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Technical background of this project 

Distributed optical 
fiber sensing system

Active sensing element

Boiler

Reconstructing algorithm

+

Reconstructed 
temperature distribution

Distributed sensing system

Boiler

Grating (detector)

Photoabsorptive material (emitter)

Optical fiber

 Reconstruct the 3D high temperature 
distribution within a boiler via a novel fiber 
optic distributed temperature sensing system 
using optically generated acoustic waves. 



Technical background of this project 
 

  Speed of acoustic waves depends on the temperature of  
     gaseous  medium. 
 
  The TOF (time-of-flight) of an acoustic signal over a 
     propagation path can be calculated as: 
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Potential significance of the results  

 Distributed fiber sensors  
 

 Survive high temperatures 



 The reconstructed 3D combustion temperature profile will 
provide critical input for the control mechanisms to optimize the 
fossil fuel combustion process. This will address the critical 
problem of achieving better operation safety, higher efficiency 
and fewer pollutant emissions  in fossil energy power plants . 

Relevancy to Fossil Energy 



Statement of project objectives 

Boiler

Reconstruct 
temperature 
distribution
at Alstom

Data processing 
with optimized
algorithm
(UConn)

Establish a model of the 
temperature distirbution

PHASE I PHASE II
Distributed Sensing System I

+

One fiber has 
one sensing 
element
(UMass 
Lowell)

Reconstruct 
temperature 
distribution 
at Alstom

Data processing 
with improved 
algorithm
(UConn)

+

One fiber has 
multiple sensing 
elements
(UMass Lowell)

PHASE III
Distributed Sensing System II

 Establish a boiler furnace temperature distribution model and guide 
the design of the sensing system;  

 Develop the sensors with one active sensing element on each fiber 
as well as a temperature distribution reconstruction algorithm for 
proof-of-concept; 

 Develop the distributed sensing system to integrate multiple active 
sensing elements on a single optical fiber. 



Project milestones 
M1 Title: Develop Project Management Plan 
  Planned Date: July, 2014 
  Verification Method: Plan Submission to DOE 
M2 Title: Establish a Simulation Model for Furnace Temperature Profile 
  Planned Date: January, 2015 
  Verification Method: Simulation Program Files 
M3 Title: Clarify Requirements for Distributed Sensing System Design 
  Planned Date: April, 2015 
  Verification Method: Requirements Report 
M4 Title: Develop Active Sensing Element 
  Planned Date: October, 2015 
  Verification Method: Working Prototype 
M5 Title: Characterize Distributed Sensing System I 
  Planned Date: April, 2016 
  Verification Method: Working Prototype 
M6 Title: Develop Reconstruction Algorithm 
  Planned Date: April, 2016 
  Verification Method: Algorithm Code 
M7 Title: Field Test Distributed Sensing System I at Alstom 
  Planned Date: July, 2016 
  Verification Method: Test Report 
M8 Title: Develop Distributed Sensing System II 
  Planned Date: January, 2017 
  Verification Method: Working Prototype 
M9 Title: Field Test Distributed Sensing System II at Alstom 
  Planned Date: May, 2017 
  Verification Method: Test Report 
M10 Title: Develop Final Report 
  Planned Date: June, 2017 
  Verification Method: Deliver Final Report to DOE 



Project schedule 
Task 1.0 Start Date: 7/1/2014 
Set Up Management Plan End Date: 7/31/2014 
Task 2.0 Start Date: 7/1/2014 
Establish Simulation Model End Date: 1/1/2015 
Task 3.0 Start Date: 1/1/2015 
Deliver Requirements for Distributed Sensing System Design End Date: 4/1/2015 
Task 4.0 - Subtask 4.1 Start Date: 1/1/2015 
Design Active Sensing Elements End Date: 10/1/2015 
Task 4.0 - Subtask 4.2 Start Date: 7/1/2015 
Develop Distributed Sensing System I End Date: 1/1/2016 
Task 4.0 - Subtask 4.3 Start Date: 10/1/2015 
Characterize Distributed Sensing System I in Lab Environment End Date: 4/1/2016 
Task 5.0 Start Date: 4/1/2015 
Establish Reconstruction Algorithm End Date: 4/1/2016 
Task 6.0 Start Date: 4/1/2016 
Field Test Distributed Sensing System I at Alstom End Date: 7/1/2016 
Task 7.0 - Subtask 7.1 Start Date: 10/1/2015 
Develop Distributed Sensing System II End Date: 10/1/2016 
Task 7.0 - Subtask 7.2 Start Date: 7/1/2016 
Characterize Distributed Sensing System II in Lab Environment End Date: 1/1/2017 
Task 8.0 Start Date: 7/1/2016 
Improve Reconstruction Algorithm End Date: 1/1/2017 
Task 9.0 Start Date: 1/1/2017 
Field Test Distributed Sensing System II at Alstom End Date: 5/30/2017 



      

    
  

      
    

      

    
  

      
    

      

    
  

      
    

Boiler 
Emitters 

Method:  
              Assign each emitters with a code, which is in a set of 
      orthogonal pseudo-random sequences 

Orthogonal Code Based Signal Modulation 
  Orthogonal Code based coding:  

• Enable parallel multiplexing mode  
 Satisfy the real time monitoring rate 

• Increase Signal to Noise Ratio (SNR) 

Modulation Demodulation 
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All Broadcasted Signals 

Arbitrary  Receiver 
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SNR Effects 
   The signal captured by the receiver  
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Noise and other transmitters’ signal, which are all 
orthogonal to   

acoustic signal coded as pseudorandom sequences 

  Define the inner product 

The expectation of                      is,  

Higher SNR could be obtained,  
– if we increase N or decrease the sampling rate 
– if the length of pseudo-random sequence increases 

  



Project risks and risk management plan 

 The proposed Gaussian radial basis function (GRBF) 
based function approximation enables more precise 
field reconstruction given a set of paths.  

 Accuracy of the reconstructed temperature field 
distribution 

Transducers

Furnace

Transducers
Temperature 
profile



Gaussian Radius Basis Function 
   GRBF:  
  
       and      are the predefined center and variance,      is position with 3 

dimensions 
  Nonlinear function approximated by basis functions with appropriate weights  

   How to choose the optimum interpolation nodes? 
 Divergence and fluctuation around the boundaries of the space 
 Increasing nodes lead to  ill-conditioned interpolation matrix 
 A potential function can derive the optimum location of sample points. 
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Gaussian Radius Basis Function 

  Weights can be obtained via the least square method 
 
  Advantage of GRBF: 

 
  Better approximation capability for nonlinear functions 
       
  Superior in scalability  
 
  Low computation complexity 
 
  Ill-posed problems like the inversion of a stiff matrix      
 



Reconstruction of Temperature Field via GRBF  
 Then we can approximate the temperature field via GRBF: 
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      is integral paths; N is the number of propagation paths which is 
decided by  sensors;  
 M is the number of Gauss functions. 
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  Solution to GRBF:   
  Draw the vertical line from the center            of Gauss function to 

the flight path   
  Calculation of     depends on whether the pedal is on the flight 

paths 
  When the pedal is on the flight path:    
 
          

 
 When the pedal is off the flight path : 

Reconstruction of Temperature Field via GRBF 
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       is the distance from center of 
the                   basis function to the 
k path 
 
       and        is the distance from 
the pedal to sensors on the ends 

 
      is the distance from the pedal 
to the farther sensor 
 
       is the distance from the pedal 
to the nearer sensor 
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Project management plan 
1. PI Wang (UML) will be responsible for the 

physical aspect of the distributed sensing 
system including the fabrication and test 
of the sensing system at UMass Lowell and 
at Alstom. 

2. PI Cao (UConn) will be responsible for the 
development of the CDMA based signal 
design and modulation/demodulation as 
well as the advanced 3D temperature 
field reconstruction algorithm.  

3. Alstom’s Industrial Size Burner test Facility 
(ISBF) will be available for testing the new 
sensor system in 2015-2017 once the sensor 
system has been assembled and tested at 
university labs. 

Grating

d
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Photoabsorptive material
Optical fiber

Distributed optical 
fiber sensing system
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Project status 

 Structure 

 Remove fiber 
cladding 



Project status 

150 µm

Coat gold nanocomposite on the tip of 
optical fibers [2]. 
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fast ultrasonic pulses [3]. 
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Real temperature field 

In the simulation, 10 sensors are evenly distributed, 10 basis functiones are used and 24 paths are chosen. 
The matching error is 1.95%. 

Reconstructed 
temperature field 



Unimodal Deflection 

Project status 

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

0
5

10
15

20
25

30
35

40
45

50

0

5

10

15

20

25

30

35

40
1000

1100

1200

1300

1400

1500

1600

2 2( , ) 600exp(( ( 4) ) / (( 3) ) / (2* )) 1000T x y x length y height= − − − − +

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

0
10

20
30

40
50

0
10

20

30
40

1000

1100

1200

1300

1400

1500

1600

In the simulation, 10 sensors are evenly distributed, 10 basis functions are used and 24 paths are chosen. 
The matching error is 0.8%. 
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