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Executive Summary 

The research efforts involved theoretical, computational, and experimental research in the 
general area of control of structures and nonlinear flow/structure interactions. The work, 
pursued in an integrated, multidisciplinary approach, involved basic research on modeling, 
identification, control, and computation in (i) flow control (ii) smart material structures (iii) 
control of nonlinear fluid/structure interaction models (iv) fluid flow in a vertical chemical 
vapor deposition reactor, (v) pharmacokinetics dynamics and (vi) computational electro- 
magnetics. Major acheivements include the development, implementation and experimental 
validation of (a) feedback control algorithms for use in vibration suppression in smart struc- 
ture active noise suppression and (b) noninvasive damage detection algorithms based on 
routine structural vibration responses. Detailed descriptions of the efforts and results can be 
found in the readily available publications listed in this report. Those listed as CRSC-TR 
are technical reports available upon request at the Center for Research in Scientific Com- 
putation, North Carolina State University. Investigators supported in part under this grant 
include H.T. Banks, K. Ito, Y. Wang, K. Black, R.C. Smith, M. Demetriou, N. Lybeck, A. 
Ackleh, S. Zhu, S. Ravindrin, R. del Rosario, Y. Zhang, T. Roberts, C. Musante, and H. 
Tran. 

1     Flow Control 
Two types of boundary control problems were investigated for the incompressible Navier- 
Stokes equations. The first problem is the fluid/structure interaction by an elastic boundary 
condition for a channel flow with sudden expansion. The idea of applying smart materials to 
mechanical and structural systems has been exploited in various applications. A number of 
promising materials with adaptive properties are being tested and used as sensor or actuator 
elements. For example, piezoelectric material can be used as induced strain actuators which 
result in a mechanical deformation. When deformed, piezos also generate a voltage that is 
proportional to the cummulative strain in the structure. This capability permits piezoelectric 
materials to be employed as sensors and actuators and combined with laws for the design of an 
elastic deforming wall for control in channel flow. A mathematical model including equations 
and boundary interface conditions for this fluid/structure interaction was developed and the 
well-posedness of the proposed equation based on a weak variational formulation under 
a Gelfand triple was established. A code was developed for numerical simulation of the 
fluid/structure interaction based on this mathematical formulation. The code uses the mixed- 
finite element method for the spatial approximation and an operator splitting method for 
the time integration. A class of linear feedback laws was developed for minimizing the total 
vorticity in a recirculation region due the sudden expansion of the channel; these laws were 
tested numerically. Numerical tests were carried out for open-loop and closed-loop systems 
under different flow conditions. These computational results validated the mathematical 
formulation and the feasibility of the proposed feedback control mechanisms. 

The second problem studied was the Boussinesq system for thermal convection. The prob- 
lem is motivated by optimal control and design for high pressure vapor transport (HPVT) 
reactors for epitaxial growth under open and closed reactor design. The Navier-Stokes equa- 



tions are coupled with the thermal equation for energy conservation through the buoyancy 
force. The boundary temperature control of mixed and Dirichlet boundary types were con- 
sidered for regulation of temperature and velocity field. A weak variational formulation 
under a Gelfand triple framework was used to establish the existence of weak solutions un- 
der very mild regularity assumptions on the boundary data and to derive the necessary 
optimality condition. The necessary optimality conditions played a very important role for 
developing and analyzing numerical optimization algorithms. In addition, numerical opti- 
mization algorithms based on the augmented Lagrangian method were developed and tested 
for a stationary control problem that arises in the boundary temperature control for the 
closed tube HPVT reactor design. Finally, the full compressible Navier-Stokes equation was 
analyzed theoretically and computationally in order to study the density variation effect for 
flow fields in HPVT reactors. 

2     Control and Identification in Smart Materials 

Investigators have continued studies of feedback control and parameter estimation in the 
context of piezoceramic based smart materials. Several important achievements have been 
realized during the past two years. The group investigated methods for non-destructive 
detection and location of damage in structures using a distributed parameter based method- 
ology. These efforts on the possibility and feasibility of vibration analysis based detection 
of damage have resolved a number of issues that have provided controversy in the engineer- 
ing community for the past 20 years. Using physically based distributed parameter models 
for structures, the group successfully developed and experimentally validated methods for 
the detection and characterization of damages such as corrosions and structural defects in 
elastic structures. These methods are based on routine vibration responses for the character- 
ization of changes in fundamental geometry and physical parameters (mass density, stiffness, 
damping) using embedded piezoceramic sensors/actuators in a self-excitation, self-sensing 
structural environment. Their efforts have produced resolution and capabilities that cannot 
be attained with classical modal based methods that have been at the heart of controversies 
in the engineering community. The computational and experimental findings of the team on 
damage detection in elastic structures such as airfoils and aircraft fuselages has potential for 
significant breakthroughs in evolving technologies for on-line methods in both civilian and 
military application. This work, part of which has also been carried out in collaboration with 
scientists at NASA Langley Research Center, has major impact on and is of fundamental 
importance to the implementation of a smart material based technology for the routine eval- 
uation of materials and structures for damage (due to internal as well as external stresses) 
during the lifetime of the structure. 

The same physically based distributed parameter models for structures with embedded 
piezoceramics for sensing and actuating have been used as the basis for a feedback control 
methodology for the suppression of vibrations in mechanical systems. Based on mathemat- 
ical theories for feedback control of distributed parameter systems (developed over the last 
decade in large part by investigators with funding from the AFOSR thrust on the control 
of distributed parameter systems), the team developed and implemented a computational 
methodology for the control of vibrations in mechanical systems and structure borne noise 



in structural acoustics systems. By also developing the necessary on-line filters and compen- 
sators (to treat partial observations of the system), the team was able to implement and test 
this methodology on a component of a structural acoustics experimental system subject to 
both periodic sustained disturbances and impulse or transient disturbances. The closed loop 
feedback system yielded outstanding stable performance in both cases: a typical reduction 
of 85% was achieved in responses to sustained distrubances while typical settling times were 
reduced by a factor of 4 in transient responses. These experimental verifications demonstrate 
conclusively for the first time that a distributed parameter feedback control methodology in 
the context of smart material vibrations and noise suppression is not only feasible but can 
provide significant improvement of current engineering capabilities. 

The above cited results are part of the focus of the group's research on control and estima- 
tion of infinite dimensional dynamical systems as they relate to (and model) systems derived 
from physical processes. Specifically, the group has been looking at the extensions of several 
finite dimensional control and estimation theories to infinite dimensional systems. The infi- 
nite dimensional systems considered were systems governed by partial differential equations, 
functional differential equations (delay equations) and integrodifferential equations. Specific 
work on the H°°/Min-Max control of structural acoustic models with piezoceramic actuators 
using only input/output information was pursued. This control methodology was an exten- 
sion to infinite dimensional systems of the methodology for finite dimensional systems with 
state and measurement noise. More recently, members have been working on failure detec- 
tion and accommodation of infinite dimensional dynamical systems using model-based fault 
diagnosis schemes. These schemes allowed the failures, occurring in a dynamical system, to 
be detected. In addition, these model-based schemes were capable of identifying the nature 
of the fault thus enabling the accommodation of the system via the design of suitable control 
strategies. 

Several aspects of the work include: 

(a) Adaptive parameter estimation: Investigators developed a unified framework for 
the adaptive estimation of parameters for infinite dimensional systems. A similar 
application to the above on-line estimation theory included the adaptive identi- 
fication of parameters in a structural acoustic model with piezoceramic actua- 
tors. In this case the previous scheme was modified to account for the lack of 
symmetry of certain bilinear forms in the underlying beam/pressure equation. 
Continuing with other extensions, nonlinear infinite dimensional dynamical sys- 
tems were considered. There, an adaptive parameter estimation scheme, modified 
for a nonlinear beam model with discontinuous (with respect to time and space) 
stiffness parameter, was considered. Theoretical and numerical results for this 
application-oriented extension have been presented in the published literature, 

(b) Model reference adaptive control: A unified framework that included both linear 
and nonlinear infinite dimensional systems utilizing a functional analytic setting 
was developed. The proposed control law was shown to yield state convergence, 
i.e., the state of the plant was shown to follow the state of a reference model with 
the unknown parameters updated adaptively. 

Since some second order systems could not be written as first order systems, a 
different theory for model reference adaptive control was developed. The control 



laws for this case were infinite dimensional and their implementation necessitate a 
finite dimensional approximation theory. The above theory was also extended to 
parabolic systems with parameters (constant and functional) that varied slowly 

with time. 

Even though the above methodology introduced a unifying framework for model 
reference adaptive control, it required that the input operator be the identity 
operator. A way to alleviate such a restriction was proposed. This adaptive 
controller guaranteed that the plant state tracked the reference state. An abstract 
framework including details of the well posedness and proofs of convergence of 
such a scheme is presented in the publications listed below. 

(c) H°° control of acoustic/structure interaction models: Controllers were modified 
to account for a periodic noise that entered the system. This required the solu- 
tion of two "Riccati" type operator equations. These Riccati type equations were 
an extension of finite dimensional results in H°° control theory. In addition to 
the periodic noise, the algorithm also handled measurement and state noise and 
essentially guaranteed that the noise-to-output map remained bounded in some 
sense. The proposed compensator for the system was infinite dimensional. Thus, 
for implementation purposes, a finite dimensional approximation theory was de- 
veloped. In implementing this theory, the necessary software was also developed 
and, upon extensive testing, successful results were obtained as already indicated 
above. 

These results were also extended to a 3-dimensional structural acoustic system 
(which modeled an actual experimental setup at the Acoustics Division at NASA- 
Langley) where the numerical aspects of the compensator implementation were 
considered. 

(d) Fault detection and diagnosis: Many dynamical systems undergo failures and in 
order to accommodate their performance with the choice of a suitable controller, 
it is necessary to detect these failures. An attempt was made to develop an on-line 
scheme that would detect the failure in a nonlinear cantilevered beam model. The 
beam model assumed a nonlinear stiffness which depended on the curvature of 
the beam. The estimator successfully monitored and detected the failure in com- 
putational experiments. In addition, it identified the parameters of the nonlinear 
stiffness. The same scheme was applied to computations for a linear parabolic 
system in which the nature of the fault was not known. In computations, a pro- 
posed model-based diagnosis scheme detected the time of failure and the location 
and shape of the fault, which in this case was modeled by a perturbation of the 
difFusivity parameter acting on part of the spatial domain. 

3    Pharmacokinetic Dynamic Modeling 

Investigators have collaborated with scientists at the Armstrong Laboratory, Brooks AFB 
on the modeling of hepatic dispersion of TCDD. The chemical 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (TCDD) is one of the most extensively studied chemicals in recent years.  There is 



widespread fear that exposure to even a small dosage of dioxin could lead to adverse health 
effects. This chemical has been of particular concern to VietNam veterans because of its 
presence in the herbicide Agent Orange which was used for defoliation during the VietNam 
war. Agent Orange is a 1:1 mixture of 2,4-D (dichlorophenoxyacetic acid) and 2,4,5-T 
(trichlorophenoxyacetic acid). 2,3,7,8-TCDD forms as a byproduct in the manufacture of 
2,4,5-TCP (trichlorophenol) which is needed to produce the bactericide hexachlorophene and 
phenoxyherbicides like 2,4,5-T and Silvex. 

Due to the high lipid solubility of dioxins, these compounds are easily absorbed by the 
body, and are probably transported throughout the body in association with lipoproteins 
and other transport proteins in the blood. In most animal studies, TCDD is transported 
to and accumulates in the liver and adipose tissue. Elimination of lipophilic chemicals such 
as dioxins is by metabolic conversion of the chemical to more water soluble metabolites. 
Therefore, an understanding of hepatic dioxin elimination is an important determinant of 
dioxin and metabolite levels in the body. 

There are two commonly used models to describe the elimination of substances by the 
liver. One is the well-stirred model and the other is the parallel-tube model. These two mod- 
els are equivalent to the perfectly mixed and plug flow reactors used in chemical reaction 
engineering. Comparison studies including experimental evidence comparing the well-stirred 
model with the parallel-tube model have shown no concensus preference. In the studies 
underway, investigators are developing another model for hepatic elimination, the disper- 
sion model. This model was first introduced by Roberts and Rowland (Michael S. Roberts 
and Malcolm Rowland, "A Dispersion Model of Hepatic Elimination: 1. Formulation of the 
Model and Bolus Considerations", J. of Pharmacokinetics and Biopharmaceutics, Vol. 14, 
No. 3, 227-260, 1986). This more general dispersion model is based on the residence time 
distribution of solutes in the liver and on hepatic physiology. In the model developed by 
Roberts and Rowland, metabolism and transport are operating linearly and TCDD binding 
to proteins in the liver are neglected. In the current study, metabolic processes are charac- 
terized by Michaelis-Menten enzyme kinetics (nonlinear) and TCDD binding to two proteins 
in the liver: a non-inducible high-affinity, low capacity cytosolic protein known as the Ah 
receptor, and an inducible low-affinity, high-capacity microsomal protein are included. The 
mathematical model describing the concentrations of solute in the blood and of unbound 
solute in hepatocytes is given by a nonlinear coupled system consisting of a convection- 
diffusion type equation and an algebraic constraint. A new model has been developed and 
investigators are currently developing an approximation scheme based on the finite element 
discretization for the numerical simulation of the hepatic elimination model. Simulation 
studies to unify the model will be carried out with continuing AFOSR funding from another 
grant. This work will be pursued in collaboration with Armstrong Lab scientists. 

4    Computational Electromagnetics 

Collaborative efforts with researchers at Armstrong Labs, Brooks AFB on computational 
electromagnetics with special emphasis on identification and control were begun. One 
project, which is continuing with other AFOSR support, involved the modeling of microwave 
probes in tissue and solids. Time domain algorithms for identification of dielectric constants 



and dispersion from reflected signals have been developed and are currently being tested 
computationally. 

A second project involved computational algorithms for inverse scattering in layered elec- 
tromagnetically dispersive media. An algorithm, based on Green's function techniques, for 
oblique incidence waves was formulated and computationally validated using a long estab- 
lished method due to Redhefter. Additional work on asymptotic analysis of these algorithms 
was pursued. 

5 Interactions and Transitions 

The efforts supported by this grant have led to significant interaction and collaboration with 
non-academic scientists. These interactions involved both consultative collaborations and 
transitions. Among these are: 

(a) Scientific collaborations on inverse and control problems in electromagnetic wave 
applications. Armstrong Labs, Brooks AFB. 

Dr. Yun Wang, (August, 1994) and (October 30 - November 1, 1994); Dr. R. 
Albanese, Dr. Yun Wang (January 19-23, 1995); Dr. Yun Wang and Dr. Jeff 
Blaschak (Feburary 22-24, 1995); Dr. Yun Wang (April 27-29, 1995); Dr. Yun 
Wang (July 13-14, 1995); Dr. Yun Wang (August 28-30, 1995). 

(b) Scientific collaborations on modeling of dioxin transport, Armstrong Labs, Brooks 
AFB. 

Dr. R. Albanese (January 19-20, 1995). 

(c) Scientific collaboration on modeling and computation of smart material vibration 
suppression in structures, Phillips Lab, Kirtland AFB. 

Capt. Jeanne Sullivan, Dr. Alok Das (July 31- August 1, 1995). 

(d) Transitions with Thomas Lord Research Center, the Lord Corporation (Dr. Lynn 
Yanyo, Dr. Beth Mufloz) Enabling research includes development of compu- 
tational methodology and software packages for inverse problems involving dis- 
tributed parameter systems. Application is to the modeling and design of rubber 
based elastomers to be used in automotive, aircraft, heavy equipment vibration 
suppression devices. 
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