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(ABSTRACT) 

Experimental spatial dynamics modeling is a new approach to dynamics modeling 

using high-spatial-density experimental data from a scanning laser Doppler vibrometer 

(LDV). This instrument measures the surface velocity of vibrated structures. Time-signal 

data from the LDV is statistically modeled with multiple linear regression for harmonically 

excited structures. A weighted least-squares discrete finite element formulation is developed 

to solve for the complex-valued continuous 3-D velocity response field from sampled veloc- 

ity data. The formulation is derived from the steady-state solution of the differential equation 

with spatial and temporal components of harmonic structural dynamic response. Linear, 

quadratic, cubic, and cubic B-spline basis functions are used to form isoparametric finite ele- 

ments in the dynamic response model. Velocity measurements acquired from multiple posi- 

tions are transformed into a single model that minimizes the least-squares error between the 

experimental data and the field equations in the 3-D shell element model. A multiple point 

nonlinear registration algorithm is developed to determine position and orientation of the 

LDV relative to the test structure. Polygonal shape models are successfully integrated with 

the experimental spatial dynamic response models via polygon ray intersection. Finite 

element shape models are generated from simple flat surfaces or extracted from existing 

finite element models of 3-D structures.



By postprocessing the model solution, many dynamic properties including rotations, 

full-field strains and stresses, and acoustic prediction are derived from the dynamic response 

representation. Visualization software was developed for animation of the 3-D spatial 

dynamic response models with superimposed color to represent the postprocessed results. 

The interactive graphics allow presentation and investigation of the experimental spatial 

dynamics. 

To examine the method, an analytical test model is defined to simulate the surface 

velocity response of a structure with both in-plane and out-of-plane harmonic vibration. 

Random and uniformly spaced measurements of the simulated dynamic system are acquired 

from multiple locations. Applications of experimental spatial dynamics modeling, 

postprocessing, and visualization are also demonstrated with five different test structures. 

Through mesh refinement, increase in order of the basis functions, and additional sampling, 

the finite element models are converged to statistically qualified solutions. 
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Chapter 1 

Introduction 

1.1 Problem Domain/Research Goal 

Structural vibrations impact many mechanical products. The dynamic design 

requirements of contemporary mechanical structures are becoming the key design issues due 

to increased operating speeds and stronger, but lighter materials. Uncertainty in structural 

dynamics can no longer be competitively managed by over designing a product. It is increas- 

ingly important to integrate test with design. The experimental dynamic response of struc- 

tures becomes crucial for verifying design integrity and applying safety factors more intelli- 

gently. When dynamic behavior of structural systems is well understood, goals in design, 

analysis, manufacturing, and testing can be achieved, leading to increased profits. 

The reliance on design models, and computer models in particular, requires experi- 

mental validation of the computer modeling techniques. Also, structural dynamics can be 

characterized through experimental methods and corresponding computer models early in 

the design process. The conventional practice in experimental dynamic analysis is based on 

modal analysis and the use of surface-mounted transducers, typically accelerometers. 

Surface-mounted transducers add mass to the system being tested and make it difficult to 

acquire dynamics data at many different points on the test structure. For this reason experi- 
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mental modal analysis with accelerometers yields dynamic response information at many 

frequencies but few spatial degrees-of-freedom. Dynamic modeling in the frequency 

domain is one characterization of the system dynamics. 

The problem domain of this dissertation is experimental spatial dynamics modeling 

(ESDM). Figure 1.1 contains a simplified perspective that a structure’s dynamics can be 

characterized by at least three distinct representations. The traditional approach to dynamics 

modeling has been modal analysis [1] where dynamic systems are represented as equivalent 

spring, mass, and damper systems. Another method of representing structural dynamics 

behavior is predicated on energy methods to analyze the transmission of energy by wave 

propagation. This characterization is called power flow or structural intensity [2, 3]. A third 

approach to representing structural dynamics behavior is based on spatial parameters of size, 

shape, and material. A good example of this representation is the Finite Element Method | 

applied to analytical structural dynamics. A new approach to modeling experimental struc- 

tural dynamics uses high-spatial-density data to develop spatial dynamics models. 

The research goal for this dissertation is to develop an approach to model and 

visualize statistically qualified complex-valued continuous 3-D experimental spatial 

dynamic response using in-the-field laser-based measurements. The impact of this research 

will be most evident in the area of engineering dynamics analysis and testing, because it will 

provide a complimentary representation of a structure’s dynamic behavior (to modal and 

energy models) as a complex-valued continuous 3-D dynamic response field. 
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Spatial 

\ 
\ESDM \ \      
   

  

Modal 

Energy 

Figure 1.1. Structural Dynamics Characterizations 

Another view for contrasting the modal analysis approach to structural dynamics 

with spatial dynamics modeling is shown in Fig. 1.2. The rings in the diagram become more 

specific from the center out. Modal analysis utilizes data typically acquired at many frequen- 

cies but only a few locations. In a modal representation the dynamic response is character- 

ized as a set of resonance frequencies, mode shapes, and damping values. Conversely, the 

spatial dynamic response models developed from noncontacting acoustic, optical, or laser- 

based methods allow the representation of many locations at a few, but targeted frequencies. 

The resulting response surfaces represent the continuous 3-D dynamic operating shapes of 

the test structures. This representation is important because engineers design spatially and 

most structures vibrate with continuous operating shapes, not with mode shapes. The area 

of structural dynamics addressed by this dissertation is the gray wedge encompassing 

ESDM. 
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Figure 1.2. Cross Section View of Structural Dynamics 

1.2 Statement of Research Hypothesis 

A new approach for experimental structural dynamics modeling can be achieved by 

using the velocity measurement capability of a noncontacting scanning laser Doppler 

vibrometer (LDV) [4-9] (also see Appendix A). This instrument measures velocity of a 

moving surface along the line-of-sight of a helium-neon laser beam. The scanning LDV 
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makes it practical to provide the high-spatial-density data coverage necessary to formulate 

an experimentally derived spatial dynamics model. If the velocity response of a vibrating 

structure is considered to be a complex-valued continuous 3-D velocity field, each discrete 

LDV velocity sample is the projection of the actual velocity response along the direction of 

the laser beam. The velocity is a complex-valued quantity in the phase plane relative to a 

reference force signal. The velocity is also a 3-D vector in spatial R> Cartesian coordinates. 

Therefore, the velocity is modeled as a 6 degree-of-freedom quantity, or a complex vector 

in C3 space. Velocity samples from multiple scanning positions will be required to obtain the 

necessary data for 3-D spatial dynamic response modeling. The 3-D spatial dynamic re- 

sponse model solutions can be presented and investigated with scientific visualization tech- 

niques. A pictorial representation of this concept is shown in Fig. 1.3. 

  

Scanning LDV 

Actual Laser 

Measurement 3-D Velocity Velocity 
Response Vector Response Surface 

  

    Structure Surface 
(with Finite 
Element Mesh) 

      

  

Figure 1.3. LDV Scanning and Modeling Concept 
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1.3. Research Objectives 

The research objectives for supporting the research goal and hypothesis of this 

dissertation are generalized in the following key steps: 

e Form an adequate representation of structure surface geometry that can be 

integrated with the dynamic response model. 

e Register the position and orientation of the scanning LDV with the structure 

under test. 

e Acquire, model, and statistically qualify time series data of excitation and 

LDV velocity signals at a sufficient number of locations from multiple (three 

or more) scanning positions. 

e Formulate and solve a statistically qualified model of the complex-valued (in 

phase) continuous 3-D (in spatial coordinates) velocity response field of a 

vibrating structure. 

e Derive dynamic properties including full-field strains and stresses from the 

dynamic response representation by postprocessing the model solution. 

e Develop computer graphics representations of the shape and dynamic 

response models for visual display and investigation of the experimental 

results. 

1.4 Scope of Dissertation 

Within the general framework of objectives for experimental spatial dynamics 

modeling, the model formulation is crucial for realizing all the research goals. The experi- 

mental dynamics data is modeled in this dissertation with a statistically weighted least- 

squares discrete finite element formulation. This mathematical representation is key, be- 

cause it provides the foundation for the formulation of the solution and all data analysis of 

the experimentally derived model. 
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The development of the ESDM approach can be grouped into four traditional areas 

of modeling: 

1. Beginning with preprocessing raw LDV data to model the time signals, the 

spatial dynamic response information is readied for the modeling task. 

2. The least-squares finite element model is assembled and the complex-valued 

continuous 3-D velocity response field is solved. 

3. Postprocessing yields structural properties derived from the velocity field 

solution. 

4. Finally, visualization methods using 3-D computer graphics transform the 

symbolic mathematics and data derived from the experimental model into 

geometric form for improved understanding of the results. 

Figure 1.4 shows a general view of the contents of this dissertation. This figure is 

followed by an outline of the core chapters of this dissertation with brief introductions to the 

listed research topics. The research concepts are organized into four chapters pertaining to 

the corresponding areas of ESDM. 

Introduction 7



  

Experimental Spatial Dynamics Modeling 
    

  

    

        
    

  
  

          
  

Weighted 
Least-Squares 

Preprocessing Discrete Finite Visualization 

e Single-Frequency Formulation ¢ Animation of 2-D 
Multiple Linear Velocity Scans 

ec ereeston with ¢ Animation of 3-D 
. . Spatial D i 

¢ Identify Variance of Modeling Postprocessing Response Models 
Relative Velocity ¢ Displav Rotati 
Signal Coefficients ¢ Weighted Least- ¢ Compute Calibrated Strtine. Stresses. 

* Position Registration | Squares Linear Displacements and oa. 
Pol R Formulation Accelerations ° Show Calibrated 

* Folygon Kay . ata 
Intersection on ¢ Stochastic/Random ¢ 3-D Angular Motion es Data in Sel 
Shape Model Sampling ¢ Compute Strains and ile ata In Select 

¢ Linear, Quadratic, Stresses ne ems , 
Cubic Elements ¢ Acoustic Radiation * Repay Statistical 

¢ Cubic B-Spline Prediction ntormation 
Elements 

e Residuals, Variance 

and Other Statistics 

on Model Solution 

¢ Convergence Studies 

Figure 1.4. General Experimental Spatial Dynamics Modeling Research Plan 

1.4.1 Preprocessing Dynamic Response Data 
(Chapter 3) 

Single-Frequency Multiple Linear Regression with Statistics 

For the initial development of the ESDM concept, only single-frequency vibration 

  

is modeled. Time-signal data from the LDV and a reference force transducer are modeled 

via multiple linear regression. The regression model is qualified with statistical values for 

the estimated error variance, the p-value for a regression F test, and the maximum sample 

cross correlation coefficient between the velocity and reference signals. 
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Identify Variance of Relative Velocity Signal Coefficients 

The statistical evaluation of the time signals include the separation of variance for 

the real and imaginary coefficients of the relative velocity signals (the velocity phase relative 

to the reference signal). This is necessary for later development of the weighted least-squares 

discrete finite element formulation. The formulation allows the dynamic response model to 

be solved in two parts: one based on the real component of the relative velocity signal, and 

the other on the imaginary component. The estimated error variance values from the time- 

signal regression model are used as the weighting factors. Therefore, the error variances on 

the complex coefficients of the relative velocity regression models need to be identified. 

Position Registration 

Position registration of the scanning laser is necessary to calculate the location and 

orientation of each laser sample on the test structure. The registration or pose determination 

procedure provides a transformation matrix for converting location data from laser to struc- 

ture coordinates. The algorithm utilizes points with known structure coordinates and mirror 

deflection angles of the scanning laser beam. The registration formulation contains a 

nonlinear system of equations which can be solved iteratively. 

Polygon Ray Intersection on Shape Model 

The dynamic response model must be correlated with a geometric shape model. The 

development of the actual shape model is outside the scope of this research. However, the 

interface to the model is an essential component of the 3-D spatial dynamics modeling. To 

demonstrate the overall method, the velocity response model is linked to polygon finite 

element shape models. A polygon ray intersection algorithm is implemented to determine 

the parametric and Cartesian coordinates of each laser sample on the polygon finite element 

shape model. 
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1.4.2 Modeling Experimental Spatial Dynamic Response 
(Chapter 4) 

Weighted Least-Squares Linear Formulation 

As mentioned before, the formulation for modeling experimental spatial dynamic 

response is the crux of this dissertation. Given an appropriate spatial modeling technique, 

it is a straightforward process to derive additional information and graphically visualize the 

3-D results. A weighted least-squares discrete finite element formulation is developed for 

modeling vibrational velocity response as a statistically qualified complex-valued contin- 

uous 3-D velocity field. The modeling influence of each velocity sample used in the least- 

squares discrete finite element formulation is weighted by the estimated error variance on 

the complex-valued coefficients from the time-signal regression [10]. 

Stochastic/Random Sampling 

The nature of the least-squares formulation for ESDM easily accommodates sto- 

chastic (or random) sampling of the experimental structural dynamics. Stochastic sampling 

has been shown to remove natural aliasing in computer graphics rendering [11]. This type 

of scanning is demonstrated in the analytical case studies of the formulation. 

Linear, Quadratic, and Cubic Interpolation Basis Functions 

A linear triangular element and quadrilateral elements with linear, quadratic, and 

cubic isoparametric basis functions are developed. These basis functions interpolate the 

nodes of the finite elements. Also, the continuity across element boundaries is limited to 

position only (C®) continuity. 

Cubic B-Spline Basis Functions 

In addition to the interpolation basis functions, higher order continuity across 

element boundaries is achieved with a quadrilateral cubic;B-spline element. This extends the 
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parametric continuity of the elements from zeroth order (C°) to second order (C*). However, 

only uniform knot spacing is considered to maintain a linear system of equations as defined 

by the elements [12]. 

Residuals, Variance, and Other Statistics on Model Solution 

The model solution for the complex-valued continuous 3-D velocity response fields 

is qualified in many ways. The error variance of the least-squares solution is computed for 

both the real and imaginary components of the model. The residuals of the original velocity 

samples are available for plotting. Confidence intervals on the model parameters (nodes) of 

the finite element model are computed based on the error variance of the velocity time-signal 

coefficients. The mean model velocity amplitude to residual ratio over the elements and the 

complete dynamic response field are also computed. 

Convergence Studies 

The convergence properties of the analytical and experimental test cases are studied 

in Chapters 4 and 7. This includes h-type (increased number of nodes), p-type (increased 

order of the elements), and additional sampling. 

1.4.3 Postprocessing Dynamic Response Models 
(Chapter 5) 

Compute Calibrated Displacements and Acceleration 

The velocity data measured by the scanning LDV can be easily calibrated. With 

single-frequency harmonic velocity response, the computation of dynamic displacements 

and accelerations is determined by integration and differentiation in the time domain. 

3-D Angular Motion 

A direct extension of the 3-D dynamic displacement, velocity, or acceleration fields 

is the computation of angular motion or rotations. By taking the vector curl of the 3-D 
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response field, 3-D angular displacement, angular velocity, and angular acceleration are 

determined. This requires a 3-D Jacobian matrix inverse based on the geometry and para- 

metric topology of the elements. 

Compute Strains and Stresses 

Full-field strains are calculated from the dynamic displacement field of 3-D response 

surfaces. With the biaxial strain state and values for material constants, the corresponding 

dynamic von Mises stress field can also be computed. These computations are identical to 

strains and stresses derived from numerical finite element solutions. 

Acoustic Radiation Prediction 

An additional postprocessing application of ESDM is acoustic radiation prediction. 

The full-field 3-D velocity models are used as the boundary values in a commercial 

Boundary Element code to predict the radiated sound pressure and active acoustic intensity. 

This procedure is verified by direct acoustic measurements. 

1.4.4 Visualization of Spatial Dynamics 
(Chapter 6) 

Animation of 2-D Velocity Scans 

The first form of scientific visualization of the experimental dynamics data is anima- 

tion of 2-D velocity scans. The velocity scans are displayed as evenly spaced images and 

animated by color modifications, not motion. This allows complex-valued velocity response 

data to be visualized. This tool is useful for investigating the original scan data prior to 

modeling. 

Animation of 3-D Spatial Dynamic Response Models 

The solution to the finite element field equations for the 3-D velocity response 

provides the model needed for full 3-D animation of experimental spatial dynamics. This 
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animation is a combination of dilation and color shading. The computer interface allows user 

interaction for controlling the position and orientation of the animated graphics model. 

Display Rotations, Strains, and Stresses 

Dynamic displacements, accelerations, rotations, strains, and stresses are displayed 

with color overlays on the 3-D animated graphics models. Investigation of interactions 

among various combinations of model dilation and the superimposed color representations 

are possible. 

Display Calibrated Data 

The velocity, displacement, acceleration, rotations, strains, and stresses are dis- 

played in color with a calibrated color bar. The displayed units are always metric. 

Show Data in Selected Directions 

A useful feature for investigating 3-D spatial dynamics models is the choice of 

displaying dynamics in specific directions. For example, in-plane and/or out-of-plane 

motion is selectable. This also applies to selecting the direction of angular motion since the 

rotations are treated as vector values. 

Display Statistical Information 

All of the statistics associated with the experimental spatial dynamic models are 

available for visual display on the graphics model. The spatially distributed statistical values 

are mapped onto the 3-D graphics models for rapid feedback and interpretation. 
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Chapter 2 

Literature Review 

The primary emphasis of this literature review is to identify various noncontacting 

optical and laser-based techniques for measuring and modeling structural dynamics. The 

review begins with a brief description of some contacting methods for measuring structural 

dynamics. Next, a few noncontacting, nonoptical methods are discussed. Finally, many 

related optical methods are reviewed and contrasted to the scanning LDV instrument used 

in the development of the ESDM method. 

2.1 Contacting Techniques for Dynamics 
Measurements 

The most common instrument for acquiring experimental dynamic response data is 

the accelerometer. These devices typically have a piezoelectric crystal that respond to the 

force of a small mass inside the accelerometer housing. The output charge, which is relative 

to the amount of acceleration, can be calibrated to provide the instantaneous acceleration of 

the gauge. If the accelerometer is mounted on a vibrating structure, the dynamic response 

at that location can be determined. The most crucial side effects of mounting an accelerom- 

eter on a test structure is the possible change in vibration caused by the added mass and base 

stiffness of the accelerometer to the system. Most accelerometers measure the acceleration 
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in only one direction; however, some gauges have additional crystals for measuring vibration 

in multiple directions [1]. 

The most common use of accelerometers is experimental modal testing as briefly 

described in the introduction chapter. Electromagnetic shakers or piezoelectric crystals can 

provide a variety of excitation to a structure in the form of single-frequency, multiple-fre- 

quency, or random vibration at one or more locations. The output of the accelerometers can 

be analyzed with fast Fourier transforms (FFTs) to determine the frequency content of 

vibration signals. Time series analysis through signal processing can also provide time- 

domain characterization of the vibration [7, 13, 14]. 

The classic modal representation of dynamic systems is based on discrete springs, 

masses, and dampers [1]. The dynamic response is typically characterized as pairs of reso- 

nance frequencies and mode shapes. Finite element analysis is suitable for modal models. 

Modal dynamics representations have even been combined with volumetric geometry 

models for a hybrid representation of dynamic systems that are convenient for graphical 

animation [15, 16]. This hybrid modal/volumetric approach has been adapted to create 

deformable modal models from medical images [17]. 

Other contacting devices for measuring structural deflections due to vibration 

include potentiometers, variable inductance or capacitance devices, taut wires, and strain 

gauges [18]. A highly sensitive electromagnetic technique for dynamic stress detection uses 

surface-mounted piezoelectric material. Vibration measurements are obtained by moni- 

toring the change in the magnetic field due to dynamic strain of the bonded piezoelectric 

material [19]. 

All of the contacting devices mentioned usually provide measurements at a limited 

number of spatial locations. This is not a deficiency when analyzing the dynamic response 

in the frequency or time domains. If spatial dynamic response is required, then the contacting 

devices are not suitable for detailed analysis and modeling. 
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2.2 Noncontacting Dynamics Measuring 
Methods 

Noncontacting vibration measurement instruments are generally used to measure 

test structures at many spatial locations. In addition, noncontacting devices can be utilized 

for frequency- and time-domain analysis. A primary strength of noncontacting measuring 

techniques is the avoidance of adding mass or local structural stiffness to the target system. 

2.2.1 Nonoptical Methods 

Near field acoustical holography measures the radiated acoustic pressure close to a 

source. The normal velocity on the surface is computed from the pressure [20]. A limiting 

assumption for this method is that the in-plane surface motion is ignored in later 

postprocessing of the response model. Operations on the velocity response on the surface can 

be applied to determine the displacement, strains, and stress on the surface. With continued 

analysis, the structural intensity or power flow can be determined. Pate et al. [21] developed 

an acoustic imaging technique with acoustic holography data. They constructed a surface 

velocity model of plate vibration (normal to the surface) using singular value decomposition 

to determine a set of continuous orthonormal basis functions. Lack of phase information and 

full 3-D response measurements prevents the use of acoustical holography for complex- 

valued 3-D spatial dynamic response modeling 

One type of fiber optic interferometry sensor based on the Fizeau interferometer can 

sense ultrasonic waves [22]. These surface acoustic waves are a direct response to the 

dynamics of the system. These acoustic measurements are scalar, not vector values, and it 

is only practical to reconstruct the dynamic acoustic waves. However, the 3-D surface 

motion could be determined after many assumptions about the dynamic mechanisms that 

produce the acoustic waves. 
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Two other noncontacting methods for dynamics measurements are limited in spatial 

resolution, and consequently would not be suitable for continuous spatial dynamics 

modeling. Sound intensity measurements can be used to infer operating deflection shapes 

[23]. X-ray diffraction has been applied to strain analysis of small test structures [24]. These 

methods are typically used to acquire only a few measurements, similar to accelerometers. 

2.2.2 Optical and Laser-Based Methods 

Laser Doppler Vibrometry 

The laser Doppler vibrometry measurement principle is founded on the same 

Doppler effect of sound that is frequency shifted when reflected or emitted from a moving 

object. A beam of laser light in a laser Doppler Vibrometer (LDV) is frequency shifted when 

reflected from a moving surface. This class of noncontacting velocity transducers remotely 

measures surface velocity of vibrating solid structures. The scanning LDV instrument used 

for the research in this dissertation is described in Appendix A. Laser Doppler vibrometry 

is very similar in principle to fluid flow measurements with laser Doppler anemometry or 

laser Doppler velocimetry [25]. 

Many different variations of the LDV instrument are possible. The LDV device 

described in Appendix A incorporates an electronic frequency shift of the Doppler signals 

before decoding the velocity. Other LDVs use a rotating scattering disc [26], a Bragg cell, 

a piezoelectric element [27], or a rotating diffraction grating to create a constant Doppler 

shift in the reference beam. The selection of technology affects the sensitivity, dynamic 

range, depth of field, frequency range, and other properties of the instrument. 

One compact implementation of the laser Doppler vibrometry principle is the multi- 

mode fiber optic vibrometer [28]. This instrument is ideal for measuring in confined spaces 

and it is particularly useful in medical applications. The fiber optic vibrometer has high 
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sensitivity at a limited low range as dictated by the photodetector and modal noise in the optic 

fiber. This instrument is essentially a single-point measuring device. 

Lee, Berthelot, and Jarzynski [29] designed a LDV probe on a scanning rail using 

two optical fibers with GRaded-INdex (GRIN) lens to transmit and scan the laser beam over 

a vibrating surface. By using two simultaneous beams focused at the same point on the 

structure, in-plane motion in one direction could be determined. Displacement results 

closely matched analytical predictions from input force measurements. The probe was later 

redesigned to measure one in-plane component and out-of-plate motion simultaneously at 

four locations on a vibrating test structure [30, 31]. No additional modeling was reported. 

Applications for LDVs in the literature are broad; a few will be presented here. 

Eastwood, Halliwell, and Gilbert [32] demonstrated two types of point and shoot laser hand 

held LDVs for diesel engine diagnostics. One device measured normal surface velocity and 

the other measured torsional oscillations. Arnott and Sabatier [33] demonstrated that LDV 

technology can be used to measure ground motion or surface vertical seismic motion. 

Bokelberg et al. [34] described the use of multiple non-scanning LDVs to measure 

six degree-of-freedom dynamic response at a single point. The single point was actually a 

prism mounted on a vibrating structure. Full-field dynamic response model development is 

not possible with this technique. 

Many 2-D imaging applications of LDV scans have been reported. Beane, Marchi, 

Snyder [35] used a scanning LDV to find the approximate location of peak dynamic 

response, so they could apply a damping treatment to reduce noise, vibration, and harshness 

in an automobile. They compared before and after velocity scan images to assess the effec- 

tiveness of the damping treatment. Dajani [36] demonstrated an imaging application for 

LDV images to inspect composite structures for defects, in particular cracks or delamina- 

tions. Computer vision techniques have been applied to LDV scans of structures. In one 

application the closest theoretical dynamic plate mode was matched to experimental scanned 
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operating shapes of a harmonically excited steel plate [37]. LDV scanning has been used 

extensively to measure the surface of rotating magnetic disks at three different scales [38]. 

These include large-scale disk run-out from warpage and clamping distortion, intermediate- 

scale hills and depressions (1 um), and surface roughness (1 nm). The LDV results compare 

very favorably with capacitance probe and stylus profilometers. 

Kil, Jarzynski, and Berthelot [39] used a two fiber GRIN lens scanning laser Doppler 

interferometer to scan a cylinder. The cylinder was mounted on a rotating table and vertical 

and horizontal linear position devices were used to focus two laser beams on the surface 

under computer control. In-plane axial and circumferential surface displacements were 

measured on the vibrating cylindrical shell subject to single-frequency excitation. These 

measurements would be very useful for dynamic response model development; however, 

they are limited to the laboratory fixture of the system. 

McDevitt, Koopmann, Burroughs [40] described structural intensity measurements 

via a two-channel laser Doppler vibrometer (single laser, dual optics) that essentially replace 

the accelerometers in the dual accelerometer method for structural intensity measurements. 

They had two configurations for measuring flexural intensity and longitudinal intensity. The 

test object and laser optics had to be carefully positioned for their experiments. The vibra- 

tional test structures were moved in front of the stationary laser sensor. Berthelot, Yang, and 

Jarzynski [30] developed another similar design using a fiber optic laser Doppler probe for 

simultaneous velocity measurement of one in-plane and the out-of-plane velocity compo- 

nent at a surface point. This allowed separation of power flow into longitudinal and flexural 

wave components at each scan point. 

Baker, Halliwell, and White [41] obtained similar structural intensity measurements 

to the dual accelerometer or two-channel LDV by using a LDV and a laser velocity gradient 

measurement device. This instrument was based on a fiber optic vibrometer that optically 
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measures the spatial velocity gradient. This technique is less sensitive to inter-transducer 

phase errors common to dual accelerometers or dual LDV techniques. 

Some different approaches to modeling spatial dynamics from LDV data have been 

described in the literature. Cafeo et al. [42, 43] performed experimental operating shape 

measurements by combining simultaneous measurements of dynamic translation and two 

dynamic rotations of a vibrating surface using two LDVs. The velocity data was modeled 

as 1-D and 2-D operating shapes via a polynomial curve fitting technique. 

Sriram, Hanagud, and Craig [44] developed a technique for continuously moving a 

LDV beam across a beam surface. They developed a model containing both the temporal and 

spatial (normal to surface) components of the measured velocity response. A Fourier anal- 

ysis of the modulated signal was used to derive a spatial distribution of the beam response 

in a Chebyshev series form. Good agreement between the model and analytical beam theory 

was achieved. 

An optimization approach to modeling the 2-D and 3-D velocity response with 

polynomial curves had limited success [45]. The method was demonstrated on analytical and 

experimental data. The approach was clearly restricted by the practical number of design 

variables (coefficients of the polynomial functions) that could be included in the objective 

function and solved. 

Sun and Mitchell [46] and Neumann [47] described a method using a discrete Fourier 

transform and its inverse (DFT-IDFT) to smooth 2-D LDV images. The DFI-IDFT is 

essentially a low-pass spatial filter. The resulting smooth data sets were also differentiated 

in the spatial-frequency domain to extract angular velocities. Arruda [48] developed a 

surface smoothing method with partial spatial derivatives using regressive discrete Fourier 

series. This amounted to curve fitting by least-squares with a regressive 2-D discrete Fourier 

series. Arruda’s method is efficient, and it can be applied to unequally-spaced data and 

nonrectangular domains. 
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Dominguez [49] implemented a polynomial regression model for representing ind1- 

vidual 2-D LDV scans. These separate scans were registered to determine position and 

orientation of the data in a global structure coordinate system. Three-dimensional models 

of dynamic response were constructed by resampling the velocity scan models point-by- 

point at the same geometric location and transforming these velocity vectors into a 3-D 

velocity triad. 

Laser Speckle Interferometry 

The speckle effect from shining coherent laser light onto a retroreflective diffuse 

surface has been leveraged in an instrument to measure in-plane displacements [50]. This 

interferometric technique also measures the out-of-plane motion of a moving surface by 

splitting the laser beam and illuminating the test surface at a single location from two 

orthogonal directions. An advantage of this method is the simultaneous measurement of 

motion in multiple directions. Unfortunately, the construction of the instrument is not 

conducive to scanning. The test structure would have to be moved to acquire multiple points, 

so it would not be practical for in-the-field measurements of high-spatial-density dynamic 

response. 

Laser Holographic Interferometry 

One of the laser-based experimental techniques for spatial dynamic response analy- 

sis most similar to laser Doppler vibrometry is holographic interferometry [51, 52, 53]. 

Holographic interferometric methods are capable of measuring full-field high-spatial- 

density dynamics. Different holographic methods include interferometric fringe formation 

functions, time-averaged holographic interferometry, and nearly instantaneous pulsed 

holography [54]. The high-power laser source required for holography is a safety issue. 

Also, the holographic instruments are not portable; all test specimens must fit within a 

Literature Review 21



limited test envelope. Another limitation of the holography images is the absence or uncer- 

tainty of phase information, and consequently complex-valued dynamic response cannot be 

accurately measured. However, limited phase distribution across a holographic image can 

be obtained with sequential holographic exposures [55]. Holographic data has been corre- 

lated with analytical finite element models [56], but not developed into 3-D experimental 

models. 

Photoelastic Holography 

Photoelastic holography [57] is based on the change in optical path length of polar- 

ized laser light and this relationship to the stress state of a surface. It is primarily used to 

visualize 2-D stress fields similar to the photoelastic polariscope. Photoelastic holography 

has many of the same restrictions and properties of laser holographic interferometry. 

Electronic Speckle Pattern Interferometry (TV-Holography) 

Electronic speckle pattern interferometry (ESPI) [54, 58, 59], also known as TV- 

holography, is an optical technique using a high-power laser source to obtain a speckle 

pattern image of a vibrating object. ESPI incorporates TV rate recording of holographic 

interferometric images to generate spatially continuous data that are also contiguous in time. 

The output images are fringe pattern images similar to holography. The technique does not 

require a dark room. A CCD array is used in place of film, causing a factor of 100 loss in 

resolution over traditional laser holographic interferometry. However, the technique is 

real-time, compact, and usable in daylight; plus computer vision and imaging techniques can 

be applied to enhance images. Both in-plane and out-of-plane motion can be measured. 

Vibration phase information is not available from a single ESPI image, although near 

real-time sequential images can be processed to extract phase values. The phase resolution 

is limited by the time interval between successive exposures. An advantage of ESPI over 
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laser holographic interferometry is the ability to measure displacement of a surface along 

a single axis. By combining three ESPI devices, it is possible to measure out-of-plane and 

both in-plane components of motion. This type of data would be very suitable for 3-D 

dynamics modeling, although the TV frame rate limits the frequency range for phase deter- 

mination. 

The ESPI principle has been used for noncontacting dynamic strain measurements 

[60]. The technique monitors the shift in the laser speckle pattern and partitions motion into 

translational, rotational, and strain components. The translational and rotational components 

are cancelled out by using two LCTV panels focused on a spot illuminated by a laser beam. 

This single-point method was qualitatively validated with electrical strain gauges. The 

technique is suitable for static, dynamic, steady-state, and transient measurements. If the 

laser beam could be scanned over the test surface, then multiple measurements could be 

collected to develop spatial models of the dynamic strains. 

The results of a couple of representative ESPI applications were compared to finite 

element models. Chai et al. [61] visually compared the holographic image to finite element 

dynamic response models of various composite plates and boundary conditions. Only a 

qualitative analysis of the results was documented. ESPI was used by Blair et al. [62] for 

spatial dynamic analysis of acoustically vibrated printed circuit boards. The full-field 

measurements for displacements and strains were extracted from the ESPI images. Attempts 

to correlate the experimental results with finite element models were frustrated by the 

extreme sensitivity of the structure to boundary conditions. This is not a limitation of the 

experimental technique, but a warning about assumed boundary conditions in the analytical 

finite element model. 
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Infrared Imaging 

The thermoelastic effect of stressed materials has been developed into a full-field 

noncontacting stress analysis technique. Changes in stress can be inferred by measuring 

intensity of infra-red radiation emitted when the surface structure vibrates [63]. Only 2-D 

imaging results have been reported. Potentially, methods could be developed to model the 

in-plane stress, strain, and displacement fields. The out-of-plane motion would be difficult 

to infer without additional assumptions, so full 3-D may not be possible. Also, phase 

information would be elusive without sequential imaging similar to TV-holography. 

Position Sensing Systems 

Position sensing systems are used to measure range to a target and determine its 

location. If the target surface is moving, then a sequence of range measurements can be 

processed to determine the dynamic displacement. Many position sensing systems are 

limited to gross positioning, such as satellite laser ranging for studying a geophysical 

phenomena [64]. A noncontacting profilometer constructed from a pair of sensing lasers can 

achieve very precise close range profiling via curvature detection [65]. However, the 

application of a profilometer to measure dynamic response would require significant data 

processing. Most position sensing systems are limited to “low speed” applications. In 

contrast, Jarvis [66] performed near real-time 3-D scene analysis of 64 x 64 time-of-flight 

laser range images to direct robot motion. Position sensing devices are generally limited to 

measurements in one direction. For surface motion of a vibrating structure, the out-of-plane 

direction is likely the only component of dynamic displacement that can be measured. 

Accordingly, these methods are not suitable for 3-D ESDM. 
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2.3 Literature Review Summary 

The general class of dynamics measuring devices appropriate for spatial dynamics 

modeling are noncontacting instruments. Many of the noncontacting methods make it prac- 

tical to obtain high-spatial-density measurements of structural dynamic response. Also, the 

added mass and possible structural stiffening by the contacting devices can change the 

dynamic response of a structure. The whole-field holographic or scanning laser-based instru- 

ments can generate the high-spatial-density data desired for spatially continuous dynamic 

models. The holographic techniques are generally limited by two factors: limitations or lack 

of the phase information, and restricted testing envelope of the instrument. Therefore, the 

holographic devices cannot provide the complex-valued in-the-field dynamic response 

measurements desired to achieve the goal of this dissertation. The portable scanning versions 

of the LDVs are most suitable for acquiring high-spatial-density dynamics data complete 

with accurate phase information. Data from multiple scanning positions of a LDV will 

permit development of 3-D spatial dynamic models and achieve the objectives of this 

dissertation. 
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Chapter 3 

Preprocessing Dynamic Response 

Data 

Before developing an experimental spatial dynamic response model, certain infor- 

mation must be available. First, the time-signal data acquired from the LDV and the refer- 

ence transducers (force gauges or accelerometers) must be modeled. A single-frequency 

harmonic model using multiple linear regression is developed in this chapter. This signal 

processing is qualified by statistical values, and the individual estimated error variances are 

specifically processed for later use as model weighting factors. The next crucial segment of 

preprocessing is the registration of the spatial position and orientation of the scanning LDV. 

This is necessary for the third major step of interfacing the LDV velocity measurements with 

the geometric shape model of the test structure. Currently, only polygonal shape models are 

implemented which require ray/polygon intersection for the shape model interface. 

3.1 Nomenclature 

a estimated time-signal amplitude 

B base of laser beam 

b estimated time-signal model coefficient 

Cc linear distance transducer origin 
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= 
Vv 

OS 

RQ) 

S50 

distance |CP] from transducer origin to measured point 

statistical degrees of freedom 

residual error in time signal OR registration error 

F statistic, ratio of variances 

reference force time-signal function 

estimated reference force time-signal function 

reference force time-signal sample 

multivariate function 

null hypothesis of a statistical test 

research hypothesis of a statistical test 

mean squared error 

mean square for regression 

sample offset 

number of registration points 

laser beam origin 

measured registration point 

beta function integration variable 

range |OP] from laser beam origin to measured point 

relative velocity time-signal function 

estimated relative velocity time-signal function 

unit row vector of rotation matrix 

sample auto-correlation for force 

sample auto-correlation velocity 

sample cross-correlation function 
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sum of squared errors 

sum of squares about the mean 

sum of squares due to regression 

estimated error variance 

transformation matrix 

time 

vector OC from laser beam origin to transducer origin 

velocity time-signal function 

estimated velocity time-signal function 

velocity time-signal sample 

unit vector along OP from beam origin to measured point 

time-signal matrix 

derived coefficient vector 

general time-signal function 

estimated general time-signal function 

general time-signal sample 

abbreviation for Y(wt) 

sample mean of one time signal 

signal amplitude 

time-signal model coefficient 

beta function 

angles in 3 point registration 

matrix of partial derivatives 

vector of partial derivatives 

random error in time signal 
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@ 

Subscripts 

Vv 

X,Y, 2 

mirror deflection angles 

Taylor series expansion vector = E(x) 

sample cross-correlation coefficient function 

maximum sample cross-correlation coefficient 

variance-covariance matrix 

error variance 

component of translation matrix 

phase angle 

estimated phase angle 

vibration frequency 

reference force signal 

intermediate coordinates 

general indices 

laser coordinates 

number of multivariate functions 

relative velocity signal 

structure coordinates 

velocity signal 

spatial Cartesian coordinates 

3.2 Signal Processing 

Least-squares or multiple linear regression is used to estimate time-signal coeffi- 

cients (real, imaginary, and offset) of the single-frequency reference force and velocity 

response signals. The estimated error variances of the time-signal models provide a statis- 
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tical qualification of the signal processing. A statistical F test is conducted on the velocity 

signals to validate that the single-frequency model is meaningful. Also, the maximum 

sample cross-correlation coefficient between each reference force and velocity signal pairs 

are computed to ensure that the response is a result of the input. 

The estimated coefficients for the relative velocity response are easily computed, but 

the identification of the error variance on these coefficients requires a multivariate approxi- 

mation of the variance of a multivariate function. This is accomplished with the multiple 

multivariate delta method. Once identified, the estimated error variance of the real and 

imaginary coefficients for the relative velocity response are used as separate weighting 

factors in the spatial least-squares discrete finite element dynamic response model described 

in the next chapter. 

3.2.1 Single-Frequency Signal Processing 

Velocity signal data is collected by an analog-to-digital (A/D) converter that samples 

the LDV velocity signal. Harmonic excitation is applied with an electromagnetic shaker to 

the structure under test for sine-dwell vibration experimentation. Alternately, the normal 

operating dynamics can induce vibration in a test structure. The A/D converter also samples 

the input force or reference signal from a force transducer or from an accelerometer. The 

single-frequency model for the harmonic driving force or reference signal is given in 

Eg. (3.1) with its corresponding complex-vector representation in Eq. (3.2). The similar 

harmonic velocity response model is shown in Eq. (3.3) with its corresponding complex- 

vector representation in Eq. (3.4). The complex-vector phase plane representation of the 

harmonic signal models is graphically detailed in Fig. 3.1. 

F(@t) = Bp + a. ,cos( wt — ¢,) (3.1) 

Flt) = By + Re(a el) (3.2) 
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Viwt) = By + aycos(wt — ?,) (3.3) 

Viwt) = By + Re(ayel—%) (3.4) 

Im 

A F(at) 

Pr = dy - Pr 

Viwt) 

wt — Py ot Py   
  _- 

Re 

Figure 3.1. Complex Phase Plane of Time-Signal Models 

Multiple linear regression is used to model the harmonic waves from evenly sampled 

reference force and velocity time signals. The general form of the time-signal model in 

Eq. (3.5) is based on amplitude, phase, and offset coefficients. The corresponding complex- 

vector representation is stated in Eq. (3.6). The complex exponentials are expanded in 

Eg. (3.7) using the definition e/? = cos@ + jsin@, and reduced to Eq. (3.8). The complex- 

vector representation of the magnitude and phase of a time signal is reiterated in Eq. (3.9). 

The real coefficient of the time-signal model is defined in Eq. (3.10), and the imaginary 

coefficient is defined in Eq. (3.11). The time-signal model now can be written in terms of 

the offset coefficient By, real coefficient 6,, and imaginary coefficient f, shown in 

Eq. (3.12). Whenever a reference to the real and imaginary coefficients or components of 

velocity is made, the real numbers Eqs. (3.10) and (3.11) are the terms being alluded to. 

Y(wt) = By + acos(at — ¢) (3.5) 
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Y(wt) = By + Re(ael~) = Re(aeie~i#) (3.6) 

Y(wt) = Bo + aRe((cos(wt) + jsin(wt))(cos(P) — jsin(¢))) (3.7) 

Y(wt) = By + acos(@)cos(wt) + asin(p)sin(wt) (3.8) 

ael? = a(cos(¢) — j sin(p)) (3.9) 

By = apg = Re(ae”) = acos(p) (3.10) 

By = ayy = Im(ae*) = asin(¢) (3.11) 

Y(wt) = By + B,cos(wt) + B,sin(wt) (3.12) 

Multiple Linear Regression 

The multiple linear regression formulation [67] is detailed here, since it is the basis 

for the statistical properties of the time-signal data derived later. Equation (3.13) adds a 

discrete random error term, €, for each measured sample, y, of the time-signal data set. 

Equation (3.14) is the corresponding equation to be fit by least squares based on the regres- 

sion coefficients, b, and the residual error, e. The measured values are modeled with the 

minimum sum of squares for error (SSE). The time-signal model in Eq. (3.15) then estimates 

the true time signal. The measurements from one time signal are arranged in Eq. (3.16) in 

expanded vector-matrix form, and the corresponding simplified notation is shown in 

Eq. (3.17). The residual error to be minimized by regression is stated in Eq. (3.18). 

y; = Bo + B,cos(wt;) + B,sin(wt,) + €; (3.13) 

y; = by + b,cos(wt;) + b,sin(we,) + e; (3.14) 

y, = Ywt;) = by + b, cos(wt) + b, sin(wt,) (3.15) 
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y1 1 cos(wt,) sin(wt,) bo e, 

Ya} _ | 1 cos{et,) sin{oe,)|]o,) + 4° (3.16) 

Yn 1 cos(wt,) sin(wt,) en 

y=Xb+é (3.17) 

é=y-Xb=y-y (3.18) 

The least-squares solution for finding the coefficients b involves minimizing the 

SSE in Eq. (3.19). The minimization process requires that the partial derivative of SSE with 

respect to b be set to zero as shown in Eq. (3.20). Rearranging this equation as detailed in 

Eqs. (3.21) and (3.22) yields the least-squares solution for the three coefficients in b. 

Equations (3.23) and (3.24) show the corresponding solutions for the reference force and 

velocity time-signal coefficient estimates used to form the time-signal models in Eqs. (3.25) 

and (3.26). 

SSE = 2 = XB -2wxXB+ SF (3.19) 

(ss) = 22" = 0 (3.20) 
ab ab 

2XTXb — 2XT¥ = 0 (3.21) 

B = (xTx)  xTy (3.22) 

b, = (x™x) ‘XxTf (3.23) 

by = (X7x) xT¥ (3.24) 

F(t) = F(wt) = by + by cos(wt) + bp sin(wt) (3.25) 

Viwt) = Vat) = by + b,, cos(wt) + b,, sin(wt) (3.26) 
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3.2.2 Signal Processing Statistics 

Statistical analysis of each velocity and reference signal pair measured consists of 

computing variance, a p-value, and a correlation coefficient. The estimated error variance 

indicates the error unexplained by regression. The p-value of an F test on the curve fit of the 

velocity data determines if the harmonic regression is meaningful. The maximum sample 

cross-correlation coefficient of a velocity signal relative to the force validates that the 

velocity response is a result of the input force. 

Test for Error Unexplained by Regression (Are the data samples valid?) 

A property of the least-squares method is that the sum of squares about the mean 

(SSM) equals the sum of squares due to regression (SSREG) plus the sum of squared errors 

(SSE). The relationship of these different variances within the least-squares model is shown 

in Eqs. (3.27) and (3.28). 

SSM = SSREG + SSE (3.27) 

di —~ 7) = »(; ~ 7) + Si — >) (3.28) 
i=1 i=1 i=1 

The error variance [67, 68] of the velocity curve fit to the experimental time-signal 

data indicates variability that cannot be explained by a harmonic waveform of the same 

frequency. Assuming the structure is linear, a harmonic excitation will result in a harmonic 

response at the same frequency. Therefore, the unexplained variability of the measurements 

with respect to the harmonic time-signal response models yields a measure of the quality of 

the data. This estimated error variance, s2, is shown in Eq. (3.29) and is also known as the 

mean squared error (MSE). The residual errors are defined in Eq. (3.30) using the sampled 

and modeled values for the time-signal data. The denominator of the estimated error variance 

is a function of the length of b , the number of model coefficients. The error variance values 

Preprocessing Dynamic Response Data 34



for the velocity signal models range over several orders of magnitude depending on the 

closeness of fit. 

2 —_ SSE _ _ SSE _ 1 2 Se = MSE df, (—3) (; = 5) i (3.29) 
i= 

e€; = yi — J; (3.30) 

Equations (3.31) and (3.32) show the specific estimated error variance for the refer- 

ence force and velocity signals, respectively. Note that s2 is an unbiased estimator for the 

error variance, a, when the random error in the system is normally distributed. 

32, = ( 1 5) >t - Hon) (3.31) 
i= 

  

  33, = ( i 5) Sv, - Hoor)) (3.32) 
i=1 

The variance and covariance terms for the estimated coefficients, b , are found in 

matrix form by applying the variance operator as shown in Eq. (3.33). Equation (3.34) shows 

the substitution of the model xB + € for y. Manipulation of terms in Eqs. (3.35) and (3.36) 

yields the variance and covariance values for the regression coefficients as a function of the 

. ; . -1 . ; . 
variance-covariance matrix, (X Tx , and the error variance. In the variance-covariance 

matrix of Eq. (3.37), the variance terms are located along the diagonal and covariance terms 

are off-diagonal. 

var(6) = var( (x7X) "'x73) (3.33) 

var(b) = var( (XTX) 'x"(xB + é)| = var((x7x) “'x7E] (3.34) 

var(b) = (xT) 'xTvar(é\x(X7X) (3.35) 
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var(b) = (X™X) ‘0? (3.36) 

var(bo) cov(bo, b;) cov{bo, b,) 

(x7x) | _ cov(B, b;) var(b | cov(b,, b>) (3.37) 

cov(bp, by) cov(by,b,) — var(b,} 

For the single-frequency harmonic waveform model with three coefficients shown 

earlier in Eq. (3.16), the XX matrix will have the values computed from Eq. (3.38). Variance 

estimates for the regression coefficients of the reference force and velocity signal models are 

stated in Eqs. (3.39) and (3.40). 

n >. cos(wt;) >. sin(ot)) 
Xx =] DY cos(wt;) —Y°cos(wt;)” SY” cos(ewt,) sin(wt} (3.38) 

> sin(wr) SY cos(ot,)sin{or,) > sinwt) 

var( by} ~ (x™x)”'s3 (3.39) 

var( by) = (xTx) ‘2, (3.40) 

Regression Model Validity Test (Is the model meaningful?) 

To determine the validity of the time-signal response model, the success in recon- 

structing the time-signal data needs to be quantified. The statistical question posed is: with 

what probability does the regressed time-signal model predict the acquired data? The proba- 

bility value (p-value) of the F test indicates the probability that a regressed harmonic wave 

poorly approximates the velocity data [67]. In regression of a harmonic-wave model to 

sampled velocity data points, the desired F ratio is the mean square for regression (MSREG) 

defined in Eq. (3.41) over the MSE shown in Eq. (3.42). This F ratio estimates the observed 

dispersion of one sample to another. Therefore, the MSREG is the variability explained by 
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the model; whereas the MSE is the unexplained error. For each measured signal, the F 

distribution probability function is used to determine the significance level at which the 

hypothesis “regression has a smaller variance than error” can be rejected. This can be 

summarized in terms of the null (7) and research (H) hypotheses stated in Eq. (3.43). The 

null hypothesis, that “the time-signal model does not predict the measured data,” is rejected 

when the p-value of the F statistic is less than the confidence limit. If rejected, the research 

hypothesis that “the regression exists” is justified. The rejection region is stated in terms of 

both the F statistic and the p-value in Eq. (3.43). 

  

MSREG = SSREG _ SSREG 3.41) 
afrec 2 

_ MSREG p= MORE (3.42) 

Ho: no regression exists 

H,: regression exists (3.43) 
Rejection Region: F > Fg OR p — value <a 

Equation (3.44) expresses the p-value as a function of the incomplete beta function 

in Eq. (3.45) [69]. A small numerical significance level, or p-value, indicates significant 

rejection of the null hypothesis. Therefore, a small p-value implies high confidence in the 

research hypothesis that the “regression has variance greater than error.” In other words, the 

regressed curve provides a statistically “good” model of the time-signal data when the 

p-value is less than the confidence limit. 

  

Bidfp/2, dfprg/2) df F,dfp,d = , wh = —__4 3.44 PF, dfz, fae) B(dfel2s afeno/2) n° = (alg * dieaoF (3.44) 

Ba, b) = | q’—'a — q)’ ‘dq (3.45) 
0 
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Test for Data Correlation (Is the response a result of the input?) 

The goal of ESDM is to characterize the dynamic response of a structure with a given 

input. It is important to verify the causal relationship between the known excitation of the 

structure and the measured response. The maximum sample cross-correlation coefficient 

estimates the cause and effect relationship between the reference force and velocity signals. 

Lack of correlation between the force and velocity measurements indicates that the velocity 

signal did not result directly from the reference force signal. In this case the measured 

velocity was not the intended response, so the velocity time-signal samples are invalid. 

The maximum sample cross-correlation coefficient of a velocity and force time 

signal is computed by a direct procedure [70]. The sample cross-correlation function for a 

force and velocity data set is shown in Eq. (3.46). The sample cross-correlation coefficient 

function in Eq. (3.47) is the sample cross-correlation function normalized by the sample 

auto-correlations of the force and velocity signals defined in Eqs. (3.48) and (3.49). The 

sample auto-correlation values are dependent on the offset, m, from the sample cross-cor- 

relation function. Equation (3.50) shows that the maximum sample cross-correlation coeffi- 

cient, © max? is found by sweeping the offset of the cross correlation from 0 to half the number 

of samples. Since the cross-correlation function ranges from -1 to 1, the squared value of 

this statistic is used to map correlation values from 0 (no correlation) to 1 (high correlation). 

n—m 

SpmAt) = =F > (fi — Bp)(iem ~ Bro) (3.46) 

O,(mAt) = Tl (3.47) 
ff vv 

Sy = a y (F - Bo) (3.48) 
i=1 
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A 2 

Sw = 7 R (v; — Bio) (3.49) 

© max = max(6,(mAt)), m = 0, 1,2,...55 (3.50) 

3.2.3 Experimental Examples of Signal Processing 

Statistics 

The test structure used for acquiring example time signals was a reciprocating Freon 

compressor. A sine-dwell (near) phase-resonance experiment was conducted on the com- 

pressor housing. A harmonic excitation frequency of 944 Hz was selected due of its proximi- 

ty to aresonance frequency. Multiple linear regression was used to model 36 evenly sampled 

force and velocity values with a sine curve at 381 measurement locations on the housing 

surface [71]. The curve-fitting procedure estimated the response time-signal coefficients and 

computed the corresponding statistics (variance, p-value, and correlation) described earlier. 

Table 3.1 shows the statistics computed for a select group of interesting measurements. The 

point numbers indicate different spatial locations on the compressor housing. 

Table 3.1. Selected Velocity Signal Statistics 

  

  

  

  

  

  

  

  

  

Point No. Variance Correlation P-value 

80 2.81 «1077 0.9995 <0.0001 

100 3.65 x 10-> 0.4306 0.0010 

134 3.70 x 10719 0.9432 <0.0001 

216 1.96 x 10-4 0.0944 0.1410 

274 1.45 x 10-6 0.0799 0.5617 

275 9.45 x 107? 0.2770 0.9629 

357 2.27 x 1074 0.8256 <0.0001 

379 2.00 x 10-6 0.2732 0.0248           
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Point 80 has statistics representative of typical high quality measurements. The force 

and velocity data samples are closely modeled by the harmonic-regression models plotted 

in Fig. 3.2 with the corresponding residuals in the least-squares model of the force and 

velocity time-signal data shown in Fig. 3.3. 

Figure 3.4 shows the effect of two stray measurements at the end of the velocity 

samples of point 100. These two outliers cause a high estimated error variance and poor 

cross-correlation between the force and velocity. These two points are clearly not part of a 

random, Gaussian error distribution in the original velocity time-signal samples. The resid- 

uals in Fig. 3.5 show lingering deterministic content at the driving frequency. Based on these 

Statistics, the regressed curve is a poor estimate of the velocity at that location. This data 

should be discarded and resampled or assigned a negligible weighting factor when construct- 

ing a spatial dynamic response model. 

Figure 3.6 contains a weak velocity signal measured at point 134. This point is in the 

vicinity of a node line of the dynamic response at 944 Hz. The force and velocity were well 

correlated at this location even though the velocity signal has a very low amplitude. The 

implications of the statistics for these time signals are that the curve fitting was fine, even 

when the velocity response is near zero. The residuals for the signal models in Fig. 3.7 are 

quite random. The velocity time-signal model obtained from this time-signal history is 

perfectly valid and correct. 
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Figure 3.2. Example of a High Quality Velocity Signal Measurement (Point 80) 
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Figure 3.3. Velocity and Force Model Residuals for Measurement Point 80 
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Figure 3.4. Example Data with High Variance, Low Cross-Correlation (Point 100) 
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Point 216 is an example situation where all the statistical measures break down. One 

explanation is that the returning Doppler signal weakened momentarily, resulting in a 

drifting of the voltage representation of the velocity response. A weak Doppler signal could 

be due to a lack of a retro-reflective or diffuse surface, the optics out of focus, laser speckle, 

or the laser scanning over an area outside its best depth-of-field. Figure 3.8 shows a distinct 

dropout of the velocity signal towards the end of the sample. The mean square for regression, 

MSREG, for the regression coefficients is not significantly greater than the high error 

variance. Therefore, the regression is rejected by the F test. The is obviously due to the size 

of the residuals shown in Fig. 3.9 which are on the same order of magnitude as the original 

velocity data samples. In addition, the poor cross-correlation indicates that the force signal 

did not cause the disturbance in the velocity signal. This time-signal model should not be 

used in subsequent spatial dynamics modeling. 

Points 274 and 275 were measured when the electromagnetic shaker was discon- 

nected from the compressor shell. The shaker body occluded the laser beam at these loca- 

tions. The shaker was removed to make the position measurements of the surface, and the 

flat, noisy force signals can be seen in Figs. 3.10 and 3.12 with the corresponding residuals 

of the regression models in Figs. 3.11 and 3.13, respectively. As a result of essentially zero 

force, the drifting velocity signals from the LDV have low cross-correlation coefficients in 

addition to high p-values, indicating the regression model is incorrect. These measurements 

have no relevance to the structural dynamics. 
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Significant Regression p-value (Point 216) 
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Figure 3.10. Example Data with Low Correlation, Significant p-value (Point 274) 

Pt# 274 
  0.25 

0.2r 

ost 

Fo
rc

e 
& 

Ve
lo

ci
ty

 
(v
ol
ts
) 

  

0.1F 

0.057 

x 

DOP QDDDDDDDDDADDOVDVDDD0NG 900000080000 4 

x 
x 

x 4 

x 

  
  

       

    
  

  

-0.05} . 
x x 

xX x 
-0.1F X x xX . 

x y% o force residuals 
x . . 

015+ x velocity residuals 

-0.2 L —_ 
0 5 10 15 20 25 

Frequency x Time (radians) 

Figure 3.11. Velocity and Force Model Residuals for Measurement Point 274 

Preprocessing Dynamic Response Data 46



Pt# 275 
  

  

  

    

  

  

  
  

0.02 OT a re | re | 

Too°e GV HOLA Ais Oo 55-28-50 Po 8 O25 .0-9-5-0-- 
OL 4 

wr -0.02+ . 
£ 0 o force data points 
= 5 oak x velocity data points 

Df iis regressed force 
8 0 oe regressed velocity 

"D we 

> 

3 _o.08+ 1 
oO 

9 x *¥ x, 
oO x x x 

ae -O.1- x ee axe 4 

xEey, XX x . x x x x 

x 

-0.12F XxX 7 

-0.14 —— 
0 5 10 15 20 25 

Frequency x Time (radians) 
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Significant Regression p-value (Point 275) 
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The velocity signal at point 357 is marginally correlated to the forcing signal, but the 

efror variance is extremely high. The last sample in the velocity time series is distinctly out 

of place in Fig. 3.14. Even with this single outlier the <0.0001 p-value indicates a strong 

regression relative to the error of the fit. However, the residuals of the velocity model in 

Fig. 3.15 clearly show some remaining deterministic content not modeled by the multiple 

linear regression. These statistics imply questionable quality of the regression coefficients 

for this time-signal pair at this location. A new measurement at point 357 is warranted. 

The last point examined in the section has a low maximum sample cross-correlation 

coefficient. The measurements at point 379 in Fig. 3.16 show a velocity signal that appears 

to change in magnitude over time. This was due to the high angle of incidence of the laser 

beam to the surface at that location. Very little light energy from the laser returned to the 

photodetector sensors and caused problems in tracking the Doppler signal during the mea- 

surement. Regression of a harmonic waveform to the velocity signal is marginal as shown 

by the residuals in Fig. 3.17 and indicated by a p-value less than the 0.05 confidence limit 

of the F test. This questionable value, in conjunction with the low cross-correlation coeffi- 

cient, provides a strong warning against accepting the regression coefficients for this 

velocity signal. 
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Figure 3.16. Example Data with Low Correlation, Marginal p-value (Point 379) 
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Figure 3.17. Velocity and Force Model Residuals for Measurement Point 379 
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The three statistical tests were shown to diagnose the following conditions in the 

experimental velocity data set from a harmonically excited reciprocating Freon compressor 

housing: 

e Significant outliers in time-signal data 

¢ Weak velocity signal - near node line (valid data) 

e No excitation of the structure - shaker not attached 

e Weak Doppler signal - velocity measurements taken at a high angle of 

incidence relative to laser line-of-sight 

e Weak Doppler signal - lack of retro-reflective or diffuse surface, optics out 

of focus, laser speckle, or the laser scanning over an area outside its best 

depth-of-field 

It is clear that the statistical estimates of error variance, regression p-value, and 

cross-correlation should be used together, not independently, to obtain a better perspective 

on the quality of data. The problems diagnosed above contributed to measurements over 

areas of the structure that should either be resampled from the same position or possibly from 

another location in space. An application has also been demonstrated for improved inter- 

pretation of the statistical values by graphically superimposing the statistics onto a 3-D 

model of the test structure [72]. 

Statistical analysis of the time-signal measurements is essential for determining the 

quality of the data. The statistical assessment is also necessary for qualifying experimental 

data used in the development of mathematical representations of spatial dynamic response. 

These statistical estimates can be leveraged to form weighting coefficients in subsequent 

spatial modeling. Also, the statistical information can serve as a guide for adaptive sampling 

when further refining models of the spatial dynamic response. 

Preprocessing Dynamic Response Data 51



3.2.4 Relative Velocity Signal 

After modeling both the reference force and velocity signals from a simultaneous set 

of samples, the desired values for the spatial velocity response model are the complex 

coefficients of the relative velocity coefficients. The relative velocity is the velocity signal 

relative to the reference force signal stated in Eq. (3.51) using the relative phase, @,, 

computed from Eq. (3.52) and shown graphically in Fig. 3.1. The relative velocity is 

estimated in Eq. (3.53) by using estimates for the coefficients from the multiple linear 

regression. Equation (3.54) indicates the relationship for the estimated phase angle to the real 

and imaginary coefficients. Equation (3.55) expands @, in terms of the reference force and 

velocity regression coefficients. Estimated amplitudes for the velocity and force signals are 

also easily computed in Eqs. (3.56) and (3.57) from the real and imaginary coefficients. 

R(at) = 6B, + a,cos(wt — ¢,} (3.51) 

br = by — by (3.52) 

R(wt) ~ R(wt) = by + a,cos( wt - é,] (3.53) 

@ = arctan(b,/b,) (3.54) 

, = arctan(b,»/b,1) — arctan(byp/b,) (3.55) 

ay = ,/b?, + b?, (3.56) 

a, = [b?, + bs (3.57) 

The model for the relative velocity signal can be algebraically converted from 

Eq. (3.53) to Eq. (3.58) by expanding the cosine term. The resulting “complex” form for 

R(at) is stated in Eq. (3.59). From this derivation it is clear that the model coefficients b,, 

and b,, which represent the velocity relative to the reference force are a function of bp, bps 
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b,,, and b,, as explicitly stated in Eqs. (3.60) and (3.61). From the earlier development of 

the estimated error variance for the linear regression coefficients, the variance-covariance 

matrix for b,, and b,, is expected to have the form of Eq. (3.62). However, this requires 

multivariate variance estimation described in the next section. 

R(wt) = by + a,cos( 4, cos(wt) + a,sin(,} sin(wt) (3.58) 

R(t) = by + b,, cos(wt) + b,>sin(wt) (3.59) 

b,, = /b2, + b%, cos( arctan(b,»/b,1) — arctan(bp/bj)) (3.60) 

b = /b?, + b% sin(arctan(b,/b,,) — arctan(bp/by)) (3.61) 

64 var(b,,) cov(b,,, 5,9) 

ole ~ cobb var(b,») (3.62) 

3.2.5 Variance Estimation with the Multivariate Delta 

Method 

Variance estimation using the multivariate delta method [73] allows the approxima- 

tion of the variance of a function which has parameters with known variance estimates. 

Suppose g is a function of k variables, x,,...,.x,, with the expected value E(x) = W. The 

multivariate Taylor series expansion about y/ is stated in Eq. (3.63). For a first-order approxi- 

mation using the partial derivative vector defined in Eqs. (3.64) and (3.65), the higher-order 

derivatives are excluded. The name for the delta method is predicated on using only the 

first-order term. If the values in “ are chosen as the expectations for x, then Eq. (3.66) for 

the variance of g(x) follows from Eq. (3.63). The variance of g(x) is stated in vector-matrix 

form in Eq. (3.67) using 2 to represent the k xk variance-covariance matrix of x. 

tT 

g(x) = glu) + 6 (x — mw) + {higher order derivatives} (3.63) 
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—T 
6 = {g,’..g;'| (3.64) 

g/ = 8 (3.65) 

—\2 gw. ° var(g@) ~ E|(8@) — sf@)'| = A(: (e - i) | (3.66) 

var(g@)) ~S ZS (3.67) 

A further generalization of the multivariate delta method for variance estimation is 

based on multiple functions of the same k variables in X; this is called the multiple multi- 

variate delta method. This method allows approximation of the variance and covariance 

values for multiple functions which have the same parameters with known variance esti- 

mates. Each function g(x) in Eq. (3.68) has a different partial derivative vector defined by 

Eqs. (3.69) and (3.70). The vector form of the multiple functions in Eg. (3.71) is based on 

a partial derivative matrix defined by Eq. (3.72). Applying the variance operator as above 

to the set of multivariate functions, g(x), yields the variance-covariance matrix in Eq. (3.73). 

  

—T 

8(x) ~ Bi) + Oi[e — 4) (3.68) 

oT , , 

3: = [Si Si | (3.69) 

’ dg <x) 
Bij = ax, saz (3.70) 

B(x) ~ Bl) + ATE — wa) (3.71) 

jy 
ee A { (3.72) 

Op 

var(e(x)) = AIZ A (3.73) 
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3.2.6 Variance Estimation of Relative Velocity Signal 
Coefficients 

Now the multivariate-variance estimation can be applied to the desired coefficient 

estimates of the relative velocity model to approximate the variance of the real and imaginary 

coefficients. By following the notation of the previous section, the vector of two multivariate 

functions of interest is given in Eq. (3.74). The coefficients defined earlier in Eqs. (3.60) and 

(3.61) are functions of the regression coefficients listed in vector form in Eq. (3.75). Equa- 

tion (3.76) shows the form of the variance-covariance matrix resulting from the multivariate 

variance estimation derivation in the previous section. 

-» £1) by 
8(x) = ot = (| (3.74) 

bp 
b 

~ fr = 3.75 = 15 (3.75) 

Fe) 

64 var(b,] cov(b,1; bp) T 

vale 7 cobb var(b,o) | AzA (3.76) 

The variance-covariance matrix for the four regression coefficients in ¥ listed in 

Eq. (3.75) is easily constructed from the variance and covariance terms defined earlier in 

Eqs. (3.39) and (3.40). The resulting matrix shown in Eq. (3.77) uses 0 for all the covariance 

terms involving coefficients from both the reference force and velocity signals, since they 

are independently modeled. 
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| var(bq) cov(ba,bp) 0 

ye cov(bn, bp} var( bp] 0 

0 0 var(b,,] 

0 0 cov(b,1,5,,)   

0 

0 

cov(b,,, by] 

var(b,]   
(3.77) 

The 4 X 2 partial derivative matrix in Eq. (3.78) consists of the partial derivatives of 

target coefficients b,, and b,, with respect to the original regression coefficients by, Dp, 5,,, 

and b,,,. The elements of this matrix are derived in Eqs. (3.79) — (3.86). 

0b, 0b, 0b,4 0b, 

(re dbp dbp ab,, db, 

| 9b, 9b, 9b, 9b, 
dbp Obp db, Ab, 

  

  

  

  

0b, — _ bab 

db as 

0b, _ bp Py 

dbp 7 ar 

wo, _ batood,) + 2osin( 
  

0b, 7 ay 

0b.4 _ by, cos( 4, 7 byt sin(¢,) 
    

    

db,» 7 ay 

a) — baby 

dbp as 

abe _ _ Pnbra 
dbp as 
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(3.79) 

(3.80) 

(3.81) 

(3.82) 

(3.83) 

(3.84) 
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db i) cos( 4, + by, sin( 4, 
7 a (3.85)   

Ab,o _ by cos(¢,} + b,gsin(¢, 
r 

dD,» 7 ay 

  (3.86) 

3.2.7 Experimental Example of Variance Separation 

The time signals at point 80 on the compressor housing shown in Fig. 3.2 were the 

source for the time-signal data used to demonstrate variance separation. The results of 

multiple linear regression for the example force and velocity time-signal data are given in 

Egs. (3.87) and (3.88). The variance-covariance matrix for both signals in Eq. (3.89) is 

dominated by the variance terms. The covariance terms are very small as expected, since an 

integral number of waveforms was sampled. The specific variance and covariance values for 

the force and velocity signals are shown in Eqs. (3.90) and (3.91) using the estimated error 

variances of the respective signals. The coefficients for the relative velocity signal in 

Eq. (3.92) are estimated using the multiple linear regression described earlier. 

F(wt) = 0.001393 — 0.5385 cos(wt) + 0.2230 sin(wt) (3.87) 

Vit) = — 0.03354 + 3.3842 cos(wt) — 4.5562 sin(wt) (3.88) 

4 5.6445 x 107*  —1.1086 x 107? —2.8382 x 107° 
(X7™X)  =]|-1.1086 x 107? 5.5631 x 107? — 4.0659 x 1073] = (3.89) 

— 2.8382 x 1073 —4.0659 x 1077 2.8226 x 107? 

— -1 var(b,) ~ (XTX) (1.7536 x 1075) (3.90) 

+ -1 
var( by] ~ (X™X) (2.8172 x 1073) (3.91) 

R(wt) = — 0.03354 — 4.8702 cos(wt) + 2.9142 sin(wt) (3.92) 
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The multiple multivariate delta method must be used to estimate the variance of the 

real and imaginary coefficients of the relative velocity model. The partial derivative matrix 

in Eq. (3.93) was computed directly from the derivations in section 3.2.6. Equation (3.94) 

contains variance-covariance matrix assembled from Eqs. (3.89)-(3.91). Using these last 

two matrices, numerical estimates for the variance and covariance of the real and imaginary 

relative velocity coefficients are given in Eq. (3.95). 

— 1.9136 —3.1980 
—4.6195 —7.7200 

A = | —0.9239 —0.3827 (3.93) 
0.3827 —0.9239 

9.989 x 10-7 —1.944 x 1078 0 0 

~1.944 x 1078 9.755 x 1077 0 0 

a= 0 0 1.590 x 1074 -—3.123 x 107° (3.94) 

0 0 —3.123 x 10-© 1.567 x 10~4 

b, 1.850 x 1074 3.888 x 1075 ~ T _— . . 

offre] Axa se x 1075 2.222 x 1074 (3.95) 

The complex-valued notation describing single-frequency velocity response 

provides two coefficients for representing the relative velocity response at a location on the 

response field. In the next chapter two experimental models of a velocity response field will 

be formed: one for the real component, the other for the imaginary. The estimated error 

variance of the velocity time-signal multiple linear regression could be used to weight both 

the real and imaginary velocity components. However, the goal is to weight the real and 

imaginary coefficients from the relative velocity time-signal model by the appropriate 

variance of the real and imaginary coefficients. This requires the multiple multivariate delta 

method to estimate the error variance of the real and imaginary coefficients of the relative 

velocity signals. 
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The example of multivariate variance estimation of relative velocity coefficients for 

a pair of signals demonstrated the potential of the method. The reference and velocity signals 

showed that the error variance of the original and derived coefficients differed in the real and 

imaginary components. This indicated that the experimental models of structural velocity 

fields will be improved by more accurate weights based on the error variance of the complex- 

valued relative velocity coefficients. 

This application of the multiple multivariate delta method for error variance estima- 

tion of the relative velocity regression coefficients is an important development. It is a 

component of the technology to realize the goal of obtaining statistically qualified complex- 

valued continuous 3-D velocity fields for experimental spatial dynamics modeling. The 

technique does not require special sampling, triggering, or other data acquisition hardware. 

More importantly, the technique is naturally extendable to separating error variance in tests 

with multiple-frequency excitation of the structure and other more general models. 

3.3 Laser Position Registration 

The conventional practice of generating quantitative dynamic models from experi- 

mental data is based on measurements from surface-mounted accelerometers [74]. The 

accelerometers are mounted on the test structure with known position and orientation, 

thereby defining the magnitude and direction of dynamic response. However, mass loading 

and local stiffening of the structure by surface-mounted transducers affect the dynamic 

response, giving noncontacting vibration measurement techniques a distinct advantage. Two 

fundamental issues must be resolved before using a noncontacting instrument tc measure the 

3-D dynamic response of a structure. First, the measurement location and beam direction for 

each data sample must be found relative to a single coordinate system and second, the shape 

of the test structure must be known. This section describes registration procedures for 
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determining laser position of a scanning LDV for dynamic response modeling and a scan- 

ning laser rangefinder (LRF) used for shape modeling. 

The scanning LRF and LDV systems described here are portable instruments. These 

systems alleviate many restrictions of commercial and proprietary systems, including coor- 

dinate measuring machines, which have fixed reference frames that must be maintained and 

extremely well-controlled. The registration procedures developed in this dissertation do not 

require pre-established coordinate systems, and as a result, test structures can be measured 

in the field in almost any environment. Reference coordinate systems can be conveniently 

selected to meet the given task, or predefined structural coordinate systems can be used. 

The experimental measurements made by laser, range and velocity, are used to 

develop 3-D topological/geometric and dynamic response models, respectively. The ac- 

quisition of range and velocity by the scanning process requires the knowledge of the laser 

position and orientation in order to determine the spatial location and direction of each 

measurement in a common structure reference frame. For this purpose two position registra- 

tion algorithms were developed that utilize three kinds of information: (1) range from the 

virtual laser origin to the point on the structure, (2) direction of the laser beam aimed at 

registration points, and (3) the structure coordinates of known registration points. The direct 

registration algorithm assumes that beam direction and range is available for each registra- 

tion point measured by a scanning LRF when computing the registration transformation. The 

indirect registration algorithm uses the direction of the laser beam to the structure’s known 

registration points for registering a scanning LDV with the structure’s coordinate system. 

The problem of position registration of the scanning lasers differs from camera 

calibration [75, 76] in two very distinct ways. The laser systems do not have a fixed image 

plane or a fixed optical center. For the scanning laser systems modeled here, two separate 

mirrors deflect the laser beam, causing the virtual origin of the beam to move. Each measure- 

ment is a data value acquired along the current beam direction which varies as the laser beam 
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is deflected. The second difference is that the lasers must be registered with the structure 

from a single location in contrast to triangulation techniques used for stereo imaging. 

Consequently, the registration procedures described in this chapter do not fit the calibration 

model for a single camera using multiple points on its image plane, or calibration of a stereo 

camera system using a common set of registration points. 

Since only velocity is measured by a scanning LDV, the Cartesian coordinates of 

each measurement point cannot be determined directly. If a geometric shape model of the 

test structure is available, ray-tracing techniques can provide the Cartesian coordinates of 

points on the structure. However, this requires knowledge of position and orientation of the 

LDV relative to the test structure. When registering the LDV only mirror deflection angles 

of the LDV are known when directing the laser beam to the known registration points. At 

least four points are required for computing the indirect registration. The resulting system 

of equations for solving the indirect registration problem is highly nonlinear. 

A four point registration procedure was developed by Zeng [77] for dynamic mea- 

surements with a scanning LDV. The algorithm iteratively searches for the transformation 

matrix by solving for the four unknown ranges to the given registration points. The proce- 

dure also accounts for the moving virtual origin of the laser beam by adding a second iterative 

loop. The algorithm was later enhanced to include additional registration points [78]. The 

multiple-point indirect registration algorithm described here has only a single set of nonlin- 

ear equations to solve with no upper limit on the number of registration points. 

The shape modeling portion of ESDM requires a scanning LRF. With range data 

available, registration is simplified; only three registration points are needed to directly 

determine the laser orientation. A scanning LRF was simulated by adapting a scanning LDV 

with a linear transducer to measure range. As a demonstration of the simulated LRF, range 

data from five laser locations were combined to construct a polygonal shape model of a 

compressor housing. 
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3.3.1 Characteristics of Scanning Laser and Linear 
Transducer 

Surface dynamic response is measured by the scanning LDV shown in Fig. 3.18. 

Simulated shape modeling is accomplished by directing the LDV laser beam at a point to 

find horizontal and vertical mirror deflection angles. The range to the location illuminated 

by the laser is measured with a linear transducer. The direction and range measurements are 

sufficient to locate a point relative to the laser head. 

  

Figure 3.18. LDV with Linear Transducer 

The origin O of the laser beam moves as a function of the beam angle shown 

graphically in Fig. 3.19. This is a consequence of the system design to improve the dynamic 

response of the mirror deflection system. A single mirror with two rotational galvanometers 

could operate with an effectively fixed beam origin. Unfortunately, the weight of this 

configuration would add to the mirror settling time during scanning. The settling time with 

a two mirror system is significantly shorter, but the offset between mirrors causes the beam 

to have a moving virtual origin. In addition, each mirror’s reflective surface is slightly offset 
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from the center of rotation, but this small offset has proven to be insignificant in practice and 

is neglected. In the case of the simulated shape modeler, the transformation from mirror 

deflection angles and range to Cartesian coordinates must also account for the position of 

the linear transducer. 

locus of virtual beam 
origin, moves in 

y-z plane 

   
    
   

    

vertical (,) mirror 

N\ 

laser beam path 

— 0, 

  
  

transducer   
Figure 3.19. Coordinate System of the LDV 

Simple trigonometric relationships between the virtual beam origin and measured 

points on the structure do not exist. The elegance of the registration formulations developed 

here is that the moving beam origin equations are used directly in formulating the registration 

solutions. 

3.3.2 Three Point Direct Registration 

The direct registration algorithm uses mirror deflection angles and range measure- 

ments for each registration point to compute the registration transformation. There are two 

necessary coordinate transformations to establish the three point direct registration trans- 
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formation for converting laser spherical coordinates (angles and range) to global (or inter- 

mediate) Cartesian coordinates. First, each horizontal angle, vertical angle, and range mea- 

surement set is transformed into x, y, and z laser Cartesian coordinates. These spherical 

coordinates must be converted into Cartesian coordinates, because the following step is 

based on a Cartesian coordinate transformation. Secondly, the laser Cartesian coordinates 

are converted to global (intermediate) Cartesian coordinates with a 4x4 homogeneous 

transformation matrix. 

Spherical to Cartesian Coordinate Transformation 

The orientation of laser spherical coordinates is shown relative to classic spherical 

coordinates in Fig. 3.20. The definition of the laser spherical coordinates was established to 

coincide with the geometry and motion of the laser mirrors shown earlier in Fig. 3.19. 

  

classic spherical coordinates 

   
laser spherical coordinates     

  

Figure 3.20. Classic Spherical and Laser Spherical Coordinates 

The laser spherical to Cartesian coordinate transformation is a four-step computa- 

tional process. Registration point P is located by the simulated scanning system. The angles 

,,and 6, are recorded when the laser beam is focused on P. The distance D is measured with 

the linear transducer. Referring to Fig. 3.21, the first step in the local transformation is the 

computation of y. Equation (3.96) is a vector relationship derived from a vector dot product. 

Vector u is defined in Eq. (3.97) as the vector extending from the origin, O, of the laser beam 
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to the origin, C, of the linear transducer. Measurements were made to determine the coordi- 

nates of point C relative to the LDV base point. The coordinate equations for the moving 

origin of the laser beam as specified by the scanning LDV manufacturer [79] are given in 

Eq. (3.98). Equation (3.99) shows w as the unit vector at point O in the direction of point 

P. The application of the mirror deflection angles are directly dependent on the physical 

configuration; the vertical mirror deflects the beam first, then the horizontal mirror. Finally, 

Eq. (3.100) shows that y is a function of the components of vectors uv and w. 

  

6, and 0, of w 

R = |OP| 

P (measured 
registration point) 

D   

are the measured angles 

O (laser 
beam 
origin) 

u = OC 

YL 

C (linear B (base 
transducer of laser 
origin) head) 

= |CP| *t “ 

         
      

    

Figure 3.21. Spherical and Cartesian Coordinates 
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lal 

The second step in the spherical to Cartesian transformation is to compute w using 

the law of sines as shown in Eq. (3.101). The next step is calculating the range, R (the distance 

a LRF would measure), from point O to P using the law of cosines in Eq. (3.102). The last 

step is the conversion of the R, 0,, and 0, spherical coordinate values for point P into 

Cartesian coordinates relative to the origin B. This final form of point P in laser Cartesian 

coordinates, denoted P,, is shown in Eq. (3.103). 

y= sin 1( Br 2) (3.101) 

  

R = Jl? + D? — 2D cosa — y — y) (3.102) 

Pr Rsin0, + Oy 

P,(R,0,,0y) = Pryt = 4 — ReosOysind, + Oy (3.103) 
P, RcosO@ycosO, + O; 

Z 

Laser to Intermediate Coordinate Transformation 

Equation (3.104) represents the next transformation in homogeneous coordinates 

needed to convert a point from laser Cartesian coordinates (L) to intermediate (or global) 

Cartesian coordinates (I). The same transformation applies to all points scanned from the 

same laser position. The transformation is composed of the translation and rotation matrices 

in Eq. (3.105). These matrices can be combined into a single homogeneous 4 4 matrix or 

simply performed in the proper order of translation, then rotation. 
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Piyl _ ro (3.104) 
Pr Pr, 

1 1 

Trt ‘rx2 "x3 Of1 0 0 — 7, 

Try TLy2 T1y3 OO 10 — ty (3.105) 

Troi ‘iz2 "1z3 OO 91 — Ty, 
0 0 0 11000 1 

Ty.) = 

Foley et al. [80] describe how the transformation matrix T,_,, conceptually moves 

and rotates an orthogonal triad of unit vectors designating one coordinate system into the 

corresponding axes of another coordinate system. In the three point registration scenario, the 

intermediate coordinate system specified by any three non-collinear points is transformed 

into the laser’s coordinate system as shown in Fig. 3.22. Applying this same transformation 

to a point measured in the laser’s coordinate system converts it to intermediate coordinates. 

  

intermediate coordinate system 

YL 

21 xT 

  

laser coordinate system     
  

Figure 3.22. Points and Axes Defining the Intermediate Coordinate System 

The three rows of the upper portion of the 3 x3 rotation matrix correspond to unit 

vectors along the x, y, and z axes of the intermediate coordinate system. Row vector 7,, in 

Eq. (3.106) is the unit vector along P, ,P,, that will rotate into the positive z axis of the laser’s 

coordinate system. Row vector 7, ,in Eq. (3.107) is the unit vector perpendicular to the plane 
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of P, ;PP 3 that will rotate into the positive x axis . The cross product of 7, and 77, yields 

the unit vector 7,, in Eq. (3.108) that will rotate into the positive y axis. 

  

=> PriPr2 
'Lz = Irie Trz2 r123| = [PP rol (3.106) 

Lx Lx,1 'Lx,2 "Lx3 IPPs X PoP pl 
  

, a 3.108 
"Ly = ryt "Ly,2 rya| = Tr X Thy ( ) 

3.3.3 Multiple-Point Indirect Registration 

The multiple-point indirect registration algorithm uses the laser beam deflection 

angles to the structure’s known registration points for computing the registration transforma- 

tion. Without range information, angular measurements of four or more non-collinear regis- 

tration points on the object are necessary to develop the transformation from local LDV scan 

coordinates to intermediate (global) coordinates. The registration point positions must be 

known in some coordinate system, preferably structure coordinates. Any three of the regis- 

tration points which are not collinear may be used to define two coordinate system trans- 

formation matrices. One matrix is a structure to intermediate Cartesian coordinate trans- 

formation, the other is a laser to intermediate Cartesian transformation. The intermediate 

coordinate system is an integral part of the formulation to establish the full transformation 

from laser to structure Cartesian coordinates. If the coordinates of the same set of points are 

known in structure and laser coordinates, then when these points are transformed into the 

same coordinate system, the points should have exactly the same coordinate values. The 

indirect registration algorithm uses the unknown ranges of three registration points to define 

the laser to intermediate coordinate system transformation. At least one additional registra- 

tion point is required by the algorithm to establish a unique transformation matrix. Motiva- 
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tion for using more than the minimum number of points (four) is to statistically reduce the 

error of registration over the entire field of interest. 

Figure 3.23 shows a schematic layout of three coordinate systems defined for solving 

the indirect registration problem. Three equations containing the unknown distances to three 

registration points need to be defined. Equation (3.109) defines the three ranges in terms of 

the moving origin and the registration points. Equation (3.110) indicates that the transforma- 

tion matrix for laser to intermediate coordinates, T,_,;, is a function of the unknown ranges 

(and known mirror angles). This is the same transformation defined in Eqs. (3.103) through 

(3.105). However, the transformation matrix from structure to intermediate coordinates, 

T<_,, in Eq. (3.111) is determined directly from the known coordinates of the registration 

points in structure coordinates. The elements of the rotation matrix in Eq. (3.111) are found 

by using Eqs. (3.106) through (3.108) and substituting the structure coordinates of points for 

the laser coordinates. 
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Figure 3.23. Registration Vector Description 
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The three nonlinear equations used to determine the ranges to the three designated 

registration points are based on a least-squares error minimization. Equation (3.112) defines 

the residual error vector in position between two different laser Cartesian coordinate specifi- 

cations of the same registration point. First, the registration point is transformed from 

structure coordinates to laser coordinates using the current transformation matrix, T._,,, 

shown in Eq. (3.113). This transformation is always a function of the measured angles and 

the current values for ranges R,, R5, and R during the iterations of the nonlinear equation 

solver. Next, the registration point is specified in laser coordinates as shown earlier in 

Eq. (3.103) with range and measured deflection angles. However, since the range is not 

measured, it must be estimated by Eq. (3.114) using the laser coordinates for point P as 

determined in Eq. (3.113). Equation (3.115) defines the combined squared position error (in 

x, y, and z) for the fourth and additional registration points. Also, the vector lengths between 

registration points are constrained to be the same in both laser and structure coordinate 

systems using the summation of squared length error in Eq. (3.116). 

ép = Ts_.,Ps — P,(R,0x,9)) (3.112) 

Py = Ts,Ps = Try 'Ts-Ps (3.113) 

R= IP, — 0(6,)| (3.114) 
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even = (lPr2Pral — |Ps2P sal) + » (PoP Lil — [PsP sil) (3.116) 
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Finally, Eq. (3.117) combines these errors into a set of three nonlinear equations 

which should be minimized at the solution. The set of equations is iteratively solved using 

a nonlinear quasi-Newton equation solver based on Broyden’s method [69]. As an added 

measure of assurance, if convergence is not detected by the nonlinear solver, the results are 

passed to a Newton’s method root solver to further refine the results [81, 82]. 

min ror = /eLen + pts (3.117) 

In practice, the nonlinear equation solver finds good optimal solutions even without 

close initial guesses for the unknown ranges. The rate of convergence was reduced and the 

solution precision was increased slightly by scaling @;o,7 by a factor of 10. The formulation 

is robust, because good transformation matrices are found even if the original registration 

measurements contain some random experimental error in both the mirror angle measure- 

ments and structure coordinates of the registration points. 

3.3.4 Example Registration Results 

Three Point Direct Registration for Shape Modeling 

The simulated shape modeling example contains nearly 400 measurements; howev- 

er, an actual scanning LRF is capable of measuring thousands of points. The scanning LRF 

must scan 3-D structures from multiple locations to sample all desired surfaces. Consequent- 

ly, the data must be registered relative to a global coordinate system. Three small spheres 

were used to represent the orientation of global coordinates. These three points may be 
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arbitrarily positioned; however, they must not be collinear and their positions relative to the 

structure must be consistently the same. 

The reciprocating Freon compressor housing was used as the test structure for the 

shape modeling demonstration. It consists of mostly smooth surfaces and a few small 

appendages (tubing, etc.). The small features were ignored during data collection due to the 

relatively limited number of points measured. A CAD model was not a sufficient geometric 

specification for the compressor due to variations during its manufacture. The compressor 

housing was manufactured using a deep-drawing process. In other situations, drawings and 

CAD models may not be available, and the shape model must be “reverse engineered.” 

Additionally, some structures deform during operation or when they are dynamically loaded, 

and the deformations are generally difficult to predict. Nevertheless, the actual operating 

shape is needed to accurately measure and model the dynamic response. 

The compressor was labeled with retroreflective markers to indicate scan points. The 

structure was “scanned” by measuring the locations of a rectangular grid of markers. The 

laser beam was directed to each spot and the horizontal and vertical mirror deflection angles 

were recorded. The laser beam was moved interactively using a host computer to drive the 

digital-to-analog (D/A) converter controlling the laser mirrors. Following all angle measure- 

ments, the range to each spot was acquired. Under program control, the beam was redirected 

to the spots to prompt for range measurement. The linear transducer cable was manually 

extended to touch the spot, and the range was recorded. 

The compressor was graphically modeled with five polygonal patches. The mesh 

coarseness corresponds to the number of locations scanned. Although this produced an easily 

recognized model of the compressor, the limited number of points measured eliminated 

many of the small features on the structure. Gaps exist between many of the patch edges as 

evident in Fig. 3.24. Small gaps in the shape model resulted from the imprecision of mount- 

ing the linear transducer as well as experimental error. The largest gap is due to an intentional 
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break in the coverage. Accuracy of the simulated shape modeling was not rigorously deter- 

mined since this was a proof of concept study; however, measurement accuracy was within 

a few millimeters. 

  
Figure 3.24. Surface Model of the Compressor 

Multiple-Point Indirect Registration for Dynamic Response Modeling 

An early version of the indirect registration procedure was used by Abel and Mitchell 

[83] for measuring single-point 3-D velocity response. The response was measured with a 

scanning LDV and compared to a triaxial accelerometer by actually measuring the surface 

velocity of the accelerometer. This prototype version of the indirect registration procedure 

was limited to four registration points. The algorithm was implemented in Mathematica [84], 

utilizing a steepest decent minimization method to optimize the transformation solution. 

The example application for the multiple-point indirect registration formulation was 

modeling the 3-D velocity response of a harmonically excited laminated composite plate. 

The complete experiment for this test structure is described in Chapter 7. Table 3.2 contains 

structure coordinates of the five registration points used to register the composite plate. The 
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mirror deflection angles for the five registration points from one scan position are also listed 

in Table 3.2. Using this data, the indirect registration algorithm was initialized with a guess 

of 1651 mm for the ranges to the first three points. Upon completion, the total variance and 

the residuals at each point were computed. The length of each residual vector, defined by 

Eq. (3.112), is the residual value included in Table 3.2. The total variance is 1.3584 mm?. 

The range solution for the first three registration points are R; = 1712.4mm, R, = 1833.2 

mm, and R3; = 2024.4 mm. Finally, one of the most useful results of the registration process 

is the formation of the transformation matrix, Ts_,,, to convert points in structure Cartesian 

coordinates to laser Cartesian coordinates as shown in Eq. (3.118). 

Table 3.2. Registration Data for a Plate Scan 

  

  

  

  

  

                  

PL#|] Ps Ps, Ps, 0, 0, lleel| 
1 0.0 | 306.39 | 0.0 |-2.3159| 4.4394 | 0.0 

2 | 306.39 | 306.39 | 0.0 |-5.4285 | -4.1578 | 0.0015 
3 | 30639 | 0.0 0.0 | 1.9073 | -3.8299 | 1.6040 
4 | 0.0 0.0 0.0 | 5.1053 | 3.8655 | 0.2387 
5 | 153.99 | 153.99 | 0.0 | -0.1188 } -0.1170 } 2.0401 

r— 8664 .0116 —.4992 6.016 
3312 .7615  —.5572 — 13.165 

Ts =| 3736 —.6481 —.6636 1925.447 (3.118) 
| 0 0 0 1   

3.3.5 Convergence Analysis of Multiple-Point Indirect 
Registration 

A convergence analysis for the indirect registration was conducted on a set of planar 

points shown in Fig. 3.25. All of the registration points in Fig. 3.25 have a z-axis value of 

zero. The indirect registration procedure was first applied to points 1-4 to compute the 

registration transformation. The computed variance was 2.326 mm? and the mean error was 

1.319 mm for predicting the original location of the registration points using the transforma- 
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tion matrix. Additional points were added to the registration data set in the order shown in 

Fig. 3.25, where the variance and mean error were calculated and plotted in Fig. 3.26. In 

general, additional registration points improve the statistical merit of the registration trans- 

formation. The positional accuracy of the laser spot on the structure by measuring the angles 

to the registration points was expected to be no better than 0.5-1.0 mm. The accuracy 

limitations are due to the 12-bit resolution of the D/A convertors supplying the voltages to 

deflect the mirrors and the accuracy of local coordinates of the registration points obtained 

from grid paper. Error associated with visually locating the laser beam on a target point is 

minimized by placing a blue film over the lasers lens, reducing the intensity and size of the 

spot by over 50%. The mean error for predicting the registration point locations drops below 

1.0 mm when 6 or more registration points are used. 
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Figure 3.25. Point Layout for Indirect Registration Convergence Analysis 
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Figure 3.26. Convergence Statistics for Indirect Registration Test 

The direct registration procedure could be modified to use more registration points. 

The additional data would require minimizing the error in the computed transformation 

matrix, similar to the method used in the indirect registration algorithm. This would allow 

similar convergence of the registration solution to reduce the experimental errors in the 

registration measurements 

3.4 Shape Model Interface 

The primary focus of the research on ESDM is to model the dynamic response of 

vibrating surfaces. This requires a shape model of the surface or structure under test. Flat 

surface models are easily constructed for appropriate test structures such as beams and 

plates. However, curved surfaces are generally more difficult to construct. A geometry 

modeler (CAD system) can provide the necessary shape model assuming the shape model 

matches the actual structure shape. Often the manufacturing process or in-service use of the 

structure yields a shape that differs significantly from the designed shape. In this case, using 
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experimental geometric measurements for modeling is the most appropriate method of 

obtaining an accurate shape model. 

The shape models developed for this research are simple polygon models that 

conform to the 3-D finite elements used for spatial dynamic response modeling. Every laser 

measurement is treated like a vector or ray that intersects (or misses) the given polygonal 

shape model. Ray/polygon intersection [85] yields the spatial and parametric location of the 

laser measurement on one of the shape model elements. This ray intersection process deter- 

mines the spatial location and vector orientation of all laser measurements used to form the 

experimental spatial dynamic response model. 

Registration of the scanning LDV provides a transformation matrix for transforming 

geometric objects between the laser and structure coordinate systems. The laser measure- 

ment vectors are transformed from laser to structure coordinates in order to perform the ray 

intersection with the shape model in structure coordinates. Every time the LDV is moved 

to a new location, the registration procedure provides the necessary transformation matrix 

for intersecting laser measurements in structure coordinates. 

3.5 Preprocessing Summary 

Preprocessing the time-signal data and spatial position information for the scanning 

LDV is necessary to build experimental spatial dynamic finite element models. Single-fre- 

quency signal processing of the time signals provides the complex velocity coefficients and 

Statistics that will be incorporated into the finite element model. Specifically, a method was 

developed to separate the estimated error variance of the velocity signal into variances on 

the real and imaginary coefficients of the velocity. These variances will be used as weighting 

factors in the weighted least-squares formulation of the finite element model developed next. 

A scanning LDV provides rapid measurement of a structure’s velocity at hundreds 

or thousands of points. This technology yields the data to tractably realize experimentally 
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derived spatial dynamics models. The approach to spatial dynamics modeling foreseen in 

this research is to acquire data at many spatial locations on a test structure at few but targeted 

frequencies through sine-dwell testing. A time-signal response model is obtained for both 

the reference signal (force) and the response signal (velocity) at each point on the structure 

by estimating the model parameters. Before the time-signal response model is used in 

subsequent modeling there are at least three questions that must be asked: (1) Is the data a 

valid sample at this point? (2) Is the model meaningful at this point? (3) Is the response at 

this point a result of the input? An important contribution of the signal processing statistics 

developed in this chapter is the framework to support ESDM. 

Building quantitative dynamics models from experimental data for design reconcili- 

ation has conventionally relied on measurements from surface-mounted accelerometers. 

Unfortunately, the mass loading of accelerometers can affect the dynamic response of 

structures and numerous measurements are always very tedious and time consuming to 

acquire. A noncontacting scanning LDV is capable of rapid high-spatial-density data 

acquisition. However, two fundamental problems unique to noncontacting measurement 

transducers must be resolved before the LDV can be used to develop quantitative dynamics 

models. These issues are (1) determining the measurement point locations on the structure 

and the relative measurement direction, and (2) modeling the actual shape of the test struc- 

ture. This chapter described laser registration techniques and a shape modeling interface 

needed to answer these questions. These methods are needed to support solutions for the 3-D 

velocity field of a vibrating structure using a scanning LDV. The laser registration and shape 

model interface are used to determine the spatial position and direction of each velocity 

measurement in the structure coordinate system. This is necessary for incorporating each 

LDV measurement at the correct position and orientation in the spatial dynamic response 

model. The laser registration and experimental shape models are key for in-the-field applica- 

tions of ESDM. 
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Chapter 4 

Modeling Experimental Spatial 

Dynamic Response 

The fundamental equations for modeling 3-D spatial dynamic response from experi- 

mental data are developed in this chapter. The representation is acomplex-valued continuous 

3-D vector field of the harmonic velocity of a structural surface. A finite element formulation 

of the field equations is also developed for numerically solving the model over general 

geometric surfaces having all the benefits of the Finite Element Method. Analytical test cases 

are studied to verify the functionality and accuracy of the spatial dynamic response modeling 

technique. 

4.1 Nomenclature 

a velocity amplitude 

a@) B-spline basis functions 

flexural rigidity 

E Young’s modulus of elasticity 

e velocity error in finite element model 

FO force 

fO force amplitude (spatial component) 
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SSE 

Se 

VO 

dynamic force vector component 

effective dynamic force vector 

thickness 

indices used for finite element definition 

Jacobian matrix 

imaginary number 

effective dynamic stiffness matrix 

dynamic stiffness matrix component 

1-D basis functions 

model-to-residual ratio for velocity 

total number of nodes in the finite element mesh 

number of nodes in a single finite element 

2-D basis functions 

total number of samples 

number of samples in a single finite element 

generalized coordinates representing displacement 

finite element displacement node values 

generalized displacement amplitude (spatial component) 

sum of squares for error 

estimated error variance 

estimated standard deviation 

time 

velocity 

finite element nodal velocity value (model parameter) 
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@ 

Subscript 

i,j, kl 

L 

x,y, Zz 

velocity amplitude (spatial component) 

modeled velocity vector 

signed velocity value measured by laser 

velocity vector measured by laser 

transverse displacement 

transverse displacement amplitude (spatial component) 

spatial Cartesian variables 

time constant 

elliptical confidence regions 

beam constant 

Poisson’s ratio 

parametric variables 

variational operator 

material mass per unit area 

variance-covariance matrix 

angle in 3-D space 

chi-square confidence bound 

phase angle 

direction cosine vector 

driving frequency 

general indices 

component along laser line-of-sight 

spatial components 
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4.2 Concept of Experimental Spatial Dynamics 
Modeling 

The concept of experimental spatial dynamics modeling as defined in this research 

begins with the experimental sampling of both surface shape and surface velocity of a 

structure-under-test with scanning lasers. The acquired surface profile data is represented as 

a three-dimensional (3-D) topological/geometric shape model. The acquired surface veloc- 

ity measurements are solved with a weighted least-squares discrete finite element formula- 

tion. The resulting shape and dynamic response models are experimentally derived spatial 

models that allow spatial analysis and visualization of experimental dynamics directly 

analogous to the Finite Element Method in computational modeling. The goal of ESDM is 

to develop statistically qualified experimentally derived spatial dynamics models of actual 

test structures that are the experimental counterparts to analytical finite element models. 

Modeling the 3-D structural dynamic response of test structures from laser-based 

velocity measurements is the aspect of ESDM addressed in this research. A weighted 

least-squares discrete finite element formulation is developed to reconstruct the 3-D dynam- 

ic response model from experimental measurements. The formulation is derived from the 

steady-state solution of the differential equations of motion, which is the basis for this 

dynamic response model. These concepts make it possible to write the field equations that 

can be solved using a finite element formulation. The laser velocity samples are conceptually 

integrating the dynamic-field equations for the dynamic response over each finite element 

resulting in a direct stiffness method finite element formulation. 

This formulation is the first conceptual model based on the idea that each laser-based 

velocity measurement is an independent sample from a structure’s continuous velocity 

response field. Each measurement samples the structure’s continuous 3-D velocity field at 

the location the laser beam strikes the structure. The measured velocity is the component of 
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the structure’s 3-D surface velocity as viewed along the laser beam’s line-of-sight. This 

treatment of each velocity measurement allows the formation of a test database consisting 

of samples from any number of laser positions about a structure. This idea is important for 

several reasons. First, this makes it practical to take the laser on location to test a structure. 

Several laser positions are needed to obtain adequate coverage of a structure or acquire 

samples around obstacles. A second principle reason is that acquiring velocity samples from 

many viewpoints over the same area of a structure will yield better estimates of its 3-D 

velocity response field. However, the minimum coverage for 3-D velocity modeling consists 

of measurements from three viewpoints. Thirdly, the result of scanning a structure from 

many laser positions effectively randomizes the samples over the structure, reducing the 

effect of spatial aliasing. This concept is fundamentally different from experimental velocity 

processing techniques which treat velocity scans from each laser position as 2-D images. 

The least-squares discrete finite element solver operates on the velocity samples by 

using a prescribed finite element mesh to compute the associated elemental stiffness matrices 

and assembling them for solution. The solution of the 3-D velocity-field equations by a finite 

element formulation is a tremendous advantage for five important reasons. First, it easily 

accommodates the solution for the dynamic response of irregularly shaped structures. 

Second, the 3-D velocity-field equations are solved over the entire structure simultaneously. 

Third, continuity of the field equations is maintained by the element definition and solution. 

Fourth, convergence of the results is easily determined by spatial mesh refinement and 

increasing the order of the element basis functions. Finally, solution of the field equation 

maintains the statistics of the laser measurements, yielding estimates for the quality of the 

result. 

To examine the method, analytical test models are defined to simulate the surface 

velocity response of structures with both in-plane and out-of-plane harmonic vibration. A 

flexural beam mode is utilized for the out-of-plane response, and the in-plane motion is 
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simulated with a Lamé mode [86]. Random and uniformly spaced measurements of the 

simulated dynamic systems are acquired from four locations relative to the structure. In two 

cases, “noise” is added to the test data set. Convergence of the model solutions are investi- 

gated via mesh refinement, model-order analysis, and sampling theory. 

4.3 Velocity Response Model 

A weighted least-squares discrete finite element formulation is the basis for solving 

for the continuous complex-valued amplitude of the 3-D dynamic response field from 

sampled velocity data. The velocity is complex in the temporal phase plane relative to a 

consistent harmonic reference signal. The ESDM concept incorporates the steady-state 

solution of the differential equation for the structural dynamic response. This solution 

contains both the spatial and temporal components characterizing the structure’s dynamics. 

Therefore, the spatial component of the steady-state structural dynamic response is viewed 

as a spatially continuous 3-D (in space) and complex (in temporal phase) vector field 

[87, 88]. 

The amplitude of the steady-state dynamic response of a structure is traditionally 

written as a modal summation. A continuum approach to solving the differential equations 

of motion for harmonic excitation at a single frequency yields the spatial steady-state 

response. For the transverse displacement of a plate subject to a transverse harmonic load, 

the classic equation of motion is given by Eq. (4.1) [89, 90]. With free or forced harmonic 

vibration as shown in Eq. (4.2), the displacement field of most structures is assumed to be 

separable into spatial and temporal components. The resulting motion of the plate is ex- 

pressed in Eq. (4.3) as a real-valued response. The spatial portion of the displacement can 

be solved separately after the substitution of Eqs. (4.2) and (4.3) into Eq. (4.1). The solution 

of this differential equation is dependent on the application of the appropriate combination 

of boundary conditions. 
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2W Eh3 DV*w + 029 = F(x, y,o,t) where D = —£"—_ 4.1 
Org Py) 12(1 — v2) G1) 

F(x, y,@,t) = f(x, y,w)sinwt (4.2) 

W(x, y,@,t) = w(x, y,@)sinawt (4.3) 

This form of the plate solution is simply a special case of the generalized form of 

forced periodic response for structural vibration. The generalized complex form of the force 

and displacement response are shown in Eqs. (4.4) and (4.5). This form also has a separable 

solution in terms of spatial and temporal components [91]. 

F = felt: tian} (4.4) 

Q = gel + jan}t (4.5) 

The steady-state velocity response field due to harmonic excitation is simply the first 

partial derivative of the displacement field with respect to time. The 3-D velocity vector 

response has the form in Eq. (4.6). The phase has been included in the velocity response 

model in Eq. (4.6) to accommodate complex response in the temporal phase plane. The 

velocity can also be written in terms of the complex (real and imaginary) components of the 

spatial response as stated in Eq. (4.7) with the complex components defined in Eqs. (4.8) and 

(4.9). The complex representation of the velocity will be treated in greater detail in the next 

section. 

Vix,y, z,0,0,t) = W(x, y,z,w)cos(wt — ?) (4.6) 

Vx, y,Z,0,p,t) = Vpplx, y,Z,@) cos(wt) + Vinx, y, Z,@) sin(wt) (4.7) 

Ver(X,y,2,0) = W(x, y, z,w) cos(p) (4.8) 

Viul%Y,Z@) = Wx, y, z,w) sin(P) (4.9) 

The dynamic response model used in the least-squares discrete finite element model 

is based on the dot product of the structure’s continuous 3-D velocity field with velocity 
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measurements as represented in Eq. (4.10). This is a key equation, because it contains three 

linearly independent unknowns, the components of the velocity field, v,, vy, and v,, for each 

location on the surface. The LDV measures velocity of a moving surface along the line-of- 

sight of the helium-neon laser beam, so this direction must be determined. If the position and 

orientation of the laser relative to the structure is known, the location and direction of each 

laser measurement can be computed. Therefore, the location and orientation of the laser is 

registered before each new scan. 

Vv ° Vy = Vy, + VW hy + VV, = lv, cos ® (4.10) 

Equation (4.11) defines the cosine of the angle between the measured velocity 

direction (along the laser beam), v,, and the actual direction of the velocity, V, at a point. 

This equation is crucial, because it allows the formation of Eq. (4.12) from Eq. (4.10) by 

relating the three spatial components of the velocity field, v,, vy, and v,, with each laser 

sample of the velocity field. Equation (4.12) is normalized by dividing through by the 

magnitude of Vv, to obtain Eq. (4.13). This relationship is stated in terms of the direction 

cosines, wy, in Eq. (4.14). Equation (4.14) is the foundation for writing a variational form 

whose stationarity condition yields the criteria for minimizing the error between the struc- 

ture’s velocity field and the laser measurements. 

    

v 
cos® = + (4.11) 

lv 

Vp, + vy + vvz, = Wily (4.12) 

Vix VLy Viz n Vy + Vy tS (4.13) 
“wl Oh RI 

VP ry + VyPry + VAP = YL (4.14) 
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4.4 Independence of Real and Imaginary Velocity 

The time-signal model for single-frequency harmonic velocity response measured 

at one location on a test structure is shown in Eq. (4.15). The phase of the velocity response 

signal, @, is defined relative to the reference force signal as described in section 3.2.4. The 

magnitude and phase representation is equivalent to the complex-vector notation in 

Eq. (4.16). Expanding the exponential terms of Eq. (4.16) yields Eq. (4.17) and Eq. (4.18) 

where dp, = acos(p) and aj, = asin(P) as defined in Eqs. (4.19) and (4.20). Finally, the 

real valued terms of the complex-vector representation shown in Eq. (4.21) provide the 

desired form for the velocity signal model. 

V(wt) = acos(wt — ¢) (4.15) 

Viwt) = RelacX*-9)| = Relae~ eit (4.16) 

Viwt) = Rela(cos(¢) — jsin(p))(cos(wr) + j sin(wt))| (4.17) 

Viwt) = Re|(agy — jayy)(cos(wt) + jsin(wt))| (4.18) 

app = Re(ael?) = aRe(cos(p) + jsin(p)) = acos(¢) (4.19) 

any = Im(ae’*) = alm(cos(g) + jsin(p)) = asin(¢) (4.20) 

V(wt) = apg cos(wt) + ayysin(wt) (4.21) 

A premise of the spatial dynamic response model is that the real and imaginary 

components of velocity can be treated separately; therefore, they can be solved indepen- 

dently and later recombined to define the complete response model. As a demonstration, the 

dot product equation is expanded in complex form in Eq. (4.22) where ¥, is the complex 

conjugate of v, [92]. The length of the complex vector V, is expanded in Eq. (4.23), and 

reduced in Eq. (4.24). Equation (4.25) is formed by substituting Eqs. (4.22) and (4.24) into 

Eq. (4.12). The expansions of Re(¥,v,,), Re(¥»1,), and Re(¥,v,,) are shown in Eq. (4.26) 
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since the velocity components are complex. When all vector components of Eq. (4.25) are 

expanded, the real portion can be separated as in Eq. (4.27) from the imaginary portion in 

    

    

Eq. (4.28). 

B+ ¥, = Re(Pw,,) + Re(¥,v,,] + Re(»,,) (4.22) 

Pil, = Rel(|Re(¥,)| + jlfm(%,}))(Re(*,) + jIm(>,))| (4.23) 

ely, = [Re(¥,)| Re(,) — [Im(¥,}|Im(v,) (4.24) 

Re(Pxv,,) + Re(¥,v,,) + Re(¥,v;,) = |Re(¥,)|Re(v,) — [Im(¥,}|Im(v,) (4.25) 

Re(¥,v,,) = Re(v,) Re(v,,) — Im(v,) Im(v;,] 

Re(¥,v,,} = Re(v,) Re(v,,] — Im(vy) Im(v;,) (4.26) 

Re(¥,v,,) = Re(vz) Re(v,,) — Im(vz) Im(v,,) 

Re(v,) Re(v,,) + Re(vy) Re(v,,) + Re(vz) Re(v,,) = |Re(¥,)|Re(,) (4.27) 

Im(v,) Im(v,,) + Im(vy) Im(v,,] + Im(v,)Im(v,,) = |Im(¥,}|Im(>,) (4.28) 

4.5 General Least-Squares Formulation 

The next step in developing the method is to utilize the least-squares principle to 

describe the relationships between the LDV measurements and the resulting velocity field. 

An existing variational statement does not exist for this velocity-field problem as in classical 

structural mechanics. Therefore, a variational form must be written prior to developing a 

finite element formulation for solving the experimental velocity response problem. It has 

been demonstrated from the field of applied mathematics [93] and applied mechanics 

[91, 94] that a variational statement can be derived from a least-squares principle. The 

desirable numerical properties of the least-squares principle can result in the formation of 

linear systems with positive-definite symmetric matrices. The corresponding continuous 
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least-squares statement for the 3-D velocity-field solution can be written in its discrete form 

as shown in Eq. (4.29). 

n 

II = SSE = 5 (4.29) 
i=1 

The dot product relationship of velocity vectors in Eq. (4.10) is the basis for the 

residual of the least-squares term in Eq. (4.30). The variational statement for this finite 

element formulation is given in Eq. (4.31) where the components of the continuous velocity 

field, vy, vy, and vz, are related to the laser measurements to form a residual error. The 3-D 

velocity-field solution will minimize the residual errors, yielding the steady-state velocity 

field in equilibrium with the applied harmonic excitation. The squared residual can be 

weighted by the estimated error variance as shown in Eq. (4.31), so that the error is based 

on an estimate of the chi-square distribution for the particular sample. In the next section, 

the unknown field components, v,, vy, and vz, will be defined in terms of basis functions and 

nodal velocities, 1. The condition of stationarity for a discrete system is the partial deriva- 

tive of the least-squares statement with respect to the velocity model parameters (the nodal 

velocities) in Eq. (4.32). 

C= Vix + Vy ry + VP Lei — Yui (4.30) 

2 
IT = > / 82, = SY (vn + VW Pryi + VAP La ~ 5] |sei (4.31) 

oll _ st = 8 (4.32) 

4.6 Finite Element Formulation of Velocity Field 

The variational statement written for a continuous response field in structural me- 

chanics typically is formulated around an energy principle [95]. In the case of linear static 

analysis (for example, discrete elements such as rods and beams) the finite element solution 
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results in the actual displacement field that minimizes the energy in the structure. The 

stationarity of the internal energy yields the minimum energy condition that must be satisfied 

to maintain the equilibrium of the structure. 

Analogously, the finite element formulation developed to model the 3-D steady-state 

velocity field of a vibrating structure is based on minimizing the residual error to achieve 

equilibrium of the structure with harmonic excitation. The 3-D steady-state velocity model 

is mathematically a representation of a continuous vector field. The objective is to solve for 

the actual steady-state velocity field, or dynamic response, that minimizes the least-squares 

statement from the discrete laser measurements of the harmonically vibrating surface. The 

resulting steady-state amplitude will be the spatial solution to the differential equation that 

together with the temporal response maintains the dynamic equilibrium of the structure. This 

requires development of a new discrete finite element for solving the spatial 3-D steady-state 

complex velocity field representing the 3-D dynamic response. 

The following formulations are for a single finite element. The assembly of multiple 

finite elements into a mesh is accomplished using the direct stiffness method which will be 

explained in the following section. 

The unknowns in the least-squares residual term are the x, y, and z nodal components 

as shown for a single element in Eq. (4.33). The of the steady-state velocity, v,, v,, and v ye ZV? 

velocity response fields are represented using Lagrangian interpolation functions, 

N AS ,4,¢), as the basis functions and m element nodal velocity values (V5 a yp v zi) of the 

finite element mesh [94]. This representation for the components of the velocity field is the 

separable solution to the spatial steady-state dynamic response given earlier in Eq. (4.6). 

Thus, this model for the velocity field represents the spatial solution of the steady-state 

dynamic response over the entire structure when collectively assembled. 
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Vi = vl Ei, 1 6 )) — > Neen CIV, 
j=1 

yi = vl; 6;) = > Neon Ei) (4.33) 
j=l 

vi = VdAE ND S;) = DMEM C)V,, 

li —
_
 

J 

To minimize the error, the partial derivatives of the sum of squares for error in 

Eq. (4.31) are taken with respect to the nodal velocity values as shown in Eq. (4.34) and then 

set to zero. The residual or error term, e, is shown in Eq. (4.35). Equation (4.36) shows the 

expansion of the partial derivative with respect to 1 ,,. After all the partial derivatives are 

defined for an element, the resulting set of equations can be assembled into the “effective” 

dynamic stiffness matrix, the nodal velocity vector, and the “effective” nodal force vector 

form of Eq. (4.37). Note that the shorthand N;, = N 6 »N6;) is used to abbreviate the 

expressions. Equation (4.37) has the same form as the direct dynamic stiffness formulation 

shown in simplified form in Eq. (4.38). 

7, = 2 DeNlbs 1 i» CW pil; = 0 

  

aT, =2 2 eN LE, Ni» E Wry: Sei = 0 (4.34) 

a, — 2 2 eMé Ni» CW rai! Se = 0 

(ME m6 Var + Voy + Vez) ~ 1) (4.35) 
m 

e, = 

=1 j 
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ifr , (436) 
>» S Ng Mb) Vix + VW ry + Ura — VINE I Si) Wril 82; 
i=1j=1 

NaN Mii NiN ity ~~ ~~ NiNy Pira| (Vy 

“ NN Wiyhtyi - > > NN pPoPiail | Ty 
ee NN Dri |S V4 + 

i=1 : . el 

symmetric NN PraiP ail Voi 

: r m9 4.37 
Nii Li (4.37) 

[NP iyi 

y: Ni Li (3) 
4 . s*, 
i=l . ei 

N Wai Li 

K/(@)V¥ = fp) (4.38) 

For a single element shown in Eq. (4.37), the n velocity samples are summed 

together; thereby discretely integrating (Monte-Carlo style) over the element, because the 

velocity samples are essentially randomly distributed over the elements. If desired, the 

velocity samples could be acquired exactly at the gauss points of each element. This would 

achieve the gauss quadrature integration of the elements conventionally found in finite 

element computer codes. 

4.6.1 Linear Triangular Element 

Figure 4.1 contains the layout for a linear triangular element. Only parametric 

dimensions & and 7 are used in the actual element formulation. The third parametric dimen- 

sion, C, will be necessary in later development requiring a mapping from 3-D spatial coordi- 

nates to parametric coordinates (a Jacobian matrix and its inverse). The 2-D linear basis 
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functions are defined in Eq. (4.39) [94]. The limits of the parametric variables for the linear 

triangular element are shown in Eq. (4.40). The parametric velocity functions for the veloc- 

ity elements are defined in Eq. (4.33) with m=3. 

G 1 & 2 

Figure 4.1. Linear Triangular Element 

N,(&,7,6) =1- E — 4 

NA(E,9,6) = & (4.39) 
N3(6,9,6) = 

0 

0 

—1 tA 
IA 

IA 

iA.
 

IA 
IA E<1 

ysl (4.40) 
tc<1 

4.6.2 Linear Quadrilateral Element 

Figure 4.2 contains the layout for a linear quadrilateral element. The 1-D linear basis 

functions [94] in Eq. (4.41) are combined to form the desired 2-D linear basis functions in 

Eq. (4.42). As before, the third dimension is a place holder. The parametric velocity func- 

tions for the velocity elements are defined in Eq. (4.33) with m=4. The limits of the para- 

metric variables for this and the next two quadrilateral elements defined in this chapter are 

shown in Eq. (4.43). 
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1 2 

Figure 4.2, Linear Quadrilateral Element 

M(&) = 50 - £) 
4.41 

ME) = 5(1 + ) “ 

Ni(E,0,6) = M,(E)My(q) = 4(1 - (1 - 9) 
N(E,1,0) = My(6)M\(m) = (1 + 21 — 7) 

4.42 
N3(E,9,6) = My(E)My(n) = (1 + 1 + 7) ee 

N4E.n,) = M\(E)M4(n) = (1 - €(1 + 7) 

-1sé<1 

-isyst (4.43) 
—-1<€<1 

4.6.3 Quadratic Quadrilateral Element 

The third element is the quadratic quadrilateral shown in Fig. 4.3. The one-dimen- 

sional quadratic basis functions are given in Eq. (4.44). Since the element is quadratic in the 

§ and 7 parametric directions, nine basis functions in Eq. (4.45) at the nine nodes are 

required. The parametric velocity functions for the velocity elements are defined in 

Eq. (4.33) with m=9. 
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1 2 3 

Figure 4.3. Quadratic Quadrilateral Element 

M,(€) = 5(é? - €] 

M,(é) = (1 - &) (4.44) 

Mx) = 3(6? + &) 

—
 

N
I
 

j=1+(-1)mod3 

N&E,0,6) = M(S)M,{7) where k=1+ | | (4.45) 

4.6.4 Cubic Quadrilateral Element 

The next element is the cubic quadrilateral presented in Fig. 4.4. The four 1-D cubic 

basis functions are stated in Eq. (4.46). Since the element is cubic in the € and 7 parametric 

directions, sixteen basis functions are required to represent the velocity field over the cubic 

element with i, j, k indices in Eq. (4.47). Again, the parametric velocity functions for the 

velocity elements are defined in Eq. (4.33) with m=16. 
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Figure 4.4. Cubic Quadrilateral Element 

M,(&) = 4(— 969 + 96? + & - 1) 1 
M,(é) = 6 2785 — 9&7 — 278 + 9) 

6 

M,(é) = = — 27&9 — 9&2 + 27E + 9| (4-40) 

ME) = 75 (96° + 96? - & - 1) 

j=1+(-1)mod4 

N«E,0,5) = MXE)M,(n) where , _ 4 4 | 5 >| (4.47) 

4.6.5 Cubic B-spline Element 

Higher-order continuity across element boundaries is important for obtaining 

smoother dynamic response models at the element boundaries. A quadrilateral element with 

uniform cubic B-spline basis functions has greater continuity across element boundaries than 

the Lagrangian interpolation functions. The increased element continuity also requires fewer 

cubic B-spline elements for dynamic response modeling than in the case of linear, quadratic, 

and cubic interpolation basis functions. Another advantage of the cubic B-spline elements 

is the reduced sensitivity to experimental noise. 
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The control net of vertices for a single bivariate uniform cubic B-spline element is 

depicted in part (a) of Fig. 4.5. Two additional rows of knots on all four sides of the displayed 

control net are not shown. The B-spline basis functions for the bivariate uniform cubic 

B-spline element have combined support over an 8 X8 uniform knot mesh. However, the 

B-spline element only directly models the shaded region in the interior of the control net. 

The four univariate segments of a uniform cubic B-spline basis function are stated in 

Eq. (4.48) for u in the range of 0 to 1 [96]. The finite elements are defined in &, 7, € parameter 

space with the ranges specified in Eq. (4.43), so the 1-D basis functions for the elements are 

given in Eq. (4.49). The element is a bicubic patch from the tensor product of univariate 

B-spline curves in two directions. Sixteen B-spline basis functions (and sixteen nodal veloci- 

ties) are required to represent the velocity field over the element. As with the cubic quadrilat- 

eral element, the parametric velocity functions for the velocity elements are defined in 

Eq. (4.33) with m=16. Figure 4.5, part (b) shows the control net for a four element cubic 

B-spline mesh. The dynamic response model represented by this mesh is only defined over 

the shaded region of the mesh. 

  

(a) Single Element (b) Four Element Mesh 

Figure 4.5. Example Cubic B-spline Element Control Nets 
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b,(u) = e(1 — 3u + 3u? - u*) 

b,(u) = z(4 — 6u? + 3u3 | 

b,(u) = e(1 + 3u + 3u? — 3u3) (4-48) 

b,(u) = eu 

E+ 1 M(é) = »(254) (4.49) 

4.7 Finite Element Mesh Assembly 

Before the finite element solution can be obtained, the finite element mesh must be 

assembled. Each measurement is assigned to the appropriate element based on the geometry 

and designated element mesh by the ray/patch intersection. The element equations for each 

individual velocity measurement are computed for inclusion to the global finite element 

system of equations. By the direct dynamic stiffness method and using the conditions of 

compatibility and continuity, the effective “dynamic stiffness” or “mechanical impedance” 

element matrices are assembled into the global stiffness matrix [91]. 

Since the nodes shared by adjoining elements are compatible, continuity between 

elements is enforced. C® continuity is obtained by the Lagrangian interpolation basis func- 

tions described in the previous section, and C2 continuity is achieved with cubic B-spline 

basis functions. Equation (4.50) contains a general matrix formulation for the developed 

system of linearly independent equations. This form of the assembled matrix matches the 

form of the effective direct dynamic stiffness method as shown in Eq. (4.51). The solution 

of the unknown nodal velocity values in this linear set of equations is easily obtained as stated 

in Eq. (4.52). The relationship between velocity and displacement allows the representation 

of the displacement solution given in Eq. (4.53). For the quadrilateral elements derived from 
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Lagrangian interpolation functions, Eqs. (4.54) - (4.57) detail the contents of the assembled 

matrix and vector as functions of the selected basis functions and velocity measurements. 

Kip hyn yg ss ham | (Ug fi 
Koy Kan kg» + ham || Uys fr 

Ky kay egg ss ham (2 Vb = Lh (4.50) 

Kam K3m.2 kam3 cose kam 3m Vzm fam 

K,(w)¥ = fp) (4.51) 

— —1- 

YT = Kp) fp) (4.52) 

— -|> 

@ = (5 )Ko@) fy(@) (4.53) 

ki = > AE on SNAG in Min Si) 2A DY 2 D)/82; (4.54) 
i=1 

n 

f= > Neo Ne CW XI i/83; (4.55) 
i=l 

Vixi 

Vp; = 4h Lyi (4.56) 
Viz 

T=1+(k-1)+3 

J=1+(-1)+3 

§ =1+(k — 1)mod3 
$ =1+(—- 1)mod3 

(4.57) 

The assembled global finite element mesh yields a linear system of equations that is 

symmetric, positive-definite, and diagonally banded. A graphical representation of the 

matrix containing the coefficients of the linear system is shown in Fig. 4.6 for a 6 x 12 linear 

quadrilateral mesh. Meshes with elements of higher polynomial degree have additional 
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bands parallel to the diagonal for rectangular domains. Regardless of the domain, the 

assembled matrix is always expected to be sparse. 
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Figure 4.6. Assembled Linear System Coefficient Matrix, 6 x 12 Linear Mesh 

Only elements with at least the minimum amount of data for a determinant solution 

are included in the system mesh. Statistical properties of the sampled velocity signals can 

be used to cull poor measurements based on the regression F test and velocity/reference 

signal cross-correlation coefficient described in the previous chapter. The complex-valued 

relative velocity coefficients are used to form a real and an imaginary system of equations. 

4.8 Model Solution and Statistics 

When the assembled linear systems are solved by Cholesky factorization [69, 97], 

the real and imaginary components of the velocity model describe the complete complex 

velocity response. To indicate the quality of the model and to assess convergence of the 

model solution, the estimated error variance of the real and imaginary solutions are 
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computed. The real component of the residual for a given sample is shown in Eq. (4.58). The 

residual is the difference between the modeled velocity in the direction of the laser beam, 

Vv, ° wy 1;2 and the value measured by the LDV. The dot product of the modeled velocity and 

the laser beam direction is defined in Eq. (4.59). Upon substituting for the dot product into 

Eq. (4.58), the resulting real component of the residual in Eq. (4.60) has exactly the same 

form as the minimized error in Eq. (4.30). The real portion of the estimated error variance 

of the least-squares finite element model is given in Eq. (4.61). 

Re(e;) = Re(¥; - P,;) — Re(¥,,) (4.58) 

Vit Wy = Vi ° iB = (VAP x t+ VyPryi t+ ve r2i) (4.59) 

Re(e;) = Re( vr + VyWryi + VP 12i) — Re(v,,) (4.60) 

Re(s2) = (ra) S Re(e,) (4.61) 
i=1 

The average velocity model amplitude to residual ratios for each element and for the 

entire velocity response model are also computed. The residual for a sample based on both 

the real and imaginary finite element solutions for the velocity field is stated in Eq. (4.62). 

The component of the modeled velocity in the direction of the laser measurement is also a 

function of its complex parts as shown in Eq. (4.63). The ratio of the modeled velocity 

component over the residual of a laser measurement is given in Eq. (4.64). The individual 

model-to-residual ratios are easily averaged for each element and for the entire response 

field. 

(enor = J Rele;) + Im(e,)” (4.62) 

  

2 

Vi ri — V/ Re(¥, " Bu) + Im(¥, Pri) (4.63) 
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(4.64) 
      

The confidence interval regions of the nodal velocities are also computed relative to the 

error in the time series model. The covariance matrix in Eq. (4.65) is the inverse of the linear 

system matrix, or dynamic stiffness matrix, which is available from the system solution. The 

elliptical confidence regions defined by dc are computed by specifying the desired chi- 

square confidence bound and solving Eq. (4.66). The 2 proj Matrix is the intersection of the 

rows and columns from 2 corresponding to the parameters of interest, in this case the x, y, 

and z components of the nodal velocities at each node. 

y= K,(o) ' (4.65) 

Ay? = 66+ Zn, | * OF (4.66) 

4.9 Analytical Case Study 

The least-squares discrete finite element formulation was initially tested with simu- 

lated 3-D velocity data. A simulated “beam” configuration for these test cases is displayed 

in Fig. 4.7. The ability of the finite element formulation to accommodate samples from many 

different positions is demonstrated by sampling from four positions shown in the diagram. 
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Figure 4.7. Simulated Beam Scanning Configuration 

Equation (4.67) for the second flexural mode response of a free-free beam was used 

for simulating the out-of-plane vibration of the beam. In order to test the ability of the method 

to resolve 3-D motion, in-plane velocities were simulated with a Lamé mode [86] given in 

Eqs. (4.68) and (4.69). This Lamé mode is defined for a rectangular plate with a 3:1 ratio 

of length to width. For the purpose of the analytical test case, this mode will be “stretched” 

over the beam. Graphical plots for the simulated velocity response are shown in Fig. 4.8. 

vAx) = c,(cos(kx) + cosh(kx)) + c,(sin(kx) + sinh(kx)) wherek = ifs (4.67) 

vix,y) = sin( 30( 25 — os) cos(a( 25 _ 05) (4.68) 

v(x, y) = — cos(3( 25 — os) sin( 0( 25 — 05)] (4.69) 
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Figure 4.8. Simulated Velocity Response 

4.9.1 Random Sampling of Simulated 3-D Velocity Field 

The first finite element model applied to the simulated 3-D velocity response had a 

47 linear quadrilateral mesh. Only 400 total random samples from the four simulated laser 

positions were used. The velocity model in Fig. 4.9 shows the coarse linear element mesh 

used to model the velocity response fields. Despite a coarse mesh the results are very good, 

and the estimated error variance for this solution is s? = 2.22 x 1073. When the number 

of linear quadrilateral elements was almost tripled to 6 x 12 elements and 1800 samples were 

used, the total variance of the model dropped an order of magnitude to s2 = 2.22 x 107+. 

Only 18 quadratic quadrilateral elements and 1800 random samples were used in the 

model shown in Fig. 4.10. The estimated error variance is s2 = 6.42 X 107°, only aquarter 

of the 6 X 12 linear element case. The 2 x 4 cubic quadrilateral mesh in Fig. 4.11 has the same 

number of nodes and samples as the 3 x 6 quadratic quadrilateral element model in Fig. 4.10. 

However, the resolving power of the cubic basis functions allowed an improvement in the 

velocity model, and the variance dropped to s? = 1.05 x 10~>. Using a 4X10 cubic 

B-spline element mesh with 1800 random samples lowered the variance another two orders 

of magnitude to s2 = 1.93 X 1077. This was accomplished with the cubic B-spline 

elements using the same number of nodes as the linear, quadratic, and cubic element cases. 
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Figure 4.10. Medium Density Data Modeled with 3 x 6 Quadratic Elements 
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4.9.2 Random Sampling of Simulated 3-D Low In-Plane 
Velocity Field 

Another example tested the ability of the least-squares discrete finite element for- 

mulation to model the velocity response when some velocity components were very small 

relative to the 3-D velocity amplitude. The in-plane components of velocity were reduced 

by a factor of 50. The velocity data was sampled randomly over the beam 7200 times. The 

results for a 6X12 linear quadrilateral element model are given in Fig. 4.13. The error 

variance, s2 = 1.27 x 10 ~4 is the same order of magnitude as the response model before 

the in-plane motion was reduced. The resulting response model appears to have very noisy 

in-plane velocity, because the scale of the in-plane components is very small relative to the 

original simulated velocity. The residuals for the model as viewed along the y axis appear 

periodic due to the change in V,, in the y direction (but not in the x direction). Increasing the 

number of samples will continue to improve the model and converge to the true response. 

Higher-order basis functions will also improve the model as seen in Fig. 4.14 where 2 x 4 

cubic quadrilateral elements produced a model with an error variance of s? = 4.61 x 107° 

using only 1800 samples. 
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Figure 4.14. Low In-plane Velocity Modeled with 2 x 4 Cubic Elements 
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4.9.3 Uniform Sampling of Simulated 3-D Low In-Plane 
Velocity Field 

An interesting result occurred when the simulated response field with low in-plane 

simulated velocity was sampled 1800 times at uniform spatial intervals over the full beam 

surface and then modeled. The surface shape of the 6 x 12 linear quadrilateral mesh solution 

in Fig. 4.15 is visually very close to the simulated velocity response model that was sampled. 

However, the estimated error variance of s? = 1.63 X 107‘ is slightly higher than the 

randomly sampled test case. When a 2 <4 cubic quadrilateral element mesh was used to 

model the velocity response, the residuals became much smaller with an overall variance of 

st = 6.04 x 10~°. Finally, Fig. 4.16 shows the modeling results of a cubic B-spline 4 x 10 

element mesh. This mesh had the same number of nodes and samples as the previous cases 

and the overall error variance dropped to s? = 7.35 xX 107°. The smoothing effect seen in 

these response plots indicates that uniform sampling is beneficial for modeling low magni- 

tude components of the dynamic response. The uniform distribution of the samples evenly 

distributes the modeling error. A uniform random distribution is expected to have an impact 

similar to uniform sampling; however, random sampling can prevent potential spatial 

aliasing. 
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Figure 4.15. Uniformly Sampled Low In-plane Velocity, 6 x 12 Linear Elements 
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Figure 4.16. Uniformly Sampled Low In-plane Velocity, 4x 10 B-Spline Elements 
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4.9.4 Random Sampling of Simulated 3-D “Noisy” 
Velocity Field 

The final example applied to simulated data includes artificial “noise” with a vari- 

ance of 0.01 added to the stochastic velocity measurements. Using 1800 samples on a 6 x 12 

linear quadrilateral mesh, the solution in Fig. 4.17 shows a random distribution of the 

residuals as expected, although the noise does contaminate the response model. The variance 

of the total model is s2 = 0.0100, which is exactly the variance of the added noise. 

Figure 4.18 contains the plots for a 410 cubic B-spline element model solution for the 

simulated noise condition. The unexpected spikes at the corners are due to the limited 

number of samples in the corners relative to the surrounding number of nodes in the B-spline 

mesh. The error variance dropped slightly to s? = 0.00938, but the most significant differ- 

ence is the smoothness of the model despite the added noise. Since the method is essentially 

integrating over the elements, the response is “smoothed” by distributing the error over the 

total geometric area. Methods based on integration are much less sensitive to noise and error 

than methods based on differentiation. During the investigation of modeling simulated noisy 

data, increasing the sample count causes the velocity model to converge to the expected 

response. This point illustrates another very important property of the formulation: the 

method is an additive statistical model. More data always produces better estimates of the 

“true” solution, assuming the original data has any validity. 
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Figure 4.18. Simulated Noisy Velocity Modeled with 4 x 10 B-spline Elements 
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4.9.5 Convergence Study 

Three types of convergence of the finite element formulation were studied. The first 

was mesh refinement, or h-type convergence, where the number of samples was held at 7200 

and the number of elements was increased. Figure 4.19 shows the expected drop-off in 

variance as the number of elements are increased for a linear quadrilateral element model 

of the simulated response fields. As more elements are added to the model, the total resolving 

power of the model increases, and a more accurate model is obtained. In the case of experi- 

mental data, the h-type convergence will eventually converge to the best possible model 

before additional elements allow the model to represent some of the noise. 

10000 
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sz x 107 100 a 

10 i 
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Figure 4.19. H-type Convergence of Linear Elements with Random Samples 

The second type of convergence studied was the increase in model order for the 

polynomial basis functions; this is called p-type convergence. In each test case 1800 velocity 

samples were generated and 91 nodes (model parameters) were used. Figure 4.20 demon- 

strates that for various conditions, the variance rolls off as the basis function model order is 

increased. In a fashion similar to h-type convergence, the increased resolving power of the 

higher-order basis functions will produce better models until the noise floor is reached. 
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Figure 4.20. P-type Convergence of Element Meshing with 1800 Samples 

The third type of convergence is based on the sampling theory that additional 

samples included in an additive model will help the model to converge to the true response. 

A parsimonious model in terms of h-type and p-type convergence studies can be statistically 

improved by including more data for modeling. Eventually, given a fixed set of elements, 

more samples will not affect the model solution or its statistical qualifications as the solution 

converges to the best representation of the sampled data. 

4.9.6 Analytical Test Case Summary 

Table 4.1 is asummary of all the analytical test cases presented in this chapter. These 

were the simulated test cases shown in the figures and the convergence graphs. 
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Table 4.1. Summary of Analytical Test Cases 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

            

Element Mesh Data Scan Other 
Type Size Points Style Props Variance 

Linear 4x7 400 random 2.22 x 10-3 

Linear 4x7 7200 random 2.05 x 10-3 

Linear 6x12 1800 random 2.22 x 10-4 

Linear 9x15 7200 random 8.01 x 10-> 

Linear 19X31 7200 random 3.87 x 10-6 

Quadratic 3x6 1800 random 6.42 x 10-> 

Cubic 2x4 1800 random 1.05 x 107° 

Cubic B-spline | 4x10 1800 random 1.93 x 10-7 

Linear 6x12 1800 random low 1.20 10-4 

Linear 6x12 7200 random low 1.27 10-4 

Quadratic 3x6 1800 random low 3.37 x 10-> 

Cubic 2x4 1800 random low 4.61 x 10-6 

Cubic B-spline | 4x10 1800 random low 7.25 x 10-8 

Linear 6x12 1800 uniform low 1.63 x 10-4 

Quadratic 3x6 1800 uniform low 3.43 x 10-5 

Cubic 2x4 1800 uniform low 6.04 x 10-6 

Cubic B-spline 4x10 1800 uniform low 7.35 x 10-8 

Linear 6x12 1800 random noisy 1.00 x 10-2 

Cubic B-spline | 4x10 1800 random noisy 9.38 x 10-7     
  

4.10 Modeling Summary 

A least-squares variational principle was used to model the spatial dynamic response 

of 3-D structures. Using the separability of the equations into the spatial and temporal 

solutions, a spatial dynamic model for the complex-valued 3-D steady-state velocity 

response was defined. A least-squares discrete finite element formulation was developed to 

solve for the nodal velocities that minimize the error with experimental velocity measure- 

ments. The finite elements have the same form as the direct dynamic stiffness method. The 
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method maintains the complex form of the model which was shown to separate into real and 

imaginary components. Elements were developed from the least-squares principle using 

linear, quadratic, cubic, and cubic B-spline basis functions. The finite element formulation 

developed in this research easily accommodates structures with irregular geometries or 

boundary conditions. Unlike many response surface or curve-fitting techniques, the method 

is not limited to rectangular domains. 

The method is founded on the solution to the steady-state response of the differential 

equation for harmonic vibration. By assembling the entire dynamic response into one finite 

element mesh, the response-field equations are solved simultaneously, ensuring continuity 

and compatibility of the resulting velocity field. The method easily incorporates the statistics 

associated with the time-signal models; weighting of the spatial sampling is obtained from 

the time-signal model and included in the finite element formulation. The issues of conver- 

gence by statistical model-order analysis are addressed through the concepts of convergence 

by mesh refinement in space, h-type, and polynomial-order, p-type, convergence. The issues 

of solution convergence and sampling theory were discussed since the formulation is a 

statistically additive model. 

An equally important aspect of the method is the capability to extract additional 

results by postprocessing and interpretation of these results through visualization. Some of 

the information available via postprocessing will be described in the next chapter. Visualiza- 

tion techniques for viewing and investigating experimental dynamic response data and 

models are detailed in Chapter 6. Many example results of actual experimental tests for 

modeling experimental spatial dynamic response follow in Chapter 7. 
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Chapter 5 

Postprocessing Dynamic Response 

Models 

Once a weighted least-squares discrete finite element model of a velocity field has 

been solved, the results can be postprocessed in many ways. Displacement and accelerations 

are easily determined for the single-frequency models by integrating and differentiating the 

velocity response model. Angular velocities of the 3-D dynamic response field can be 

computed by taking the curl of the vector field. The dynamic displacements readily yield the 

dynamic strains over the surface. Surface stresses are directly derived from the biaxial strain 

state. Finally, acoustic radiation prediction with a Finite Element/Boundary Element code 

is possible by using the continuous complex-valued 3-D velocity field for the input boundary 

values. 

5.1 Nomenclature 

AQ acceleration (function of x, y, z, w, ft) 

A(q@), B(w) complex matrices 

Cc fluid speed of sound 

DO displacement (function of x, y, z, a, t) 
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G0) 

Young’s modulus of elasticity 

Green’s function 

Jacobian matrix 

wave number defined as w/c 

outward unit normal 

acoustic pressure 

acoustic pressure at point defined by 7 

pressure gradient on the surface 

local Cartesian displacement components 

spatial component of velocity amplitude (function of x, y, z,w) 

prescribed surface normal velocity component 

Cartesian coordinate variables 

surface admittance 

shear strain 

Helmholtz constant 

strain 

angular velocity 

local direction vector 

Poisson’s ratio 

parametric variables 

density of the fluid 

stress 

phase angle 
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y direction cosine matrix 

=> 

y unit direction cosine vector 

ay driving frequency 

Subscripts 

x’, y’ local Cartesian components 

x,y Z Cartesian components 

5.2 Displacements and Accelerations 

Once the 3-D steady-state spatial velocity response is modeled, the dynamic displace- 

ments and accelerations are easily computed from the model. Equation (5.1) shows the direct 

relationship of displacement to velocity, and Eq. (5.2) shows the corresponding relationship 

of acceleration to the velocity model. 

D(x y, z,0,t) = PO) cos(at —g@- z) (5.1) 

A(x, y,Z,@,t) = w W(x, y,z,0) cos —@gt z) (5.2) 

5.3 Rotations 

The computation of surface rotations as angular displacements, angular velocity, or 

angular acceleration is another postprocessing result available from the representation of the 

continuous 3-D velocity-field model. The development of the equations used to calculate the 

rotations are written in the parametric form of the velocity field shown in Eq. (5.3). The 

relationship of angular displacements and angular acceleration to angular velocity is the 

same as stated earlier in Eqs. (5.1) and (5.2). The angular velocity is computed directly by 

taking the curl of the structural velocity response field [98]. The angular velocity is exactly 

1/2 the curl of the velocity field as indicated in Eq. (5.4). 
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In order to apply the geometric partial derivatives of the curl operator to the parametric 

velocity field, a transformation between parametric and geometric space is needed. Equa- 

tion (5.5) shows the transformation from geometric to parametric space using a Jacobian 

matrix (or more precisely, a transition matrix for a change of coordinates) in Eq. (5.6). 

Equation (5.7) is the desired parametric to geometric transformation of the partial differen- 

tial operator using the inverse Jacobian. The Jacobian matrix (and its inverse) is based 

entirely on the geometric properties of the shape model. The Jacobian is independent of the 

dynamic response; however, the geometric description of the dynamic response field is 

completely dependent on the Jacobian. This implies that the dynamic response field is 

dependent on the underlying geometry of the structure. 
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aye = In (5.7) 
a a 
dz oc 

Equation (5.8) for angular velocity follows directly from substituting Eq. (5.7) into 

Eq. (5.4). Equation (5.9) shows the expansion of the angular velocity field when the cross 

product portion is expanded using determinate notation. Equation (5.10) contains the corre- 

sponding vector notation for the angular velocity. The mean thickness of the shell is used 

when computing the partial derivatives with respect to ¢ in the Jacobian matrix. Currently, 

an assumption is made that the velocity is constant across the thickness of the elements; 

therefore, the partial derivatives of the velocity with respect to ¢ are 0. The angular displace- 

ments and accelerations are computed in the same fashion as the angular velocity. The 

velocity model values are simply replaced by displacements or accelerations. 

a 
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ag Abs m6) — se 7,6) 

Ont) =A gerEnet) — sev) (5.10) 

se 6) ~~ 5 Eo C) 

In-plane rotations are sometimes referred to as “drilling” rotations when considering the 

drilling motion is on the geometric surface. However, drilling rotations are out-of-plane 

from the perspective of the vector direction of the angular motion. Equation (5.11) shows 

the computation for velocity drilling rotation by dotting the rotation field with the surface 

normal. 

OE, 5) norm = O76) > n(En,€) = O,'(E,7, 6) (5.11) 

5.4 Dynamic Strains 

The dynamic strains of the dynamic response surface are computed relative to the local 

Cartesian displacements (u’, v’, w’) in the local Cartesian space (x’, y’, z') of the element 

shown in Eq. (5.12). The local Cartesian coordinate space of an element is dependent on the 

orientation of parametric coordinates directions. The origin of each local Cartesian coordi- 

nate system coincides with the spatial location of the parametric coordinate system origin. 

The x’ axis is the same direction as the & axis; the z’ is the same direction as the ¢ axis; and 

the y’ axis direction is the cross product z’ X x’, because the parametric coordinate direc- 

tions are not guaranteed to be orthogonal in Cartesian space. The local biaxial principal strain 

state is directly computed from these local surface strains in Eq. (5.13). 

ou’ Ov’ du' , av’ 
 =—_— é&,=— = + —_ 5.12 

fx ax? *y dy’’ Ye'y dy’ ax’ (5-12) 

Ey, &> = Alle + ey) + J (es — ey) + ?,| (5.13) 
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The local dynamic strains are computed from the global displacement state in Eq. (5.14) 

using the direction cosine matrix and the Jacobian [91]. The Jacobian matrix was defined 

earlier in Eq. (5.6). The direction cosine matrix is built from the two direction vectors in 

parametric space shown in Eq. (5.15). These vectors are used to define the set of orthonormal 

vectors in Eq. (5.16) and assembled into the direction cosine matrix in Eq. (5.17). 

        

ou" av’ dw! du av aw du dv dw 
ax’ ax’ dx’ ax dx Ox d& 0& 0 

du’ dv’ dwt 7| ou dv dw T,-1|94% Jv ow 
ay’ ay’ ay’'| = ¥ lay ay ay|? = ? I lan an an |” (5.14) 
du’ av’ aw’ du dv dw du ov ow 
Oz’ dz’ dz’ dz dz dz ag af 06 

Ox Ox 
0g on 

+ oy — oy 
A, = ae? Ay = an (5.15) 

Oz 4 
0g on 

_ i . xh - -.e 
W=pp BAS =X (5-16) 

A, Ai x Ay 

Y= Py, Po, ps] (5.17) 

Given the dynamic biaxial principal strain state at a specific location on a surface the 

dynamic stress can be determined. Equation (5.18) shows the stress/strain relationships as 

functions of the modulus of elasticity and Poisson’s ratio. The von Mises stress is then 

directly related to the biaxial principal stresses as stated in Eq. (5.19). 

Ele, + Med) Ele, + Me) 
1a? 2 Tay (5-18) u u 

Ovwm = 0% ~— 0,0, + 03 (5.19) 
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5.5 Acoustic Radiation Prediction 

Another application of experimental spatial dynamics modeling is described for predict- 

ing the direct acoustic radiation of a vibrating structure based on the experimental velocity 

response model. The weighted least-squares discrete finite element formulation is first 

applied to solve for the continuous complex-valued 3-D structural velocity response field 

of a test structure from experimental data. The solution of the complex-valued continuous 

3-D velocity field of the surface provides the necessary boundary values for predicting 

acoustic radiation with a Finite Element/Boundary Element acoustic (FE/BE) code. 

Numerical finite element models are useful for predicting structural dynamic responses. 

These results, in turn, can be used in an acoustic FE/BE modeler to predict acoustic responses 

including far-field radiation, intensity vector fields, and acoustic power [99, 100]. The 

success of the acoustic model is predicated on an accurate dynamic response model. If a 

numerical model of an existing structure is used to predict the dynamic surface velocities, 

but these velocities are significantly incorrect, the acoustic prediction will be flawed. It is 

often difficult to accurately predict the dynamic response of actual structures using the Finite 

Element Method [91]. This is due to poor assessment of boundary conditions, uncertainties 

in material properties, damping, inaccurate computation, modal truncation, or misrepresen- 

tation of the geometry. 

An experimentally derived dynamics model will inherently model actual boundary 

conditions, material properties, and geometry for both the shape and the dynamic response 

of astructure. A major obstacle in acoustic radiation prediction could be removed if numeri- 

cal structural dynamics models with the uncertainty in its modeling assumptions could be 

replaced with experimentally derived models. By combining experimentally derived shape 

and dynamic response models with a numerical FE/BE acoustic code, an improved, cost-ef- 
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fective experimental/numerical method for predicting both dynamic and acoustic responses 

is achieved. 

The acoustic radiation generated by a vibrating structure can be modeled with the 

Boundary Element Method (BEM). Boundary Element formulation is a relatively new 

technique for exterior/interior acoustic modeling and commercial codes are available [101]. 

The basic acoustic radiation equations will be shown here to indicate how the ESDM velocity 

field is used as a boundary value in the acoustic FE/BE code. In the frequency domain, the 

exterior acoustic problem is governed by the Helmholtz equation [102] shown in Eq. (5.20). 

In general, the boundary condition on the surface of the radiating structure can take the form 

of prescribed velocity, pressure or admittance. For the case of exterior radiation from 

vibrating structures considered here, the velocity boundary condition is defined in 

Eq. (5.21), and the admittance boundary condition is defined in Eq. (5.22). To these 

boundary conditions, the Sommerfeld condition for unbounded domains is stated in 

Eq. (5.23). Therefore, the complex-valued continuous 3-D velocity field provides suitable 

boundary values input to the numerical acoustic prediction code. 

V2p(7,w) + k’p(F,w) = 0 (5.20) 

Vp(7,0) + = — giwr(7,,w) (5.21) 

Vp(F,,) + i = ikBp(7s,) (5.22) 

lim 7 VoF,,«) i+ ikp(s,0)) = 0 (5.23) 

Using Green’s theorem, an integral form of the Helmholtz equation for external 

radiation is obtained in Eq. (5.24). At an exterior point € has a value of 1, and for a point on 

the surface of the body € is 1/2. Green’s functions for three-dimensional Helmholtz equation 

problems have the form of Eq. (5.25). 
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€ p(7,@) = | [p@,w)VG(R) i — G(R)Vp(F5.0) - rlas (5.24) 
S 

G(R) = (e~**\/(4nR) (5.25) 

Equation (5.24) will yield the acoustic pressure at any point, 7’, once the pressure and 

its normal derivatives are known at the surface of the body. The BEM discretizes the 

boundary into finite elements, converting the Helmholtz integral equation into a system of 

algebraic equations of the form shown in Eq. (5.26). Considering the boundary conditions, 

the system in Eq. (5.26) is solved for the pressure at the surface. Then the acoustic pressure 

can be computed at any field point. 

A(w)p = B(av (5.26) 

5.6 Postprocessing Summary 

These results of experimental spatial dynamic response modeling are amenable to 

many types of postprocessing. The continuous complex-valued 3-D velocity response field 

is the key to the postprocessing and the utility of this approach. The spatial dynamics 

information inherently associated with the velocity field of a vibrating surface includes 

dynamic displacements, accelerations, rotations, strains, and stresses. In conjunction with 

the geometry model, the 3-D velocity field can be used in a FE/BE acoustic code to predict 

acoustic radiation. The next chapter will demonstrate various methods to visualize and 

animate the spatial information available from experimental spatial dynamic response 

models. 
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Chapter 6 

Visualization of Spatial Dynamics 

This chapter begins with a method for visualizing and animating 2-D scans of 

complex-valued velocity data acquired with the LDV. The methodology for animating 3-D 

models of vibrating structures based on velocity measured directly by the LDV is described 

next. The same 3-D animation approach is used to animate models using the weighted 

least-squares discrete finite element solutions. Finally, the application of smooth dynamic 

color rendering is described for visualizing different combinations of displacements, accel- 

erations, rotations, in-plane or out-of-plane motion, strains, and stresses over the 3-D 

response surface. 

The general application of scientific visualization in computational and experimen- 

tal research is to investigate physical systems through geometric abstractions or mappings. 

The investigated research data often has little or only indirect geometric properties. By 

transforming the data into geometric form, scientists and engineers can perceive relation- 

ships, qualities, and even quantities not apparent in the original data. Visualization is very 

interdisciplinary and can encompass numerical simulation, experimental results, perceptual 

psychology, graphic arts, computer graphics, image processing, data management, parallel 

processing, distributed computing, and more [103, 104]. 
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The research presented here leverages scientific visualization techniques to gain 

better insight into the nature of complex dynamics of structures. Animation of structural 

dynamics is the principle visualization method utilized. The temporal sequence of visual 

graphic images adds a dimension to the spatial dimensions. This additional dimension 

greatly enhances the visual information presented to the investigator. 

6.1 Nomenclature 

a estimated time-signal amplitude 

b estimated time-signal model coefficient 

d(@) displacement 

Cc constant 

n 3-D normal direction 

J; G;, B; red, green, and blue intensities at a point 

= signal-to-noise ratio of velocity signals 

S 3-D static position 

s’ 3-D displaced position 

A0 angular velocity 

0 oscillation angle 

En, ¢ parametric variables 

¢ estimated phase angle 

Subscripts 

i, j general indices 

r relative velocity signal 

v velocity signal 

x,y’ local Cartesian components 
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6.2 Complex Vibration Animation 

Normal or real modes and near real-mode operating shapes of vibrating structures 

can be understood intuitively from a single, static picture of the dynamic response shape. The 

maximum displacements and node regions are stationary during vibration. Therefore, any 

shape representation of normal dynamic response is a scaled version of the relative response 

shape. Also, the relative phase angles between response points are either 0° or 180°. If areal 

and imaginary vibration representation is used, a real dynamic response will have the same 

shape for the real and imaginary coefficients of the vibration model, unless the response is 

entirely in either the real or imaginary domain. 

A single picture or image is sufficient for representing normal vibration. For exam- 

ple, the 1-D behavior of a string or beam can be demonstrated with a stick-figure or wire- 

frame model. Normal modes of a flat panel can be understood from a color-contoured 2-D 

image showing the real, imaginary, or signed magnitude response. The graphical representa- 

tion of the dynamics of a 3-D structure can be color-coded in a similar manner by mapping 

the vibration magnitude onto a graphical 3-D shape model. 

Significant complex vibration [105] can be detected by observing the relative phase 

of dynamic degrees-of-freedom (DOFs) at different locations of a structure. The vibration 

peaks and node regions move during vibration. Also, the real and imaginary dynamic 

response shapes are different when complex vibration exists. In contrast with normal-mode 

response, complex-mode vibration of structures is difficult to interpret from one or more 

static images. Pictures showing the real and imaginary components or the magnitude and 

phase of vibration are necessary to describe complex vibration response. However, mentally 

blending these images together can be puzzling without the aid of visualization techniques, 

and in particular, animation. 
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Computer animation is an ideal method for grasping the complex vibration of struc- 

tures. A 1-D structure with displacement motion in one direction can be animated by rotating 

a 3-D line around an axis. The complex response can be seen by viewing the projection on 

the real or imaginary plane. A 2-D flat surface with complex vibration perpendicular to the 

surface can be shown by representing the relative phase of spatial DOFs over the structure. 

Or the vibration can be animated by associating a subdivided phase distribution plot with a 

rapidly updated color table, thereby putting the relative phase and magnitude of vibration 

of a structure in motion. In this manner, the node lines of complex vibration response can 

be seen waving back and forth during the animation sequence. Finally, the complex vibration 

of a 3-D structure with vibration normal to the surface can be animated with 3-D graphics 

software. The 3-D graphical surface patches representing the structure can be deformed and 

color enhanced during animation to show the complex response to vibration. 

6.2.1 Method for 2-D Animation 

The 2-D representation of dynamic response described in this section uses a flat grid 

of points with the assumption that motion is perpendicular to the plane of equilibrium. Each 

point represents a location on a continuous surface. By assigning a color as a function of 

vibration, the relative motion of the points on the surface can be visualized. Rendering 

thousands of colored pixel areas can take significant drawing time; consequently, redrawing 

an entire 2-D grid of colored rectangular points is unacceptable for the goal of animation. 

A method is devised to build a color table with an optimized set of magnitude/phase pairs 

assigned to each entry. Each grid point is drawn with the color entry that best approximates 

its magnitude and phase. 

The magnitude and phase values for each color table entry are determined by analyz- 

ing the ranges of magnitude and phase for a velocity scan set. Figure 6.1 shows the distribu- 

tion for the velocity scan of a composite plate described later in more detail. The algorithm 
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for this procedure begins with Eq. (6.1) by computing the number of divisions (nDiv) based 

on the maximum number of color table entries available (maxCells). Then the width of the 

color cells is determined along the magnitude and phase axes as shown in Eqs. (6.2) and 

(6.3). Each measurement is associated with the cell that contains its value of magnitude and 

phase by using the cell definitions defined in Eq. (6.4). 
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Figure 6.1. Magnitude and Phase Distribution of Composite Plate 

nDiv = maxCells/2 (6.1) 

magnCellWidth = nee (6.2) 

phaseCellWidth = on (6.3) 

cell(i, j).minMagn = magnCellWidth * (i) 

cell(i, j).maxMagn = magnCellWidth * (i + 1) 0 <i < nDiv 

cell(i, j).minPhase = phaseCellWidth(j) — nDiv s j < nDiv (6.4) 

cell(i, j).minMagn = phaseCellWidth(j + 1) 
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The total number of color indices actually required is calculated and distributed 

among the available cells in the color table. Since all possible magnitude and phase cells are 

usually not used, an iterative method is required. Equation (6.5) shows the new calculation 

for the number of divisions based on the actual number of color cells used (usedCells). The 

measurements are reassigned to the new distribution of cells. The new total of required color 

indices is obtained, and this process is repeated until most of the available color indices are 

used. Figure 6.2 shows the final subdivision of measurements of the composite plate with 

219 cells in use. Finally, all magnitude and phase values associated with a color table entry 

are averaged to give the best approximation of vibration for the points in each individual cell. 

  

nDiv = nDiv | maxCells/usedCells (6.5) 
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Figure 6.2. Magnitude and Phase Subdivision for Composite Plate 

After the magnitude and phase pairs are assigned to the color table, the displacement 

color of each index (7) is computed as a function of the amplitude, a, phase, @, and oscillation 

Visualization of Spatial Dynamics 132



angle, 0, in Eq. (6.6). The image is easily animated by updating the color table based on 

incremental changes in the oscillation angle. The colors used to represent the displacements 

blend between the colors listed in Table 6.1. 

d, = a,,c0s(0 - bri (6.6) 

Table 6.1. Color Representation of Displacements 

  

  

    

Color Displacement 

White ..... Maximum positive value 
Cyan ...... 3/5 maximum positive value 

Blue ...... 1/5 maximum positive value 

Black ..... Zero value (node) 
Red ....... 1/5 maximum negative value 

Magenta ... 3/5 maximum negative value 

Yellow .... Maximum negative value 
  

The 2-D complex-mode animation was implemented with the X Window graphics 

library, Xlib [106]. The Xlib graphics routines for drawing colored rectangular areas and 

managing the 256 entry color table were used in a C program to perform the rapid 2-D 

animation. This method was so quick that a pause had to be added to each color table update 

to regulate the display speed. 

6.2.2 Experimental Procedure for Measuring 2-D 
Dynamic Response 

A scanning LDV was used to measure the surface velocity of vibrating structures for 

demonstrating 2-D complex vibration. The velocity fields have the same shape as the 

operating or displacement shapes of a structure at a given excitation frequency. The exper- 

imental data scanned by the LDV do not represent mode shapes. However, in cases where 

the modes are well separated, an operating shape closely approximates a mode shape when 

the driving frequency is near a resonance. In either case, the animation techniques are the 

same for operating shapes and mode shapes. 
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Since velocity is the first time derivative of displacement, the surface displacements 

have a direct integral relationship to the velocity measurements. For simplification of data 

collection, the velocity measurements are assumed to be normal to the vibrating surface. To 

accommodate this approximation, the LDV is placed far away from the test structure to keep 

the angle of incidence as close to 0° as possible. Example velocity scan data for a composite 

plate in Fig. 6.3 is shown in two forms. The velocity response is represented as real and 

imaginary components and alternately as magnitude and relative phase. 

Real Imaginary     iy 1.85 iy 1.85 

     

  

0.0 0.0 

—1.85 —1.85 
Magnitude Phase 

|| 1.85 11 180 

0.92 0.0 

0.0 —180 

  

Figure 6.3. Velocity Scan Data for Composite Plate 

6.2.3 Results of 2-D Animation 

Steel Plate 

A flat, 457 mm square, 3 mm thick steel plate was used for the first experimental 

example of 2-D dynamic response visualization. An electromagnetic shaker provided the 

265 Hz harmonic excitation through a force transducer mounted at the bottom corner of the 
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plate which was suspended from one corner. Due to the evenly spaced square scanning 

pattern, the scan data included significant background points that were not part of the plate 

response. Using Sobel filters [107, 108] to locate the plate edges, the “noisy” background 

points from scan locations off the structure were removed and the resulting response image 

is shown in Fig. 6.4 [37]. Positive and negative deflection is indicated by the circular 

symbols. However, the actual on-screen animation uses the color scheme described earlier 

to represent the magnitude and direction of displacement. 

  
Figure 6.4. Dynamic Response Image of Steel Plate at 265 Hz 

During animation of the steel plate, nearly all response points appear to reach their 

maxima at the same time. The entire plate surface also passes through its undeformed 

position at the same instant, causing the surface to turn black momentarily. The plate also 

exhibits the normal operating shape characteristic of stationary node lines. These three 

properties clearly indicate normal vibration. Evidence of the normal response is also seen 

in the phase distribution plot in Fig. 6.5. This plot has two definite peaks that are 180° apart. 
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It is easy to imagine the dynamic response of this steel plate at 265 Hz without the aid of 

computer graphics animation. 
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Figure 6.5. Magnitude and Phase Distribution of Steel Plate 

Composite Plate 

A flat, 305 mm square plate of laminated composite material was excited with a 

shaker at 430 Hz. Two images of the 100 x 100 point velocity scan using the LDV are shown 

in Fig. 6.6. The images of the scanned operating shape are about one half a vibration cycle 

apart in the animation sequence. Notice the changes in the dark node lines between the two 

figures. Characteristically, normal vibration has stationary node lines whereas complex 

operating shapes have moving node lines. 
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(a) Response Image at 0° (b) Response Image at 180° 

Figure 6.6. Composite Plate Dynamic Response Images 

The dashed line superimposed on image (b) in Fig. 6.6 outlines an interesting area 

of vibration that is noticeable only during animation. This region oscillates at a slightly 

different phase compared to the surrounding area. This motion possibly is due to a mode 

weakly excited at the driving frequency. Another potential explanation is that one of the plies 

of the laminated composite plate is contributing to that mode. 

Cadillac Car Door 

Another example of the 2-D complex animation is shown in Fig. 6.7. This is a 

50 x 100 point LDV scan of a Cadillac car door excited at 409 Hz [109]. The phase distribu- 

tion plot in Fig. 6.8 clearly implies a highly complex operating shape. Another step in the 

animation sequence (about 180° later) is shown in Fig. 6.9. One dominant feature of the car 

door animation is a vibration wave motion. The local maximum and minimum displacement 

locations move in an apparent wave across the door. Future research could lead to under- 

standing the relationship between this wave motion and the energy flow in the door panel. 
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Figure 6.7. First Car Door Dynamic Response Image at 409 Hz 
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Figure 6.8. Magnitude and Phase Distribution of Cadillac Car Door at 409 Hz 
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Figure 6.9. Second Car Door Dynamic Response Image at 409 Hz 

Impeller Inducer 

The last example of 2-D LDV scan visualization involves an impeller inducer with 

17 blades. From the camera image in Fig. 6.10 it is obvious that complete inducer dynamics 

cannot be visualized with a single 2-D scan. A 2-D dynamic response image taken along the 

rotational axis of the inducer is presented in Fig. 6.11. During animation of the dynamic 

response, the visible vibration exhibits normal response behavior. The highest amplitude of 

vibration appears at the blade tips, but the response along the remainder of the blades is not 

visible due to the shape of the blades and orientation of the scan. This is an example of a 

limitation of the 2-D vibration images. The 2-D color animation technique is not sufficient 

to represent the dynamics due to the surface contours and shape of the 3-D structure. This 

motivates the need for 3-D surface models of the shape and dynamic response of structures. 
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Figure 6.10. Camera Image of Compressor Inducer 

  

Figure 6.11. 2-D Dynamic Response Image of Inducer at 2453 Hz 

6.2.4 Method for 3-D Animation 

This section describes complex vibration animation using 3-D surface patches that 

are displaced normal to the surface at the points representing the surfaces. For some thin 
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shelled structures, this assumption will not jeopardize the general usefulness of the dynamic 

response data. However, the true 3-D dynamic response cannot be modeled without having 

measurements from at least three different points of view. Although motion in more than one 

direction is possible, the 3-D reconstruction of full 3-D velocity field was not performed due 

to the limited experimental data set. 

The 3-D surface patches are modeled as rectangular grids and displayed as quadrilat- 

eral meshes. The computer graphics model is lighted and shaded to complete the basic 

display of the surface patches. The lighting and shading of the graphics rendering creates 

highlights and shading variation which clarify the model depth and shape. 

To animate the 3-D model, the relative displacements of the points on the surface 

patches are computed. The motion, d(0), at the it” point is given in Eq. (6.7) in terms of the 

real and imaginary coefficients (from the complex phase plane representation) of complex 

vibration. Although velocity is measured by the LDV, it is treated like a scaled value of 

displacement (which it is). Using the magnitude and phase representation, d(@) can also be 

represented as in Eq. (6.8). In either form, the displacement is a function of the oscillation 

angle cycling from 0 to 2x radians. The displacement is exaggerated by a constant, C, to 

make it visible. The displaced location of each vertex, s’,, is computed by adding the 

exaggerated displacement magnitude times the normal vector to the static position at that 

location as expressed in Eq. (6.9). 

d(0); = C(b,,;cos(@) + b,»;sin()) (6.7) 

d(0); = (a, cos( 6 - ,)] (6.8) 

8", = 3, + d(0) i, (6.9) 

In additicn to actually deforming the surface patches, the colors at the vertices are 

modified based on their displacement values as given in Eq. (6.10). Positive displacements 
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(outward direction) are lightened and negative displacements are darkened. This provides 

an additional depth cue to the surface deformations. 

Ry, = 0.0 
Gg = 0.5 + 0.5/2 (6.10) Bey Amana) 

The Silicon Graphics graphics language (GL) [110] was used to implement the 3-D 

complex-mode animation. The surface patches are modeled with quadrilateral meshes. The 

hardware graphics accelerators of the SGI workstation perform lighting, shading, viewing 

and modeling transformations of the 3-D model. An SGI Crimson Elan workstation provides 

suitable animation speed for models with hundreds of data points. ‘The SGI environment for 

the 3-D animation program also provides intuitive interaction with the models using the 

mouse or a Spaceball [111]. The interactive positional and attitudinal control allows the user 

to investigate the models during animation. 

6.2.5 Procedure for Measuring “Simplified” 3-D 
Dynamic Response 

The experimental procedure for data acquisition with the LDV for measuring surface 

velocity of a 3-D structure is the same as 2-D scanning. However, scans from different 

vantage points must be acquired in order to cover a 3-D structure. The separate scans must 

be registered with a common coordinate system so the scans may be recombined into the 

same frame of reference. 

6.2.6 Results of 3-D Animation 

Composite Plate 

The composite plate animated with the 2-D technique in Fig. 6.6 was also animated 

with the 3-D technique. Since the simple geometry of the plate was known, a flat surface 

model was easily constructed. Figure 6.12 shows the deformed composite plate during 
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animation at approximately the same animation step as the 2-D image at the left in Fig. 6.6. 

The deformations are greatly exaggerated to improve visualization of the operating shape. 

The spatial animation makes it easier to see subtle phase differences among peak displace- 

ment locations in the 3-D model than using only 2-D color animation. 

  
Figure 6.12. 3-D Composite Plate Displacement Model 

Freon Compressor 

The next example is a 3-D dynamic response representation of a reciprocating Freon 

compressor. The static shape of the compressor was measured at nearly 400 points with the 

aid of a linear transducer and the knowledge of mirror deflection angles of the LDV. The 

resulting 3-D wire-frame model is shown in Fig. 6.13. The intersection points of the grid 

lines are the vertices of the shape model and the locations of the static and velocity measure- 

ments. The compressor was harmonically excited at 944 Hz. The signal processing examples 
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in Chapter 3 were taken from this test. Each velocity measurement was assumed to be 

perpendicular to the surface for this simplified version of 3-D animation. 

  
  

  
  

  

    
Figure 6.13. 3-D Wire-frame Static-Shape Compressor Model 

The shaded representation of the compressor model is shown in Fig. 6.14 at two 

different steps in the animation sequence. In the picture of the compressor animation on the 

left, the dark band down the left side is due to negative displacement, and the light area in 

the mid-right region is due to positive displacement. Although it cannot be effectively shown 

with a continuous color or half-tone image on paper, animation of this model reveals 

significant complex vibration throughout the structure. Deformations of the compressor 

shell due to the vibration of the compressor piston indicate where the piston is mounted 

internally on the shell. This observation aided a study of the compressor noise and redesign 

for noise reduction. Modifications for the piston mount were recommended to reduce vibra- 

tion noise of the compressor shell. 
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Figure 6.14. 3-D Shaded Compressor Model During Animation at 944 Hz 

6.3 Color Animation 

Most of the postprocessing results discussed in Chapter 5 are easily visualized with 

3-D color graphics. The smoothly shaded color contours are added to the animated surface 

models of the test structures. In this section, many examples of this visualization method will 

be shown for the dynamic response of a simply-supported flat steel plate to 314 Hz excita- 

tion. The complete description of the experiment for modeling the plate dynamic response 

is described in Chapter 7. 

6.3.1 Color Motion Animation 

Figure 6.15 shows a smoothly shaded polygonal model of the 3-D plate displace- 

ment. The grid overlay on the plate corresponds to the finite element mesh used for the 

experimental spatial dynamic response solution. The finite element nodes are also used as 
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the polygonal vertices in the 3-D graphics model. The dynamic displacements which consist 

of x, y, and z motion are computed during the animation sequence at the nodes. The displace- 

ment values are exaggerated for visible animation and the out-of-plane components (z in this 

case) are used to specify the color at the nodes. The color bar at the right indicates the range 

of displacement values for the plate response at 314 Hz. 

The velocity response of the plate can also be used to deform and color shade the 

graphical model of the test structure. The velocity of the plate in Fig. 6.16 is at the same stage 

of animation as in Fig. 6.15. However, the velocity precedes the displacement by 90°, so the 

deformation looks quite different. Figure 6.17 shows the plate shaded and deformed with the 

acceleration at the same stage of animation as the displacement and velocity. The accelera- 

tion values deform the plate exactly 180° out of phase with the displacement. 

Simply Supported Plate 

Frequency: 314.0 Hz 

Displacement (m) 

1,387883e-05 

1.110307e-05 

8.327300e-06 

5.551533e-06 

2.775767e-06 

4.547474e-13 

~2.775766e-06 

~5.551532e-06 

  

-8.327299e-06 

~1.110307e-05 

-1.387883e-05 

Figure 6.15. Shaded Animation of 3-D Surface Displacement 
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Simply Supported Plate 

Frequency: 314.0 Hz 

Velocity (m/s) 

2.738183e—02 

2.190546e-02 

1.642910e-02 

1.095273e-02 

5.476367e-03 

9.313226e-10 

-5.476365e—03 

-1.095273e-02 

~1.642910e-02 

~2.190546e—02 

~2.738183e-02 

Figure 6.16. Shaded Animation of 3-D Surface Velocity 

Simply Supported Plate 

Frequency: 314.0 Hz 

Acceleration (m/s*2) 

5.402216e+01 

4.321773e+01 

3.241330e+01 

2.160886e+01 

1.080443e+01 

-1.907349e-06 

-1.080443e+01 

—2.160887e+01 

  

-3.241330e+01 

—4.321773e+01 

—5.402216e+01 

Figure 6.17. Shaded Animation of 3-D Surface Acceleration 
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The motion due to displacement, velocity, or acceleration can be easily separated into 

in-plane and out-of-plane components. For example, the out-of-plane velocity is displayed 

in Fig. 6.18 by deforming the elements with velocity normal to the surface. The color shading 

also represents the out-of-plane velocity. In-plane displacement is shown in Fig. 6.19. The 

grid lines are distinctly deformed by the in-plane motion. 

A feature for investigating motion at a single location on the field is also included. 

An arrow can be attached to a node to indicate the current direction of velocity. Figure 6.20 

shows the velocity direction while the plate is deformed based on dynamic displacement. 

The arrow actually consists of two arrows, connected end-to-end. When the velocity at the 

node changes to point into the surface, one arrow will be visible with its arrowhead pointing 

into the surface. If only in-plane motion is animated, then the double arrow will lie tangent 

to the surface. The velocity arrow in Fig. 6.21 follows an elliptical path during the animation 

sequence. This indicates that components of the velocity field do not have the same phasing. 

Simply Supported Plate 

Frequency: 314.0 Hz 

Out of Plane Velocity (m/s) 

2.617917e-02 

2.094334e-02 

1.570750e-02 

1.047167e-02 

5.235834e-03 

0.000000e+00 

—5.235834e-03 

~1.047167e-02 

~1.570750e-02 

~2.094334e—02 

  

—2.617917e-02 

Figure 6.18. Out-of-plane Velocity Rendering and Animation 
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Simply Supported Plate 

Frequency: 314.0 Hz 

(In Plane Motion Only) 

In Plane Disp. (m) 

4.805147e-06 

4.324632e-06 

3.844117e—06 

3.363602e-06 

2.883088e-06 

2.402573e-06 

1.922058e—06 

1.441544e-06 

9.610292e-07 

  

4.805146e-07 

  

0.000000e+00 

Figure 6.19. In-plane Displacement Rendering and Animation 

  
Figure 6.20. Animated Velocity Direction Arrow at Node 
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Figure 6.21. In-plane Motion Only of Direction Arrow at Node 

6.3.2 Color Rotation Animation 

The rotation derivations in the last chapter can be applied to displacement, velocity, 

or acceleration. The visualization of rotation or angular motion is divided into drilling or 

bending rotation. Drilling rotation is defined as the rotation around the surface normal vector 

at a point on the surface. An example of drilling angular velocity is shown in Fig. 6.22. The 

deformation of the plate is based on velocity. Bending rotation is the rotation around an 

in-plane vector. To compute bending rotation for visualization, the bending rotation around 

two orthogonal in-plane vectors at each node is computed. These vector values are added 

together as shown in Eq. (6.11), and the magnitude of the resulting vector is used to specify 

the color to display. Consequently, the bending rotation values displayed are only positive. 

An example of bending motion due to displacement is shown in Fig. 6.23. 

  

OE. oena =f Ox'Emb) + Oy'Ene) (6.11) 
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Simply Supported Plate 

Frequency: 314.0 Hz 

Drilling Ang. Velocity (rad/s) 

1.126065e+01 

9.008518e+00 

6.756389e+00 

4.504259e+00 

2.252130e+00 

4.768372e-07 

~2.252129e+00 

—4,504258e+00 

—6.756388e+00 

~9.008517e+00 

  

—1.12606Se+01 

Figure 6.22. Drilling Angular Velocity Rendering and Animation 

Simply Supported Plate 

Frequency: 314.0 Hz 

Bending Ang. Disp. (radians) 

3.762427e-04 

| 3.386184e-04 

3.009942e-04 

2.633699e—04 

2.257456e-04 

1.881214e-04 

1.50497 1e—04 

1.128728e—04 

7,.52485Se—05 

3.762428e-05 

  

0.000000e+00 

Figure 6.23. Bending Angular Displacement Rendering and Animation 
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6.3.3 Color Strain and Stress Animation 

In the last chapter, the basic equations for computing strains from the displacements 

over the surface were developed. In-plane orthogonal strains and the shear strain at a location 

on the surface is necessary for computing the biaxial strain state. For the flat, rectangular 

plate, the in-plane strains in the local x and y direction will be in the same direction as the 

structure’s global x and y coordinate axes. The strains over the plate in the x and y directions 

are shown in Figs. 6.24 and 6.25, respectively. The shear strain across the plate is displayed 

in Fig. 6.26. Following the computation of the dynamic biaxial strain state across the plate, 

the von Mises stresses is displayed in Fig. 6.27. 

Simply Supported Plate 

Frequency: 314.0 Hz 

Strain - Local X direction 

.495786e-04 

1.196629e-04 

8.974715e—05 

5.983144e—-05 

2.991572e-05 

—3.637979e-12 

—2.991572e-05 

—5.983144e-05 

  

—8.974716e-05 

—1.196629e-04 

  

—1.495786e-04 

Figure 6.24. Rendering and Animation of Strain in Local X Direction 
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Simply Supported Plate 

Frequency: 314.0 Hz 

Strain — Local Y direction 

1.495786e—04 

1.196629e—04 

8.97471S5e—05 

5.983144e-05 

2.991572e-05 

—3.637979e-12 

~2.991572e-05 

—35.983144e-05 

  

-8.974716e-05 

—1.196629e-04 

  

ea ~1.495786e—04 

Figure 6.25. Rendering and Animation of Strain in Local Y Direction 

Simply Supported Plate 

Frequency: 314.0 Hz 

Strain - Shear 

2.611994e-04 

2.089595e-—04 

1.567197e-04 

1.044798e—04 

5.223989e-05 

7.275958e-12 

—5.223988e—05 

~1.044798e-04 

—1.567196e-04 

—2.08959Se-04 

  

—2.611994e-04 

Figure 6.26. Rendering and Animation of Shear Strain 
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Simply Supported Plate 

Frequency: 314.0 Hz 

von Mises Stress (MPa) 

4.669601e+01 

4.202641e+01 

3.735681e+01 

3.268721e+01 

2.801761e+01 

2.334801e+01 

1.867841e+01 

1.400880e+01 

  

9.339203e+00 

4.66960 1e+00 

  

0.000000e+00 

Figure 6.27. Rendering and Animation of von Mises Stress 

6.4 Color Statistics Overlay 

Some additional information concerning the quality of the original LDV velocity 

data and the quality of the model solution for the dynamic response can be shown spatially 

in color over the animation model. The signal-to-noise ratio of the modeled velocity 

measurements in Eq. (6.12) can be averaged over each element in the model and shown with 

color as demonstrated in Fig. 6.28. Once the model for the velocity response field is solved, 

a model to residual ratio can be calculated for each original velocity sample as expressed in 

Eq. (4.64) of Chapter 4. The model to residual ratios for the laser samples can also be 

averaged over each element and displayed with color values as seen in Fig. 6.29. 

lai a == (6.12) 
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Simply Supported Plate 

Frequency: 314.0 Hz 

Signal/Noise (20log) 

5.694099e+01 

5.124689e+01 

4.555279e+01 

3.985869e+01 

3.416459e+01 

2.847049e+01 

2.277639e+01 

1,708229e+01 

1.138820e+01 

5.694098e+00 

  

0,000000e+00 

Figure 6.28. Signal-to-Noise Ratio Averages Over Elements 

Simply Supported Plate 

Frequency: 314.0 Hz 

Model Amp /Resid. (20log) 

4.456575e+01 

4.010917e+01 

3.565260e+01 

3.119603e+01 

2.673945e+01 

2.228288e+01 

1.782630e+01 

1.336972e+01 

8.913150e+00 

4.456575e+00 

  

0.000000e+00 

Figure 6.29. Model to Residual Ratio Averages Over Elements 
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6.5 Visualization Summary 

The first part of this chapter demonstrated that normal-mode vibration of 2-D and 

3-D structures can be easily visualized from static images, because normal-mode motion 

implies proportional relative displacements across a structure. Complex vibration response 

is much more difficult to visualize due to the phase distribution motion across the structure. 

The complex response of a structure was presented by extracting the relative phase relation- 

ships among experimental measurements over the structure’s surface, and mapping them 

spatially onto the structure. Color 2-D images of real and imaginary or magnitude and phase 

components of displacement were enhanced with computer animation by setting the phase 

distribution in motion. The effect produced characterizations of complex vibration response 

with moving node lines and wave-like motion of the experimental spatial dynamics. Anima- 

tion of 3-D shape models based on complex-valued spatial dynamic response raw data and 

continuous-field models was also described. Investigation of the dynamic response at a 

single location on the response field was demonstrated with an animated arrow for showing 

the direction of 3-D velocity. Velocity components with different phasing resulted in an 

elliptical trajectory of the arrow. 

The 3-D experimental spatial dynamic graphical models were also color enhanced 

in many ways for visualization of motion and postprocessed results. In-plane and out-of- 

plane motions were easily separated and viewed independently. The color shading of the 

animated dynamic response field could be based on displacement, velocity, acceleration, 

rotations, strains, or stresses. Even statistical data was spatially mapped onto the surface as 

feedback for the quality of the model solution. 
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Chapter 7 

Experimental Results 

Results from five different tests for modeling experimental spatial dynamic response 

are presented in this chapter. A square laminated composite plate was vibrated at a single 

frequency for the first experimental dynamics modeling test case. The second test compared 

an experimental dynamic response model of a long beam to an analytical model and a strain 

gauge measurement. The third test structure was a slightly curved jet inlet acoustic control 

patch which was modeled at three vibration frequencies. The fourth test modeled the 

dynamic response and predicted the acoustic radiation of a simply-supported steel plate at 

three frequencies. The last test was conducted on the housing of an operating compressor for 

experimental spatial dynamic response modeling and acoustic radiation prediction. 

7.1 Nomenclature 

s2 estimated error variance 

V velocity 

x,y, Z Cartesian coordinates 

0 polar plot angle in x-z plane 

0 cross-correlation coefficient 

Subscripts 

S structure coordinates 
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7.2 Dynamic Response of Composite Plate 

The single-frequency dynamic response of a thin, flat, 306 mm square laminated 

composite plate was sampled for the first experimental demonstration of the finite element 

technique. The selected excitation frequency was near one of the plate resonance frequen- 

cies. From earlier experimental work with this type of composite plate, only out-of-plane 

dynamic response was expected with an electromagnetic shaker exciting the plate normal 

to its surface. 

7.2.1 Experimental Procedures 

The plate was suspended by shock cords and monofilament lines at two corners to 

approximate freely-supported boundary conditions (free-free-free-free). Using a sine- 

dwell excitation frequency of 410 Hz, time-signal data was acquired for 7744 complex- 

valued samples of the velocity field on the composite plate. These measurements were made 

with the scanning LDV at three different laser locations relative to the plate, so 2500-3000 

spatial samples of the velocity field were taken from each location. The scanning time 

required at each location was approximately twenty minutes. Figure 7.1 shows the local 

coordinate system and five registration points used to register the laser with the structure 

coordinate system. The force transducer (reference signal) and shaker were mounted at the 

lower right corner of the plate at point [3]. 
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[11(0, 306, 0) 

[21(306, 306, 0) 

Ys [51(306, 306, 0) 
A e   [41(0, 0, 0) 

  

  

[3](306, 0 ,0) 

Figure 7.1. Composite Plate Scanning Configuration 

7.2.2 Velocity Scans 

The 2-D images in Fig. 7.2 represent the real component of velocity measured by the 

scanning LDV from three different locations. In each case, the LDV measured the velocity 

along the line-of-sight of the laser beam. Once the laser position is registered relative to the 

structure, the measurements were transformed into velocity vectors for use in the finite 

element model. 
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Velocity in mm/s 

a 7.76 

0.0 

—7.76 

=. 9.98 
Xs 

(c) 

Figure 7.2. Scanned Velocity Images of the Composite Plate 410 Hz Response 
(a) From Above and to the Left (b) From Above and to the Right 

(c) From Directly in Front 

7.2.3 Experimental Velocity Response Models 

Figure 7.3 shows the solution for the real portion of the 3-D velocity field with a 

12 x 12 linear quadrilateral mesh. Each velocity sample was weighted in the spatial model 

by the inverse of the estimated error variance. A relatively high amount of noise in the data 

affects the finite element model along the top of the plate (y = 306 mm). During data 
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acquisition it was observed that the LDV velocity signal often fluctuated. This was likely 

due to the rough surface of the composite plate. Only 7247 samples were included in the 

finite element model. About 6.5% of the measurements were eliminated based on signal 

processing statistics, and the remaining measurements had a mean signal-to-noise ratio of 

60. The acceptable limits of the statistical properties for the velocity time-signal F test and 

cross-correlation used in this experiment were a p-value < 0.01 and O max = 0.9. The 

unfiltered data set of 7744 samples was also modeled with a 12 x 12 linear quadrilateral 

mesh. The model of the unfiltered data set, shown in Fig. 7.4, has a higher overall estimated 

error variance in the spatial solution of s? = 0.0739 (mm/s)? versus 0.0314 (mm/s)? for the 

weighted and filtered solution. 
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Figure 7.3. Composite Plate Real Velocity Modeled with Linear Elements 
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Figure 7.4. Unfiltered and Unweighted Composite Plate Real Velocity 

The corresponding weighted and filtered 12 x 12 linear quadrilateral element solu- 

tion of the imaginary velocity component response is shown in Fig. 7.5. The imaginary 

response appears similar in shape, although differences are clearly evident in the out-of- 

plane response (z axis). This plate exhibits complex vibration at the 410 Hz driving frequen- 

cy. Both real and imaginary velocity fields must be modeled in order to fully characterize 

the dynamic response of the plate. 
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Figure 7.5. Composite Plate Imaginary Velocity Modeled with Linear Elements 

Higher-order element formulations were also used to model the composite plate data. 

Figure 7.6 shows the result of modeling the response field with a3 x 3 quadratic quadrilateral 

mesh. The 0.1583 (mm/s) variance of the real component of the velocity response model 

is actually higher than the linear element models. This is due to the significantly fewer 

number of elements (and nodes) in the quadratic mesh even though the quadratic basis 

functions of the elements have a greater resolving power. Two additional models of the real 

and imaginary components with a 5x5 cubic B-spline mesh of the plate are shown in 

Figs. 7.7 and 7.8. The estimated error variance drops significantly lower than the previous 

element types to 0.0394 (mm/s) for the real velocity component and 0.0354 (mm/s) for the 

imaginary. 
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Figure 7.7. Composite Plate Real Velocity Modeled with B-Spline Elements 

Experimental Results 164



NO
 

Vx
 
(m
m/
s)
 

  

      

    
                  

4 Tee ee ee Teese 4 rrr Toe 4 rrr rrr Tee 

~~ : oo : oo : 

& ) ee E o}.- & Oho eee eee 

EG |.. & & 

2 2 0 " & 0 
Oo o 9 

2 g Sf 
oY ) oO 
> 2p fr > Db occ Beebe ees > Dh e t 

0 5000 0 200 0 200 
sample number x-axis y-axis 

Figure 7.8. Composite Plate Imaginary Velocity Modeled with Cubic B-Splines 

7.2.4 Discussion of Results 

The previous results demonstrated that the in-plane (x and y directions) velocity 

fields are not zero. Both in-plane velocity fields are approximately flat and slanted from 

about -1.3 to 1.5 mm/s as seen in the V,,side view in Fig. 7.9. The postprocessing calculation 

for the angular velocity vector response field, Eq. (5.10), was computed for angular velocity 

around the z axis. The angular velocity is a relatively flat field with an average value of 

0.0092 rad/s. The velocity at the plate edge (x = 306) is approximately wr = 0.0092 rad/s x 

153 mm = 1.4 mm/s, which is very close to the graphical velocity estimate. Also, animation 

of the plate shows that the center of rotation is slightly below and to the left of the plate center. 

This in-plane response is a rigid body rotation due to a bent stinger and/or shaker misalign- 

ment on the lightweight plate. The excitation force probably was not exactly perpendicular 

to the plate surface. This is a clear example of unexpected in-plane response when attempting 

to excite only out-of-plane motion, and the out-of-plane motion assumption is invalid. 
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Figure 7.9. X Direction Velocity of Composite Plate Real Response 

The largest discrepancies in the composite plate models are on the edges and corners 

where there are fewer samples per element. The elements on the edges begin to fit some of 

the experimental noise in the absence of sufficient data samples for the least-squares finite 

elements. A significant number of the velocity samples from the plate were filtered out and 

not used in the finite element models. The rough surface of the composite material was the 

most likely cause of noise in the velocity time signals, especially near the edges. 

7.3 Dynamic Response of Long Beam 

Beams provide some of the simplest dynamic responses. A steel] beam was the next 

structure experimentally measured by the scanning LDV and modeled with the ESDM 

method. The out-of-plane motion along the centerline of the beam model was compared to 

a modal summation of dynamic beam response using Euler-Bernoulli beam theory. In 
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addition, a strain gauge measurement at the center of the beam was compared to the dynamic 

Strain predicted from an ESDM model. 

7.3.1 Experimental Procedures 

The steel beam was 1391 mm long, 76 mm wide, and 6.617 mm thick as shown in 

Fig. 7.10. The beam was suspended from one end with a long elastic cord and monofilament 

line to approximate free boundary conditions at both ends (free—free). The first dynamic 

mode of the beam according to Euler-Bernoulli beam theory is at 17.2 Hz [112]. In this test 

the beam was excited at the top with a frequency of 15.0 Hz, so the response was expected 

to be dominated by the first mode. A total of about 5300 velocity samples were acquired from 

three different positions. 

1391 mm 

      2s 

  

76 mm 

Figure 7.10. Long Beam Scanning Configuration 

7.3.2 Experimental Velocity Response Models 

Initially, the beam response was modeled with a 25 x 2 linear quadrilateral mesh. The 

out-of-plane displacement of the beam is shown in Fig. 7.11. The mean signal-to-noise ratio 
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for all the data samples acquired was 150.6, and the spatial distribution of the signal-to-noise 

ratios in shown in Fig. 7.12. The estimated error variance of the model was 

sz = 8.50 x 1078 (m/s)? for the real component and s2 = 1.50 x 10~7 (m/s)? for the 

imaginary portion. The mean model-to-residual ratio for the entire model was 159.8. The 

individual residuals for all the samples are plotted in Figs. 7.13 and 7.14 for the real and 

imaginary components of the weighted least-squares discrete finite element models of the 

dynamic response. The variations in the residuals are due to a known phenomenon of the 

LDV. When scanning over a wide depth-of-field, the LDV has periodic intervals where the 

Doppler signal weakens without regard to the surface response of the test structure. At these 

distances, the velocity samples tend to become very noisy and significant error is introduced. 

To overcome this depth-of-field problem, the scans should be split into smaller areas (having 

less depth-of-field), or many additional samples could be added to the model. 

Beam Strain (Lin Quad) 

Frequency: 15.0 Hz 

Out of Plane Disp. (m) 

3.198957e-04 

2.559166e-04 

1.919374e-04 

1.279583e-04 

6.397914e-05 

0.000000e+00 

—6.397914e-05 

~1.279583e—-04 

~1.919374e-04 

—2.559166e-04    
—3.198957Te—-04 

Figure 7.11. Out-of-Plane Displacement Rendering and Animation of Beam 
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Beam Strain (Lin Quad) 

Frequency: 15.0 Hz 

Signal/Noise (20log) 

§.011209e+01 

4.510088e+01 

4.008967e+01 

3.507846e+01 

3.006726e+01 

2.505605e+01 

2.004484e+01 

1.503363e+01 

1.002242e+01 

5.011209e+00    
0.000000e+00 

Figure 7.12. Signal-to-Noise Ratio Averages Over Elements of Beam 

  

  

Ve
lo

ci
ty

 
Re

si
du

al
s 

- 
Re
al
 
C
o
m
p
o
n
e
n
t
 

(m
/s
) 

      

1 1 1 1 h i 1 1 1 1 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 
Sample Number 

Figure 7.13. Real Velocity Residuals of Beam Linear Quadrilateral Model 
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Figure 7.14. Imaginary Velocity Residuals of Beam Linear Quadrilateral Model 

7.3.3 Model Verification 

Using a modal summation of the first four modes based on Euler-Bernoulli beam 

theory, the analytical displacement in the z direction for the free-free beam was determined 

[112] and plotted in Fig. 7.15. The 3-D dynamic displacement of the experimental beam 

response using a 50 X2 linear quadrilateral element mesh was also computed, and the z 

component is also plotted in Fig. 7.15. The right side of the plot is the location of the 

suspension and the electromagnetic shaker. The discrepancy between the analytical and 

experimental response could be due to the slight stiffness of the suspension. Also, the linear 

nature of the residuals in Fig. 7.15 seems to indicate a rigid body motion similar to the 

composite plate in the last section. Rigid body motion was not modeled by the theoretical 

dynamic response. 
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Figure 7.15. Comparison of Beam Dynamic Response Models at 15 Hz 

In addition to sampling and modeling the spatial dynamic response of the beam, a 

strain gauge was mounted on the beam and measured during the test. The strain gauge was 

placed at the approximate center of the beam and parallel to the y axis. The magnitude of the 

harmonic strain response measured by the gauge was 11 microstrains (11 x 10~°). Using 

a modal summation of the first four modes, the analytical surface strain at the same location 

on a free-free beam is 8.7 microstrains. These values for the strain were compared to the 

strain value from the experimental spatial dynamic response model formed of linear quadri- 

lateral elements. However, the modeled value of strain was over an order of magnitude 

higher. Since the strain in the model is based on the in-plane motion of the 3-D field solution, 

the strain is very sensitive to the linear approximation of the response. Therefore, a cubic 

B-spline mesh of 15 elements was used to model the experimental dynamic response. This 

mesh was shortened from the ends of the beam to avoid the noisy data taken at the ends of 

the beam. The deformed geometry of the beam was modeled with cubic quadrilateral 
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interpolation functions in order to better approximate the geometric deformation. The esti- 

mated error variance of the model was s2 = 9.18 x 10~8(m/s)? for the real component and 

a = 1.83 x 107? (m/s)? for the imaginary portion. The mean model-to-residual ratio for 

the entire model was higher than the first linear element model at 184.6. Given these 

conditions, the dynamic strain extracted from the experimental model was 25 microstrains 

along the longitudinal axis, the y direction, at the center of the beam (x = 38 mm, 

y = 692 mm). This value was much closer to the direct strain measurement than with the 

linear element model. Improvements could be expected if more velocity samples were 

included in the model, or cubic B-splines were used to model the deformed geometry. As 

stated in Chapter 5, the strain results are a function of geometry as well as the dynamic 

response. 

Beam Strain (B-splines) 

Frequency: 15.0 Hz 

Velocity (m/s) 

2.176542e-02 

1.741233e-02 

1.30592Se-02 

8.706167e-03 

4.353084e-03 

  

0.000000e+00 

—4.353084e-03 

—8.706167e-03 

—1.305925e-02 

—1.741233e-02   ~2.176542e-02 

Figure 7.16. Beam Velocity Response Modeled with Cubic B-Spline Elements 
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7.3.4 Discussion of Results 

The difference between the measured and predicted strain values at the center of the 

beam is cause for some concern. The error in the predicted strain was due to two factors: error 

in the deformed geometry representation, and error in the in-plane component of the 

dynamic response model. Cubic quadrilateral elements were used to model the dynamically 

deformed geometry of the beam surface when B-spline elements were used for the velocity 

response modeling. The cubic quadrilateral elements interpolated a mesh of points extracted 

from the B-spline response model. Errors in this representation of the deformed geometry, 

especially in the y direction, would directly impact the strain prediction. An improved 

representation of the geometry deformations would aid the strain predictions. 

The velocity response model errors also contributed to the strain discrepancy. Two 

error sources in the velocity sampling probably attributed to the majority of this error. The 

first source was the registration transformation matrices. Because the beam was so narrow, 

it was not possible to have a wide spread of registration points. The registration points were 

nearly collinear which made the registration algorithm very sensitive to any errors in the 

experimental registration measurements. The other error source in the velocity response was 

the noise in the original velocity measurements. The depth-of-field required to scan the 

entire beam from any LDV location was greater than 225 mm. This means that at some areas 

of the beam, the Doppler signal would have been very weak and caused significant noise in 

the velocity signal samples. 

This beam experiment demonstrated some of the first attempts to validate the spatial 

dynamic response models from the finite element formulation. By testing a simple structure 

like a beam, analytical solutions for dynamic operating shapes and strains can be directly 

compared to the experimental models. These types of tests build confidence in the applica- 

tion of this ESDM implementation to more complicated structures. 
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7.4 Dynamic Response of Jet Inlet Acoustic 
Control Patch 

The next demonstration of ESDM was modeling the experimental dynamic response 

of a simulated jet inlet acoustic control patch shown in Fig. 7.17. A small piezoelectric 

actuator mounted at the center of the thin steel 100 x 104 mm patch was used to induce 

harmonic vibration for several sine-dwell vibration tests. This patch was one of 12 patches 

mounted on a 545 mm tube for simulating noise control on a jet inlet shown in Fig. 7.18. The 

intent of experimental dynamics modeling for this structure was to find an excitation 

frequency that produced a relatively large deflection of the patch. Postprocessing of the 

models included angular motion, full-field dynamic strains and stresses suitable for the same 

visualization techniques described earlier. 

        Scan area: approximately 
100 mm x 104 mm with 

272 mm radius of curvature 

Figure 7.17. Close-up View of Jet Inlet Acoustic Control Patch 
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Figure 7.18. LDV Scanning Patch on Jet Inlet Acoustic Control Array 

7.4.1 Experimental Procedures 

Three different tests were conducted at 1730, 2100, and 2400 Hz. Using registered 

LDV scans from three positions, the experimental spatial dynamic response was modeled 

with the least-squares finite element formulation. Each scan contained about 1500 samples. 

Five registration points were used: four at the corners and one in the center. 

7.4.2 Experimental Dynamic Response Models 

The spatial dynamic response of the patch was found to be very similar for the three 

test frequencies. Table 7.1 summarizes the series of tests performed on the acoustic control 

patch. The mean signal-to-noise ratios for the three frequencies were very high, ranging from 

349 to 403, indicating good time-signal data. 

Figure 7.19 shows the exaggerated deformation of the jet inlet patch at 1730 Hz based 

on acceleration with “bending rotation” of acceleration displayed in color. The response field 
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was modeled with a 4 x 4 cubic B-spline finite element mesh. The actuator induced signifi- 

cant strain, 90 microstrains, in the y direction on the patch surface displayed in Fig. 7.20. 

Table 7.1. Summary Statistics for Jet Inlet Control Patch Response Models 

  

  

  

  

  

  

  

                  

Freq. No. of |_ Model Real Imaginary 
(Hz) Elements Used Nodes | Residual | Variance (m/s)? | Variance (m/s)? 

1730 | 12X12 Linear Quads] 169 139.7 2.46 x 10-8 2.54 10-8 

1730 |4x4 Cubic B-splines | 49 67.1 6.35 x 10-8 5.54x 10-8 

2100 |1212 Linear Quads] 169 | 118.2 4.47 x 10-8 3.63 10° 

2100 |4x4 Cubic B-splines| 49 52.1 1.76 x 10-7 8.04 x 10-8 

2400 | 12x12 Linear Quads| 169 102.7 6.09 x 10-8 2.99 x 10-8 

2400 | 3X3 Cubic Quads 100 98.1 1.02 x 10-7 3.07 x 10* 

2400 |4x4 Cubic B-splines| 49 48.2 2.89 x 10-7 5.78 KIO 

Jet Inlet Patch 

Frequency: 1730.0 Hz 

Bending Ang. Acc. (rad/s*2) 

1.352358e+04 

1.217122e+04 

1.081886e+04 

9.466506e+03 

8.114147e+03 

6.761790e+03 

5.409432e+03 

4.057074e+03 

2.704716e+03 

1.352358e+03 

  

0.000000e+00 

Figure 7.19. Jet Inlet Patch Bending Angular Acceleration at 1730 Hz 
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Jet Inlet Patch 

Frequency: 1730.0 Hz 

Strain - Local Y direction 

8.990868e-05 

7.192694e-05 

5.394521e-05 

3.596347e-05 

1.798174e-05 

3.637979e-12 

~1.798173e—-05 

—3,596347e—-05 

—35.394520e-05 

—7.192694e-05 

  

—8.990867e-05 

Figure 7.20. Jet Inlet Patch Local Y Strain at 1730 Hz 

The complex-valued continuous 3-D velocity response field at 2100 Hz was modeled 

with a 12 x 12 linear quadrilateral mesh. The spatial distribution of the mean signal-to-noise 

ratios for each element is displayed in Fig. 7.21. The elements which display more motion 

tend to have the highest signal-to-noise ratios as expected. A residual plot of the real velocity 

component containing all the measured velocity samples used in the linear element model 

is shown in Fig. 7.22. The residuals exhibit a well balanced distribution with mean zero, 

indicating the model is providing the best statistical approximation of the data with the 

elements and basis functions. 
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Jet Inlet Patch 

Frequency: 2100.0 Hz 

Signal/Noise (20log) 

6.009277e+01 

5.408350¢+01 

4.807422e+01 

4.206494e+01 

3.605566e+01 

3.004639e+01 

2.403711e+01 

1.802783e+01 

1.201855e+01 

6.009277e+00    0.000000e+00 

Figure 7.21. Jet Inlet Patch Signal-to-Noise Ratio Averages Over Elements 
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Figure 7.22. Residuals of Jet Inlet Patch Real Velocity Model at 2100 Hz 
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Figure 7.23 shows the displacement animation model of the 2100 Hz response with 

the in-plane component of displacement indicated by the color shading. The light-colored 

(purplish) elements along the top of the patch are elements that were not modeled. These 

elements did not have enough velocity sample coverage to provide the minimum amount of 

data to solve for the modeling parameters. Each node in the model represents three model 

parameters. If the surface area represented by an element was not sampled at least four times 

(for linear elements) from each of three different points of view, the element is not included 

in the model solution. One exception to the condition is that an undetermined element 

surrounded completely by valid elements will be incorporated back into the finite element 

model. The continuous-field dynamic von Mises surface stresses computed from the 2100 

Hz dynamic response model are displayed in Fig. 7.24. 

Jet Inlet Patch 

Frequency: 2100.0 Hz 

In Plane Disp. (m) 

2.702398e-07 

| 2.432159e-07 

2.161919e-07 

1.891679e-07 

1.621439e-07 

1.351199e-07 

1.080959e-07 

8.107195e-08 

5.404796e-08 

2.702398e-08    0.000000e+00 

Figure 7.23. Jet Inlet Patch In-Plane Displacement at 2100 Hz 
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Jet Inlet Patch 

Frequency: 2100.0 Hz 

von Mises Stress (MPa) 

$.376029e+00 

838426e+00 

4.300823¢+00 

3.763220e+00 

3.225617e+00 

2.688014e+00 

2.150411e+00 

1.612808e+00 

1.075206e+00 

5.376028e-01    0.000000e+00 

Figure 7.24. Jet Inlet Patch von Mises Stress at 2100 Hz 

The final jet inlet acoustic control patch dynamic model is the 2400 Hz response 

model in Fig. 7.25. In this figure the patch deformation and color shading are functions of 

the out-of-plane dynamic displacement of the vibrating surface. A 3 x3 cubic quadrilateral 

mesh provided the model framework in this case for solving the complex-valued continuous 

3-D velocity response field. 
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Jet Inlet Patch 

Frequency: 2400.0 Hz 

Out of Plane Disp. (m) 

1.431706e-06 

1.145365e-06 

8.590237e-07 

5.726824e-07 

2.863412e-07 

0.000000e+00 

-2.863412e-07 

-5.726824e-07 

-8.590237e-07 

-1.145365e-06    -1.431706e-06 

Figure 7.25. Jet Inlet Patch Out-of-Plane Displacement at 2400 Hz 

7.4.3 Discussion of Results 

One of the difficulties encountered in modeling the experimental spatial dynamic 

response of the jet inlet patch was due to the wire lead for the piezoelectric actuator. Some 

of the LDV velocity measurements were from the vibrating wire instead of the patch surface. 

The velocity values from the wire were correlated with the input signal, but not with the 

spatial response of the jet inlet patch. These “foreign” velocity measurements had to be 

removed from the scan data used in the finite element velocity response models. 

The jet inlet acoustic control patch models were the first applications of the ESDM 

method to a curved shell. These test cases revealed the experimental spatial response of the 

patches when the only other alternatives were analytical models. The dynamic response 

shapes also verified that the largest displacement occurred at the location of the mounted 

piezoelectric patches. 
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7.5 Dynamic Response and Acoustic Prediction 
of Simply-Supported Plate 

The 314 Hz response models of a simply-supported steel plate were used extensively in 

Chapter 6 to show various types of spatial dynamic model displays. The plate was actually 

tested at three frequencies: two on-resonance frequencies, 314 Hz and 1044 Hz, and one 

off-resonance frequency of 550 Hz. Various dynamic response models were solved for the 

full-field 3-D velocity providing many postprocessing results as demonstrated in Chapter 6. 

An additional postprocessing operation of the experimental spatial dynamic response 

models was used with the plate models for predicting acoustic radiation. 

By combining an experimentally derived dynamic response model with a numerical 

FE/BE acoustic code, an improved, cost-effective experimental/numerical method for 

predicting both dynamic and acoustic responses is achieved. This new approach is demon- 

strated on the simply-supported plate system mounted on a baffle in an anechoic chamber. 

The 3-D structural velocity field was measured by scanning the plate from three non-col- 

linear locations simulated in Fig. 7.26. The complex-valued continuous 3-D dynamic 

response of the plate was solved for with the weighted least-squares discrete finite element 

formulation for the three target frequencies. Using the complex-valued continuous 3-D 

dynamic response field, and not direct laser measurements, the radiation directivity and 

intensity fields were predicted with an acoustic code. The radiation directivity was also 

measured radially along a horizontal plane, and sound intensity was measured across the 

surface of the plate. The direct acoustic measurements were compared to the predicted 

response. Very good agreement was observed, validating the approach for both on- and 

off-resonance excitations. 
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Structure 

Coordinate System 

  
Figure 7.26. Multiple LDV Positions for Spatial Dynamics Measurements 

7.5.1 Experimental Procedures 

The simply supported steel plate with dimensions 380 mm Xx 300 mm and 2 mm 

thickness is shown in Fig. 7.27 with the structural coordinate system. The test plate was 

mounted in a rigid steel frame by thin steel shims that approximated simply-supported 

boundary conditions. The test rig was placed in an anechoic chamber with a cut-off frequen- 

cy estimated at 250 Hz. A wooden baffle shown in Fig. 7.28 was used to eliminate the dipole 

effect by the front and back radiation of the plate. The steel plate was harmonically excited 

with an electromagnetic shaker attached to the back of the plate at x = -120 mm, y = -76 mm. 

An amplified harmonic disturbance from a signal generator was used to power the shaker 

at the same power level at all three frequencies. The acoustic field was sampled on the 

horizontal plane of the plate (y = 0) at a radius of 1.4 m with a Briiel & Kjer 6.35 mm 
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microphone. The acoustic resonance frequencies of the plate were experimentally deter- 

mined by driving the shaker with white noise and measuring the radiated sound with the 

microphone positioned normal to the plate surface. 

300 mm 

  

  
Figure 7.27. Steel Plate Coordinate System 

  

Figure 7.28. Plate and Microphone in Baffled Anechoic Chamber 
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7.5.2 Velocity Scans 

The vibrating plate was scanned with the LDV from three non-collinear positions in front 

of the plate. Three separate scans of approximately 5000 points were acquired at each 

position to record the velocity response of the plate at 314, 550, and 1044 Hz. One scan 

position was approximately at coordinates x = 0 m, y = 0.5 m, z = 1 m in the structure’s 

coordinate system as shown in Fig. 7.29. The real and imaginary components of the 314 Hz 

velocity response scan at this position are shown in F ig. 7.30. Example scan data for the 550 

and 1044 Hz responses are displayed in Figs. 7.31 and 7.32. The LDV position was registered 

with respect to the plate at each scan position, so the laser measurement position and 

direction could be determined for every velocity sample. 

  
Figure 7.29. LDV and Microphone in Anechoic Chamber 
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Real (mm/s) 
g 23.28 fg 23.28 

0.0 0.0    
   

    

    

             

—23.28 —23.28 

Figure 7.30. LDV Velocity Scan of Plate at 314 Hz 

Real (mm/s) — Imaginary (mm/s) — 

0.0 0.0 

—4.036 —4.036 

Figure 7.31. LDV Velocity Scan of Plate at 550 Hz 

Real (ams) = 8.022 me. a mi 8.022 

B 0.0 0.0 

—8.022 —8.022 

Figure 7.32. LDV Velocity Scan of Plate at 1044 Hz 

7.5.3 Experimental Velocity Response Models 

The velocity response data from the three scans at a given driving frequency were 

modeled with the weighted least-squares discrete finite element formulation. The model for 
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the 314 Hz velocity response in Fig. 7.33 is based on a 10 x 12 linear quadrilateral element 

mesh. The total estimated error variance for the real portion of this model is 0.265 (mm/s), 

and the imaginary estimated error variance is 0.194 (mm/s)*. A 3 x4 quadratic quadrilateral 

mesh was used to model the 550 Hz velocity response shown in Fig. 7.34. The total estimated 

error variance for the real and imaginary components of the 550 Hz model are 0.0155 

(mm/s)? and 0.00767 (mm/s)2, respectively. Figure 7.35 contains the results of a 20x 24 

linear quadrilateral element model for the 1044 Hz plate velocity response. The total esti- 

mated error variances are 0.0448 (mm/s)? and 0.0225 (mm/s)? for the real and imaginary 

components of the 1044 Hz model. A significant amount of in-plane motion is evident at all 

frequencies. 
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Figure 7.33. Velocity Model of Plate at 314 Hz, 10 x 12 Linear Quadrilaterals 
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Figure 7.35. Velocity Model of Plate at 1044 Hz, 10 x 12 Linear Quadrilaterals 

Experimental Results 188



The solution for the 314 Hz response was also converged by mesh refinement (h-type 

convergence) and increasing the order of the basis functions (p-type convergence). A 

summary for the different model solutions is given in Table 7.2. The error variance values 

for the experimental spatial dynamic response models consistently drop as the meshes are 

refined or the order of the basis functions is increased. The mean model-to-residual ratios 

increase as desired during the model convergence progression. A very dramatic demonstra- 

tion of the model convergence is seen by comparing the residual plots for two of the models. 

Figure 7.36 is a residual plot for the 10 x 12 linear quadrilateral mesh solution of the real 

velocity component, and the residuals for the 7 x 10 cubic B-spline mesh solution are plotted 

in Fig. 7.37. The residual distribution squeezes in tightly around mean zero for the cubic 

B-spline model. The outliers are still present. The outlying data points are ideal candidates 

for robust reweighting in an iterative scheme discussed in Chapter 8, although the effect on 

the model solution would be minimal. 

Table 7.2. Summary Statistics for 314 Hz Plate Response Models 

  

  

  

  

  

  

  

            

No. of | _Model Real Imaginary 
Elements Used Nodes | Residual | Variance (m/s)* | Variance (m/s) 

5 x6 Linear Quads 42 17.7 1.24 x 10-6 4.79 x 10-7 

10 x 12 Linear Quads 143 75.0 4.471077 3.27 10-7 

15 X19 Linear Quads 320 167.2 4.24 10-7 3.31 10-7 

5X6 Quadratic Quads | 143 121.1 4.211077 3.21 10-7 

3X4 Cubic Quads 130 210.8 4.09 x 10-7 3.18 x 10-7 

3 x 4 Cubic B-Splines 42 53.0 5.09 x 10-7 3.36 10-7 

7 x10 Cubic B-Splines 130 426.3 4.05 x 10-7 3.18 x 10-7   
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Figure 7.36. Residuals of 10 x 12 Linear Quadrilateral Plate Model at 314 Hz 
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Figure 7.37. Residuals of 7 x 10 Cubic B-Spline Plate Model at 314 Hz 
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7.5.4 Predicted Acoustic Radiation 

The same 120 linear quadrilateral element mesh for the velocity response model was 

constructed to predict the acoustic radiation at 314 Hz with the FE/BE acoustic code 

SYSNOISE [101]. The finite element model of the experimentally measured velocity field 

was used to specify the nodal velocity values for the acoustic code. The radiated pressure 

was computed along a 1.4 m radius on the horizontal plane at y = 0. The predicted magnitude 

of radiated sound pressure is plotted in Fig. 7.38 using a solid line. 
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Figure 7.38. Radiation Directivity Comparison at 314 Hz 

At 550 Hz and 1044 Hz, the plate radiator was modeled with a 20 x 24 linear quadrilater- 

al element mesh. The pressure was computed as before on an arc with a 1.4 m radius on the 

horizontal plate at y = 0. The predicted magnitude values for the radiated sound pressure at 

the same locations are plotted in Figs. 7.39 and 7.40 for the 550 and 1044 Hz responses, 

respectively. 
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Figure 7.39. Radiation Directivity Comparison at 550 Hz 
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Figure 7.40. Radiation Directivity Comparison at 1044 Hz 

7.5.5 Measured Acoustic Radiation 

To validate the accuracy of the experimental/numerical acoustic prediction approach, the 

acoustic field was measured at 9° increments with a Briiel & Kjzr microphone traversing 

the horizontal plane at y = 0. The 314 Hz acoustic measurements are plotted in Fig. 7.38 as 

discrete points. The experimental measurements for the 550 and 1044 Hz responses are 

plotted in Figs. 7.39 and 7.40 along with the predicted radiation directivities. Good agree- 

ment is observed between the predicted and measured sound pressure levels. In the 550 Hz 
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test, only two experimental measurements differed more than 2 dB from the acoustic predic- 

tion, while none differed more than 2 dB in the 1044 Hz test. To assess the prediction 

accuracy, the mean difference and variance of the experimental versus predicted sound 

pressure levels were computed. These results, shown in Table 7.3, validate the accuracy and 

feasibility of the hybrid experimental/numerical method for acoustic radiation prediction. 

Table 7.3. Statistical Comparison Between Experimental and Predicted Sound 
Pressure Results 

  

Excitation Frequency 

314 Hz 550 Hz 1044 Hz 

Mean Error -~1.55 1072 6.56 x 10-4 -5.22 10-4 

(Pa) 

Variance (Pa*) | 2.98x 10-4 5.32 x 10-6 2.81 x 10-> 

  

  

              
The only frequency response where any significant difference is evident between pre- 

dicted and measured acoustic results is in the 314 Hz excitation test. This frequency is very 

close to the estimated 250 Hz cut-off frequency of the anechoic chamber, so radiation 

backscattering is likely. The plate was positioned in a small cut-out in the baffle that sepa- 

rated the chamber into front and back halves. The baffle was not truly rigid or isolated from 

the plate; some vibration at this low frequency could have been induced in the baffle by the 

plate motion. The baffle did not extend through the wall insulation to create a perfect 

boundary; therefore, some radiation undoubtedly leaked from the back side of the plate. 

These are the most viable explanations for the discrepancy in the notch at the -72° measure- 

ment on the 314 Hz test case. The test at 314 Hz was performed explicitly to show that the 

experimental/numerical acoustic prediction method could be used even when the environ- 

ment would not accommodate conventional acoustic measurements very well. In the 550 Hz 

and 1044 Hz test cases the differences between the predicted and measured sound pressure 

are insignificant by accepted practice. 
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7.5.6 Active Acoustic Intensity Prediction 

The active acoustic intensity vector field was computed on an 11X11 element mesh 

0.038 m from the plate surface. The intensity field was also measured with a two microphone 

intensity probe [113]. Figures 7.41 and 7.42 contain contour plots of the measured and 

predicted normal component of the active intensity (a vector quantity) for the 314 Hz 

excitation. Due to lack of a calibration device for the intensity probe, the measured intensity 

scale was normalized to the predicted values. Excellent agreement of the relative contours 

is achieved. Also, the intensity closely resembles the scanned surface velocity in Fig. 7.30. 

Acoustic intensity vector information is a valuable tool when redesigning systems for noise 

reduction. The 3-D acoustic intensity vectors reveal the flow of the acoustic field. The 

predicted 3-D intensity vectors for the 314 Hz plate response are plotted in Fig. 7.43 at a 

0.038 m offset from the surface. 
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Figure 7.41. Measured Normal Active Intensity on z = 0.038 m Plane at 314 Hz 
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Figure 7.43. Predicted Intensity Vector Field on z = 0.038 m Plane at 314 Hz 
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7.5.7 Full-Field Acoustic Prediction 

The experimental/numerical approach offers a number of advantages over direct 

measurement of acoustic response. The most powerful result of this technique is that once 

the velocity response of the test structure is solved using the ESDM method, the correspond- 

ing acoustic radiation directivity and intensity vector fields can be easily predicted anywhere 

in the exterior acoustic field. To illustrate this concept the radiated pressure was computed 

at a 1.4 m hemisphere using a 1297 node mesh. Figures 7.44-7.46 show contoured sound 

pressure plots on the 1.4 m hemispheres computed with SYSNOISE. One observation 

regarding Fig. 7.44 is that the sound pressure bands match the approximate 3-1 mode in the 

314 Hz scan of Fig. 7.30. 
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Figure 7.44. Predicted Radiated Sound Pressure on 1.4 m Hemisphere at 314 Hz 
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Figure 7.45. Predicted Radiated Sound Pressure on 1.4 m Hemisphere at 550 Hz 
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Figure 7.46. Predicted Radiated Sound Pressure on 1.4 m Hemisphere at 1044 Hz 
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Additional experimental verification using different acoustic radiators and the acquisi- 

tion of more acoustic data points would be useful. The additional data would provide further 

quantitative assessment of the potential of this experimental/numerical method relative to 

direct acoustic measurements. This is particularly true at the locations of very low sound 

pressure as seen in the 1044 Hz full-field predicted response in Fig. 7.46. 

7.5.8 Discussion of Results 

One advantage of the experimental spatial dynamic response models was the ability to 

model the dynamic response based on the true experimental boundary conditions. The plate 

was mounted with 20 pins through the flanges surrounding the plate in an attempt to 

approximate simply-supported boundary conditions. However, the boundary conditions 

were not true simple supports, so the spatial dynamic response of the plate differed from plate 

theory for simply-supported boundary conditions. When visually investigating the animated 

dynamic response models, the locations of some of the pins were noticeable, because those 

edge positions were virtually stationary during animation. 

A novel methodology was presented for the purpose of acoustic prediction by coupling 

ESDM and a FE/BE acoustic code. This new application of ESDM demonstrated the predic- 

tion of the direct acoustic radiation of a vibrating structure as a postprocessing function. This 

initial study of the concept used high density experimental velocity response data measured 

with a scanning LDV to solve for an experimentally derived model of the complex-valued 

continuous 3-D velocity field of a vibrating structure. Assumptions affecting structural 

dynamic response resulting from uncertainties of flatness, boundary conditions, material 

properties, damping, etc. were inherently modeled in the “physical differential equation” - 

the actual structure under test. The solution to the steady-state field equations was statistical- 

ly qualified to show convergence by mesh refinement, increase in order of the basis func- 

tions, or additional sampling. After the finite element model for the velocity field was solved, 

Experimental Results 198



the individual LDV measurements were no longer used. The complex-valued continuous 

3-D velocity field was used to determine dynamic strains, stresses, and other dynamic 

characteristics of a structure, including the acoustic radiation of the entire structure. 

This new experimental/numerical acoustic radiation prediction technique is effective 

and more efficient from the computational time and cost viewpoint than direct measurements 

of the acoustic response. Both the experimental dynamic response and acoustic radiation 

prediction are obtained from one test. The complex-valued 3-D velocity vector-field model 

is loaded into a FE/BE acoustic code to predict the acoustic radiation directivity and active 

intensity vector field anywhere in the fluid. Improved accuracy of the spatial dynamic 

response model also yields better acoustic predictions. Direct acoustic measurements have 

inherent errors due to instrumentation and environmental conditions. These acoustic instru- 

ment errors include phase matching, finite microphone spacing, environmental effects, 

manual positioning, calibration accuracy, and other limitations associated with the two 

microphone approach for intensity measurements [113, 114]. The ESDM method is not 

limited to data acquisition in an anechoic chamber, but is equally applicable to in-the-field 

measurements. 

The identification of noise sources and mechanisms is critical for noise control purposes. 

The experimental/numerical acoustic prediction technique can be efficiently used to uncover 

radiation mechanisms and determine the contribution to the total radiation of structural 

subcomponents. The contribution of a single panel or side of a machine could be evaluated 

without having to perform the test on the entire structure. This is accomplished by measuring 

only components of interest on the test structure with the scanning LDV, solving for the 

velocity fields of the structural part being investigated, and assigning a zero surface velocity 

or a prescribed impedance to the rest of the structure. 
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7.6 Dynamic Response and Acoustic Prediction 
of Compressor Housing 

The last test case documented in this chapter demonstrates two new features of the 

ESDM process. First, the ESDM method was applied to a complex 3-D shell structure. The 

geometry from an existing finite element model provided the shape model for a reciprocating 

Freon compressor. Second, the natural operating conditions of the structure was used as the 

excitation source for the experiment. The scanning LDV was used to measure velocity 

response at thousands of locations on the pressurized operating compressor. Positionally 

registered data was acquired from eleven scanning positions of the laser. The weighted 

least-squares discrete finite element formulation was applied to solve for the continuous 3-D 

velocity response field from the experimental data at a single frequency. Dynamic 3-D 

angular velocities, displacements, and accelerations were easily computed from the full- 

field velocity model. Dynamic strain and stress fields across the shell elements were also 

extracted by directly postprocessing the displacement response. 

An additional application of ESDM is demonstrated for noise reduction analysis by 

predicting the direct acoustic radiation from experimental velocity response. Using the 

complex-valued continuous 3-D dynamic response field as input, and not direct laser 

measurements, the radiation directivity and active intensity fields were predicted with an 

acoustic code. The fluid/structure interaction, material properties, and boundary conditions 

are inherently modeled by the ESDM method. This feature means that any part of the physics 

in the system that impacts the experimental dynamic response is contained in the laser 

measurements and included in the predictive acoustic model. Experimental verification was 

achieved by acquiring acoustic measurements all around the compressor and comparing the 

results to the predicted response. 
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7.6.1 Experimental Procedures 

The reciprocating Freon compressor is shown in Fig. 7.47. The excitation source for the 

structural vibration was the steady-state operating condition of the pressurized compressor 

when it was running. A reference accelerometer was mounted on the back housing surface 

at the girth. 

  
Figure 7.47. Reciprocating Freon Compressor Housing 

Figure 7.48 shows the acoustic frequency response of the operating compressor in the 

far field. The fundamental frequency of the piston/valve assembly within the compressor 

was about 58 Hz. The twelfth harmonic of the fundamental frequency, 693 Hz, was selected 
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as the frequency for dynamic response modeling. This frequency was isolated with a +10 

Hz band-pass filter on the reference accelerometer and velocity response signals. 
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Figure 7.48. Acoustic Frequency Response of Operating Compressor 

Figure 7.49 shows the scanning LDV in one of 11 positions used to scan the operating 

compressor. At each location, the LDV was positionally registered so all the scan data could 

be accurately oriented relative to the compressor model. A total of 13 scans averaging 2,000 

velocity samples each were acquired in 6 hours for a total of about 26,000 velocity measure- 

ments. The back side of the compressor housing was obstructed both by its close proximity 

to other equipment and its many service connections; therefore, the back was not scanned. 

This is not a limitation of the method, because it is natural to partially model the compressor. 

The solution of the entire 3-D velocity field over the compressor’s surface could be achieved 

by moving it and scanning around the obstacles. 
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Figure 7.49. LDV Scanning the Compressor 

Single-frequency harmonic waves were fit to the time signals from the reference accel- 

erometer and LDV at each individual scan position. An example velocity response time- 

signal data set and model is plotted in Fig. 7.50 along with the model residuals in Fig. 7.51. 

There is an extreme amount of deterministic content in the residuals. A significant amount 

of phase and frequency modulation is also evident. The most probable explanation is that 

the compression cycle of the internal piston is causing a periodic fluctuation in the frequency 

response. However, the p-value for the regression is miniscule, so the single-frequency 
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model represents significant information. The corresponding reference accelerometer signal 

data and model are shown in Fig. 7.52 with the residuals of the regression model plotted in 

Fig. 7.53. The maximum sample cross-correlation coefficient has a questionable value of 

0.57 which indicates the response is not totally correlated with the measured reference. The 

signals are periodic at the fundamental running speed, so the response and reference signals 

were sampled over two complete revolutions of the shaft before curve fitting. In these 

specific time-signal models, 1136 points over 24 waveforms were sampled. The power 

spectral density plot of Fig. 7.54 shows that the dominant frequency in the example velocity 

signal is near 700 Hz. The FFT amplitude plot in Fig. 7.55 more specifically indicates that 

693 Hz, the frequency of interest, is the dominant frequency. Even though the time-signal 

data was not windowed before applying the FFT, and leakage is clearly evident in the figure, 

the FFT plot serves the intended purpose of qualifying 693 Hz as the dominant frequency. 
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Figure 7.50. Example Velocity Time-Signal Data with Single-Frequency Fit 
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Figure 7.51. Example Velocity Signal Model Residuals 
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Figure 7.53. Example Reference Signal Model Residuals 
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Figure 7.54. Power Spectral Density of Example Velocity Time Signal 
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Figure 7.55. Frequency Response Function of Example Velocity Time Signal 

Conventional acoustic measurements of the operating compressor were also acquired. 

Figure 7.56 shows direct measurement of the acoustic radiation of the compressor housing 

using an intensity probe. Both the sound pressure and active intensity were recorded for a 

total of 264 samples on four panels surrounding the top, front, left, and right sides. 

7.6.2 Numerical Modal Response Models 

There are several difficulties associated with predicting the dynamic response with a 

numerical finite element model in addition to the problem of obtaining accurate mode shapes 

for the modal summation process. Many of the primary modeling problems are associated 

with the proper representation of the boundary condition model and other feature modeling 

such as the representation of the welded lap joint, or girth. Other features which are difficult 

to represent are mass concentrations of service connections, thickness variations due to the 

deep-drawing manufacturing process of the housing, and differences in geometry with 
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respect to design specifications and from one unit to the next. Assumptions in the numerical 

finite element model include constant material properties and constant shell thickness; the 

service connections were ignored, and only normal (non-complex) modes were solved. A 

great deal of effort and attention to detail has been given to developing a qualified finite 

element model for the compressor under study. The resulting finite element model has been 

meticulously built and evaluated over time with the aid of other experimental data [115]. The 

model has also been compared and validated with 2-D images scanned with the LDV. Results 

from this finite element modeling effort include two 3-1 normal modes of the housing at a 

resonance of 672 Hz in Fig. 7.57 and 741 Hz in Fig. 7.58 [116]. The dotted lines represent 

the deformed dynamic response. These housing modes are presented here for later compar- 

ison with the resulting experimental spatial dynamic response model. 

  
Figure 7.56. Direct Acoustic Measurement of Compressor Housing 
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Figure 7.57. Compressor Housing 3-1 Normal Mode at 672 Hz 
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 58. Compressor Housing 3-1 Normal Mode at 741 Hz Figure 7. 
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7.6.3 Experimental Dynamic Response Model 

The geometric and velocity response finite element models were based on the same 

meshing of linear triangular elements. The elements were originally developed for an analyt- 

ical finite element analysis of the compressor. The surface geometry was determined by 

measurements from a coordinate measuring machine. The finite element model consisted 

of 1243 nodes and 2328 triangular elements. Of these, 484 nodes and 896 elements were 

included in the experimental dynamic response finite element model as shown in Fig. 7.59. 

Higher-order elements could be incorporated in the weighted least-squares model for p-type 

convergence of the velocity field. The number of nodes and elements used in the dynamic 

finite element model were determined by the LDV scan coverage. Elements required suffi- 

cient data samples from at least three directions in order to be included in the model. 

  
Figure 7.59. Compressor Housing Model with Velocity Response Mesh 
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The dynamic response solution of the structure consists of real and imaginary compo- 

nents of the continuous 3-D velocity field. The ESDM finite element solution took about 30 

minutes of computation time on an engineering workstation. The solution is qualified by the 

total estimated error variance on the velocity fields of 1.13 x 10-9 (m/s)? for the real and 

1.71 x 10-° (m/s)* for the imaginary fields. The complex-valued continuous 3-D velocity 

response field can be used to animate the spatial dynamic response of the compressor as a 

function of time. One step in the exaggerated animation of the modeled 693 Hz dynamic 

response is shown in Fig. 7.60. This particular response is very similar to the 672 and 741 Hz 

3-1 cylindric housing mode shapes shown earlier. The 693 Hz response model is primarily 

a combination of these two housing modes, demonstrating consistency between the experi- 

mental and numerical modeling approaches [116]. 

  
Figure 7.60. Dynamically Deformed Compressor Housing at 693 Hz 

Spatial confidence intervals at the nodes of the velocity response model are shown in 

Fig. 7.61. A cuboid is used instead of an ellipsoid to allow reasonable computation and 
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display times. These confidence intervals are derived from the time-signal error variance of 

the velocity fit at each scan location. The spatial position and orientation error is not yet 

included, although the spatial error is expected to have a significant impact on the variance 

of the data points and consequently on the velocity response model. 

  
Figure 7.61. Confidence Interval Bounding Boxes at Velocity Response Nodes 

Though a notch filter was used to isolate the 693 Hz target response frequency of the 

compressor housing, the velocity signals contained significant frequency and phase modula- 

tion. The signal-to-noise ratios of the velocity samples were averaged over the least-squares 

finite elements, and the result is shown in Fig. 7.62. The location of the dominant peaks and 

node areas of the dynamic response are clearly evident. However, even at the peak locations, 

the signal-to-noise ratios are very small. The mean signal-to-noise ratio of the time-signal 

models for the entire model was 0.658. This model was solved using very noisy data by 

acquiring a very high number of data samples. Numerous samples will not necessarily 
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improve the signal-to-noise ratio average, but the extra sampling allows convergence to the 

spatial dynamic response solution. 

Compressor Housing 
Frequency: 693.0 Hz 

Signal/Noise (20log) 

3.696128e+00 

2.192017e+00 

6.879063e-01 

—8.162048e-01 

—2.320316e+00 

—3.824427e+00 

~5.328538e+00 

—6.832649e+00 

—8.336761e+00 

~9.840872e+00    —1.134498e+01 

Figure 7.62. Signal-to-Noise Ratio Averages over Elements of Compressor 

Figures 7.63 and 7.64 are plots of the real and imaginary components of the experimental 

spatial dynamic response model residuals from about 26,000 velocity samples. Each 

segment of approximately 2,000 residuals represents the data from one scan. The residuals 

do not have a uniform random distribution, although this could be explained by the curvature 

of the housing. Some of the laser velocity samples were made with very high incidence 

angles. The spatial distribution of model-to-residual ratios is shown over the elements in 

Fig. 7.65. The mean model-to-residual ratio of the velocity field solution was 4.65. This is 

prodigious considering the mean signal-to-noise ratio for the velocity time signal was 0.658. 
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Compressor Housing 

Frequency: 693.0 Hz 

Model Amp,/Resid. (20log) 

4.077867e+01 

3.547864e+01 

3.017861e+01 

2.487858e+01 

1.957855e+01 

1.427852e+01 

8.978494e+00 

3.678465e+00 

-1.621564e+00 

—6.921593e+00    ~1.222162e+01 

Figure 7.65. Model/Residual Averages over Elements of Compressor Housing 

Bending Angular Displacement of Compressor Housing Surface 

The bending angular displacement of the compressor housing response at 693 Hz is 

shown in Fig. 7.66. The bending rotation is a function of the out-of-plane motion (normal 

to the surface) of the compressor housing. The areas of highest bending angular motion are 

between areas of the highest out-of-plane deflections. 

Von Mises Stress of Compressor Housing Surface 

The dynamic surface strains and stresses of the compressor housing are easily computed 

from the dynamic response solution. The strain field is a function of both the in-plane and 

out-of-plane surface displacements. The von Mises stress is directly related to the biaxial 

strain state at any surface location. The stresses shown in Fig. 7.67 are interpolated values 

of the stress computed at each node of the dynamic response model. The highest stresses 

appear in areas of large displacements, particularly near the greatest out-of-plane deflection. 
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Compressor Housing 

Frequency: 693.0 Hz 

Bending Ang. Disp. (radians) 

1.008062e-04 

9.072555e-05 

8.064493e-05 

7.056432e-05 

6.048370e-05 

5.040308e-05 

4.032247e-05 

3.024185e-05 

2.016123e-05 

1.008062e-05    0.000000e+00 

Figure 7.66. Bending Angular Displacement of Compressor Surface at 693 Hz 

Compressor Housing 

Frequency: 693.0 Hz 

von Mises Stress (MPa) 

1.101726e+00 

9.915530e-01 

8.813804e-01 

7,712079e-01 

6.610353e-01 

$.508627e-01 

4.406902e-01 

3.305176e-01 

2.2034S1e-01 

1.101725e-01    0.000000e+00 

Figure 7.67. von Mises Stress on Surface of Compressor Housing at 693 Hz 
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7.6.4 Acoustic Prediction and Measurements of 
Compressor Housing 

Given an ESDM velocity field solution, acoustic radiation prediction is a direct 

postprocessing function of the dynamic response model. Acoustic radiation prediction of the 

compressor was based on the partial housing model. The acoustic response could be reason- 

ably predicted on only the top, front, and lateral sides. The best results were expected in front 

of the compressor where the radiation was not significantly affected by the back side 

vibration. The complex-valued continuous 3-D velocity field solution served as the 

boundary values for a FE/BE acoustic prediction code. Figure 7.68 shows contour plots of 

the predicted sound pressure at 264 nodes on four panels. The predicted active intensity 

normal to the surface of the panels is shown in Fig. 7.69. The predicted intensity plots 

correlate well with the predicted sound pressure plots as expected. 

by 
    

64.9 

62.8 

60.7 

58.6 

56.4 

dB 

54.3 

$2.2 

50.1 

48.0 

45.9 

43.8 

41.7 

  

Figure 7.68. Predicted Sound Pressure Around the Compressor Housing 
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Figure 7.69. Predicted Normal Active Intensity Around the Compressor Housing 

The sound pressure and active intensity radiating from the operating compressor were 

measured at the same 264 node locations as the predicted nodes. The complete surface 

vibration of the compressor housing influenced the acoustic measurements including the 

contributions from the bottom and back surfaces. In contrast, the ESDM velocity field was 

not solved over the entire compressor housing, in particular the bottom and back. The 

predicted acoustic radiation lacked the contribution to the acoustic energy from the response 

of these surfaces. Consequently, the best agreement between predicted and measured values 

was on the front face panel. The acoustic field at the front was dominated by the dynamic 

response of the front compressor surface. The missing influence of the acoustic radiation 

from the bottom and back housing surfaces had minimal effect in front of the compressor. 

The 693 Hz measured sound pressure response is shown in Fig. 7.70. The calibrated 

sound pressure levels are higher than the predicted values. Since the RMS amplitudes of the 

modeled harmonic velocity signals are less than the RMS values of the velocity samples, the 
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measured response is expected to be higher. Regardless, the best agreement between direct 

and predicted sound pressure is on the front face panel. 

74.4 
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Figure 7.70. Measured Sound Pressure Around the Compressor Housing 

Figure 7.71 shows the measured active intensity normal to the surface of the 4 panels. 

The intensity values are significantly lower than the predicted values. An intensity calibrator 

was not available, so an accurate calibration factor was not known. However, the trend of 

the intensity values is qualitatively consistent with the sound pressure measurements. Also, 

the measured active intensity on the front face panel closely resembles the trend of the 

predicted normal intensity. 
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Figure 7.71. Measured Normal Active Intensity Around the Compressor Housing 

7.6.5 Discussion of Results 

The compressor test was distinctive in many respects. The spatial dynamic response 

model of the compressor was the first large 3-D shell model of a significantly curved 

structure. The excitation source was the operating vibration of the reciprocating piston 

assembly inside the compressor instead of an electromagnetic shaker. The dynamic response 

model was qualitatively verified with numerical finite element mode shapes. Also, direct 

sound pressure and acoustic intensity measurements validated predicted acoustic radiation 

based on the complex-valued continuous 3-D velocity model of the vibrating compressor. 

The severe frequency modulation of the time signals indicated that either multiple- 

frequency regression or a trigger on the piston was needed for modeling the time signals. The 

geometry model was limited to flat triangles, although the surface was very smooth. This 

shape approximation contributed to errors in the velocity sample locations on the compressor 
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model. When factoring in registration errors due to the uncertainty in the registration point 

locations, the spatial errors in the LDV measurements were quite significant. Fortunately, 

the extensive coverage of the compressor surface from numerous LDV positions aided in 

converging the spatial dynamics model to the true solution. 

7.7 Summary of Experimental Test Cases 

Table 7.4 contains a summary of the five experimental test cases presented in this 

chapter. It compares the different element types used for modeling the complex-valued 

continuous 3-D velocity response fields. The table indicates the different derived results 

discussed in this chapter and shows some of the verification of the ESDM results. 

Table 7.4. Summary of Experimental Test Cases 
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Chapter 8 

Conclusions 

This final chapter contains five major sections. First, the research on experimental 

spatial dynamics modeling documented in this dissertation is summarized. Next, the 

research methodology is assessed relative to the stated research objectives. Fulfillment of 

the general research hypothesis is evaluated in the third section. Future directions for contin- 

uing the research are discussed in the fourth section. Lastly, new potential applications and 

improvements for retesting and modeling some of the test structures in Chapter 7 are 

mentioned in the final section. 

8.1 Nomenclature 

a estimated parameters 

m number of estimated parameters 

n number of samples 

x independent variables 

y measured samples 

y(x; a) predicted model 

Zz general variable 

0 error variance 
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e(z) function, negative logarithm of the probability density 

  

y(z) derivative of p(z), ¥(z) = 6) 

Subscripts 

ik general indices 

8.2 Research Summary 

Experimental spatial dynamics modeling is anewly developed approach to dynamics 

modeling using high-spatial-density data from ascanning LDV. A scanning LDV can sample 

the surface velocity of a vibrating structure with very high spatial density. A new weighted 

least-squares discrete finite element formulation was developed to solve for the complex- 

valued continuous 3-D velocity response field from sampled velocity data. The formulation 

was derived from the steady-state solution of the differential equation for the structural 

dynamic response due to harmonic excitation where the dynamics are represented as a 

spatially continuous 3-D velocity field. Linear, quadratic, cubic, and cubic B-spline basis 

functions were used to form isoparametric finite elements in the dynamic response model. 

The finite element mesh can be naturally adapted to accommodate irregular or complex 

geometries and dynamic response fields. Through mesh refinement, increase in order of the 

basis functions, and additional sampling, the finite element model can be converged to a 

statistically qualified solution. 

Before the spatial dynamics finite element model could be formed, single-frequency 

multiple linear regression was used for signal processing of the harmonic velocity and 

reference force. Statistical properties of the sampled velocity signals were used to cull poor 

measurements based on a regression F test and velocity/reference correlation. Registration 

of the scanning LDV was necessary to determine the position and orientation of the laser 

relative to the test structure. Registration also provided the transformation matrices to 
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perform polygon ray intersections to position each of the laser samples on a polygonal shape 

model. A new algorithm was developed to solve for the registration transformation matrix 

using a single set of nonlinear equations. 

Each LDV measurement incorporated into the least-squares finite element model 

was weighted by the error variance of the sampled velocity signal. However, the real and 

imaginary components of the complex velocity field of the finite element model were solved 

in two pieces by separating the real and imaginary components of velocity relative to the 

reference force. A novel application of the multivariate delta method was used for the 

identification of the error variance estimates of relative velocity signal coefficients in order 

to separate the error variance into real and imaginary parts. Once the complex components 

of the model were solved separately, they were recombined to form a complete dynamic 

response model. The resulting dynamic response models are experimentally derived spatial 

models that allow spatial analysis, post-processing, and visualization of experimental dy- 

namics directly analogous to the Finite Element Method in computational modeling. 

In the ESDM method, the laser is never intentionally directed to hit the same spot on a 

vibrating surface from three or more views. In practice it is almost impossible to measure 

the velocity at the same point on the structure from multiple positions without difficult and 

tedious initial preparation if it is possible at all. The power and uniqueness of the ESDM 

method is that each velocity measurement by the laser from any view point is just another 

sample of the structure’s continuous 3-D velocity field. Each velocity measurement is the 

projection of the actual continuous 3-D velocity field at the point on the structure along the 

line-of-sight of the laser beam. Consequently, the vibrating surface of a test structure can be 

stochastically or randomly sampled to eliminate aliasing artifacts due to sampling patterns. 

Assumptions affecting structural dynamic response resulting from uncertainties in 

geometry, boundary conditions, material properties, damping, etc. were inherently modeled 
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in the “physical differential equation” - the actual structure under test. After the finite 

element model solution for the complex-valued continuous 3-D velocity field was 

converged, the individual LDV measurements were no longer used. The 3-D velocity field 

was easily postprocessed to determine calibrated displacements and accelerations, 3-D 

angular motion, dynamic strains and stresses. Other dynamic characteristics of a structure 

could be determined, including a new approach for acoustic radiation prediction based on 

an experimental spatial dynamic response model. The ESDM technique is very time and cost 

effective, since so many results are available from one test. 

Graphical presentation of the results began with the animation of 2-D velocity scans 

for inspection of the raw LDV data. A novel approach was developed for color animation 

of complex response using a quick color map update. After solving a spatial dynamics 

model, animation of 3-D experimental spatial dynamic response was possible for the first 

time. The 3-D graphics model was suitable for adding color shading to display rotations, 

strains, stresses, and statistical information. In addition it was easy to separately display 

in-plane and out-of-plane motion. 

Simulated dynamic models were used to investigate the formulation and to establish 

its validity. The method was shown to converge by higher-order elements, mesh refinement 

and acquisition of additional data. The application of this method was applied to experimen- 

tal data from five different test structures including a 3-D shell. Each solution for the 3-D 

steady-state velocity field was accompanied by the associated statistics of estimated error 

variance and model amplitude to residual ratios for qualifying the models. 

8.3 Assessment of Results 

The following list assesses how the research effort satisfied each of the original six 

research objectives. 
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¢ Polygonal shape models were successfully integrated with the experimental 

spatial dynamic response models via polygonal ray intersection. Finite 

element shape models were either generated from simple flat surfaces or 

based on existing finite element models of 3-D structures. 

¢ The multiple-point nonlinear registration procedure was used in all 

experimental tests of Chapter 7 to determine the relative position and 

orientation of the LDV. The registration transformation matrix was shown to 

converge to the experimental error of the registration measurements. 

e Time-signal data from reference transducers and the LDV were statistically 

modeled with multiple linear regression. The velocity samples were scanned 

from multiple LDV positions in each experiment documented in Chapter 7. 

e The weighted least-squares discrete finite element formulation was devel- 

oped to solve for the complex-valued continuous 3-D velocity response field 

of a vibrating structure. 

e By postprocessing the model solution, many dynamic properties including 

full-field strains and stresses and acoustic prediction were derived from the 

dynamic response representation. 

e A graphics program was developed for color shading and animation of the 

3-D spatial dynamic response models. The interactive visual display allows 

investigation of the experimental spatial dynamics. 

8.4 Satisfaction of the Research Hypothesis 

Fulfillment of the research objectives in this dissertation led directly to satisfying the 

research hypothesis. A new approach for modeling the complex-valued continuous 3-D 

velocity response fields from high density discrete dynamics measurements was achieved. 

The scanning LDV provided the spatial coverage necessary to develop an experimental 3-D 

Conclusions 226



spatial dynamics model with velocity from multiple scanning positions. Each LDV velocity 

sample was treated as a projection of the surface velocity onto the vector direction of the laser 

beam. The weighted least-squares discrete finite element formulation was key to modeling 

the 3-D dynamic response of shell structures. Each velocity sample was incorporated into 

the finite element model to effectively integrate over the element domains. In essence, the 

experimentally measured velocity response of a vibrating structure was a “physical differen- 

tial equation” incorporated into the variational statement of the finite element formulation. 

8.5 Future Research Recommendations 

The following recommendations for continuing the present research are divided into 

five categories as depicted in Fig. 8.1. The first section on general recommendations is 

followed by sections on preprocessing, modeling, postprocessing, and visualization. 

  

Experimental Spatial Dynamics Modeling 
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Figure 8.1. Experimental Spatial Dynamics Modeling Future Recommendations 
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8.5.1 General 

Process Integration 

The current implementation of the ESDM method consists of multiple programs 

residing on multiple computer architectures. The data acquisition computer system is sepa- 

rate from the workstations used for running programs to interface to the shape model, solve 

the velocity response model, and graphically visualize the results. A more desirable configu- 

ration would be a single computer system that contained all the program elements ranging 

from data acquisition to interactive visualization. 

Correlation to Dynamics Model 

Another area of research within the ESDM conceptual framework is the develop- 

ment of dynamics models based on physical structural properties [117]. These properties 

could include thickness, material properties, boundary conditions, etc. This will allow study 

of design modifications of the structure based on an experimental spatial dynamics model. 

8.5.2 Preprocessing 

Multiple-Frequency Regression 

An obvious extension to single-frequency spatial modeling is to incorporate a mullti- 

ple-frequency regression model for signal processing the excitation and velocity response 

measurements. The current multiple linear regression could be easily extended to model 

multiple-frequency vibration. 

Geometric B-Spline Model Interface 

Only polygonal shape models were used to demonstrate the ESDM method in this 

dissertation. However, the initial strain experiment showed that the strain calculations are 
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very sensitive to the geometry model. A smooth, continuous shape model could be imple- 

mented within the finite element framework by using cubic B-splines. 

Include Spatial Sensitivities of Registration Procedure 

Spatial position errors are suspected to be the greatest potential error source in the 

ESDM process. By adding spatial sensitivities to the registration and shape model interface 

to estimate error bounds, the spatial dynamics model and its statistical qualification could 

be improved. 

8.5.3 Modeling 

Refined Model Formulation 

The current model formulation incorporated in the least-squares finite element solu- 

tion evenly distributes error in the model between in-plane and out-of-plane components of 

velocity. The out-of-plane dynamic response of structures is generally much higher in 

magnitude than in-plane motion. A model that “stiffens” the least-squares error of the 

in-plane velocity component would conceptually distribute the model error more accurately. 

Adaptive Sampling 

Adaptive sampling refers to the ability to choose sample locations on a structure 

based on a current dynamic response model from the prior data samples. Areas with rapid 

change in the velocity response field or with high residuals could be sampled at greater 

densities. This would allow various model refinements and convergence in areas of greater 

dynamic activity. Also, additional sampling near edges and corners would help to obtain 

better solutions for the finite element nodes near the edges. 

Higher-Order B-Spline Elements 

The implementation of higher-order B-splines would provide models suitable for 

higher-order derivatives. Higher-order derivatives are potentially useful for some spatial 
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power flow representations that require third derivatives of the spatial dynamic response 

surfaces. 

Imposed Boundary Conditions 

By imposing boundary conditions on the least-squares finite element model, the 

velocity-field representation could be improved. However, accurate assessment of experi- 

mental boundary conditions is often difficult to achieve. The laser samples of the dynamic 

response field are generally the best evaluation of boundary conditions on a particular model. 

Robust Estimation 

Robust estimation [118, 119, 120] could be useful in the finite element model 

formulation of experimental spatial dynamic response. On many occasions LDV velocity 

samples have dramatically unexpected regression coefficients for the time-signal models. 

These outliers (or noisy points) have a large amount of influence on the finite element 

solution. Many factors can lead to inconsistent samples in scanning velocity response 

including surface variations, dirty optics, and temporary loss of Doppler signal tracking. 

Robust estimation has already been demonstrated for modeling 1-D velocity response of 

experimental beam dynamics [121]. 

A robust technique of iteratively reweighted least-squares computations [10, 122] 

was briefly investigated in solving for the 3-D velocity response fields. After obtaining the 

first solution to the finite element field equations, a second mesh was assembled with 

additional weighting factors based on residuals from the first solution. The robust statistical 

estimate used was an M-estimate from maximum-likelihood arguments. The initial model 

was predicated on normally distributed errors. However, the distribution of errors based on 

the laser data is not necessarily normal. 
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Equation (8.1) contains the general form for equations that must hold to find model 

parameters which minimize the error based on a selected probability distribution function, 

p. Equation (8.2) follows by taking the derivative of the first equation, and the general 

variable z is defined in Eq. (8.3). The system of equations for the normal distribution or the 

chi-square minimum used in the finite element formulation have the form of Eq. (8.4) where 

yz) = z [69]. 

  

a — yixsa 
minimize over a Sof ve ) (8.1) 

i=1 

n > — 

—UL dy(%;5 a) _ 0 = 5 309 aa, k =1,...,m (8.2) 

>= (” a) (8.3) 

— 0 Xia = SHS) MBB) oe 
With the Cauchy or Lorentzian distribution (for the error), Eq. (8.5) defines y(z). 

  

One approach for using the Lorentzian distribution in a linear system is to retain the least- 

squares formulation, but add the new weighting factor of Eq. (8.6) using the results of the 

previous solution. Consequently, an iterative reweighting process is required. 

yz) = (7) (8.5) 

_ 1 weight(z) = (<5) (8.6) 

The estimated error variance, s,, is used as the best known estimate for o. The 

standard deviation weight at each point causes the M-estimate to be local. The function (z) 

Conclusions 231



initially increases with error deviation. However, for larger residuals it starts to decrease, so 

that the influence of very deviant points, hopefully the true outliers, are significantly reduced 

in the model. 

8.5.4 Postprocessing 

Experimental Verification of Full-Field Strains and Stresses 

Velocity values measured by the LDV have been calibrated and compared favorably 

with accelerometers. However, verification of the in-plane dynamic displacements has been 

limited. Some testing is required to validate the postprocessing results of the dynamic 

displacements. Specifically, measurements from a group of spatially distributed strain 

gauges need to be compared to the strains extracted from the corresponding experimental 

spatial dynamic model. Also, results from a full-field stress imaging system could be 

compared to the von Mises stresses extracted from the experimental spatial dynamic 

response models. 

Power/Energy Flow 

The power flow, also known as energy flow or structural intensity, is the conduction 

and dissipation of energy in a dynamically excited structure. Power flow is based on the 

vibration wave motion and is directly related to the surface velocity [3]. Many different 

experimental techniques have been applied to measure power flow. Some of these methods 

include a combination of piezoelectric film and accelerometers to measure the longitudinal, 

bending, and torsion waves along arod [123]. These methods are often limited in their ability 

to measure the spatial power flow due to the small number of spatial measurements. With 

an experimental spatial dynamic response model based on high density LDV measurements, 

a spatial power flow model can be developed using the same formulations in numerical finite 
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element analysis of power flow [2, 124, 125]. Research on experimental power flow using 

the proposed methodology has already been demonstrated on a beam [126] and a plate [127]. 

8.5.5 Visualization 

Audio Investigation 

A possible future application for investigative visualization of ESDM results is the 

use of audio feedback. Auditory signals are detected faster than visual ones. Also, the 

auditory sense is temporal; humans are extremely sensitive to changes in an acoustic signal 

over time [128]. Sound can provide additional presentation of higher-dimensional informa- 

tion to existing graphical data [129]. Sonification and audition are terms for describing the 

linking of data to sound. 

Many of the properties derived from the velocity response model are candidates for 

investigation with data-based sound as appropriate computer hardware and software become 

available [130]. Exploratory data analysis through sound might be implemented with stereo- 

phonic and surface sound. Three-dimensional acoustic visualization over headphones can 

link discrete and continuously varying acoustic parameters with information in a computer 

graphic display. The greatest advantage of sonification may be its ability to enhance and 

reinforce visual information [128]. 

Power Flow Visualization 

The results of the power flow evaluation of the spatial dynamics models could also 

be graphically rendered. If the power flow is represented with complex values, the energy 

movement within the structure’s surface could be animated. Since the power flow is direc- 

tional, arrows could be superimposed onto the graphics model to display the magnitude (by 

size) and direction of power flow visualization as shown in Fig. 8.2 [131]. 
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Simply Supported Plate 
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Figure 8.2. Power Flow Vectors Over 3-D Surface 
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Acoustic Response Animation 

The complex-valued velocity response field yields boundary values for a FE/BE 

acoustic modeling code. The complex acoustic radiation could be combined with the 

velocity response in graphics animation. This would visually show the interaction between 

the surface boundary (the acoustic radiator) and the acoustic response. 

Investigative Data Cursor 

Currently, the spatial dynamics results are displayed with graphics. An investigative 

mode is conceived for using a data cursor to identify locations of interest on the dynamics 

model. The numerical values of results for that one location could be displayed and dynami- 

cally updated on screen. 
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8.6 Future Applications 

The following list of recommended future applications for the ESDM technique 

developed in this dissertation represent the next level of growth of the ESDM methodology. 

Experimental Verification of Strains 

The single location strain gauge measurement on the beam will be expanded to 

measure strain directly at numerous locations on a structure. A suitable test structure for 

verifying full-field strain would be the steel plate with the pin supports around the edge used 

in Chapters 6 and 7. The dynamic response of the plate contained significant in-plane motion 

which would be measured by the strain gauges. The in-plane response could also be corre- 

lated with analytical plate mode shapes [132, 133]. 

Dynamics of Stationary and Rolling Tire 

The spatial dynamic response and acoustic radiation of tires are critical issues for the 

passenger car tire industry. Current experimental and analytical dynamics modeling tech- 

niques for tires rely heavily on modal analysis [134] and nonlinear finite element codes. A 

proposed ESDM application is to model both the experimental geometry and experimental 

spatial dynamic response of a stationary and a rolling tire. Modeling the 3-D motion of the 

tire surface will increase understanding of the tire dynamics and allow more accurate 

acoustic radiation prediction. 

Extended Compressor Experiments 

Many new compressor experiments are envisioned. These consist of modeling the 

dynamics and predicting the acoustic response to single-frequency excitation of an empty 

compressor housing. Simultaneous multiple-frequency excitation would be another logical 

progression in the test sequence. Multiple-frequency regression for modeling the many 
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dominant harmonic frequencies of the operating compressor system would be especially 

useful. Other suggestions following the initial experience for modeling the compressor 

housing dynamic response include: 

e Enhance signal processing to include multiple-frequency regression of 

time-signal data to simultaneously model multiple harmonics of the 

fundamental operating frequency. 

e Use a tachometer on the internal piston to trigger sampling of the velocity to 

reduce frequency modulation of the dynamic response measurements. 

e Improve registration point placement or more accurately indentify registra- 

tion coordinate positions. 

e Provide complete scan coverage of the back side of the compressor by 

moving it away from nearby obstacles. 

e Obtain an experimental topological/geometric model or a CAD model to 

allow mesh refinement, model convergence, higher-order elements, and 

B-spline elements. 

¢ Increase the number of laser measurements to allow convergence analysis 

based on sampling. 

e Provide better environmental monitoring and control to maintain constant 

temperature and humidity. Also, actively control exhaust pressure to stabilize 

internal conditions of the compressor. 

¢ Calibrate the intensity probe for better independent verification of the 

predicted acoustic radiation. 
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Appendix A 

Scanning LDV Data Acquisition 

A.1 Nomenclature 

F frequency 

v surface velocity 

A wavelength of light 

Subscripts 

Cc catrier signal 

d Doppler signal 

A.2 Data Acquisition System 

The scanning LDV system shown in Fig. A.1 consists of many support components 

in addition to the scanning laser and detectors [9]. In a single-frequency sine-dwell experi- 

ment, a signal generator and amplifier are used to drive an electromagnetic shaker that 

harmonically excites the test structure. A digital-to-analog (D/A) converter is required to 

drive the scanning mirror deflection system. An analog-to-digital (A/D) converter is used 

to acquire the reference signal and velocity response. The input force is detected with a force 

transducer where the signal is passed through an amplifier. Band-pass filters (low and high 
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pass filters in series) are used to filter both the reference and velocity signals. A computer 

system with custom software communicates with the laser via the D/A and A/D convertors 

to position the laser beam and record the reference force and velocity time signal during a 

scan. A least-squares formulation is used for regressing a sine curve to uniformly sampled 

reference force and velocity signals at each measurement location as described in Chapter 3. 
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Figure A.1. Experimental Configuration of LDV Data Acquisition System 

A.3 The Scanning LDV Instrument 

The scanning LDV is acommercial interferometer originally conceived by Drain and 

Moss [4, 79]. It is manufactured and sold by Ometron Limited with the brand name VPI 

Sensor (Vibration Pattern Imaging Sensor). It is a noncontacting velocity transducer able to 

remotely measure surface velocity of a vibrating solid structure. The LDV measures velocity 

of a moving surface along the line-of-sight of its helium-neon laser beam. The LDV is 

essentially an indoor instrument, although it can be used outdoors under moderate condi- 

tions. It contains a class II He-Ne laser with maximum emitted radiation of 1 mW. The 

dynamic range of the LDV is from 0 to 1 m/s at a distance of up to 200 m. The vibrational 

frequency range is from DC to 100 kHz. 

Scanning LDV Data Acquisition 250



The LDV is a scanning system which has two mirrors to deflect the beam horizon- 

tally and vertically under manual or computer control. The deflection range is -+12.5° in 

both directions. The instrument was initially designed to scan a 2-D velocity image of a 

structure under single-frequency excitation. The primary output of the LDV is an analog 

voltage signal proportional to the surface velocity. The overall scale accuracy of the analog 

velocity output is dictated by the precision and long term stability of the analog electronic 

adjustments and the linearity of the frequency-to-analog conversion circuits. The stated 

overall accuracy is approximately +3% of full scale. Velocity range settings of LOW, 

MEDIUM, and HIGH (which set the carrier frequency, F,) affect the calibration factors and 

working depth-of-field. Also, various filter settings affect the amplitude attenuation and 

phase shifting of the velocity signal. 

The LDV measurement principle is founded on the same Doppler effect of sound that 

is frequency shifted when reflected or emitted from a moving object. With the LDV, a beam 

of laser light reflected from a moving surface is frequency shifted. The relative change in 

frequency is small (1 part in 10° or less), but it can be very accurately measured using optical 

interferometry and electronic frequency detection. 

Figure A.2 contains a schematic of the LDV [79]. This instrument is based on a 

Michelson interferometer in which a laser beam is divided into reference and signal (or 

measuring) beams. The measuring beam is directed at the test piece, and the back-reflected 

light is combined with the internal reference beam. When the test article moves, the path 

difference between the routes followed by the reference and measuring beams changes. The 

resulting intensity modulation of the recombined beam is due to interference between the 

reference and measuring beams. The frequency, F,, of intensity modulation corresponding 

to surface velocity, v, is F, = 2v/A, where A is the wavelength of the He-Ne laser light 

(3.15 x 107’ m). The recombined beam is then split by a quarter waveplate into two 
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channels, so that the interferometric path difference on one channel is a quarter wavelength 

longer than the other. Two detectors convert the beams into analog voltage signals, yielding 

a sine signal and a cosine signal. The 90° phase shift between the signals allows the discrimi- 

nation of the direction of motion since one signal will lead the other. These two Doppler 

signals with frequency F’, are routed into a dual channel balanced modulator. The signals 

are modulated by internally generated sine and cosine signals at a carrier frequency F,. Final 

summation of the two modulated signals yields a single-frequency shifted Doppler signal 

output at F, + F, or F, — Fy, depending on the direction of motion. This combined 

Doppler signal is also called a Single Side Band Suppressed Carrier (SSBSC). A frequency 

tracking circuit generates an analog voltage (via FM demodulation) representing the instan- 

taneous velocity of the moving surface. 
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Four variables affect the measurement quality of the LDV: working distance, 

measuring beam focus, test surface preparation, and laser speckle noise [79]. The maximum 

working distance is dependent on how much reflected laser light can be collected by the 

detectors. The coherence characteristics of the He-Ne laser source cause the amplitude and 

stability of the Doppler signal to vary periodically with respect to working distance, creating 

periodic optimal working distances. The focus of the laser light on the test surface does not 

affect the accuracy of the velocity measurement, but it does affect the amplitude of the 

Doppler signal. Significant defocus reduces the tolerance to working distance and surface 

coating. The LDV can tolerate a wide range of surface characteristics from matt black to 

retroreflective. However, higher reflectance of the test surface back to the photodectors 

corresponds to stronger Doppler signals. Finally, the laser speckle “noise” that arises when 

the laser beam illuminates optically rough surfaces usually does not affect the final velocity 

signal. The change in the granular speckle pattern in the laser light will cause fluctuations 

in the Doppler signal. The speckle does not affect the demodulation circuits unless the signals 

fall below a minimum threshold value. When the Doppler signals fall below the minimum 

threshold, a dropout occurs in the analog velocity voltage. 

Scanning LDV Data Acquisition 253



Appendix B 

Program Pseudocode 

This appendix contains brief pseudocode for the primary programs written for the 

research developed in this dissertation. 

ConvertScans 

The ConvertScans program computes the registration transformation matrices and 

applies them to the velocity samples to determine the intersection location, element number, 

and parametric coordinates for each sample. 

Read project file 

Read in or create geometry 

For each registration and scan file pair 

Compute registration transformation 

Convert geometry nodes to laser coordinates 

Process scan file data 

Read scan file initialization information 

For each mirror angle scan pair and corresponding time-signal data 

Apply calibration constants 

Separate variance if necessary 
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Filter out velocity measurements with poor statistics 

Find intersection location on finite element shape model 

Save velocity measurement data 

End loop 

End loop 

Save geometry nodes and elements 

DynScanDisp 

The DynScanDisp program reads, displays, and animates single LDV scan files 

using X Window graphics. 

Read scan data file 

Partition color cells 

Initialize X window graphics 

Display static scan images 

Enter event loop 

Check for external event 

Redraw images based on keyboard, mouse, or window manager requests 

Set maximum scale upon keyboard request 

Start/stop animation upon keyboard request 

Update color table if color animation is in progress 

End loop 

Model Velocity 

The ModelVelocity program assembles the weighted least-squares finite element 

mesh and solves the resulting linear system of equations. 
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Read project file 

Read geometry file for finite element shape model 

Initialize data space for finite element linear system of equations 

Assemble system finite element dynamic stiffness matrix and force vector 

Clear data space for finite element linear system of equations 

For each velocity measurement 

Evaluate basis functions at parametric location on assigned element 

Determine weighting value 

Compute element stiffness matrix and force vector contribution 

Add element to system finite element mesh 

End loop 

Solve the linear system of equations 

Compute the confidence intervals if requested 

Compute the statistics on the velocity model results 

Save velocity model and element statistics data 

SignalProc 

The SignalProc code computes multiple linear regression and statistics for use in data 

acquisition computer system. 

Initialize multiple linear regression matrices 

Perform multiple linear regression on reference and velocity signals 

Compute values for the reference and velocity signals based on the regression models 

Compute the error variance, regression p-value, and correlation coefficient 

Calculate the relative phase angle of the velocity to the reference signal 

Separate the variance if desired 
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Visual 

The Visual program is the 3-D visualization code written with Silicon Graphic’s 

graphics language (GL) for animation and color shading of the experimental spatial 

dynamics response modeling. 

Initialize fonts and input devices 

Create graphics windows 

Read project file 

Read data files for geometry, velocity response model, and element properties 

Display 3-D color model and the color bar 

Enter event loop 

Check for external event 

Redraw windows upon window manager request 

Process Spaceball input for interactive transformation control 

Update color shading and color bar based on function key requests 

Start/stop animation via function key control 

Update 3-D color model if animation is in progress 

Update 3-D model if a new position and orientation was specified 

End loop 
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Appendix C 

Code and Data Files 

This appendix contains listings of the README files describing the code and data 

files used to demonstrate various methodology and examples in this dissertation. 

C.1 Code Files 

Contents of .../Dissertation/Code/ConvertScans 

The ConvertScans program computes the registration transformation matrices and 

applies them to the velocity samples to determine the intersection location, 
element number, and parametric coordinates for each sample. 

ConvertScans - executable 
ConvertScans.C - source code 

ReadUnvFile.C - Universal file input translator 

vecfunc.C - user defined function for registration algorithm 
convert.h - include file 
Makefile 

The following routines from Numerical Recipes in C are used in the registration 
algorithm. 

broydn.C - Broyden’s method nonlinear equation solver 
newt .C - Newton’s method nonlinear equation solver 

fdjac.C - forward difference approximation to Jacobian 

fmin.C - returns f = (1/2)FF at x 
Insrch.C - line search 
lubksb.C€ - LU backsubstitution 

ludcmp.C - LU decomposition 

nrutil.C - utility routines 
nrutil.h - utility routine header file 

qrdcmp.C - QR decomposition 
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grupdt.C - QR update 
rotate.C - Jacobi rotation 

rsolv.C - solves Rx = b 

Contents of .../Dissertation/Code/DynScanDisp 

The DynScanDisp program reads, displays, and animates single LDV scan files 

using X Window graphics. 

DynScanDisp - executable 

DynScanDisp.c - main program 

DSD.c - bulk of the source code 

Makefile 

Contents of .../Dissertation/Code/FEproto 

The Matlab code and functions in this directory were used to prototype the 

weighted least-squares discrete finite element method both analytically and 
for the first experimental data set. 

beam.m - analytical test procedure for simulated beam 
plate.m - test procedure for modeling simply-supported plate 

plate Composite.m - test procedure for modeling composite plate 

basisCBspline.m - basis functions 
basisCubic.m " 

basisLinear.m 
basisQuad.m 

forceCBspline.m - function to calculate dynamic force vector values 

forceCubic.m " 
forceCubicExp.m 

forceLinear.m 
forceLinearExp.m 
forceQuad.m 

forceQuadExp.m 

indexCBspline.m - function to index into rectangular finite element mesh 

indexCubic.m " 
indexLinear.m 
indexQuad.m 

plotBothVel .m - plotting routine 

plotTheory.m " 
plotali.m " 
savesysnoise.m - routine to generate velocity input for SYSNOISE 
stiffCBspline.m - function to calculate the dynamic stiffness matrix values 

stiffCubic.m " 
stiffCubicExp.m " 
stiffLinear.m 
stiffLinearExp.m 

stiffQuad.m " 
stiffQuadExp.m " 
velocityCBspline.m- function to compute velocity anywhere on solved F.E. mesh 
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velocityCubic.m 

velocityLinear.m 
velocityQuad.m 

Contents of .../Dissertation/Code/Misc 

The following files contain various data translation programs. 

CompMakeIntUnv.C - program to make a Universal file of measured intensity 

values on the 4 panels surrounding the compressor 

CompMakePresUnv.C - program to make a Universal file of measured pressure 
values on the 4 panels surrounding the compressor 

CompShiftNodes.C - program to shift node numbers of compressor to avoid 

conflict with panel node numbers 
CompSysnoiseUNV.C - program for generating a Universal file format of 

velocity for input to SYSNOISE 

NewPlateUnv.c - program to generate new Universal file with pressure 
converted to dB 

PlateIntdB.c — program to generate intensity vector data file for 

plotting with Mathematica 

The following files contain Mathematica code to plot data. 

Intensity.math - code for display 3-D intensity vectors 

dBplot.math - code for radiation directivity plots 

Contents of .../Dissertation/Code/Model Velocity 

The ModelVelocity program assembles the weighted least-squares finite element 

mesh and solves the resulting linear system of equations. 

Model Velocity - executable 
ModelVelocity.C ~ source code 
convert.h - include file 

Makefile 

The following routines from Numerical Recipes in C are used for solving the 

linear system of equations from the finite element formulation and computing 

confidence intervals. 

choldc.C - Cholesky decomposition 
chols1.C - Cholesky backsolver 

gammin.C - computes natural log of gamma function 
gammq.C - returns incomplete gamma function 
gcf.c - returns incomplete gamma function by its continued fraction 

gser.C - returns incomplete gamma function as series representation 

nrutil.C - utility routines 
nrutil.h - utility routines header file 

pythag.C —- computes nondestructive 2-D vector length 

qrdcmp.C - QR decomposition 
qrsolv.C - QR solver 

rsolv.C - solves Rx = b 
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rtbis.C - bisection method root finder of single parameter function 

svbksb.C - backsolves AX = B from svdcmp 

svdcmp.C - singular value decomposition 

Contents of .../Dissertation/Code/SignalProc 

The following programs perform signal processing functions on the raw laser velocity 
(and the reference) data samples. 

convert_vel raw.c - processes time series data file from compressor experiment 

SignalProc.C - computes multiple linear regression and statistics for 

use in data acquisition 

tsAnalysis.m - Matlab routine for time series analysis of operating 
compressor time history data 

Makefile.convert_vel_raw 
Makefile.SignalProc 

The following routines from Numerical Recipes in C are used for computing the 

regression p-values. 

betacf.c - evaluates continued fraction for incomplete beta function 
betai.c - returns incomplete beta function 

gammin.c - computes natural log of the gamma function 
nrutil.c - utility routines 

Contents of .../Dissertation/Code/Visual 

The Visual program is the 3-D visualization code for animation and color 

shading of the experimental spatial dynamics response modeling. 

Visual - executable 
Basis.c - routines to evaluate basis functions and derivatives 
ClearWindow.c - function to clear graphics window 
ComputeStrainStressRot.c - function to compute strains, stresses, and rotations 

CreateWindows.c ~ function to create graphics windows 
DrawObject.c - routines for drawing graphics 

GetInput.c ~ function to get input from keyboard 

ReadDataFiles.c - functions to read input data files 
SpaceBall.c - function to get and process Spaceball input 

Visual.c — main program source 
light.h - include file 
visual.h -" 

Makefile 

Contents of .../Dissertation/Code/VisualStats 

The VisualStats program performs animation and visual statistics display with 

color shading and glyphs using direct velocity samples on a 3-D model; motion 

is assumed normal to the surface. 
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VisualStats - executable 

ClearWindow.c - function 
ComputeNormals.c - function 

CreateWindow.c - function 

DrawObject.c - routines 

GetInput.c - function 

to clear graphics window 
to compute surface normals 

to create a graphics window 
for drawing graphics 

to get input from keyboard 

ReadDataFile.c - function to read input data file 
SpaceBall.c - function to get and process Spaceball input 
VisualStats.c —- main program source 

light.h ~ include file 

visual.h -" 
Makefile 

C.2 Data Files 

The following extensions are commonly used for the ESDM data files: 

centerline centerline velocity, generally a flat structure 

elemprops element properties file with signal-to-noise and 

model-to-residual averages 

geom geometry file with nodes and elements 
meas LDV velocity sample measurements after processing by ConvertScans 

powerf low predicted in-plane power flow vectors 

project project file containing overall test information 

residuals model residuals after solving 
rewtdvel reweighted velocity model solution 

velmodel velocity model solution at nodes 

Contents of .../Dissertation/Data/BeamStrain 

The following data files are for the 15.0 Hz test on the long beam. 

BeamStrain2—-50.centerline 

BeamStrain2-50.elemprops 

BeamStrain2-50.geom 
BeamStrain2-50.meas 

BeamStrain2—-50.project 
BeamStrain2-50.residuals 

BeamStrain2-50.velmodel 
BeamStrain2.center 

BeamStrainZ2.elemprops 
BeamStrain2.geom 
BeamStrain2.meas 

BeamStrain2.project 

BeamStrain2.residuals 
BeamStrain2.rewtdvel 

BeamStrain2.velmodel 

~ 50x2 linear quadrilateral element model 
it 

- 25x2 linear quadrilateral element model 

BeamStrain2Splines.centerline - 5x1 cubic B-spline element model 

BeamStrain2Splines.elemprops 

BeamStrain2Splines.geom 
BeamStrain2Splines.meas 
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BeamStrain2Splines.project 
BeamStrain2Splines.residuals 
BeamStrain2Splines.velmodel 
Position0.reg 

Positionl.reg 
Position2.reg 

Scan0Pos0.15Hz 

ScanlPos1.15Hz 
Scan2Pos2.15Hz 

tt 

u 

a 

registration file for beam scan 
if 

ua 

scan data file 
u 

Contents of .../Dissertation/Data/CompositePlate 

The following data files are for the 410 Hz test on the composite plate. 

CompPlateLin.geom 
CompPlateLin.meas 

CompPlateLin. project 
CompPlateLin.velmodel 
CompP]lateSp]ine.geom 

CompPlateSpline.meas 

CompPlateSpline.project 
CompPlateSpline.velmodel 

matScans 

plate410A.DSD 
plate410B.DSD 

plate410C.DSD 

regA 
regB 

regC 

scanA.kwd 
scanB.kwd 
scanC.kwd 

12x12 linear quadrilateral element model 

u 

" 

5x5 cubic B-spline element model 
u 

input data for Matlab code to model composite plate 

file for 2-D scan color display and animation 

u 

registration file for plate scan 

scan data file 

n 

Contents of .../Dissertation/Data/Compressor 

The following data files are for the ESDM test on the operating compressor. 

CompAcoustics .mfl 

CompAcoustics.mf2 
ExpPres .unv 

ExpPresShift.unv 
Intensity.meas 

Intensity.unv 

IntensityShift.unv 

Position0O.reg 
Positionl.reg 

Positionl0.reg 

Position2.reg 

Position3.reg 
Position4.reg 
Position5.reg 
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IDEAS compressor model for acoustic prediction 
tk 

Universal file of predicted acoustic response 
node shifted version of ExpPres.unv 

direct intensity measurements 
Universal file of direct intensity measurements 

node shifted version of Intensity.unv 

registration file for compressor scan 
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Position6.reg 

Position7.reg 
Position8.reg 

Position9.reg 

Pressure.meas 
Pressure.unv 
PressureShift.unv 

ScanOpos0.693Hz 
Scanl.pos0.693Hz 

Scanl0.pos8.693Hz 

Scanll.pos9.693Hz 
Scanl2.pos10.693Hz 
Scan2.pos1.693Hz 

Scan3.pos1.693Hz 

Scan4.pos2.693Hz 
Scan5.pos3.693Hz 

Scan6.pos4.693Hz 

Scan7.pos5.693Hz 
Scan8.pos6.693Hz 
Scan9.pos/.693Hz 

acouRespWithComp.mf1 
acouRespWithComp.mf2 

acoustic.unv 

acousticResponse.mf1 

acousticResponse.mf2 

compmodes .mf1 
compmodes .mf2 

compressor.elemprops 

compressor.geom 

compressor.meas 

compressor.project 

compressor.residuals 

compressor.velmodel 
sysnoise.unv 

direct pressure measurements 
Universal file of direct pressure measurements 
node shifted version of Pressure.unv 

scan data file 

IDEAS compressor model with acoustic response panels 

Universal file of the nodes and elements used for 

ESDM and acoustic radiation prediction code 
IDEAS model of acoustic response panels 
il 

IDEAS model of finite element compressor modes 

ESDM model of compressor 
" 

Universal file of nodal velocity input for SYSNOISE 

Contents of .../Dissertation/Data/JetInlet 

The following data files are for the ESDM tests on the jet inlet acoustic 
control patch. 

JetInlet1730.geom 
JetInlet1730.meas 

JetInlet1730.project 
JetInlet1730.velmodel 
JetInlet1730Spline.elemprops 

JetInleti730Spline. 
JetInlet1730Spline. 
JetInlet1730Spline. 

JetInlet1730Spline. 

JetInlet1730Spline. 

geom 
meas 
project 
residuals 

velmode]l 

JetInlet2100.elemprops 
JetInlet2100.geom 
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- 12x12 linear quadrilateral model at 1730 Hz 

- 4x4 cubic B-spline element model at 1730 Hz 

12x12 linear quadrilateral model at 2100 Hz 
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JetInlet2100.meas " 

JetInlet2100. project " 
JetInlet2100.residuals " 

JetInlet2100.velmodel " 

JetInlet2100Spline.geom - 4x4 cubic B-spline element model at 2100 Hz 

JetInlet2100Spline.meas " 

JetInlet2100Spline.project " 
JetInlet2100Sp1ine.velmodel " 
JetInlet2400.geom - 12x12 linear quadrilateral model at 2400 Hz 

JetInlet2400.meas " 

JetInlet2400. project " 
JetInlet2400.velmodel " 
JetInlet2400Cubic.elemprops - 3x3 cubic quadrilateral model at 2400 Hz 

JetInlet2400Cubic.geom " 
JetInlet2400Cubic.meas " 
JetInlet2400Cubic. project " 

JetInlet2400Cubic.residuals " 
JetInlet2400Cubic.velmodel " 
JetInlet2400Sp1ine.geom - 4x4 cubic B-spline element model at 2400 Hz 

JetInlet2400Spline.meas " 

JetInlet2400Spline.project " 
JetInlet2400Sp1ine.velmodel " 
Position0O.regFix - registration file for jet inlet scan 
Positionl.regFix " 
Position2.regFix 

Scan0.1730Hz - scan data file 
Scan0.2100Hz " 
Scan0.2400Hz " 

Scanl.1730Hz " 

Scanl.2100Hz " 

Scanl1.2400Hz " 
Scan2.1730Hz " 

Scan2.2100Hz " 
Scan2.2400Hz " 

Contents of .../Dissertation/Data/Misc 

Composite430.dat - scan data for 430 Hz composite plate response used 

in 3-D animation 
CompressorStats.dat - data file of 944 Hz compressor response for 3-D 

animation and visual statistics 

Contents of .../Dissertation/Data/SSPlate 

The following data files are for the ESDM and acoustic prediction tests on the 
simply-supported steel plate. 

FIELDPTS5.UNV Universal file of hemisphere mesh in far field 
Intensity314. input intensity vector input for Mathematica 
Intensity314.mea - direct intensity measurements of 314 Hz response 

Intensity314.unv Universal file of direct intensity measurements 
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IntensityFieldPts.unv 

PLATE1044B.NEWUNV 

PLATE1044B.hor 

PLATE314B.NEWUNV 

PLATE314B.hor 

PLATE550B.NEWUNV 

PLATE550B.hor 

PLATEINT314.UNV 

Platel044.exp 

Platel044.fe 

Platel044Cubic.elemprops 

Platel044Cubic.geom 
Platel044Cubic.meas 
Platel044Cubic. project 

Platel044Cubic.residuals 

Platel044Cubic.velmodel 
Platel1044Splines.geom 

Platel044Splines.meas 

Platel044Splines.project 

Platel044Splines.velmodel 

Plate314.exp 

Plate314.fe 

Plate314Cubic.elemprops 

Plate314Cubic.geom 
Plate314Cubic.meas 

Plate314Cubic.project 
Plate314Cubic.residuals 

Plate314Cubic.velmodel 

Plate314Lin.elemprops 

Plate314Lin.geom 
Plate314Lin.meas 
Plate314Lin. powerflow 
Piate3l4Lin. project 

Plate314Lin. residuals 
Plate314Lin.velmodel 

Plate314Lin15x19.elemprops 
Plate314Lin15x19.geom 

Plate314Lin15x19.meas 

Plate314Lini5x19. project 

Plate314Lin15x19.residuals 
Plate314Lin15x19.velmodel 
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for 314 Hz response 
Universal file of field point locations for 
measured and predicted intensity 

Universal file of predicted acoustic radiation 
on hemisphere for 1044 Hz response 
predicted acoustic radiation on horizontal 

slice of hemisphere for 1044 Hz response 

Universal file of predicted acoustic radiation 
on hemisphere for 314 Hz response 

predicted acoustic radiation on horizontal 

slice of hemisphere for 314 Hz response 
Universal file of predicted acoustic radiation 

on hemisphere for 550 Hz response 

predicted acoustic radiation on horizontal 
slice of hemisphere for 550 Hz response 

Universal file of predicted intensities for 

314 Hz response 
direct sound pressure measurements on 

horizontal plane for 1044 Hz response 

sound pressure predictions from SYSNOISE on 

horizontal plane for 1044 Hz response 
4x5 cubic quadrilateral model at 1044 Hz 
iT 

6x8 cubic B-spline element model at 1044 Hz 
i 

direct sound pressure measurements on 
horizontal plane for 314 Hz response 

sound pressure predictions from SYSNOISE on 
horizontal plane for 314 Hz response 
3x4 cubic quadrilateral model at 314 Hz 

15x19 linear quadrilateral model at 314 Hz 
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Plate314Lin5x6.elemprops 

Plate314Lin5x6.geom 
Plate314Lin5x6.meas 

Plate314Lin5x6. project 

Plate3l4Lin5x6.residuals 
Plate314Lin5x6.velmodel 

Plate3l4Quad. 
Plate314Quad. 

Plate314Quad. 

Plate314Quad. 

Plate314Quad. 

Plate314Quad. 
Plate314Spli 

Plate314Spli 
Plate314Spli 

Plate314Spli 

Plate314Spli 
Plate314Spli 

Plate314Spli 

Plate314Spli 

Plate314Spli 
Plate314Spli 

Plate314Spli 
Plate314Spli 

Plate550.exp 

Plate550.fe 

Plate550Lin. 
Plate550Lin. 

Plate550Lin. 

Plate550Lin. 

Plate550Lin. 
Plate550Lin. 
Plate550Lin. 

Posl.reg 

Pos2.reg 
Pos3.reg 

elemprops 
geom 

meas 

project 

residuals 
velmodel 

nes.elemprops 

nes.geom 
nes.meas 

nes.project 
nes.residuals 

nes.velmodel 

nes7x10.elemprops 

nes/x10.geom 

nes7x10.meas 

nes7x10.project 
nes7x10.residuals 

nes/7x10.velmodei 

elemprops 
geom 

meas 
powerf low 

project 

residuals 

velmode] 

ScanPosl. 

ScanPosl. 

ScanPosl. 

ScanPos2. 

ScanPos2. 

ScanPos2. 

ScanPos3. 

ScanPos3. 

ScanPos3. 

1044Hz 
314Hz 

550Hz 

1044Hz 
314Hz 

550Hz 

1044Hz 
314Hz 

550Hz 

plateIntensity.mfl 

plateIntensity.mf2 
plate anechoic2.mf1l 

plate _anechoic2.mf2 
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5x6 linear quadrilateral model at 314 Hz 
Nn 

direct sound pressure measurements on 

horizontal plane for 550 Hz response 
sound pressure predictions from SYSNOISE on 
horizontal plane for 550 Hz response 

10x12 linear quadrilateral model at 550 Hz 

registration file for plate scan 
it 

scan data files 
iu 

IDEAS model of active intensity of plate response 

IDEAS model of acoustic radiation prediction 
on 1.4 m hemisphere 
i" 
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sysnoise.1044Hz - SYSNOISE input file of velocity values 

sysnoise.314Hz " 

sysnoise.550Hz 

Contents of .../Dissertation/Data/SingleScans 

The following data files contain 2-D laser scan data. 

cadillac.409hddat Cadillac car door response at 409 Hz 

composite.430 - composite plate response at 430 Hz 
plate 264.92 - F-F-F-F square steel plate response at 264.92 Hz 

inducer.2543Hz - impeller inducer at response at 2543 Hz 

Contents of .../Dissertation/Data/TimeSignals 

The following data files contain time-signal data measured by the LDV 

compressor.timeseries - compressor time-signal data (and reference signal) 

measured at 12800 Hz 
signals.raw - raw signals at 381 measurement locations on 944 Hz 

single-frequency test of compressor housing 
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