
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
A Thermo-Hydraulic Experimental Validation of the Unprecedented TMRS Upper Neutron 
Spallation Target

Permalink
https://escholarship.org/uc/item/8514b14m

Author
Scheel, Matthew

Publication Date
2019
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8514b14m
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA SAN DIEGO 
 
 
 

A Thermo-Hydraulic Experimental Validation of the Unprecedented TMRS Upper Neutron 
Spallation Target  

 
 

A Thesis submitted in partial satisfaction of the requirements 
for the degree Master of Science 

 
 

 
in 
 
 

 
Engineering Sciences (Mechanical Engineering) 

 
 

by 
 

 
Matthew Henry Scheel  

 
 
 
 
 
 
 
 
 
 
 
Committee in charge:  
 

Professor Renkun Chen, Chair  
Professor Michael D. Todd, Co-Chair  
Professor Vitali F. Nesterenko  

 
 

2019 
 
 



 

  



 iii 

SIGNATURE PAGE 
 
 
 
 
 
 
The Thesis of Matthew Henry Scheel is approved, and it is acceptable in quality and form for 
publication on microfilm and electronically: 
 
 
 
 
______________________________________________________________________________ 

 
 
 

______________________________________________________________________________ 
Co-chair 

 
 
______________________________________________________________________________ 

Chair 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

University of California San Diego 
 
 

2019 
 

  



 iv 

EPIGRAPH 
 

Every gun that is made, every warship launched, every rocket fired signifies, in the final sense, a 
theft from those who hunger and are not fed, those who are cold and are not clothed. This world 
in arms is not spending money alone. It is spending the sweat of its laborers, the genius of its 
scientists, the hopes of its children. 
 
Dwight D. Eisenhower 
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ABSTRACT OF THE THESIS 
 

A Thermo-Hydraulic Experimental Validation of the Unprecedented TMRS Upper Neutron 
Spallation Target  

 
 
 

by 
 

 

Matthew Henry Scheel 

 

Master of Science in Engineering Sciences (Mechanical Engineering) 

 

University of California San Diego, 2019 

 

Professor Renkun Chen, Chair 
Professor Michael D. Todd, Co-chair 

 

 The next-generation neutron spallation target station, the Target-Moderator-Reflector 

System (TMRS) Mk. IV, is to be installed in 2020. This iteration features an unprecedented, water-

cooled, third internal target aptly named the Upper Target and designed completely by analysis. 

An empirical investigation in the form of this thesis was undertaken to assess target conformance 

to the computational results which deemed the incorporated cooling adequate. Three facets of the
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target housing were designated for verification: displacement under hydraulic loading, critical 

fluid velocities, and the characteristic heat transfer coefficient.  

With the potential for flow maldistribution under excessive displacements, static pressure 

testing of a procured Upper Target prototype housing was performed. Discrepancies of an order 

of magnitude became evident between empirical and simulated displacements, leading to 

uncertainty in both cooling capacity due to altered geometry and structural integrity.  

A closed water flow loop reproducing the flow parameters intrinsic to the TMRS Mk. IV 

was constructed. Utilizing a high-speed camera and a transparent Upper Target mock-up, global 

fluid dynamics were observed analogous to computer simulation. Furthermore, crucial velocities 

such as exist at the point of beam impingement were met or exceeded, thus implicitly satisfying 

cooling requirements. 

Finally, in simulating the beam heating profile and peak heat flux via induction heating, 

the local heat transfer coefficient was confirmed sufficiently for mitigating nucleate/flow boiling. 

Collectively, this investigation demonstrates the validity of the cooling design even considering 

the unforeseen deflections, notwithstanding the structural implications.  

 

 

 



 1 

CHAPTER 1 INTRODUCTION 
1.1 Objectives 

In support of Department of Energy and National Nuclear Security Administration (NNSA) 

missions, the TMRS delivers neutrons for basic and applied neutron science via spallation. 

Although the service-life has grown incrementally over the TMRS iterations, the in-service TMRS 

Mk. III is due for replacement in 2020 on account of radiation damage and an outdated design. 

The flagship promise of the TMRS Mk. IV is that “no facility in the US will compete in flux or 

resolution”, according to an independent physics review team [1].  

A motivating component of this lofty claim is the unprecedented, and befittingly named, 

Upper Target. The water-cooled Upper Target, with extensive input from physics end-users, 

represents the culmination of the analytical design procedure. While high performance computing 

and finite element analysis (FEA) tools are indeed powerful, the reliability and robustness of a 

target inaccessible for up to a decade warrants empirical investigation.  

Governing the design was the criteria that the beam be assumed in an off-normal, 

overpowered configuration. In essence, a dually worst case scenario. The Upper Target housing’s 

ability to adequately cool itself is thus of concern. The purpose of this thesis is to assess whether 

the computational cooling results, around which the target housing was designed, agree with 

experimental results. By designing and instrumenting a flow loop capable of replicating conditions 

of the Upper Target within the TMRS, the intention is to experimentally analyze three aspects of 

the Upper Target: deformation under pressure, the magnitude of fluid velocities in critical areas 

such as were the beam initially impinges, and the characteristic heat transfer coefficient. 

By verifying each of the three preceding facets of the target housing, confidence in the 

sufficiency of cooling will be attained. Assuming the deformation under pressure conforms to 

analysis, the absence of flow maldistribution can be concluded. Meanwhile, observation of 
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paramount velocities insinuates satisfaction of cooling requirements. Finally, in explicitly 

determining the heat transfer coefficient in the vicinity of beam impingement, the analytical 

nonexistence of flow boiling can be confirmed.   

 
1.2 LANSCE Background 

Within the Los Alamos National Laboratory (LANL) there exists the Los Alamos Neutron 

Science Center (LANSCE), a national user facility which provides the greater scientific 

community with an intense source of spallation-produced protons and neutrons. The production of 

these subatomic particles is facilitated by an eight-hundred mega-electron volt linear proton 

accelerator, ultimately serving five distinct experimental areas: Isotope Production Facility (IPF), 

Proton Radiography, Weapons Neutron Research Facility, Ultracold Neutron Source, and the 

Lujan Center. While eight-hundred mega-electron volts was rather unimpressive in relation to 

other accelerators in existence even during the facility’s inception in 1972, at the time no 

accelerator in the world could match LANSCE’s combination of energy and average beam 

intensity: 1 milli-ampere [2]. Today, LANSCE’s reputation as a world-renowned establishment is 

bestowed by the longevity of the accelerator and the capability to deliver a wide array of energy-

spectral distributions along a multitude of flight paths.  

 
1.3 TMRS Synopsis 

Materials research is of primary concern at the Lujan center, with a pulsed spallation 

neutron source operating in a time-of flight mode. For background, an explanation of time-of-

flight and spallation is necessary. Spallation is the method by which upon bombarding a nucleus 

with high energy, incident proton particles, results in disintegration of the nucleus and subsequent 

ejection of lighter particles such as neutrons [3]. Heavy metals are predominately utilized as the 
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impinged-upon nuclei of choice, as neutron yield increases with the mass of the targeted nucleus 

[4]. Time of flight imaging, measuring the time difference between the creation of a proton beam 

pulse and subsequent neutron impingement on a detector at a known distance, enables neutron, 

energy-specific selection [5].  

With tungsten selected as the heavy metal, the encompassing TMRS represents the neutron 

source at the Lujan Center. From the inception of the TMRS in 1985, three iterations have been 

undergone, ultimately concluding with the Mk. III which is still in service today [6]. To date, the 

current assembly services sixteen total beamlines. A schematic of the Lujan Center layout can be 

seen in Figure 1.1. Note that within Figure 1.1, the TMRS is not explicitly identified but is instead 

illustrated by a grey cylinder around which each beam experiment is centered.  
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Figure 1.1: Arrangement of the sixteen active beamlines at the Lujan Center, TMRS Mk III portrayed by unmarked 
grey cylinder at the focal point 

 
 With the tungsten targets intrinsic, the TMRS broadly consists of three components 

encased in shielding and a vacuum shell: an instrument insert, a window insert, and a target 

moderator reflector (TMR) insert. A computer rendering of the assembly can be seen in Figure 

1.2. The instrument insert position is occupied by a device known as a HARP; uniformly 

interwoven Silicon carbide fibers which sample the projected beam charge distribution in two 

orthogonal planes, transmitting a minuscule amount of beam energy to external electronics for 

diagnostic purposes [7]. The beam window insert, constructed out of Inconel 718 and configured 

into two thin hemispherical surfaces with cooling water between, acts to resolve the high vacuum 
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of the proton beam line and the low vacuum of the crypt. Finally, and quite obviously, the TMR is 

a network of moderators, reflectors, and targets.  

 

  

Figure 1.2: (Left) TMRS MK. III within the shielding/crypt (Right) High-level overview of the TMRS Mk. III 

 

The TMR houses two tungsten targets, six neutron moderators, and a composite reflector 

perforated with cooling water passages [5]. Figure 1.3, below, demonstrates how the positional 

stratification of the two targets delineate the system into an upper and lower portion. Thus, the 

sixteen neutron beamlines obtain neutrons from one of two sections of the TMRS: the upper 

section/target and the lower section/target. The upper target comprises seven tantalum-clad 

tungsten disks of non-uniform thickness, interior to an Inconel housing and parallel to the beam 

relative to the disk’s cylindrical axis. Similarly, the housing for the lower target is also Inconel 

718; although, the target itself is one continuous rod oriented analogous to the upper target.  
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Figure 1.3: Detailed section view of the upper and lower targets in the TMRS MK. III 

 

Evolution of the Mk. II into the Mk. III featured four primary design modifications: 

MACOR use minimization, addition of lower-tier water pre-moderators, implementation of cold 

beryllium reflector-filters, and tantalum cladding of targets. MACOR functioned as an excellent 

thermal insulator, but unfortunately contained trace amounts of boron oxide which was 

cumulatively detrimental to the neutronic performance of the target assembly. Inclusion of water 

pre-moderators, in conjunction with implementation of cold beryllium reflector-filters, realized a 

two-fold increase in the flux of cold neutrons for three of the sixteen flight paths seen in Figure 

1.1. While the tantalum cladding of tungsten disks did not immediately contribute to marked 

improvements in neutron performance, mitigating target erosion translated into lifetime extension 

of the target system as whole. Application of tantalum cladding, via a process known as hot 

isostatic pressing, results in negligible water corrosion of tungsten. With the structural integrity of 
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the target maintained, chronologically stable neutron delivery over an extended period of time is 

ensured [8].  

 Then fourth-generation TMRS, the Mk. IV, is currently targeting an installation date of the 

2020 beam maintenance period. To a large degree, the Mk. IV mimics the Mk. III with slight 

moderator alterations to increase flexibility from an operational perspective. By far the most 

discernable difference between the apparatuses is the incorporation of the new Upper Target, 

thereby propagating a downward shift of the previous generation targets. Note this phenomenon 

can be seen in Figure 4.  

 

Figure 1.4: (Left) Holistic view of the TMRS Mk. IV with next-generation Upper Target (Right) Increasingly 
selective view of the TMRS Mk. IV with individual target annotations 

  
Recall the Mk. III, from the perspective of the proton beam, consists of two exclusive 

targets in series. The previous target in the highest position has been migrated downward and 

henceforth will be referred to as the middle target. The middle target retains all but one of the 

tungsten targets, which forms the basis of the new Upper Target. The new Upper Target was 

originally to comprise that single disk, turned on edge so that the proton beam struck the 
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circumferential edge. Upon analysis, the heat deposition inherent to a single target prompted flow 

boiling; flow boiling being the evaporation of a working fluid while the fluid is flowing through a 

component. Two additional disks, albeit slightly smaller in diameter (3.863” vs. 4.000”), were thus 

incorporated to straddle the original disk.   

Inconel 718 was selected as the housing material, with the nickel-based super alloy 

demonstrating strength retainment at temperatures exceeding 650ºC. The austenitic alloy’s 

strength is attributed to precipitation of the body centered tetragonal γ’’ (𝑁𝑖+𝑁𝑏) and, to a lesser 

degree, the face centered cubic γ’	(𝑁𝑖+(𝐴𝑙, 𝑇𝑖)) phase [9,10]. Examining the leftmost image in 

Figure 1.5, one can see the target possesses two independent channels denoted by “1” and “2”. 

Cooling water enters the first channel on the disk side through the elevated tube labeled in the 

rightmost image in Figure 1.5. Water then flows horizontally across and over the tungsten targets, 

and then loops back through the second channel and out the same manifold. For future reference, 

the first channel and second channels will be referred to as the target side and emission side, 

respectively. The emission side serves as an integral downstream water volume to effectively 

moderate the neutrons. Furthermore, the fashion in which the beam contacts the target is denoted 

within the figure. 
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Figure 1.5: (Left) Cross section view of new Upper Target (Right) Isometric view of  transparent Upper Target 

 
Examining the body of the Upper Target, a pressure vessel is not realized until two 

manifolds have been integrated into an assembly configuration. Figure 1.6 portrays the target and 

manifolds in an exploded view. While both manifolds direct flow and are eventually electron beam 

welded into place, the two manifolds are differentiated by the left-hand side manifold serving as 

the inlet and outlet while the right-hand manifold supports the disk holder. One may notice the 

inlet/outlet manifold possesses a “tab” perpendicular to the body. This feature directs the incoming 

cooling water towards the highly heated upper portion of the disks. 
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Figure 1.6: Isometric exploded view of the Upper Target, contrast to Figure 1.5 

 
As required by the physics design, the external Inconel walls on the target and emission 

side are extremely thin: 0.085” and 0.030”, respectively. Drawing 144Y620856 Section A-A, 

found within the appendix, illustrates this phenomenon. To compensate for the thermal-mechanical 

loading, ¼” beryllium strong backs are employed to offset the deformation without vastly 

degrading the neutron transmission. Figure 1.6 portrays the beryllium strongbacks in grey on either 

side of the target housing body. 

 
CHAPTER 2 FLOW LOOP FABRICATION 
2.1 Loop Overview 

 Two instances of the Upper Target were procured, a “prototype” and “in-service” version. 

The two targets vary in that the manifold which forms the disk holder is adhered to the housing 

via fasteners as opposed to an EB weld. Had the tantalum-clad tungsten disks not posed the greatest 

lead time, the prototype would have been completely EB welded. The intention behind fabricating 

two Upper Targets is that, should there be a Mk. V featuring the Upper Target, one need only 

machine the bolt flange and EB weld to produce an identical, non-irradiated target.  
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 A closed-water flow loop was constructed on-site, capable of reproducing the flow 

parameters intrinsic to the TMRS Mk. IV. To recreate the flow criteria and provide appropriate 

experimental diagnostics, a host of thermocouples, pressure transducers, and flow meters are 

employed. Parameters in need of replicating include maintaining water at 295 K, a flow rate of 20 

gpm, at a pressure of 100 psi. A simple piping and instrumentation diagram (P&ID) representing 

the physical flow system is the premise of Figure 2.1.  

 

 
Figure 2.1: P&ID with all instrumentation and corresponding labels 

 
2.2 Data Acquisition  

Prior to discussing the functionality of the flow loop, a brief overview of the 

instrumentation package is necessary. All five thermocouples are 1/8” Omega Type K. These 

thermocouples possess a temperature range of -200 to 1070°C, a resolution of 0.01°C, and an 

accuracy error being the greater of 2.2°C or 0.75% [11]. Note that percentages in the context of 

accuracy relate to the magnitude of the measured value. The thermocouples relay to a sixteen 

channel, 24-bit National Instruments (NI) 9213 input module with 0.02 C measurement sensitivity 
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[12]. Of the six pressure measurement devices, five are pressure transducers and one is a 

differential pressure transducer. The pressure transducers are PX309 series transducers. These 

pressure transducers have a range of 0-200 psig and an accuracy of 0.25% [13]. The differential 

pressure transducer is a PX409 series transducer. The differential pressure transducer has a 

specified range of 0-15 PSIG and an accuracy of 0.08%. A preliminary ANSYS analysis regarding 

the pressure drop across the target was the motivation for selecting a 0-15 psig range [14]. A 24-

bit NI 9208 input module processes pressure signals, differential or otherwise. Finally, the flow 

meter is a turbine-type, Omega FTB-105 with a 2.5-29 gpm range and a corresponding accuracy 

of 0.5% [15]. This device is also integrated with the NI-9208. An index of the instrumentation 

characteristics and accompanying input modules is found in Table 2.1. These input modules 

populate the slots of an embedded National Instruments CompactRIO controller, featuring a field-

programmable gate array managed by real-time, in-house control software known as Experimental 

Physics and Industrial Control System (EPICS). 

 

Table 2.1: Tabulated diagnostic and data acquisition hardware 

Sensor Type & Range P&ID Label Accuracy Module 

Pressure Transducers (0-200 psig) PT-101, PT-102, PT-103 

PT-201, PT-202 

0.25% NI-9208 

Differential Pressure Transducers (0-

15 psig) 

DP-101 0.08% NI-9208 

Thermocouples (-200 to 1070°C) T-101, T-102, T-103 

T-201, T-202 

0.75% NI-9213 

Flow Meter (2.5-29 gpm) FM-101 0.5% NI-9208 
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2.3 Pressure and Pressure Safety Considerations/Calculations 

To attain a circulating pressure of 100 psi, a compressed nitrogen cylinder pressurizes 

liquid water contained in a pressure vessel identified as the reservoir in the P&ID. Initially, a Victor 

0781-3513 two-stage regulator with a known Cv of 0.082 was specified. Employing Equation 2.1, 

one can calculate the regulator failure flow rate unique to nitrogen [16]. In Equation 2.1, P1 is the 

maximum bottle pressure, Patm the atmospheric pressure, Cv the regulator flow coefficient, υ the 

specific heat ratio, Sg the specific gravity, and TR the temperature of the gas. Typically, one can 

utilize tabulated values for υ and Sg. 

𝑄 = 16.204 ∗ (𝑃= + 𝑃?@A) ∗ 𝐶D ∗ E
1 − ( 2

𝜐 + 1)
(H∗IIJ=)

𝑆L + 𝑇M
 [2.1] 

 For systems that require volumetric relief, the relieving capacity is corrected for relieving 

temperature, back pressure, and compressibility effects as expressed in units of SCFM. Equation 

2.2 evolves the result from Equation 2.1 to account for these corrections. Zs represents the 

compressibility factor, MW the molecular weight, Cs the gas coefficient, Kb the back pressure 

correction factor, PSET the system set pressure, and OP the over pressure. The over pressure is 10 

psig as per ASME Boiler and Pressure Vessel Code Section VIII, Division 1 [17]. The bracketed 

portion of the equation corrects for differences in overpressure other than 10%, which is abnormal. 

Thus, the latter half of Equation 2.2 can be reduced to 1 and subsequently simplified to Equation 

2.3. Evaluation of Equation 2.3 yields a result of approximately 113 SCFM if one renders the 

following assumption: the compressibility factor and back pressure correction factor are each one 

based on inlet conditions for perfect gases. Furthermore, one can exploit tabulated values of Cs.  
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𝑄?NO = 2.9 ∗ 𝑄 ∗
Q𝑇M ∗ 𝑍S ∗ 𝑀𝑊

𝐶S ∗ 𝐾W
∗ X

1.1 ∗ 𝑃YZ[ + 14.7

]1 + 𝑂𝑃
100_ ∗ 𝑃YZ[ + 14.7

` [2.2] 

𝑄?NO = 2.9 ∗ 𝑄 ∗
Q𝑇M ∗ 𝑍S ∗ 𝑀𝑊

𝐶S ∗ 𝐾W
 [2.3] 

Should the regulator fail and thus produce the aforementioned flow rate, inclusion of an 

aptly sized pressure relief valve (PRV) is warranted. Appropriately sizing the PRV requires 

development of a maximum allowable working pressure (MAWP) for the entire system. All of the 

Swagelok and Grainger fittings incorporated into the flow loop possess published pressure ratings, 

leaving the target itself and the stainless steel tubing uncharacterized. Inspecting the tubing 

material testing report, one can formulate a pressure rating by rearranging the hoop stress 

calculation as in Equation 2.4. In Equation 2.4, P is indicative of the pressure, σ the stress/yield 

strength, t the thickness of material, and r the inner radius. Performing the calculation, one arrives 

at a solution of approximately 3500 psi. 

𝑃 =
𝜎𝑡
𝑟  [2.4] 

Transitioning to the target itself, a preliminary ANSYS analysis was undertaken to 

ascertain the volumetric heating behavior. Due to discrepancies between sources with regard to 

Inconel 718 strength curves, LANL performed independent testing to generate Inconel 718 

strength curves at various temperatures as presented in Figure 2.2. Coupling the computational 

results concerning the peak temperature and the strength testing, one can estimate the allowable 

stress for the target. Following the ASME Boiler and Pressure Vessel Code, Section II, Part D, 

Appendix 1, the allowable stress is defined as the lesser of 2/3σy or σUTS/3.5; σy and σUTS are yield 

strength and ultimate tensile strength, respectively. Therefore, the design allowable stress is 230 

MPa at the ANSYS peak temperature. 
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Figure 2.2: (Top) Inconel 718 ultimate tensile strength curves as a function of temperature, plotted relative to two 
additional sources (Bottom) Inconel 718 yield strength curves 
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Proceeding to the FEA stress, the ASME Boiler and Pressure Vessel code Section VIII, 

Part 5 details the design-by-analysis methodology: “When continuum elements are used in a 

structural analysis, the total stress distribution is obtained. Therefore, to produce membrane and 

bending stresses for comparison to allowable stresses, the total stress distribution will need to be 

linearized to arrive at equivalent membrane and bending stresses”. Linearized stress locations were 

assigned based on likelihood of failure, with E-1 realizing a maximum combined membrane and 

bending stress of 157.75 MPa. This phenomenon can be seen in Figure 2.3.  

 

Figure 2.3: (Left) Stress locations investigated (Right) Component and continuum stresses across wall thickness 
corresponding to location E 

 
When considering the limits of equivalent stress, the ASME Boiler and Pressure Vessel 

code applies a coefficient of 1.5 to the design allowable stress. Therefore, the resultant membrane 

and bending stress is compared relative to the design allowable stress multiplied by 1.5, or 345 

MPa in this instance. Exploiting the design allowable stresses adherence to the linear elastic 

regime, one can extrapolate by formulating a ratio between the combined membrane and bending 

stress, the corresponding pressure, and the design allowable stress to estimate the MAWP. With a 
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MAWP of approximately 225 psig, the target itself represents the limiting component in the system 

and the pressure relief valve must be sized accordingly.  

A Swagelok RL3 proportional relief valve, now with two established limits in the operating 

pressure and the MAWP, was set at 125 PSIG and secured to the reservoir pressure vessel as PRV-

1. As per the manufacturer’s product testing report, the flow rate associated with this set pressure 

is 9.39 SCFM [18]. Recalling the regulator failure flow rate of 113 SCFM, no Swagelok PRV 

bounded by the two aforementioned limits could expel the flow from the regulator and adequately 

depressurize the system. Therefore, a restricted flow orifice (RFO) upstream of the regulator was 

required to temper the potential flow delivered to PRV-1. One need only adapt Equations 2.2 and 

2.3 to include known orifice flow coefficients in place of the regulator flow coefficient to 

determine a suitable flow rate. Iterating through the O’Keefe precision orifices to a flow rate below 

9.39 SCFM, one arrives at a flow coefficient of 0.0067 with an associated diameter of 0.017” and 

a flow rate of 9.19 SCFM. Essentially, the compressed cylinder is restricted to delivering the 

regulator no more than 9.19 SCFM, which does not exceed the PRV-1 relief capacity. The second 

PRV, PRV-2, is a function of the pump specified and will be discussed accordingly.  

To compensate for the pressure losses within the loop, an in-line pump was necessary. 

Pressure drop across the flow meter and heat exchanger were characterized by the manufacturer’s 

literature, while the target drop was resolved via the ANSYS Fluent simulation.  To account for 

the pressure drop through the length of the tubing, an estimated 30 feet, equation 2.4 was employed 

to calculate the Reynolds number. Within the Reynolds equation, ρ is indicative of fluid density, 

V the fluid velocity, Dh the hydraulic diameter, and µ the fluid dynamic viscosity.  

𝑅𝑒 =
𝜌𝑉𝐷g
𝜇  [2.4] 
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Following calculation of the Reynolds number, one can consult a Moody chart with an 

assumed relative roughness of zero to ascertain the apparent friction factor. Neglecting entrance 

or exit effects, Equation 2.5 is utilized to compute the pressure drop where ΔΡ is the change in 

pressure, 𝑓 ̅the apparent friction factor, L the length of tubing, ρ the fluid density, um the mean 

velocity, and Dh hydraulic diameter [19].  

∆𝑃 = 𝑓̅
𝐿𝜌𝑢AH

2𝐷g
 [2.5] 

To account for head loss associated with the Swagelok elbows and tees, a component-

specific, dimensionless resistance coefficient K must be known. These coefficients are well-

defined and tabulated in references [20,21]. Note that within the P&ID, tees not only function as 

bypass locations but also diagnostic tooling entry points. Hence, any thermocouple or pressure 

transduces will introduce a tee and a subsequent pressure drop into the loop. Assuming steady 

state, one can compute the pressure loss across a single component byway of Equation 2.6. Note 

that in Equation 2.6, ΔΡ represents the pressure drop, K the dimensionless resistance coefficient, 

um the mean velocity, and ρ the fluid density.   

∆𝑃 =
𝐾𝑢AH 𝜌
2  [2.6] 

Summing the pressure losses associated with the known and calculated components, one 

arrives at a value of approximately 30 psi. Attempting to repurpose a pump already in possession, 

a Grundfos CM5-3 centrifugal pump was deemed adequate based on the respective pump curve in 

Figure 2.4. Non-ideally, the pump will be operating at the extreme of the curve to achieve 30 psi 

at an extrapolated flow rate of approximately 40 gpm. To attain the desired flow rate of 25 gpm 
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through the target, the bypass modulated by V-107 will be utilized. 

 

Figure 2.4: Pump curve for a Grundfos CM5-3 end-suction centrifugal pump operating off of 120V with room 
temperature water as the working fluid 

  
Returning to the discussion of the second PRV, should valves V-106 and V-107 be 

simultaneously closed, a pump dead-head pressure of approximately 60 psi is realized. PRV-1 is 

effectively isolated and unable to relieve the accumulated 160 psi. To prevent this scenario, other 

than employing common sense, a Kunkle PRV labeled PRV-2 has been implemented near the 

pump discharge with a set pressure and discharge rate of 180 psi and 128 gpm, respectively.  

A few implicit caveats regarding the flow loop are important: V-301 through V-303 

constitute a double block and bleed capable of isolating the pressurizing source and de-pressurizing 

the system as a whole following conclusion of an experiment. To emulate the pressure and flow 

rate parameters of the TMRS Mk. IV, the following valves provide the necessary refinement via 

bypass: V-101, V-106, and V-107. For the purposes of flow visualization, V-103 through V-105 

allow for pressure isolation and subsequent insertion of particle media. Finally, there exists an 
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external Neslab HX-200 series chiller that connects to the supply and return lines associated with 

the plate heat exchanger and instrumentation labeled in the 200’s. Figure 2.5 depicts the 

manifestation of the P&ID. Due to the spatial distribution of the laboratory, capturing the entirety 

of the flow loop in a single image is unfeasible.  

  

 
Figure 2.5: (Top-Left) Pressurizing source with regulation and isolation hardware (Top-Right) Heat exchanger, 
pump, reservoir, and flow meter (Bottom) Overview of flow loop, fluid movement in a counter-clockwise direction 

 
CHAPTER 3 HYDRAULIC TESTING  
3.1 FEA Modeling  

Static pressure testing of the housing assembly with beryllium strongbacks was undertaken 

to assure conformity with the ANSYS FEA deeming the target cooling consistent and efficacious. 
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Without a well-defined coefficient of friction for the beryllium and Inconel interface, a value 

identical to that of steel on steel, 0.85, was assumed. Exposed to a purely mechanical load of 150 

psi, the ANSYS analyst had predicted a maximum deformation of approximately 0.008” at the 

geometric center of the beryllium strongback on the emission side as seen in Figure 3.1. Modeling 

the target as-is for accuracy at the expense of computational intensity, neither symmetry nor 

superimposed constraints were taken advantage of.  

 

Figure 3.1: ANSYS total deflection for Upper Target emission side under exclusively mechanical loading at 150 psi 

 
Reiterating the Inconel 718 housing is at its minimum of 0.030” on the emission side, the 

resultant deformation location agrees with intuition. Note 150 psi is the pressure of interest as the 
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ASME Boiler and Pressure Vessel Code Section VIII Division 1 dictates a proof pressure check 

of 150% of operating pressure. 

 
3.2 Numerical Results 

Prior to attaining an empirical solution, two bounding hand calculations were carried out 

regarding the deflection in the beryllium strongbacks. Consulting Roark’s Formulas for Stress and 

Strain, well developed solutions for beams and flexure of straight bars were employed [22].  

To establish the lower bound of deflection, one assumes that the left and right ends are 

fixed, with a distributed, uniform load over the entire body. These boundary conditions would be 

physically conceivable if the housing and strongbacks did indeed form a press fit, especially at the 

radii. The maximum deflection in such a scenario is described by Equation 3.1, where y is the 

deflection, wa the uniform load, L the length of the beam, E the modulus of elasticity, and I the 

area moment of inertia about the centroidal axis of the beam cross section. Evaluating Equation 

3.1, one computes a maximum deflection of 0.0067” occurring at the midline perpendicular to the 

length.   

𝑦 =
−𝑤?𝑙n

384𝐸𝐼 
[3.1] 

The upper bound is characterized by the left and right ends being simply supported as 

opposed to fixed. A physical explanation of this scenario assumes the radii machined into the 

housing accommodate pivoting of beryllium strongbacks about their radii, with a press fit not 

substantiated. Similar to Equation 3.1, Equation 3.2 measures max deflection where y represents 

the deflection, wa the uniform load, L the length of the beam, E the modulus of elasticity, and I the 

area moment of inertia about the centroidal axis of the beam cross section. In fact, Equation 3.2 is 

merely Equation 3.1 scaled by a factor of five and therefore evaluates to 0.0336”. This maximum 
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deflection again transpires along a midline perpendicular to the length. Juxtaposing the result from 

Equation 3.1 and Equation 3.2, the boundary conditions have the effect of altering potential 

solutions by orders of magnitude.  

𝑦 =
−5𝑤?𝑙n

384𝐸𝐼  [3.2] 

Reexamining both the ANSYS simulation results, there exists a discrepancy between the 

contour of deformation predicted by means of simulation and hand calculation. In computer 

simulation, the iso-surfaces are elliptical whereas the iso-surfaces would be vertical if the one-

dimensional beam flexure were envisioned in a three dimensional domain. The opposing 

phenomenon, portrayed in Figure 3.2, suggests that restraining the strongbacks only at the 

extremes may not be applicable. Alternatively, one may need consider the dynamics of the 

interaction between the Inconel wall and the beryllium plate.  

 

Figure 3.2: (Left) Profile of displacement in beryllium with fixed ends (Right) ANSYS deformation results 
demonstrating an elliptical profile 

 

Referring back to drawing 144Y620856 Section A-A found within the appendix, the 0.030” 

wall on the emission side transitions to 0.060” at the final point of tangency between the Inconel 

housing and beryllium strongback. Hence, the Inconel stiffness matrix undergoes a subsequent 
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modification. This modification effects the displacement of the beryllium as the Inconel super-

imposes the pressure distribution upon the beryllium. In essence, as the Inconel wall stiffens due 

to increasing thickness, the beryllium is imparted upon by a lesser load from its own perspective. 

 
3.3 Experimental Results  

With an expected deformation of 0.008”, the initial pressure test was conducted under the 

premise that visible deflection would be non-existent. Consequently, the target was unrestrained 

and un-instrumented. When visible deflection did occur, inconsistent with the predicted 

displacement, a number of modifications to the testing apparatus were made. These changes 

include sourcing a calibrated pressure gauge, employing a dial indicator, and affixing the target to 

the table for measurement purposes. These adjustments are reflected in Figure 3.4.  

 

Figure 3.3: Final hydrostatic testing set-up 

 
Ultimately, a peak deformation at the geometric center of the emission side was recorded 

of 0.062”; slightly less than eight times expected. These results were later confirmed with a 

coordinate measuring machine (CMM) to exclude measurement device or user error. Note that 
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while the target isn’t constrained analogous to the TMRS Mk. IV, this alone cannot account for 

the order of magnitude discrepancy between FEA results and experimental measurements.  

After verifying the material properties both within the computer simulations and of the 

physical material itself, it became apparent that a reassessment of the beryllium restraints was 

necessary. To holistically characterize the deformation on the emission and target side, a uniformly 

distributed grid transcribed as in Figure 3.5 was temporarily etched on the beryllium strongbacks.  

 

Figure 3.4: Grid outline on beryllium strongback identifying measurement points of interest 

 
Adhering to an identical testing set-up as in Figure 3.3, fourteen individual measurements 

were made at the prescribed locations. The recorded displacements on the emission and target side 

are depicted as contour plots in Figure 3.5 and Figure 3.6, respectively. Continuity was maintained 

in the numbering system from side to side, as 1 is closest to the inlet/outlet manifold for both the 

emission and target side. Plots within the same figure are graphic representations of identical data; 

visualization technique accounts for the perceived dissimilarities. 
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Figure 3.5: (Top) Surface contour plot of deflection in emission side, peak deflection of 0.059” (Bottom) 3-D 
contour plot of deflection in emission side 
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Figure 3.6: (Top) Surface contour plot of deflection in target side, peak deflection of 0.0265” (Bottom) 3-D contour 
plot of deflection in target side 

 
 Observing such a large deflection in the target side, concern was raised pertaining to plastic 

deformation. To assess the possibility, measurements of the unpressurized, individual beryllium 

and Inconel components were taken with a CMM at points corresponding to the top, middle, and 

bottom of vertical line number three. The Inconel housing alone was placed atop machinist’s 

parallels to ensure measurement continuity. The first numeric in Table 3.1 captures the height of 
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the parallels, and is thus irrelevant; the difference between measurements indicated by the value 

in parenthesis is substantial. The beryllium is straightforward. Ideally, these measurements would 

have been exacted prior to the initial pressurization, providing a non-plasticized baseline as 

opposed to assessing deformation relative to the least measured value after the fact. 

 
Table 3.1: Unpressurized height measurements of the beryllium and Inconel 718 not in assembly 

 Top Middle Bottom 

Inconel Only 3.385” (0.000”) 3.434” (0.049”) 3.392” (0.007”) 

Beryllium Only 0.2538” 0.2700”  0.2545” 

  

Table 3.1 offers a number of insights, namely that permanent set is confirmed in both the 

Inconel and beryllium. Explaining only minute discrepancy in the values, a 0.002” and 0.001” 

profile tolerance was enforced on the beryllium and Inconel drawing, respectively. Lack of a press 

fit is evident as the deformation of the Inconel exceeds that of the beryllium. Essentially, the 

beryllium inhibited advance of the thin Inconel wall, but only after the Inconel had displaced to 

meet the beryllium. Consequently, lack of a press fit questions the validity of the assumed thermal 

contact utilized in the heating/cooling analysis.  

 
3.4 Conclusions  

In subjecting the target to 150 psi, neither the FEA nor the beam simplification aptly 

forecasted the deformation. The FEA methodology was obviously incorrect as Figure 3.6 and 

Figure 3.7 demonstrate iso-surfaces more consistent to that predicted by beam theory. Delving into 

the displacement measurements, the elliptical contour on the housing isn’t completely non-

existent, but rather occurs in the thousandths place such that beam behavior dominates. Beam 

theory also wasn’t adequate to describe the magnitude of deformation, albeit its error was much 
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smaller: a factor of two compared to a factor of eight. One can conclude the governing constraints 

for the radii of the beryllium are neither exclusively fixed nor simply supported.  

To provide resolution, the ANSYS analyst revisited the structural analysis and was able to 

recreate the measured displacement by manipulating the frictional contact formulation, the 

detection method, and the low friction coefficient.  As previously mentioned, the coefficient of 

friction between beryllium and Inconel 718 is not documented in literature and was arbitrarily 

assigned the value of steel on steel: 0.85. By performing a parametric study pertaining to the 

coefficient of friction, a value of 0.2 was revealed to mirror physical behavior. Examining Figure 

3.8, the deformation contour plot is elliptical on the housing and vertically oriented on the 

beryllium in agreement with empirical results.  

  

Figure 3.7: (Left) Deflection in Inconel housing with updated frictional parameters (Right) Updated displacement of 
beryllium strongbacks 

 
There are significant ramifications of the unforeseen magnitude of deformation. First and 

foremost, the prototype is no longer a viable target for the future TMRS Mk. V due to inelastic 

deformation. Furthermore, permanent distortion in the target side effects the geometry of the 

cooling channels near the targets themselves. Recall the upper portion of the disks experienced 
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elevated rates of heating due to greater beam incidence. With the previously predicted limited 

deflection, water flowed adequately over the top of the disks for cooling purposes. However, the 

cooling capacity in this localized area is now uncertain as the geometry is altered. Finally, the 

behavior of the distortion suggests that the Inconel and beryllium never achieved a press fit thereby 

delegitimizing the simulated cooling results further. While outside the timeline of this thesis, a 

redesign of the Upper Target is underway for inclusion in the TMRS Mk. IV. 

 
CHAPTER 4 FLOW VISUALIZATION 
4.1 Background 

 Another objective of this experimental investigation is flow visualization/characterization, 

implicitly satisfying cooling requirements by adherence to the computational fluid dynamics 

(CFD) velocimetry. Vector plots of the CFD solutions can be seen in Figure 4.1. Recollect the 

flow is parametrized by a pressure of 100 psig and a mass and volumetric flow rate of 1.258 kg/s 

and 20 gpm, respectively. The primary concern is to avoid flow boiling in the vicinity of the targets, 

essentially at the top of the housing which faces initial contact by the beam. Temperature 

attenuation is achieved by inclusion of the aforementioned “flow tab” on the inlet/outlet manifold 

which modulates velocity in that area.  



 31 

 

 

Figure 4.1: (Top) YZ plane vector plot of CFD results (Bottom) XY plane vector plot results 
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Based on the ANSYS solution, fluid velocity is maximized at approximately 8.5 m/s 

occurring within the elbow at the entrance to the target. Velocities both along the length and 

between the disks approach 4 m/s, with only localized velocities at the initial fluid/disk interface 

achieving the maximum 7.894 m/s. The region atop the flow tab has a range of velocity 

distributions, between 3-7 m/s. These velocities decrease in the vertical direction as a dead zone 

develops in the upper right-hand corner as seen in the top image of Figure 4.1. An additional 

diffuse dead zone is formed below the flow tab, only to be partitioned by fluid that’s been re-

directed following contact with the disks and subsequent separation from the disk/disk holder 

framework. This demarcating fluid flow, mirrored on the upper half of the disks, culminates in the 

formation of recirculating wakes.   

 
4.2 Experimental Set-Up 

Prior to designing a suitable mock-up of the Upper Target for flow visualization purposes, 

operational conditions needed to be re-evaluated. Designing for a pressure of 100 psi is arduous 

and unnecessary to recreate analogous fluid dynamics. To replicate fluid phenomena, one need 

only compensate for the 30 psi pressure drop calculated from Equation 2.4 and Equation 2.5. 

Therefore, the system will be pressurized slightly above 30 psi to overcome the pressure drop 

while the remaining parameters are consistent.  

Initially the proposed design featured a target machined entirely from Lexan to permit a 

multitude of viewing angles. Difficulties in forming water-tight seals between mating Lexan faces, 

and poor optical clarity following surface machining, resulted in abandonment of the design in 

favor of an aluminum “box” replicating the internal geometry of the Upper Target with two 

windows on the target side for perspective. A stand-alone solid works rendering of the assembly 

is provided in Figure 4.2. An FEA analysis was performed once again under the criteria of the 
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ASME Boiler and Pressure Vessel Code, Section II, Part D, Appendix 1, to determine the 

minimum thickness of the Lexan windows.  

  

Figure 4.2: (Left) Flow visualization assembly (Right) Front window insert with large boss to maintain geometry 

 
With specific areas and velocities of interest, a high speed monochromatic Mini UX50 

Photron camera was recommended and procured. At a full resolution of 1280 x 1040, this model 

is capable of capturing images at 2,000 frames per second (fps). Compromising the horizontal 

resolution, one can increase the frame rate to a maximum of 160,000 fps [23]. The camera came 

integrated with two software packages: Photron Fastcam Viewer and Photron Fastcam Analysis 

(PFA). The former provides the user interface for camera operation and compiles saved images 

into a format conducive for mapping velocities in the latter. A 55 mm Nikon micro lens was also 

purchased in conjunction with the camera. Proceeding to lighting, a laser light sheet with an 

anodized target would have been ideal. However, administrative controls at the laboratory 

prevented the timely incorporation of a laser-based light source. An LED light assembly featuring 

a fiber light sheet was employed alternatively. Recommended particle media included 50 µm 
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polyamide particles and 10 µm silver coated hollow glass spheres. Difficulties in lighting and 

forming a uniform particulate solution led to entrapped air bubbles replacing traditional particle 

media. The one foreseeable issue with entrapped air is that variance in bubble size may affect 

velocity measurements due to non-uniform drag. The experimental apparatus can be seen in Figure 

4.3, below.  

 

Figure 4.3: Flow visualization target plumbed into the pre-existing flow loop with accompanying equipment 

 
4.3 Results 

As previously mentioned, the objective of this exercise is too qualitatively and 

quantitatively confirms the ANSYS FEA results. These results coupled with the Monte Carlo N-

Particle Transport Code (MCNP) heating loads initially deemed target cooling adequate. In 

summary, empirical results are in excellent agreement with the FEA solution. Proceeding right to 

left across the target, Figure 4.4 portrays the inlet with the flow tab directing cooling water towards 

the upper portion of the disks. Note that individual bubble resolution, or lack thereof, is indicative 

of velocity. Hence, one recognizes dead zones above and below the flow tab consistent with the 
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FEA solution. Unless otherwise stated in the figure description, the shutter speed of the image in 

question is 1/frame rate.  

 

Figure 4.4: Fluid inlet and flow tab dynamics captured at 2000 fps, resolution of 1280 X 1024, and shutter speed of 
1/3200 

 
Due to the integral nature of the flow tab, the quantitative validity of the analysis was 

verified in this vicinity. To capture the perturbations of an individual bubble in both time and 

space, the frame rate was increased to 10,000 fps. Utilizing the PFA software, a resolute bubble 

was identified and tracked relative to the known length and time scale of the flow tab and frame 

rate, respectively. A depiction of the user interface and the succeeding velocity profile is 

substantiated in Figure 4.5. While the software is following the trajectory appropriately, exhibited 

by the near straight line in the upper half of Figure 4.5, the velocity is read from the lower half of 

Figure 4.5 to be stable at slightly less than 8 m/s. The software loses the trajectory of the particle 

at approximately 0.00223 seconds, as evidenced by the erratic read trace line and ensuing 
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discrepancy in velocity. While reliance on the PFA software to determine a precise answer is ill-

advised due to potential user error in the placement of the length and directional scale, the velocity 

result is compatible with the simulation solution range of 7-8.5 m/s in this region and thus 

affirming. Multiple bubble trajectories were processed to ensure the impact of bubble size was not 

statistically significant.  

 

 

Figure 4.5: (Top) PFA software tracing particle with user input length and directional scales (Bottom) X-direction 
velocity profile 

 
Immediately below the disk holder framework, the flow behaves as seen in Figure 4.6. This 

behavior is mirrored precisely in ANSYS. On the right-hand side of Figure 4.6, one can see the 

extension of the dead zone existing beneath the flow tab. Following initial contact with the disks 

and holder framework, a portion of the high velocity fluid is diverted vertically downward and 
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delimits the dead zone. Still possessing momentum following separation from the disk holder 

framework, the fluid contacts the bottom of the target and separates into opposing horizontal flows. 

Note the existence of a small-scale turbulent eddy on the bottom left hand side of the figure, 

directly beneath the disk holder structure.  

 

Figure 4.6: Lower right-hand quadrant of the target, to include the disk holder structure. Image taken at 2500 fps and 
a resolution of 1280X800 

 

 The corresponding position on the upper half of the target is depicted in Figure 4.7, below. 

Observation once again concurs with simulated results. An analogous quiescent zone consumes 

the right-most area of the figure. Phenomenon such as the separation streamline and recirculating 

wake are much more pronounced in Figure 4.7 relative to Figure 4.6, due to the elevated Reynolds 

number of the former. For instance, one can readily distinguish the counterclockwise turbulent 

eddy above the leading edge of the disk holder. Finally, while separation may occur from a stream-

wise pressure increase, the target’s behavior is due to a radius of curvature effect whereby the fluid 

is unable to follow the drastic change in contour of the disk holder [24]. 
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Figure 4.7: Upper right-hand quadrant of the target imaged at 5000 fps and 1280X512 resolution 

   
The final figure of purely qualitative interest is Figure 4.8, which demonstrates conferring 

flow behavior at the left-most extents of the disk. While highly chaotic, one feature is especially 

discernable: separation occurring at an obtuse angle, distinguishing of turbulent flow.  
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Figure 4.8: Rear of the disks photographed at 5120 fps and a resolution of 1280X296 

  
Proceeding to additional quantitative confirmation of FEA results, the velocity between the 

disks is in the vicinity of 4 m/s according to the ANSYS solution. Recollect the bottom portion of 

Figure 4.1, which depicts the target sectioned along the vertical mid-plane to reveal XY velocities. 

Employing the same methodology as in calculating the velocity intrinsic to the flow tab, 

experimentally observed velocities range from 3.5 to 4.5 m/s in this precise locale as seen in the 

latter half of Figure 4.9.    
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Figure 4.9: (Top) Particle trajectory between disk and target side wall, exhibiting significant y velocity (Bottom) X-
direction velocity profile 

  
With flow boiling directly beneath beam incidence of primary concern, elevated velocities 

in this region were a design requirement. Referring to the ANYSY analysis, velocities of 

approximately 5-6 m/s are present in the domain between the top of the disks and housing. Note 

that the minimum gap between the disks and the housing is 0.040”. Analysis of empirical data, 

tabulated in the lower half of Figure 4.10, indicates velocities in excess of 6 m/s. Similar sources 

of error are present relative to the flow tab, except their influence on results are magnified due to 

the relatively minute length scale of the measurement and corresponding limited sample size. 

However, by restricting the distance of the measurement, one can ensure that the velocity is unique 

to the area of interest and approximately tangent to the top of the disks. Essentially, only the x-
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velocity under the projected beam spot is represented. Averaging the data to combat uncertainty, 

one arrives at a velocity in align with the ANSYS solution: 6 m/s. While averaging allows for 

singular comparison to CFD results, the concave nature of the velocity profile is indicative of 

velocity and acceleration fluctuations in this region and is not to be ignored.  

 

 

Figure 4.10: (Top) Particle tracing atop crest of middle disk at approximate location of beam impingement (Bottom) 
X-direction velocity profile 

 
4.4 Calculations 

Returning to the concept that the rate of heat transfer is most critical in the space between 

the top of the disks and housing, one can utilize internal flow correlations in conjunction with the 

flow visualization velocity results to estimate the heat transfer coefficient. Due to geometry 

complexity, a number of simplifying assumptions are detailed and enforced in the analysis that 
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follows. Therefore, this exercise will merely provide insight into the order of magnitude of the 

heat transfer coefficient as opposed to the exact solution. This effort will serve as a “sanity check” 

on the exact solution, to be explored in the thermal testing portion of the experiment.   

To categorize this internal flow as either turbulent or laminar, a calculation of the Reynolds 

number in accordance with Equation 2.4 assuming operational volumetric flow rate conditions is 

necessary. However, the hydraulic diameter is more sophisticated than in the previous case of the 

straight pipe. To attain the hydraulic diameter for a more complex geometry, Equation 4.1 is 

employed where Ac is the cross-sectional area and per is the wetted perimeter of the cross section.  

𝐷g =
4𝐴t
𝑝𝑒𝑟 [4.1] 

Performing the calculation of the target-side Reynolds number at the area of interest while 

incorporating the entirety of the target channel and presence of the disks in the hydraulic diameter, 

one concludes that the flow is likely turbulent with a Reynolds number of approximately 6,000. 

Some uncertainty exists in this classification due to the potential for transition flow, however the 

analysis will proceed under the turbulent premise for the time being. In an effort to bound the heat 

transfer coefficient, a Reynolds number of 12,000 will also be carried through the succeeding 

calculations as if the entire hydraulic diameter were at the previously found elevated velocities 

atop the disks. 

The flow is further qualified as simultaneously developing. In the absence of a sufficient 

hydrodynamic entry length, the turbulent flow remains non-developed from a momentum 

standpoint as evidenced by transient velocities in Figure 4.10. From a thermal perspective, the 

flow is also non-developed as the thermal boundary layer is subjected to inconsistent thermal 

boundary conditions in the form of beam heating.  
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Continuing on the boundary layer concept, the velocity gradient in a turbulent flow is 

primarily confined to the viscous sublayer. The implications are two-fold: (1) the shear 

stress/friction factor is insensitive to the shape of the channel, (2) the channel wall roughness will 

substantially affect the shear stress/friction factor. To further characterize the turbulent flow 

regime for correlation-matching purposes, the influence of roughness must be taken into account 

[25]. Based on the calculation of the roughness Reynolds number, 𝑅𝑒(, the flow can be classified 

into one of three regimes depending on the variation of f with 𝑅𝑒( and the relative roughness, v
?
: 

1. Hydraulically smooth regime, 0 ≤ 𝑅𝑒( ≤ 5: f = f(Re) 

2. Transition regime, 5 ≤ 𝑅𝑒( ≤ 70: f = f(ε/a,Re) 

3. Completely rough regime, 𝑅𝑒( > 70: f = f(ε/a) 

The roughness Reynolds number is computed in accordance with Equation 4.2, where ε is 

the surface-roughness element height, 𝑢@ the friction velocity, and ν the kinematic viscosity.  

𝑅𝑒( = 	
𝜀𝑢@
𝜈  [4.2] 

The friction velocity is defined as in Equation 4.3, where 𝑢A is the mean velocity and f is 

the friction factor. 

𝑢@ = 	𝑢A{
𝑓
2 [4.3] 

Measuring the surface-roughness element height to be 7.8E-5 inches using a profilometer, 

and incorporating a mean velocity based on empirical observation, one realizes that a non-physical 

friction factor of 0.36 is required to exit the hydraulically smooth regime. One can thus reliably 

conclude that the flow is within the hydraulically smooth regime without explicitly solving for the 

friction factor. Within the hydraulically smooth regime, f is merely a function of the Reynolds 

number; f is unaffected by ε, as ε is contained within the laminar sublayer.  
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Recalling that the friction factor in a turbulent flow is unrelated to the shape of the channel, 

the analysis that follows will exploit correlations for circular ducts with the adjusted hydraulic 

diameter. Furthermore, the turbulent flow will be assumed fully developed to produce an estimate 

of the heat transfer coefficient that is conservative in nature; a fully developed flow possesses a 

maximum thermal boundary length, thus increasing the length of “conduction” and inhibiting the 

heat transfer coefficient as seen in Figure 4.11. Another facet motivating the fully developed 

assumption is that correlations for a fully-developed turbulent flow are well-documented and 

confirmed across experiments/investigators.  

 

Figure 4.11: Heat transfer rate and shear as a function of position and thermal and hydraulic boundary layer 

 
One can also neglect thermal boundary conditions such as uniform temperature, uniform 

heat flux, etc., following from the calculation of the Prandtl number and the flows categorization 

as turbulent. The Prandtl number is representative of a fluids ability to transport momentum 

relative to energy. At sufficiently high Prandtl numbers, such as exist for water, turbulent thermal 
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boundary layers remain close to the wall. This phenomenon yields a temperature profile that is 

consistently flat over the cross section, regardless of the thermal boundary condition. The Prandtl 

number is calculated according to Equation 4.4, where ν is the kinematic viscosity and α is the 

thermal diffusivity.  

Pr = 	
𝜈
𝛼 [4.4] 

Proceeding under the premise of a fully developed turbulent flow in a circular duct, 

defining a friction factor is necessary. While there are a litany of fitting empirical correlations, the 

Prandtl-Karman-Nikuradse (PKN) correlation is regarded as the most accurate. Unfortunately, the 

PKN formula doesn’t solve for friction factors explicitly as the friction factor is on both sides of 

the equation. An explicit form of the PKN correlation will be utilized alternatively, developed by 

Colebrook [26]. Colebrook’s correlation, represented in Equation 4.5, is recommended for 

Reynolds numbers in the range of 4 X 103 to 4 X 107 and yields numerical values within ±1% of 

PKN. As discussed, note that this equation for the friction factor in the hydraulically smooth 

regime is not a function of the roughness. Within Equation 4.5, Re constitutes the Reynolds 

number. 

1
Q𝑓

= 1.5635ln �
𝑅𝑒
7 � [4.5] 

 With knowledge of the friction factor, one can then numerically solve for the non-

dimensional Nusselt number. In resemblance to the friction factor, there are a number of 

theoretically and empirically determined Nusselt number correlations for developed, turbulent 

flow in a smooth circular duct. The Gnielinski correlation is particularly credible, with agreement 

of ±10% across a plethora of experiments by various investigators [27]. Additionally, the 

calculated non-dimensional flow parameters fit squarely within the application range of this 
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correlation: 0.5 ≤ Pr ≤ 2000 and 2300 ≤ Re ≤ 5 X 106. The Gnielinski correlation is substantiated 

in Equation 4.6, where f is the friction factor, Re the Reynolds number, and Pr the Prandtl number.  

𝑁𝑢 =
(𝑓 2)(𝑅𝑒 − 1000)𝑃𝑟⁄

1 + 12.7(𝑓 2⁄ )= H⁄ (𝑃𝑟H +⁄ − 1)
 [4.6] 

The Nusselt number for an internal, forced flow is defined in Equation 4.7, where h is the 

heat transfer coefficient, Dh the hydraulic diameter, and k the conductivity of the medium.  The 

medium being water in this instance.  

𝑁𝑢 =
ℎ𝐷g
𝑘  [4.7] 

The lower limit of the heat transfer coefficient, resultant from operational volumetric flow 

conditions, is approximately 4000 W/m2-K. The upper limit of the heat transfer coefficient, based 

on the application of peak disk velocities found from observation, is approximately 10,500 W/m2-

K. One would expect a fully developed heat transfer coefficient between these bounds, as the 

inherent velocities form opposing extremes.  

 
4.5 Conclusions  

Notwithstanding the inexactitudes from the simplifying assumptions, conclusions 

regarding the order of magnitude of the heat transfer coefficient can be drawn.  First, recollect that 

the assumption of a fully developed flow translates to the in-situ heat transfer coefficient being 

greater than that calculated. The conclusion from this exercise is thus straightforward; a heat 

transfer coefficient exceeding 4000 W/m2-K and, in all likelihood, on the order of 104 is to be 

expected following the explicitly thermal investigation.  

As a brief aside, qualifying the flow as definitively turbulent at a Reynolds number of 6,000 

was confirmed rational by Churchill’s Nusselt correlation for flow covering the laminar, transition, 

and turbulent regimes [28]. Churchill’s correlation possesses a number of correction factors 
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pending on the appropriate thermal boundary conditions, which the calculated Nusselt number was 

insensitive too, uniquely specific to turbulent flow.  

 
CHAPTER 5 THERMAL EXPERIMENTATION 
5.1 Background 

LANL chose to motivate the Upper Target design based on off-normal, unprecedented 

beam conditions. These conditions are characterized by a non-uniform, Gaussian beam with a 200 

micro-amp apex-current and full-width half-max in the x and y direction of 1.0148 cm and 2.4308 

cm, respectively. This particular beam configuration is truly a worst-case scenario, as neither the 

beam power nor the beam profile has even been realized in practice.  

Mapping the MCNP housing heating loads back to the ANSYS model, one generates a 

depiction of the volumetric heating exclusive to the housing as seen on the left side of Figure 5.1. 

Integrating across the target, total housing power deposition tallies roughly 3.69 kW. Intuitively, 

the most salient heating occurs on the top of the target side, where the beam initially impinges. 

Differentiating between volumetric heating and heat fluxes, a peak heat flux of 1.69e4 W/m2 is 

attained in the same location: atop the target side housing directly above the disks. The volumetric 

heating manifests in a housing thermal profile as seen on the right side of Figure 5.1. By 

reproducing specific metrics of the focused beam, the objective of deriving an empirical heat 

transfer coefficient could be achieved. Essentially, only the beam geometry and peak heat flux are 

critical in order to calculate a heat transfer coefficient based on experimentation. From the heat 

transfer coefficient, one can qualify the analytical conclusion that flow boiling is not present. 
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Figure 5.1: (Left) Volumetric heating of the Upper Target housing (Right) Upper Target housing temperature profile 

 
5.2 Induction Heating Theory  

Induction heating was the preferred method to replicate the beam profile and peak flux due 

to a number of factors. These factors include heat being directly generated inside the body of 

interest, the interchangeable nature of coils, high specific heating powers/efficiencies, and precise 

process control. An induction heating system comprises three primary components: a power supply 

delivering alternating current, an induction coil, and a work piece to subject to heating. The 

underlying phenomenon of induction heating are best contextualized by the interaction between 

coil and work piece, and thus will be emphasized first. The functionality of the power supply will 

be discussed in relation to the frequency of ac current provided to the coil, to offer insight into the 

importance of load matching and coil/work piece coupling.  

This process primarily relies on inducing internal electrical currents, via an induction coil, 

within an entity to be heated. These currents, known as eddy-currents, encounter electrical 

resistance intrinsic to the work piece and subsequently dissipate energy in the form of heat. 

Occurring in exclusively ferromagnetic materials, hysteresis heating represents a less significant 

source of heat generation by induction in which the energy required to continually change the 
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orientation of magnetic dipoles is dissipated as heat. With non-magnetic Inconel 718 constituting 

the Upper Target, only the former induction heat generation mechanism will be applicable. 

The basic phenomenon underlying induction is described by Ampere’s Law, where “for an 

electrical conductor carrying current, the field of magnetic induction is aligned at right angles to 

the current, its strength decreasing with distance from the conductor.” [29]. The magnetic field 

magnitude is proportional to the current, with the directionality of the magnetic induction being 

given by the “right-hand” rule. The mathematical formulation of Ampere’s Law is given in 

Equation 5.1, where B is the magnetic field, µ0 the permeability of free space, N the number of 

turns enclosed in the path, and i the current.   

�𝐵�⃗ ∙ 𝑑𝑙���⃗ = 	 𝜇�𝑁𝑖 [5.1] 

From Equation 5.1, one can rationalize the synergistic effectiveness of a multi-turn coil 

geometry such as a solenoid. Assuming the solenoid diameter is of sufficient size as to avoid 

cancellation between adjacent turns, the resultant field strength within the turns of the coil will 

readily surpass the field outside the turns.  

Bringing the discussion full circle, subjecting a work piece to this alternating magnetic 

field gives rise to an opposing magnetic field that counteracts the originating field in accordance 

with Lenz’s law. Consequently, an associated eddy current is developed within the work piece 

which meets internal resistance and heats the work piece as mentioned. This phenomenon is more 

explicitly known as the Joule effect.  

Intuitively, the density of the induced currents corresponds to the degree of heating. 

However, the magnitude of these currents decreases continuously from the surface of the work 

piece in a phenomenon known as the skin effect [30]. One must consider the non-uniform heating 

implications of the skin effect in relation to the specific application. The skin depth, 
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mathematically defined in Equation 5.2, is the distance from the surface of the work piece to the 

point in which the induced field strength and current are reduced to 1/e, or 37%, of their respective 

surface value. Within Equation 5.2, δ is the penetration depth, ρe the resistivity of the workpiece, 

µr the relative magnetic permeability, and fHz the frequency of the electromagnetic field.  

𝛿 = 503{
𝜌�

µO𝑓��
 [5.2] 

 Another concerning surface effect, albeit less quantifiable, is work piece/coil end and edge 

effects. Depending on a myriad of variables, end/edge effects can produce over or under heating 

of the work piece extremities due to the contour of the magnetic flux lines. In conclusion, the 

surface effects influence on current distribution is fundamental to understanding the final 

temperature profile in the work piece.  

 Maximizing the coupling of the work piece and coil to efficiently deliver adequate heat 

requires a basic working knowledge of the power supply with respect to the coil. Two conditions 

must be satisfied: (1) appropriate tuning of the induction heating circuit, (2) matching of the 

induction heated work piece and coil to the specific power supply. In short, load matching enables 

one to take advantage of the full power spectrum that the power supply is rated for, while tuning 

translates the apparent power to heating.  

 Simplistically, there are two potential induction heating circuit configurations:  a series 

resonant circuit and a parallel resonant circuit. A series resonant circuit features the inductor and 

capacitor in series and a parallel resonant circuit is discerned by the inductor and capacitor in 

parallel. In both cases, the inductor and resistor together represent the coil/work piece. The 

capacitor and the inductor serve as temporary energy storage devices, with the capacitor and 

inductor being electrostatic and electromagnetic in nature, respectively.  
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The frequency of an induction heating apparatus defines the rate at which energy alternates 

between being inductive versus capacitive. One attempts to match the designed frequency of the 

power supply through tuning, or the adjustment of the capacitive and inductive portions of the 

circuit. The designed, or resonant, frequency is defined as in Equation 5.3. Examining Equation 

5.3, L is the inductance whereas C is the capacitance.  

𝑓� =
1

2𝜋√𝐿𝐶
 [5.3] 

 Capacitance is modified by selection of the “taps” internal to the power supply. 

Alternatively, inductance is specific to a coil geometry as exemplified in the calculation of 

inductance for a solenoid in Equation 5.4. In Equation 5.4 the variables are as follows, L is the 

inductance of the coil, N the number of turns, µr the relative permeability, µ0 the permeability of 

free space, A the area of the coil, and lc the average length of the coil.  

𝐿 =
𝜇�𝜇O𝑁H𝐴

𝑙t
 [5.4] 

5.3 Experimental Setup  

 A contemporary induction heating apparatus was procured in advance of this experiment’s 

conceptualization to provide LANL with the capability to duplicate beam heating for a myriad of 

experimental purposes. The induction heating assembly was purchased from GH Induction 

Atmospheres, and features a parallel resonant circuit employing a 30 kW power supply designed 

to operate in either a 50 kHz or 150 kHz resonant frequency mode [31]. The power supply requires 

connection to three phase, 60 Hz, 480 Vac and continuous cooling water at 40 psig and 6 gpm. An 

external Glen Dimplex Thermal Solutions J series chiller satisfies the cooling water requirements 

of the power supply.  
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 Assuming adequate tuning has been accomplished, the user defines heating parameters 

through an accompanying programmable logical controller (PLC). The user interface of the PLC 

with an example heating program can be seen in Figure 5.2. One can operate the power supply in 

two different fashions, either open loop or closed loop control. Pertaining to open loop control, the 

temperature selection is irrelevant as one specifies a percentage of the true power. Note the 

denotation of true power, as the percentage whole power is dependent on the coil work piece 

coupling. Conversely, closed loop control considers the temperature selection and disregards the 

power setting. A pyrometer focused on the work piece forms the closed loop feedback control, 

where one must manually refine the emissivity setting of the pyrometer depending on the work 

piece. Regardless of open loop or closed loop control, the ramp time and soak time function 

indifferently. Ramp time indicates the time interval to reach a certain power level or temperature, 

and soak time the duration at a power level or temperature. Guaranteed soak and the associated 

tolerance commands are unique to the closed loop control, and insulate the work piece from 

controller overshoot.  
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Figure 5.2: PLC user interface, with sample closed loop heating procedure 

 

To monitor the power deposition of the induction coil to the workpiece, the work piece 

being the Upper Target, calorimetry of the internal cooling water was performed via two 

specialized thermistors that measure 0.125” in diameter by 9” long. These GEC S2TH Precision 

Thermistors were selected based on their meritorious accuracy and resolution. Table 5.1 provides 

a number of specifications attesting to the measurement confidence of these devices [32]. Note 

that the listed system response times represent the respective maximum and minimum recording 

rates, with resolution being sacrificed for response time. With the intention of recording data at 

steady state conditions, resolution will be favored over response time.  
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Table 5.1: GEC S2TH Precision Thermistor System specifications 

Criteria Value 

Temperature Range -10 to 30°C 

Resolution of Temperature Measurement 0.0001°C at 0°C 
0.00025°C at 30°C 

Resolution of Temperature Display 0.0001°C 

Accuracy of Temperature Measurement ±0.002°C 

System Response Time  2.212 seconds at 10 HZ 

0.546 seconds at 60 Hz 

 

Recalling from Figure 5.1 that heat deposition is concentrated on the target side of the 

housing, the thermistors were positioned in the flow as seen in Figure 5.3. Fabricating the flow 

loop inlet process piping to ensure consistent dynamics with the actual target, one thermistor was 

instrumented in the piping external to the target. The second thermistor, visualized in the lower 

half of Figure 5.3, is embedded within the target emission chamber and possesses the necessary 

length to record at the junction between the two delineated chambers. Positioning the thermistors 

as mentioned and encasing the target with high temperature insulation for adiabatic purposes, one 

hopes to establish a reliable measurement of the heat deposition.   
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Figure 5.3: Upper Target prototype implemented into existing flow loop with high precision thermistors  

 

 With the thermistors measuring the temperature difference over the length of the target 

chamber, calorimetry was utilized to ascertain the heat imparted into the target by the induction 

coil. Due the legacy nature of the thermistor software, a stand-alone NI LabView code was written 

to relay the calculated heat load to EPICS and read-out in real-time. Solving Equation 5.5 gives 

the instantaneous total power, where �̇� is the heat energy rate, �̇� the mass flow rate, Cp the specific 

heat capacity, and ΔT the measured temperature difference.  

�̇� = �̇�𝐶�∆𝑇 [5.5] 
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5.4 Coil Iterations 

The original experimental concept involved using a FLIR Systems A615 infrared camera 

to gauge both the beam spot and resulting target temperature produced by the induction coil. This 

specific camera model is suited to measure objects in one of three temperature ranges: (1) -20 to 

150°C, (2) 100 to 650°C, (3) 300 to 2000°C. The accuracy associated with these measurement 

spectrums is the maximum of ±2°C or ±2% of the reading [33].  

During the experiment’s infancy, a trial and error methodology was utilized to design an 

induction coil capable of replicating the elliptical profile of the beam. The initial iteration was a 

simple hollow copper block adhering to the dimensions of the ellipse and connected to the 

induction heating apparatus by 0.25” flexible copper tubing. Not explicitly disclosed in the 

preceding section regarding induction heating theory, induction coils also require circulating 

cooling water at conditions similar to a power supply, making plumbing the two entities in parallel 

an ideal solution. Considering that the term “coil” is not terminologically applicable in all 

instances, inductor will henceforth be used as necessary.  

Figure 5.4 exemplifies both the initial inductor as well as initial experimental approach. 

One rapidly provides power to the coil to achieve a quasi-adiabatic approximation of the beam 

spot on a flat piece of Inconel 718 using the infrared camera. By capturing known entity lengths 

in the infrared field of view, one can then scale the beam spot accordingly.  
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Figure 5.4: First inductor tested, producing a horizontally undersized beam spot of 1.71 cm by 1.01 cm 

 

 Concerned that current will take the path of least resistance and insufficiently heat the 

target, the encapsulating copper block design was discarded in favor of an inductor which 

decoupled the fluid and current flow as in Figure 5.5. With a copper plate bridging the tubing leads 

and plastic forming the remainder of the water channel, current flow is restricted to the portion of 

the inductor responsible for producing the desired beam geometry. Subsequently the full extent of 

the current is exploited. Furthermore, the size of the copper plate was adapted based on the 

dimensional results from the previous inductor.  
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Figure 5.5: Decoupled flow inductor, generating a vertically oversized beam spot of 2.54 cm by 1.6 cm 

 

 Refining the theoretical size of the inductor once more on account of the foregoing 

investigation, the next developmental milestone was incorporation of the housing curvature into 

the inductor. A similar decoupled inductor was attempted with the curvature of the housing 

imparted on both the copper plate and plastic flow enclosure. Difficulties in forming a water tight, 

cohesive bond between the mating pieces resulted in abandonment of this design. Revisiting the 

hollow copper block design, curvature was included and wall thicknesses were augmented on 

certain sides to modulate current flow. Essentially, walls were made exceptionally thin on all but 

the face that mates with the target in an effort to promote current flow and thus induction in 

proximity to the target. In the absence of timely five-axis machine capabilities, this inductor was 

fabricated through additive manufacturing techniques. Figure 5.6, specifically the top-left image, 

displays the finalized inductor. Note the seemingly arbitrary windings on the right most lead; these 

dummy windings were necessary to increase the inductance of the inductor and comply with the 

designed resonant frequencies of the power supply. A precise determination of the beam spot size 

was unachievable due to the material thickness at the inflection point between the target and 

emission side curves.  
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Figure 5.6: (Clockwise from top) 3-D printed inductor and leads; miniaturized target for quasi-adiabatic testing 
purposes; inductor heat signature 

 

Deficiencies in the experiment became evident when the Upper Target prototype was 

placed in the flow loop with the 3-D printed inductor implemented. First and foremost, sufficient 

coupling was not realized as the power deposition measured by the thermistors barely exceeded 

200 W. Dividing by the area of the inductive face, the heat flux failed to attain the desired figure 

of 169 W/cm2. Second, the infrared camera struggled to accurately resolve the temperature of the 

housing due to line of sight obstruction by the inductor. As will be discussed in a latter section, the 
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housing temperature represents a critical measurement in the calculation of the heat transfer 

coefficient.   

At an impasse with regard to the inductor design, the notion of a susceptor was explored. 

A susceptor acts as an intermediate material, readily heated by induction while subsequently 

heating the actual work piece by conduction. Graphite is frequently the material of choice, as 

graphite is inexpensive, machine-able, and possesses a relatively high conductivity of 100 W/m-

K. From a material standpoint, a substantial drawback of graphite is that it readily oxidizes if 

operated in an oxygen environment. While the oxidation process is catalyzed by high temperatures, 

this phenomenon can be ameliorated by selecting high density grades of graphite for susceptor 

fabrication.    

With high efficiencies and a concentration of flux lines inside the coil, a solenoid was 

chosen to encompass a cylindrical graphite susceptor. As SolidWorks lacks an electromagnetic 

simulation package, COMSOL Multiphysics software was applied to guide the design of the 

induction coil. Key parameters in need of determination include the number of windings, diameter 

of the susceptor, the gap between coil and susceptor, and placement of the induction coil relative 

to the height of the susceptor.  

The diameter of the susceptor follows directly from Equation 5.2, with a skin depth of 

0.1947” and 0.3372” at 150 kHz and 50 kHz, respectively. Recall that preferentially the power 

supply is at a resonant frequency of 50 kHz or 150 kHz, thus dictating the frequencies of the 

calculation. Sizing the graphite for ¼ of the maximum possible skin depth to avoid opposing eddy 

currents induced from either side of the susceptor canceling out, one arrives at a stock diameter of 

1.5”. Therein lies the crux of induction heating with respect to skin depth, to heat the part through 
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without producing nullifying currents. Intuitively, one could err on the side of caution assuming a 

part has a sufficiently high conductivity to prevent the formation of temperature gradients. 

The inception of the susceptor design is portrayed in Figure 5.7. In the right-most image of 

Figure 5.7, one can visualize the characteristic, filleted ellipse with the curvature of the housing 

imparted. The ellipse is truncated to account for the behavior in which the beam “spills” onto the 

housing wall as in Figure 5.1.  To establish the temperature of the housing in the absence of a 

viable infrared camera measurement, a 0.020” deep and 0.020” wide slot was machined along the 

highlighted blue line. This slot is to accommodate a 0.020” Type-K thermocouple possessing 

specifications as listed in Table 2.1.  

 

Figure 5.7: (Left) Holistic view of the susceptor (Right) Bottom view of the susceptor 

 

5.5 COMSOL & SolidWorks FEA  

A parametric study was performed on a 2-D axisymmetric COMSOL model to ascertain 

the optimal coil/susceptor gap between coil and number of windings. Prior to interpreting the 
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COMSOL results listed in Table 5.2, one must comprehend the limitations of the COMSOL 

software. For instance, the software neglects the specifications of the power supply and 

alternatively assumes that power can be delivered at any rate/frequency combination as defined by 

the user. Therefore, without an effective method to physically determine and input power supply 

bounding conditions into the simulation, the results in Table 5.2 are confined to reference against 

one another only. Finally, applicable to any 2-D axisymmetric model, the absence of leads adjoined 

to the coil terminals affects the overall inductance and thus the solution.  

In the revolved model presented on the left-hand side of Figure 5.8, the multi-colored 

nature of the cylindrical graphite susceptor depicts the inherent, albeit arbitrary, temperature 

gradient while the induction coil is contrasted in wire frame. The right-hand side of Figure 5.8 

expands upon the susceptor “boss”, which possesses an area characteristic of the beam ellipse that 

would ultimately contact the target. The height of the boss was governed by the radius of curvature 

of the housing, although curvature was left unincorporated for simplicity. The lone arrow and 

associated line denotes the material transition from graphite to Inconel, this line serving as the 

surface over which conductive heat fluxes are queried. Analogous to the housing thickness at the 

point of beam impingement, the thickness of the Inconel was set to 0.085”. Concerning boundary 

conditions, a convection coefficient characteristic of natural convection was enforced over the 

graphite susceptor and a convection coefficient representative of forced liquid convection was 

applied to the bottom of the Inconel.  



 63 

 

Figure 5.8: (Left) Revolved 2-D axisymmetric COMSOL model (Right) Enlarged view of the boss representative of 
the beam spot 

 

 Examining the results of Table 5.2, two discernible trends emerge after considering the 

independent variables separately: conductive heat flux is negatively proportional to an increasing 

gap between susceptor and coil, and the number of turns should be minimized assuming the first 

turn always begins nearest the boss (as in the lowest winding in Figure 5.8). The first inference 

regarding the coil/susceptor gap follows logically from maximizing the number of flux lines that 

intersect the susceptor. The second conclusion, that the number of turns be ideally minimized, is a 

function of the software inadequacies. In disregarding the influence of the power supply, the 

software merely evenly distributes the user-input power across the coils. Thus, it would appear 

that a single coil in proximity to the Inconel/graphite interface would warrant the greatest heat flux 

there.  

Table 5.2: Parameterized induction coil design variables and corresponding fluxes 

Susceptor/Coil Gap (in.) Number of turns  Normal Conductive Heat 
Flux (W/cm^2) 

0.125 2 260.62 

1.125 3 256.77 
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Table 5.2 continued  

0.125 4 249.48 

0.25 2 251.2 

0.25 3 249.61 

0.25 4 244.11 

 

 While not explicitly parametrized in the study, coil position relative to the susceptor height 

was investigated. Ideally, the coils would be positioned as close to the elliptical boss as reasonably 

possible as portrayed in Figure 5.9. This configuration exploits end and edge effects to inductively 

heat the boss as opposed to relying on conduction alone. In practice however, this coil position 

will confound the experimental data by heating the target directly due to proximity and potentially 

radiation. At the expense of the conductive heat flux magnitude, the coil will require positioning 

higher on the susceptor.  
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Figure 5.9: (Left) Iso-magnetic flux lines (Right) Magnetic flux density 

 

 Re-evaluating Figure 5.8, a significant temperature gradient develops along the length of 

the boss. To more accurately evaluate this behavior, a SolidWorks model of the assembly was 

created as seen on the left-hand side of Figure 5.10. Enforced physical boundary conditions include 

a characteristic natural convection coefficient on the graphite, radiation from the graphite, and a 

characteristic liquid forced convection coefficient internal to the target. Arbitrary heat powers, and 

thus arbitrary resulting temperatures, were assigned to the longitudinal mid-plane of the susceptor 

to represent the effects of the induction coil. The thermal simulation results for the curvature of 

the susceptor are presented on the right-hand side of Figure 5.10. Most notably, the temperature 

stratification between the extremes of the susceptor and the location of the thermocouple becomes 

more pronounced at elevated levels of power.  
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Figure 5.10: (Left) Graphite susceptor/target assembly (Right) Temperature probe of beam spot boss demonstrating 
gradient across curvature 

 

 Drawing from the COMSOL conclusions, the first coil iteration featured three windings, a 

minimized radial susceptor/coil gap of 0.125”, -and leads that were individually wrapped in 

electrically insulating Kapton tape, compressed together, then collectively wrapped in Kapton once 

more. By manipulating the leads as such, the non-useful dispersed inductance can be reduced. 

Unfortunately, the coil failed to tune to either power supply mode of operation due to upstream 

discrepancies in load matching. Revisiting Equation 5.4, either modifying the area of the coil, 

number of turns, or length/height of the coil are the options to adjust the inductance. However, 

Equation 5.4 assumes an electromagnetically long coil which is not applicable in this instance. 

Instead Equation 5.4 requires multiplication by a correction factor such as kn in Equation 5.6 [34]. 

Equation 5.6 is attributed to Knight, where Dc is the diameter of the coil, δc is the skin depth, and 

lc the length/height of the coil. 

𝑘� =
1

1 + 0.4502 �𝐷t + 𝛿t𝑙t
�
 [5.6] 
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Consulting the equations and revising the diameter of the coil to 2.125”, with the capacitor 

taps set to 9.6 µF, an acceptable resonant frequency of 60 kHz was realized. Locating the susceptor 

was achieved by means of a stainless steel plate affixed to the target via threaded rod. Furthermore, 

0.005” sheet of Indium was placed between the susceptor boss and target to alleviate contact 

resistance. Melting at 156.6°C and boiling at 2080°C, with a thermal conductivity of 81.8 W/m-K 

at room temperature, Indium becomes molten without boiling under operational conditions and 

offset the effects of mating surface roughness. The final experimental culmination is the subject 

of Figure 5.11.  

  

Figure 5.11: (Left) Susceptor/Coil heating relative position (Right) Overarching assembly view 

 

5.6 Results & Calculations 

 Sighting the pyrometer arbitrarily on the graphite susceptor in the space between the 

locating plate and coil, steady state data was taken at 50 degree intervals from 500 to 850°C based 

on pyrometer measurement. Three data sets were recorded on the intervals from 500 to 700°C, two 

back to back and the final point after each interval had two sets of data documented. By recording 

data in such a manner, the validity of the experiment could be contemplated based on time-
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independent, repeatable results, or lack thereof. Two data sets were then recorded in succession on 

50 degree interval from 750 to 850°C. The logic behind delaying these data points was that at these 

elevated temperatures, the potential oxidation of graphite may affect experimental dynamics and 

confound recorded measurements thereafter.  

Data relevant to the determination of the heat transfer coefficient is tabulated in Table 5.3. 

Note that the interface temperature is indicative of what the thermocouple embedded in the boss 

recorded. Average thermistor temperature, equivalent to the bulk fluid temperature, and flux 

represent calculated values in Table 5.3. Average thermistor temperature is self-explanatory. To 

calculate the flux, power deduced from Equation 5.5 was divided by the surface area of the radial 

susceptor boss (2.26 cm2). Observe that the peak heat flux was met and exceeded when the 

pyrometer set point was at 850°C.  

Table 5.3: Pertinent heating data across the eight temperature intervals 

 

 

Interface Temp. [C] Thermistor 2 Temp. [C] Thermistor 1 Temp. [C] Avg. Thermistor Temp. [C] Power [W] Flux [W/cm^2]
500 (1) 290.07 18.33 18.28 18.30 256.75 113.60
500 (2) 282.53 18.59 18.54 18.30 247.29 109.42
500 (3) 262.08 18.69 18.65 18.67 221.45 97.99
550 (1) 297.25 18.71 18.66 18.68 284.98 126.10
550 (2) 295.12 18.75 18.70 18.73 269.07 119.06
550 (3) 285.96 18.55 18.51 18.53 245.65 108.70
600 (1) 310.80 18.88 18.82 18.85 290.79 128.67
600 (2) 308.06 19.04 18.99 19.02 280.69 124.20
600 (3) 298.34 18.52 18.47 18.50 261.29 115.62
650 (1) 314.76 18.59 18.53 18.56 285.76 126.44
650 (2) 311.44 18.75 18.70 18.72 277.25 122.68
650 (3) 295.24 18.63 18.59 18.61 258.65 114.45
700 (1) 330.89 18.70 18.64 18.67 311.59 137.87
700 (2) 370.63 18.68 18.62 18.65 329.32 145.72
700 (3) 340.87 18.57 18.52 18.55 285.42 126.29
750 (1) 366.13 18.72 18.66 18.69 340.93 150.85
800 (1) 370.73 18.69 18.62 18.65 369.94 163.69
800 (2) 370.35 18.71 18.65 18.68 359.30 158.98
850 (1) 394.58 18.78 18.71 18.75 385.03 170.37
850 (2) 387.41 18.69 18.62 18.65 384.71 170.22
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To more accurately assess the heat transfer coefficient, three extraneous variables needed 

to be quantified: system power offset, apparent interface temperature, and the effects of radiation 

on power. To quantify the steady-state power offset, the flow loop was started and run 

uninterrupted by induction heating for approximately an hour. Averaging the nominal power 

output across this time interval resulted in a value of -40.17 W. Inspecting Figure 5.12, one notices 

that the transient time is approximately 2 minutes. With steady state data being recorded after two 

minutes had passed, one can confidently apply the offset to the powers listed in Table 5.3.  

 

Figure 5.12: Graph of power vs. time in the absence of a heat load 

 

Attempting to assure the interface thermocouple remained in place during the experimental 

set-up, the slot depth was cut to 0.020”. Ideally, the depth would have been 0.010” to more 

accurately record the temperature of the Inconel/graphite interface. By rearranging the linear 

conduction model in Equation 5.7 to solve for temperature, one can estimate the true interface 

temperature by accounting for the temperature difference across the 0.010” too deep slot. In 
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Equation 5.7, q is power, k is the thermal conductivity, Ac is the cross-sectional area, l the length 

of conduction, and ΔT the temperature difference.  

𝑞 =
𝑘𝐴t
𝑙 ∆𝑇 [5.7] 

 While direct heating of the target is largely negated by positioning of the coil, some 

radiative heating is inevitable. Considering the placement of the inlet thermistor, radiative heating 

is not negligible across the thermistors as only the outlet thermistor is exposed too radiative 

heating. To quantify radiations effects on measured power, a dimensionally-equivalent piece of 

high temperature insulation was situated between the susceptor boss and Inconel housing. Leaving 

the interface thermocouple embedded in the solidified Indium following from the previous 

induction heating, two sets of data were recorded and averaged on each pyrometer interval from 

500 to 850°C.  

Assuming the outer wall temperature to be the interface thermocouple reading, and the 

inner wall temperature to be the bulk fluid temperature, the power conducted through the Inconel 

wall based on Equation 5.7 was subtracted from the measured total power. The difference between 

these values is thus the approximate radiative heating at a given pyrometer temperature, and it can 

be subtracted from the listed powers in Table 5.3. The temperature dependence of Inconel’s 

conductivity was incorporated into Equation 5.7 according to Equation 5.8, under the preceding 

wall temperature assumptions [35]. In Equation 5.8, T is temperature and k is conductivity.  

𝑘 = 6.6442 + 1.3846𝐸2 ∗ 𝑇 + 5.4864𝐸6 ∗ 𝑇H − 2.9842𝐸9 ∗ 𝑇+ [5.8] 

 Plotting the radiation power level versus pyrometer temperature, as in Figure 5.13, a non-

linear relationship is observed. This behavior provides some confidence in this experimental 
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approach to refine the data, as radiative heat transfer is a function of temperature raised to the 

power of four.  

 

Figure 5.13: Radiative heat transfer at each pyrometer temperature interval 

  

Applying these three corrections to the data, an updated version of Table 5.3 is presented 

in Table 5.4. Individual thermistor temperatures have been omitted due too spatial constraints.   
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Table 5.4: Adjusted interface temperatures, powers, and fluxes 

  

 Rearranging Equation 5.7 and using the adjusted interface temperature, adjusted power, 

temperature dependent conductivity, area of the susceptor, and Inconel wall thickness, one can 

calculate the internal wall temperature immediately below the susceptor. Proceeding from the 

internal wall temperature, one can then compute the heat transfer coefficient by rearrangement of 

Equation 5.9. In Equation 5.9, q is representative of the power, h the heat transfer coefficient, Ac 

the cross sectional area, and ΔT the change in temperature.  

𝑞 = ℎ𝐴t∆𝑇 [5.9] 

Carrying forth the calculation of the wall temperature and heat transfer coefficient at every 

pyrometer temperature interval, the results are presented in Table 5.5. Note only the adjusted 

interface temperatures and powers are portrayed. Averaging the heat transfer coefficients, one 

realizes a value of 13726.44 W/m2-K with a standard deviation of 2730.  

Interface Temp. [C] Adj. Interface Temp. [C] Avg. Thermistor Temp. [C] Power [W] Adj. Power [W] Flux [W/cm^2] Adj. Flux [W/cm^2]
500 (1) 290.07 286.67 18.30 256.75 283.83 113.60 125.59
500 (2) 282.53 278.83 18.30 247.29 280.02 109.42 123.90
500 (3) 262.08 258.89 18.67 221.45 244.86 97.99 108.34
550 (1) 297.25 293.51 18.68 284.98 298.53 126.10 132.10
550 (2) 295.12 291.61 18.73 269.07 292.31 119.06 129.34
550 (3) 285.96 282.62 18.53 245.65 264.23 108.70 116.92
600 (1) 310.80 306.89 18.85 290.79 307.38 128.67 136.01
600 (2) 308.06 304.22 19.02 280.69 300.75 124.20 133.08
600 (3) 298.34 294.67 18.50 261.29 285.24 115.62 126.21
650 (1) 314.76 310.86 18.56 285.76 296.58 126.44 131.23
650 (2) 311.44 307.76 18.72 277.25 287.07 122.68 127.02
650 (3) 295.24 291.80 18.61 258.65 264.09 114.45 116.86
700 (1) 330.89 327.11 18.67 311.59 309.28 137.87 136.85
700 (2) 370.63 366.59 18.65 329.32 334.05 145.72 147.81
700 (3) 340.87 337.26 18.55 285.42 296.02 126.29 130.98
750 (1) 366.13 362.26 18.69 340.93 326.89 150.85 144.64
800 (1) 370.73 366.39 18.65 369.94 345.86 163.69 153.04
800 (2) 370.35 367.27 18.68 359.30 348.06 158.98 154.01
850 (1) 394.58 389.99 18.75 385.03 371.11 170.37 164.21
850 (2) 387.41 382.91 18.65 384.71 359.91 170.22 159.25
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Table 5.5: Determined heat transfer coefficients and internal wall temperatures 

  

5.4 Conclusions 

 Considering the calculated heat transfer coefficients at face value, the values all exceed 

4000 W/m2-K and all instances are on the order of 104 as predicted by the analytical flow 

visualization exercise. Furthermore, with a saturation temperature of 170°C at 100 psig, the 

internal wall temperature provides no indication that the onset of flow boiling is to occur. 

Evaluating the adjusted fluxes, notice that incorporation of the steady state offset and heating due 

to radiation attenuates the empirical peak heat flux below the desired 169 W/cm2. With a 

percentage difference of approximately 3%, failure to meet the peak heat flux is not especially 

concerning due to the relatively infinitesimal point nature of the MCNP-derived peak heat flux. In 

essence, while the peak heat flux is indeed 169 W/cm2, this flux over the entire beam area is 

quixotic. As illustrated in Figure 5.14, the actual beam is Gaussian such that if one were to average 

the power deposition across the susceptor boss, the empirical power would exceed the actual beam 

over an equivalent area.  

Adj. Interface Temp. [C] Avg. Thermistor Temp. [C] Adj. Power [W] Adj. Flux [W/cm^2] Internal Wall Temp. [C] HTC [W/m^2-K]
500 (1) 286.67 18.30 283.83 125.59 91.92 17063.29
500 (2) 278.83 18.30 280.02 123.90 84.94 18662.82
500 (3) 258.89 18.67 244.86 108.34 87.51 15738.39
550 (1) 293.51 18.68 298.53 132.10 89.18 18734.26
550 (2) 291.61 18.73 292.31 129.34 91.61 17751.67
550 (3) 282.62 18.53 264.23 116.92 101.99 14007.82
600 (1) 306.89 18.85 307.38 136.01 99.50 16866.01
600 (2) 304.22 19.02 300.75 133.08 101.18 16189.19
600 (3) 294.67 18.50 285.24 126.21 100.97 15304.69
650 (1) 310.86 18.56 296.58 131.23 112.82 13924.32
650 (2) 307.76 18.72 287.07 127.02 116.09 13044.47
650 (3) 291.80 18.61 264.09 116.86 113.51 12312.81
700 (1) 327.11 18.67 309.28 136.85 123.91 13000.43
700 (2) 366.59 18.65 334.05 147.81 155.99 10762.92
700 (3) 337.26 18.55 296.02 130.98 146.44 10241.48
750 (1) 362.26 18.69 326.89 144.64 155.62 10561.54
800 (1) 366.39 18.65 345.86 153.04 147.24 11902.28
800 (2) 367.27 18.68 348.06 154.01 146.77 12024.87
850 (1) 389.99 18.75 371.11 164.21 159.54 11664.08
850 (2) 382.91 18.65 359.91 159.25 158.38 11397.65
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Figure 5.14: (Left) Range of investigation (Right) Heat flux over the range of investigation 

 
 Plotting the power versus the interface temperature as in top image of Figure 5.15, one 

would expect a constant relationship as the single-phase heat transfer coefficient is proportional to 

power over temperature. Instead the relationship is linear. This departure from intuition is 

exacerbated by graphing the heat transfer coefficient relative to the power as in the bottom image 

of Figure 5.15. Exemplified by the trend line in the same figure, the heat transfer coefficient 

appears to decrease as the power increases.  
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Figure 5.15: (Top) Relationship between power and change in temperature (Bottom) Heat transfer coefficient as a 
function of power 

 
While non-physical, these results are readily explained by the increasing temperature 

gradient across the susceptor boss at elevated powers. As the temperature gradient increases, the 

interface thermocouple becomes decreasingly indicative of the average temperature over the area 

of conduction. Effectively, the interface thermocouple records apex as opposed to average 

temperatures. This discrepancy then propagates through the calculation of the heat transfer 

coefficient as one assumes the susceptor area is at a uniform temperature, culminating in a heat 

transfer coefficient that is artificially low at elevated powers. Therefore, a stronger weight should 

be attributed to the heat transfer coefficients computed at lower powers. This development also 

affirms that the inner wall temperatures are not as extreme as calculated, further avoiding the 

possibility of flow boiling.  

An additional source of error in the computation of the heat transfer coefficient arises due 

to uncertainty in each of the measurements. By performing an uncertainty analysis, one can 

cumulatively evaluate the effect of measurement inaccuracies on the uncertainty of the final 

calculated heat transfer coefficient. This uncertainty is calculated using Equation 5.10, where Δxi 
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is the uncertainty of measured variable i and ΔR is the propagated uncertainty in calculated variable 

R [36].  

∆𝑅 = ±{�
𝜕𝑅
𝜕𝑥=

∆𝑥=�
H

+ �
𝜕𝑅
𝜕𝑥H

∆𝑥H�
H

+. . . + �
𝜕𝑅
𝜕𝑥�

∆𝑥��
H

 [5.10] 

Figure 5.15 presents the conclusions of the uncertainty analysis for a single data set at a 

pyrometer temperature of 500 and 850°C. Examining the top image of Figure 5.15, one notices the 

uncertainty in the heat transfer coefficient at a pyrometer temperature of 850°C is 1931 W/m2-K. 

Referring to the corresponding “% of uncertainty” column, one realizes the overwhelming cause 

of uncertainty owes to the thermistors. Synoptically, predominate power determinations are 

resolved from minute temperature differences sensitive to the 0.002°C accuracy of the thermistors. 

Hence, the magnitude of the heat transfer coefficient uncertainty increases as the temperature 

differential being resolved decreases, though the variable’s respective percentage of uncertainty 

remains relatively unchanged as seen in the bottom of Figure 5.15.  
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Figure 5.16: (Top) Uncertainty analysis for a pyrometer temperature of 850°C (Bottom) Uncertainty analysis for a 
pyrometer temperature of 500°C 
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CHAPTER 6 SUMMARY  
6.1 Concluding Remarks 

 For over four decades, the LANSCE accelerator has been delivering high-energy, high-

power proton beams to advance science in the national interest.  Today, stewarded by the NNSA, 

the Lujan Center is one of five on-site user facilities supported by the linear particle accelerator at 

LANSCE. At the heart of the Lujan Center is the TMRS, producing neutrons via spallation for a 

variety of material science research purposes. The current iteration of the TMRS in-service is the 

TMRS Mk. III, which is scheduled for decommissioning in 2020 in favor of the TMRS Mk. IV. 

Installation and exploitation of the TMRS MK IV will substantially differentiate LANSCE from 

other facilities; according to an independent physics design review team, “there exists no facility 

in the US that will compete in flux and resolution” [1].  

 Satisfying this statement is the innovative and unprecedented water-cooled Upper Target, 

designed completely by analysis under a worst-case scenario of the incident beam being off-normal 

in profile and over-powered. With cooling of the target housing thus of concern, a complementary 

empirical investigation in the form of this thesis was undertaken to verify the computational 

characterization of the target cooling. Specifically, three aspects were highlighted for 

quantification: deformation under operational flow conditions, magnitude of critical fluid 

velocities, and the characteristic heat transfer coefficient.   

 Performing a static pressure test according to the ASME Boiler and Pressure Vessel Code 

Section VIII Division 1, a maximum displacement in the emission side beryllium was expected of 

approximately 0.008”. Not only was the observed displacement an order of magnitude larger, 

0.062”, but the contour of deformation was unforeseen. Revisiting the ANSYS structural analysis, 

the primary culprit proved to be the coefficient of friction assumed in the absence of a well-
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documented Inconel-beryllium coefficient of friction. In permanently deforming the housing, the 

conclusion of ample cooling is was uncertain due to altered geometry/flow. The structural integrity 

of the target was also compromised.  

A closed flow loop was fabricated with instrumentation to reproduce operational flow 

conditions in the TMRS Mk. IV. Plumbing a transparent Upper Target mock-up into the loop, flow 

visualization and ultimately velocimetry were attained. Qualitatively, the observed fluid dynamics 

agreed with the computational results. Quantitatively, critical fluid velocities such as exist directly 

below beam incidence exceeded expectations. Internal flow correlations in conjunction with the 

flow visualization velocimetry were then employed to estimate a heat transfer coefficient eclipsing 

4000 W/m2-K in the aforementioned location.  

 Iterating through induction coils with the eventual assistance of COMSOL, a graphite 

susceptor with a boss analogous to the beam geometry was finally coupled to a solenoid coil to 

attempt a peak heat flux of 169 W/cm2. Matching peak heat flux within 3%, the heat transfer 

coefficient at the point of beam impingement was 13726.44 W/m2-K on average with a standard 

deviation of 2730. Even considering the individual heat transfer coefficients intrinsic to the 

average, the conditions for the onset of flow boiling were never satisfied, in agreement with 

analysis. In summary, notwithstanding the structural implications from the unpredicted 

deformation, the Upper Target conformed to analytical results and demonstrated sufficient cooling 

in spite of the focused beam.  

6.2 Future Work 

 Prior to the TMRS Mk. IV’s installation in 2020, two milestones are still in need of 

achievement. First, following finalization of the Upper Target design stemming from unsustainable 

and uncharacterized deformations, displacements from static pressure testing require 



 80 

reassessment. Contingency has been provided in the form of a procured and implemented non-

contact displacement sensor, capable of accurately measuring deflections on the order of that 

originally forecasted. Second, explicit disk/target heating is necessary to experimentally verify if 

the tantalum-clad tungsten disks are properly cooled to avoid thermal erosion. Such an experiment 

would obviously make use of the existing flow loop. On a side note, the capabilities developed 

throughout this thesis, to include the equipment and procedure for the flow loop, flow 

visualization, and induction heating, are currently being requisitioned as-is by IPF personnel to 

conduct an experiment in regards to nucleate boiling in targets which produce commercial medical 

isotopes.   
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