of 1.4 W=m K. For these
reasons, we chose ceramic as the material for encapsulation and the sensing
fiber may be embedded at a radial location close to the inner surface. This can be
practically achieved by having a small hole along the length of the ceramic tube.
Care must be taken to ensure that the fiber is not attached to the encapsulation
tube in order to avoid any thermally-induced strain on the grating elements.
One drawback of the ceramic is that the commercial availability of the material
is limited to 1 m length. Hence we have to slide these ceramic tubes over inconel
sheaths to support it for longer lengths. Inconel sheaths provide mechanical stability
to the whole encapsulation. Furthermore, an inconel sheath has to be provided over
the ceramic tubes so that the air gaps at each 1 m location can be closed. So, the
structure essentially contains ceramic tubes (5 mm inner radius and 20 mm outer
radius) in the annular region of two inconel sheaths (1 mm thick). The sensing fiber
is to be placed inside a 3 mm diameter bore (along the length of the encapsulation)
situated at a distance of 7.5 mm from the center of structure.
4. BAYESIAN INFERENCE APPROACH
The distributed temperature measurement using fiber Bragg gratings explained
above yields the temperature at the fiber location. There is still the problem of determining the ambient outside temperature at that location. Since the encapsulation
tube is long and thin (10 meters long as in typical boilers with a diameter of
2 cm), the heat flow problem is radially dominated and is essentially a 1-dimensional
one. However, this observation merely means that the encapsulation surface temperature at some position zo along the tube is a function of the fiber temperature
and the water temperature at the same position. Since the water temperature
is unknown, it needs to be estimated and then in turn used to estimate the surface
temperature.
The water temperature may be determined by deducing the heat flow into the
water at earlier points in time, i.e., over 0 < z < zo. However, the water flow is
turbulent and the tube length is comparable to the settling distance for the formation
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of steady state turbulent flow. Hence, standard expressions for boundary layer
thickness and turbulent viscosity=conductivity are not accurate. This leads to errors
in predicting the water temperature analytically.
What is known however, is that the temperature in the boiler is a little lower at
the walls compared to the temperature at the center and the range of temperature
variation across the cross-section of the boiler is only 200K. One can choose temperature profiles within the above range that provide good representation of the
region and carry out Computational Fluid Dynamics analyses (using Fluent) for
them. Such data can then be used to determine the temperature profile of the boiler
based on the measured temperature at the fiber through the Bayesian inference
approach (Wang et al. 2004).
The Bayesian inference approach relies on a good forward model i.e., temperatures at the measurement point are determined through simulations in Fluent for
several known boiler temperature profiles. The temperatures at the fiber location
obtained through simulations for various outer temperature profiles are stored in a
database. The Bayesian retrieval algorithm uses the above database of pre-calculated
temperature profiles at the fiber location for many possible boiler temperature
profiles and integrates them over the points in the database. Bayesian inversion
methods formally add prior information to that provided by the measurements to
obtain a well-posed retrieval and corresponding uncertainty estimate.
The retrieved parameter To (in Kelvin) is calculated by integrating over the
posterior PDF (Wang et al. 2004)
To ¼

 1 2
P
i Tpo exp  2 vi
 1 2
P
i exp  2 vi

ð2Þ

where Tpo (in Kelvin) is the prior information on outside temperatures, and v2i is a
measure of the difference between the measurement vector and database simulated
vector.
X
v2i ¼
ðTi  Tpi Þ2 =r2
ð3Þ
where Tpi (corresponding to Tpo ) and Ti denote the simulated and measured
temperatures respectively at the fiber location, and r is the measurement error.
To estimate the unknown temperatures using Bayesian approach, 625 different
parabolic profiles are generated by choosing different coefficients for the parabolic
equation To ðZÞ ¼ a:z2 þ b:z þ c (where z is the distance in meters). The coefficients
are taken such that the function covers the entire range (1200C to 1400C) at the
outside. The range of the coefficients are as follows: a ¼ {0.91, 1.0}: b ¼ {10, 18}:
c ¼ {1250, 1360}. The temperature at the fiber location was then simulated
using Fluent for all the profiles and the corresponding data was stored in the
database. For a measured temperature profile at the location of the fiber, the
temperature at the periphery of the encapsulation may be estimated using the above
approach.
One potential issue is the dependence of the temperature at a point zo on the
non-local (other positions along the length of the encapsulation) temperatures
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Figure 10. Plot of the different temperature profiles outside the encapsulation considered for our analysis.

outside. To verify this, several different temperature profiles were considered at the
periphery of the encapsulation such that the temperature is the same at one
particular point (z ¼ 5 m, as shown in Figure 10). For the various outside temperature profiles, the temperature profile at the sensing fiber location and water were
simulated.
As illustrated in Figure 11, we found out that the temperature at the fiber
location at the chosen position, z ¼ 5 m did not vary for the various outside profiles.
Such a negligible dependence of the fiber temperature at any point along the encapsulation on the non-local outside temperatures indicates that the Bayesian inference

Figure 11. Simulated temperature profiles at the FBG location inside the encapsulation for the outside
temperature profiles in Fig 10.
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Figure 12. Plot of the temperature profile retrieved using the Bayesian inference approach versus the
original temperature profile.

needs to be carried out only at individual points and not over the entire profile
of the boiler.
As mentioned above, we have carried out the Bayesian inference method to
calculate the outside temperatures for several sample temperature profiles. The
results of the estimation for one of the sample temperature profile are illustrated
in Figure 12. As seen from the figure, the Bayesian inference approach has been able
to estimate the outside temperature profile fairly accurately based on the measured
temperature inside the encapsulation. To extend this result further, we performed
the estimation over several sample temperature profiles. Figure 13 shows the parity

Figure 13. Parity plot between the temperatures retrieved using the Bayesian inference approach and the
original temperature. The estimation error is less than 1C.
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plot between all the original temperature profiles and the retrieved temperature
profiles. The errors in the estimation are found to be less than 1C, thereby proving
the robustness of the Bayesian inference approach over the entire temperature range
of interest for the boiler application.
5. SUMMARY
In summary, we have demonstrated a practical, relatively inexpensive solution
for the challenging problem of high temperature distributed sensing in boiler applications. The key aspects of our work include the demonstration of distributed sensing
using fiber Bragg gratings, the design=simulation of an encapsulation to house the
gratings, and the use of the Bayesian inference approach to estimate temperatures
within 1C accuracy.
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