
 

 

THERMAL/MEHCANICAL/HYDRAULIC EXPERIMENTAL TOOLS FOR 
MOLYBDENUM-99 PRODUCTION TARGET ANALYSIS 

_______________________________________ 

A Thesis 

presented to 

the Faculty of the Graduate School 

at the University of Missouri-Columbia 

_______________________________________________________ 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

_____________________________________________________ 

by 

PHILIP FRANKLIN MAKAREWICZ 

Dr. Gary Solbrekken, Thesis Supervisor 

JULY 2013 

  



 
 

The undersigned, appointed by the dean of the Graduate School, have examined the 
thesis entitled 

THERMAL/MEHCANICAL/HYDRAULIC EXPERIMENTAL TOOLS FOR 
MOLYBDENUM-99 PRODUCTION TARGET ANALYSIS 

presented by Philip F. Makarewicz, 

a candidate for the degree of Master of Science, 

and hereby certify that, in their opinion, it is worthy of acceptance. 

Dr. Gary Solbrekken 

Dr. Ahmed Sherif El-Gizawy 

Dr. William Miller 

 

 

 



 

I would like to dedicate this thesis to my family, friends, and classmates for all of the 
experiences and memories that made this such an enjoyable journey. Without them, this 
research and degree would likely have been concluded in a more reasonable amount of 
time…but it wouldn’t have been as fun. 

 

 

 

 

 

 

“It’s easy to be miserable. Being happy is tougher – and cooler.” 

Thom Yorke 

 

 



ii 
 

ACKNOWLEDGEMENTS 

First and foremost, I would like to acknowledge Dr. Gary Solbrekken for serving 

as my advisor. As an advisor, he has allowed me to really find myself as a researcher, 

providing necessary guidance when appropriate but also allowing the independence 

required for one to truly begin to shine at what they do; for that I am very thankful. 

I am also grateful to Charlie Allen of the University of Missouri Research 

Reactor. Charlie has a talent for what he does and excels at bringing great minds together 

and has a strong passion for this research project and all of his work. 

I must also thank Dr. Kyler Turner, Srisharan Govindarajan, and John Kennedy 

for their immense patience as my colleagues working through my questions and acting as 

an intellectual incubator for me. My praises must also be extended to fellow researchers 

Bobby Slater, Alex Moreland, Logan Compton, James Armes, and Casey Jesse for 

making the long hours in the laboratory enjoyable. 

My appreciation must be extended to Dr. El-Gizawy and his research team, 

especially Annemarie Hoyer, for their technical support throughout the project. 

I would like to also thank the National Nuclear Security Administration for their 

support of the University of Missouri as a research entity through funding; specifically I 

would like to acknowledge Dr. Jonathan Morrell, Lloyd Jollay, and John Creasy of Y-12 

National Security Complex. 

Through my association with Y-12 National Security Complex, I was also able to 

meet Jonathan Poncelow and Nate Gubel of the Colorado School of Mines and Kimmie 

Johnson of the University of Tennessee, all of whom I thank for their technical 

assistance. 

Academia is more than what you learn in a book or discover in a lab; it is also 

about what findings you come to realize about yourself. Thanks to my friends for making 

my time outside of the laboratory and classroom so enriching. Those times have allowed 

me to find out who I am and what I hope to someday become. 

And finally, I would like to thank my family, especially my parents Michael and 

Linda, for their support through the duration of my academic career. They believed in me 

during the times I found difficult to believe in myself and I am so grateful. 



ii 
 

TABLE OF CONTENTS 

 
Acknowledgements ............................................................................................................. ii 

List of Figures .................................................................................................................... iv 

List of Tables .................................................................................................................... vii 

Nomenclature ................................................................................................................... viii 

Abstact ............................................................................................................................... ix 

 Introduction ...................................................................................................... 1 Chapter 1 -

1.1.  The Pioneers of Nuclear Medicine ....................................................................... 1 

1.2.  Radiopharmacy and Radiopharmaceuticals ......................................................... 2 

1.3.  Technetium-99m .................................................................................................. 4 

1.4.  Current Molybdenum-99 Supply and Production ................................................ 9 

1.5.  Purpose of Study ................................................................................................ 11 

 Target design .................................................................................................. 15 Chapter 2 -

2.1.  Current 99Mo Production Target Designs ........................................................... 15 

2.1.1. HEU-Aluminum Dispersion Methods ............................................................ 17 

2.1.2. LEU-Aluminum Dispersion Plate ................................................................... 19 

2.2.  Uranium Foil 99Mo Production Target Design ................................................... 20 

 Design Methodology ...................................................................................... 23 Chapter 3 -

3.1.  Reactor Safety Requirements ............................................................................. 23 

3.2.  Thermal Contact Resistance ............................................................................... 24 

3.3.  Contact Pressure ................................................................................................. 28 

3.4.  Past Experimental Irradiation and Testing ......................................................... 31 

 Experimental Techniques............................................................................... 33 Chapter 4 -

4.1.  Annular Surrogate Target ................................................................................... 33 

4.1.1. Drawing Assembly Process ............................................................................ 33 

4.1.2. Hydroforming Assembly Process ................................................................... 36 

4.1.3. Thermal/Mechanical Measurements ............................................................... 38 

4.1.4. Thermal/Hydraulic Measurements.................................................................. 42 

4.1.5. Experimental Procedure .................................................................................. 43 

4.2.  Flat Plate Surrogate Target ................................................................................. 44 

4.2.1. Target Design, Assembly Process, and Thermal/Mechanical Measurements 44 

4.2.2. Thermal/Hydraulic Measurements.................................................................. 49 



iii 
 

4.2.3. Experimental Procedure .................................................................................. 53 

4.3.  Curved Plate Surrogate Target ........................................................................... 54 

 Results and Discussion .................................................................................. 56 Chapter 5 -

5.1.  Annular Target Testing - Drawing Assembly Process Target ........................... 56 

5.1.1. Target with Foil (Version 1) ........................................................................... 57 

5.1.2. Target with No Foil (Version 2) ..................................................................... 67 

5.2.  Annular Target Testing - Hydroforming Assembly Process Target (Version 3) 74 

5.3.  Annular Testing – Discussion of Experimental Results..................................... 83 

5.3.1. Numerical Analysis of a Hydroformed Target Using Finite Element Method84 

5.3.2. Numerical Analysis of a Single Annulus Using Computational Fluid 
Dynamics .................................................................................................................. 91 

5.3.3. Single Annulus Experimental Testing ............................................................ 95 

5.4.  Flat Plate Target Testing .................................................................................... 99 

 Testing Modifications and Improvements ................................................... 106 Chapter 6 -

6.1.  Proposed Improvements to Annular Testing .................................................... 106 

6.1.1. Coolant Flow ................................................................................................. 106 

6.1.2. Thermocouple Measurement ........................................................................ 109 

6.1.3. Heating Condition and Heater ...................................................................... 109 

6.2.  Presentation of Materials Characterization Testing Techniques ...................... 110 

6.2.1. X-Ray Diffraction ......................................................................................... 110 

6.2.2. Resonant Ultrasound Spectroscopy .............................................................. 112 

6.2.3. Ultrasonic Testing ......................................................................................... 113 

6.2.4. Manual Inspection and Macroscopic Measurements .................................... 114 

6.2.5. Hardness Testing ........................................................................................... 114 

6.2.6. Scanning Electron Microscope Imaging ....................................................... 115 

6.3.  Proposed Test Plan for Annular Target Surrogate Qualification ..................... 116 

 Conclusion ................................................................................................... 118 Chapter 7 -

References ....................................................................................................................... 120 

Appendix 1 – Material Thickness Measurements taken From Digital Microscope ....... 124 

Appendix 2 – Microscopic Images of Target Version 3 Cross-Section. ........................ 125 

Appendix 3 – Annular Surrogate Target Design ............................................................ 126 

Appendix 4 – Mathematica File For Determining Heat Transfer Coefficient ................ 127 

Appendix 5 – Uncertainty Analysis ................................................................................ 128 

 



iv 
 

LIST OF FIGURES 

 
Figure               Page 
 
Figure 1-1. (A) The first technetium generator and (B) current technetium generator. ..... 6 

Figure 1-2. Plot of typical decay-growth relationship of 99Mo and 99mTc for multiple 
elution of a technetium generator. ...................................................................................... 7 

Figure 1-3. Schematic diagram of a typical technetium generator assembly. .................... 8 

Figure 1-4. Supply chain of 99Mo. .................................................................................... 11 

Figure 1-5. Comparison of 99Mo activities between HEU and LEU dispersion methods. 13 

Figure 2-1. 99Mo HEU pin production target. ................................................................... 17 

Figure 2-2. Example HEU-aluminum dispersion plate target. ......................................... 18 

Figure 2-3. HEU-aluminum dispersion annular target. .................................................... 19 

Figure 2-4. LEU-aluminum dispersion plate target. ......................................................... 20 

Figure 2-5. ANL LEU foil 99Mo production target design. .............................................. 21 

Figure 3-1. Magnified view of two materials in contact. .................................................. 25 

Figure 3-2. Cross-section image of nickel electroplated onto a DU foil. ......................... 27 

Figure 3-3. Exaggerated profile neglecting microhardness of two surfaces in contact with 
varying contact pressures of less contact pressure (A) and more contact pressure (B). ... 29 

Figure 4-1. Exploded view of annular surrogate target. ................................................... 34 

Figure 4-2. Graphical representation of the drawing assembly process. .......................... 35 

Figure 4-3. Hydroforming test rig assembly. .................................................................... 37 

Figure 4-4. Annular surrogate target with three thermocouples placed radially on the 
external (A) and internal (B) cladding surfaces. A graphical representation of the target 
cross-section is also shown (C). ........................................................................................ 39 

Figure 4-5. Target cross-section with labeled layers. ....................................................... 39 

Figure 4-6. Annular surrogate target, with heater, in test section. .................................... 40 

Figure 4-7. Wiring schematic for target heater power measurement. ............................... 41 

Figure 4-8. Experimental set-up shown with insulation box (A) and without insulation 
box (B). ............................................................................................................................. 42 

Figure 4-9. Relationship of power versus electrical resistance. ........................................ 45 

Figure 4-10. Flat plate target surrogate heater design using Nichrome 80 wire. .............. 46 

Figure 4-11. Heater electrical shorting issue representation. ............................................ 47 



v 
 

Figure 4-12. Flat plate target surrogate heater design using a milled sheet of Nichrome 
80....................................................................................................................................... 48 

Figure 4-13. Flat plate target surrogate design and thermocouple placement. ................. 49 

Figure 4-14. Flow loop system flow rate calibration curve. ............................................. 51 

Figure 4-15. Bypass valve in relation to flow loop. .......................................................... 52 

Figure 4-16. Flow loop with labeled components. ........................................................... 53 

Figure 4-17. Curved plate manufacturing method (A) and surrogate target (B). ............. 55 

Figure 5-1. Thermal resistance network for target version 1. ........................................... 58 

Figure 5-2. Thermocouple locations for target version 1. ................................................ 58 

Figure 5-3. Point 1 cross-section (target version 1). ......................................................... 59 

Figure 5-4. Point 2 cross-section (target version 1). ......................................................... 59 

Figure 5-5. Point 3 cross-section (target version 1). ......................................................... 60 

Figure 5-6. Experimentally measured thermal resistance for target version 1, point 1. ... 62 

Figure 5-7. Experimentally measured thermal resistance for target version 1, point 2. ... 62 

Figure 5-8. Experimentally measured thermal resistance for target version 1, point 3. ... 63 

Figure 5-9. Resulting thermal contact resistance target version 1, point 1. ...................... 64 

Figure 5-10. Resulting thermal contact resistance target version 1, point 2. .................... 65 

Figure 5-11. Resulting thermal contact resistance target version 1, point 3. .................... 65 

Figure 5-12. Thermal resistance network for target version 2. ......................................... 68 

Figure 5-13. Point 1 cross-section (target version 2). ....................................................... 68 

Figure 5-14. Point 2 cross-section (target version 2). ....................................................... 69 

Figure 5-15. Point 3 cross section (target version 2). ....................................................... 69 

Figure 5-16. Experimentally measured thermal resistance for target version 2, point 1. . 71 

Figure 5-17. Experimentally measured thermal resistance for target version 2, point 2. . 71 

Figure 5-18. Experimentally measured thermal resistance for target version 2, point 3. . 72 

Figure 5-19. Resulting thermal contact resistance for target version 2, point 1. .............. 72 

Figure 5-20. Resulting thermal contact resistance for target version 2, point 2. .............. 73 

Figure 5-21. Resulting thermal contact resistance for target version 2, point 3. .............. 73 

Figure 5-22. Thermal resistance network for target version 3. ......................................... 75 

Figure 5-23. Point 1 cross-section (target version 3). ....................................................... 76 

Figure 5-24. Point 2 cross-section (target version 3). ....................................................... 77 

Figure 5-25. Point 3 cross-section (target version 3). ....................................................... 77 

Figure 5-26. Experimentally measured thermal resistance for target version 3, point 1. . 79 



vi 
 

Figure 5-27. Experimentally measured thermal resistance for target version 3, point 2. . 79 

Figure 5-28. Experimentally measured thermal resistance for target version 3, point 3. . 80 

Figure 5-29. Thermal resistance due to contact for target version 3, point 1. .................. 81 

Figure 5-30. Thermal resistance due to contact for target version 3, point 2. .................. 82 

Figure 5-31. Thermal resistance due to contact for target version 3, point 3. .................. 82 

Figure 5-32. Comparison of annular target version thermal resistance. ........................... 84 

Figure 5-33. Cross-section geometry for numerical assembly model of annular target with 
stainless steel surrogate target. .......................................................................................... 86 

Figure 5-34. Thermal resistance network with stainless steel foil and convection. ......... 86 

Figure 5-35. Comparison of numerical solution and actual cross-section of annular target 
with stainless steel surrogate foil. ..................................................................................... 88 

Figure 5-36. Temperature profile for two-dimensional uniform heating model of annular 
target with stainless steel surrogate foil. ........................................................................... 88 

Figure 5-37. Inner and outer aluminum cladding temperature for numerical model of 
annular target with stainless steel surrogate foil. .............................................................. 89 

Figure 5-38. Temperature difference between the inner and outer aluminum cladding for 
numerical model of annular target with stainless steel surrogate foil. .............................. 90 

Figure 5-39. Von Mises stress of the inner and outer cladding surfaces for numerical 
model of annular target with stainless steel surrogate foil. ............................................... 90 

Figure 5-40. Temperature gradient, with mesh, for 200W simulation. ............................ 93 

Figure 5-41. Outside surface temperature gradient for 200W simulation. ....................... 93 

Figure 5-42. Radial temperature distribution comparison. ............................................... 94 

Figure 5-43. Single tube thermal resistance values. ......................................................... 96 

Figure 5-44. Single tube thermal resistance values with error. ......................................... 97 

Figure 5-45. Corrected thermal contact resistance for target version 3. ........................... 98 

Figure 5-46. Internal temperatures for flat plate surrogate target power testing. ........... 100 

Figure 5-47. Cladding temperatures for flat plate surrogate target power testing. ......... 100 

Figure 5-48. Thermal resistance network for flat plate surrogate target. ........................ 101 

Figure 5-49. Thermal resistance due to contact of cladding of flat plate surrogate target.
......................................................................................................................................... 103 

Figure 5-50. Experimentally measured effective thermal resistance of flat plate surrogate 
target. .............................................................................................................................. 103 

Figure 5-51. Post-test heater examination of flat plate surrogate target. ........................ 105 

Figure 6-1. Submersion chiller set-up. ............................................................................ 107 

Figure 6-2. Relationship of temperature and contact pressure. ...................................... 108 



vii 
 

LIST OF TABLES 

Table               Page 
 

Table 2-1. 99Mo Supply Chain Irradiators. ....................................................................... 16 

Table 5-1. Surrogate target version and specifics. ............................................................ 56 

Table 5-2. Calculated contributing thermal resistances (K/W) for target version 1. ........ 61 

Table 5-3. Comparison of experimental and theoretical expected air gaps within target 
version 1. ........................................................................................................................... 66 

Table 5-4. Calculated contributing thermal resistances (K/W) for target version 2. ........ 70 

Table 5-5. Calculated contributing thermal resistances (K/W) for target version 3. ........ 76 

Table 5-6. Electrical continuity of thermocouple and annulus. ........................................ 96 

Table 5-7. Thermal resistance through flat plate surrogate target cladding. .................. 102 
   



viii 
 

NOMENCLATURE 

 

General 

A cross-sectional area 

Cp contact pressure 

E Young’s Modulus 

h heat transfer coefficient 

hc thermal contact conductance 

k thermal conductivity 

l	 length 

P power 

q heat transfer rate 

q’’ heat transfer per unit area 

r radius 

R thermal resistance 

T temperature 

Greek 

α coefficient of thermal expansion 

Δ difference 

υ Poisson’s ration 

ρ electrical resistivity 

σ stress 

Ω electrical resistance 

Abbreviations 

ANL Argonne National Lab 

BR2 Belgium Reactor 2 

CFD Computational Fluid Dynamics 

DU depleted uranium 

FDA Food and Drug Administration 

FEA finite element analysis 

GTRI Global Threat Reduction Initiative 

HEU highly enriched uranium 

HFR High Flux Reactor of the 

Netherlands 

IAEA International Atomic Energy Agency 

IRE Institute for Radioelements 

LEU low enriched uranium 

MAPLE Multipurpose Applied Physic Lattice 

Experiment Reactor 

MURR University of Missouri Research 

Reactor 

NDE non-destructive evaluation 

NNSA National Nuclear Security 

Administration 

NRU National Research Universal Reactor 

RUS resonant ultrasound spectroscopy 

SEM scanning electron microscope 

Y12 Y-12 National Security Complex 

XRD x-ray diffraction 

 

  



ix 
 

ABSTACT 

As the nuclear community adapts to meet a constantly changing environment driven 

by policy development, so must the technology associated; in particular is the case of 

technology qualification. While government institutions and industry leaders have done 

much for the progression of nuclear materials, associated technologies must first be tested 

and qualified before they will see any practical use.  

Technetium-99m (99mTc) is a diagnostic radiopharmaceutical that is currently used 

about 100,000 times daily for diagnostic imaging procedures globally. The parent isotope 

for 99mTc is molybdenum-99 (99Mo), most commonly obtained through the irradiation of 

high enriched uranium (HEU). In accordance with the Department of Energy’s Global 

Threat Reduction Initiative, an effort is underway to develop a process to produce 99Mo 

using low enriched uranium (LEU). One method utilizes LEU cast in the form of a metal 

foil as opposed to current powder based dispersion designs for HEU.  

New high-volume production LEU target concepts need to be analyzed to assure safe, 

reliable operation during all stages of production as use of a foil requires a significant 

modification to the current target design. The purpose of this research was to develop a 

set of experimental tools to assist in the qualification of target designs capable of 

economically producing 99Mo using LEU. These experimental tools could then be used in 

the verification of numerical analysis and results through various thermal, mechanical, 

and hydraulic testing.  

Methods included manufacturing target surrogates of different geometries. Heating 

loads and hydraulic flow-loops simulated the target in a reactor and testing measurements 

were used to quantify thermal resistance. Post evaluation of the target surrogates was also 



x 
 

performed to compare testing results to theoretical values. Testing trends were compared 

to numerical and analytic models. A path forward is discussed in terms of the refinement 

of, and addition of new, qualification tools/techniques. 
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INTRODUCTION   CHAPTER 1 - 

1.1. The Pioneers of Nuclear Medicine 

The last few years of the 19th century became the foundation of nuclear medicine 

beginning in 1895 with Wilhelm Roentgen’s discovery of x-rays [1]. A year later, Henri 

Becquerel noticed mysterious “rays” emitted from uranium. In the next two years, Marie 

Curie gave the name of radioactivity to these “rays” Becquerel observed and soon 

followed up with her discovery of radium. Soon after their findings, both x-rays and 

radium were put to use in medical applications producing shadow images in which 

radiation was transmitted through the body and onto photographic plates. X-rays, due to 

the quickness of image processing and contrast as compared to those produced by 

radium, became the method of choice for these “radiographs.”  

Radium was however utilized in another approach. In 1901 Henri Alexandre 

Danlos and Eugene Bloch studied the effects of placing radium in contact with a 

tuberculosis skin lesion [2]. Two years later Alexander Graham Bell suggested the use of 

sources containing radium in or near tumors for therapy. Then in 1913, Frederick 

Proescher published the first study of radium, intravenously injected, as a therapy for 

various diseases [2]. 

Georg de Hevesy, J.A. Christiansen, and Sven Lomholt in 1924 used lead-210 and 

bismuth-210 to perform the first radiotracer studies in animals [2]. A year later, the first 

study of radiotracers in humans was performed by Herrman Blumgart and Otto Yens 

when they used bismuth-214, also known as radium-C, to determine the time it took 

blood to circulate from one arm to the other. By 1932, radionuclides could be produced 
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artificially and in useable quantities after Ernest O. Lawrence’s invention of the 

cyclotron, extending the biological processes that could be studied in this new field of 

nuclear medicine [2]. 

1.2. Radiopharmacy and Radiopharmaceuticals 

By the mid-1940’s, the field of radiopharmacy had taken off. In Oak Ridge, 

Tennessee, scientists were using an air-cooled graphite nuclear reactor to produce 

radionuclides for biological and medical purposes [3]. Scientists were using these 

radionuclides, such as iodine-131, to both treat diseases, such as thyroid cancer, and 

differentiate between benign and malignant cancers. By 1951 the U.S. Food and Drug 

Administration (FDA) had approved sodium iodine-131 for use with thyroid cancer 

patients – the first FDA-approved radiopharmaceutical [2]. Following soon were 

automated detectors used to “scan” the distribution of this widely used 

radiopharmaceutical. 

While Proescher’s early studies with radium suggested radionuclides use as a 

therapeutic tool, the studies with iodine-131 and other isotopes truly opened up the door 

for their use as a diagnostic tool. Today in nuclear medicine, nearly 95 percent of 

radiopharmaceuticals are used for diagnostic purposes, the remainder are used for various 

therapeutic treatments [4]. The main difference between diagnostic and therapeutic 

radiopharmaceuticals is the manner in which they interact with the body; diagnostic 

radiopharmaceuticals cause minimal damage to the patient they are administered to while 

therapeutic radiopharmaceuticals work by targeting and damaging certain tissues [4]. 

The word itself, radiopharmaceutical, gives indication to its two components: a 

radionuclide in combination with a pharmaceutical. Varying either component, or both, 



- 3 - 
 

give each radiopharmaceutical its characteristics and therefore its usefulness. A 

pharmaceutical is chosen based on its preferential localization or participation in the 

physiological function of an organ. The pharmaceutical is then “tagged” onto a 

radionuclide; the radionuclide acts as a radiation emission source that can then be 

detected by a radiation detector to display imaging of either the structure or the 

physiologic function of the particular organ being assessed. [4] 

Overall radiopharmaceuticals will possess a few ideal characteristics. Ease and 

inexpensive cost of production along with being readily available are critical [4].  

Second, it is imperative radiopharmaceuticals have a relatively short effective 

half-life, no longer than the time necessary to complete the study in question [4]. This 

effective half-life is a combination of the physical half-life (average time required for the 

radionuclide to decay half of the atoms in a given amount of substance) and the 

biological half-life (the time in which a living tissue, organ, or individual eliminates half 

of the amount of radionuclide through biological processes).  

Additionally, the type of particle emission will be dependent on the 

radiopharmaceuticals use [4]. Because of the nature of α- and β- (alpha- and beta-) 

particles, radionuclides emitting these particles should not be used for imaging purposes, 

instead they are used for therapeutic applications. α- and β-particles lose their energy 

over a very short mean path depositing high energy within a small volume of material. 

Physiologically, these particles damage and destroy cells. Because γ-rays (gamma-) can 

pass through the body, they cause less radiation damage to tissue; this makes them 

suitable for diagnostic radiopharmaceuticals.  
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Also of importance is the concept of decay by electron capture or isomeric 

transition, rather than internal conversion. This is also attributed to the importance of 

radionuclides not emitting particles. It is also preferable that the mode of decay emits γ 

radiation in the energy range of 30 to 300 keV to allow for most effective use of the 

detectors [4].  

Finally, a high target-to-nontarget activity ratio is ideal [4]. This term describes a 

radiopharmaceutical’s ability to be localized in the organ under study, the target area, 

versus other surrounding nontarget areas. This is important from the perspective that 

activity in other nontarget areas could obscure structural details of the picture of the 

target organ.  

1.3. Technetium-99m  

One isotope well suited for use as a radioactive tracer element for diagnostic 

radiopharmaceuticals is technetium-99m (99mTc), the decay product of molybdenum-99 

(99Mo). 99mTc, a metastable isotope, was discovered by Emilio Segrè and Glenn T. 

Seaborg who published their findings in 1938 [5]. As discussed in the previous section, 

the best radiopharmaceuticals will fit a few ideal characteristics, of which 99mTc does. 

The isotope has a half-life of about six hours and emits 140 keV γ-ray photons when it 

decays to technetium-99 (99Tc) [6]. The relative short half-life makes it very practical 

along with a photon energy ideal for efficient detection by scintillation instruments.  

As mentioned, 99mTc is the decay, or daughter, product of 99Mo. 99Mo can be 

produced, along with many other useful isotopes, as fissile uranium-235 (235U) is 

irradiated by neutrons, such is the process that occurs in a nuclear reactor; this is 

considered “fission-based” 99Mo. Other methods of 99Mo production exist outside of the 
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fission-based method. While not associated with the context of this thesis and research, it 

is significant to note these other production methods. These include neutron capture (n,γ) 

and accelerator based (γ,n) production. The former describes the method of transmutation 

where a neutron is captured by molybdenum-98 increasing the atomic weight and 

forming 99Mo. The latter describes the method of using a particle accelerator to dispense 

electrons into molybdenum-100 (100Mo) in turn producing x-rays. The x-rays interact 

with other 100Mo and cause an interaction ejecting a neutron from the nucleus creating 

99Mo. 

99Mo itself is unstable decaying until it reaches a stable state. The multistep 

process for producing 99mTc, as it applies to being used as a radiopharmaceutical, will be 

discussed in more detail but the equations below describe the decay process of unstable 

99Mo to stable ruthenium-99 (99Ru) [6]. For the purpose of correctness	νe, representing an 

antineutrino, has been included in the equations however it plays no significant role in the 

process chemically or biologically. 

 
Mo	→	 Tc	 	β‐ 	νe

99m99   (1) 

 
Tc→ Tc 	γ9999m  

(2) 

 
Tc→ Ru β‐9999 νe  (3) 

In the 1950s, scientists at Brookhaven National Laboratory designed a way to 

chemically separate 99Tc from its parent isotope 99Mo; they called the separation device a 

generator [7]. Over the years technetium generators have undergone many upgrades to 

reduce contamination and increase efficiency. These devices still work under the same 

principles developed by Brookhaven National Laboratory. Figure 1-1 shows the first 
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generator developed by Brookhaven National Laboratory and an external view of a 

current technetium generator produced by the Australian Nuclear Science and 

Technology Organisation [6, 7].  

 

Figure 1-1. (A) The first technetium generator and (B) current technetium generator. 

Once the 99Mo has been recovered chemically from the 235U fission products, it 

will go into a technetium generator. Because 99mTc has but only a six hour half-life, it 

cannot be transported over large distances without losing significant amounts of product. 

It is more practical to therefore ship the 99Mo rather than 99mTc. The generators allow 

99Mo, with a 66 hour half-life, to be directly shipped to hospitals and radio-pharmacies. 

There, the 99mTc can be “milked”, or eluted, from the 99Mo solution and then used. This 

milking process is made possible due to the half-life ratio of the parent-daughter isotopes. 

Because the daughter isotope, 99mTc, has a much shorter half-life than the parent, 99Mo, it 

can be milked daily and in constant concentrations [3]. Figure 1-2 plots a typical decay-
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growth relationship between 99Mo and 99mTc of activity versus time for multiple elution, 

or milking, of a technetium generator [4]. 

 

Figure 1-2. Plot of typical decay-growth relationship of 99Mo and 99mTc for multiple 
elution of a technetium generator. 

While it is not within the scope of this thesis to go into full detail of the chemistry 

behind a technetium generator, it is worth noting the main principles. Most commercial 

generators work using column chromatography. A glass or plastic cylinder, column, is 

filled with alumina in which the solution from the chemical dissolution process 99Mo 

molybdate, or MoO4
2-, is absorbed. When it decays it forms pertechnetate, TcO4

-. The 

single negative charge of the TcO4
- results in it being less absorbent by the alumina than 

the double negatively charged molybdate. A saline solution is then used to pull out the 

TcO4
- producing an “isotope cocktail” of saline solution and 99mTc that can then be mixed 

with a pharmaceutical and administered to a patient. [3]  
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Figure 1-3 depicts the components described above used in a typical technetium 

generator assembly [8]. 

 

Figure 1-3. Schematic diagram of a typical technetium generator assembly. 

While 99Tc does have negative beta decay while inside the patient’s body, which 

noted before is not ideal, its half-life is 2 10  years meaning very little radiation will be 

released before it is eliminated by the body as it decays to 99Ru (Eq. (3)) [3]. The gamma 

rays emitted from the decay process (Eq. (2)) are able to pass through the patient’s body 

as is ideal of a diagnostic radiopharmaceutical. On average, a patient injected with 99mTc 

will return to background radiation dose levels within 2.5 days [9]. 

99mTc is considered the workhorse of isotopes in nuclear medicine for diagnostic 

imaging, used in approximately 100,000 diagnostic medical procedures everyday across 

the globe; this equates to over 30 million procedures worldwide each year. Its use ranges 
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from blood flow studies to evaluating the medical conditions of bone and functioning of 

organs such as the heart, kidneys, lungs, liver, and spleen. Diagnostic brain image uses 

include studies of patients with cancer, history of stroke, seizers and epilepsy, as well as 

to detect the onset of Alzheimer’s disease. It can also be used, like iodine-131, to detect 

hypothyroidism and hyperthyroidism of the thyroid gland. [4, 10] 

The uses described above are just a fraction of the procedures performed daily 

across the globe using 99mTc. There is no question of the important role this isotope plays 

in the world of radiopharmaceuticals. However, to meet the constant demand of 99mTc 

there must first be a consistent and reliable supply of its parent isotope, 99Mo. 

1.4. Current Molybdenum-99 Supply and Production 

Since 1989, when a research reactor in New York was closed, there has been no 

commercial domestic supply of 99Mo produced within the United States. At that time, a 

long-term supply agreement was made with a Canadian company to meet domestic needs 

within the United States. The Canadian 99Mo production accounts for 40 percent of the 

world supply and 60 percent of the U.S. supply. To meet demand, the Canadians 

developed the Multipurpose Applied Physics Lattice Experiment (MAPLE) reactors 

during the 1990s to replace the aging National Research Universal (NRU) reactor. These 

reactors were estimated to, at capacity, supply 200 percent of the global need for 99Mo. 

However, because of unforeseen issues, the MAPLE reactor project was terminated in 

2008. [6, 11] 

In addition to the aging NRU reactor of Canada (scheduled to shut down for good 

in 2016), the majority of globally exported 99Mo through 2010 came from just four 

reactors, all built in the 1960s. These reactors include the High Flux Reactor (HFR) of the 
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Netherlands, the Belgian Reactor-2 (BR2) of Belgium, the Osiris reactor of France, and 

the SAFARI reactor of South Africa. Due to the age of these reactors, they require 

frequent scheduled maintenance shut downs. As these reactors near the end of their life 

cycle, replacement sources must be identified. Not only in question is who will take the 

place of these aging reactors as an irradiator but also what method will be used for 

production. [6, 11] 

Currently almost all, 95 to 98 percent, of global 99Mo production requires the use 

of highly enriched uranium (HEU), uranium containing 20 percent or more fissionable 

235U [6]. A common method of manufacturing production targets is by mixing, or 

dispersing, HEU aluminide powder with aluminum-alloy powder into a specific 

geometry. As previously mentioned neurotic reactions with the uranium release 

fragments, or fission products, from the 235U nucleus. The fission yield for 99Mo is very 

favorable at approximately six percent. All major producers of 99Mo utilize the thermal 

neutron flux of a nuclear reactor as their means of creating a fission yield of 235U. Total 

99Mo yield is a function of irradiation time, the thermal neutron fission cross section for 

235U, the thermal neutron flux from the reactor on the target, the mass of 235U in the 

target, and the half-life of 99Mo and the most efficient combination of variables is 

utilized. [6] 

After the targets have been irradiated in the reactor, they are removed and 

neutronically cooled before they get chemically processed. The targets are dissolved in a 

container connected to tubing and columns used for subsequent chemical separations 

which isolate the 99Mo. The process involves human operators manipulating using remote 

manipulators to access the radioactive material in hot cell facilities. As a result of the 
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process, highly pure 99Mo is recovered and soon transported for placement into 

technetium generators for use. Figure 1-4 gives a graphical presentation of the 99Mo from 

reactor to patient [12]. 

 

Figure 1-4. Supply chain of 99Mo. 

1.5. Purpose of Study 

Major 99Mo shortages from events occurring from 2005-2010 were eye-opening 

experiences for the United States medical community and government, as well as 

globally. These shortages showed both the importance of a reliable supply and how the 

country is rendered helpless when such events occur. It was easily visible from these 

events that the market supply chain is in need of diversification, but in a manner that is 

most compliant with a global policy agenda [6, 13, 14]. 

In accordance with the Global Threat Reduction Initiative (GTRI) through the 

National Nuclear Security Administration (NNSA), all future production of 99Mo is to 

use low enriched uranium (LEU), rather than the HEU most commonly used currently. 

The resolve for this switch comes from efforts to permanently reduce the use of WMD-, 
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weapons of mass destruction-, usable HEU in civilian operations by removing and 

disposing of high risk vulnerable nuclear material. And as a result, the GTRI hopes to 

permanently reduce any threats posed to the United States and the international 

community. [15]  

In addition to the issue of HEU material, there is the radioactive waste generated 

from current target designs. The chemical processing required to recover the 99Mo 

involves dissolving the entire target, resulting in large amounts of highly radioactive 

liquid waste that requires expensive disposal protocol [16]. While beneficial from a 

policy, and potentially financial standpoint, making the switch from HEU to LEU high-

volume production requires first some critical steps. 

While many non-HEU based methodologies are being explored, fission based 

production will remain the preferred methodology throughout the international 

community for 99Mo production for the foreseeable future [14]. HEU dispersion targets 

are very attractive because of their 235U density and heat transfer characteristics. 

Similarly, LEU aluminide powder could be used to form these dispersion targets, 

however the density of 235U is much lower in LEU, shown in Figure 1-51. To put in 

perspective, current HEU production targets have a uranium density around 1.6 g/cm3 

while an LEU target would require a uranium density of 8 g/cm3 to obtain an equivalent 

mass of 235U [6]. One viable replacement option which addresses the 235U to uranium 

density ratio is the use of uranium metal foils.  

                                                 
1 Molybdenum-99 activities produced with HEU powder and LEU powder dispersion methods under 
irradiation conditions at the University of Missouri Research Reactor. Irradiation consists of a seven-day 
irradiation time, six percent yield for 99Mo, and a thermal neutron flux of 2.0 x 1014 n/cm2s. Figure used 
courtesy of Kyler Turner and the University of Missouri Research Reactor. 
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Figure 1-5. Comparison of 99Mo activities between HEU and LEU dispersion methods. 

For these targets, a LEU metal foil is placed between aluminum cladding. The 

cladding helps contain all the fission fragments formed as a result of irradiating the 

uranium. Additionally, a recoil barrier between the uranium foil and aluminum cladding 

would be a feature of the target to prevent the uranium foil from bonding with the 

aluminum cladding. This recoil barrier could be a thin aluminum or nickel foil wrapped 

around the uranium metal or even one of these materials deposited directly onto the 

surface of the uranium foil through a process such as electroplating [17]. Uranium 

densities of approximately 19 g/cm3 could be achieved with this design and, gram for 

gram, these targets would produce as much or more  99Mo than currently used HEU 

targets under the same irradiation conditions [6]. Once irradiated, the uranium foil could 

be removed from the cladding, drastically reducing radioactive waste, and processed 

using the current, or slightly modified, chemical dissolution methods employed by large-

scale producers. 
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While new LEU uranium foil targets would fulfill the GTRI mission to reduce 

HEU and possibly even reduce costs through decreased radioactive waste, the 

survivability of these targets are still questioned. The composite structure brings into 

question the thermal contact resistance throughout the interfaces of the targets and what 

role that contact resistance will play during the extreme heating conditions and power 

produced from the fission of the uranium foil. Good heat transfer properties are a must. 

New LEU target concepts must first be analyzed to assure safe, reliable operation during 

all stages of production. 

The purpose of this research is to develop a set of experimental tools to assist in 

the qualification of target designs capable of economically producing Mo-99 using LEU. 

This includes the verification of numerical analysis and results through various thermal, 

mechanical, and hydraulic testing. Testing includes manufacturing target surrogates of 

different geometries. Heating loads and hydraulic flow-loops simulate the target in a 

reactor and testing measurements are used to quantify thermal resistance. Post evaluation 

of the target surrogates is also performed to compare testing results to theoretical values. 

Testing trends were compared to numerical and analytic models. A plan forward is 

discussed in which the tools/techniques developed can be utilized in the overall 

qualification process of new LEU-foil based targets. 
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TARGET DESIGN CHAPTER 2 - 

While the previous chapter provides a good introduction to the technology and 

science behind 99Mo, little has been mentioned of specific production target geometry 

and design. This chapter discusses various production targets related to fission-based 

99Mo production and their specifics including manufacturing methodology, materials, and 

geometry. New target concepts will also be discussed. These designs provide the design 

methodology for target surrogates used in experimental testing presented in later 

chapters. 

2.1. Current 99Mo Production Target Designs 

In addition to the five aging reactors which account for the majority of 99Mo 

world supply mentioned in section 1.4, there exists at least seven other fission-based 

irradiators which also contribute to the global supply chain supplying both large-scale 

and regional producers. These irradiators vary between the use of HEU versus LEU in 

both their reactor fuels and target types.2 The seven additional reactors are Maria of 

Poland, LWR-15 of the Czech Republic, WWR-TS and RBT-10/2 of Russia, OPAL of 

Australia, RA-3 of Argentina, and RSG-GAS of Indonesia. The large-scale producers of 

99Mo are Mallinckrodt/Covidien, Institute for Radioelements (IRE), MDS Nordion, and 

NTP Radioisotopes. Table 2-1 provides information on each 99Mo irradiator reactor, 

where it is located, and in most cases the specific type of 99Mo production target being 

irradiated in the reactor. Additionally, all reactors contributing to the four large-scale 

producers listed above are noted as “large-scale” whereas all others are noted as 

                                                 
2 While outside the scope of this research, it is important to note that under the GTRI, the NNSA, as well as 
other global entities, hope to convert reactors using HEU fuel to a LEU fuel substitute. 
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“regional,” producing isotopes only for their specific region. The subsections following 

will go into some basics details of each design listed in Table 2-13 below [6, 14, 18, 19]. 

Table 2-1. 99Mo Supply Chain Irradiators. 

Reactor Name Location 99Mo Target Type Producer Scale 

NRU Chalk River, Canada HEU PIN Large-Scale 

HFR Petten, Netherlands HEU Dispersion 
Plate 

Large-Scale 

BR-2 Mol, Belgium HEU Dispersion 
Annular 

Large-Scale 

Osiris Saclay, France HEU Dispersion 
Annular 

Large-Scale 

SAFARI Pelindaba, South 
Africa 

HEU and LEU 
Dispersion Plates 

Large-Scale 

Maria Świerk-Otwock, 
Poland 

HEU Dispersion 
Plate 

Large-Scale 

LWR-15  Řež, Czech Republic HEU Dispersion 
Plate 

Large-Scale 

WWR-TS Obninsk, Russia HEU  Regional 

RBT-10/2 Dimitrovgrad, Russia HEU Regional 

OPAL Sydney, Australia LEU Dispersion 
Plate 

Regional 

RA-3 Ezeiza, Argentina LEU Dispersion 
Plate 

Regional 

RSG-GAS Serpong, Indonesia LEU Dispersion 
Plate 

Regional 

                                                 
3 This table was generated from multiple sources and cross-checked with the International Atomic Energy 
Agency’s (IAEA) listing of global research reactors being utilized for 99Mo production as of 2012 reports. 
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2.1.1. HEU-Aluminum Dispersion Methods 

HEU pin targets are utilized at the NRU reactor in Canada. The target is made 

from U-Alx fuel core, the same composition used in the NRU reactor fuel prior to the 

1991 reactor conversion to LEU. HEU in powder form is heated and compressed with 

aluminum powder creating a U-Alx material in solid pin form. The core is then placed in 

an outer coat, or cladding, of Al with fins which aid in heat transfer while in the reactor. 

After irradiated, for approximately 13 days, the target is mechanically stripped of the Al 

coat and prepped for the dissolution process where the entire dispersion pin is chemically 

processed. Figure 2-1 depicts an HEU pin target that has already been mechanically 

removed from the Al-cladding coat [20].  

 

Figure 2-1. 99Mo HEU pin production target. 
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Another use of the HEU dispersion method is to create a flat plate. In this method, 

the two powders, HEU and Al, are heated and compressed between two aluminum plates 

to create a solid plate target. In addition to the U-Alx fuel core, there is an Al cladding. 

The method creates a target with efficient thermal conductivity and minimal effects from 

thermal contact resistance. The entire target, after irradiation, is then dissolved and 

chemically processed.  Figure 2-2 gives the design of the HEU dispersion plate irradiated 

in the HFR reactor of the Netherlands [21]. 

 

Figure 2-2. Example HEU-aluminum dispersion plate target. 
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Similarly to the HEU pin and HEU dispersion plate, an HEU dispersion annular 

target presses HEU and Al powders together with Al-cladding, however it is then curved 

to form an annular cylinder. These targets are advantageous to a pin design because they 

allow coolant to flow on both the inner and outer surface. These targets are usually left in 

the reactor to be irradiated for eight days. After irradiation, the entire target is chemically 

dissolved. Figure 2-3 gives the design of an HEU dispersion annular target irradiated at 

the Belgium reactor [22]. 

 

Figure 2-3. HEU-aluminum dispersion annular target. 

2.1.2. LEU-Aluminum Dispersion Plate 

As noted in Table 2-1, four reactors currently irradiate LEU-aluminum dispersion 

targets for 99Mo production. These targets are produced similarly to their HEU 

counterparts where an LEU powder is used in place of HEU. Again, the two powders are 
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heated and compressed between two aluminum plates creating a solid plate target. Figure 

2-4 is a plate dispersion target composed of LEU and irradiated in Argentina [6]. As 

mentioned in section 1.5, the 235U density of the LEU dispersion target is about one-fifth 

that of the HEU dispersion target of the same size resulting in that much less 99Mo 

production4. To account for this difference in 235U density, target designs utilizing LEU 

foil, versus a dispersion method, are currently being explored.  

 

Figure 2-4. LEU-aluminum dispersion plate target. 

2.2. Uranium Foil 99Mo Production Target Design 

To account for the lower ratio of 235U in LEU, Argonne National Laboratory 

(ANL) has developed a 99Mo production target which utilizes a uranium foil. Using a 

uranium foil allows for a greater overall uranium density making 235U ratios at, or greater, 

than the ratio of HEU-Al dispersion targets. This translate to the same amount, possibly 

more, of 99Mo production for uranium foil targets versus HEU-Al dispersion targets of 

similar geometry and irradiation requirements. [6, 23]  

                                                 
4 LEU dispersion targets have a greater overall uranium density (2.5-3.0 gU/cm3) than HEU dispersion 
targets (≤1.6 gU/cm3) to help make up for the lesser 235U ratio but 99Mo recovery is still less. 
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The target designed by ANL consists of a uranium foil with a 100-150 μm 

thickness. The uranium foil is sandwiched between a 15 μm nickel foil used as a fission 

recoil barrier. This foil structure is then placed between two concentric aluminum 

cladding tubes drawn together to reduce thermal contact resistance. By using the recoil 

barrier, the LEU is prevented from bonding with the aluminum cladding during 

irradiation. The tubular aluminum cladding is welded on the ends to contain the release of 

any fission gas or fragments into the reactor. Once irradiated, the aluminum cladding is 

removed and the foils chemically processed. Removing the cladding both reduces the 

processing time and radioactive waste as compared to dispersion targets [23]. Figure 2-5 

depicts one proposed LEU foil production target by ANL [24]. 

 

Figure 2-5. ANL LEU foil 99Mo production target design.  

Although this target design is still somewhat flexible in terms of tolerances of 

dimensioning and has not been industrially accepted, there have been a limited number of 



- 22 - 
 

successful irradiations. To date, approximately thirty LEU foil annular targets have been 

irradiated worldwide with plans to irradiated more domestically within the United States 

soon [23].   

Target designs vary in size of LEU foil, material of recoil barrier including the 

possibility of electroplating, and aluminum cladding alloy series. The inner tube is also 

machined to create a relief depth for the foil to sit in and that relief depth is variable as 

well. Add in varying geometries and specific regulations per each reactor, it is easy to see 

that with so many varying parameters a pathway to qualifying each individual design 

must be established. 

Additionally, while annular uranium foil target designs have been studied most, 

there exists research and some supportive evidence to utilize uranium foils in other 

geometries including flat- and curved-plate designs [14, 25, 26]. These geometry designs 

have been proposed by the University of Missouri Research Reactor (MURR). The 

MURR concept utilizes uranium foil by, again, placing it between a recoil barrier, most 

likely nickel, and sandwiching it between two pieces of aluminum cladding. Welding 

around the perimeter of the cladding produces a sealed target preventing the escape of 

fission products. The simplicity of design lends itself to be advantageous in comparison 

with the ANL LEU foil annular target, specifically in terms of production time and cost 

[25]. There are questions about the survivability of the design, mainly if its heat transfer 

properties are good enough to prevent failure. The next chapter will address the reasoning 

behind some of these concerns. 
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DESIGN METHODOLOGY CHAPTER 3 - 

Many factors play into the design of new high-volume production targets. This 

chapter takes a look at some of the key driving forces dictating design. While 

specifications are in place from each irradiator and their governing bodies to control 

items placed into a reactor for irradiation, these rules are rooted in various thermal, 

mechanical, and hydraulic principles. By knowing these principles and how they apply to 

similar areas of study, modifications can then be explored. 

3.1. Reactor Safety Requirements 

For each individual reactor, specific regulations exist to govern what can and 

cannot be placed inside of the reactor. These regulations are determined through the 

specific reactor design and parameters associated as well as by any governing body that 

oversees the operation of the reactor. In a general sense, there are several requirements a 

target design must satisfy. 

First, the target must be properly sized to fit in a reactor. This size may vary as 

each reactor has differing irradiation channels, locations, and positions. For most reactors 

the target will require a holder; this device must also work with the specific reactor.  

Also, the target must have good heat transfer properties. The fission reaction 

causes a great amount of heat within the target. Good heat transfer properties describe the 

ability to remove heat at a rate to prevent overheating and eventual failure.    

Target failure would be very problematic.  The target must contain a barrier to 

contain the release of fission fragments, specifically fission gasses, during and after 

irradiation. None of these fission products may be released into the reactor. 
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Another essential reason for good heat transfer properties is the specific 

temperature requirements set by certain reactors. At MURR, no target material may 

exceed half the melting temperature of the material with the lowest melting temperature. 

For a LEU foil target, that requirement would be governed by the aluminum alloy 

cladding. 

Lastly, many reactors, such as MURR, require the water coolant throughout the 

reactor to always remain a liquid. This restriction is in place because the reactor coolant 

must remain single-phase. This does however prevent a large amount of heat transfer that 

could be taken advantage of during the phase change. 

These requirements are important to target qualification but are not something 

that can be tested by simply irradiating a target in a reactor. Thermal, mechanical, and 

hydraulic principles all play a role in designing a target to meet these specifications. 

3.2. Thermal Contact Resistance  

Thermal contact resistance has been mentioned previously but up to this point, 

has been given no direct explanation as to how it plays into the design of a production 

target. Thermal contact resistance is an effect due principally to surface roughness 

causing a temperature drop across the interface between materials. The surface 

irregularities create points of contact where an interstitial medium, from here on referred 

to as an air gap, forms between the bodies in contact. The heat transfer is actually 

governed by both the conduction through the contact spots in addition to the conduction 

(or convection) and/or radiation across the gaps. Figure 3-1 illustrates this phenomenon 

as heat flow lines begin to cluster in the regions of point contact [27].  
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Figure 3-1. Magnified view of two materials in contact. 

Thermal contact resistance is a function of the temperature difference due to 

surface imperfection and the heat transfer rate. This relationship is displayed as 

R
∆T
q
  (4) 

where R is the thermal contact resistance, ∆T is the temperature difference across the 

interface of the two surfaces, and q is the heat transfer rate.  

As mentioned, heat transfer through two materials in contact is not simply 

conductance through the two materials, but rather a function of the conduction through 

the contact points as well as convection and conduction through the air gaps. At 

temperatures less than 300° C radiation effects can be neglected and because the air gaps 

are usually very small, the convection effects are not considered [27]. If you instead 

consider thermal contact resistance for a unit area of the interface, total thermal contact 

resistance (R"total) is then found through a parallel resistance network of the contact 

conductance (R"contact) and the air gap conductance (R"gap). Because good heat transfer is 

crucial for production targets, it is important to reduce the thermal contact resistance. A 

lot of literature discusses contact conductance rather than contact resistance. Contact 

conductance, usually denoted as hc, is simply the reciprocal of R"contact. 
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Thermal contact resistance can also be modeled as an equivalent air gap, 

displayed in Eq. (5). The thermal resistance is written in terms of the air gap, lgap, the 

thermal conductivity of air, kair, and area of the wall normal to the direction of heat 

transfer, A. 

R
lgap
kairA

  (5) 

By assuming Eq. (4) and Eq. (5) to be approximately equivalent, the thermal 

resistance for two surfaces in contact, such as the example in Figure 3-1, can be conveyed 

as an equivalent uniform air gap. 

Thermal contact conductance can be reduced in a few ways. First, using materials 

that are well manufactured to have minimal surface irregularities will allow for better 

contact. Both Y-12 National Security Complex (Y12), located in Oak Ridge, TN, as well 

as the Korean Atomic Energy Research Institute have developed LEU foil using different 

methods but questions have been raised of if these foils will produce sufficient contact 

conductance [23].  

A possible solution is to minimize the layers in contact, therefore reducing the 

potential for poor contact conductance. Y12 has developed a method of electroplating 

nickel onto uranium [28]. While contact resistance would still exist between these two 

materials, it would be more similar to a monolithic material as compared to a nickel foil 

wrapped around the LEU foil. Figure 3-2 shows the cross-section of a microscopic image 

of a depleted uranium (DU) foil which has had nickel electroplated onto the surface [28]. 
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Figure 3-2. Cross-section image of nickel electroplated 
onto a DU foil. 

In addition to the characteristics of the surfaces, thermal contact resistance is also 

dependent upon whether there is any conducting fluid (gas or liquid) in the gaps of the 

interfaces. At the point of manufacturing, any fluid within the interstices of the material 

interfaces of the target would be just air5. However, through the irradiation process, 

fission gases are generated. These fission gasses will play a role in the thermal contact 

conductance as generally they increase internal pressure in turn increasing thermal 

resistance.  

While the role of fission gas formation and how it affects thermal contact 

resistance, therefore target design, will not be directly discussed in this research, it should 

be noted that these studies do exist and are being conducted using finite element analysis 

(FEA). Fission gas pressures of other target designs have been both experimentally 

measured and analytically calculated [29, 30]. Plans are in place to soon measure the 

                                                 
5 This assumes that manufacturing takes place in atmospheric conditions. It could also be performed in a 
vacuum where the interstices would then be a vacuum, or in a specified gas system where the interstices 
would be that specific gas. 
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fission gas generated in the target design shown in Figure 2-5. There have also been 

discussions that possibly poor contact conductance is beneficial. This school of thought 

comes from the gaps permitting a space for fission gasses to occupy, however the poor 

contact and increased thermal resistance are likely to more negatively outweigh any 

positive outcomes from allowing these gaps. While there are still unknowns, it is known 

that gasses can play a role on mechanical pressure, a third variable in which thermal 

contact resistance is dependent upon. 

3.3. Contact Pressure 

A ratio of actual to apparent areas of contact is an important geometric parameter 

that controls the rate of heat transfer through the contacting spots. Determined by the 

relative contact pressure, this ratio is defined as the ratio of applied pressure to the 

contact microhardness. This relative contact pressure also plays a role in the effective 

thickness of the layers of air in the voids between points of contact of the interfaces [31].  

Figure 3-3 shows the principle of how varying contact pressure will cause a 

change in the thermal contact conductance. For two nominally flat surfaces with a 

varying surface roughness, once placed in contact there will be a combined cross-section 

depending on both the contact pressure and microhardness [32]. For simplification, 

microhardness is not considered for this figure but instead the relationship in which 

greater contact pressure will lead to a greater combined cross-section is depicted. 

Generally, materials with an increasing load, or increased contact pressure, will lead to 

increased contact conductance, i.e. decreased contact resistance [33]. 

In the context of this thesis, contact pressure applies in a few facets. First, target 

manufacturing can play a direct role in the contact pressure of the foils. Using a design 
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method that results in increased contact pressure, will then reduce the thermal contact 

resistance and better heat removal from the target throughout the irradiation process. 

There must also be a means of establishing a relationship between the thermal resistance 

and contact pressure specific to the target design. Turner et al. studied these relationships 

for a varying target geometries including annular, flat plate, and curved plate [14, 25, 26, 

34]. Studies by Govindarajan both reaffirmed solutions obtained and expanded upon 

work done by Turner et al. [35]. In terms of the response, thermal contact resistance was 

dependent on geometry, boundary conditions, and heating conditions. 

 

Figure 3-3. Exaggerated profile neglecting microhardness of two surfaces in contact with 
varying contact pressures of less contact pressure (A) and more contact pressure (B). 

In general they showed fission product containment and internal component 

temperatures for LEU foil-based target designs depend on the target cladding design. The 

mechanical stresses developed in the cladding material depend on the LEU-generated 

heat flux, cladding thickness, and how the target is constrained. Further, thermal contact 

resistance between the LEU foil and the cladding depend on the heat flux generated by 

the fissioning LEU. They also demonstrated the minimum gap that could form between 

the LEU-foil and cladding to ensure the maximum foil temperature was not exceeded. 
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Analytically, equations can be used to evaluate the thermally induced stresses in a 

cylinder. The resulting stress distributions suggest whether a specific heating condition 

will increase or decrease interfacial pressure, therefore contributing to thermal contact 

resistance. The driving equation behind the analysis is shown in Eq. (6). This equation is 

for a plane-stress analytic model for the stress in a long circular cylinder as a function of 

radius [36]. In this equation, E is the Young’s modulus of the material, ν Poisson’s ratio, 

α is the coefficient of thermal expansion, r the location along the radius, and c1 and c2 are 

the constants of integration. 
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Turner went on to solve the equation for a specific set of boundary conditions and 

a specific temperature profile through the material, T(r), which varied upon the heating 

condition; these heating conditions being a heat flux applied to either the inner or outer 

surface of the annulus. 

For the annular cylinder, results showed an internal heating condition, that is a 

heat flux applied to the internal surface of the inner cladding, would put the target into a 

compressive state. This compressive state, creating greater contact pressure, resulted in a 

decreased thermal resistance, or better thermal conductance. An external heating 

condition, that is a heat flux applied to the outer surface of the outer cladding, would put 

the target into a tensile state increasing the thermal contact resistance. 

For flat plate target designs, thermal contact resistance plays a very important 

role. Contact pressure can be driven minimally through the manufacturing process. Poor 

thermal contact conductance through the foils will cause the air gaps within the target to 
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expand and a pillowing effect of deflection to occur. Adding curvature to the target could 

provide strength and help alleviate this pillowing effect. Additionally, adjusting the 

aspect ratio of the target could provide another means of dictating thermal contact 

resistance. 

3.4. Past Experimental Irradiation and Testing 

On several occasions, experimental targets have been irradiated in reactors. These 

experiments between ANL and Indonesia aimed to look at new foil-based LEU target 

designs. Early prototypes used zirconium tubes as outer tube cladding and utilized a 

variation of materials as a recoil barrier to protect the uranium from bonding with the 

cladding. These LEU foils were electroplated with either nickel or zinc or were wrapped 

in zinc, nickel, or aluminum foil. Zirconium, 304 stainless steel, or aluminum was used as 

the material for the inner tube cladding. Later prototypes used 3003 series aluminum in 

place of zirconium as the outer tube cladding. These prototypes were produced in a 

similar method as will be discussed in section 4.1.1. [37, 38]. 

These preliminary tests accomplished a few things. Most importantly is the targets 

did not fail. Also, the tests showed that Mo-99 could in fact be produced using a LEU-foil 

based target. Other tests looked at the thermal cycling and failure analysis of the targets 

[38].  

These tests simulated the irradiation conditions by “stress relieving” the target 

tubes. Deformation of the targets will be discussed in the next chapter but it is important 

to note that thermal cycling, which occurs during the irradiation process, can relieve 

stresses within the target that create good contact pressure. Stress relieving can cause a 
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target with excellent heat transfer properties pre-irradiation, to lose those characteristics 

through irradiation.  

These thermal cycling simulations were completed by placing target prototypes in 

a furnace, heating them, removing them, and reheating them several times over a period 

of time. The targets were visually examined and measured using calipers each time they 

were removed from the furnace. These measurements showed little change throughout 

the testing.  

Following the conclusion of the thermal cycling the targets were sectioned and a 

system was used to measure hoop stress. Values from these tests showed the outer tube, 

even after thermal cycling, continued to squeeze the inner tube indicating good thermal 

contact. Polishing and microscopy of the sections also indicated good thermal contact. 

For surrogate target manufacturing and experimental analysis of these targets, 

these principles and studies become the methodologies that govern the techniques 

discussed in the next chapter.  
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EXPERIMENTAL TECHNIQUES CHAPTER 4 - 

This chapter describes the details about the experimental tools and techniques 

used to test LEU surrogate target concepts. To experimentally validate principles and 

research described in the previous chapter, it is necessary to create a surrogate target that 

can simulate the heat generated by a fissioning LEU foil. During irradiation target power 

levels can reach the 30 kW range. While impossible to generate a power level of this 

order because of voltage and current capacities, novel methods of simulating heat 

generation are discussed. This chapter includes some brief descriptions into varying 

surrogate target geometry designs and the manufacturing processes used to produce them. 

Thermal/mechanical/hydraulic testing is also described in detail.  

4.1. Annular Surrogate Target 

To produce a surrogate annular target, two manufacturing methods were used: a 

“plug-and-draw” drawing process as well as a new method using a hydroforming process. 

Thermal/mechanical/hydraulic testing was then performed on these targets. Some figures 

and research presented in subsections 4.1.1 and 4.1.2 have been provided courtesy of Dr. 

El-Gizawy and his research team at the University of Missouri. 

4.1.1. Drawing Assembly Process 

The “plug-and-draw” target manufacturing method, or drawing process, utilizes a 

die and plug to mechanically expand the inner aluminum tube cladding into the foils and 

outer aluminum tube cladding. The two aluminum tubes cut to specified length are pre-

manufactured so that tolerances allow for one tube, the inner tube, to slide freely into the 

other, outer tube. The inner tube also has an additional process performed to mill out a 
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relief depth cut. This relief depth cut allows 

for the foil(s) to wrap around the inner tube 

in a manner that still allows this sub-

assembly to slide into the outer tube. Figure 

4-1 [39] shows an exploded view of an 

annular surrogate target. This figure shows 

the inner aluminum tube cladding with a 

relief depth cut, stainless steel surrogate foil 

(no nickel recoil envelop included), and 

outer aluminum tube cladding in an 

exploded view prior to the drawing process. 

Once the tubes have been slid together, they are placed in a housing, or die, that 

constrains the outer tube cladding during the drawing process. A hydraulically driven rod 

with a plug attached to the end is then forced through the inner tube of the target. The 

plug is sized in such a way that the inner tube is plastically deformed pressing into the 

foil(s) and outer cladding. This deformation is important in reducing the thermal contact 

resistance. Increasing the plug size will in turn increase the deformation that occurs in the 

inner aluminum tube leading to increased contact pressure. Figure 4-2 [39] illustrates the 

plug-and-draw assembly process for an annular target surrogate. Note the exaggeration of 

the expanded target of the aluminum tube cladding. 

It is important to note the types of deformation which occur during the 

manufacturing process. As mentioned, the inner tube cladding deforms plastically as the 

Figure 4-1. Exploded view of annular 
surrogate target. 
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draw plug is driven through.6 This means the deformation occurs permanently. The outer 

tube also experiences deformation which occurs in the elastic regime of the material. This 

elastic deformation results in residual hoop stress and the outer tube squeezes onto the 

foil. This statement is important for contact pressure but also becomes important for the 

disassembly process; when a longitudinal cut is made, the inner tube can be removed 

from the outer because the outer tube elastic deformation and hoop stresses are relaxed 

and allow the outer tube cladding to “spring” apart from foil and inner tube cladding. 

While not discussed in this thesis, it is worth noting that disassembly processes are also 

being studied to compliment the target manufacturing and thermal/mechanical/hydraulic 

analysis. 

 

Figure 4-2. Graphical representation of the drawing assembly process. 

One disadvantage to this process is the need for a lubricant. In the past, soap has 

been used to help aide in the drawing process. However, this lubricant resulted in residue 
                                                 
6 In actuality the inner tube experiences both plastic and elastic deformation from the assembly process. For 
the purpose of explanation, only the permanent, plastic, deformation is discussed for the inner tube. 
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inhibiting the final welding process of the target as well possible effects on heat transfer 

of the target if not properly cleaned. Graphite is the current lubricant of choice replacing 

the soap. While lubricant could not be used, damage has been observed to occur to the 

inner target cladding. Smearing of the inner surface occurs and galls the material. 

Essentially this means that the friction between the plug and aluminum causes slipping 

and tearing of the crystalline structure of aluminum. It also can cause damage to the plug 

itself resulting in ununiformed deformation. 

Initial cleaning using denatured alcohol or acetone help remove the lubricant and 

placing the target in an ultrasonic bath can remove remaining particulates. Baking the 

target at a low temperature can then evaporate any liquids which remain within the 

interfaces of the target.7 Once the target has undergone the drawing process, the ends are 

lathed to create a flush surface and then welded shut. 

The following materials are used for the annular target surrogate: aluminum 6061-

T6 drawn tubes, stainless steel 304 foil as an LEU foil surrogate, and 99.9% pure nickel 

foil to act as the recoil barrier. Other design iterations of target surrogates use 3003 series 

aluminum for the cladding as well as a copper foil instead of stainless steel for the 

surrogate foil. For simplification purposes, the nickel foil envelop was omitted in some 

surrogate targets. 

4.1.2. Hydroforming Assembly Process 

The initial steps for the hydroforming assembly process are almost identical to the 

drawing assembly process. Again, two aluminum tubes cut to specified length are pre-

manufactured so that tolerances allow for one tube, the inner tube, to slide freely into the 

                                                 
7 While this process is acceptable for surrogate targets, it may not be for LEU production targets. 
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other, outer tube. A machined relief depth cut is made on the inner tube and the foils 

wrapped around this cut so that the sub-assembly can slide freely into the outer aluminum 

tube cladding. The difference comes in the method of deforming the aluminum cladding. 

Whereas the draw process utilizes a plug and die to create the deformation, hydroforming 

utilizes a die and hydraulic fluid forced through the target. Two caps are placed on both 

ends of the inner tube and the whole pre-deformed assembly placed into a die. Once 

sealed, hydraulic fluid is pumped into the inner tube, via a fill plug, until the desired 

pressure is achieved. The pressure is then released, fluid drained, and target removed. In a 

similar manner to the drawing assembly process, the target is then cleaned. A graphical 

representation of the hydroforming test rig assembly is shown below in Figure 4-3 [39]. 

 

Figure 4-3. Hydroforming test rig assembly. 

Like the drawing process, the deformation of the aluminum cladding is very 

important. The fluid pressure leads to plastic deformation of the inner aluminum tube 
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cladding the die creates a boundary for the outer aluminum tube cladding placing it in the 

elastic deformation regime. As mentioned, these deformation effects are important for 

contact pressure/thermal contact resistance, as well as the disassembly process.  

There are a few major advantages of the hydroforming process in comparison to 

the plug-and-draw process. First, the forces involved with hydroforming occur in the 

radial direction. This relates directly to the smearing/galling of the inner aluminum tube 

cladding; the addition of friction forces from a plug is not introduced. While this means 

there is no use for lubricant, the process introduces the hydraulic fluid to the target. Much 

like targets that have been assembled through the drawing process, hydroformed targets 

require some method of cleaning to remove the hydraulic fluid. 

4.1.3. Thermal/Mechanical Measurements 

Once the targets are assembled, using either method, they are then prepared for 

experimental testing. For experimental testing, the surrogate target has three 40 AWG, 

PFA-insulated, Type K thermocouples placed equidistant radially around both the outer 

and inner cladding (six thermocouples per target in total) at the length center of the target. 

Three thermocouples were used to get a general radial temperature profile of the target. 

Adhesive Kapton® film is used along the length of the target to protect the thermocouple 

insulation from being melted by the heater. Referring back, Eqs. (4) and (5) show the 

relationship between temperature difference and gaps relating to thermal resistance. 

A flexible Omega brand heating cord, rated at 156 W of power, is then wrapped 

around the outer cladding of the target. Figure 4-4 shows the placing of the 

thermocouples on the outer cladding (with Kapton® film protection) and inner cladding. 

Figure 4-5 shows a sketch of a labeled cross-section. Figure 4-6 shows the target in the 
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test section with the flexible heating cord wrapped around, representing an external 

heating condition.  

An external heating condition was chosen for its simplicity in design. First, 

delivering a coolant flow through the inner tubing is fairly trivial. Also, with the 

availability of a commercial-made wrap heater, an external heating condition is simple to 

achieve.  

 

Figure 4-4. Annular surrogate target with three thermocouples placed radially on the 
external (A) and internal (B) cladding surfaces. A graphical representation of the target 
cross-section is also shown (C). 

 

Figure 4-5. Target cross-section with labeled layers. 
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Not pictured in Figure 4-6 is the addition of a rubber casing around the flexible 

cord heater. High-temperature resistant rubber is wrapped around the entire length of the 

flexible cord heater and zip ties used to securely fasten it in place. Essentially, the ties act 

as a means to increase the contact pressure between the heater and the target. This 

addition helps to ensure the heat produced is driven radially through target.  

 

Figure 4-6. Annular surrogate target, with 
heater, in test section. 

For thermocouple voltage measurement collection, a Keithley 2701 digital multi-

meter is used in conjunction with a computer running the program ExcelLINX. In 

addition to the six thermocouples placed on the target, one thermocouple takes 

measurements at the inlet of the coolant flow through the target. Voltages from the Type 

K thermocouples were recorded and from these, temperatures calculated. 
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A variable AC power supply controls the voltage supplied to the heater. The 

power delivered to the heater is calculated from measurement of voltage across the heater 

and current through the system. This is shown in Eq. (7) where P is the power, VHeater is 

the voltage across the heater, and I is the current through the system.  The current can be 

calculated from a voltage measurement across a precision shunt resistor, VSHUNT, and the 

known resistance of that shunt resistor, ΩSHUNT (Eq. (8)). A schematic of the set-up is 

illustrated in Figure 4-7. These measurements are recorded using the Keithley 2701 

digital multi-meter and ExcelLINX program running on a PC.  

P VHeater∙I  (7) 

I
VSHUNT
ΩSHUNT

 
(8) 

 
Figure 4-7. Wiring schematic for target heater power measurement. 
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4.1.4. Thermal/Hydraulic Measurements 

A simple flow loop provides coolant flow internally to the target. The flow loop 

consists of a 1/25 HP pump circulating water from a five gallon reservoir. The target test 

section is situated atop the water reservoir in which the coolant (water) through the target 

empties (Figure 4-8A). An insulation box was constructed to contain the target during 

testing to reduce thermal losses to ambient (Figure 4-8B). 

Providing a coolant flow accomplishes a few things. First, it dissipates heat away 

from the surrogate target. This is important because the temperature difference is what 

drives the heat from the heater radially through the target. It also more closely simulates 

the environment within the reactor. Irradiated targets, current designs and future design, 

will experience a coolant flow while contained in the reactor.  

 

Figure 4-8. Experimental set-up shown with insulation box (A) and without 
insulation box (B). 
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4.1.5. Experimental Procedure 

The original experimental procedure consisted of the following. The variable 

power supply was turned on to 60V as it was the minimum power needed to obtain 

observable temperature differences. Each test ran for 25 minutes to allow for the system 

to reach steady state. Following the 25 minutes, the voltage supplied was raised to 80V 

and allowed to run for another 25 minutes. The same procedure was followed for 100V 

and then 120V. 120 V was the maximum voltage at which the heater was rated to run. A 

run starting at 60 progressing through 80, 100, and 120V will be referred to as an 

“upscale run.” 

In addition the upscale run, a downscale run was also performed. The downscale 

run was consistent with the procedure of the upscale run with the difference that the 

target was first heated with 120 voltage supply, then 100, 80, and finally 60V. The 

upscale and downscale runs were performed to check for hysteresis as a result of heating 

the target to steady state versus letting it cool and settle to steady state. 

Given the surface area of the rope heater, and the average power measurements 

for each supplied voltage, the supplied 60, 80, 100, and 120 V relate to heat fluxes of 

approximately 0.5 to 1.9 W/cm2. No significant heating affects were noticed while testing 

at 0.5 W/cm2 and this was removed from the testing procedure. The bounds of the 156 

watt rated heater were pushed and it was found that operating at a higher power did not 

cause heater failure. Given the surface area of the rope heater, and the average power 

measurements for each supplied voltage, the supplied 80, 100, 120, and 140 V relate to 

heat fluxes of approximately 0.85 to 2.5 W/cm2. 

To examine internally what occurred post-assembly to the target, destructive 

testing is performed. All six thermocouples are removed and each point marked. An 
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abrasive cutter is used to cross-section the target where the thermocouples were placed. 

The cross-section is then sanded and polished in preparation to take images. Each image 

is representative of one of the three points where a thermocouple was placed for each 

surrogate. Measurements of length thickness of the aluminum cladding, surrogate foil, 

and any gaps were taken.  

4.2. Flat Plate Surrogate Target 

A flat plate surrogate target was designed and manufactured to study the potential 

for pillowing. The method of manufacturing a flat plate surrogate target is described in 

this chapter as well as the thermal/mechanical/hydraulic testing procedure associated with 

these targets. Some unpublished figures and information presented in this section have 

been produced through a collaborative effort between this researcher and both past and 

current researchers of the department Dr. Kyler Turner, John Kennedy, and Robert Slater. 

4.2.1. Target Design, Assembly Process, and Thermal/Mechanical Measurements 

In general, a flat plate target design consists of a resistive heater sandwiched 

between two aluminum plates. The heater simulates interfacial heating as would be seen 

from LEU foil and the aluminum plates simulate the cladding of the target. The target is 

then welded along three of the edges and partially along the fourth edge. Wires providing 

power to the heater, in addition to thermocouple wiring run from the partially welded 

edge and are sealed. Dimensions of the target were based upon HEU flat plate target 

designs (Figure 2-2) taking into account the foil change required for an LEU foil to yield 

similar amounts of 99Mo. 
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As seen in the previous section, finding a heater that can simulate the heat 

generated by a fissioning LEU foil is not a trivial task. Commercially available heaters 

are limited by their power ratings and also dictate dimensions of the surrogate target. 

During irradiation target power levels could be in the 30 kW range. To reach this power 

level during simulation would be impossible due to voltage and current capacity 

restrictions. Thickness of the heater relative to the LEU foil thickness is also important. 

However, by developing a novel heater, the dimensions and power levels can be dictated 

on the terms of the research group, rather than what is commercial available.  

For a given desired power output of a heater, the heater electrical resistance can 

be solved for using Eqs. (7) and (8). Figure 4-9 shows the relationship of power versus 

electrical resistance at varying amperages.  

 

Figure 4-9. Relationship of power versus electrical resistance. 

Current and voltage limits are imposed by restrictions within the laboratory of 

testing. With a power rating, and subsequently an electrical resistance, calculated from 

any restrictions, the heater characteristics can be chosen. These characteristics include the 
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material electrical resistivity, ρ, length, l, and cross-sectional area, A. The relationship is 

shown in Eq. (9). 

Ω ρ
l
A
  (9) 

Initial designs proposed by Turner included the use of tungsten wire but quickly 

moved to Nichrome 80, a material used commonly for resistive heater applications [26]. 

The wire was flattened to create a decreased thickness and increased surface area and was 

then placed in a desired shape on adhesive Kapton® film. Thermocouples were placed at 

the corners of the footprint and in the center. The thermocouples were bare wire type K 

thermocouples with a diameter of 0.003 inches. A second piece of adhesive Kapton® 

film placed on top the other sealed the target heater and bare wires from coming into 

contact with the electrically conductive aluminum plate cladding. An image of this target 

heater design, before sandwiched by the aluminum plate cladding, is shown in Figure 

4-10 [14]. Two aluminum plates cladded the heater and were welded on three sides, 

partially on the fourth and sealed with epoxy around the power and thermocouple wire 

pass-through. 

 

Figure 4-10. Flat plate target surrogate heater design using Nichrome 80 wire. 
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While this design yielded some positive results, two main drawbacks were noticed. 

First, while better than commercially available heaters (this heater produced 2.5 kW of 

power before failure), higher power outputs were sought. Also, the heating profile was 

non-uniform and covered minimal surface area of the overall target footprint. These 

issues were both addressed for the next, and current, design iteration. 

The current surrogate target is again built from Nichrome 80 material. However, 

instead of wire, the target is milled from a sheet of Nichrome 80 material, 0.25 mm thick. 

The resistance of the heater was measured, using a four-wire resistance method, to be 

9.28 ohms. The heater design is similar to commercially available resistive heaters. Initial 

problems were encountered due to the hardness of Nichrome 80. The milling process 

resulted in build-up, or burrs, that would tear through the Kapton® film and cause 

shorting between the heater and aluminum plate cladding. Once this was discovered, care 

was taken to utilize a fine point rotary sander (Dremel® tool) to grind down the burrs. A 

graphic representation of this electrical shorting issue is shown in Figure 4-11. 

 

Figure 4-11. Heater electrical shorting issue representation. 
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Similarly to the Nichrome 80 wire heater, this new milled Nichrome 80 heater is 

placed on adhesive Kapton® film. Thermocouples are placed at each corner of the heater 

as well as in the center. Once the heater and thermocouples are placed, a second piece of 

adhesive Kapton® film is placed on top and smoothed to remove all air bubbles. The 

power wires and thermocouple wires are epoxied. This concept is shown in Figure 4-12. 

 

Figure 4-12. Flat plate target surrogate heater design using a milled sheet of Nichrome 
80. 

Two plates of material Al 6061-T6 with a nominal thickness of 0.001 m and 

dimensions of 215 by 70 mm are used to clad the heater. The surfaces are cleaned with 

acetone and the edges polished with a diamond bit rotary grinder. Two aluminum plates 

of 0.25 inch thickness and dimensioned slightly smaller than the cladding plates are used 

as “chiller plates” during the welding process. The chiller plates help remove heat from 

the cladding during the welding process. Once the heater is sandwiched between the 

cladding plates, the chiller plates are then clamped on both sides of the pre-welded target 

placing the target in compression. The target is TIG welded on three sides and partially 

on the fourth allowing for thermocouple wires and power wires to the heater to pass 

through. The target is then sealed closed with epoxy and two more type K thermocouples 
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placed in the center of the target cladding. Design specifics are shown in Figure 4-13 

[14].  

 

Figure 4-13. Flat plate target surrogate design and thermocouple placement. 

A 240 VAC variable voltage supply, or variac, supplies voltage to the heater. A 

Keithley 2701 digital multi-meter and ExcelLINX program running on a PC record the 

voltage measurements for temperature and power. The same set-up shown in Figure 4-7 

is used to calculate power of the heater.  

4.2.2. Thermal/Hydraulic Measurements 

To supply a coolant flow to the target during testing, a multi-purpose flow loop 

was designed and constructed, Figure 4-16. The flow-loop is multi-purpose in respect to 

its modular design that allows for swamping out of test sections in addition to variability 
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of measurement functions [40]. The flow loop is capable of delivering a controlled 

downward flow of water through a test section either above or below ambient pressure 

depending on valve configuration.  

The pump used is a 1 1/2 horsepower Sta-Rite Max-E-Pro P6E6F-207L operating 

at 230 VAC. The impeller is made of Noryl, an important point to mention. A similar 

testing flow loop at Y-12 National Security Complex consisted of a pump with a cast iron 

impeller [41]. The water for that pump reacted with the cast iron causing an iron oxide to 

be dispersed throughout the system. The pump for this flow loop is intended for water 

and does not introduce contaminants into the flow environment because of a reaction. 

The pump draws from a 100 gallon reservoir tank. The water in the reservoir is 

filtered through a 25 micron and then 3 micron water filter before filling. A 1 micron 

filter is installed in a secondary loop with a pump to constantly filter the water once in the 

reservoir. The water is also treated with hydrochloric acid to reduce the pH level of the 

water to around 5.5. The water is processed in such a way to prevent any sort of corrosion 

between the target aluminum cladding and the flow loop water. 

An Omega FB-7020 flow meter monitors the flow rate through the test section. 

The meter produces a frequency that is calibrated to a flow rater reading. While the pump 

is not a variable power supply pump, the flow can be controlled via a pneumatic control 

valve. This valve is located on a bypass line on the supply side of the flow loop. When 

fully open, supply water is allowed through this bypass line minimizing flow. When fully 

closed, no supply water is allowed through the bypass line and flow rates are maximized. 

Valve position, using a 60 psi air supply, is controlled by a 4-20 mA, constant 24 VDC, 

signal controlled from a manual potentiometer. The calibration curve relating the bypass 
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valve position, flow meter, and flow rate of the system is shown in Figure 4-14. This 

describes the system with a straight pipe dummy; maximum and minimal flow rates will 

vary upon the test section placed in the system.8 Also, a sketch showing the relationship 

of the bypass valve within the context of the flow loop is also shown in Figure 4-15. The 

bypass line is highlighted in red. 

 

Figure 4-14. Flow loop system flow rate calibration curve. 

As mentioned, the flow loop is a modular design. Disconnects allow for varying 

test sections geometry to be placed into the system. Because of the piping disconnects, 

structural stiffness of the piping is compromised. To help with the structural integrity, a 

truss support system connects the flow loop system to two permanent structures of the 

building. 

                                                 
8 When the flat plate surrogate target test section is placed within the system of the flow loop, a maximum 
flow rate of approximately 3 kg/s is attainable. 
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Figure 4-15. Bypass valve in relation to flow loop. 

The flat plate surrogate target test section consists of four metal pieces assembled 

in the shape of a rectangular frame. Two tapped holes provide the inlet and outlet of the 

coolant from to and from the test section. An additional type K thermocouple is located at 

the outlet of the coolant flow to measure the coolant temperature. Four extender arms are 

bolted to the inner side of the frame and house the target in place. A third and fourth 

holes act as a pass through for the heater power connection as well as thermocouple 

connections. These pass-throughs are sealed and watertight as are the power and 

thermocouple connection points located within the test section. Two Plexiglas plates with 

rubber gaskets lining the perimeter edge are bolted to either side of the frame enclosing 

the test section. 

While not used explicitly in the research for this thesis, much work has been 

accomplished with regards to the use of laser displacement sensors. These sensors allow 

for high-speed, high-accuracy measurements of deflection and are situated on a multi-

axis platform. This system, as well as the entirety of the flow loop, is shown in Figure 

4-16. 
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Figure 4-16. Flow loop with labeled components. 

4.2.3. Experimental Procedure 

To ensure that all measurements are recording correctly, it is important to perform 

low power testing first. This low power test checks thermocouple measurements, power 

measurements, and adds confidence in moving forward with higher power tests; the 

ultimate goal to ramp up the voltage supply until the point of heater failure. When 

assured that all measurement devices are reading accurately, the true testing begins.  

To maximize the heat dissipated from the target, the coolant flow rate was 

maximized. The system is run for a period of time to allow for the system to settle. 

Essentially this allows the air bubbles in the system to work their way out so only water 
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is flowing across the target and thermal properties are maximized. Low voltage is then 

supplied to the heater. Slowly the voltage is ramped, or increased. This process is 

increased with an eye being kept on measurements. When the measurements become 

noticeably erratic, failure of the target has been reached and the test is concluded. 

4.3. Curved Plate Surrogate Target 

The curved plate surrogate target is very similar to the flat plate surrogate target, 

the difference being the slight curve applied to the target. While no targets were tested 

thermally, some initial studies were performed to address the feasibility of 

manufacturing. 

Irradiators and producers like the annular design because of the strength of the 

geometry. It is believed, and with good reason, that these targets will be less likely to fail. 

The design however makes assembly, disassembly and processing more difficult. 

Precision cuts must be made within the foil gap region and the deformed cladding 

removed. With a flat plate target, manufacturing is fairly trivial as is disassembly. Cuts 

are made just inside the welded region and the foil is easily removed from the foil. This 

design concept is new however, and there are many unknowns regarding the thermal-

mechanical behavior. 

It is thought, that a curved plate target could address some of the strength issues 

of the flat plate target design. Essentially, a flat plate target can be manufactured where a 

foil is placed between two cladding surfaces and the edges are welded. A process would 

then introduce curvature to the target, adding strength and decreasing the likelihood of 

mechanical failure. 
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The process of constructing a curved plate surrogate target is very similar to that 

of the flat plate. Since no thermal testing was to be performed, no consideration was 

given to a heater. Instead, just two sheets of material Al 6061 with nominal thickness of 

0.001 m are cut to size. Various sizes are used to give irradiators and producers an idea of 

what potentially could be manufactured in the future and for their specific needs; these 

are only concept surrogates. 

Again, the surfaces are cleaned with acetone but this time all four edges are 

polished with a diamond bit rotary grinder. Two aluminum plates of 0.25 inch thickness 

and dimensioned slightly smaller than the cladding plates are used as “chiller plates” 

during the welding process. The flat plate is placed on two supports and a hydraulic press 

is used to drive an annulus into the flat plate giving the target its curvature. Figure 4-17 

shows the method of obtaining target curvature and also the surrogate target itself. 

 

Figure 4-17. Curved plate manufacturing method (A) and surrogate target (B). 
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RESULTS AND DISCUSSION CHAPTER 5 - 

The results presented in this chapter are from thermal-mechanical testing of 

multiple surrogate target versions of both annular and plate geometry. These results are 

both non-destructive and destructive in nature. Non-destructive testing refers to analysis 

techniques which cause no damage to the surrogate target. Destructive testing refers to 

analysis techniques that damage the surrogate target. Three annular versions were tested 

and the specifics of the targets are listed in Table 5-1. One flat plate surrogate target was 

tested specific to section 4.2. Supplemental analysis (numeric) is also shown to explain 

experimental results obtained. The results and findings will also be discussed. 

Table 5-1. Surrogate target version and specifics. 

Version 
Cladding 
Material 

Foil Material 
Relief 
Depth 

Recoil 
Barrier 

Assembly 
Process 

1 Al 3003 Copper Yes None Drawing 

2 Al 6061-T6 No Foil None None Drawing 

3 Al 6061-T6 
Stainless Steel 

304 
Yes Nickel Hydroforming 

 

5.1. Annular Target Testing - Drawing Assembly Process Target 

This section describes the experimental testing executed on two targets assembled 

using the drawing assembly process. Two target versions were tested: one using a copper 

surrogate foil (no recoil barrier) and aluminum 3003 cladding; the other target just two 

concentric aluminum 6061-T6 tubes drawn together and no foil. These two targets were 

also a design test from the manufacturing end. The relief depth cut was larger than 
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normal to see if the deformation of the drawing process would close the gap between the 

foil and cladding. The target with no foil had no relief depth cut. Neither target was 

welded on the ends. 

An analytical thermal resistance was calculated for each of the three points where 

temperature measurements were taken. The thermal resistance networks were created 

from information captured by digital microscope images showing points of contact and 

where air gaps existed as well as the physical measurements for each thickness. It was 

assumed that the points where air gaps existed would be treated as conduction through 

air. This assumption was made based on the interfacial area gaps being too small for 

convection currents to occur and temperatures below the threshold for radiation to be a 

factor. Equation 10 shows the general relationship for the thermal resistance of radial 

conduction through a cylindrical wall [42]. 

R
ln r2 r1
2πlk

  (10) 

The length of the heated region, l was 0.08 m (Figure 4-6). The thermal 

conductivity for each material was based off values at 300 K and were 162 W/m·K (3003 

Aluminum), 167 W/m·K (6061-T6 Aluminum), 401 W/m·K (Copper), and 0.0271 

W/m·K (air) [43]. Although these properties of thermal conductivity would change with 

varying temperature, this was neglected because the change is so minimal.  

5.1.1. Target with Foil (Version 1) 

Figure 5-1 shows the resistance network for the target with the copper foil and an 

external heating condition. In addition, it takes into account the air gaps that are present 

between the outer aluminum cladding and copper foil as well as the inner aluminum 
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cladding and copper foil. Because the foil gap location was not noted during the 

manufacturing process, the thermocouple locations do not match up with Figure 4-4C. 

The actual thermocouple locations are shown below in Figure 5-2. Figure 5-3 – Figure 

5-5 show the microscopic images used in calculating thermal contact resistance. With 

these images, it is very apparent that large values for thermal resistance should exist due 

to the air gaps. The layers for the physical materials are noted on the figures along with 

where gaps are apparent. A 250 μm scale bar is present in each image.  

 

Figure 5-1. Thermal resistance network for target version 1. 

 

Figure 5-2. Thermocouple locations for target version 1. 
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Figure 5-3. Point 1 cross-section (target version 1). 

 

Figure 5-4. Point 2 cross-section (target version 1). 



- 60 - 
 

 

Figure 5-5. Point 3 cross-section (target version 1). 

For surrogate target version 1, the total resistance is attributed to the cladding, 

foil, as well as conduction through the apparent air gaps, shown as 

RTotal 	RAl,	out 	RAir,	out 	RCopper 	RAir,	in 	RAl,	in  (11)  

The resistance values were calculated using Eq. (11) using the values of cladding, 

foil, and gap thickness measured by the digital microscope. These measurements are 

shown in Appendix 1. Because the values of thermal conductivity for Al 6061-T6 and Cu 

are so much higher than that of air, it is apparent that the air gaps would then be the 

driving factor of thermal resistance. 

A best case scenario was then assumed; this case being what the total resistance of 

the target would be if the air gaps were neglected and perfect contact existed. Again, 
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these resistance values were calculated using Eq. (12) and the values of material 

thickness measured by the microscope. The relationship is shown in as 

RTotal RAl,	out RCopper RAl,	in  (12)  

Table 5-2 shows the contributing thermal resistances from Eqs. (11) and (12) and 

the resulting total thermal resistance of the target layers. As expected, the air gaps are the 

dominant factor of total thermal resistance with resistance values between 600 and 2000 

times greater than that of the aluminum and copper. 

Table 5-2. Calculated contributing thermal resistances (K/W) for target version 1. 

RAl,out  RAir,out  Rcopper RAir,in  RAl,in  RTotal
2  RTotal

3 

Pt 1 0.00121 0.489 0.00007 1.405 0.00077 1.896 0.00205 

Pt 2 0.00103 *1 0.00009 0.797 0.00013 0.798 0.00129 

Pt 3 0.00120 0.521 0.00008 0.968 0.00138 1.492 0.00266 

1This air gap was taken to not exist [Figure 5-4] therefore there would be no thermal 
resistance at this point. 2Total thermal resistance per Eq. (11). 3Total thermal resistance 
per Eq. (12). 

Equation 4 can be expanded where the temperature difference, ∆T, is a function of 

the inner and outer surface cladding temperatures and the heat transfer rate, q, is 

equivalent to Eq. (7). This expanded equation is shown in Eq. (13) and represents the 

experimentally measured thermal resistance. 

R
TAl,	out/out‐TAl,	in/in

VHeater∙	I
  (13)  

Figure 5-6 – Figure 5-8 show plots of the experimentally measured thermal 

resistances for a series of up and down runs at each of the three points using Eq. (13). 
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Figure 5-6. Experimentally measured thermal resistance for target version 1, point 1. 

 
Figure 5-7. Experimentally measured thermal resistance for target version 1, point 2. 
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Figure 5-8. Experimentally measured thermal resistance for target version 1, point 3. 

Thermal resistance was observed to decrease as the power of the heater was 

increased. Also, Point 3 was observed to measure a larger experimental resistance than 

Points 1 and 2. First assumption would be that is variance is due to a larger air gap at 

Point 3 as compared with Points 1 and 2. Referencing Table 5-2 and those contributing 

resistance values for each layer however does not support this conclusion. The reason is 

explained as such: first, Point 3 was closest positioned to the foil gap as pictured in 

Figure 5-2 where a large air gap exists. Additionally, while an attempt was made to line 

the heater up directly atop each thermocouple, it is likely the thermocouple at Point 3 fell 

between the interfaces of the heater wrapping. 

An expression was derived to estimate the thermal resistance due to contact at 

each point of contact. This relationship was established through the experimentally 

measured thermal resistance using Eq. (13) and the contributing resistances of the 
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aluminum cladding and copper surrogate foil, shown in Table 5-2. The resistances due to 

the conductance through the air gaps were neglected and instead replaced with a general 

resistance due to contact, RContact. The relationship is expressed as 

RContact RTotal‐ RAl,	out 	RCopper 	RAl,	in   (14)  

where RContact	 is actually the sum of all thermal resistance due to contact through the 

target, Contact 1 and Contact 2 as defined in Figure 5-1. The resulting thermal resistance 

due to contact for each point are shown in Figure 5-9 – Figure 5-11. Ultimately, thermal 

contact resistance is the driving factor behind the total thermal resistance of the target at 

each point. 

 

Figure 5-9. Resulting thermal contact resistance target version 1, point 1. 
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Figure 5-10. Resulting thermal contact resistance target version 1, point 2. 

 
Figure 5-11. Resulting thermal contact resistance target version 1, point 3. 
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A study was also performed to compare the air gaps observed using the digital 

microscope versus what gaps should theoretically exist given the experimentally 

measured thermal resistances. Assuming RContact from Eq. (14) was due solely to the 

existence of the air gaps, the air gap thickness was solved for using Eq. (10). The 

resulting calculated air gap thickness is the sum of both the inner and outer gaps, denoted 

as the total expected air gap. Table 5-3 shows the results of this study. The standard 

deviation takes into account the varying thermal resistances for each power output, i.e. 

the average of values in Figure 5-6 – Figure 5-8. The percent difference was calculated 

using Eq. (15) where x is the total calculated air gap and y is the total observed air gap. 

Percent	Difference	 % 100	 	
x	‐y
x y
2

  (15)  

Table 5-3. Comparison of experimental and theoretical expected air gaps within target 
version 1. 

  
 Observed Outer 

Air Gap (µm) 

Observed Inner 
Air Gap (µm) 

Total Observed 
Air Gap (µm) 

Total Expected 
Air Gap (µm) 

Percent 
Difference 

(%) 
Pt
1 

174.75 62.41 237.16 148.32 - 46.10 

Pt
2 

100.90 0.00 100.90 157.54 43.83 

Pt 
3 

120.42 66.63 187.05 246.44 27.40 

 

Table 5-3 shows statistically a large difference between the observed air gaps of 

the sectioned target as compared to the expected air gaps calculated from the 

experimentally measured thermal resistance. Equation 10 takes into account the length of 

the heated region, or specifically for this experiment, the length of the heater along the 

target and is only modeled as one-dimensional. In actuality, the target is longer than that 
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of the heated region and more complex than a one-dimensional model. This will cause 

conductance paths to travel along the target, longitudinally, as well as through radially. 

Further, one technique that must be refined is using the digital microscope to 

obtain thickness measurements. While the instrument itself is very accurate, it relies on 

user-defined points to calculate a distance. Variance in point selection can greatly affect 

the overall measurement. Additionally, it is likely that periodic contact occurs throughout 

the target. The system is ultimately not defined by just these three measured points 

measured. 

In addition, distinguishing between contacts and gaps of the materials can be 

difficult. Through the sectioning and polishing process, fragments of materials can be 

removed from or become lodged in various gaps of the target. This makes cross-section 

measurements with the microscope difficult. The sectioning and polishing processes are 

another area that will be refined for future research. One minor variance also is the fact 

that the target is not a true circle which is what Eq. (10) is defined for. This variance of 

the target and its “out-of-roundness” was considered negligible. 

5.1.2. Target with No Foil (Version 2) 

Figure 5-12 shows the resistance network for annular surrogate target version 2 

assuming no air gaps at the interface. For this target, perfect contact between the two 

concentric aluminum tubing was assumed in addition to assuming there would be 

conduction directly through the outer aluminum and inner aluminum tubing. The 

thermocouple point locations on the target are arbitrary since there is no foil gap. Figure 

5-13 – Figure 5-15 show the microscopic images used in calculating thermal resistance. 
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These figures indicate good contact, meaning no apparent air gaps. However, this does 

not mean that thermal resistance due to contact does not exist. 

 

Figure 5-12. Thermal resistance network for target version 2. 

 

Figure 5-13. Point 1 cross-section (target version 2). 
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Figure 5-14. Point 2 cross-section (target version 2). 

 

Figure 5-15. Point 3 cross section (target version 2). 
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For surrogate target version 2, the total resistance is attributed to only the cladding 

and is represented as 

RTotal 	RAl,	out 		RAl,	in  (16)  

The resistance values were calculated using Eq. (10) using the values of cladding 

thickness measured by the digital microscope. These measurements are shown in 

Appendix 1. The resulting resistance due to the inner and outer cladding, as well as the 

total resistance, RTotal, are shown in Table 5-4. 

Table 5-4. Calculated contributing thermal resistances (K/W) for target version 2. 

RAl,out  RAl,in  RTotal  

Pt 1 0.00173 0.00146 0.00319 

Pt 2 0.00138 0.00144 0.00282 

Pt 3 0.00173 0.00159 0.00332 

 

Figure 5-16 – Figure 5-18 are plots of the experimentally measured thermal 

resistances for a series of up and down runs at each of the three points using Eq. (13) for 

surrogate target version 2. 

An expression was derived to estimate the thermal resistance due to contact at 

each point of contact. This relationship was established through the experimentally 

measured thermal resistance using Eq. (13) and the contributing resistances of the 

aluminum cladding shown above in Table 5-4. A resistance due to contact, RContact was 

added and the relationship is expressed in Eq. (17) and shown in Figure 5-19-Figure 5-21. 

RContact RTotal‐ RAl,	out 	RAl,	in   (17)  
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Figure 5-16. Experimentally measured thermal resistance for target version 2, point 1. 

 
Figure 5-17. Experimentally measured thermal resistance for target version 2, point 2. 
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Figure 5-18. Experimentally measured thermal resistance for target version 2, point 3. 

 

Figure 5-19. Resulting thermal contact resistance for target version 2, point 1. 
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Figure 5-20. Resulting thermal contact resistance for target version 2, point 2. 

 

Figure 5-21. Resulting thermal contact resistance for target version 2, point 3. 

While Figure 5-13 – Figure 5-15 indicate good surface contact between the inner 

and outer cladding surfaces, the results shown in Figure 5-19 – Figure 5-21 show a 

relatively large thermal contact resistance at each point. Comparatively, point 3 was 
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shown to have a larger thermal contact resistance than points 1 and 2. While the 

microscopic images give no indication why this would be the case, it is again contributed 

to the way the heater was wrapped and that the thermocouple was positioned in between 

the interfaces of the cord.  

Again, Eq. (10) takes into account the length of the heated region, or specifically 

for this experiment, the length of the heater along the target and is only modeled as one-

dimensional. In actuality, the target is longer than that of the heated region and more 

complex than a one-dimensional model. This will cause conductance paths to travel along 

the target, longitudinal, as well as through radially. 

Note that the thermal contact resistance in both the target with the Cu foil 

surrogate and target with no foil decrease with increasing powers. Turner showed 

numerically and analytically, that with an external heating condition, an annular target 

would exhibit a positive radial stress, or a tensile force at the interface [14]. This would 

mean a decrease in the interfacial contact pressure, therefore an increase in thermal 

contact resistance. One note to make is that at any point where a gap exists between two 

surfaces, the stress at that interface would be zero. This would apply to the points where a 

significant gap between two surfaces existed. Further investigation is required to explain 

why the thermal contact resistance trends opposite of what would be expected. 

5.2. Annular Target Testing - Hydroforming Assembly Process Target (Version 3) 

The first set of experimental runs on annular targets left one large question in 

terms of interpreting the results; why were the experimentally observed values for 

thermal resistance decreasing with increasing power when numerical and analytic results 

both show there should be an increase? While this question was not exactly answered, 
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some discussion provided in the previous section gave indication where improvements to 

the testing methods could be made. One important trend was shown from these initial 

experimental results: thermal resistance, and resulting thermal contact resistance, was 

shown to be higher within the target with a foil and noticeable air gaps versus the target 

with just two concentric tubes. 

For the next experimental set, another annular surrogate target was tested in a 

similar method to that described previously. The target consisted of two concentric tubes 

of material Al 6061-T6 with a machined relief milling of the outer surface of the inner 

cladding. A Stainless Steel 304 foil of 0.15 mm thickness was used as the surrogate foil. 

To more closely replicate the LEU-foil target design, a nickel envelope was also included 

in the surrogate target. This foil was a nickel foil, 99.9% purity, with a 0.015 mm 

thickness wrapped and folded around the SS 304 surrogate foil like an envelope. 

A thermal resistance network assuming perfect contact between each material was 

created for this target, shown in Figure 5-22. This resistance network is for points 1 and 

2. For point 3, the resistance network shown in Figure 5-12 is used because at this point 

there is conduction through only the inner and outer aluminum cladding. 

 

Figure 5-22. Thermal resistance network for target version 3. 
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Equation 10 was again used to calculate the corresponding values for resistance 

based upon the measured values of each material taken using a digital microscope (Figure 

5-23 – Figure 5-25). These measurements are shown in Appendix 1. RTotal was 

established through the relationship shown in Eq. (18) and shown in Table 5-5. 

RTotal 	RAl,	out 	RNi,out 	RSS 	RNi,	in 	RAl,	in  (18)  

Table 5-5. Calculated contributing thermal resistances (K/W) for target version 3. 

RAl,Out RNi,Out RStainlessSteal RNi,In RAl,In RTotal 

Pt 1 0.00075 0.00004 0.00133 0.00005 0.00054 0.00271 

Pt 2 0.00074 0.00002 0.00133 0.00004 0.00054 0.00268 

Pt 3 0.00075 - - - 0.00051 0.00126 

 

Figure 5-23. Point 1 cross-section (target version 3). 
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Figure 5-24. Point 2 cross-section (target version 3). 

 

Figure 5-25. Point 3 cross-section (target version 3). 
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Thermocouple/point locations are based upon Figure 4-4C for both the cross-

section figures and experimental results for thermal resistance. 

The experimental thermal resistance was plotted for multiple up and down heating 

runs for each of the three points. It was important to pay close attention to any hysteresis 

effects caused by the variance in experimental procedure between ramping up the power 

of the heater versus decreasing it. The results are shown in Figure 5-26 - Figure 5-28. 

The results show some hysteresis effects. Ideally every run for each point would 

show the same resistance value with increasing power for each up and down run.  

For point 1, there is a variance in trend from each run. Up Run 1 and Down Run 1 

show a distinctive trend that thermal resistance increases with increasing power. Up Run 

2, and Up Run 3 show a distinctive trend that thermal resistance decreases with 

increasing power. Down Run 2 shows a slight trend of increasing thermal resistance with 

increasing power and Down Run 3 shows a steady trend of thermal resistance with 

varying power. 

Point 2 also shows a variance in results from each run. Up Run 1, Up Run 2, Up 

Run 3, and Down Run 3 all show an increasing trend in thermal resistance with 

increasing power.  Down Run 1 and Down Run 2 show the opposite, a decreasing 

thermal resistance with increasing power. 

Point 3, as was the case with the other two points, showed a variance in results 

from each run. Up Run 2, Up Run 3, and Down Run 3 all showed a decrease in thermal 

resistance with increasing powers. Up Run 1 and Down Run 1 showed an increasing 

thermal resistance with increasing power while Down Run 2 gave no definitive trend. 
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Figure 5-26. Experimentally measured thermal resistance for target version 3, point 1. 

 
Figure 5-27. Experimentally measured thermal resistance for target version 3, point 2. 
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Figure 5-28. Experimentally measured thermal resistance for target version 3, point 3. 

While the hysteresis of these test runs is undesirable, it was encouraging to see 

that over half of the individual runs showed increasing thermal resistance with increasing 

power. Also, when comparing the experimental results between each point, points 1 and 2 

have very similar values for thermal resistance. This is to be expected because the points 

at which they lie on the target are theoretically the same. Point 3 also differs from points 

1 and 2. The experimental results for thermal resistance are actually larger than those at 

points 1 and 2. At first thought, this would seem to be opposite of expected. At point 3 

there is only one point of contact, the two aluminum tubes deformed into each other, 

therefore there should be lower thermal resistance due to contact. However, upon 

examining of the cross-sections (Figure 5-23 – Figure 5-25) less than good contact is 

noticeable at point 3 while points 1 and 2 show fairly decent contact. This less than good 

contact indicates reason for increased experimentally measured thermal resistance, a 
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result from high thermal contact resistance. Further, the images in Appendix 2 have 

attempted to capture the contact gaps that exist at each point of the cross-section. These 

images were produced by identifying areas of underexposure and highlighting. The blue 

highlighting provides a general display of where poor contact may exist.  

An expression was derived to estimate the thermal resistance due to contact at 

each point of contact. This relationship was established through the experimentally 

measured thermal resistance using Eq. (13) and the contributing resistances of the 

aluminum cladding shown above in Table 5-5. A resistance due to contact, RContact was 

added and the relationship is expressed in Eq. (19). Note that this resistance due to 

contact is actually a sum of all of the contact resistances through the target. 

RContact 	RTotal‐ RAl,	out 	RNi,out 	RSS 	RNi,	in 	RAl,	in   (19)  

 

Figure 5-29. Thermal resistance due to contact for target version 3, point 1. 
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Figure 5-30. Thermal resistance due to contact for target version 3, point 2. 

 
Figure 5-31. Thermal resistance due to contact for target version 3, point 3. 
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Figure 5-29 – Figure 5-31 show the resulting thermal resistance due to contact at points 1, 

2, and 3 for target version 3. Comparing the resistance values in Table 5-5 with these 

figures, it is apparent to see that the contact resistance is the driving factor in this target as 

was the case with target versions 1 and 2.  

5.3. Annular Testing – Discussion of Experimental Results 

When comparing the experimental results between the three target versions, there 

were also a few other observations made which provide positive feedback for the 

measurement techniques. As expected, the target consisting of only two concentric tubes 

swaged together, target version 2, showed the lowest values of experimentally measured 

thermal resistance. Comparing the targets with surrogate foils, the target with a stainless 

steel foil, target version 3, showed lower experimentally measured thermal resistance. 

While there were more areas for contact in this target because of the added nickel foil 

envelope, the contact was significantly better than that of target version 1, shown through 

the microscopic images. This concept is shown graphically in Figure 5-32. This gives 

confidence that the method can provide an indication of tubes that are in better contact. 

To explore the downward trend in thermal resistance with increasing power and 

possible explanations, two numeric models and experimental testing of a single annulus 

were explored. The first of the numeric models was a two-dimensional analysis using 

finite element method, also known as finite element analysis. The second numeric 

analysis utilized computational fluid dynamics to explore a three-dimensional analysis of 

the testing process.  
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Figure 5-32. Comparison of annular target version thermal resistance. 

5.3.1. Numerical Analysis of a Hydroformed Target Using Finite Element Method 

The commercial finite element code Abaqus FEA was used to perform a thermal-

mechanical analysis for comparison purposes of comparison with the experimentally 

obtained results. The analysis was performed on a simple two-dimensional model with 

only a stainless steel surrogate foil, no nickel, built using dimensions for the surrogate 

target design (Appendix 3). Figure 5-33 shows the cross-section geometry before any 

simulation/analysis was performed. 

The mesh was generated using Abaqus FEA-specific quadratic quadrilateral 

element CPE8RT. This element type was chosen because Abaqus FEA documentation 

indicated  its usefulness is modeling curved surfaces and its response to bending. Specific 

mesh size was determined through similar analysis performed by Govindarajan [35]. 

Each layer, the inner tube cladding, foil, and outer tube cladding, had a 10 element 
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thickness. This was required to obtain a proper stress and temperature distribution across 

the radius. A matched mesh, meaning the elements were aligned, was also used to help 

with data extraction in the post processing stage. 

The hydroforming process was simulated by applying an internal pressure 

consistent with that used during the actual manufacturing process. This was accomplished 

by creating a mechanical pressure load on the inner surface of the inner cladding. A 

boundary condition of symmetry about the x-axis was used to allow for no rotation along 

theta and no translation along the radial direction. A structural boundary condition was 

placed on the external surface to simulate the restrictive nature of the die. The model was 

run through both elastic and plastic regimes of each material to provide the assembled 

target. This was accomplished by loading the stress-strain curves for each material into 

Abaqus FEA. These parameters of elasticity were based off those established by 

Mendelson for a thick walled tube [44]. 

This assembled target was then run through an external heating condition with a 

heat flux applied. The heat flux was the same flux seen by the surrogate target during the 

highest power experimental testing, 2.5 W/cm2. Internal flow was simulated by adding an 

internal temperature boundary condition with convection consistent with the 

experimentally measured coolant flow temperature. A resistance network was created to 

solve for the heat transfer coefficient so this value could be used in the Abaqus FEA 

simulation and is shown in Figure 5-34  
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Figure 5-33. Cross-section geometry for numerical assembly model of annular target 
with stainless steel surrogate target. 

  

Figure 5-34. Thermal resistance network with stainless steel foil and convection. 
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In addition to Eqs. (4) and (10), an equation for resistance for convection was 

needed. This relationship is shown in Eq. (20) where	h is the heat transfer coefficient and 

all other variables have been previously defined [42].  

R
1

h2πrl
  (20)  

Combining these three equations, the heat transfer coefficient can then be solved for. 

Appendix 4 shows the Mathematica file used to solve for the heat transfer coefficient 

given the experimental data used for temperature difference and heat flux. 

Figure 5-35 shows a magnified view of two points of interest on the cross-section 

of the numerical results and a comparison of the same points on the actual surrogate 

target cross-section. The contour plot is of the temperature distribution with associated 

temperature values shown in Figure 5-36. Comparing the two sets of images, it is obvious 

the same issue of gap closure is observed. Effectively, the deformation of the aluminum 

does not fully close the gap at the point where the surrogate foil ends. And while the gap 

is shown to close at point 3 on the numerical model, the gap still appears to slightly exist 

in the actual surrogate target Figure 5-25. 

Figure 5-37 shows the temperature profile along the circumference of the inner 

surface inner cladding and outer surface of the outer cladding. The downward trend in 

temperature around 110 and 250 degree positions within the inner surface of the inner 

cladding are due to the gap that exists near the foil end. The bump upward is a result of 

just the inner and outer aluminum cladding being in contact. 
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Figure 5-35. Comparison of numerical solution and actual cross-section of annular 
target with stainless steel surrogate foil. 

 

 

Figure 5-36. Temperature profile for two-dimensional uniform heating model of annular 
target with stainless steel surrogate foil. 
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Figure 5-37. Inner and outer aluminum cladding temperature for numerical model of 
annular target with stainless steel surrogate foil. 

Figure 5-38 shows the resulting temperature difference radially along the target 

between the outer surface of the outer cladding and inner surface of the inner aluminum 

cladding. Another discrepancy between the numeric and experimental results are the 

resulting temperatures of the cladding. Experimental results showed a temperature 

difference of around 10 K, while numeric shows less than one.  

In Abaqus FEA, the model was set to interpolate between two sets of values for 

thermal conductance and the gap between any two surfaces. At 0 m clearance, the target 

is set to have infinite conductance, meaning thermal resistance is negligible. Specifically, 

this conductance value is of the order 109 W/m2. Where a gap of 0.01 m exists, there will 

no conductance, or an infinite thermal resistance. Experimentally however, even if a gap 

exists, there will still be some sort of conductance. 
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Figure 5-38. Temperature difference between the inner and outer aluminum cladding for 
numerical model of annular target with stainless steel surrogate foil. 

 
Figure 5-39. Von Mises stress of the inner and outer cladding surfaces for numerical 
model of annular target with stainless steel surrogate foil. 
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Von Mises stress after assembly and thermal loading are shown in Figure 5-39. 

Minimal stress is shown in the outer surface of the outer cladding, as expected. The inner 

surface of the inner cladding shows stress concentrations at the points where the foil 

ends. There is also a concentration where the inner cladding is deformed into the outer 

cladding at the point where no foil exists. Testing methods providing insight on the 

relationship between stresses and thermal characteristics will be discussed later. 

It is important to put into context the power levels of the experimental testing. 

Using a model almost identical to the one described in this section, however only 

modeling two concentric aluminum tubes with no foil, Govindarajan showed 

[unpublished] that it took a heat flux of 10 W/cm2 to open a gap of only 0.000125 mm 

between the two tube surfaces. It required 100 W/cm2 to increase this gap opening by an 

order of magnitude to 0.00122 mm. At the power levels experimentally tested, the change 

is may potentially be negligible. 

5.3.2. Numerical Analysis of a Single Annulus Using Computational Fluid Dynamics 

To examine the three-dimensional heating effects, a computational fluid dynamics 

(CFD) code, Star CCM+, was used. The model consisted of a single tube with a 1 mm 

thickness. The inner radius of the tube was 14 mm, outside radius of 15 mm. The tube 

was 152 mm in length. This tube is essentially identical to outside tubing used in 

experimental testing. A trimmer, or hexahedral, mesh with a 0.2 mm base size was used 

to generate a mesh with a five element radial thickness. 

A fluid region was established through the tube. The fluid region was kept at a 

constant temperature The fluid was assigned an inlet temperature of 300 K and inlet mass 

flow rate of 0.315 kg/s, both consistent to that of experimental testing. A polyhedral mesh 
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was assigned to this region with a 0.5 mm base size. The final mesh generated 2,271,043 

total elements. 

Finally, a heating condition was applied to the outside surface of the tube. The 

heated region was 8 cm in length, consistent with experimental testing. Five simulations 

were run at heat transfer rates of 200, 148, 103, 67, and 38 W. These were the same 

powers from the heater during experimental testing. An adiabatic condition was applied 

to the outside surface of the tube and heated region. 

The main purpose of these simulations was to examine the heat loss outside of the 

heated region of the target. The one- and two-dimensional models presented assume all 

heat applied to the outer surface of the targets travel only radially through the target. 

There was also the thought that heat loss may not be proportional at varying heating 

powers, therefore potentially explaining the decreasing thermal resistance trend with 

increasing power. 

The visual results for the 200W simulation are shown in Figure 5-40. Shown in 

this figure, are temperature gradients outside the heated region indicating heat loss. Star-

CCM+ was able to quantify this heat loss. It was found that for each simulation 

approximately 9.2% of the total heat applied was lost outside of the heated region 

boundary. While heat loss was shown, it did not vary with the varying power inputs of 

the heated region. 

The outside surface temperature graphic is shown in Figure 5-41. This graphic 

clearly shows the representation of heat transfer loss outside of the heated region 

longitudinally. 
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Figure 5-40. Temperature gradient, with mesh, for 200W simulation. 

 

Figure 5-41. Outside surface temperature gradient for 200W simulation. 
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As a simple comparison, temperature values were compared with a simple one-

dimensional model. For a single annulus with external heating, the temperature profile 

radially can be expressed as 

																								T r in 	T∞+ 
qin
''

kin
*b	 * ln r

a	
	 kin
a*	ha

  (21)  

where a is the inner radius of the tube, b is the outer radius of the tube, r is the radius at 

any location radially, ha is the heat transfer coefficient off the inner surface, T∞ is the 

coolant temperature, and qin
''  is the heat transfer per unit area, or heat flux, at the outer 

surface. The values for each variable used in Eq. (21) all corresponded with those used in 

Star CCM+ for the 200W simulation. 

 

Figure 5-42. Radial temperature distribution comparison. 

While a rather large error exists between the two value sets, it is important to note 

the similarity in slope and trend. The difference is attributed to the heat spreading outside 

of the heated region. 
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5.3.3. Single Annulus Experimental Testing 

To further explore the error associated with the metrology of the testing 

technique, a single tube of Aluminum 3003 was tested. By testing only a single tube, no 

contact resistance between layers is introduced. For testing, the same procedure described 

in 4.1 was used, however only points 1 and 2 were measured. The dimensions of the 

annulus used were consistent with the outer tube dimensions shown in Appendix 3. 

The first test showed thermal resistance values similar to those of target version 2 

with two concentric tubes drawn together. Knowing that the resistance of a single tube 

should be at least half of the thermal resistance measured of two drawn tubes (without 

even considering the resistance due to contact), some changes were made to the 

experimental setup.  

While attention was given to checking electrical contact between the 

thermocouple and aluminum tubing during past tests, it was specifically noted during the 

next set of tests. Using a handheld multimeter, the electrical resistance between the 

aluminum tube and each thermocouple was tested after epoxy was applied but before it 

cured, after the epoxy had cured but before thermal testing, and again after thermal 

testing. 

Additionally, a very small score was made at the thermocouple location point. 

Placing a slight bend in the thermocouple wire and taping the wire to the aluminum 

provided a mechanical force to keep the thermocouple bead in contact and placed within 

the score of the aluminum. A special effort was made to use the least amount of epoxy 

possible to cover the bead of the thermocouple and secure it in place. 

After the initial shakedown testing that showed the large value for thermal 

resistance, two builds were completed using the techniques mentioned above. A build 
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consisted of attaching thermocouples, assembling the set-up, running through a set of 

heater powers (~65, 100, 150, and 200 W), and disassembling after thermal testing. Each 

thermocouple labeling coincided at the same location for each build. 

An uncertainty analysis was performed on the data collected. The uncertainty was 

based on the measurements taken and is described in Appendix 5. 

The thermal resistance values for each point are shown in Figure 5-43. Table 2-1 

shows the results of the electrical continuity tests between the annulus and thermocouple. 

 

Figure 5-43. Single tube thermal resistance values. 

Table 5-6. Electrical continuity of thermocouple and annulus. 

      Before Cure  Cured  After Testing 

Build 1 

Pt 1 ‐ Out  Yes  Yes  No 

Pt 2 ‐ Out  Yes  Yes  Yes 

Pt 1 ‐ In  Yes  Yes  Yes 

Pt 2 ‐ In  Yes  No   No 

Build 2 

Pt 1 ‐ Out  Yes  Yes  No 

Pt 2 ‐ Out  Yes  No   No 

Pt 1 ‐ In  Yes  Yes   Yes 

Pt 2 ‐ In  Yes  Yes  Yes 
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It became apparent that through the thermal testing process, the thermocouples 

occasionally lose contact with the aluminum tube. While not exclusive, there seemed to 

be issues with losing contact most often with external thermocouples. This is to be 

expected given the heating effects likely to occur within the epoxy and aluminum 

interface. Additionally, the way in which the thermocouple is placed, in reality is the 

driving factor in the thermal resistance measurement. 

Assuming there are no variations in the wall thickness of the target, the thermal 

resistance value through the wall of an annulus should be the same at any point radially 

along a constant longitudinal distance. This is clearly not the case as shown in Figure 

5-43. For each power, the four data points all fall outside of the uncertainty range of each 

individual data point. This suggests that in addition to the uncertainty of the resistance 

due to the measurements taken, there is an uncertainty associated with physically placing 

the thermocouple on the target. The thermal resistance is corrected for each power and 

this error is included in the measurement as shown in Figure 5-44. 

 

Figure 5-44. Single tube thermal resistance values with error. 
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Equation 10 gives the thermal resistance of an annulus. Using this equation for the 

single tube tested, a thermal resistance of around 0.0008 K/W was calculated. This is 

significantly lower than the values measured give indication to an even larger uncertainty 

associated with the overall process of approximately 0.02 K/W. 

Knowing these areas of uncertainty and error, the data for target version 3 was 

revisited. For each power, the error associated with the overall process, approximately 

0.02 K/W, was removed. Error associated with both the measurement process and the 

attachment process was included. The resulting corrected thermal contact resistance is 

shown in Figure 5-45.  

 
Figure 5-45. Corrected thermal contact resistance for target version 3. 

Through this process, the data resolves itself nicely; points 1 and 2 show a slight 

increasing trend in thermal contact resistance with increasing power as consistent with 

literature. Point 3 does not vary significantly with increasing power. This can be 

attributed to having less contact pressure associated at this point. 
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5.4. Flat Plate Target Testing 

Testing on the flat plate target surrogate began with low power shake down 

testing. This testing looked to confirm that all issues with shorting had been resolved. 

Values for temperature and power were observed to assure they were reading properly 

and outputting accurate values. The high power testing then followed. 

Slowly the power was ramped up and the temperature response within the target 

and the target cladding measured. Figure 5-46 shows a plot of the internal temperatures at 

each point throughout the power ramping. Thermocouple point locations can be 

referenced back to Figure 4-13. A maximum power of 3 kW was reached before the 

heater failed. Thermocouple 3, located in the center of the target, reached a maximum 

temperature of 80 °C while the four thermocouples at the corners of the target averaged 

32°C at the point of failure. 

Temperatures were also recorded at the outside surface of the center point of the 

cladding on both sides (Figure 4-13). These temperatures showed little variance between 

the two sides as shown in Figure 5-47. This shows the total heat transfer rate measured 

was evenly distributed outward through both cladding surfaces.  

As mentioned, the target failed at 3 kW power reading. This was assumed to be 

the target failure because at this point, the power measurement reading dropped and the 

temperatures and power measurement began to fluctuate. Once testing concluded, the 

target was removed from the test section and both visually and destructively examined. 

To establish the resistance of the target, a resistance network was created. This 

resistance network was based upon that fact that an effective thermal resistance is 
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actually composed of the thermal resistance through each of the two aluminum cladding 

plates and the contact resistance. This resistance network is shown in Figure 5-48. 

 

Figure 5-46. Internal temperatures for flat plate surrogate target power testing. 

 

Figure 5-47. Cladding temperatures for flat plate surrogate target power testing. 
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Figure 5-48. Thermal resistance network for flat plate surrogate target. 

As mentioned, it is assumed that the heat transfer rate, q, is evenly distributed 

between both cladding surfaces, noted in Figure 5-48 as q 2. To solve the resistance 

network, you first add the resistance due to contact, RContact, to the resistance of the 

cladding, RCladding . For both cladding surfaces 1 and 2, the general case is shown in Eq. 

(22). 

RCladding,eff 	RContact RCladding  (22) 

RCladding,eff can be calculated using Eq. (4). The temperature difference is taken 

between the experimentally measured temperatures of the heater and cladding 

temperature. The assumption that TCladdingis the same for both cladding surfaces must be 

made. RCladdingis solved for using a generalized version of Eq. (5),  

R 	
l
kA

  (23)  

where l is the length (thickness) through the cladding, k is the thermal conductivity of the 

material, and A is the heated area.  
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Equation 22 can be rearranged solving for RContact. Also note, the thickness of the 

cladding, l, is assumed to be the nominal thickness of the plate therefore making 

RCladding,1equivalent to RCladding,2.  

Once each effective cladding resistance is found, an effective resistance for the 

entire target, Reff, can be calculated using  

Reff
1

RCladding,eff,1

1
RCladding,eff,2

‐1

  (24)  

Table 5-7 lists the values used in Eq. (24) to calculate RCladding. The resulting 

resistance due to contact using Eq. (23) for each cladding is shown in Figure 5-49. Note 

that the driving factor in thermal resistance is attributed to the contact resistance. This 

trend was expected because of the nature of a flat plate target. 

Table 5-7. Thermal resistance through flat plate surrogate target cladding. 

 (m) k6061 (W/m•K) A (m2) RCladding (W/K) 

0.001 167 0.00975 0.000614 

 

The effective thermal resistance resulting from the power ramping is shown in 

Figure 5-50. As the power so did, the thermal resistance also increased until around 2 kW 

when the thermal resistance begins to decline. The initial increase in thermal resistance as 

power increased is consistent with flat plate analytic and numerical models presented by 

Turner [14]. However, the reasoning for the drop in thermal resistance did not become 

apparent until the target was destructively evaluated. 
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Figure 5-49. Thermal resistance due to contact of cladding of flat plate surrogate target. 

 

Figure 5-50. Experimentally measured effective thermal resistance of flat plate surrogate 
target. 
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Note that no thermal resistance was calculated for the other four points. The 

reasoning for this decision was based upon the fact that only two thermocouples were 

placed on the outer surface of the cladding corresponding with internal point 3 (Figure 

4-13). However, if the assumption is made that the cladding temperature at the corners 

was the same or less than that of the center of the target, the thermal resistance, and 

resulting thermal resistance due to contact, would be significantly lower based upon the 

given temperature difference and heat transfer rate [25]. 

Upon first examination, the target visually appeared to expand outward in the 

form of pillowing. This is expected as shown by Turner’s modeling of a uniform 

temperature gradient through a flat plate [25]. But again, why the decrease in thermal 

resistance? The target was destructively examined by grinding off the welds around the 

target and removing the heater. Figure 5-51 shows the target and inner surface of the 

cladding post-testing. Two things are apparent. The target likely failed at 3 kW because 

the Kapton® film melted and caused a short between the Nichrome itself and the 

aluminum cladding. The Kapton® film began to shrink causing the Nichrome to short 

within itself which was apparent by varying current measurements. This completely 

changed the properties of the heater as it relates to Eq. (9) and additionally made for a 

non-uniform heat profile. Temperature measurements also began to fluctuate indicating 

the thermocouples became shorted with the heater. 

It is believed that the Kapton® film first failed in the center at the point of highest 

temperature. The decline in thermal resistance is explained by this failure. While not 

included in Eq. (22), a thermal resistance due to the Kapton® film will exist. This was 

originally ignored because of the minimal contribution it has to the overall resistance and 



- 105 - 
 

it was assumed that the Kapton® film was essentially synonymous with the heater. 

However, as the heater temperature increased and the Kapton® film reached its melting 

point, it would begin to bubble. This bubbling would also increase the thermal resistance 

of the target because of the addition of more air. However, since the target was 

experiencing pillowing, when the Kapton® film fully melted at the center, the exposed 

Nichrome was not in contact with the Al cladding so measurements could still be taken. 

This however allowed for some of the pillowing to relax and the thermal resistance to 

decreased until the point of the Kapton® film melting at a point where the cladding and 

Nichrome became in contact and the target reached failure. 

 

Figure 5-51. Post-test heater examination of flat plate surrogate target. 
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 TESTING MODIFICATIONS AND IMPROVEMENTS CHAPTER 6 - 

This chapter presents improvements to the currently developed experimental 

techniques. Also described are various techniques being proposed for materials 

characterization. These techniques provided are intended to be used for fabrication 

quality testing, and potentially post-irradiation examination (PIE) of 99Mo annular target 

surrogates and LEU foil targets.  

A variety of nondestructive and destructive testing methods for pre- and post-

irradiation conditions are discussed. Nondestructive methods include x-ray diffraction 

(XRD), resonant ultrasound spectroscopy (RUS), ultrasonic testing, visual inspection, 

and macroscopic measurements quantifying swelling which results from irradiation. 

Destructive tests include sectioning, mounting, and polishing samples for hardness testing 

and scanning electron microscope (SEM) imaging. Techniques suitable for PIE within a 

hot cell are noted. A future qualification test plan is also presented. 

6.1. Proposed Improvements to Annular Testing 

Initial testing showed a few areas where improvements could be made in the testing 

design. This subsection describes such improvements and discusses their 

implementations. 

6.1.1. Coolant Flow 

Experiments showed that during each test run, the coolant began to heat up over 

time. This heating showed some hysteresis effects in the experimental measurements 

from run to run. A chiller was designed to be added to the experimental flow loop. This 

submersion chiller consists of copper tubing which has been coiled and is submerged in 
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the water reservoir. A second reservoir contains an ice bath in which a pump, separate 

from the pump for the coolant, draws from to supply water through the submerged coil. 

This chiller design was based on similar submersion chillers used by beer brewing 

hobbyists to rapidly chill batches of liquid to a temperature in which yeast can survive, 

and while rudimentary, provides a means of controlling the coolant temperature in the 

reservoir [45]. Figure 6-1 shows a photo of the submersion chiller. 

 

Figure 6-1. Submersion chiller set-up. 

Thermal resistance is a function of the temperature difference between two points, 

as shown in Eq. (4). By dropping the temperature of the coolant, effectively the inner 

surface cladding temperature is also decreased. Power, also a variable in thermal 

resistance measurement, was confined by the power rating of the flexible heater cord 

selected. Minimal commercially available heaters were available that would meet the 

needs of the application and the one selected was the highest power rating available. This 
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heater power also directly correlates to the temperature of the outer cladding in that 

higher power would mean higher temperature.  

It was resolved that the only way to impact the thermal resistance once the heater 

was operating at full power, was to reduce the temperature of the inner aluminum 

cladding by reducing the coolant flow temperature. This comes from the correlation of 

Eqs. (4) and (5), where ∆T is the temperature difference, Tout‐Tin, between two annuluses 

in contact. If it is assumed that lgap is the driving factor for contact pressure, meaning the 

larger lgap the less the contact pressure and vice versa, then a relationship between contact 

pressure,  as a function of Tin can be made as shown in Eq. (25). The resulting general 

trend for contact pressure due to the inner temperature is shown in Figure 6-2. 

Cp Tin ≡
Tout‐Tin
q

kA   (25) 

 
Figure 6-2. Relationship of temperature and contact pressure. 
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6.1.2. Thermocouple Measurement 

Obvious issues are apparent with the presented experimental data displayed 

through increasing thermal resistance with an increasing heat flux applied to the target. 

This trend is opposite of analytic and numerical analysis presented in literature. One 

explanation given for this issue is the effect of heat loss and the lack of driving all heat 

generated by the heater radially through the target. To look at this issue more in depth, 

future experiments should make use of more temperature data points. 

Placing more thermocouples around the target radially will provide a more 

apparent temperature gradient. This will be important when exploring the effects of the 

foil gap area. It would also be beneficial to place thermocouples longitudinally to observe 

the effects of heat loss to the unheated regions of the target. 

It also became clear the importance of making sure each thermocouple is in 

contact with the aluminum tubing. Refining a method for applying a mechanical force to 

the thermocouple bead while the epoxy cures is needed to allow for more precise 

measurement. A metrology capability assessment should be performed once a new 

method is developed. 

6.1.3. Heating Condition and Heater 

The experiments performed were just the first step to more useful data. Various 

heating conditions should be tested in the future. The majority of literature discusses the 

effects of internal heating on cylindrical. As a first step, an external heating condition was 

tested because of the ease of execution. Further experimental techniques should be 

developed to simulate an internal heating condition. Development of the hydroforming 
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assembly process could even allow for an interfacial heating condition probably not 

possible with the traditional draw/plug assembly method. 

Issues in testing also were a result of such low heating powers. It became apparent 

that the driving thermal/mechanical theories do not resolve themselves at such minimal 

heat flux. Much like a custom heater was built for flat plate testing that could reach 

higher power outputs, the same must be accomplished for annular target testing. 

6.2. Presentation of Materials Characterization Testing Techniques 

This section describes the general principles of a few techniques that could be 

utilized for materials characterization, more specifically the qualification of 99Mo annular 

targets. Both non-destructive evaluation and destructive evaluation techniques are 

discussed. Non-destructive evaluation, or NDE, refers to analysis techniques used to 

evaluate the targets in a manner that does not damage the component. For example, a 

target that has been evaluated using nondestructive techniques could then go into use as 

the integrity of the structure has not been compromised. Destructive evaluation, unlike 

nondestructive evaluation, must cause damage to the integrity of the target in order to 

evaluate the properties needed. 

6.2.1. X-Ray Diffraction 

Finding ubiquitous use in material characterization, XRD works by directing x-

rays towards a sample at various angles and detecting peaks corresponding to 

crystallographic planes [46]. The resulting pattern can be compared with standards that 

have been collected and stored to distinguish and characterize the material of the sample. 
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One use of XRD is for the calculation of surface residual stress and subsurface 

residual stress distributions. In XRD, residual stress is determined by measuring the strain 

in the crystal lattice and assuming a linear elastic distortion of the crystal lattice produced 

by this strain. The strain in the crystal lattice must be measured for at least two precisely 

known orientations relative to the sample surface [47]. 

For the application of this project, XRD can be used to determine the residual 

stresses in the cladding associated with the manufacturing process. Knowing the residual 

stresses are important both before and after thermal loading. First, while the cladding of 

each target should be mechanically and materialistically identical, difference can occur in 

the production of the aluminum tubing used. Through the manufacturing process of the 

target, stress could be induced that might result in failure upon thermal loading. Detecting 

these before a failure occurs is crucial. Additionally, knowing the residual stress in a 

target before and after thermal loading, a comparison can be made into how the target is 

actually changed as a result of the thermal forces applied.  

The technique can also be used for PIE to examine the effect of radiation on the 

targets. It is important for the disassembly and chemical processing that the LEU-foil not 

interact with the aluminum cladding. Such is the role the nickel envelope/electroplating 

plays in acting as a recoil barrier. In the case of target surrogate testing, XRD techniques 

could reveal if the radiation process has caused any major interactions between the 

cladding, envelope or electroplated nickel, and surrogate foil For example in a target 

surrogate with a DU surrogate foil, a resulting XRD pattern showing an 

aluminum/uranium phase would indicate a failure of the nickel as a recoil barrier 

allowing aluminum and uranium interaction. In this specific analysis of material 
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interaction, it may be more beneficial for the target to be destructively analyzed by 

performing analysis on a cross-section of the target. Subsurface measurement is possible 

but requires electrolytic polishing to remove layers. 

Although XRD itself works by irradiating a sample with x-rays, it has been shown 

to still be effective on materials that have undergone neutron-irradiation, such of that 

which would occur within a reactor. Bacon and Warren released a report of their studies 

on neutron-irradiated graphite in the mid-1950s using XRD [48]. 

6.2.2. Resonant Ultrasound Spectroscopy 

Resonant ultrasound spectroscopy, RUS, utilizes electromechanical transducers to 

measure the spectrum of mechanical resonances of a sample. For samples with a known 

shape, such as a parallelepiped, elastic constants can be calculated given the sample mass, 

dimensions, and a set of estimated elastic constants. [49] 

Elastic properties of a material are important because of their close connection to 

thermodynamic properties as well as tensile strength and yield stress. For this analysis, 

samples are typically polished into rectangular parallelepipeds, cylinders, or spheres. 

There has been study into using finite element method along with RUS to measure the 

elastic constants of arbitrarily shaped samples making it practical for this particular 

application where it can be studied how elastic properties of the target vary due to 

irradiation [50].  

In addition to determining elastic properties of an object, RUS has also been used 

in industrial applications, such as qualification of precision manufactured components in 

the automotive industry [51]. Similarly RUS can be used to qualify production targets by 

analyzing the spectra of the target pre- and post-radiation. Because position and shape of 
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resonance peaks are sensitive to both microscopic and macroscopic properties of an 

object, spectra that vary will indicate some sort of change during irradiation. Feasibility 

tests will evaluate the capabilities of RUS in a radioactive, or ‘hot’, environment. 

6.2.3. Ultrasonic Testing 

Ultrasonic testing is a nondestructive testing technique which utilizes acoustic 

waves above the audible range. Electromechanical transducers generate and transmit an 

ultrasonic wave which is then detected by similar means. The wave is responsive to 

defects and inconsistencies, as these defects will cause the wave to shift as is passes 

through the specimen material [52]. Ultrasonic testing differs ultimately, from RUS in the 

sense that RUS is a specific utilization of ultrasound to infer material properties using the 

specimen’s elastic resonances. 

This type of NDE could be particularly useful in evaluating non-destructively the 

state of contact between the aluminum cladding, nickel recoil barrier (envelope or 

electroplated), and foil. Contact conductance is important from a thermal aspect of target 

qualification. Poor contact will lead to poor heat transfer, ultimately leading to failure. 

Ultrasonic testing as a PIE technique could provide insight into how contact through the 

target is affected by the irradiation process.  

There also is potential use of ultrasonic testing in measuring the embrittlement of 

a target due to irradiation. Ishii et al. developed an ultrasonic technique for use in hot cell 

correlating ultrasonic characteristics and embrittlement of nuclear materials due to 

irradiation [53]. A similar technique could be used for target evaluation. 
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6.2.4. Manual Inspection and Macroscopic Measurements 

Two simple methods of NDE on the target are manual inspection and 

measurements. Manual inspection would consist of visually examining the target for any 

defects. These defects could include changes in the weld or seal of the target, coloring 

changes on the cladding, etc. 

Measurements of the target using micrometers/calipers, pre- and post-irradiation, 

would indicate any changes attributed to heat swelling. Increases in target 

diameter/thickness give indication to the state of contact between the aluminum cladding, 

nickel recoil barrier (envelope or electroplated), and foil. 

6.2.5. Hardness Testing 

Hardness testing is considered by most to be nondestructive in nature; usually 

only a small indentation is made on the specimen being tested. To improve accuracy 

however, some specimens must be prepared by polishing, making it actually a destructive 

form of evaluation.  

Hardness is a measure of a material’s resistance to localized plastic deformation. 

The testing is simple and inexpensive; a hardness tester could be placed in a hot cell and 

manipulated fairly easily. Additionally, mechanical properties may be estimated from 

hardness data, such as tensile strength and elastic constants. [46] 

Comparison of hardness measurements of the target pre- and post-irradiation can 

show how the material has changed due to the irradiation process. An analog hardness 

tester will be used to negate any malfunctions that would occur from a digital system’s 

use in a hot environment. 
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6.2.6. Scanning Electron Microscope Imaging 

The scanning electron microscope (SEM) is one of the most versatile instruments 

available for examination and analysis of microstructure, composition, and properties 

of heterogeneous organic and inorganic solid materials on a nanometer to micrometer 

scale. A SEM works by scanning a surface with an electron beam and collecting the 

reflected electrons, displaying them as an image giving information regarding the surface 

topography, crystallography, and composition. SEM images allow for intense 

magnification levels, enhancing qualitative and semiquantitative analysis of a very 

localized surface area. [46] 

PIE of the target surrogates can be performed with SEM imaging only if radiation 

levels are at a sufficiently low level to not require a hot cell. The target must be 

sectioned, possibly mounted using a cold mount process, and polished. Through SEM 

imaging, the contact between the aluminum cladding, nickel recoil barrier (envelope or 

electroplated), and foil could be evaluated. Air gaps at material interfaces would indicate 

poor manufacturing or swelling due to thermal effects. When paired with energy-

dispersive X-ray spectroscopy (EDS) and/or electron backscatter diffraction (EBSD), 

qualitative analysis of the materials becomes available. 

It should be noted that SEM imaging has potential use as a NDE technique in addition 

to its destructive use described above. Characterization of the cladding surface only, as 

well as some qualitative analysis with EDS and EBSD can be performed without 

sectioning, mounting, and polishing the target. 
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6.3. Proposed Test Plan for Annular Target Surrogate Qualification 

To utilize the techniques and methods developed in this thesis, in conjunction 

with the techniques presented in this chapter, a proposed test plan has been formulated. 

The test plan utilizes the manufacturing of annular target surrogates, XRD testing for 

residual stress measurement, thermal resistance measurements, thermal loading, 

macroscopic measurements, and SEM imaging. 

 Manufacture a set of annular target surrogates 

 These targets will vary in production method: drawing vs. 

hydroforming, overall design, and tolerances associated with those 

designs 

 Macroscopic techniques will be used to quantify the assembled 

target including calipers and micrometers 

 Targets will then undergo XRD testing for the measurement of residual 

stress 

 Testing will be performed at Oak Ridge National Laboratory 

 Testing will examine the residual stresses at various points on each 

target  

 The target will undergo thermal loading testing and thermal resistance 

measurements will be measured utilizing the techniques described in 

previous chapters  

 This includes thermal resistance measurements before, during and 

after thermal loading through an external heating condition 
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 Macroscopic measurements of the target using calipers and 

micrometers will be completed 

 Thermal cycling of the targets following testing procedures performed by 

Argonne National Laboratory  

 The surrogate targets will be placed in a furnace for a week period 

 To effect a thermal cycle, the targets will be removed from the 

furnace and allowed to cool to room temperature 

 Once cool, they will be macroscopically examined and measured 

 Thermal resistance measurements will also be taken 

 The target will then be returned to the furnace 

 This process will be repeated throughout the week and a final 

thermal resistance measurement taken 

 The targets will be sent back to Oak Ridge National Laboratory and 

residual stresses again measured using XRD with intent that these 

measurements will show any effects to the residual stresses cause from 

thermal effects 

 Targets will be sectioned, grinded, and polished and images captured 

using an SEM or digital microscope  

 Images will provide insight into what effects have been induced 

due to the manufacturing and thermal loading processes 

The information learned from these tests will provide insight into the various 

target designs and help establish and safety case and qualification for new LEU foil based 

99Mo production targets.   
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CONCLUSION CHAPTER 7 - 

99mTc is the workhorse of the radiopharmaceutical realm in terms of its 

applications and daily usage. While almost all production of 99mTc’s parent isotope 99Mo 

is produced using HEU, new methods utilizing LEU foil are being examined. These new 

targets will satisfy the Global Threat Reduction Initiative to remove HEU from civilian, 

and in general, global use. But these new targets must first be analyzed to assure safe and 

reliable operation during all stages of production. 

The purpose of this research was to develop a set of experimental tools to assist in 

the qualification of target designs capable of economically producing Mo-99 using LEU. 

This includes the verification of numerical analysis and results through various thermal, 

mechanical, and hydraulic testing. Testing included manufacturing target surrogates of 

different geometries. Heating loads and hydraulic flow-loops simulated the target in a 

reactor and testing measurements were used to quantify thermal resistance. Post 

evaluation of the target surrogates was also performed to compare testing results to what 

is expected given target geometries. Testing trends were compared to numerical and 

analytic models. While issues were found from the presented experimental techniques, 

explanations and corrections were given. Suggestions were also made as to improve the 

experimental techniques as well as an exploration of future qualification tools/techniques. 

While alternative geometries were presented, such as flat plate targets and curved 

plate targets, the major work in using these concepts in high-volume production lies in 

irradiator and supplier acceptance. Evidence from numerical and experimental results has 

indicated that LEU plate and curved plate targets could survive irradiation conditions. 
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Major steps have been taken towards qualification of annular targets in all aspects 

including those such as chemical processing outside the scope of this thesis. However, 

using the techniques established through this research, a general test plan was proposed to 

be included in the overall qualification of annular targets. The test plan utilizes the 

manufacturing of annular target surrogates, XRD testing for residual stress measurement, 

thermal resistance measurements, thermal loading, macroscopic measurements, and SEM 

imaging. This test plan requires the collaboration of the University of Missouri, Oak 

Ridge National Laboratory, Y-12 National Security Complex, and the University of 

Missouri Research Reactor and would greatly increase the acceptance of new LEU foil 

based annular targets for high-volume production. 
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APPENDIX 1 – MATERIAL THICKNESS MEASUREMENTS TAKEN FROM 
DIGITAL MICROSCOPE 

TABLE A1. VARIOUS MATERIAL THICKNESS MEASUREMENTS (TARGET VERSION 1) 

Outer Cladding (mm) Inner Cladding (mm) Outer Air Gap(mm) Inner Air Gap (mm) Foil (mm) 

Point 1 0.97300 0.55078 0.06241 0.17475 0.12370 

Point 2 0.86258 0.59354 * 0.10090 0.16238 

Point 3 0.96625 0.57489 0.06663 0.12042 0.14944 

* THIS AIR GAP WAS TAKEN TO NOT EXIST [FIG. 9]. 

 

TABLE A2. ALUMINUM CLADDING THICKNESS MEASUREMENTS (TARGET VERSION 2) 

Outer Cladding (mm) Inner Cladding (mm) 

Point 1 1.19235 0.87734 

Point 2 0. 96292 0.89445 

Point 3 1.18902 0.95357 

 

 

TABLE A2. MATERIAL THICKNESS MEASUREMENTS (TARGET VERSION 3) 

Outer Cladding (μm) Inner Cladding (μm) Outer Ni(μm) Inner Ni (μm) SS-Foil (μm) 

Point 1 920 612 24 30 152 

Point 2 901 612 16 27 152 

Point 3 919 590 N/A N/A N/A 
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APPENDIX 2 – MICROSCOPIC IMAGES OF TARGET VERSION 3 CROSS-
SECTION. 

 

A1 1. Point 1 cross-section (stainless steel foil target) showing contact gaps. 

 

A1 2. Point 2 cross-section (stainless steel foil target) showing contact gaps. 
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APPENDIX 3 – ANNULAR SURROGATE TARGET DESIGN 

 

A2 1. Annular surrogate target inner tube design. 

 

A2 2. Annular surrogate target outer tube design. 
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APPENDIX 4 – MATHEMATICA FILE FOR DETERMINING HEAT 
TRANSFER COEFFICIENT 

 

A3 1. Determination of heat transfer coefficient used in Abaqus FEA model. 
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APPENDIX 5 – UNCERTAINTY ANALYSIS 

Thermal resistance measurements were calculated from an external target temperature, 
internal target temperature, and power delivered by a heater as shown in  

 (1) 

Error in measurement occurs within all three variables of this equation therefore the 
uncertainty in the resistance measurement can be given as 

 (2) 

where the partial derivate in Eq. (2) given Eq. (1) are 

1
 (3a) 

1
 (3b) 

And 

 (3c) 

The uncertainty within the temperature measurements, for both  and  can be 
calculated using 

 (4) 

where the partial derivative of temperature is taken from the Omega polynomial equation 
for calculating temperature from a thermocouple measured voltage difference. The 
uncertainty within the EMF reading can be calculated from the precision and bias 
uncertainty. A 95% confidence interval was used for this analysis. 

, % , %  (5) 

Precision uncertainty is calculated using  
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, % %, ̅  (6) 

where %,  can be found using a standard T distribution and ̅  is the average 
standard deviation of the sample. The bias can be calculated using the equation 

, % ∗ ∗  (7) 

where , , and  are found in the specifications for the Keithly 
2701 DMM and the  is the voltage measurement acquired through testing. 
 
Power is based upon the voltage across the heater and a current calculated using a known 
shunt resistor resistance and the voltage drop across it. From this, the uncertainty within 
the power measurement then becomes 

 (8) 

where the partial derivatives are 

 (9a) 

and 

 (9b) 

The error is propagated further because the current is actual a function of the EMF 
voltage across the shunt and the resistance of that resistor. This uncertainty becomes 

 (10) 

where 

1
 (11) 

The uncertainty within the EMF voltage measurements for these values is calculated 
using Eqs. (5 – 7). 
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