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ABSTRACT 
 
The West Valley melter has been taken out of service.  Its design is the direct ancestor of the current melter design 
for the Hanford Waste Treatment Plant.  Over its eight years of service, the West Valley melter has endured many of 
the same challenges that the Hanford melter will encounter with feeds that are similar to many of the Hanford 
double shell tank wastes.  Thus, inspection of the West Valley melter prior to its disposal could provide valuable – 
even crucial – information to the designers of the melters to be used at the Hanford Site, particularly if quantitative 
information can be obtained.  
 
The objective of Mississippi State University’s Diagnostic Instrumentation and Analysis Laboratory’s (DIAL) 
efforts is to develop, fabricate, and deploy inspection tools for the West Valley melter that will (i.) be remotely 
operable in the West Valley process cell; (ii.) provide quantitative information on melter refractory wear and 
deposits on the refractory; and (iii.) indicate areas of heterogeneity (e.g., deposits) requiring more detailed 
characterization.  A collaborative arrangement has been established with the West Valley Demonstration Project 
(WVDP) to inspect their melter. 
 
INTRODUCTION 

 
Since World War II, the United States government has been involved with the production, control, and regulation of 
radioactive materials for both military and civilian uses.  Over the years, that effort has generated a large amount of 
radioactive and radioactively contaminated wastes. Currently the U.S. Department of Energy (DOE) is deactivating 
and decommissioning (D&D) many of the sites within the U.S. where transuranic materials were processed. Among 
these sites is the West Valley Demonstration Project (WVDP) in West Valley, New York (1). 
 
Vitrification has played a key role in the WVDP. Almost all of the radioactive components of the high-level waste 
on site have been immobilized in borosilicate (1,2). This was accomplished with a single, refractory-lined, Joule-
heated melter, the Vitrification Expended Materials Project (VEMP) melter. Prior to construction and operation of 
the VEMP melter, WVDP constructed and operated from 1984 to 1989 the Functional and Checkout Testing of 
Systems (FACTS) melter using non-radioactive materials in order to perfect the engineering design of the VEMP 
melter. Upon completion of the FACTS effort, an extensive “autopsy” of the FACTS melter (1,3) led to information 
that was utilized in the design and operation of the VEMP melter. The inspection effort described here is in essence 
an outgrowth of the FACTS autopsy.  
 
The West Valley VEMP melter now has been taken out of service because virtually all the liquid high-level wastes 
at WVDP have been vitrified.  Its design is the direct ancestor of the current melter design for the Hanford Waste 
Treatment Plant.  Over its eight years of service, the West Valley VEMP melter has endured many of the same 
challenges that the Hanford melter will encounter – e.g., noble metals, melt level fluctuations – with feeds that are 
similar to many of the Hanford double shell tank wastes.  Thus, inspection of the West Valley VEMP melter prior to 
its disposal could provide valuable – even crucial – information to the designers of the melters to be used at the 
Hanford Site, particularly if quantitative information can be obtained.  
 
The objective of Mississippi State University’s Diagnostic Instrumentation and Analysis Laboratory’s (DIAL) 
efforts is to develop, fabricate, and deploy inspection tools for the West Valley VEMP melter that will (i.) be 
remotely operable in the West Valley process cell; (ii.) provide quantitative information on melter refractory wear 
and deposits on the refractory; and (iii.) indicate areas of heterogeneity (e.g., deposits) requiring more detailed 
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characterization.  A collaborative arrangement has been established with the West Valley Demonstration Project to 
inspect their melter. 

 
DIAL’s inspection approach is two-fold. First the extent of wear or the amount of deposition will be quantified 
primarily by Fourier-transform profilometry (FTP), augmented by stereovision.  Second, we will determine the 
spatial distribution of the main components of the deposits. Narrow bandpass filters will be combined with block 
cameras to spectrally image the melter.  This will enable determination of the spatial distribution of selected species 
(e.g., glass components, noble metals). 
 
METHODS 
 
Fourier Transform Profilometry 
 
Fourier Transform Profilometry (FTP) is a non-contact, 3-D shape measurement technique (4). By projecting a 
fringe pattern onto a target surface and observing its deformation due to surface irregularities from a different view 
angle, FTP is capable of determining the height (depth) distribution of the target surface, thus reproducing the 
profile of the target accurately. If changes are made to the surface and if both before- and after-change images of the 
surface are acquired under the same conditions, the changes can be determined quantitatively by comparing the two 
images. The principle of FTP is illustrated in Fig. 1.  
 
 
 
 
 
 

 
 
Fig. 1.  Diagram illustrating the principle of Fourier transform profilometry. 

 
In Fig. 1, the photo image presents a cone placed on a flat surface with a fringe pattern (repeating fringe lines) 
projected onto its surface. In this illustration, the cone is the target to be determined. The flat surface is called the 
“reference plane” in FTP. Before the target image (with a certain fringe pattern projected) is acquired, a reference 
image is also acquired. The reference image shows the reference plane with the same fringe pattern projected onto it. 
It is important to make sure that during the acquisition of both images, the settings of projector, camera, and fringe 
pattern remain the same. As observed in the target image in Fig. 1, the fringe lines projected onto the cone are 
distorted. These distortions are caused by surface irregularities and contain height information for the target surface 
with regard to the reference plane. With the distortions properly interpreted, height information can be revealed. 

 
In FTP, a Fourier transform is first applied to both reference and target images. Then a region of interest in the 
transformed spectral image, which usually consists of one complete spectrum of the image being transformed, is 
selected. Inverse Fourier transforms are then applied to the selected spectral region of both images, to extract the 
phase information. Thereafter, there are two phase images available for further processing. By subtracting the 
reference phase image from the target phase image, a difference phase image is generated. Since phase information 
describes how fringe lines are spaced in an image, this difference phase image describes how the spacing of fringe 
lines of the target image varies from that of the reference image. Therefore, the difference phase image is directly 
related to the height distribution of the target surface, which caused the difference in fringe line spacing. As derived 
by Takeda and Mutoh (2), the height distribution of the target surface is easily calculated by using Eq. (1). 
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where ∆Φ (x, y) gives the phase modulation due to the object-height elevation, h(x, y); L gives the distance from the 
camera aperture to the reference plane; d represents the distance between apertures of the projector and the camera; 
f0 is the fundamental frequency of the observed fringe pattern on the reference plane (in lines/cm). 
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The resolution of FTP measurements is defined as the height (depth) that a single pixel in an acquired image can 
resolve. It is denoted as ∆hp, and can be obtained from Eqs. (2) and (3). 

 
∆ ∆ ∆h L dfp p p o= −φ φ π/ [ ]2          Eq. (2) 
where 
∆φ πp pixeln Xline= 2 /           Eq. (3) 

and ∆φp stands for the phase shift that a single pixel in the acquired image is able to resolve, nline is the total number 
of repeating fringe lines in the image, and Xpixel is the horizontal image dimension (in pixels). Obviously, the L and d 
parameters, the density of fringe lines, the dimension of the acquired image, the focal length (F.L.) of the camera 
lens, and the projector’s projected field angle all affect the resolution of FTP measurements. In an experiment where 
L = 763cm (~25ft), d = 100cm, Xpixel = 512, the repeating frequency of fringe lines before projection was 300 lines 
per inch, a Kodak Carousel 4200 projector was used, and a camera lens with 150mm focal lens was used, a 
resolution of 0.49cm/pixel has been achieved. In the WVDP melter, FTP observation distances will be in the range 
50 cm (20 inches) to 158 cm (62 inches). Because the observation distance is shorter and because we are using an 
improved FTP system, we currently anticipate that our resolution in the WVDP melter will be much better than that 
cited above; we are currently in the process of measuring the FTP measurement resolution with the known distances 
in the melter.  
 
Two key issues are involved in FTP. The first one is that there is a slope limitation to height measurement. With L 
(the distance from the camera to the reference surface) and d (the distance between the camera and the projector) 
fixed, the maximum slope that can be measured is one third of L/d. The other key issue is phase unwrapping (5,6). 
The phase values generated from inverse Fourier transforms are all wrapped in the range of -π to π, which causes 
discontinuities of 2π in phase images. These discontinuities must be resolved by applying phase unwrapping 
techniques to the wrapped phase data. Choice of a certain phase unwrapping algorithm may have remarkable impact 
on the accuracy and efficiency of the FTP computation. 

 
Fourier Transform Profilometry is fast, efficient, and inexpensive in comparison with other commonly used 
profilometry techniques, such as laser profiling methods. FTP provides an ideal quantitative means of determining 
the extent of wear or amount of deposition in the radioactive waste vitrification melters under inspection. 
 
Stereovision  
 
Stereovision is an extensively developed branch of machine vision (7-9). It is widespread in a large range of 
scientific research and industrial applications.  Stereovision allows 3-D reconstruction relying on the use of 
geometrical rules. It is based on the difference between two or more images of the object of interest recorded from 
different viewpoints. Finding the same points (or other features) in two images from different cameras so that the 
matched points are the same projections of a point in the scene is referred to as “matching.” Stereoscopic 
computation involves three steps: first, calibration of the system to obtain the geometry of the two cameras versus 
the reference surface; second, the matching step that automatically identifies homologous image points (from the 
two cameras) from the same object point by using sub-pixel correlation algorithms; and finally the 3-D 
reconstruction of the surface points by intersection of the two projection rays. Application of stereovision to off-line 
melter inspection permits an independent quantitative determination of the depth of wear and the height of chemical 
deposits.  
 
Spectral Imaging 
 
Spectral imaging is a widely used remote sensing technique (10-13). Essentially spectral imaging consists of 
recording a spatial image over a limited wavelength region so that the resulting image is related to materials that 
reflect (or absorb) light in that wavelength region. Wavelength selectivity is achieved by positioning a wavelength 
selective device (such as a narrow bandpass notch filter or an acousto-optical tunable filter) in front of an imaging 
camera. Use of spectral imaging will enable us to distinguish metallic deposits from glassy deposits. 
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APPLICATION 
 
To apply these optical inspection techniques to the off-line melter inspection task, a robotic system has been 
designed and is under development at the Diagnostic Instrumentation and Analysis Laboratory (DIAL) at 
Mississippi State University. The overall system approach is shown schematically in Fig. 2. 
 
Given the radioactive nature of facilities involved in the inspection, the system is separated into two major 
constituents. One is a central control station used for module manipulation and data processing, which will be set up 
and operated as a control room. The other constituent includes imaging, lighting and auxiliary mechanical 
equipments used for data acquisition; this will be installed at the melter under inspection. A facility 
jumper/connector interface box will be used to transfer video and control signals between the data acquisition 
equipments and the remote control computer. With the assistance of pan/tilt and platform rotation modules at the 
melter end, the cameras and projector will be integrated into a robotic arm (Fig. 3) and will be remotely controlled to 
acquire image data of various surfaces inside the melter from different directions. The robotic arm will be vertically 
inserted into the melter. Once inside the pan/tilt and platform rotation modules permit the lower portion of the arm  

 
 
Fig. 2. Schematic of robotic system for off-line Joule-heated melter inspection at WVDP. 
 

Fig. 3. Three-dimensional computer rendering of robotic arm. 
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(which contains the instrumentation) to be rotated to view different portions of the melter interior. The robotic arm is 
designed so that should power to the tilt motor fail, that the “forearm” will move downward when the arm is pulled 
vertically upward through the melter opening, enabling the instrumentation module to be remotely removed from the 
melter even when the there is no electrical power to the robotic arm. 
 
The in-cell instrumentation will be installed on the melter using an in-cell crane and locator pegs on top of the 
melter. Access to the interior of the WVDP melter will be available through the centrally located 13-cm (5.2-inch) 
diameter slurry feed or through the 32-cm (12.7-inch) diameter exhaust and emergency exhausts, which are located 
diametrically opposite each other near the melter walls. Because of the high radiation level inside the cell (up to 
2000 R/hour) and consequently the difficulty and expense of decontamination, the instrumentation placed within the 
radioactive process cell is considered to be disposable. The instrumentation is designed to be operable for an in-cell 
melter inspection campaign of up to two weeks and will not be retrieved from the cell during or after the inspection. 
 
STATUS AND INITIAL RESULTS 
 
Based on blueprints of the WVDP melter, we have generated three-dimensional computer renderings (CAD) of the 
WVDP melter. These enable us to take into account all the geometry and dimensions of the WVDP (at least as of the 
time it was built) in designing our instrumentation and our inspection campaign. Furthermore, we have utilized this 
information to construct a one-fifth scale mock-up of the WVDP melter from styrofoam and a full-scale mock-up of 
the melter interior from plywood. Additionally we have also constructed a one-fourth scale mock-up of the melter 
core (i.e. bottom of the melter interior) from plywood. These mock-ups enable us to test our systems prior to cold-
testing at WVDP. 
 
A prototype of the robotic arm (Fig. 3) has been manufactured and is currently being tested. Final testing awaits 
completion of the instrumentation control interface box. 
 
Fourier Transform Profilometry 

 
The development of the robotic FTP system is progressing as scheduled. As of now, software modules for image 
acquisition and FTP analysis have been implemented. Design and manufacture of fringe pattern projectors, pan/tilt 
and vertical insertion modules have also been completed.  
 
Some initial measurement experiments have been carried out with the one-fourth scale core assembly mock-up as 
target surface. The initial results are presented in Fig. 4. The picture on the top left is the one-fourth scale mock-up 
of the core assembly. Ideal conditions were assumed here, that is, the surfaces of the model are smooth and clear. 
The acquired target image is shown on the top right. Distortions of the fringe lines due to the different slopes of the 
surfaces are obvious. By utilizing the FTP analysis software developed at DIAL, profiles of the target were 
generated from the acquired target image. On the bottom left, a one-dimensional profile of the model is presented. 
This is the profile along a certain horizontal pixel line (the 150th line) of the target image (500 pixels in width, 380 
pixels in height). The picture at the bottom middle is a two-dimensional profile. This is a 2-D representation of the 
height distribution of the target image. The height value of each pixel is represented by the intensity of the pixel. 
The greater a height value, the greater (stronger) the pixel intensity value. Given the fact that the reference plane was 
set at the bottom of the mock-up model, a darker area in the 2-D representation means a region closer to the model’s 
bottom, while a brighter area stands for a region closer to the top of the model. The pixel intensities are interpreted 
similarly in the three-dimensional representation, which is the picture at bottom right. Obviously, all three 
reconstructed profiles yielded the correct geometry of the target. 
 
As mentioned above, ideal conditions were assumed for the initial measurements, which were designed to make sure 
that the correct geometry of the target could be reconstructed. In the real world, black, sleek and shining surfaces 
exist in the waste vitrification melters. Fringe lines projected onto such surfaces could be vague, resulting in a lack 
of contrast of the target image. Strong reflection from shining surfaces might even mask out some fringe lines. 
Given the critical importance of clarity of fringe lines for FTP analysis, such effects as lack of contrast and strong 
reflections could compromise the performance of the FTP system. Digital image processing techniques, such as edge 
enhancement, histogram stretching, and filtering, will be helpful in resolving these problems. In the near future, 
studies on the employment of such techniques will be implemented. Moreover, optimal geometric settings of the 
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FTP imaging system, such as L and d, need to be identified to yield best results. The integration and tests of the 
complete system under environments simulating real-world conditions are also planned. 
 

 
 
Fig. 4. Photographs of one-fourth scale mock-up of WVDP melter with and without projected FTP fringe 
pattern and the resulting 1-D, 2-D, and 3-D FTP renderings.  
 
Stereovision and Spectral Imaging 
 
Application of stereovision to off-line melter inspection permits an independent quantitative determination of the 
depth of wear and the height of chemical deposits. Our efforts focus on reconstruction of the 3-D topography of the 
melter interior wall and surfaces for the purpose of characterizing wear and deposition. For the melter inspection 
study, two shock-resistant, chemical- and radiation-protected, small block cameras will be used to record high 
spatial resolution images from the feed port, and other ports such as the TV ports and the emergency exhaust port.  
We have modified the block cameras for use in the robotic arm. Finding the same points (or other features) in two 
images from different cameras so that the matched points are the same projections of a point in the scene is referred 
to as “matching.” We are developing a program for fast stereo matching based on the techniques reported by Sun 
(14).  This algorithm produces a reliable dense disparity map which will then be used to compute the 3-D positions 
of the scene points given the imaging geometry.  Initial tests of the program show encouraging results.   
 
Spectral imaging (imaging at different wavelengths) will be applied to minimize glaring and other scattering effects; 
it can also be used to highlight reflectance from certain chemical components of the deposit if necessary.  Spectral 
imaging can be enabled by simply install narrow bandpass filters in front of the cameras.  We have developed a 
spectral imaging system at DIAL for other applications (12,13). We are currently reconfiguring the system for 
application to melter inspection. 
 
SUMMARY 
 
In order to provide valuable information to the designers of the Joule-heated melters to be used at the Hanford Site, 
DIAL at Mississippi State University is collaborating with the West Valley Demonstration Project to perform an off-
line melter inspection (“autopsy”). As part of this effort DIAL is developing, fabricating, and deploying inspection 
tools for the West Valley VEMP melter that will (i.) be remotely operable in the West Valley process cell; (ii.) 
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provide quantitative information on melter refractory wear and deposits on the refractory; and (iii.) indicate areas of 
heterogeneity (e.g., deposits) requiring more detailed characterization.   
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