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Motivation

• Monitoring/Qualification of Pressurized 
Water Reactors

Pressurized Water Reactor (NRC.gov)

Flexures

Beam Connectors

Key Components:
• Structure Modeling (forward)
• Damage Estimator (inverse)
• Optimal Experimental Design (OED)

Robot



Reactor Vessel Internals
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Simplified Reactor Vessel

Pressure 1MPa 
(1, 5 Hz)
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Modeling Reactor Vessel (Forward)
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Component Modeling: 

Damage Parameter:

Forward System:

• Assume linear elasticity (frequency domain) governing PDE
• Assume simple isotropic material penalty parameter



Obtaining a Damage Estimator (Inverse)
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Data Model:

Observations: 

Notation:

(Aquino 2019)



Linearizing the Damage Estimation Problem
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Jacobian Matrix:

Least‐Squares Solution:

(Nonlinear IP)

(Linearized IP)



Optimal Experimental Design

• Control the variance in our parameters; define the Fisher Information Matrix (FIM):

• Consider an unregularized least‐squares solution:

• Employ Various Optimality Criteria: A, D, E criteria
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(Tenorio 2010)



Sequential OED (SOED) Algorithm
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Numerical Example: Two Cylinders

• Pressure applied on outer surface at 1 Hz
• Inner bottom cylinder fixed; 1% Gaussian noise added

• Parameters:
• Regularization: Double Well Potential
• Budget: 20 Sensors
• Number of MC trials: 30

• Metrics:

Example damage caseCylinder Mesh



SOED Results

• Compare SOED with a random‐walk sensor placement scheme



Modified Error in Constitutive Equations

• Helmholtz‐type problems contain singularities (e.g. at natural frequencies) which can 
force damage parameter estimators to be at local minima

• Goal: Convexify the damage ID problem

Model Error:

Data Misfit: (Banerjee 2013)



Sequential OED (SOED) Algorithm with MECE
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SOED with MECE Performance Comparison
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• Compare performance of 
SOED against ergodically‐
placed sensors

• Operating Frequency: 5Hz

• Noise Level: 5% Gaussian



SOED Performance (Multiple Damage Cases)

• 10 Damage Cases

• 5Hz Frequency 
• 5% Noise

• SOED: 6 sensors
• Grid: 8 sensors at 
damage locations



Concluding Remarks

• Formulated a linearized damage estimator inverse problem and used a linear optimal 
experimental design framework (E‐optimality).  Created a sequential OED framework

• Enhanced the damage estimator using the Modified Error in Constitutive Equation 
functional

• Evaluated the sequential OED framework by considering number of needed sensors and 
damage estimator error

• Demonstrated that sequential OED can perform model‐specific damage localization
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