
AFRL-AFOSR-VA-TR-2015-0389

Analysis, Control and Inverse Theory of Fluids, Waves, Materials Structures

Zoran Grujic
UNIVERSITY OF VIRGINIA

Final Report
07/06/2015

DISTRIBUTION A: Distribution approved for public release.

AF Office Of Scientific Research (AFOSR)/ RTA2
Arlington, Virginia 22203

Air Force Research Laboratory

Air Force Materiel Command



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing the burden, to the Department of Defense, Executive Service Directorate (0704-0188). Respondents should be aware that notwithstanding any other provision of law, no 
person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION. 
1. REPORT DATE (DD-MM-YYYY)

25/06/2015 
2. REPORT TYPE

Final 
3. DATES COVERED (From - To)

I/07/2011- 30/06/2015 

4. TITLE AND SUBTITLE

Analysis, Control and Inverse Theory of Fluids, Waves, Materials Structures, and their 

Interactions 

5a. CONTRACT NUMBER 

FA9550-12-1-0354 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)

IRENA LASIECKA, Distinguished University Professor, University of Memphis 

ROBERTO TRIGGIANI, Distinguished University Professor, University of Memphis 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

University of memphis as a subcontractor of the University of Virginia 

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

AIR FORCE OFFICE SCIENTIFIC RESEARCH 

10. SPONSOR/MONITOR'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

DISTRIBUTION A 

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The focus of this research is multi-fold: Fluids, waves, structures and their interrelationships. This research made advances on all fronts. 

Regarding fluid, it solved the problem of feedback stabilization of the Navier-Stokes equations by tangential controls with arbitrarily small support. 

Moreover, it study fluid-structure interaction models when either the structures moves within the immersed fluid; or else is static but has small and 

rapid oscillations. In addition, this research produced a theoretical solution to the problem of flutter suppression of a flow of gas over a panel, say    

an aircraft wing, at the subsonic regime, by means of inserting suitable friction on the structure only. In the supersonic regime, the problem of 

controlling flutter can be reduced to a finite dimensional problem after a long time. Finally, this research solved the inverse problem of recovering the 

electric coefficient of a Schrodinger equation defined on a Riemannian manifold (so that also the variable coefficient case in included) by means     

of just one boundary observation/measurement acting on a suitable part of the boundary and for an arbitrarily short time interval. here recovery 

means: uniqueness of the recovery and stability (wekll-posednes) of the recovery by using a boundary trace of the solution. 

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF
ABSTRACT

18. NUMBER
OF
PAGES

19a. NAME OF RESPONSIBLE PERSON 
a. REPORT b. ABSTRACT c. THIS PAGE

19b. TELEPHONE NUMBER (Include area code) 

Standard Form 298 (Rev. 8/98) 
Prescribed by ANSI Std. Z39.18 

Adobe Professional 7.0 

ResetDISTRIBUTION A: Distribution approved for public release.



INSTRUCTIONS FOR COMPLETING SF 298 
 

1. REPORT DATE. Full publication date, including 
day, month, if available. Must cite at least the year and 
be Year 2000 compliant, e.g. 30-06-1998; xx-06-1998; 
xx-xx-1998. 

 
2. REPORT TYPE. State the type of report, such as 
final, technical, interim, memorandum, master's thesis, 
progress, quarterly, research, special, group study, etc. 

 
3. DATES COVERED. Indicate the time during which 
the work was performed and the report was written, 
e.g., Jun 1997 - Jun 1998; 1-10 Jun 1996; May - Nov 
1998; Nov 1998. 

 
4. TITLE. Enter title and subtitle with volume number 
and part number, if applicable. On classified 
documents, enter the title classification in parentheses. 

 
5a. CONTRACT NUMBER.  Enter all contract numbers 
as they appear in the report, e.g. F33615-86-C-5169. 

 
5b. GRANT NUMBER.  Enter all grant numbers as 
they appear in the report, e.g. AFOSR-82-1234. 

 
5c. PROGRAM ELEMENT NUMBER.  Enter all 
program element numbers as they appear in the report, 
e.g. 61101A. 

 
5d. PROJECT NUMBER.  Enter all project numbers as 
they appear in the report, e.g. 1F665702D1257; ILIR. 

 
5e. TASK NUMBER.  Enter all task numbers as they 
appear in the report, e.g. 05; RF0330201; T4112. 

 
5f. WORK UNIT NUMBER. Enter all work unit 
numbers as they appear in the report, e.g. 001; 
AFAPL30480105. 

 
6. AUTHOR(S).  Enter name(s) of person(s) 
responsible for writing the report, performing the 
research, or credited with the content of the report. The 
form of entry is the last name, first name, middle initial, 
and additional qualifiers separated by commas, e.g. 
Smith, Richard, J, Jr. 

 
7. PERFORMING ORGANIZATION NAME(S) AND 

ADDRESS(ES). Self-explanatory. 

8. PERFORMING ORGANIZATION REPORT NUMBER. 

Enter all unique alphanumeric report numbers assigned by 
the performing organization, e.g. BRL-1234; 
AFWL-TR-85-4017-Vol-21-PT-2. 

 
9. SPONSORING/MONITORING AGENCY NAME(S) 

AND ADDRESS(ES). Enter the name and address of the 
organization(s) financially responsible for and monitoring 
the work. 

 
10. SPONSOR/MONITOR'S ACRONYM(S).  Enter, if 
available, e.g. BRL, ARDEC, NADC. 

 
11. SPONSOR/MONITOR'S REPORT NUMBER(S). 

Enter report number as assigned by the sponsoring/ 
monitoring agency, if available, e.g. BRL-TR-829; -215. 

 
12. DISTRIBUTION/AVAILABILITY STATEMENT. Use 
agency-mandated availability statements to indicate the 
public availability or distribution limitations of the report. If 
additional limitations/ restrictions or special markings are 
indicated, follow agency authorization procedures, e.g. 
RD/FRD, PROPIN, ITAR, etc. Include copyright 
information. 

 
13. SUPPLEMENTARY NOTES. Enter information not 
included elsewhere such as:  prepared in cooperation 
with; translation of; report supersedes; old edition number, 
etc. 

 
14. ABSTRACT.  A brief (approximately 200 words) 
factual summary of the most significant information. 

 
15. SUBJECT TERMS. Key words or phrases identifying 
major concepts in the report. 

 
16. SECURITY CLASSIFICATION. Enter security 
classification in accordance with security classification 
regulations, e.g. U, C, S, etc. If this form contains 
classified information, stamp classification level on the top 
and bottom of this page. 

 
17. LIMITATION OF ABSTRACT.  This block must be 
completed to assign a distribution limitation to the abstract. 
Enter UU (Unclassified Unlimited) or SAR (Same as 
Report). An entry in this block is necessary if the abstract 
is to be limited. 

 
 

Standard Form 298 Back (Rev. 8/98) DISTRIBUTION A: Distribution approved for public release.



During the last year of the project, July 2014- June 2015, some notable accomplishments were 
obtained to crown the findings of the preceding two years of the project. They include, in 
particular: 

A) Area concerning fluid per se, or else fluid-structure interaction 

(i) Feeback local stabilization of the full Navier-Stokes equations in the physical dimensions 2 
and 3, in a neighborhood of an equilibrium solution, by means of a pair of feedback controls 
{u,v}, acting tangentially in the way made precise below, and with arbitrarily small support. 
More precisely, the control u is a boundary control acting tangentially on an arbitrarily small 
portion of the boundary of the spatial domain. Instead, the control v is an interior control, 
acting likewise tangentially, that is, parallel to the boundary, and supported on a small interior 
domain corresponding to the boundary support of u. In conclusion, a purely tangential action is 
in place. The results depend drastically on the dimension. For dimension 2, the feedback 
controllers can be constructed explicitly as being finite dimensional. It may be either Riccati-
based or else spectral based. This is not possible in the physical dimension 3. Here a Riccati-type 
feedback is constructed. The topological level at which decay is achieved also depends on the 
dimension. It is more challenging for dimension 3. The result goes through the preliminary step 
of establishing uniform global exponential decay for the corresponding linearized system 
(Oseen system). No artificial assumptions are used 

(ii) Well-posedness of the fluid-structure interaction comprised of a structure immersed in a 
fluid domain, and moving within the fluid domain, with coupling being active at the interface 
between the structure domain and the fluid domain. This implies that the overall system is 
quasi-linear. The results obtained about well-posedness drastically improve on the regularity 
obtained about ten years ago. For regular solutions, the required regularity obtained in the 
present AFOSR-supported research is 2 units less than in the past literature. 

(iii) Well-posedness as well as stability properties of another model of fluid-structure 
interaction: here the structure is instead static (save for small rapid oscillations) and is 
immersed in the fluid, the novelty over past literature being that the structure has an additional 
strong damping term, of the same order of strength as that of the principal part operator. 
Results include: (a) that the overall fluid-structure interaction model generates an analytic 
semi-group which moreover (b) is exponentially stable with a precise decay-rate. Furthermore, 
the resolvent set of the analytic semigroup generator contains the entire complex plane outside 
the negative real axis.  

(iv) Additional results to the model in part (iii) refer to the case where such fluid-structure 
interaction model is subject to a control acting on the interface between the two media: either 
in the Neumann boundary conditions of the interface conditions (the more challenging case of 
the analysis) or else in the Dirichlet boundary conditions of the interface conditions. The first 
result requires finding the domain of the square root of the matrix-valued generator, with 
coupled boundary conditions, a non-trivial task. As a result, this fluid-structure interaction 
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model is covered as a specialization of the known optimal control or min-max game theory of 
parabolic problems of the literature  

B) Area concerning flow-structure interaction, such as it occurs over the wing of an airplane. 

One of the fundamental problems in aero-elasticity is the control of flutter, which is induced by 
the oscillations of a panel immersed in the flow of gas. This could be wing of airplane traveling 
at a subsonic or supersonic speeds, or a fixed panel (such as a bridge), affected by the 
movement of the air. The flutter problem is an endemic phenomenon in technological 
applications. Thus, controlling flutter or altogether eliminating flutter, is one of the key goals in 
aero-elasticity. 

The present project in reference above provided an analysis of the qualitative behavior of 
oscillations of a panel immersed in either a subsonic or a supersonic flow of gas. The 
mathematical model consists of a perturbed wave equation coupled at the interface with a 
nonlinear plate. The main findings are as follows:  

1. In the subsonic regime:  
It is proved that an application of frictional damping on the structure only (no 
dissipation assumed on the flow) can stabilize to equilibria turbulent flows. This is 
proved by asserting strong asymptotic stability. The main mathematical challenge of the 
problem is how to obtain the requisite estimates without accounting for any dissipative 
effects of the flow. Here, new techniques have been developed which allow to control 
the rate of stabilization to equilibria of a part of the flow. Thus the final conclusion is 
that the flutter can be eliminated by applying a suitable feedback control in the form of 
frictional damping applied on the plate.  
 

2. In the supersonic regime: 
It is proved that the flow itself has some stabilizing effect on the panel (this has also 
been observed experimentally). In mathematical terms, it is shown that the long time 
dynamics can be reduced to a finite dimensional attractor. Thus, the problem of 
controlling the flutter becomes finite dimensional. Since the attractor can be chaotic (it 
may contain limit cycles, periodic orbits, etc), controlling the ultimate behavior requires 
tools in finite dimensional control theory.  It has been also shown that the rate of 
convergence to the attracting set is uniform.  This result has been obtained by using 
theory of quasi-stability applied to delayed system. Indeed, decomposition methods 
allow to single out the behavior of the plate (subjected to the impact of the flow) as a 
nonlinear delay system. Thus, the final conclusion is that in the supersonic case the 
flutter problem can be reduced to a finite dimensional control problem. This is then 
reduced to solving an Order Reduction Problem arising in a flow-gas interaction. 
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3. The ultimate goal is to produce a finite dimensional control algorithm which eliminates 
flutter in the supersonic case. The calculations will be based on a numerical 
approximations of frame functions determined from the Order Reduction Algorithm.  

 

C) Area concerning Inverse Theory of Partial Differential Equations; more precisely, 
coefficient recovery  

(i) Here one start with a general Schrodinger equation, which includes electric and magnetic 
potential coefficients, defined on a Riemannian manifold (this case in particular includes a 
Schrodinger equation with space-dependent coefficients of the principal part operator). The 
problem is endowed with a non-homogeneous Dirichlet boundary term and an initial condition. 
The goal is to recover the unknown electric potential coefficient by means of just one boundary 
observation (measurement) to be performed on a suitable explicit support of the boundary as 
well as over an arbitrarily short interval. Such boundary observation will involve the Neumann-
trace of the solution in the present non-homogeneous Dirichlet case. Recovery means the two 
canonical items of an inverse problem: uniqueness of the recovery and stability (also referred 
to as continuous dependence) of the recovery. The results obtained are expressed explicitly in 
terms of assumptions on the data (not on assumptions of the solutions as in much of the 
literature on inverse problems) 

(ii) Another Inverse problem resolved refers to a third order (in time) PDE arising in High 
Intensity Ultrasound. Here again the goal is to recover (uniqueness and stability) a suitable 
natural coefficient by means of a boundary measurement/observation. 
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boundary conditions of the interface conditions. 
B) Area concerning flow-structure interaction, such as it occurs over the wing of an airplane.
One of the fundamental problems in aero-elasticity is the control of flutter, which is induced by the
oscillations of a panel immersed in the flow of gas. One case is the wing of airplane traveling at subsonic or
supersonic speeds; another case could be a fixed structure (a bridge) affected by the movement of the air.
Flutter problem is an endemic phenomenon in technological applications. Thus controlling it, or altogether
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finite dimensional problem)
C) Area concerning Inverse Theory of Partial Differential Equations; more precisely, coefficient recovery via
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Riemannian manifold (this case in particular includes a Schrodinger equation with space-dependent
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one boundary observation (measurement) to be performed on an arbitrarily explicit support of the boundary
as well as over an arbitrarily short interval. Such boundary observation will involve the Neumann-trace of
the solution. Recovery means the two canonical items of an inverse problem: uniqueness of the recovery
and stability (also referred to as continuous dependence) of the recovery. The results obtained are
expressed explicitly in terms of assumptions on the data (not on assumptions of the solutions as in much of
the literature on inverse problems)
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