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executive summary
Increasing demand for carbon-free electricity to fight global climate change is driving the de-

sign of high-temperature nuclear reactors. Several leading designs, like the Fluoride-salt-cooled

High-temperature Reactor (FHR), use molten salts because of their unique high-temperature

properties. These have the potential to increase safety margins, decrease costs, improve ef-

ficiency, and allow flexible plant designs for many different applications. However, there is

limited experience working with molten salts after experiments were discontinued in the late

1970’s. As new materials, instruments, and experimental methods are developed, there is a

growing knowledge gap between modern aspirations and historic data.

To help refresh and expand our knowledge of molten salts, this work designs, operates, and

decommissions the University of Wisconsin - Madison (UW) Natural Convection FLiBe Loop

(NCFL). As the first halide salt loop in over 40 years, this experiment builds on the seminal

corrosion work of the Molten Salt Reactor Program.These historic experiments were driven

by natural circulation (NC) loops that tested fuel salts derived from the mixture 2LiF− BeF2,

called FLiBe. Modern work is considering pure FLiBe and by testing this mixture in the NCFL,

this work combines a key historic test-bed with modern designs and measurements. There

are 80 thermocouples, two electrochemistry probes, and six fiber optic strain sensors that have

never been deployed in salts before. Together, these measurements illuminate the unique

NC flow behaviors inside a high temperature flow field under several boundary conditions.

Measurements are compiled in a database to aid future simulation or modeling efforts.

A crucial modeling area is the heat transfer behavior of FLiBe. Historic work suggests that

salts will behave like “normal fluids,” indicating they are similar to water or oil. However,

the challenges of working with molten salts leave many uncertainties that require further

examination. This work attempts to verify historic heat transfer findings in FLiBe under several

boundary conditions. A horizontal air-cooler is used to study heat transfer from freezing salt;

highlighting the challenges of accurately measuring wall temperatures. Radiant-mode heaters

are used to measured horizontal and vertical heat transfer, proving these rugged, off-the-shelf

heaters are capable of decent heat transfer measurements. Improvements were possible using

custom strip-heaters that replaced the radiant-mode heaters in later testing. These permit more
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accurate surface temperature measurements and reduced heat losses, while also proving to be

reliable for long duration testing.

Experimental data from all of these configurations shows that 2LiF−BeF2 (FLiBe) has good

heat transfer performance and is well predicted by developing flow correlations. Horizontal

conditions are also influenced by mixed convection that destroys laminar temperature gradients

and mixes the flow. Fiber sensors contrast this mixing with the large temperature gradients

in vertical conditions, where mixing is limited. The predominate developing-flow behavior

however shows how the closed NC loop can act a forced-convection system, which greatly

simplifies heat transfer predictions.

Across several years of testing, results also show a puzzling time dependent behavior

that cannot be fully explained. Impurities may play a role; however, metallic impurities only

show a strong temperature dependence but no major trends over time. Ultimately the loop is

decommissioned, revealing crystal growth inside several legs that may have obstructed flow.

These unexpected growths warrant further materials analysis that is ongoing at the conclusion

of this work.



iii

acknowledgments
In preparing this document, I have been forced to admit that it will always be incomplete. I can only

hope to record as much of my experience as possible, with as few errors or typoes as possible.

The reason for this, is that the work recorded here is the result of effort from many people, to whom

I owe a sincere debt of gratitude. First, I wish to thank my advisor, Dr. Mark Anderson for giving me

this opportunity; and for putting up with me. I also wish to thank Dr. Kumar Sridharan for allowing me

to work with many of his wonderful students, including several of my predecessors and co-conspirators.

It is these previous students who I am indebted to for their part in establishing the labs and techniques

I rely on. This includes Kieran Dolan, Tony Zheng, Thomas Chrobak, and especially Brian Kelleher –

who purified the first batch of salt for this experiment. Those who will continue this work also provided

significant assistance and I relied heavily on support and insights from several fellow students including

William Doniger, Cody Falconer, Shaun Aakre, Jordan Rein, and Ian Jentz. I especially appreciate all of

you who fielded the boneheaded questions and inevitable shenanigans that arise after long isolation in

the lab.

Of course, for all the time I spent in the lab, no one works harder than Paul Brooks. I am deeply

thankful for his engineering and salt acumen that were vital to this project. I can only hope to retain a

small fraction of what he taught me, and I must apologize for the hair he lost on my behalf.

Beyond this, many more people are involved in such a project, to whom I am also very grateful.

This includes the faculty and staff of the University of Wisconsin - Madison who have introduced me to

so many interesting topics. It includes my friends and family who have made these past five years so

wonderful. And it especially includes Emily Roemer, who has put up with all of my late nights and long

writing sessions.

Finally, none of this would have been possible without the financial support of the US Department of

Energy who started this as an Integrated Research Project DE-AC07-05ID14517 & DE-NE0008285 and

continued funding work under a Nuclear Energy University Program award DE-NE0008680. Additionally,

the US Nuclear Regulatory Committee graciously supported my schooling through a graduate student

fellowship NRC-HQ-84-15-G-0040.

Thank you all for your support.



iv

contents

Executive Summary i

Abbreviations ix

1 Introduction 1
1.1 Overview of Molten Salts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Research Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Molten Salt Heat Transfer 5
2.1 Established Heat Transfer Studies . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Additional Fluoride Salt Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Heat Transfer in the NCFL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Experiment Design and Behavior 20
3.1 Experiment Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Flow Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Operation and Maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 Analysis 36
4.1 General Heat Transfer Calculations . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2 Annular Cooler Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Radiant-mode Heater Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.4 Conduction-mode Heater Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 40

5 Results and Discussion 43
5.1 Campaigns 4 - 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Campaigns 7 - 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.3 All Nu data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.4 Impurity data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6 Decommissioning 57

7 Conclusions 63

Dimensionless Numbers 65

Correlations 66

Salt Mixtures 67

Glossary 68

Bibliography 69

A Calculations 77
A.1 Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
A.2 Heat Balance and Conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 78



v

B Dimensions and Instrumentation 81
B.1 Instrument and Sample Locations . . . . . . . . . . . . . . . . . . . . . . . . . 81
B.2 As-built dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

C Images 89

D Data 96
D.1 Result Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
D.2 Exposure Times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.3 Salt Impurities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
D.4 Campaigns 4 and 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
D.5 Heat Transfer Data Campaigns 4 - 6 . . . . . . . . . . . . . . . . . . . . . . . . 107
D.6 Heat Transfer Data Campaigns 7 - 10 . . . . . . . . . . . . . . . . . . . . . . . 111

Index 115

Colophon 117



vi

list of tables
2.1 Summary of heat transfer experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Summary of heat transfer correlations . . . . . . . . . . . . . . . . . . . . . . . . . . 19

5.1 Heated % correlation fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.1 Sample temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

A.1 Measurement uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

B.1 Operating range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
B.2 Velocity pulse TC positions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
B.3 TC position data: C7-9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
B.4 TC position data: C10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
B.5 Corrected TCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

D.1 Cooling data fit to correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.2 Heated raw correlation fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.3 Nu uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
D.4 Operating times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
D.5 Sample temperatures per campaign . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
D.6 Salt Impurities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
D.7 Fiber ∆T measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
D.8 NC loop test summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
D.9 Air flow rate data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
D.10 Heat input data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
D.11 Cooling non-dimensional data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
D.12 Heated non-dimensional data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
D.13 Temperature data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
D.14 Heat balance data in kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.15 Temperature readings around the loop in °C. T∞ = 26 °C . . . . . . . . . . . . . . 109
D.16 Heat transfer Nu data. Properties at Ts. . . . . . . . . . . . . . . . . . . . . . . . . . 110
D.17 Heat balance data in kW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
D.18 Temperature readings around the loop in °C. . . . . . . . . . . . . . . . . . . . . . . 113
D.19 Heat transfer Nu data. Properties at Ts. . . . . . . . . . . . . . . . . . . . . . . . . . 114



vii

list of figures
2.1 Resistive FLiNaK film . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Data from Zr Salts in a heat exchanger . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 Loop dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Wetted Thermocouples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3 Steady temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4 Bottom cross temperature profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5 High speed fiber measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 Riser temperature profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.8 Dual cooler flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.7 Flow rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.9 Blower cold pulse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.10 Flow stagnation on Fiber D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.11 Fiber G transients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.12 Fiber C annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.13 Freeze-plug melting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.14 Frequency response testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.16 Gas-space stainless . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.15 Snow on an E-Chem probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.1 Top cross cooler layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2 First gen. heater temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1 Heat transfer locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 C4 -6 Heat balances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.3 C4 - 6 Cooling Nusselt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.4 C4-6 Heated Nusselt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.5 C4 - 6 Time dependent cooler Nu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.6 C4 - 6 Time dependent heated Nu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.7 C4 - C6 Fiber D noise reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.8 C7 – 10 Heat balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.9 C7 - 10 Nusselt results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.10 Normalized Tw,o,BC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.11 Normalized Tw,o,R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.12 C10 σT (t) on Fiber D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.13 All Nusselt results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.14 Bottom cross T(r) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.15 Riser T(r) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.16 Impurities C6 - 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.17 C6 Salt sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.18 Impurities C8 - 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.1 Post operation riser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2 Salt storage tanks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.3 Tank internals post-op . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.4 Tubing with salt patches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



viii

6.5 Lower left elbow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.6 Post-op cyrstals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.7 Top cross internals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.8 Down comer internals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.9 Static transfer line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

B.1 TC locations C1 - C6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
B.2 Contact heater TCs C7 - C9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
B.3 BC surface TCs for C10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
B.4 Riser surface TCs for C10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
B.5 NC Loop Dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

C.1 Radiant-mode temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
C.2 Wetted Thermocouples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
C.3 Insulation gap for measuring flow rate. . . . . . . . . . . . . . . . . . . . . . . . . . 90
C.4 Loop metal after blow torch. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
C.5 Velocity pulse comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
C.6 Fiber position in loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
C.7 C7 IR surface temps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
C.8 Stainless oxide in heaters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
C.9 Heater coils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
C.10 1st-gen E-Chem probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
C.11 2nd-gen E-Chem probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
C.12 Post-op loop metal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

D.1 Ra and Re coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
D.2 Material sample locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
D.3 C10 Salt sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
D.4 Temperature eddies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102



ix

abbreviations

AC . . . . . . . . . . . . . . alternating current

ANP . . . . . . . . . . . . . Aircraft Nuclear Propulsion

ARE . . . . . . . . . . . . . Aircraft Reactor Experiment

Be . . . . . . . . . . . . . . beryllium

CFD . . . . . . . . . . . . . computational fluid dynamics

Cr . . . . . . . . . . . . . . chromium

DC . . . . . . . . . . . . . . direct current

EES . . . . . . . . . . . . . Engineering Equation Solver

EIA . . . . . . . . . . . . . U.S. Energy Information Administration

Fe . . . . . . . . . . . . . . iron

FeCrAl . . . . . . . . . . . Iron-Chromium-Aluminum alloy

FHR . . . . . . . . . . . . . Fluoride-salt-cooled High-temperature Reactor

Gen IV . . . . . . . . . . . Generation-IV

GIF . . . . . . . . . . . . . Generation-IV International Forum

ICP-MS . . . . . . . . . . . inductively coupled plasma mass spectrometry

ICP-OES . . . . . . . . . . inductively coupled plasma optical emission spectrometry

Li . . . . . . . . . . . . . . Lithium

MSBR . . . . . . . . . . . . Molten Salt Breeder Reactor

MSR . . . . . . . . . . . . . Molten Salt Reactor

MSRE . . . . . . . . . . . . Molten Salt Reactor Experiment

NC . . . . . . . . . . . . . natural circulation

NCFL . . . . . . . . . . . . Natural Convection FLiBe Loop

O&M . . . . . . . . . . . . Operation and Maintenance

ORNL . . . . . . . . . . . . Oak Ridge National Laboratory

∆Pl . . . . . . . . . . . . . loop-wide pressure drop



x

PPE . . . . . . . . . . . . . personal protective equipment

RMS . . . . . . . . . . . . . root mean squared

SAM . . . . . . . . . . . . . System Analysis Module

∆Tl . . . . . . . . . . . . . loop temperature drop

TC . . . . . . . . . . . . . . thermocouple

UCB . . . . . . . . . . . . . University of California, Berkeley

UW . . . . . . . . . . . . . University of Wisconsin - Madison

v . . . . . . . . . . . . . . . velocity estimate



viii

nomenclature
Symbols
A Surface area m2

cp Heat capacity J/(kgK)

D Tube diameter m

h Heat transfer coefficient W/(m2 K)

k Thermal conductivity W/(mK)

L∗ Dimensionless position = 1/Gz
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w

Gr∗ Modified Grashof Gr∗ =
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iβρ
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w k

Nu Nusselt Number Nu = hDi
k

Pr Prandtl Number Pr = µcp/k

Ra Rayleigh Number Ra = GrPr
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ρVD

µ

Ri Richardson Number Ri = Gr
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Superscripts
ˆ Normalized difference (X2 − X1)/X1
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Subscripts
a Air property
AC Located in the annular cooler
BC Located in the bottom cross
i An inner radial position
K Temp in Kelvin for radiation heat tranfser
L At the full tube length
n A counter
o An outer radial position
R Located in the riser
rad Radiation heat transfer property
s Salt property
w Property at the wall
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1 introduction

Addressing the growing threat from climate change requires increasing production of

carbon-free electricity. And while growing solar and wind generation show promise, the 2017

U.S. Energy Information Administration (EIA) statistics show them far behind the world’s

power demand, supplying only 1% and 3.4% respectively [1]. Most carbon-free electricity

is generated with hydroelectric or nuclear power, which together provide 16.3% of demand.

Adding localized sources like geothermal pushes the world-wide combined “green energy”

category almost reaches a quarter of the world’s electricity supply.

In the US a similar picture has a bleak forecast. Most of our carbon free energy is provided

by nuclear power, which over the last 20 years has supplied 19 to 20% of all US electricity [2].

The remainder is mostly supplied by coal or natural gas, which in 2019 produced a combined

2550GW h [3]. Replacing this much carbon-intensive electricity is no small task. And it faces

many challenges, including grid operators wary of adding ‘to much’ wind or solar generation,

and a distribution network designed for large centralized plants [4], [5].

Given the challenges and rapid pace of climate change, transition away from carbon-intensive

energy requires the use of nuclear power, and possibly more of it. However, the US is currently

losing its biggest source of carbon-free power. From a peak of 110 reactors, the industry now

has only 95 operating with several looming shutdowns [6], [7]. As a result, the EIA predicts

nuclear generation in the next two decades will plummet by 20% [8].

The decline of nuclear power at such a crucial time is due to many complex factors [9],

[10] and there are several attempts to address it. One major effort is lead by the Generation-IV

International Forum (GIF), which selected six reactor types that are considered best-suited for

future development [11], [12]. Merits like safety, proliferation resistance, and technological

readiness promise to reduce risks worldwide. However, electricity markets have shifted over

the past two decades and many Generation-IV (Gen IV) concepts struggle to compete with

mass-produced, compact, high-temperature natural gas plants.

As Gen IV concepts have struggled, the Molten Salt Reactor (MSR), one of the lesser known

designs, has recently become a lead candidate for future development. Following an initial

revival at universities and national labs in the early 2000’s [13]–[19] private industry is now
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developing several molten salt reactor designs [20]–[25]. There are a wide range of concepts,

including burners and breeders, fissioning uranium or plutonium, with fast, epithermal, or

thermal neutrons so they can generate anywhere from 10’s to 1000’s ofMW of electricity with

either Brayton or Rankine power cycles.

1.1 Overview of Molten Salts
The flexibility, and thus popularity, of molten salt reactors is derived from their namesake

fluid. At their most basic, molten salts are just ionic-liquids, with possible types including

carbonates, nitrates, chlorides, and fluorides. Halide salts form particularly strong bonds, espe-

cially with reactive metal like lithium, that ensure stability and lend fluoride salts their unique

properties. These include high melting temperatures, low vapor pressures, large heat capacities,

minimal reactivity with air or water, and maximum temperatures that often exceed 1000 °C

[14], [26]. In practical terms, these translate to small, high temperature systems operating at

atmospheric pressure without stored chemical energy that could be unleashed if exposed to air

or water.

Many applications can benefit from these properties, like fuel reprocessing [27], [28], refining

or heat-treating metals [29], [30], and concentrated-solar power plants [31]–[33]. However,

the defining role of molten salts takes further advantage of their unique chemistry to build a

liquid-fuel nuclear reactor [34], [35]. There are several excellent histories [34], [36] and an

extensive document archive that trace the more than 40 years of MSR development at Oak

Ridge National Laboratory (ORNL). Summarized, work began in late 1940’s when halide salts

were first selected for use in a nuclear propelled airplane. This required a high-temperature,

lightweight, compact, and rugged power plant where molten salts excelled. Their strength was

dissolved uranium fuel that deposited fission energy directly into the heat transfer fluid. To

prove it, the ground-based Aircraft Reactor Experiment (ARE) demonstrated molten salt fission

power in 1954. The test showed great promise for the reactor, but not the plane, which was

never built. Luckily, designers grounded their dreams and work shifted to a civilian project

that successfully tested the Molten Salt Reactor Experiment (MSRE). This 1965 test further

demonstrated the versatility of molten salts; so much so that it is the foundation of many modern

concepts. At the time, the MSRE successor was to be the Molten Salt Breeder Reactor (MSBR); a



3

large central power plant fueled with a thorium-uranium cycle. Unfortunately, this was never

constructed before US salt research ended in 1976.

This brief summary highlights a crucial feature of historic work: molten salts were not

selected for heat transfer but for their chemistry. This was less about dissolving uranium

and more about dealing with the resulting fission products, which only include every other

element. While completely dissolving all elements is impossible, salts do a pretty good job

at dissolving some of everything.1 But modern reactors don’t need to fly and they may not

need liquid fuels either. The recent development of TRISO greatly increases the maximum

allowable fuel temperatures, while computer simulations continually improve and simplify

hot-spot predictions. Since liquid fuels face several other challenges, like movement of delayed

fission precursors [38], recent work is considering using molten salts only for heat transfer.

1.2 Research Overview
The development of salt-cooled reactors has given birth to a new reactor class called the

Fluoride-salt-cooled High-temperature Reactor (FHR) [16], [39], [40]. And this, has given rise

to many questions about the behavior of pure salts[39]–[41]. Of the quandaries, this thesis

concentrates on heat transfer as it follows the construction, operation, and decommissioning

the University of Wisconsin - Madison (UW) Natural Convection FLiBe Loop (NCFL). This

versatile test bed is designed to couple historic work and modern concepts; starting with a

layout similar to the MSBR corrosion loops. The loop also tests 2LiF − BeF2 (FLiBe), which

was a popular starting point for the MSRE and MSBR fuel salts. Unlike most historic systems

however, the NCFL uses 316 Stainless Steel, which is a common in modern nuclear applications

and is under consideration for the FHR [42].

A final break from precedent is the instrumentation, because in seeking to revitalize salt work,

the NCFL tests several modern instruments and methods for molten salt research. Instruments

like fiber optic temperature sensors are deployed for the first time in salts. Building on past

work, two generations of electrochemistry probes and two salt sampling mechanisms are tested

in flowing salts for the first time in decades. A time-of-flight velocimetry method is researched,

with general application to many low pressure drop systems. And the performance of custom
1Strong acids can do this, as demonstrated by the gold-plated LAPRE reactors that used pressurized sulfuric

acid. However, boiling limits the maximum temperature [37].
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strip-heaters are compared to off-the-shelf radiant heaters, showing promise for both methods.

All of this work is described in Chapter 3. Measurements are collated in Section D.1 to aid future

modeling and simulation efforts with codes like System Analysis Module (SAM) [43].

Focusing on the thesis topic, this work measures heat transfer in FLiBe, anticipating the data

will agree with standard mixed convection correlations. Chapter 4 describes calculations for the

three NCFL boundary conditions: convection cooling, radiant-mode heating, and conduction-

mode heating. Because of the Prandtl Number (Pr), FLiBe has long development lengths but a

literature review in Chapter 2 shows that it should be readily predicted as a normal fluid. The

influence of mixed convection however complicates the analysis and horizontal flow through

the annular cooler and bottom cross heater have elevated heat transfer relative to the vertical

riser. Chapter 5 discusses the heat transfer results and notes a few inexplicable phenomena,

including a surprising time dependence. This leads to further impurity analysis and a visual

inspection of the loop interior after in Chapter 6.
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2 molten salt heat transfer

Molten salt heat transfer is a relatively new study, largely occurring in the mid to late 1900’s.

Recent planning for several large-scale experiments has revived halide salt work, using both

fluoride and chloride salts, but as of this writing, recent experiments focus on nitrate salts. This

forces halide salt work to build off historic experiments in system design heat transfer.

Several reviews cover portions of the historic work [14], [26], [44], [45] and all assert that

salts will behave as “normal fluids.” This shorthand indicates their nondimensional heat transfer

characteristics will be identical to other common fluids, like water or oils. Historic data largely

support this conclusion; although a modern recalculation is required for some experiments.

Hidden among these reports however is a rich history of experiments that do not quite appear

“normal.” Often, this is due to physical property errors but in some cases there is not enough

data to drawn many conclusions. Overall, there is no history that covers all of these results

despite the relative youth of the field that makes this entirely possible. And since minor details

of experimental work are often critical to success and because many specialists are no longer

working, this work thoroughly reviews historic heat transfer experiments. In text, detailed

citations provide access to source material for both well-regarded and poorly understood results

while the results are compiled into Summary Tables 2.1 and 2.2.

2.1 Established Heat Transfer Studies
From modern literature, there several experiments that seem to have reached a consensus

opinion of reliability and accuracy. These are widely reviewed by many authors and concern two

halide salts: pure LiF−NaF−KF (46.5−11.5−42.0mol%) (FLiNaK) and several FLiBe-based

fuel salts.

FLiNaK Studies

MSR Programs

FLiNaK was one of the earliest salts studied during the Aircraft Nuclear Propulsion (ANP)

Project, with an initial intention of adding 1 to 3 mol% UF4 and confining the salt inside fuel

pins1. This application required strong natural circulation (NC) characteristics and fluoride
1Moltex Energy has revived this fuel-pin concept for their Stable Salt Reactor [23].
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salts were hypothesized to act as normal fluids, likely based on their Pr [46].

This expectation was promptly questioned by the first experimental results from Hoffman

and Lones in 1952 using pure FLiNaK. The experiment used gas pressure to push salt between

two Inconel® pots through a horizontal test section. Heat was provided by “direct heating;”

where low-voltage alternating current (AC) current ran through the tube wall. Temperatures

were measured by surface mounted thermocouples (TCs) along the test section while fluid

temperatures were taken in the mixing chamber at each end. To cover a range of heat fluxes,

three different materials were used for the test section: nickel, Inconel®, and 316 SS. Larger heat

fluxes in 316 SS and Inconel® test sections allowed higher flow rates, extending across Re = 2000

to 10 000.

Unexpectedly though, each material produced different results. Nickel and 316 SS were close

to the predictions of the Chilton-Colburn Relation, despite Reynolds Number (Re) falling in the

transition regime [47, pg 180]. Inconel® on the other-hand fell below the Colburn predictions

by 50 to 60% [48, pg 100] .

Around the same time, work by Grele and Gedeon observed a similar offset in their FLiNaK

data [49]. This pumped experiment also pushed FLiNaK though a horizontal test section under

direct heating, except their entire loop was constructed from Inconel-X®. Testing over Re = 2000

to 20 000, their data also follows the predicted trend but is again offset 60% below predictions

of the McAdams2 correlation.

Neither Hoffman and Lones nor Grele and Gedeon could explain the offset. In their 1955

report, Hoffman and Lones suggest it was the result of either a heat transfer resistance or physical

property errors [50]. If properties were at fault, the Inconel® data would align for thermal

conductivity (k) were 1.6W/(mK) instead of 4.5W/(mK), or if the viscosity was 8.3 · 10−6

rather than 4.5 · 10−3 Pa s. At the time, this was considered unlikely since some of the other

data aligned and because remeasured properties agreed with accepted values 3 [51, pg 91].

Instead, Hoffman and Lones identified a heat transfer resistance in the form of a thin 610µm

green film. This uniform covering, shown in cross section in Fig. 2.1, coated the inside of at

least one of the two Inconel® test sections [52, pg 107] and consisted primarily of K3CrF6.
2heated Dittus-Boelter
3It is unclear if they measured a dirty salt sample from their experiment or a clean sample.
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Figure 2.1: What appears to be the same image of the resistive FLiNaK film. The left image is
from ORNL report 1771, in Sept 1954 [53, pg 130] while the right is from the published paper in
February 1955 [50, pg 26].

Subsequent work found this compound was insoluble in FLiNaKwith a melting point above

the test conditions [50, pg 24]. Additionally, it has a low thermal conductivity of 0.22W/(mK),

which is more than sufficient to correct the errant Inconel® data. To verify their hypothesis,

Hoffman and Lones submerged an electrified Inconel® and nickel tube in FLiNaK overnight. In

the morning, they found a film growing only on the Inconel® tube [52].

Attempts to reproduce this experiment at UW were unsuccessful and retrospectively, modern

literature claims such fluoride films are unlikely. A review by Holcomb and Cetiner blames

the strong fluxing ability of fluoride salts, although this is more applicable to oxide-based films

[26].

At the time however, there was more debate. Hoffman and Lones even state: “[t]hese

corrosion products are typical of those found when KF- and LiF-bearing fluoride mixtures are

contained in Inconel” [51, pg 91]. Without a citation it is unclear what “typical” results are

being referenced, and this contradicts findings from Grele and Gedeon. Their testing verified

the pumped loop with water both before and after salt exposure with good agreement between

results and predictions. A minor deviation was present at high Re, which may have resulted

from the thin scale found by visual inspection of the inside of the test section after the final

water experiment. This scale was not green, and far to thin to account for the 60% discrepancy,

leaving the results in doubt as ORNL transitioned to zirconium based salts for the Aircraft

Reactor Experiment (ARE).
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Vriesema

Over the next several decades, work at ORNL improved their heat transfer measurements,

using other salts. The next FLiNaK experiment in the English literature wasn’t until 1979

at TU Delft by B. Vriesema. This thesis explored several aspects of a pumped FLiNaK loop,

including thermal pulse velocimetry and pressure drop [54]. Regarding heat transfer, the loop

included a counter flow concentric tube air cooler that was likely constructed from a 1 1/2” NPS

schedule 40 Inconel® pipe. The large diameter increased Re over 13 000 to 93 000 at the cost of

salt temperature drop, which was often only a few °C. Despite the experimental challenge, 33

data points clearly depict a Dittus-Boelter-like trend that is 17% below predictions. Examining

causes, Vriesema found the offset from predictions could be explained if the salt’s thermal

conductivity were lowered from 1.3 to 1.03W/(mK).

Ignatev

Following this in 1984, work at Russia’s National Research Center by conducted by Ignatiev

et al. [55], provides the only heated experiment with upward flowing FLiNaK. Unlike previous

experiments, this work includes a calming length of l/d = 20 prior to the test section. The study

also wrapped an electric strip heater around the tube instead of directly passing current through

the tube wall. Further differing from previous FLiNaK work, the results are in near perfect

alignment with predictions at Re> 10 000. Below this, the Petukhov-Kirillov correlation requires

a transition correction but retains the data within 90% of predictions down to Re = 5000.

Review by Ambrosek et. al.

Together, these four experiments were reviewed in 2009 by Ambrosek et al. [44] who noted

a wide range of thermal conductivity (k) across the decades. The latest work by Ignatiev et al.

used kmeasurements from Smirnov et. al. [56] that are still recommended today, with k = 0.81

to 0.93W/(mK). Vriesema’s calculations were slightly higher, while ORNL was about ≈ 4×

larger.

Ambrosek et al. therefore recalculated the Nusselt Number (Nu) from the reported data

using a modern k value, and found that almost all results agree with the Dittus-Boelter correla-
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tion to within 10% over Re = 2000 to 93 000. Two discrepancies are present for the early nickel

and 316 SS test sections, with data now elevated above predictions up to double. Additioanlly,

Vriesema’s data technically aligns slightly better for k = 1 but the 8% difference with Smirnov’s

k value is within uncertainty for the Dittus-Boelter correlation. Data from Ignatiev et al. was

not available for correction; however, their already close results use the same k as Ambrosek et

al., so change is unlikely. Therefore, taken as a whole the data alignment strongly refutes any

evidence of insulating films or of unexpected material interactions with Inconel®.

Beryllium Salts

MSR Programs

In addition to agreeing with correlations, Ambrosek et al. finally corrected the FLiNaK

data to align with later ORNL beryllium fuel salt results. By far the largest experiment was

operation of the MSRE itself, which had both a salt-to-salt and salt-to-air heat exchanger. Over

several thousands of hours of operation, there was no change in performance indicative of film

growth, nor did post operation examination find any heat transfer resistances [26], [57]–[61]. It

should be noted that this performance was in spite of incorrect sizing due to an overestimate

of salt thermal conductivity. The calculation used a value 3× too large, over-estimating the

heat transfer coefficient by around 20% [57, pg 188]. Fortunately, this was within the design

tolerance and did not limit reactor power [62].

Dedicated heat transfer tests with fuel salts took place after MSRE concluded, while designing

the MSBR. Experiments by Silverman et al. [63], [64] tested two new fuel salts4 and the coolant

NaBF4 −NaF (92 − 8mol%), (Sodium Fluoroborate) inside a pumped corrosion loop. Around

the same time, Cooke and Cox [65] revived tank transfer experiments for another a fuel salt5 in

both horizontal and vertical orientations [65]. For all these experiments, the apparatus entirely

was constructed from Hastelloy–N [66] and impurity data was tracked for most salts.

Data from these experiments agrees well with predictions [64], [65], which by now accounted

for temperature variation in the salt viscosity near the wall. Silverman et al. tested Re > 2100,

relying on the Hausen correlation up to Re = 15 000 and above that using turbulent Seider-Tate

correlation. Cooke and Cox found similar results over this range and fit the custom correlations
4 LiF−BeF2 −UF4 − ThF4 (68− 20− 0.3− 11.7 mol%) and LiF−BeF2 −UF4 − ThF4 (72− 16− 0.3− 11.7 mol%)
5LiF− BeF2 −UF4 − ThF4 (67.5 − 20 − 0.5 − 12mol%)
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given in Table 2.2. Their data included laminar conditions for the first time, with conclusive

results over Re = 400 to 1000 that agree with the laminar-Seider-Tate predictions.

Of note is the range of data Cooke and Cox did not study, between Re = 2000 to 5000. In this

range, results were not repeatable because of a heat flux (Q ′′) dependence that interrupted flow

development. Cooke and Cox determined this was caused by re-laminarizing of the velocity

profile (U(x,y)) due to the temperature dependence of viscosity [67, pg 67]. In short, this arises

when heating imposes a negative curvature on the boundary layer, described by Eq. (2.1) [68].

(
∂2U

∂y2

)
= −

1
µ(T)

(
∂µ(T)

∂y

)(
∂U

∂y

)
(2.1)

The temperature profile decreases viscosity near the wall, which stabilizes the boundary layer

and encourages laminar behavior. Conversely, this suggests cooling salt will not observe transi-

tion flow but instead rapidly become turbulent, explaining the results from Vriesema that agree

with the Dittus-Boelter correlation instead of the Seider-Tate.

Ignatyev et al.

The final study of beryllium based salts was a wide ranging study by Ignatiev et al. [69] inside

natural circulation (NC) thermosyphons. These small circulation cavities were constructed

from nickel or a stainless steel-like alloy and used to test a wide range of fluids, including air,

water, and three fluoride salts. When normalized against modified Rayleigh Number (Ram) ,

the data aligns well with predictions within a scatter of 6± 12%.

Nitrate Salt Work

After the experiment by Ignatiev et al. most recent salt work has studied nitrate mixtures for

solar applications. Similar results have been found, arguing for viscosity corrections near the

wall and the use of transition flow correlations up to Re = 10 000 [31], [32], [70], [71]. A wider

range of experimental conditions have been used with a general emphasis towards higher Re;

necessary to counter the low thermal conductivity. A recent example close to historic Re ranges

is from Wu et al. [72] for cooled nitrate salts. Over Re = 4100 to 9850 the data falls within±15%

of the Gnielinski or Hausen correlations. At higher flow rates, covering Re = 17 000 to 45 000,

better agreement was provided by the Dittus-Boelter or Seider-Tate equations [73].
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Contrasting this agreement is a high heat flux study by Das. et al. [71] that found Gnielinski

correlation over-predicted data by up to 50%. Examining an annular heater with up-flowing

nitrate salt revealed an unusual heat flux dependence at q ′′ > 1 · 106W/m2 and Re > 2.0 · 105.

It is possible decomposition played a significant role in the data, but the authors do not discuss

this, focusing on a proprietary correlation that is unavailable in literature.

In fluoride salts, no similar Q ′′ dependence has been observed. Table 2.1 shows heat flux

data for several experiments, including Cooke and Cox who tested q ′′ 6 1.7 · 106W/m2 [65].

Many more nitrate salt experiments are available, with references [14], [26], [72], [74]–[79]

offering a selection of recent experiments. Much of the work focuses on novel geometries,

offering further support for standard correlations like the Seider-Tate and Hausen equations.

2.2 Additional Fluoride Salt Work
These well established experiments are the basis for most molten salt heat transfer literature

reviews. However, many other experiments are available that may offer insight to different

geometries or to what can go wrong with fluoride salt experiments.

FLiNaK Fuel Salts

When fluoride salt work first began, it focused on FLiNaK with the intent of making a

uranium containing fuel mixture [80]. In 1955, when property errors were wrecking havoc

with pure-FLiNaK studies, the tank-transfer method was used to study heat transfer in the

mixture LiF −NaF − KF − UF4 (45.3 − 11.2 − 41.0 − 2.5 mol%) flowing through an Inconel®

tube. Heat transfer fell below the Colburn relation by 40% and in line with previous FLiNaK

work, the test section’s inner surface was again coated in a thin green film. Interestingly, “X-ray

and petrographic examination” [80, pg 149] of this layer found only salt constituents but no

chromium, contrary to previous findings.

Assuming the Inconel® test section was at fault, a 316 SS tube was tested later that year [81],

followed by a Hastelloy–B test section [82]. This time, data from different materials agrees,

about 40% below predictions. Furthermore, the Hastelloy–B test section did not show any

evidence of a film or deposits [82, pg 170]. The 316 SS test section was destroyed during testing;

however, the researchers reportedly did not believe a film existed. This lead to the tentative
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theory that “…the NaF-KF-LiF-UF4 composition contained particulate matter that made it a

dilute slurry” [81, pg 149]. Or, as later stated, heat transfer issue stems from “characteristics of

the fluid itself” [82, pg 170].

Zirconium Salt Heat Transfer

Agreement between different materials with fuel-baring FLiNaK supports the theory by

Ambrosek et al. that incorrect thermal conductivity is to blame for the offset. Likely the

same issue plagues the various zirconium salts used in development of the ARE. The reactor

experiment operated in 1955 and, like the MSRE it was not designed specifically for heat transfer

but the heat exchanger did operate for 24 days [83] without any issues [81], [82], [84], [85].6

Preparation for a scaled-up demonstration aircraft reactor included a series of heat exchanger

experiments with a zirconium and beryllium salt.7 A report in 1958 by Amos et al. [86] and

in 1960 paper by Yarosh [87] provide data from a counter flow shell-and-tube Inconel® heat

exchanger that cooled the salt with the liquid metal NaK . Salt was tested on both the tube

and shell side for over 1000 hours and Yarosh notes there was no change in heat exchanger

performance [87].

On the shell side,Nu consistently falls about 40% below the Dittus-Boelter predictions. This

is despite turbulence enhancement from the grid spacers that, Yarosh notes, potentially lowered

the transition point to Re ≈ 350. Inside the tubes, Fig. 2.2 shows the results do not follow the

Dittus-Boelter trend but do approach it with increasing Re. The data best aligns with a FLiNaK

data fit that is likely from Hoffman and Lones.8 In that case, there are similar property errors

between the two salts and indeed, Amos et al. calculate a better agreement if kwere 0.6W/(mK)

instead of 2.59W/(mK); a factor of 4.3 . This value is close to the modern recommendations

from Holcomb and Cetiner, who estimate pure 59.5NaF − 40.5ZrF4 (NaF − ZrF4) has k =

0.49W/(mK) [26] .

The same zirconium salt was also used in a 1953 tank-transfer experiment.9 The horizontal

Inconel® test section results cover Re = 5000 to 10 000 and show familiar correlation trends with

an offset of only ≈22% below the Colburn predictions. There was no evidence of a film [88, pg
6The ARE salt was NaF− ZrF4 −UF4 (53.2 − 40.5 − 6.3mol%)
7“Mixture 30:”NaF−ZrF4 −UF4 (50 − 46 − 4mol%) and “Mixture 130:” LiF− BeF2 −UF4 (62 − 37 − 1mol%)
8It is cited: “Hoffman, H. W. Umpublished [sic] Data.”
9Mixture 30: NaF− ZrF4 −UF4 (50 − 46 − 4mol%)
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112] and researchers tentatively proposed the salt may not wet the Inconel® and instead form

an insulating gas layer [80, pg 150]. However, friction measurements over Re = 5000 to 200 000

were within 16% of predictions, arguing against any gas film.

Figure 2.2: Heat transfer in a shell-and-tube Inconel® heat

exchanger from ORNL report CNF-58-4-23 by Amos et al.

[86, pg 12]

Shortly after this, a 1954 paper

by Salmon examined a pumped salt

loop cooled a zirconium salt10 with

NaK inside a counter flow concen-

tric tube heat exchanger [89]. Com-

ponent availability forced a Franken-

stein creation using Inconel® piping,

a used 316 SS pump, and a nickel

test section. Inevitably, mass trans-

fer deposited a film inside the nickel

test section and by the end of test-

ingNu had decreased 16%. Salmon

used ∆P measurements to identify

un-fouled tests, accepting the ear-

liest 19, of 80, for analysis. Sur-

prisingly, over Re = 4400 to 21 000

Nuwas within 4% of the McAdams

correlation and a more distant 20%

below the Hausen and Seider-Tate

predictions. Considering this study

used k = 1.7 to 3.5W/(mK) turbulent heat transfer must have minimized the impact of thermal

conductivity [90]. Heat transfer must have been enhanced at low-Re, either by the cooling salt

viscosity relations discussed with Eq. (2.1) or by initial iron deposits, as suggested by Salmon.

The film itself is interesting.Its thermal resistance was found to be many times larger than

calculations predicted [52, pg 109], indicative of a highly porous nature. Furthermore, it does

not contain chromium, despite the availability of this element in the Inconel® piping and the 316
10Also mixture 30: NaF− ZrF4 −UF4 (50 − 46 − 4mol%)
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SS pump, which must have supplied the iron. Most mass transfer predictions expect chromium

transfer rather than iron, because CrF2 is energetically favored over FeF2 [91], [92]. Potentially

the used pump had no chromium left, or perhaps the chemistry was so corrosive the chromium

remained in solution. Chromium could have plated out elsewhere but unfortunately there is no

recorded investigation of components nor is there analysis of the salt chemistry.

Beryllium Salts

Early beryllium salt work was also impacted by properties; however, few heat transfer

tests were carried out during the MSRE construction.As previously mentioned, the MSRE heat

exchanger was improperly sized due to an over-estimation of k. Luckily the 3× k error was

still within the 20% design tolerance. Another false alarm near the same time came from a

pumped bi-metalic loop that initially reported a heat transfer difference between an INOR–8

and Inconel® test section. This was later found to result from an incorrect area calculation [93,

p 29] and no subsequent heat transfer differences were found between materials.

After the MSRE heat transfer experiments resumed for the new MSBR salts, as described in

Section 2.1. During this time, the tank transfer experiment by Cooke and Cox reported a few

exploratory heat transfer studies. Their first examination [61] studied the cover gas, comparing

helium and argon.11 Despite an estimated 10× higher solubility for helium, their data does

not show any differences between cover gasses. They next examined vertical orientations and

expected to find reduced heat transfer for up-flow and enhanced heat transfer in down-flow.

According to their final report [65], the up-flow data agrees with horizontal conditions while

down-flow heat transfer is indeed enhanced. Earlier reports [61, pg 88] however claim that

systemic errors in fluid temperature measurements affect these results. It is unclear how those

were resolved.

Silverman et al. also deviated from strict heat transfer in a chemistry study inside their

pumped corrosion loop 12 [94, pg 29]. They made three additions of 1 to 1.6 g of NiF2 powder

into 14 kg of salt.13 And after each addition, they noticed that returning the loop to its previous

flow rate required increased pumping power. In their final addition, this rise was measured

from 3.75 kW up to 4.3 kW over three-days.
11Using salt LiF− BeF2 −UF4 − ThF4 (67.5 − 20 − 0.5 − 12mol%)
12During tests of LiF− BeF2 −UF4 − ThF4 (68 − 20 − 0.3 − 11.7 mol%)
13About 4.73 to 7.57mmol%. 1mmol% = 10 ppm and clean UW FLiBe has impurities of 630 ppm [95].
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After switching to their second fuel-salt,14 researchers repeated the additions, this time

while pump operated [96]. They report: “[i]mmediate pump-power increases of 8 to 10%

were again noted with each 0.8-g addition. The salt level in the auxiliary tank decreased with

each NiF2 addition” [96, pg 20]. Interestingly, beryllium additions never caused such issues,

despite its viscous nature. Furthermore, there was no change in heat transfer performance,

leading researchers to conclude viscosity was not changing. Ultimately, they linked the flow

rate change to a 1% increase in density, driven by rising surface tension. Higher surface tension

reduced helium entrainment by the pump and caused the salt level to fall. A higher density

also increased drag on the impeller and requiring more pumping power.

Discussion

At this time, there are no similar findings to the NiF2 deviations observed by Silverman

et al. Excluding that and the elevated heat transfer for nickel and stainless in Ambrosek et al.

recalculation, historic literature shows that molten salts are well predicted as normal fluids.

There is no need for resistive film corrections or slurry-like behavior adjustments. Uncertain

property measurements continue to plague many design calculations; however, several reviews

recommend similar values without finding any impact from impurities and sources state that

fluoride salts are Newtonian fluids [26], [97].

2.3 Heat Transfer in the NCFL
Translating this to the NCFL, heat transfer should follow standard correlations. Cooling

salts can likely rely on the Dittus-Boelter equation above Re > 2100 while heating requires a

transition correlation over 2100 6 Re 6 10 000. Laminar conditions should also be simple to

predict; although at this time the only available data is for heated salt from Cooke and Cox,

discussed in Section 2.1. This correlates against the laminar-Seider-Tate equation instead of a

constant Nu.

Flow development

The NCFL however, is unlikely to exceed Re =1000, placing emphasis on the lower Re data.

In laminar conditions, flow development plays a crucial role in heat transfer, and the high Pr o

fFLiBe ensures a long development length. This can be measured with the the Graetz Number
14 LiF− BeF2 −UF4 − ThF4 (72 − 16 − 0.3 − 11.7 mol%)
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(Gz), which falls as flow develops, or the the Invervse Graetz Number (L∗) that grows along

the flow path [98]. In the NCFL, flow will exit most legs with L∗ ≈ O (0.01) , which approaches

fully developed flow. For these conditions, a correlation Shah and London to constant Q ′′ data

from Hornbeck [98] will be used. As flow develops, it trends towards the constant Nu = 4.36

but at the NCFL conditions it predicts 5 6 Nu 6 10.

A second challenge in predicting NCFL heat transfer arises from the lack of any external

driving pressure gradient. Instead of a pump, NC flow arises “naturally,” driven by density

differences between hot and cold fluid when a heat source is located below the cooler. This

configuration causes light hot fluid to rise, while cold fluid sinks. Visualizing this is simple but

analyzing it can become fiendishly challenging because of coupling between temperature and

flow rate. For NC flow to arise, there must be a loop temperature drop (∆Tl), which sets the

density difference and flow speed. However, flow rate determines how long salt will exchange

heat and therefore, flow speed impacts ∆Tl.

In the worst case, this coupling can lead to instabilities that include chaotic phenomena

and flow reversal [99]–[104]. However, the NCFL is designed to avoid these by sloping the

horizontal legs along the flow direction and heating the riser. A bigger issue is coupling’s impact

on computer models, which become very sensitive and may not converge.

Mixed convection

To further complicate analysis, the NCFL is expected to operate in the mixed convection heat

transfer regime. This occurs when both forced and natural convection equally contribute to the

flow field. Forced flow is characterized by the ratio of inertia to viscosity, captured by Reynolds

Number (Re), while natural convection uses the Grashof Number (Gr) to compare buoyancy

and viscosity. However, a NC loop relies on both of these phenomena making it difficult to fully

describe the flow environment. The the Richardson Number (Ri) provides one description

through the ratio Gr/Re2, which trends to an extreme when one force or the other dominates.

At Ri O (1), flow is in mixed convection and both forces are equal. This is where NCFL should

operate.

Predicting mixed convection depends on orientation. In the bottom cross, flow is perpendic-

ular to gravity and small-scale NC cells rise across the flow and increase heat transfer from the
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lower wall [105]–[108]. The mixing reduces development lengths as shown by Meyer and Everts

[109]–[111]. According to their flow maps, the NCFL heating rates may cause sufficient mixed

convection for turbulent flow; granting short development lengths and increased heat transfer.

Another horizontal mixed convection study by Morcos and Bergles includes a wall conduction

term to account for internal circulation from the lower wall [107]. This study predicts even

higher heat transfer than Meyer and Everts and is far above Shah and London.

By contrast, in vertical heated up-flow wall temperatures are symmetric and heat transfer

can decrease in some conditions [105], [112]–[114]. The difference is that gravity accelerates the

hot fluid near the walls relative to the colder core. This deforms the velocity profile into an “m”

shape that traps hot salt near the walls and decreases heat transfer [112], [113]. With enough

viscosity however, the slower core will shear eddies of salt away from the wall, increasing mixing

and enhancing heat transfer.

A review by Jackson et. al. [112] indicates the NCFL should see elevated Nu, based on the

high power input. Two correlation are provided, one accredited to Martineli and Boelter that

relies on wall temperatures through Gr, and another from Hallman that relies on Q ′′ through

the modified Grashof Number (Gr∗). A study by Aicher and Martin also predict elevated heat

transfer in the NCFL, based on the term L/D [113]. However, their flow maps predict the NCFL

will operate near a transition point and it is possible for laminar conditions to dominate rather

than mixed-turbulent. In that case, heat transfer enhancement will not occur and behavior

should revert to the correlation from Shah and London.
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Table 2.1: Summary of fluoride salt heat transfer experiments.

# Reference Salt Dimensions q′′ [kW/m2] Notes

1 Hoffman [50] LiF−NaF−KF ID = 2.9mm, L/D = 204 73 to 604 Nickel tube
2 Hoffman[50] (46.5 − 11.5 − 42mol%) ID = 4.29mm L/D = 137 28 to 540 Inconel tube
3 Hoffman[50] “ ” ID = 4.57mm, L/D = 133 252 to 669 316 SS tube

4 Vriesema[54] NaF− LiF−KF
(11.5 − 42 − 46.5mol%)

DFriction =41.25mm Air cooled, DSalt in HX not given.

5 Ignatiev et al.et. al.
[55]

NaF− LiF−KF
(11.5 − 42 − 46.5mol%)

ID = 30mm, L/D = 60 30 to 60 first L/D620 unheated

6 Hoffman[115] NaF−ZrF4 −UF4
(53.5 − 40 − 6.5mole%)

ID = 4.57mm, L/D = 47 Heated in Inconel®

7 Salmon [89] NaF−ZrF4 −UF4
(50 − 46 − 4mole%)

ID = 6.83mm L/D = 40 1113 to 2750 NaK cooled; mass transfer is-
sues.

8 Amos [86] NaF−ZrF4 −UF4
(50 − 46 − 4mol%)

ID = 3.5mm, L/D = 537 25 to 660 NaK in HX shell. 25 tubes square ar-
ray, Pitch/OD = 1.165

9 Amos [86] LiF−BeF2 −UF4
(62 − 37 − 1mol%)

ID = 3.5mm, L/D = 537 168 to 725 NaK in HX shell. 25 salt tubes in
square array, , Pitch/OD = 1.165

10 Feb. 1961 Report
[116, p. 141]

LiF−BeF2 − ThF4 −UF4
(67 − 18.5 − 14 − 0.5mol%)

L/D = 60 L/D > 40 Pumped, I2R heating. Incorrect
fluid properties

11 Cooke [65] LiF−BeF2 − ThF4 −UF4
(67.5 − 20.0 − 12.0 − 0.5mol%)

ID = 4.57mm L/D = 136 Tank transfer, I2R heating

12 Cooke [65] NaF−NaBF4
(8 − 92mol%)

ID = 4.57mm L/D = 136 Tank transfer, I2R heating

13 Silverman[64] LiF−BeF2 − ThF4 −UF4
(72 − 16 − 11.7 − 0.3mol%) &
NaBF4 −NaF (92 − 8mol%)

ID = 10.5mm, L/D = 167† 136 to 630 Pumped loop, I2R heating

14 Ignatyev [69] LiF−BeF2 − ThF4 −UF4
71.7 − 16 − 12 − 0.3mol%

ID = 36.3mm, Lhot/D = 5.6,
Lt = 358mm

constant q” No insert.

15 Ignatyev [69] NaF−NaBF4
8 − 92mol%

ID = 40.2mm, Lhot/D = 6.6,
Lt = 502mm

constant q” No insert.

16 Ignatyev [69] LiF−BeF2 −UF4
66 − 34 − 0.01mol%

a‡ = 10mm or 11.5mm,
Lhot/a = 52.6, Lt = 1.7

6 25 With insert

† Max value was 331, 167 used due to interrupted heat flux at the center current tap.
‡ Annular gap size. Diameter unknown.
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Table 2.2: Summary of results from fluoride salt heat transfer experiments. Numbers correspond
to those in Table 2.1

# Reynolds Range Correlation Notes

1 2459 to 5638 Film

2 2779 to 8337 j = 0.023Re−0.2 Film

3 6586 to 9536 Film

4 13900 to 93100 Nu = 0.137Re0.8311 Pr0.4106 ±1.17%

5 5000 to 10000 Nut =Nu
∗ (1 − 1000/Re) Valid Re >9 · 103

5 10000 to 15000 Nu∗ =
RePr (fF/2)

1.0 + 12.7
(
Pr2/3 − 1

)√
fF/2

fF = (1.58 ln (Re) − 3.28)−2 Petukhov Friction Corre-
lation [117]

6 5000 to 10000 j = 0.023Re−0.2 Data 22% below

7 4400 to 21000 Nu = 0.023Re0.8Pr1/3 Data 4% below

8, 9 400 to 8000 Nu = 0.023Re0.8Pr0.4 Valid Re > 10000

10 6000 to 25000 Nu = 0.00484Re0.932 Pr0.4 ±10%, Inconel® &
INOR–8 tubes

61000 Nu = 1.89
[
RePr

(
D
L

)]1/3 ( µb
µw

)0.14
±6.6%

11, 12 4000 to 12000 Nu = 0.107
(
Re2/3 − 135

)
Pr1/3

(
µb
µw

)0.14
±4.1%

>12000 Nu = 0.0234Re0.8 Pr1/3
(
µb
µw

)0.14
±6.2%

1500 to 2100 Nu = 1.86
[
RePr

(
D
L

)]1/3 ( µb
µw

)0.14
Inconclusive

13 2100 to 15000 Nu = 0.116
(
Re2/3 − 125

)
Pr1/3

(
µb
µw

)0.14

15000 to 45000 Nu = 0.027Re0.8 Pr1/3
(
µb
µw

)0.14

Rayleigh Range

14, 15 7.6 · 104 to 4 · 107 Nur = 0.195
(
Ram

√
L−lh
lh

)0.236 (Prc
Prh

)0.25
<12%, Normalized by
radius.

14, 15 4 · 107 to 1010 Nur = 0.356
(
Ram

√
L−lh
lh

)0.192 (Prc
Prh

)0.25
<12% Normalized by
radius.

16 103 to 2 · 105 Nua = 0.24
[
Ram

L− lh
lh

]0.25
±10% Normalized by
annular gap.

Note: Formulas as given by author.

j = StPr2/3 =
Nu

RePr1/3 ∴ j = 0.023Re−0.2 �Nu = 0.023Re0.8Pr1/3
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3 experiment design and behavior

3.1 Experiment Overview
To test heat transfer in fluoride salts, this study use the University of Wisconsin - Madison

(UW) Natural Convection FLiBe Loop (NCFL), shown in Fig. 3.1. Its layout mimics that of

the later generation Oak Ridge National Laboratory (ORNL) corrosion loops [118] and it is

constructed from 316 Stainless Steel tubing with a 3mm thick wall and an outer diameter of

2.54 cm (1 in). To minimize pressure loss the layout uses wide bends that have a centerline

radius of 12.7 cm (5 in). An exception is made at top-right corner, where the top cross joins the

vertical down-comer at 45° asymmetric-Y to allow sliding a train of material-samples down into

the flow path. Neither the top cross nor bottom cross are quite horizontal and incline at 10° or

20° to help drain salt and increase elevation.

1.53
1.18

1.14
1.26

1.47

1.43

0.71

1.42

0.71

1.58

0.21

0.09

70°

80°

0.12

Flow

Figure 3.1: Loop geometry with radiant heaters, dimensions in meters.
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Power control

Elevation is important because it ties to the flow rate, which is driven by a density difference

arising from the loop temperature drop (∆Tl). Temperature drop is controlled by heat removal in

the top cross or down-comer using forced air convection from a variable speed blower. Typically,

the top cross cooler provides enough cooling and the counter flow down-comer is blocked off

with insulation forming a quais-static air gap.

Heat input along the bottom cross and riser is provided by two different heater generations.

The earliest method used 4 sets of radiant-mode heaters, with two on each leg providing up-to

1.7 kW of heat on a proportionally controlled 208V circuit. All four heaters operated at the

same constant-power setting and were monitored by thermocouples (TCs) near the center of

the radiant face.

The second heater configuration wrapped strip heaters around the tubing, creating one

heater zone per leg. Both legs were operated at the same direct current (DC) voltage supplied

by a calibrated Xantrex XDC 40-150 power supply. Current in each heater was similar within

±4%, giving a power input of 4.3 kW per leg, which is slightly higher than radiant mode heaters,

as tabulated in Table B.1. The 6.4mm × 0.203mm Kanthal A1 ribbon was wrapped helically

with a 9.5mm pitch over a layer of electrically insulating silica fabric. To limit voltage, each

heater was constructed from eight sub-sections of strip heaters that operated in parallel off

a single power supply. Small length differences could create minor current imbalances, and

heater supply wires were routinely checked with a clamp-on ammeter to ensure uniform power

delivery.

Measurements

Loop operations primarily rely on temperatures monitored with K-type TCs. Several heat

transfer relevant locations shown in Fig. 3.2 and more details are given in Fig. B.1. The salt-

wetted probes have a 1.6mm outer diameter and are inserted with their tip just past the tube

centerline. The original radiant-mode heaters used similar probes installed halfway along the

hot face with their tips protruding just past the radiant face. After switching heater designs,

additional surface TCs were welded to the loop at the locations shown in Figs. B.2 to B.4.

More detailed fluid measurements are available using the fiber optic distributed temperature
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Figure 3.2: Wetted thermocouples and fiber sensor locations.

sensors as the locations in Fig. 3.2. These sensors use an ODiSI-B interrogator from Luna Inc

[119] to measure high-resolution strain. By hanging the fibers inside a 0.8mm helium filled

capillary tube, as shown in Fig. C.6, mechanical loads are eliminated and strain is correlated

with temperature [120]–[122]. This provides high resolution measurements every 0.625mm

at 23Hz; corresponding to 30 measurements across the tube diameter on Fibers A-D. The four

long capillaries contain thousands of measurements, located coaxial to the tube centerline on F

and G or embedded in the tube wall on Fiber E and H.

Additional instrumentation includes two air speed transducers in the air-distribution headers

and output measurements by the DC power supplies. For all heater types, voltage, resistance,

and current are regularly verified using a calibrated hand-held multi-meter. Furthermore, there

are two electrochemical probes [123] and salt samples are withdrawn to monitor chemistry.

Flow rate

Fully quantifying heat transfer also requires measuring the flow rate; however, there is no

instrument available to directly log this value. Off-the-shelf instrumentation is limited by the

corrosive, high temperature environment combined with the small loop-wide pressure drop

(∆Pl) in natural circulation (NC) flow. Therefore, the NCFL uses a time-of-flight measurement

technique based on temperature transients flowing past T24, T32, and T35. Based on the travel

distance between each TC pair, given in Table B.2, and the pulse transit time (∆t) three speeds
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can be calculated and then averaged into the velocity estimate (v) for that transient. Averaging

multiple transients from the steady state period provides the relevant flow speed (vs) and its

standard deviation (σv).

Data Description

Describing the data starts with a steady-state operating period called a “test,” which occurs

under constant input power and cooling air flow rate. When settings change, loop temperatures

show a large initial transient and then settle into quasi-steady values that are allowed to persist

at least 1 to 2 days. These temperatures are averaged for heat transfer analysis, with flow rate

measurements taken at the end of each associated with it.

Another important identifier is the operating “campaign” (C) during which the test occurs.

These multi-week operating periods help track instrumentation and salt quality, as detailed

in Section B.2. The first three shakedown campaigns are discarded for heat transfer analysis,

leaving C4 - 6 for radiant-mode heater heat transfer studies. The conduction-mode heaters were

added for heat transfer analysis of C7 - 9 and were replaced with new heater coils for the 10th

and final campaign. Additionally, fresh 2LiF− BeF2 (FLiBe) was added after the 7th campaign,

5 years into the project.

3.2 Flow Behavior
Due to NC coupling, unexpected flow behaviors can occur in the loop that are briefly

described using a data subset tabulated in Section D.4. Calculations and results use the full

data sets contained in Sections D.5 and D.6.

Temperatures

The first step is understanding the flow environment through temperature readings that

provide the primary insight to the loop. At a global-level the loop is stable and its operating

conditions are repeatable within campaigns without major chaotic transients. However, there is

a minor cyclic temperature component. This variation of a few °C over an approximate day-long

period is shown in Fig. 3.3. It is synchronized around the loop and although cycles are not

carbon copies, they center on a stable average after only a few hours of constant power operation.

It is assumed these are linked to the daily fluctuation in room temperature (T∞), since salt
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Figure 3.3: Steady state temperatures over several days, showing cyclic profile on all TCs along
with a random component at the cooler exit.

Figure 3.4: Temperatures on Fibers A and B for several tests.

temperatures correlate with T∞ strongly at the cooler exit on T24 (ρ ≈ 0.40)1. Further along the

flow path, this correlation weakens slightly and it is possible the air cooler is magnifying daily

temperature fluctuations of ±2 °C.

Fig. 3.3 also shows features not related to daily temperature swings in the random spikes
1All statistics reach p� 0.01 unless otherwise noted.
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and jumps recorded on T24, T32, and occasionally T35. These small 1 to 4 °C transients often rise

or fall over 1 s and then either follow an exponential decay to previous values or settle into new

plateau value; called a spike or a jump, respectively. Most likely, these result from a shifting flow

patterns in the thermally-stratified flow leaving the cooler. Any change in the flow pattern can

cause the rapid initial transient by pushing a different-temperature lamina into contact with the

TC tip. Because salts have a large the Prandtl Number (Pr), the shifts can be sub-mm and still

swing temperatures several °C. The spikes may also arise from eddies, but the jumps require a

more sustained effect, possibly from changes in the frozen layer of salt that lines the top cross

cooler. Further evidence that spikes and jumps are related to freezing is from the apparent

correlation between high cooling rates or low T24 and the prevalence of spikes or jumps.

-1 -0.5 0 0.5 1
632

635

640

645

Figure 3.5: Temperature profiles on

Fiber D during Test 3 at 8 Hz.

Elsewhere thermal stratification still dominates the

NCFL flow but it does not cause the dramatic TC read-

able effects. Instead, fiber sensors show it helping en-

hance mixing, as predicted in Section 2.3. Radial temper-

ature profiles show the bottom cross mixing in Fig. 3.4

and the riser in Fig. 3.6 for a selection of tests detailed

in Table D.7. Across a wide range of operation condi-

tions, temperature profiles are similar on Fibers A and

B. The salt nearest the walls helps contribute to the ex-

treme gradients, which can reach an impressive 10 to

50 °C/cm depending on power input. For a given test,

the gradient is relatively stable along the tube length,

which indicates the flow is fully developed at Fiber A. This is only 0.75m from the elbow, much

shorter than calculated development lengths, which agrees with the predictions of Meyer and

Everts [111]. Test 5 does have a large uncertainty band surrounding Fiber A because of eddies

flowing along the tube in a test condition with a low the Invervse Graetz Number (L∗).

Normally, eddies are reserved for the riser, where the symmetric temperature profile sets

up shear that can cause flow breakdown. Again, the profile develops quickly, before the riser

midpoint, giving a U-shaped reading on Fiber C in Fig. 3.6. The riser exit however, does not

always adhere to this profile, thanks to mixed convection discussed in Section 2.3. Mixing
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Figure 3.6: Riser temperature profiles for Fibers C and D.

is driven by eddies of hot salt that peel off the wall to mix with the bulk. T14 records this as

measurement noise, like in Fig. C.2. But at higher speeds, the U-shaped profile will sway left

and right on the fiber sensors, with Fig. 3.5 capturing a lamina of hot salt mixing as it flows

past. Looking along the tube centerline, Fiber F in Fig. D.4 reveals these eddies are forming

>40 cm below Fiber D. This is near the midpoint of Heater 4 where there are no weld seams,

instruments, or internal burrs to disrupt the flow but where the heat flux and temperatures are

highest.

Flow rate

Based on the temperature stability, the NCFL flow rate should also be stable. Long term

temperature oscillations like in Fig. 3.3 are simultaneous around the loop and will not affect

the driving ∆Tl. This is captured in Eq. (3.3) that predicts the expected flow behavior based on

losses and driving pressures from Eqs. (3.1) and (3.2).

∆Ploss =
1
2

64
Re

L

Dh
ρv2 + ∆Pminor (3.1)

∆Pdrive = βghρ0∆T (3.2)

v ∝ c1∆T

c2T
(3.3)

Analyzing a thousand time-of-flight measurements and plotting vs for each test in Fig. 3.7

shows the flow rate is indeed stable and predictable. The total average of 5.7 cm/s is slower
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than the predicted range of 6 to 10 cm/s, but within acceptable limits. Unexpectedly though,

there is a clear Ts,in dependence without any impact from ∆Tl. Correlations show vs depends

strongly on T21 (ρ = 0.79); although, any wetted TC correlates with decreasing strength further

along the flow path. Against ∆Tl however, there is no correlation, even when linear regression

accounts for other parameters, like temperature or higher-order effects.

Figure 3.8: Using both coolers permits

higher flow rates at large ∆Tl.

This dependence is another result of freezing

in the top cross. Large ∆Tl requires a high air flow

rate through the cooler, building up frozen salt lay-

ers that obstruct the flow path. High Ts,in counters

this and it does so at the cooler entrance, where

the cold cross-flow air removes much of the heat.

Further verification is possible using both coolers,

with Fig. 3.8 showing a clear outlier compared to

single cooler trends. Also visible in Fig. 3.8 are

the large error bars for the dual cooler test. These arise because time-of-flight measurements

require an isothermal down-comer to allow thermal transients to reach T35. Cooling this leg

also reduces the measurement quality at T32 and therefore few tests were performed in dual

cooler configurations.

Figure 3.7: Loop flow rates showing a strong dependence on salt temperature but not ∆Tl.
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3.3 Operation and Maintenance
Flow rate measurement highlights an important aspect of molten salts; the fact that molten

salt instrumentation and Operation and Maintenance (O&M) are a study in their own right. To

further experimental work with molten salts this section qualitatively details O&M experience

tested in the NCFL.

Flow rate measurements

Flow rates are the most challenging measurement because of the operator experience re-

quired to generate accurate time-of-flight measurements. The initial plan was to use the short-

term spikes and jumps at the cooler exit as transients for time-of-flight measurements. However,

if they are caused by changes in the frozen salt layer, their reading is unlikely to be stable as the

flow adjusts to a new ∆Pminor in Eq. (3.1). Analysis suggests this may be true, since flow rates

vary significantly and lack any clear trends. Without more data about how these transients are

produced, a full analysis is not possible and they are omitted from flow rate measurements.

This requires the operator produce short boundary condition transients, called pulses, for

time-of-flight measurements. The best approach is to symmetrically oscillate the cooling air

flow rate for 5 to 15 s to form a slug of cold salt that traces out the trough shown in Fig. 3.9 on

downstream TCs. An alternative, shown in Fig. C.3, is to open the insulation just past the cooler

exit and apply a blow torch flame to the tubing for 2 to 7 s.

Ideally these pulses do not impact the underlying flow. Narrow torch pulses cause the least

change and normally retain underlying flow noise. However, they diffuse quickly compared to

blower cold-pulses that can also retain underlying measurement noise and do reliably pass T35.

In both methods experience shows that each test has a range of pulse that yield similar flow

Figure 3.9: Blower driven time-of-flight cold pulse.
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rates. The exact range depends on the operating condition and as expected, high cooling rates

require larger air pulses while high-temperature tests require longer a blow torch duration. Once

identified, pulses inside this range create successive troughs or peaks on each of the three TCs,

like in Fig. C.5, without disturbing temperatures elsewhere in the system. Outside this range,

large pulses cause simultaneous troughs on hot-side TCs and can decrease T14 measurement

noise. Based on experience, the selected range was for pulses to disturb only the three time-of-

flight TCs and to ensure the temperature transient at each TC was ∆T 65 °C. Any pulse outside

this range is excluded from the vs average.

Figure 3.10: Flow stagnation on Fiber

D after a loss of cooling air.

This range however does not answer the question of

accuracy for time-of-flight measurements. Very large

pulses are clearly unreliable because of a large spread

in calculated velocities between TC pairs. Figure 3.10

shows an extreme example from a a loss-of-cooling tran-

sient recorded on Fiber D. Flowing salt is quickly restab-

lished once cooling restarts, but the characteristic flow

noise takes several more minutes to reestablish.

For “reasonably sized pulses” avoiding visible flow

disturbances and obtaining consistency within v are

critical for determining the proper pulse size, but are

not sufficient to prove the measurement is unbiased.

Detailed analysis is not able to definitively show this

either because coupling ensures any transient is theoret-

ically felt loop-wide. However, for practical ranges of

bias a few tools have offered some insight. The easiest

is to correlate pulse size against the measured speed, which was used to show that blower

hot-pulses were a poor measurement technique; likely because of the slow ramp-down rate.

An additional tool is available in linear-regression analysis that can compare pulse generation

methods while accounting for other variables. This also found issue with the blower hot-pulse

as well as the air-bypass pulse.

Ultimately, the blower cold-pulse and blow torch methods failed to show significant trends
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and were easily repeated across a wide range of test conditions. This does not prove a lack

of bias, but at worst the bias is highly variable and can be captured in the standard deviation

across many pulses. The error bars in Fig. 3.7 show that even after eliminating bad pulses,

time-of-flight measurements are noisy and have a large range. By including many hot and cold

pulses in σv, analysis shows this method provides a sufficiently reasonable estimate of flow rate

for subsequent work.

A secondary flow measurement approach was attempted using Fiber G, and watching flow

moving along the down-comer. In Fig. 3.11 several large pulses visibly disturb temperatures as

they flow down the down-comer, offering a tantalizing promise. However, two issues arose, the

first of which is visible on the right of Fig. 3.11, where the moving standard deviation shows only

white noise. Overall, fiber sensor background noise is similar in magnitude to any reasonably

small time-of-flight transient. Despite multiple rounds of data smoothing, peak identification

and tracking remain difficult and unreliable for use in this work. The second bigger issue is the

care and O&M of long fibers, which do not survive long inside the NCFL. In short, this method

is promising but further research is necessary.

Fiber sensors

To understand the challenges of working with fiber optic distributed temperature sensors it

helps to review their life-cycle, starting with striping off the protective plastic coating. If left on,

this melts as the fiber heats and sticks to the capillary, causing mechanical strain as the metal

undergoes thermal expansion. This invalidates the thermal-strain correlation and makes future

fiber replacement difficult. However, without the coating, bare glass fibers are exceptionally

fragile and they eventually break near their hottest location. This is true even for flat fiber

sensors like Fibers C and D; although their survival time may be longer than vertical sensors.

The long centerline fibers have a tendency to break during shutdown. This may indicate they

are not free-hanging in the capillary such that contracting steel pushes them to break. However,

they do not show any indications of sticking inside the capillary and this remains a frustrating

puzzle.

Nominally, replacing fiber sensors is not a big issue, except that at the NCFL operating

temperatures, fibers suffer an unexplained “annealing” phenomena over the first ≈72h at
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Figure 3.11: Fiber G time-of-flight thermal transients in temperature data (left) and the standard
deviation over time (right).

Figure 3.12: After a total of 67 days at temperature, the initial Fiber C key is biased at room
temperature, compared to more recent keys taken after the sensor “annealed.”

temperature [120], [121]. This remains an area of active research that is beyond the scope of this

work but for this study its impact was a change in the the room-temperature key from which

measurements are based. Figure 3.12 shows room temperature readings using a key taken 67

days previously in comparison to keys taken more recently after the loop was operated with salt

in it. There is a clear bias using the original key and its shape is not easily corrected. Therefore,

the NCFL procedure was to install a new fiber sensor and operate a full campaign before using

it for quantitative analysis in the next campaign.

Additional studies

Obviously, this plan does not work if fiber breaks on shutdown. Therefore, the centerline

fibers were mostly used for qualitative measurements. One such reading was monitoring the

melting of a freeze plug in the down-comer cooler. Figure 3.13 shows the melting front slowly
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Figure 3.13: Fiber G observing a freeze plug melting in the down-comer.

propagating down the fiber while above, NC cells move up the centerline towards T24. This

caused visible measurement noise similar to that on T14. Once the plug melted, the fiber shows

a fast transient that rapidly develops back to the standard forced convection temperature profile;

offering a unique transient simulation problem, for codes like System Analysis Module (SAM)

[43].

Similar to the freezing analysis, the NCFL performed frequency response testing, following

similar methods developed by University of California, Berkeley (UCB)[124], [125]. In conjunc-

tion with Dane de Wet[126] a series of frequency response tests were performed on the NCFL,

like shown in Fig. 3.14. Coupling meant that the response was limited and the frequency data

was too noisy for a full analysis. Future testing may be possible with more cycles; however, this

will extend each test over multiple weeks or possibly months.

A similar issue of complex coupled behaviors limits the present analysis of the electrochem-

istry probes. These grew out of work by Brian Kelleher [95] and Keiran Dolan [127] that was

followed up by Will Doniger [123], [128] performing measurements in the NCFL. The initial

probe design used un-shielded electrodes and suffered measurement noise that was tentatively

identified as electrical interference. During one set of cyclic-voltametry tests in Campaign 3, a

reverse polarity sweep accidentally deplated about half the radius off a molybdenum electrode,

as shown in Fig. C.10. Luckily this was in the small tank so its impact on the flow should be

minimal but before campaign 4, nearly a gram of beryllium metal was added to the dump tank
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Figure 3.14: Temperature and oscillation history for a blower-driven frequency response test.

and allowed to melt into the salt over 72 hours to try and reduce impurities. As a result of

this accident and the noise, a second generation of shielded probes, shown in Fig. C.11, were

developed for later testing through C10.

Care of salt-wetted instrumentation

The lack of moving parts means that NCFL maintenance is limited to instrument replacement

and salt sampling. However, unlike designs for easily replaced fiber sensors, major loop instru-

mentation is hard to maintain because of beryllium contamination and the oxygen-free loop

environment. UW has a detailed beryllium control exposure plan used in this work that is built

on experience from B. Kelleher [95]. Contaminated work includes the use full-face respirators,

personal protective equipment (PPE), and monitoring for air and surface contamination.

Replacing instruments is easier if the instrument accesses salt through a gas interface. The

two tanks were designed specifically for this purpose and hosted two generations of electro-

chemistry probes and two different level sensors that were all accessed at various times. Because

the of the gas interface, these instruments can be accessed with the loop in cold-shutdown using

a sealed glovebag attached to the instruments thermal stand-off. This adds further protection

for workers and, by replacing the atmosphere with argon, it limits oxygen ingress to the loop.

Experience shows that, once the large Swagelok fittings can be coaxed lose, instruments



34

Figure 3.16: A stainless tube showing the green coating in the gas space compared to the matte
color for the salt-wetted section.

can be removed easily. In fresh salt, a small amount of condensate, known as “snow,” does

collect on instrument sections inside the thermal stand-off, like shown in Fig. 3.15. The coating

is durable enough to not fall-off unless the instrument is scraped. As the salt in the loop became

“dirty” over time, like at the end of C6, black salt deposits tend to adhere near the salt interface

and there is perhaps marginally more snow.

Figure 3.15: Snow coating the

glassy-carbon above the salt

level.

Removed stainless components that were only exposed to

the gas-space often have a green hue, like that shown on the

left side of Fig. 3.16. Submerged 316 SS can have dark salt

clinging to it, but is otherwise matte-colored 316 SS that looks

like most post-corrosion steel coupons [123], [129]. A nickel

mesh shown in Fig. C.11, does not change as dramatically but

it too lost some luster. More obvious are the occasional clear,

bright salt crystals, also visible in Fig. C.11 and on the right of

Fig. 3.16. These contrast well against a dark salt background

and show that some segregation mechanism exists for salts

depending how they cool.

In the event that a salt-wetted instrument must be replaced,

like fiber capillaries when the coating isn’t removed or salt-

wetted TCs the process is much more challenging because of

frozen salt in the instrument port. Experience shows that FLiBe

forms an annoyingly durably seal between metal components

that will not melt-free unless parts are heated well above 450 °C,

to account for thermal losses. Such temperatures preclude
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the use of plastic bags to control the atmosphere and must

operate the loop below atmospheric pressure to ensure operator

safety. Even with careful heating, this is harsh and all three

TCs removed for calibration checks were destroyed in the process.

Salt sampling

To draw salt samples, a different method is required to access the tank gas space during

operations. Instead of glove bags, a “double-ball valve” system is employed, with one valve

permanently mounted to the loop and a second sealing the detachable sample chamber. A

Teflon Swagelok at the far end of the chamber allows a sampling rod to slide down into the

salt while a gas port provides clean, positive pressure argon. With the chamber designed to

contain all salt-wetted components, only the clean length of sampling rod emerges beyond the

Swagelok for cleaning prior to transport to a glove box for further analysis.

The salt wetted components used two sampling methods to draw salt from the tank. The

earliest relied on a thick-walled 6.35mm tube and a vacuum chamber to draw salt into the cold

steel until it froze. Simple to construct and operate, this method proved that “cool” FLiBe is

perfectly capable of traveling through >1m of cold stainless without freezing; however, it does

not readily navigate needle valves.

An improved sampling method was designed by Paul Brooks [130] to lower a small bucket

into the salt. Buckets are pressed from 316 SS shim-stock and they must fit inside a carefully

machined sampling rod, all of which complicates setup. The payoff is better control of sample

size and quality, since shim-stock is easier to clean than a tube interior. Additionally, the foil

can be peeled off after use, revealing a uniform frozen puck, like in Fig. D.3. The vacuum

method required melting salt from the tube and occasionally the slow-cooling furnace allowed

impurities to segregate, like in Fig. 5.17.
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4 analysis

Based on these observations the NCFL flow can be analyzed for heat transfer. Different

calculations are used for each boundary condition, split by location into the the air cooler, riser

and bottom cross, which are noted using subscripts: AC, R, and BC. Results in the heaters are

further split for the radiant heaters in Campaigns 3 to 6, analyzed using the radiation equations

in Section 4.3, and the conduction heaters studied in C7 to C10, detailed in Section 4.4.

4.1 General Heat Transfer Calculations
Initial heat transfer steps all follow the same process that starts with data ingest using

MATLAB 2019b® [131]. Salt flow speeds (vs) is calculated next and the steady-state window

for each test is identified. This duration is based on constant input power and cooling air

flow rate, and is then trimmed to remove any transient from the previous operating state.

Acceptance for heat transfer calculations requires σT and σ∆Tl 62 °C for six or more hours.

Tests are finally averaged for use in all further calculations. MATLAB 2019b® calculations also

obtain the standard deviation (σ) over the test window for each measurement and combine any

additional uncertainties into the total uncertainty (η), as described in Section A.1. Ultimately, η

is propagated through the following equations by Engineering Equation Solver (EES) [132].

Heat transfer calculations use the inlet and outlet TCs (Tin & Tout) to calculate the aver-

age bulk salt temperature
(
Ts
)
. Most fluid properties, like density (ρ) and viscosity (µ) are

calculated at Ts from correlations recommended by Romatoski and Hu1 [97]. Mass flow rate

calculations use the cold fluid density and some correlations require properties at the film

temperature, which is taken as the average inner wall temperature
(
Tw,i

)
for the given zone.

Together, fluid properties and mass flow rate feed into the energy balance

Q = ṁ (Tout cp − Tin cp) (4.1)

which, should equal the external heat load Qext. This is the loss-corrected energy input from

heaters (Qhtr) or removed by air convection (Qa) . Losses (Qloss) are predominately through

the insulation (Qinsul) as calculated in Section A.2. Additional losses from fin conduction
1thermal conductivity (k) and heat capacity, (cp) are temperature independent.
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along TC or fiber sensor ports is also included, as described in Section A.2.

Finally, Qext is used to calculate the h through Eq. (4.2).

Qext = hAi
(
Ts − Tw,i

)
(4.2)

where Ai is inner wall surface area and Tw,i is the average inner-wall temperature. Finally, h is

converted to the Nusselt Number (Nu) :

Nu =
hDi
k

(4.3)

using the inner diameter (Di) and k for comparison with correlations.

Against Nu, several different non-dimensional terms can be used, defined after Chapter 7.

Most common for this analysis are the Reynolds Number (Re), the Prandtl Number (Pr), and

modified Grashof Number (Gr∗), defined as:

Re =
ρDivs

µ
(4.4)

Pr =
µ cp

k
(4.5)

Gr∗ =
gβρ2D4

iQ
′′

µ2 k
(4.6)

4.2 Annular Cooler Analysis
The TCs annular cooler is shown in Fig. 4.1. Salt flows in past T21 to record Ts,in and then

flows down the central tube parallel to the air flow. Exiting the cooler, salt passes T24, T32, and

T35, which are averaged into Ts,out to alleviate biasing from thermal stratification.

Cooling air from a variable speed blower pass through a distribution header where its

speed (va) and inlet temperature (Ta,in) are measured. It enters the annulus through two-2 cm

inner-diameter tubes, oriented perpendicular to the flow with their centerline tangent to the top

or bottom of the tube. Exiting through the same geometry, the outlet air temperature (Ta,out) is

measured in the elbow. All air physical properties are calculated at Ta,in and Ta,out from EES

correlations for humid air with a 10 °C dew point.
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Figure 4.1: Layout of the top cross cooler flow path and temperature measurements.

The air heat balance includes the convected energy measured as the temperature rise

Qa = ṁa
(
Ta,in cp,in − Ta,out cp,out

)
(4.7)

plus the losses. Losses are calculated from equations in Section A.2 to account for Qinsul, fin

conduction, and a change in stagnation enthalpy of the air. In combination, Eq. (4.8) gives the

total energy convected by the air, which is equivalent to that lost from the salt.

Qext = Qa −Qinsul + ∆Q0 +Qfin (4.8)

Qext is used to calculate h in Eq. (4.2), given Tw,i. However, there is no way to measure

the wall temperature because air flow would bias any welded TC and corrosion concerns

prevented embedded TCs in the tube wall. Instead, Tw,i and the outer wall temperature (Tw,o),

are calculated from Qext and Ta. This applies Eq. (4.2) and requires the air-side heat transfer

coefficient (ha).

After considering many correlations, ha was ultimately obtained from simulations using

Release 19.0 of ANSYS® Fluent® [133]. These were performed on a simplified cooler geometry

with a constant-temperature inner wall surrounded by adiabatic boundaries. The provided

Transition SST Model with default settings [134] was used after an initial set of straight annuls

simulations showed performed better than other solvers against a developing annular-flow

correlation [98].
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Straight annulus simulations were also used to converge the mesh, which is composed of

swept linear hexahedral elements. Its final parameters include 20 inflation layers, a characteristic

element length of 2mm, and a normal angle of 63°. In the final model, the mesh is broken

to include the side-wise entrance and exit ports, using an unstructured tetrahedral elements

that were constructed using same characteristic dimensions and inflation settings. The central

straight annulus retains the initial swept mesh for a total of 7.2 · 106 elements.

This model performed 74 simulations covering the operational range of ṁa and Thot given

in Table B.1. The constant temperature wall ranged from 600 to 1000K, while ṁa was driven by

an inlet pressure ranging from 100 to 800 Pa. All other conditions were held constant, including

the inlet air temperature at 300K and the exit to atmospheric pressure. No surface-to-surface

radiation model was used because the adiabatic outer wall limited its impact to 65% of the

inner wall heat flux (Q ′′w).

The results are 2.5 to 5 times larger than the straight annulus correlation and agree with

Qext. EES calculations use lookup tables for ha based on experimental Ta and ṁa. This forms

an iterative process using Eqs. (4.9) and (4.10) to calculate Tw,o and include radiation heat

transfer (Qrad). Equation (4.10) uses temperatures converted to Kelvin and a surface emissivity

(εrad) = 0.5 based on measurements by Cao et. al. [135].

Qa −Qrad = Ao ha
(
Tw,o − Ta

)
(4.9)

Qrad =
AoσB(T

4
w,o,K − T 4

insul,i,K)

1/εrad + 1/εrad − 1 −Qinsul. (4.10)

Finally, from Tw,o, the cylindrical conduction equations in Section A.2 are used to calculate

Tw,i. A Tw,i < 460 °C indicates a layer of frozen salt coats the inside of the tube. In this case,

Tw,i is replaced with the freezing temperature when solving Eq. (4.2). This allows the radial

conduction equations to calculate the average frozen-layer thickness and adjust Di and Ai.

4.3 Radiant-mode Heater Analysis
The hot-side of the loop is broken into the bottom cross and riser, each of which is further

subdivided by its two radiant-mode heaters. Four salt-wetted TCs are available, starting with
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T35 at the bottom cross entrance, T11 at the start of the riser, T12 in riser midpoint, and T14 at the

riser exit. Additional measurements are taken in each heater hot face (Thtr,n) and T13 measures

the tube wall temperature under heater 4.

The salt side energy transfer is again calculated from Eq. (4.1). Starting in the bottom cross

and following Section 4.2, Ts,in is an average of T24, T32, and T35. In the riser, Ts,out is also an

average of T14 and T18 in the tank.

The input power (Qhtr,n) is calculated for each heater from the resistance and voltage in

Section A.2. Subtracting the insulation losses givesQext,n and allows hs,n to be calculated once

the wall temperature under each heater is known. One wall temperature is measured on T13

under heater 4. Then, using the heater 4 temperature difference:

∆Thtr,4 = Thtr,4 − T13 (4.11)

the other Tw,o,n values can be calculated for the measured heater temperatures.

It is also possible to calculate Tw,o,n using Qext,n and the radiation heat transfer equations

in Eq. (A.10). For the tests analyzed here, these methods agree well with an average difference

of only 20 °C. However, the radiation equation introduces a lot of uncertainty and noise because

of its sensitivity to small changes in Qext.

Tw,o,n is used to calculate Tw,i,n for each heater and the two heaters on each leg are averaged

together into (Tw,i,BC/R) for the bottom cross (BC) or riser (R). The heat transfer equations for

h are then calculated along each leg using the combined input of both heaters and the average

bulk salt temperature for that leg (Ts).

4.4 Conduction-mode Heater Analysis
Directly wrapping the heater coils around the tubing simplifies the later heat transfer calcula-

tions by removing the radiation component. Each heater is composed of six coils run in parallel

by a calibrated DC power supply. The output voltage and current give Qhtr,BC/R, from which

the external load to the salt (Qext) is calculated by subtracting out the losses. As before, Qloss

is primarily through the insulation, calculated in Section A.2, except the conduction heaters

use MICROTHERM® instead of Pyrogel® HPS to reduce losses. Heat is conducted along

thermocouple and fiber ports is also calculated using fin conduction equations for Section A.2,
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Figure 4.2: High power input temperature profiles the salt and tube surface for the first genera-
tion contact heaters. On the left, A is the bottom cross, while right is the riser in B.

adding at most a few percent to the total losses.

As before, h is calculated from Eq. (4.2), using the inner wall temperature (Tw,i) and average

salt temperature (Ts). Ts is again the average of measured inlet and outlet salt temperature

across either the bottom cross or riser. Tw,i is calculated from the outer wall temperature using

radial conduction equations in Eq. (A.3).

The outer wall temperature
(
Tw,o

)
is different. It averages the surface TCs shown in Figs. B.2

to B.4 over the leg-length (L), through:

Tw,o =
1
L

∫L
0
Tw,o(x)dx. (4.12)

Ideally, both Ts(x) and Tw,i follow similar linear trends; however, analysis showed heat losses

along fiber and thermocouple ports reduces local surface temperatures substantially. This

drop is shown in Fig. 4.2 for T106A&B and T208A for the first generation of conduction heaters.

Replacing the heaters allowed additional TCs to be added 12.7mm to either side of the port.

This revealed the temperature drop was localized and can be safely excluded from Eq. (4.12).

In contrast to the lower temperatures at ports, Fig. 4.2B shows an unusual high temperature

on T210A that may result from the heater coil contacting the TC wires or raised weld bead. Heaters

are electrically isolated from the metal with silica cloth that has a low thermal conductivity.

Retrospectively, teardown shows this cloth shrinks at temperature, while the heater coils expand

and shift; allowing heat to conduct along the TC wires or weld beads.

The possibility of an electrical short was considered because this would increase the local

heat flux. However, analysis shows this is unlikely because the same current is supplied to each
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heater coil. Additionally, the heater alloy forms resistive alumina oxide at high temperatures.

This limits shorting to early in the heater life, like the self-short visible in Fig. C.9 where the

alloy never oxidized.

Based on these observations, high-temperature readings are excluded from Eq. (4.12). The

resulting temperature profiles are plotted as shown in Fig. 4.2B. Based on similar slopes for

the surface and fluid temperature rise, the surface temperatures are averaged into Tw,O and

MATLAB 2019b® statistical toolbox [136] is used to obtain a best-fit linear trend and calculate

the root mean squared (RMS) fit of Tw,O(x) to predictions for error-propagation in EES.



43

5 results and discussion

5.1 Campaigns 4 to 6
Heat balance

Figure 5.1: Locations for heat

transfer analysis.

Quantitatively analyzing the NCFL starts with an energy bal-

ance between convected heat (Qs) and the external load (Qext)

for each of the three zones shown in Fig. 5.1. In the cooler,

Fig. 5.2A shows good agreement (ρ = 0.81),1 and inherits a large

Qs uncertainty from the salt flow rate. The heaters in Fig. 5.2B

also agree well (ρ = 0.78) but add uncertainty in Qext from re-

liance on ∆Thtr,4.

The heated data is subject to a correlation between the heat in-

put and flow rate that causes visible deviation from the y = x line

in Fig. 5.2B. Defining excess heat input as Qext −Qs reveals the

two calculations converge as salt flow rate increases (ρ = −0.69).

The challenges of measuring flow rate are magnified for slow

moving flows, verifying this correlation and indicating the slow flowing tests underestimateQs.

For cooling salt, the same correlation does not hold. Instead, the difference in energy transfer

corresponds to with decreasing wall temperature (ρ = 0.47). This is visible in the color map

1p� 0.01 for all stats unless otherwise noted.

A B

Figure 5.2: Heat balances for Cooler (a) and Heater (b) split by campaign: © = C4, � =
C5, & ? = C6.
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Figure 5.3: Cooling salt Nusselt data colored by Tw,o.

and corresponds to a worse heat balance as air flow rate increases (ρ = 0.58).

Nusselt results

Nu data in Figures 5.3 and 5.4 show Nu >5 for all results with some of the expected

developing-flow trends. Cooling salt appears to best fit the mixed convection correlation

from Meyer and Everts, or at minimum to meet the developing flow predictions from Shah

and London. Heated salt in Fig. 5.4 has less difference between correlations and overall fits the

developing correlation from Shah and London best.

Across these results, the uncertainty, given in Table D.3, is at minimum Nu = ±0.72 and is

largely tied with property uncertainty. Figure 5.4 is notable for the large σNu in horizontal heat

transfer during C4. Elevated σNu arises from a larger σT during this campaign, the cause of

which is not clear.

This is one of two notable features, where campaign 4Nu is elevated compared to later tests.

Table 5.1 shows later horizontal Nu agrees well with the developing flow correlations at ±10%.

The second feature is in Fig. 5.3 where coolingNu appears split into two groups at the Rayleigh

Number (Ra) ≈1.5 · 106. The low-Ra has elevated Nu compared to a second, higher-Ra group

that clusters near the constant-heat flux (Q ′′) developing flow correlation.

Discussion

Analyzing the Ra split in the cooling salt data shows it is a result of calculation bias in the

simulated ha. Parametric simulations studied a range of air flow rates and Tw; assuming the

wall temperature was uniform along the entire air interface. This was done to decouple the salt
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Figure 5.4: Heat transfer in the heaters broken by operating campaign. Ra uncertainty averages
17%.

and air analysis, since it allowed the salt-side solution to use the salt and air heat balances to

iteratively narrow-in on ha and Tw,o. This works when Tw,i > 460 °C because the Ta is lower

than Tw,o and simulated Ta matches the experimental. When frozen salt limits heat transfer

however, Ta from the experiment falls below the simulated value because frozen salt insulates

high heat transfer cross-flow zone at the cooler entrance. Reducing air-side heat transfer and

the experimental Ta causes the analysis to select a low ha based on simulated air temperatures.

Ultimately, this over-predicts Tw and elevates Nu, as shown by the coloring of Fig. 5.3.

While a coupled salt-and-air simulation should be able to eliminate this bias, molten salt

phase-change simulations are beyond the scope of this work. Other discretization methods for

Tw,o were considered but all require additional assumptions and limit the analysis range to

a subset of the data. Therefore, the best method for analyzing the data, as done above, is to

simply exclude data where Tw 6 460 °C, or approximately at Ra 6 1.5 · 106.

Building on these results, developing laminar conditions appear to accurately describe

NCFL heat transfer for both heating and cooling and across a large Ra range. This is unexpected

because Ra describes natural circulation forces and a high Ra test should correlate with higher

Nu. Further analysis reveals this behavior is due to coupling between flow rate and power

input that ties Re to Ra, as shown in Fig. D.1. Overall, the effect is to decrease the Richardson
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Number (Ri) at elevated Ra (ρR = −0.56), or in other words, the high power increases ∆Pl and

shifts flow towards laminar forced convection behavior. This correlation holds in each location,

with cooling salt correlating for the data at Ra >1.5 · 106 (ρAC = −0.71). In the bottom cross C4

follows this separately from C5 & C6 (ρBC,C4 = −0.87, ρBC,C5&C6 = −0.75).

Time dependence

Figure 5.5: Cooling Ra andNu colored by boundary condition.

C4 = ◦, C5 = �, C6?.

The campaign-level split in

the bottom cross is harder to ex-

plain than the split in cooling

data. As mentioned, the uncer-

tainty difference is coupled to

a larger σT ; however, this does

not impactNu. A few repeated

test conditions offer some clues

when comparing the C6 data to

C4, a difference denoted δ. The

most prominent change is lower Ts by δT = 2 to 30 °C.

The colder temperatures alone should not change salt properties enough to modify the flow

behavior; however, changes in the temperature difference between the salt and wall (∆Ts−w) do

indicate changing flow behaviors. In non-dimensional terms, the Ra change, shown in Fig. 5.5

is quite large. Normalizing its change as: δ̂ = (RaC6 − RaC4)/RaC4, reveals a change in Ra by

Figure 5.6: Heated δ̂ Ram andNu colored to differentiate boundary condition. Open symbols
are horizontal, closed vertical flow, ◦ = C4, ? = C6.
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as much as −40%. In the the heat flux based Rayleigh Number (Ra*) shown in Fig. 5.6, the

impact is reduced, proving the difference is based on ∆Ts−w and not Q ′′.

The reason δNu shows up in the bottom cross is because there is minimal change in NuR.

Here, Ts and Tw change by a similar amounts and limit δ̂NuR to −10 to 5%. In the bottom

cross however, wall temperatures remain stable while Ts falls, resulting in an average δ̂NuBC =

−35%.

To explain these results, the system was checked for errors that might explain δT but no

changes found in T∞, heater resistance and supply voltage, nor changes to the insulation.

Infrared images of the loop were used to verify the insulation performance, while TC accuracy

was verified by comparing their response to that of new, calibrated instruments. Air flow

transducers were validated also in a wind tunnel, without showing any discrepancy. The only

change is a thin layer of oxide dust that collected at the bottom of vertical heaters as shown in

Fig. C.8 or settled onto the lower face of the bottom cross heaters. It is not clear how much this

affects heat transfer from the lower radiant face, since as discussed in Section A.2 the emissivity

is similar, but this could reduce heat flux and may be responsible for the temperature drop.

        Radial Position  [cm]

Figure 5.7: σT (t) on Fiber D showing the noise reduction

between C4 and C6 under the same operating conditions.

Additional qualitative difference

in loop operation were noted how-

ever, including changes in the diffu-

sion of time-of-flight velocity pulses

and increased stability of temper-

ature profiles at the riser exit on

Fiber D. These suggest a second pos-

sible explanation that salt behavior

changed in such a way to reduce

mixed convection heat transfer in the

bottom cross. If this were the case,

it is expected to result from chang-

ing salt properties like µ or ρ. While

radiation heat transfer may play a role [137], [138], it is not well understood in FLiBe at this

time, rendering it impossible to analyze.
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Changes in viscosity or density should be visible in other measurements, like the aforemen-

tioned fiber sensors. Figure 5.7 shows the change in σT(x) measured on Fiber D during a C6

repeated test. There is a clear reduction in noise during the later campaign indicating laminar

behavior with fewer eddies. Interestingly, the time-averaged Fiber D temperature profile is

constant for both campaigns at ∆T(r) ≈ 8 °C between the tube centerline and the wall. This is

not true at Fibers B and C however, which both record δ̂∆Tr = 12 to 25% or ≈3 °C.

5.2 Campaigns 7 to 10
To study possible changes in the salt, two improvements were made starting with new

conduction-mode heaters and additional TCs to improve Tw,o measurements. Campaign 7

tested these heaters with the old salt that was replaced with fresh salt for campaign 8. Further

upgrades to increase the number of surface TCs, discussed in Section 4.4 were performed prior

to campaign 10.

Upgrades improved the heat balance compared to the radiant mode heaters, as shown in

Fig. 5.8. There is a slight skew offy = x (ρ = 0.962) but fewer losses through the MICROTHERM®

improved Q ′′ measurements. Uncertainty in Qs is still dominated by σv with a clear outlier

visible at the highest power level from the dual-cooler tests to obtain Fig. 3.8. Fortunately, σv

does not impact Qext or heat transfer calculations allowing Nu to be calculated as described in

Section 4.4.

Figure 5.8: Heat balance across bottom cross and riser.
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Riser

BC

Figure 5.9: Nusselt data for the riser (top) and bottom cross (bottom).

Nu results in Fig. 5.9 show familiar trends, starting with Nu > 5 for all tests. Uncertainty,

shown in Table D.3, is still dominated by σµ but there is less variation between campaigns this

time. Horizontal heat transfer is elevated above the predictions of Meyer and Everts, falling

closer to the correlation from Morcos and Bergles, which corrects for wall-conduction. Vertical

flow again shows Nu is well predicted by Shah and London’s constant-Q ′′ developing-flow

correlation. Results also agree with the mixed convection constant-temperature correlation from

Hallman.

Once again however, there is a prominent campaign-dependent split with a lowerNu during

C10. Table 5.1 shows data and correlations are at a similar offset for campaigns 4 and 10, while

C7 & 8 fall well outside previous ranges. Comparing the two conduction heater generations,

C10 has a larger ∆Tw−s than the previous generation. This is from a higher Tw,o that may result

from additional TCs improving the average. To check temperature readings are normalized

through

θ(x) =
Tw,o(x) − Ts
Ts,out − Ts,in

(5.1)
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Figure 5.10: Normalized bottom cross Tw,o from C7 to 10.

Figure 5.11: Normalized Tw,o(x) measurements comparing C7 & 8 to C10.

to collapse power and ∆Tw−s differences.

As shown in Fig. 5.10, bottom cross TCs in the same locations read only a slightly higher

than C7 & 8. However, several additional TCs near Fiber A would raise Tw,o compared to earlier

averages. In vertical flow however, Fig. 5.11 shows that θ is more variable within each campaign

and that its underlying measurements are significantly higher during C10 at most locations.

Salt comparison

Combined with the slight offset in the bottom cross, it appears that wall temperatures are

higher in the later campaign, without any clear cause. Flow rates between campaigns do not

significantly differ and instruments passed their verification checks. As discussed in Section 4.4,

an electrical short could increase the local heat flux; however, it is considered unlikely. Heater

resistances were stable across the campaigns and teardown revealed the heaters are uniformly
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oxidized except for one cold-region near the bottom cross entrance, similar to Fig. C.9.

Figure 5.12: C10 σT (t) on Fiber D

shows more noise than C6.

Previously, a change in salt chemistry was proposed to

explain heat transfer changes. This lead to testing a new

batch of salt during C8, which in Fig. 5.9 appears similar

to old salt tested during campaign 7. Quantitatively, there

is no difference, even in other non-dimensional terms like

Ra and Ri. And qualitatively, the loop behavior was also

similar between C7 & 8, with features like blower cold

pulses behaving more like during C5 than C6 testing.

One qualitative note was an increase in measurement

noise at the riser exit. Flow breakdown was suspected

during C7 and 8; however, Fiber D was broken for both

campaigns. In C9 & 10 however, plots σT(t), like in Fig-

ure 5.12, verify the return of flow breakdown at the riser

exit. Much like early campaigns, temperature fluctuations

are widespread with a high frequency. σT (t) magnitude actually increased in C10; however

this could be from the conduction heaters applying Q ′′ closer to the Fiber D port.

5.3 All Nu data
Comparing Nu data across all campaigns in Fig. 5.13 clearly shows that Nu is, at minimum,

well predicted as constant-heat flux developing laminar flow. Table 5.1 shows the differences

between various correlations with Shah and London correlation to Hornbeck’s data offering

the best overall fit. Literature recommends the laminar Seider-Tate correlation and it performs

almost as well, falling slightly below the developing flow correlation, as shown in Fig. 5.13.

The bottom cross does appear to behave as mixed convection but in this geometry the

predictions from Meyer and Everts fall close to those of Shah and London. Higher predictions

by Morcos and Bergles are promising for the conduction mode heaters but are not easy to

compute for early C5 & 6 data due to limited wall temperature measurements. Ultimately, fiber

sensors provide the best indication of turbulent mixing like that predicted by Meyer and Everts.

A summary of fiber readings in Fig. 5.14 clearly indicate NC convecting hot salt to the upper
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Figure 5.13: All Nusselt results against Pe.

Table 5.1: RMS percent deviation of heated Nus from correlations. RMS distance of: 100%×
(Nuexp −Nucorr)/Nuexp

BC (%) Riser (%)

Campaign Hornbeck Meyer S-T Hornbeck Hallman S-T

4 33.9 36.9 37.1 13.8 11.2 14.6
5 13.9 10.8 14.3 11.8 29.4 8.25
6 9.48 9.27 10.8 10.9 22.3 11.3
7 55.1 57.3 58.5 28.0 27.7 33.8
8 55.5 57.8 58.4 31.4 34.0 36.2

10 38.5 41.9 41.8 6.93 7.19 10.6

tube wall and allowing cold salt to sink down along the bottom. Additionally, the upper half of

the profile is mostly constant at ∆Tw−s ≈ 20 to 40 °C between Fiber A and B and it varies only

with power input but not L∗ .

The lower half of the flow however may still have some development after Fiber A, since the

lower temperature gradient to the wall increases between Fiber A and B. This is likely due to

the Ri coupling that permits correlation against both Ra and Pe.

In the riser, Heat transfer may benefit slightly from mixed convection, especially considering

σT at the riser exit; however, overall Fig. 5.15 shows that laminar behavior dominates . Time-
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Figure 5.14: Radial temperature gradients in the bottom cross, measured with respect to the
centerline temperature.

Figure 5.15: Radial temperature gradients in the riser, measured with respect to the centerline
temperature.

averaging removes the high-speed fluctuations on Fiber D showing that ∆Tw−s increases along

the riser. Temperature profiles are azimuthally symmetric and depend slightly on L∗ , both of

which are laminar features. From literature, this behavior is consistent with the predictions of

Aicher and Martin [113] whose flow maps predicted the NCFL would operate near a laminar-

to-turbulent transition point. However, Nu is best predicted as developing laminar flow.

Of course, none of these claims are without a caveat, as Fiber D helpfully demonstrates

during Campaign 6 with inexplicable collapse of ∆Tw−s in Fig. 5.15. This may explain the lack

of noise in Fig. 5.7 but it gives no indication of its cause. To explore this further, salt impurities

levels are examined before a final postmortem examination when tearing down the loop.

5.4 Impurity data
Impurity effects on heat transfer have remained an underlying question throughout this

analysis. While any changes to salt properties would be unexpected, equipment to measure the
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C6

(B) (A)

Figure 5.16: Impurities data from campaigns 6 and 7 with sampling temperatures. The tempera-
ture band represents the coldest (T35) and hottest (T21) values. The Sept. 1 duplicate corresponds
to sections of the sample shown in Fig. 5.17.

NCFL salt is not available to provide firm answers. Currently, the only solution is to correlate

trends between flow measurements and the impurity data collated in Table D.6.

For discussion, Figs. 5.16 and 5.18 track two important elements in chromium (Cr) and iron

(Fe) that historically were demonstrated to be subject to thermal-gradient corrosion. Cr should

be the most susceptible and was the subject of extensive corrosion work during the Molten

Salt Reactor (MSR) program [91], [92]. A simple treatment of NCFL corrosion expects Cr

levels to initially increase until they reach saturation. After this, they would steadily decline as

thermal-gradient corrosion depletes the hot legs and plates Cr in the cold legs. Other elements,

likely Fe in the NCFL, could be transported but at a lower rate because it forms a less-stable

fluoride than Cr does. In contrast, impurities like sodium or calcium should not be subject

to thermal-gradient corrosion because they are scarce in 316 SS and they form more-stable

fluorides than Cr.

Early samples consistently showed the presence of both Fe and Cr but failed to elucidate

any long term trends. Part of the issue may stem from the use of frozen salt that was found

clinging to removed instruments. These tended to be white or clear and had low impurity

concentrations. During campaign 6 however, a vacuum-sample shown in Fig. 5.17 visually
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Figure 5.17: Campaign 6 salt sample showing segregation after melting out of vacuum tube.
Portions A and B were broken off for separate analysis while the remaining salt was ground,
per standard procedure. The results are shown in Table D.6.

segregated while cooling pushing impurities to the darker portion of the sample, as shown in

Fig. 5.16. This uncertainty combined with a switch from inductively coupled plasma optical

emission spectrometry (ICP-OES) to inductively coupled plasma mass spectrometry (ICP-MS)

makes it challenging to analyze early salt samples.

Later dip-samples improved the accuracy, as shown by measurements of stable readings

fluorides like calcium and sodium. These samples also revealed a temperature dependent trend,

in Fig. 5.18 that saw Fe impurities replaced by Cr at higher temperatures. This obscures any

long-term trends and may indicate there is an exchange reaction between Fe impurities and Cr

that was previously deposited in the cold leg. If that is happening, analyzing thermal-gradient

corrosion for any realistic system may depend on the its temperature history; adding significant

complexity. However, further conclusions must await materials analysis to determine if cold leg

coupons are coated in Cr and if hot-leg samples show Cr depletion.

For heat transfer, these results are interesting, but they are not expect to cause issues with

the salt. Recalling historic experiments with NiF2 in Section 2.2, the NCFL nickel impurities

averaged 11 ppm, which is below the levels studied by Silverman et al. Additionally, nickel

impurities were stable, with only minor changes between campaigns, and one outlier from

grinding a C6 sample in a nickel crucible, which makes them an unlikely cause for any changes

in NCFL behavior. Recalling the iron film observed by Salmon, [89] impurities suggest the loop

interior may have iron deposits. These likely will not impact heat transfer at our flow rate but
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Figure 5.18: Impurities data from campaigns 8 & 10 with sampling temperatures. The tempera-
ture band represents the coldest (T35) and hottest (T21) values.

they could increase pressure drop and slow the flow rate.

A final note for this analysis is that it lack oxygen measurements. ICP-MS is accurate for

metallic elements only and it does not provide information about their state in the salt. The

state of metallic impurities and the role of oxygen in fluoride salts remain open questions. The

best we can provide is that the loop was maintained under positive pressure from high-purity

argon at all times. After any operation opened the loop, this was vacuumed out and replaced

with argon three times in an effort to remove any oxygen ingress.
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6 decommissioning

Figure 6.1: Riser surface roughness.

The final job of the NCFL is to provide material sam-

ples for analyzing thermal-gradient corrosion of 316 SS by

FLiBe. Decommissioning began with removal of salt-free

components like insulation, wiring, and instruments that

could be disposed, or cleaned for wipe-sampling. This

revealed the blackened loop metal shown in Fig. C.12 that,

all things considered, is in good condition. None of the

tubing reacts to a strong magnet, indicating the austen-

tic structure still dominates after 4600 hours at >300 °C.

Visually, it is a uniform color that is slightly roughened,

like in Fig. 6.1. Its texture is smoother than that of cast

pipes because the pits tend to be wide and shallow with

softened edges. This is especially true in the top cross

cooler, where pits appear slightly wider and more numerous likely from forced air convection.

Close examination reveals minor color variations for different heating levels, most notably in

Fig. C.4 at the blow torch test location. Another exception was found when removing insulation

from the old salt storage tank, which appears to have rusted. The two tanks in Fig. 6.2 are twins

from the same material and neither suffered the extreme temperature limits or duration that

Figure 6.2: Post-operation salt storage tanks.
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the loop metal encountered. Because of this, the rusting is concerning, especially since the salt

chemistry in these tanks dictates the conditions when the loop is filled.

Table 6.1: Time-averaged temperature for sam-

ples in Section D.2.

Temperature [C]

Sample Surface Fluid

A 659 612

B 627 640

C 728 684

D 648 684

E 609 614

F 607 608

G 707 651

Teardown of the beryllium contaminated

tubing followed the UW Beryllium Disease

Prevention Plan for air monitoring and full

body PPE. Each step involved sliding a bag

over the tube and then gently slicing the metal

with a tube cutter to avoid making dust. These

cuts proved the 316 SS retains its strength and

ductility, since cuts required similar effort to

the as-received material. After each cut, the

open tube ends were capped with tape and

the bags were sealed.

Further analysis took place on a downdraft

table to cut material samples from the loca-

tions shown in Fig. D.2. During this, an endo-

scopic camera was inserted inside the tubes

for visual inspection. Overall, this revealed

steel that retains a uniform gray color without obvious roughness, streaks, or cracks, much like

new material. The tank floors are coated in a layer of dark salt while the walls remain fairly

Figure 6.3: Post-operation views inside the large (left) and small tank (right).
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Figure 6.4: Views inside the bottom cross show sparse patches of black salt.

clean, as shown in Fig. 6.3. The small tank has more salt on the walls than the large tank and

some possible snow deposits. This difference between tanks may result from the static nature

of the small tank, or from its 600 °C shutdown temperature instead of 700 °C for the large tank.

Inside the loop tubing, the steel is also flat-gray color and speckled in dark salt. However,

there are a few additions in several locations. Starting at the bottom cross inlet and traveling

up into riser, the camera reveals patches of what appears to be black salt. These are dispersed

along these legs without obscuring the underlying steel, as shown in Fig. 6.4. Horizontal flow

created more patches on the bottom of the tube, while the riser has fewer spots with azimuthal

symmetry.

Preceding the riser in the lower left elbow there is a blob of black salt that appears to have

slid down the riser. It sits just above a field of scattered metallic deposits interspersed with blobs

of white and black salt, shown in Fig. 6.5. The capillary for Fiber B traverses the tube just below

this field and it has some light crystal growth near its bottom. More dramatic crystal growth is

found on the capillaries containing Fibers A and C, as shown in Fig. 6.6. Both of these fibers are

in the center of the heated zone and should have been exposed to hot salt that was not expected

to deposit anything. Yet, crystal growth on Fiber C and the T12 appears to be dense enough

to obstruct flow and this may explain the behavior changes discussed in Section 5.2. Crystal

growth continues up the riser from its the midpoint, growing along the center-line capillary for

Fiber F in a tapering rope of tinsel that disappears prior to Fiber D and T14. Neither of these

instruments grew any crystals.
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Figure 6.5: A view inside the lower left elbow at the start of the riser shows a layer of crystal
growth on the outside of the bend (left) and light crystal growth on the capillary tube containing
Fiber B (right).

Figure 6.6: Capillary tubes protecting Fiber A (Left) and Fiber C & F (right) grew metallic
crystals.
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Figure 6.7: The top cross entrance (Left) and exit (right) showing a layer of metallic crystals.

When salt left the tanks, chromium plate out was anticipated as salt cooled inside the top

cross cooler and down-comer. The findings indicate plate out occurred almost as soon as the air

touched the tube, forming the myriad of crystals shown in Fig. 6.7. Initially the glittery deposits

are azimuthally symmetric and completely covers the steel. These thin out a short distance

later and preferentially grow along the tube bottom, leaving a mostly barren top with two

black salt streaks running along both sides. Where air exit the cooler, there is another coating

of crystals, as shown on the right of Fig. 6.7. Interspersed among these crystals however, are

several rust-colored patches. It is assumed the shiny crystals are Cr and these patches are a for

of iron oxide, but further analysis is needed to verify both findings, with potential implications

for determining the oxide content of the NCFL FLiBe .

Rusty patches end as flow turns down the isothermal down-comer and although more

crystal growth was expected, none was found. All of the three cold TCs and Fiber G are clear of

deposits while the tube wall is lined with frozen salt nodules, shown in Fig. 6.8. Similar frozen

droplets were observed in the riser, in Fig. 6.5, but the down-comer has far more. Images show

three colors, black, white, and clear, with fewer clear salt nodules and far more dark black ones.

These likely dripped down from the small tank after shutdown, since there is a flow-blocker to

prevent circulation up the static leg that could have held-up salt until the down-comer tubing

cooled near 460 °C.

Also similar to the riser, there is a mass of black salt in the lower elbow as flow bends

toward the bottom cross. This is just upstream from the tube stalk that connects to the transfer

line. Looking up into the elbow and down into the transfer line reveals more crystal growth,
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Figure 6.8: The inside of the down-comer is coated in small frozen salt nodules.

Figure 6.9: Crystal growth in the top (left) and bottom (right) of the vertical tube stalk leading
to the transfer line.

including a plate-like structure on the right of Fig. 6.9.
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7 conclusions

From the initial goal of reinvigorating heat transfer work in molten fluoride salts, this study

has successfully built, operated, analyzed, and decommissioned the first NC FLiBe loop in

over 40 years. Covering 4600h, the NCFL proved to be a versatile test-bed, with temperatures

from 500 to 750 °C, ∆Tl = 50 to 120 °C, and flow speeds <10 cm/s. Across this range, the NCFL

showcased great stability and ease of operation. Its simplistic design allowed many instruments

and methods to be developed for expanding molten salt research. Experience shows that

gas-space equipment can be replaced easily and safely using a glovebag, whiile a sturdier

double-ball valve system was necessary for online salt sampling. Additioanlly, the loop hosted

a fiber level sensor, two electrochemistry probes, and several fiber sensors. The fiber sensors

provided etailed temperature profiles crucial to understanding freezing, oscillations, and mixed

convection behavior.

Studying mixed convection was crucial to the central thesis of this work; focused on FLiBe

heat transfer. The anticipated behavior was forNu to follow normal-fluid correlations, which the

data upholds. Both the cooler and riser show strong developing flow trends and the riser agrees

to a correlation from Shah and London to within 15%. Mixed convection affects were prominent

around the loop but especially impacted the bottom cross where data routinely showed heat

transfer enhancement. Here, fiber sensors revealed a flow field more akin to turbulent behavior

with short development lengths and temperature profiles that were insensitive to L∗ . Data

from campaigns 7 - 10 indicates that relying on developing flow correlations in this condition

can under-predict heat transfer by at least 30%.

Postmortem revealed a flow obstruction inside the riser that was likely responsible for the

increasing wall temperatures in later campaigns. Crystal growth in the top cross was expected,

but not in the riser, where thermal-gradient corrosion should have removed active elements. A

detailed materials analysis is necessary to fully understand this, along with further analysis

of the salt chemistry. Both salt tanks remain sealed under argon, keeping the remaining 16 kg

of FLiBe for further analysis. It is hoped this can enhance understanding of the NCFL and

ultimately support new developments in the molten salt community.



65

dimensionless numbers

Bo . . . Turbulent flow Buoyancy Parameter defined by [139]: Bo = 8 · 104 Grq

Re3.425Pr0.8

Gr . . . Grashof Number based on temperature: Gr = ~gβρ(Tfilm−Tbulk)D
3

µ2 .

Gr* . . . Grashof Number based on heat flux: Gr∗ = gβρ2D4
hQ

′′

µ2 k

Gz . . . Graetz number Gz = D

x
RePr, measures laminar flow devlopment length

L∗ . . . Inverse Graetz number: L∗ = x

DRePr
, measures laminar flow devlopment length

Nu . . . Nusselt Number: Nu = hD
k

Pe . . . Péclet Number Pe = Re ∗ Pr

Pr . . . Prandtl Number Pr = µcp/k

Pw . . . Wall to fluid coduction relation: Pw = Dk/twkw. Used for horizontal tubes with constant

heat flux. The wall thickness is tw and its conductivity is kw.

Ra . . . Rayleigh Number: Ra = GrPr

Ra* . . . Rayleigh Number based on heat flux: Ra = Gr∗ Pr

Ram . . Modified Rayleigh Number used by Ignatiev et al. in Table 2.1 to include characteristic height

lh and width δ, which was either the radius or annular gap (a): Ram = GrPrδ/lh

Re . . . Reynolds Number: Re = ρVD

µ

Ri . . . Richardson Number: Ri = Gr
Re2 indicates relative importance of natural and forced convection.

Mixed convection occurs for Ri ≈ O(1)
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correlations

Blasius Friction Correlation . A correlation for the Fanning friction factor

fF = 0.079Re−0.25

Reference [117] recommends this for smooth pipes with Re = 5000 to 30000.

Vriesema [54] used the Darcy-Weisbach form:

fDarcy = 4 ∗ fF = 0.3164Re−0.25.

j-Factor . . . . . . . . . From the Chilton-Colburn Relation:

j = 0.023Re2/3.

j is defined as: j = St ∗ Pr2/3, allowing the equation to be recast as: Nu = 0.023Re0.8 Pr1/3.

Dittus-Boelter . . . . . . A common heat transfer correlation: Nu = 0.023Re0.8Prn

n = 0.3 or 0.4 for cooled or heated fluids. ORNL reports often use this with n = 0.4, reffering to it as the McAdams equation,

due to his initial publication in 1956.

Gnielinski . . . . . . . . Heat transfer correlation for Re ≈ 2300 to 1 · 105 or greater.

Nu =
(fF/2)(Re−1000)Pr

1+12.7
√

(fF/2)(Pr2/3−1)

Reference [117] recommends the Petukhov Correlation to obtain the Fanning friction factor.

Hausen . . . . . . . . . A heat transfer correlation for transition flow cited by Silverman as covering Re ≈ 2100 to

15000:

Nu = 0.116(Re2/3 − 125)Pr1/3
(
µb
µw

)0.14

Petukhov Correlation . . . A heat transfer correlation for Re ≈ 2300 to 1 · 105 or greater.

Nu =
Re PrfF/2

1.07+12.7 (Pr2/3−1)
√

(fF/2)

Reference [117] recommends the Petukhov Friction Correlation to obtain the Fanning friction factor.

Petukhov Friction Correlation A correlation for the Fanning friction factor:

fF = (1.58 lnRe− 3.28)−2.

Seider-Tate . . . . . . . . A Nusselt correlation that includes temperature dependent viscosity [140]:

Nu = 1.86
[
RePr

(
D

L

)]1/3 (
µb
µw

)0.14
Re < 2300 (7.1)

Nu = 0.027Re0.8Pr0.4
(
µb
µw

)n
Re > 10000 (7.2)

n is often 0.14 but reference [117] recommends 0.11 for heating and 0.25 for cooling.
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salt mixtures

FLiBe . . . . . . . . . . . . . . . . . . . . . . . LiF− BeF2 (66 − 34mol/%) A popular nuclear coolant or

fuel salt. Typically enriched in 7Li

FLiNaK . . . . . . . . . . . . . . . . . . . . . . LiF−NaF−KF (46.5 − 11.5 − 42.0mol%)

A eutectic mixtured that is often studied as a surogate for other salts.

LiF−NaF−KF−UF4 (45.3 − 11.2 − 41.0 − 2.5mol%) . A FLiNaK variaent studied for heat transfer during the ANP

Project.

LiF−BeF2 −UF4 (62 − 37 − 1mol%) . . . . . . . . An early beryllium fuel salt studied for during the ANP Project.

Also known as Mixture 130.

LiF−BeF2 −UF4 − ThF4 (67 − 18.5 − 0.5 − 14mol%) . Early MSRE salt mixture, also called BULT-14

LiF−BeF2 −UF4 − ThF4 (67.5 − 20 − 0.5 − 12mol%) . Later MSRE fuel salt.

LiF−BeF2 −UF4 − ThF4 (68 − 20 − 0.3 − 11.7mol%) . Potential fuel salt for the MSBR.

LiF−BeF2 −UF4 − ThF4 (72 − 16 − 0.3 − 11.7mol%) . Potential fuel salt for the MSBR.

NaF−ZrF4 . . . . . . . . . . . . . . . . . . . . . (59.5NaF− 40.5ZrF4) Base zirconium salt during the ARE.

NaF−ZrF4 −UF4 (50 − 46 − 4mol%) . . . . . . . . Zirconium based salt studied for heat transer during the ANP

Project. Also known as Mixture 30.

NaF−ZrF4 −UF4 (53.5 − 40 − 6.5) . . . . . . . . . . One of two common uranum containing zirconium based fuel

salts studied during the ANP. This variant was selected for the ARE fuel, which had a slightly different composition.

NaF−ZrF4 −UF4 (53.2 − 40.5 − 6.3mol%) . . . . . . The final salt composition used in the Aircraft Reactor Experi-

ment at Oak Ridge National Laboratory. [88]

Sodium Fluoroborate . . . . . . . . . . . . . . . . . NaBF4 −NaF (92 − 8mol%) Potential coolant salt for the

MSBR
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glossary

316 SS . . . . . . . . Type 316 Stainless Steel (ASTM UNS S31600) or or its low-carbon variant 316L

SST (UNS S31603). This is a common corrosion resistant steel that is certified for nuclear use. Its

nominal composition includes 16-18% chromium and 10-14% nickel. 316L SST permits a maximum

of only 0.03% carbon, while the standard form allows up to 0.08%

316H SS . . . . . . . UNS: S31609. This high carbon variant of type 316 stainless steel permits up to

0.10% carbon, allowing it to operate at higher temperatures. The FHR project is considering this

material for salt contacting piping or pressure vessels.

Hastelloy–B . . . . . A nickel based alloy on which Hastelloy–N was partially based. It has good

corrosion resistance to molten salts [92].

Hastelloy–N . . . . . The comerciallized version of INOR-8 used in the MSRE and subsequent designs,

like the MSBR. At least two modified version exist with additions of titanium and niobium due to

issues with fission products like tellurium [66].

Inconel® . . . . . . . A class of nickel based alloys popular for high-temperature applications due to

their superior strength at high-temperature. There are several variations, ORNL reffered only to

“Inconel” in most reports, which has a composition similar to the “600” brand alloy. This alloy has

14 - 17% Cr, lower than 316 Stainles Steel.

Inconel-X® . . . . . . An Inconel alloy with a composition very similar to Inconel 600. M. Grele and L.

Gedeon used this alloy in their FLiNaK loop [49].

INOR–8 . . . . . . . One of several experimental low chrome nickel alloy materials developed at

ORNL during the ANP and later during the MSRE, which became commercialized under the

name Hastelloy–N. This alloy contains only 6 - 8% chromium, greatly improving its corrosion

performance [66].

NaK . . . . . . . . . A eutectic alloy of sodium and potassium that is liquid at room temperature.

TRISO . . . . . . . . Tristructural isotropic nuclear fuel uses layers of ceramic and carbon to contain

uranium oxide fuel. It was developed for high-temperature gas reactors and is being investigaed

for FHRs.

TU Delft . . . . . . . Delft University of Technology. See work by B. Vriesema with LiF − NaF −

KF (46.5 − 11.5 − 42.0mol%) (FLiNaK) [54]
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A calculations

A.1 Uncertainty
Measurement uncertainty is calculated following the recommendations of the American

Society of Mechanical Engineers standard Test Uncertainty: ASAME PTC 19.1-2005 [141]. For

each instrument this starts by combining multiple sources in quadrature:

η =
√
σ2 + ε2

1 + · · ·+ ε2
N.

Here, σ is the measurement standard deviation and εn represent additional sources of uncer-

tainty that are summarized for instruments in Table A.1, or are provided with the property

correlations from Romatoski and Hu [97]. K-Type thermocouples additionally follow the recom-

mendations of [142] and include contributions from the thermocouple standard-limits-of-error

and a an additional 1.1 °C to account for the special-limits-of-error extension-wire. For air flow

transducers, the manufacturer specifies their accuracy, which has been validated in a wind

tunnel.

Calculating steady-state power input from radiant mode heaters relies on the observed

variance of input voltage and resistance, which are 2V and 1Ω because there is no online moni-

toring. The coiled DC heaters are monitored, so therefore have a σ. Additionally, each “heater”

is composed of six sub-coils run in parallel off one power supply. Each coil has uncertainty in

length and a manufacturer specified tolerance for bulk resistivity. The DC power supplies were

calibrated using a calibrated shunt and Agilent 34401A digital multi-meter, with the combined

results for voltage and current reported in Table A.1 as the I ∗ V accuracy.

For the average heater surface temperatures, values, like the heater surface temperatures,

the or mean salt temperature, the uncertainty uses the RMS average to capture the distance

from a linear-trend prediction at that value [141]:

ηRMS =
√

1/N
∑

(ηn)2. (A.1)

All other error-propagation is handled by EES, using numeric differentiation of function outputs
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Table A.1: Measurement uncertainty in the NCFL.

Value Sources η Range

Ts 0.75% + 1.1 °C 4 to 9 °C
Ta,in 2.2 °C + 1.1 °C 2.5 °C
vs max(σ, 14%) 0.4 to 2.4 cm/s
ṁa 2.0% 0.18 to 0.80 g/s
Qhtr,Rad 5% 43 to 87W

Coiled contact heaters

L 3.175mm 2.168 to 2.175m
ρe 5% 2.437 to 2.452Ω
(I ∗ V)P.S. 0.64% 8.02 to 28.2V A
Qhtr 5.29% 60 to 200W

(Yn) with respect to input variables (Xn):

ηEES =

√√√√∑
n

(
∂Yn

∂Xn

)2
η2
Xn

. (A.2)

A.2 Heat Balance and Conduction
Radial Conduction

Radial conduction is used to calculate temperature changes across tubing and the insulation

as well as to estimate the thickness of a frozen salt layers. The equation used for all these

calculations is:

Q =
(To − Ti)

Rn
(A.3)

Rn =
ln (ro/ri)n
2πL k

(
Tn
) (A.4)

Typically, the unknown value is the temperature at the inner, Ti or outer To edge of a

cylindrical shell n. This value is solved iteratively from Eq. (A.3), with the thermal conductivity

of the material, k, evaluated at the average shell temperature, Tn = (To + Ti) /2.

In the top cross cooler, calculations require the frozen layer thickness, knowing the wall

temperature, To, and the salt freezing point, Ti. This permits solving the equation for the inner
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radius, ri.

Insulation Heat Losses

Insulation losses use the discretized cylindrical conduction equations to account for varying

thermal conductivity of the insulation at temperature. This requires a iterative approach across

discretized shells, bounded by the measured inner surface temperature, T1, and the room air at

T∞. The constant heat loss , Qinsul, through all shells couples equations as:

Qinsul =
(T1 − T2)

R1
· · · =

(Tn − Tn+1)

Rn

Qinsul =
(Tinsul,o − T∞)

h∞As,o

Where the conduction resistance, Rn is given in Eq. (A.4), with the appropriate k from [143]–

[147], evaluated at the average temperature for shell n, (Tn + T(n − 1))/2. The final TN from

the last shell is the insulation surface temperature, Tinsul,o. This is used to calculate the free-

convection coefficient, h∞, from the horizontal or vertical cylinder correlations provided in

Nellis and Klein [98]. As a final step in the calculation, Tinsul,o is verified against surface

mounted TCs and infrared camera images, like those in Fig. C.7.

Fin conduction losses

In several locations along the heated side of the loop, conduction along instrument ports

must be accounted for. This uses a simple infinite fin assumption from Nellis and Klein [98]

Qfin = (Tb − T∞)
√
πDh∞k316SSAc (A.5)

where h∞ and T∞ are the convection coefficient and temperature of the room air. The cross

sectional area Ac is for the tube wall only, omitting any solid salt because the conductivity of

the stainless steel tube (k316) is more than 10× greater. The base temperature is taken from the

closest TC to the fin, which for the heaters applies to several surface TCs mounted directly at

the instrument port base. These TCs and their locations are given in Tables B.3 and B.4

Cooler Heat Balance

Corrections to the top cross heat balance come from two sources, the fin-like end caps and

air expansion. The end caps were treated as annular rectangular fins with an adiabatic tip
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and a base temperature from T20 and T23 located on the wall upstream and downstream of the

cooler. They convect energy to the inlet or outlet air temperature at the air speed as it enters the

annulus.

Qfin,in = ha,inAs(Ta,in − T20)ηfin (A.6)

Qfin,out = ha,outAs(Ta,out − T23)ηfin (A.7)

ηfin is the appropriate fin effectiveness and the heat transfer coefficient is from the external

plate correlation, both taken from [98]. Conduction along the tube is negligible at <5W.

The air expansion is also accounted for in the change in stagnation enthalpy

∆Q0 = ṁa
(
v2
a,out − v

2
a,in

)
/2 (A.8)

Heater Input Power

Power input from the radiant mode heaters is calculated from the control-percentage (%Htr)

of the maximum power, as:

QHtr,n = 2 ∗ E2

Re(T)
∗%Htr. (A.9)

The equation is doubled to account for the two clamshell halves that make up each heater and

operate in parallel. The supply voltage (E) is 208± 2V and the cold resistance for each half (Re)

is 50± 1Ω. At high temperatures, the temperature coefficient of resistance is used to correct

Re(T), with a range of 1 to 1.04 between 400 to 1000 °C [148]

Radiation Heat Transfer

Radiation heat transfer in the heaters is calculated from

Qrad =
AoσB(T

4
htr,i,K − T 4

w,o,K)
1

εrad,1
+ 1
εrad,2

− 1
(A.10)

where the temperature values are converted to Kelvin scale, as denoted by the subscript K. The

steel surface emissivity, εrad,steel = 0.5 from a measurement of air oxidized stainless by Cao et.

al. [135]. For heaters, εrad,htrs = 0.6, from the heater manual [144].
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B dimensions and instrumentation

B.1 Instrument and Sample Locations
Loop dimensions are given in Fig. B.5 and Table B.2 provides the distances used to calculate

velocity. Table B.1 provides observed operating range across all tests.

Table B.1: Operating range

Value Min Max Unit

Ts,hot 541 736 °C
Ts,cold 482 684 °C
vs 2.5 7.1 cm/s

∆Tg 49 120 °C
ṁsalt 14 44 g/s

ṁair 3.66 32.6 g/s

Radiant Heaters (2 per leg)

Q 865 1731 W

Q ′′ 7.35 14.7 MW/m2

Tface 541 736 °C
Coiled heaters (1 per leg)

Q 1276 4320 W

Q ′′ 4.69 16.2 MW/m2

T 541 1000 °C
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Table B.2: Distances between TCs used in heat-pulse velocity calculations.

Start TC End TC Distance m

24 32 0.479
24 35 1.87
32 35 1.47
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Figure B.1: Wetted thermocouples for all loop configurations and radiant heater TCs used up to
C1 - C6.
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Figure B.2: New TC layout for heat transfer measurements during C7 to C9.

Figure B.3: Surface TCs for the bottom cross heater during Campaign 10.
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Figure B.4: Surface TCs on the riser heater during C10

B.2 As-built dimensions
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Figure B.5: As-built dimensions of the NC FLiBe Loop. All bends have a 12.7 cm (5 in) centerline
radius. Heater positions are valid for the radiant mode heaters used through C6.
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Table B.3: TC locations along the flow path (s) for Campaign 7 - 9. TCs A and B are on top vs.
bottom of the bottom cross or the front/back of the riser.

Bottom Cross Riser

TC # Alias # s [cm] TC # Alias # s [cm]

TC 34 0.000 TC10 0.000
TC 35 1.905 TC11 3.175
TC 2 101A 6.985 TC61 201A 6.033
TC 52 101B 6.985 TC62 201B 8.573
TC 53 103A 40.01 TC63 203A 28.58
TC 54 103B 39.05 TC64 205B 28.73
Fiber A 73.34 TC65 205A 51.44
TC55 106A 73.34 Fiber C 74.30
TC56 106B 73.34 TC66 208A 74.30
TC57 109A 106.0 TC12 74.93
TC58 109B 106.0 TC13 210A 88.90
TC59 111A 139.1 TC67 211A 99.70
TC60 111B 139.7 TC68 213A 125.1
Fiber B 144.8 TC4 214A 130.2
TC10 157.5 TC6 215A 135.6

TC8 216A 140.3
Fiber D 143.8
TC14 145.1
Tank Bottom 149.2
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Table B.4: TC locations along the flow path for Campaign 10

Bottom Cross Riser

TC # Alias # s [cm] TC # Alias # s [cm]

TC34 0.000 TC 10 0.000
TC 2 100A 2.381 TC 11 3.175
TC 52 101A 7.460 TC 69 201A 5.715
TC 53 101B 7.303 TC 70 201B 5.080
TC 54 102A 23.65 TC 71 202A 16.51
TC 55 103A 40.32 TC 72 203A 27.94
TC 56 103B 40.01 TC 73 203B 27.94
TC 57 104A 56.52 TC 74 204A 39.37
TC 58 105A 71.12 TC 75 205A 50.80
TC 59 106A 73.34 TC 76 206A 62.23
Fiber A 73.34 TC 77 207A 71.76
TC 60 106B 73.34 Fiber C 74.30
TC 61 107A 74.77 TC 78 208A 74.30
TC 62 108A 89.37 TC12 74.93
TC 63 109A 105.7 TC 79 209A 75.57
TC 64 109B 105.9 TC 80 210A 88.90
TC 65 110A 122.2 TC13 88.90
TC 66 111A 138.7 TC 81 211A 101.6
TC 67 111B 138.4 TC 82 212A 114.0
TC 68 112A 144.8 TC 83 213A 126.7
Fiber B 144.8 TC 4 214A 131.4
TC10 157.5 TC 6 215A 136.5

TC 8 216A 141.6
Fiber D 143.8
TC 14 145.1
Tank bottom 149.2
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Table B.5: TC measurements that were inaccurate and corrected when calculating Tw,o. Cam-
paign 7 and 8 numbers are shown in Fig. B.2 at positions given in Table B.3, while C10 positions
are shown in Figs. B.3 and B.4 at the positions given in Table B.4.

C7 & C8 C10

BC - Top 106A 100A, 101A, 102A, 105A
BC - Bottom 106B 106B, 111B
Riser - Front 201A, 208A, 210A, 201A, 204A, 206A, 208A, 213A
Riser - Back 201B 201B
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C images

Figure C.1: Temperature measurements in the radiant mode heaters.
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Figure C.2: A comparison of typical temperature readings showing the TC14 noise band.

Figure C.3: A temporary gap in the insulation for time-of-flight measurements using transients
generated with a blow torch.
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Figure C.4: The loop metal survived the blow torch test with minor discoloration.

Figure C.5: Comparison of repeated blower-generated velocity pulses. On the left the flow
speed is 3.3 cm/s while on the right, it is 7.3 cm/s.
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Thermocouple
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Thick wall
Tube

Loop Pipe

Connection

Termination

Figure C.6: Fiber C passing through the loop inside a capillary tube with TC12 sitting just above
it.

Figure C.7: IR images of the insulation surface temperatures during C7 used to verify loss
calculations. On the left, heaters are operating at 1.8 kW and on the right, at 3.1 kW.
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Figure C.8: Stainless oxide collecting at the bottom of heater 3 along the riser.

Figure C.9: Heater coils before (A) and after (B) operation. The zoomed in region clearly shows
were the coils were shorted together and did not form an oxide.
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Figure C.10: First generation electrochemistry probes showing the deplated molybdenum
electrode from the small tank.

Figure C.11: Second generation electrochemistry probe with a nickel mesh that appears unaf-
fected by the salt compared to the darker stainless steel tube.
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Figure C.12: Post-operation loop metal.
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D data

D.1 Result Data

Figure D.1: Coupling ties Ra and Re across all campaigns.
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Table D.1: RMS distance of Nuexp from correlations in the top cross cooler.

Cooled: All Ra > 1.5

Shah - Temp 3.36 2.06
Shah - Q ′′ 2.09 1.03
Meyer and Everts 2.11 0.96

Table D.2: RMS Nu distance of heated Nus from correlations.

BC Riser

Campaign Hornbeck Meyer Sieder-Tate Hornbeck Hallman Sieder-Tate

4 4.45 4.76 4.8271 1.12 0.85 1.26
5 0.90 0.74 0.952 0.81 2.02 0.566
6 0.77 0.76 0.874 0.84 1.63 0.849
7 9.31 9.69 9.85 2.90 2.94 3.50
8 10.43 10.82 10.9 3.81 4.07 4.39

10 5.36 5.82 5.80 0.65 0.66 1.01

Table D.3: RMS percent uncertainty in heated Nusselt for each campaign.

Campaign BC (%) R (%)

4 27.7 17.8
5 16.6 14.9
6 19.1 16.9
7 33.77 24.0
8 27.3 20.8
10 20.0 16.4

D.2 Exposure Times
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Table D.5: Time-averagd temperatures per campaign for each material sample give in Fig. D.2.

Campaign Temperature [°C]

Sample 1 2 3 4 5 6 7 8 9 10

A
Surface 530 370 547 574 546 652 618 646 530 667

Fluid 481 375 555 604 558 656 591 629 529 640

B
Surface 361 368 522 599 598 658 669 687 534 680

Fluid 384 374 534 617 611 670 607 646 526 684

C
Surface 484 481 626 700 699 766 695 729 601 778

Fluid 455 432 574 645 627 753 688 691 525 719

D
Surface 489 414 557 622 625 677 630 646 530 685

Fluid 484 416 559 647 631 751 687 690 543 718

E
Surface 395 370 522 593 556 656 591 629 525 643

Fluid 397 371 525 599 574 658 591 629 526 644

F
Surface 458 418 579 609 594 676 595 617 532 598

Fluid 467 414 564 619 594 672 594 630 529 598

G
Surface 484 481 626 700 699 766 684 691 544 727

Fluid 433 439 559 625 622 685 641 670 529 686

Figure D.2: Material sample locations
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D.3 Salt Impurities

Figure D.3: Campaign 10 salt sample taken with dip tube, showing a uniform dark hue from
impurities.
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Table D.6: Salt impurity levels measured in ppm. Comparison data is provided in marked rows † and ‡ is of the first batch of salt used
through Campaign 7. † from analysis by Brian Kelleher [95], data in row ‡ from analysis by W. Doniger [123]. Data in row ? is the salt
used in Campaigns 8 - 10, from a UWcollaboration with Kairos Power [21]. The C6 duplicate is solid pieces broken off the sample in
Fig. 5.17, with (C) being the ground-up remains that clearly suffered contamination from processing.

Date C THot TCold Al Ca Cr Fe Mg Mn Mo Ni K Na

Optical Emission Spectrometry

2014 † NA NA 28.0 132.0 53.3 NaN 139.0 3.9 0.0 10.7 544.0 469.0
2017 ‡ NA 450 33.7 114.3 6.4 NaN 136.3 4.2 0.0 14.5 448.3 493.7

9/1/2017 3 NA 450 29.9 0.0 556.6 280.0 171.4 49.2 0.0 28.3 2622.3 1992.0
11/1/2017 4 NA 450 74.4 108.0 121.1 325.6 130.4 21.2 0.0 14.8 370.6 394.5

Mass Spectrometry

9/1/2018 6 (A) 720 630 115.0 194.0 489.0 67.0 259.0 59.0 0.0 8.0 470.0 410.0
9/1/2018 6 (B) 720 630 68.0 162.0 103.0 95.5 232.0 45.5 0.1 0.3 399.0 334.0
9/1/2018 6 (C) 720 630 1250.0 205.0 533.0 805.0 247.0 75.0 10.0 63.0 469.0 417.0

1/22/2020 7 625 566 701.0 122.0 153.0 0.0 136.0 34.4 0.0 13.9 512.0 339.0
1/29/2020 7 633 566 9180.0 0.0 111.0 565.0 0.0 68.4 0.0 36.3 920.0 568.0
1/31/2020 7 650 603 2680.0 258.0 146.0 278.0 338.0 80.4 0.0 21.1 1050.0 706.0

2/3/2020 7 650 573 571.0 10.0 196.0 0.0 131.0 32.8 0.0 12.0 681.0 379.0
1/14/2019 ? NA NA 41.0 158.0 297.0 253.0 169.0 45.0 3.0 12.0 338.0 299.0
6/25/2020 8 625 566 3700.0 132.0 8.6 244.0 106.0 15.0 1.7 10.8 351.0 2220.0
6/25/2020 8 625 566 1890.0 235.0 3.8 152.0 90.0 20.1 0.0 9.8 580.0 4060.0
9/10/2020 10 550 501 33.7 115.0 94.9 127.0 88.6 11.8 0.0 7.3 240.0 1720.0
9/12/2020 10 660 603 31.4 107.0 135.0 147.0 79.6 12.4 0.0 7.5 222.0 1580.0
9/14/2020 10 595 533 37.5 113.0 121.0 119.0 84.0 12.1 0.0 7.2 228.0 1690.0
9/16/2020 10 625 563 30.1 102.0 126.0 109.0 81.2 12.8 0.0 7.4 232.0 1740.0
9/18/2020 10 600 535 29.7 101.0 128.0 96.6 79.8 13.1 0.0 7.3 226.0 1690.0
9/24/2020 10 725 654 24.5 87.5 253.0 0.0 65.9 16.5 0.0 6.7 189.0 1440.0
9/30/2020 10 690 615 30.1 103.0 281.0 0.0 0.0 0.0 0.0 6.9 226.0 1700.0
10/6/2020 10 715 644 31.8 109.0 308.0 0.0 82.5 22.9 0.0 7.4 227.0 1720.0
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D.4 Campaigns 4 and 5
NCFL data from Campaigns 4 and 5 for the ten selected tests referenced in Section 3.2.

Figure D.4: Standard-deviation of the temperature history of Fiber F, during Test 3, showing
eddies moving upward from the midpoint of Heater 4.

Table D.7: Fiber temperature gradients for the ten test conditions in °C/cm. Fibers A and B
report the different gradients between the top wall and centerline and the centerline to bottom
wall. Fibers C and D have symmetric average gradients.

Test Fiber A Fiber B Fiber C Fiber D
Top Bottom Top Bottom

2 41.5 -9.45 37.6 -23.5 30.3 21.7
3 50.3 -10.6 42.7 -29.6 41.0 -4.02
4 33.8
5 40.0 -2.53 57.4 -26.9 46.7 19.5
6 54.8 -24.4 48.9 21.6
7 42.9 -0.981 60.3 -17.8 38.4 65.1
9 48.3 6.73 82.8
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Table D.8: Summary of data from ten selected tests. Re, and Pr are calculated at T , which is the
Hot-to-Cold average of TC21 and TC35.

Test Duration Pheater vair vsalt Tsalt ∆T Re Pr

h W m/s cm/s °C °C [-] [-]

1 5.02 952 2.23 2.75 ± 0.07 513 ± 9 59 79 31
2 16.77 1125 2.19 3.48 ± 0.64 574 ± 10 54 138 22
3 18.78 1298 2.19 5.76 ± 0.51 643 ± 11 50 313 15
4 20.43 1298 6.49 3.59 ± 0.11 534 ± 10 74 117 27
5 20.50 1471 2.16 6.72 ± 0.42 693 ± 13 55 448 12
6 17.42 1471 6.49 5.49 ± 0.65 593 ± 12 67 240 20
7 15.40 1471 9.19 5.07 ± 0.85 546 ± 10 75 175 25
8 17.78 1644 6.52 5.43 ± 1.8 606 ± 11 70 252 18
9 18.10 1644 9.17 4.31 ± 0.81 574 ± 10 76 172 22
10 8.05 1644 12.8 4.75 ± 0.27 547 ± 9 85 166 26

Table D.9: Air-flow conditions through the top-cross annular cooler.

Test # vgap Tin Tout Tout-wall

m/s °C °C °C

1 2.23 ± 0.06 24.4 ± 3.1 301.2 ± 3.3 122.2 ± 3.1
2 2.19 ± 0.06 24.6 ± 3.1 360.4 ± 3.8 155.2 ± 3.3
3 2.19 ± 0.27 25.1 ± 3.1 430.7 ± 6.0 197.3 ± 3.7
4 6.49 ± 0.08 26.7 ± 3.1 193.5 ± 3.2 76.7 ± 3.1
5 2.16 ± 0.09 25.1 ± 3.1 490.3 ± 5.8 238.6 ± 4.2
6 6.49 ± 0.14 27.0 ± 3.1 226.2 ± 3.6 93.8 ± 3.2
7 9.19 ± 0.11 29.4 ± 3.1 158.0 ± 3.3 69.0 ± 3.2
8 6.52 ± 0.08 27.3 ± 3.1 240.5 ± 3.4 98.2 ± 3.2
9 9.17 ± 0.08 29.3 ± 3.1 183.9 ± 3.2 76.2 ± 3.1
10 12.8 ± 0.08 33.7 ± 3.1 144.1 ± 3.2 64.9 ± 3.1
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Table D.10: Heat input from heaters

Test # Pheater TFace 1 TFace 2 TFace 3 TFace 4 TTube Surf 4

W °C °C °C °C °C

1 952 608 ± 5.1 631 ± 5.3 642 ± 5.4 656 ± 5.4 575 ± 4.9
2 1125 676 ± 5.8 699 ± 5.9 712 ± 6 724 ± 6.1 640 ± 5.5
3 1298 751 ± 6.5 771 ± 6.6 791 ± 6.8 798 ± 6.8 713 ± 6.2
4 1298 683 ± 5.8 716 ± 6.0 717 ± 6.0 713 ± 6.0 621 ± 5.3
5 1471 806 ± 7.4 831 ± 7.5 846 ± 7.6 845 ± 7.6 772 ± 7.1
6 1471 763 ± 7.7 769 ± 7.5 800 ± 7.9 802 ± 7.8 682 ± 7.0
7 1471 726 ± 6.3 731 ± 6.2 761 ± 6.5 765 ± 6.5 636 ± 5.5
8 1644 766 ± 6.5 808 ± 6.7 805 ± 6.7 793 ± 6.5 704 ± 6.0
9 1644 749 ± 6.3 791 ± 6.5 787 ± 6.4 779 ± 6.4 675 ± 5.6
10 1644 735 ± 6.1 779 ± 6.4 773 ± 6.3 762 ± 6.2 653 ± 5.4

Table D.11: Average non-dimensional terms for top-cross cooler. PreliminaryNudata is included
for Campaign 4 and 5, denoted C4 and C5

Re Pr Gr Gz Nu C4 Nu C5

79.9 29.3 2.16E+04 38.9 3.59
140 20.8 8.72E+04 48.4 3.06
315 15.1 2.58E+05 78.8 5.41
117 26.0 3.72E+04 50.6 3.74
453 12.1 5.16E+05 90.7 6.26 5.45
240 19.1 1.19E+05 76.1 4.59
174 24.5 4.71E+04 71.2 3.89
251 17.9 1.47E+05 75.1 4.85
170 21.2 8.26E+04 60.1 3.51
161 24.8 4.47E+04 66.9 5.36
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D.5 Heat Transfer Data Campaigns 4 - 6
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Table D.14: Heat balance data in kW.
# ṁs ṁa Cooler QHtr Bottom Cross Riser C#

g/s g/s Qext ∆Qs Qext ∆Qs Qext ∆Qs

1 15.7± 2.2 3.68 1.87±0.095 −1.76±0.33 0.865 1.48±0.087 0.881±0.33 1.46±0.087 0.655±0.25 4
2 19.6± 2.8 3.67 2.03±0.097 −2.14±0.42 0.952 1.62±0.095 1.12 ±0.43 1.59±0.095 0.696±0.31 4
3 16.4± 2.3 5.69 2.12±0.082 −2.17±0.38 0.952 1.64±0.095 1.05 ±0.34 1.61±0.095 0.856±0.26 4
4 19.5± 3.4 5.63 2.63±0.10 −2.39±0.51 1.13 1.91±0.11 1.21 ±0.46 1.87±0.11 0.733±0.33 4
5 19.5± 3.4 5.59 2.57±0.15 −2.40±0.52 1.13 1.91±0.11 1.23 ±0.49 1.88±0.11 0.726±0.34 4
6 15.5± 6.3 5.60 2.52±0.11 −2.10±0.88 1.13 1.92±0.11 1.58 ±0.72 1.89±0.11 1.43 ±0.63 6
7 16.6± 2.3 10.1 2.58±0.099 −2.55±0.44 1.13 1.94±0.11 1.32 ±0.40 1.93±0.11 1.26 ±0.32 5
8 16.6± 2.3 10.2 2.62±0.095 −2.57±0.43 1.13 1.94±0.11 1.32 ±0.36 1.92±0.11 1.26 ±0.30 5
9 14.5± 3.3 9.87 2.94±0.11 −2.61±0.65 1.21 2.06±0.12 1.66 ±0.51 2.04±0.12 1.61 ±0.45 6
10 19.8± 4.3 12.2 2.89±0.11 −3.15±0.75 1.21 2.09±0.12 1.57 ±0.52 2.07±0.12 1.40 ±0.43 5
11 32.0± 4.5 5.59 3.27±0.39 −3.73±0.78 1.30 2.17±0.13 1.48 ±0.83 2.12±0.13 2.33 ±0.67 4
12 28.8±15 5.49 3.20±0.18 −2.61±1.5 1.30 2.15±0.13 1.76 ±1.1 2.13±0.13 2.19 ±1.2 6
13 25.7± 6.8 7.64 3.28±0.12 −3.41±1.00 1.30 2.19±0.13 1.49 ±0.68 2.15±0.13 1.24 ±0.54 4
14 25.9± 6.9 7.67 2.96±0.23 −3.82±1.1 1.30 2.21±0.13 1.73 ±0.75 2.17±0.13 1.78 ±0.65 4
15 25.6± 6.8 7.54 3.33±0.13 −3.38±1.0 1.30 2.19±0.13 1.45 ±0.78 2.14±0.13 1.29 ±0.63 4
16 28.0± 3.9 9.79 3.40±0.10 −4.01±0.73 1.30 2.20±0.13 1.86 ±0.69 2.15±0.13 1.38 ±0.53 4
17 27.9± 3.9 9.77 3.41±0.11 −3.86±0.76 1.30 2.19±0.13 1.71 ±0.77 2.15±0.13 1.42 ±0.63 4
18 19.1± 2.7 9.77 3.27±0.16 −2.91±0.52 1.30 2.19±0.13 1.92 ±0.51 2.17±0.13 1.82 ±0.43 6
19 21.1± 2.9 12.2 3.27±0.12 −3.32±0.57 1.30 2.21±0.13 1.73 ±0.52 2.20±0.13 1.41 ±0.43 5
20 20.2± 2.8 16.2 3.27±0.12 −3.49±0.58 1.30 2.23±0.13 1.90 ±0.50 2.22±0.13 1.52 ±0.40 5
21 20.2± 2.8 16.7 3.30±0.12 −3.54±0.57 1.30 2.23±0.13 1.96 ±0.48 2.22±0.13 1.53 ±0.38 5
22 20.2± 2.8 16.5 3.31±0.12 −3.51±0.57 1.30 2.23±0.13 1.94 ±0.48 2.22±0.13 1.50 ±0.38 5
23 29.1± 4.1 18.9 3.27±0.13 −4.83±0.81 1.30 2.22±0.13 2.55 ±0.69 2.18±0.13 1.55 ±0.52 4
24 29.1± 4.1 18.9 3.43±0.13 −4.84±0.81 1.30 2.21±0.13 2.51 ±0.70 2.17±0.13 1.50 ±0.52 4
25 15.1± 2.1 5.78 2.89±0.11 −2.29±0.40 1.38 2.34±0.14 0.953±0.36 2.32±0.14 1.34 ±0.32 5
26 38.6± 5.4 5.41 3.97±0.23 −4.48±1.2 1.47 2.42±0.15 1.86 ±1.4 2.35±0.15 2.72 ±1.0 4
27 36.7± 5.1 5.61 3.65±0.16 −4.48±0.91 1.47 2.45±0.15 1.88 ±0.95 2.42±0.15 2.64 ±0.77 5
28 41.1±11 5.43 3.66±0.17 −3.35±1.3 1.47 2.43±0.15 2.20 ±1.5 2.41±0.15 3.16 ±1.4 6
29 35.7± 5.0 7.57 4.02±0.15 −4.47±0.90 1.47 2.46±0.15 1.76 ±0.92 2.40±0.15 2.74 ±0.76 4
30 19.3± 8.7 6.50 3.04±0.11 −3.05±1.4 1.47 2.51±0.15 1.24 ±0.70 2.49±0.15 1.78 ±0.87 5
31 19.2± 8.7 6.50 3.05±0.10 −2.99±1.4 1.47 2.51±0.15 1.19 ±0.68 2.48±0.15 1.76 ±0.86 5
32 32.7± 4.6 9.84 4.12±0.14 −4.30±0.83 1.47 2.47±0.15 1.63 ±0.81 2.41±0.15 2.65 ±0.69 4
33 29.1± 4.1 9.78 3.79±0.14 −3.70±0.74 1.47 2.48±0.15 2.02 ±0.81 2.46±0.15 2.35 ±0.74 6
34 25.7± 3.6 12.1 3.86±0.13 −3.99±0.70 1.47 2.50±0.15 1.75 ±0.59 2.49±0.15 1.88 ±0.50 5
35 33.8± 5.0 16.5 4.00±0.16 −5.34±1.0 1.47 2.50±0.15 2.39 ±0.98 2.45±0.15 2.61 ±0.92 4
36 23.7± 3.3 16.3 3.77±0.14 −3.87±0.67 1.47 2.51±0.15 2.47 ±0.64 2.50±0.15 2.15 ±0.49 6
37 29.8± 4.2 23.1 3.49±0.16 −5.29±0.88 1.47 2.54±0.15 2.79 ±0.77 2.50±0.15 1.68 ±0.56 4
38 29.8± 4.2 23.1 3.50±0.15 −5.27±0.88 1.47 2.54±0.15 2.77 ±0.75 2.50±0.15 1.66 ±0.55 4
39 29.8± 4.2 23.2 3.46±0.14 −5.35±0.87 1.47 2.55±0.15 2.86 ±0.73 2.50±0.15 1.76 ±0.55 4
40 28.9± 8.8 7.74 4.04±0.16 −3.88±1.3 1.56 2.62±0.16 1.50 ±0.87 2.59±0.16 2.11 ±0.86 5
41 31.0± 7.7 16.5 4.33±0.16 −5.32±1.5 1.64 2.81±0.16 2.49 ±1.0 2.79±0.16 2.58 ±0.91 5
42 31.0± 7.7 16.6 4.30±0.15 −5.38±1.4 1.64 2.81±0.16 2.54 ±0.93 2.80±0.16 2.54 ±0.86 5
43 31.0± 7.7 16.5 4.37±0.15 −5.26±1.4 1.64 2.80±0.16 2.43 ±0.91 2.79±0.16 2.60 ±0.86 5
44 24.8± 3.5 23.1 4.23±0.16 −4.68±0.77 1.64 2.83±0.16 2.30 ±0.63 2.82±0.16 1.64 ±0.52 5
45 24.8± 3.5 23.0 4.21±0.16 −4.70±0.76 1.64 2.83±0.16 2.34 ±0.62 2.82±0.16 1.65 ±0.52 5
46 24.8± 3.5 23.2 4.26±0.16 −4.66±0.75 1.64 2.83±0.16 2.27 ±0.60 2.81±0.16 1.64 ±0.51 5
47 23.4± 3.3 27.5 4.15±0.17 −4.56±0.73 1.64 2.84±0.16 2.34 ±0.58 2.83±0.16 1.87 ±0.50 5
48 28.0± 3.9 31.7 4.11±0.19 −5.95±0.93 1.64 2.84±0.16 3.19 ±0.70 2.84±0.16 2.43 ±0.58 5
49 36.0± 9.6 9.54 4.94±0.17 −3.63±1.2 1.73 2.88±0.17 2.13 ±1.1 2.85±0.17 2.94 ±1.1 6
50 40.9± 5.7 11.7 4.90±0.17 −4.56±1.0 1.73 2.90±0.17 2.50 ±1.1 2.88±0.17 3.45 ±0.94 6
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Table D.15: Temperature readings around the loop in °C. T∞ = 26 °C

# Ta,in Ta,out T11 T12 T13 T14 T18 T21 T24 T32 T35

1 24.1 373±3.2 530±4.2 535±4.3 581±4.6 547±4.4 553±4.4 553±4.4 509±4.1 507±4.1 503±4.1
2 24.4 400±3.3 557±4.4 562±4.4 610±4.8 572±4.5 579±4.6 579±4.6 536±4.3 534±4.2 530±4.2
3 24.4 301±2.7 514±4.1 521±4.1 575±4.5 536±4.3 543±4.3 542±4.3 490±3.9 488±3.9 483±3.9
4 24.5 361±3.1 578±4.6 583±4.6 643±5.1 594±4.7 605±4.8 603±4.8 555±4.4 553±4.4 549±4.4
5 24.8 359±3.5 574±4.7 578±4.8 637±5.2 590±4.9 600±4.9 599±4.9 551±4.6 548±4.7 544±4.7
6 24.9 349±3.4 568±4.7 577±4.7 634±5.2 606±5.0 562±4.8 601±4.9 530±4.5 526±4.5 519±4.6
7 24.1 230±3.3 522±4.7 529±4.5 594±4.9 554±4.9 553±4.6 553±4.6 495±4.3 488±4.3 484±4.5
8 24.1 231±2.5 524±4.1 531±4.1 596±4.6 556±4.6 556±4.3 555±4.3 496±3.9 490±3.8 485±3.8
9 24.9 259±3.0 557±4.9 571±4.9 637±5.4 607±5.3 562±4.5 600±5.1 511±4.8 505±4.8 500±5.1
10 24.4 217±3.4 536±4.4 542±4.4 612±4.9 568±4.8 568±4.6 568±4.6 506±4.3 500±4.2 498±4.2
11 25.1 431±5.7 639±5.3 646±5.4 713±5.9 669±5.7 669±5.5 668±5.5 621±5.0 619±5.4 617±5.2
12 24.8 428±4.0 637±5.2 644±5.2 711±5.7 670±5.6 631±5.0 667±5.4 614±5.1 613±5.5 608±5.2
13 25.4 344±2.9 602±4.7 608±4.7 679±5.2 623±5.3 634±4.9 633±4.9 578±4.5 578±4.5 576±4.5
14 25.8 317±3.5 573±4.8 579±4.9 652±5.6 602±5.7 607±5.2 606±5.2 548±5.0 549±4.8 536±4.8
15 25.7 352±3.8 608±5.5 615±5.7 686±6.4 630±6.7 640±5.8 639±5.8 584±5.5 586±5.6 583±5.6
16 25.3 294±2.8 590±4.9 596±4.9 669±5.6 611±5.7 623±5.2 622±5.2 563±4.7 562±4.8 561±4.8
17 25.4 295±3.4 591±5.4 597±5.6 670±6.3 612±7.0 624±5.8 623±5.9 567±5.5 566±5.4 563±5.6
18 25.3 286±3.1 587±5.0 594±5.0 665±5.6 629±5.7 588±5.1 623±5.3 546±4.8 541±4.8 538±4.7
19 24.3 241±3.1 563±4.7 567±4.7 643±5.3 591±5.9 595±4.9 594±4.9 533±4.5 525±4.4 527±4.5
20 26.1 194±2.8 541±4.6 546±4.6 624±5.2 572±5.2 574±4.8 574±4.8 506±4.4 499±4.3 500±4.4
21 26.8 192±2.5 537±4.2 543±4.2 620±4.8 569±4.8 570±4.4 570±4.4 499±4.0 495±3.9 496±3.9
22 27.2 194±2.5 538±4.3 543±4.3 620±4.9 569±5.0 571±4.5 570±4.5 501±4.0 496±3.9 496±4.0
23 27.5 174±2.6 543±4.4 548±4.4 625±5.1 566±5.3 577±4.7 576±4.7 509±4.2 507±4.1 503±4.2
24 27.5 180±2.7 552±4.5 557±4.5 636±5.2 574±5.2 586±4.8 585±4.7 518±4.3 516±4.3 513±4.3
25 24.6 381±3.3 594±4.7 601±4.8 679±5.4 631±5.2 631±5.0 631±5.0 575±4.6 571±4.6 556±4.5
26 25.9 512±7.0 708±7.3 716±7.3 786±7.9 738±7.6 737±7.4 736±7.4 689±7.6 690±7.5 685±7.2
27 24.3 468±3.8 676±5.3 684±5.3 757±5.8 706±5.6 707±5.5 705±5.5 657±5.1 661±5.1 646±5.1
28 25.0 478±6.4 679±6.5 687±6.6 758±7.1 710±6.6 676±6.7 708±6.7 658±6.2 663±6.6 652±7.1
29 25.7 406±3.5 661±5.2 670±5.3 744±5.9 693±5.6 693±5.5 692±5.4 641±5.1 641±5.3 639±5.1
30 24.8 365±3.1 592±4.6 600±4.7 681±5.3 631±5.2 632±4.9 631±4.9 573±4.5 570±4.5 552±4.4
31 24.8 366±3.0 594±4.6 602±4.7 684±5.3 633±5.2 634±4.9 633±4.9 576±4.5 573±4.5 555±4.3
32 25.3 339±3.3 638±5.1 647±5.1 726±5.7 672±5.5 673±5.3 672±5.3 617±4.9 619±4.9 616±4.9
33 25.5 320±3.4 619±5.3 627±5.4 705±6.0 658±5.9 622±5.3 656±5.6 588±5.2 587±5.4 583±5.4
34 25.1 277±2.7 600±4.7 605±4.8 688±5.4 632±5.5 635±5.0 633±5.0 573±4.6 565±4.5 569±4.5
35 27.0 226±3.1 591±5.6 598±5.9 682±6.7 623±8.6 628±6.0 627±5.8 562±5.6 561±5.5 560±5.9
36 27.0 217±2.8 575±4.7 582±4.8 664±5.5 614±5.2 583±4.8 613±5.0 533±4.8 529±5.0 527±4.9
37 29.3 158±2.7 549±4.5 554±4.6 637±5.3 573±5.4 585±4.8 584±4.8 511±5.1 510±4.4 509±4.4
38 29.3 159±2.6 550±4.5 555±4.5 638±5.2 573±5.4 586±4.8 585±4.7 513±4.8 511±4.5 510±4.3
39 29.6 157±2.6 547±4.4 552±4.4 634±5.1 572±5.4 583±4.7 582±4.6 507±4.3 508±4.2 506±4.1
40 24.8 401±3.9 659±5.5 668±5.6 747±6.2 693±5.9 693±5.7 691±5.7 636±5.5 640±5.8 631±5.5
41 27.4 241±3.4 604±5.4 611±5.5 704±6.2 639±6.8 643±5.6 641±5.6 572±5.7 567±5.8 571±5.4
42 27.4 238±2.5 601±4.7 609±4.8 701±5.4 636±6.4 641±5.0 639±5.0 569±4.6 563±4.5 568±4.5
43 27.3 243±2.6 607±4.7 614±4.8 707±5.5 642±6.1 646±5.0 644±5.0 576±4.6 571±4.6 574±4.5
44 29.4 184±2.6 573±4.6 579±4.6 675±5.4 600±6.4 614±4.9 612±4.9 536±4.4 529±4.6 536±4.5
45 29.2 184±2.6 572±4.5 578±4.6 674±5.3 600±6.3 613±4.8 611±4.8 535±4.3 528±4.4 535±4.3
46 29.4 184±2.5 573±4.5 579±4.5 676±5.2 601±6.3 614±4.8 613±4.8 537±4.2 531±4.2 537±4.2
47 31.2 159±2.6 559±4.5 565±4.5 662±5.3 592±6.3 599±4.8 598±4.8 518±4.2 513±4.2 519±4.3
48 33.7 144±2.6 550±4.3 556±4.4 653±5.1 587±5.8 591±4.6 590±4.6 499±4.2 500±4.0 505±4.0
49 26.0 401±3.8 695±5.7 704±5.8 788±6.4 729±6.2 697±5.7 729±6.0 667±5.6 677±5.7 669±5.5
50 26.3 343±3.4 670±5.5 681±5.6 768±6.2 706±6.2 676±5.5 708±5.8 642±5.5 649±5.6 644±5.3
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Table D.16: Heat transfer Nu data. Properties at Ts.

# Cooler Bottom Cross Riser

Re Pr Gr 1·103 Nu Re Pr Gr 1·103 Nu Re Pr Gr 1·103 Nu

1 79.9 27.1 28.4± 3.7 6.42 ± 0.73 77.0 29.0 8.89± 3.2 15.4 ± 6.2 84.9 26.2 15.9± 3.0 8.89±1.9
2 120 23.3 51.5± 5.5 5.91 ± 0.98 113 24.7 12.6 ± 4.6 16.3 ± 6.6 123 22.6 22.9± 4.3 9.41±2.1
3 68.6 29.5 13.5± 1.6 9.21 ± 1.0 72.7 32.2 10.3 ± 2.5 12.0 ± 3.5 81.9 28.5 16.7± 2.5 7.96±1.5
4 134 20.7 78.0± 7.2 6.36 ± 0.91 126 22.2 23.2 ± 6.0 12.9 ± 3.9 137 20.3 38.3± 5.4 8.41±1.6
5 131 21.2 76.4±16 6.05 ± 2.0 123 22.7 21.5 ± 5.9 13.3 ± 4.2 134 20.7 35.7± 5.4 8.68±1.7
6 93.1 23.7 49.4± 5.9 7.50 ± 1.3 89.7 24.6 29.1 ± 4.8 8.45± 1.8 105 20.9 36.1± 5.2 7.82±1.4
7 66.2 28.4 12.7± 1.8 10.1 ± 1.1 75.5 31.3 22.0 ± 2.8 7.07± 1.3 86.4 27.2 27.0± 2.9 6.78±1.1
8 67.6 28.1 13.9± 1.7 9.92 ± 1.1 76.3 30.9 22.8 ± 2.7 6.93± 1.2 87.2 26.9 27.9± 2.7 6.70±1.0
9 75.6 25.0 34.2± 3.6 8.41 ± 0.90 71.5 26.8 34.0 ± 4.2 6.58± 1.2 88.0 21.6 39.7± 5.0 6.90±1.1
10 87.3 26.3 19.4± 2.5 9.24 ± 1.00 92.2 28.9 29.1 ± 3.3 6.72± 1.1 105 25.2 34.8± 3.3 6.71±1.0
11 301 15.1 145 ±29 7.92 ± 2.7 282 16.2 50.4 ±13 12.5 ± 3.7 304 15.0 81.7±11 7.74±1.4
12 256 16.1 117 ±14 8.65 ± 1.6 244 16.5 78.1 ±11 7.66± 1.5 265 15.1 84.9±11 7.51±1.3
13 202 18.1 111 ±11 7.32 ± 1.1 186 19.5 38.7 ± 7.9 11.4 ± 2.8 203 17.8 61.2± 7.1 7.67±1.3
14 175 21.0 84.6±15 6.44 ± 2.5 160 23.0 29.3 ± 6.1 11.0 ± 2.8 177 20.7 47.8± 5.6 7.46±1.3
15 208 17.5 120 ±14 7.37 ± 1.2 192 18.9 41.4 ±10 11.3 ± 3.3 209 17.3 65.5± 9.1 7.55±1.4
16 206 19.3 111 ±10 6.65 ± 0.83 190 21.0 36.8 ± 7.2 10.4 ± 2.5 209 19.0 57.4± 6.7 7.33±1.2
17 208 19.1 112 ±11 6.75 ± 0.86 192 20.7 37.0 ± 8.3 10.6 ± 2.9 210 18.9 58.1± 7.5 7.31±1.3
18 128 21.2 81.8± 8.2 6.87 ± 1.8 114 22.3 50.3 ± 6.2 6.75± 1.2 132 19.1 55.9± 6.6 7.31±1.2
19 121 22.7 49.4± 4.6 7.71 ± 0.80 121 24.7 43.6 ± 4.8 6.43± 1.1 136 21.9 49.5± 4.7 6.70±1.0
20 91.1 25.8 21.2± 2.6 10.0 ± 1.1 102 28.4 34.6 ± 3.6 6.21± 1.0 117 24.6 40.2± 3.6 6.58±0.99
21 89.3 26.5 19.2± 2.3 10.7 ± 1.1 99.2 29.1 31.5 ± 3.2 6.51± 1.0 114 25.1 37.0± 3.3 6.86±1.0
22 90.2 26.4 20.0± 2.3 10.7 ± 1.1 99.7 29.0 30.4 ± 3.3 6.80± 1.1 115 25.1 36.5± 3.3 6.97±1.1
23 127 25.3 19.3± 2.6 9.59 ± 1.0 149 27.8 24.1 ± 3.8 9.28± 1.9 169 24.4 37.1± 3.7 7.17±1.1
24 140 24.0 27.8± 4.0 9.04 ± 0.94 157 26.4 27.8 ± 4.3 8.85± 1.8 177 23.2 42.4± 4.1 6.85±1.1
25 115 18.6 94.7± 8.8 7.14 ± 0.98 105 20.4 57.8 ± 7.1 7.45± 1.3 116 18.4 67.6± 6.7 7.01±1.1
26 483 12.0 260 ±36 9.42 ± 1.9 459 12.0 97.8 ±30 12.8 ± 4.5 489 11.2 155 ±26 8.00±1.7
27 404 12.9 205 ±32 8.57 ± 1.7 381 13.7 113 ±17 8.62± 1.7 410 12.7 133 ±15 7.56±1.2
28 443 13.2 172 ±20 9.86 ± 1.7 449 13.6 118 ±20 8.42± 1.9 482 12.6 128 ±19 7.96±1.5
29 371 13.7 190 ±19 9.11 ± 1.4 348 14.7 75.4 ±15 11.4 ± 2.8 376 13.5 115 ±14 7.54±1.3
30 146 18.7 97.0± 8.5 7.26 ± 0.99 133 20.7 59.4 ± 6.9 7.60± 1.3 147 18.6 69.9± 6.5 7.15±1.1
31 148 18.5 101 ±10 7.17 ± 0.97 135 20.4 60.7 ± 7.0 7.61± 1.3 149 18.4 71.7± 6.6 7.10±1.1
32 308 15.0 170 ±12 8.66 ± 1.1 287 16.3 66.5 ±12 10.6 ± 2.5 312 14.9 102 ±11 7.14±1.1
33 237 17.5 118 ±13 8.58 ± 1.3 197 18.3 78.4 ± 9.7 7.17± 1.3 221 16.3 85.0± 9.5 7.42±1.2
34 198 18.4 124 ± 9.9 7.44 ± 0.97 171 20.1 68.1 ± 7.4 7.00± 1.2 189 18.1 78.5± 6.9 6.89±1.0
35 241 19.1 104 ± 9.5 7.12 ± 0.74 230 21.0 46.2 ± 8.6 9.46± 2.2 255 18.8 69.9± 8.0 6.97±1.2
36 140 22.3 53.8± 5.0 8.66 ± 0.90 137 23.8 51.7 ± 5.4 6.64± 1.1 160 20.3 57.7± 5.6 7.33±1.1
37 134 24.5 22.1± 3.2 9.57 ± 1.0 157 27.1 28.3 ± 4.2 9.56± 1.9 179 23.5 43.0± 4.1 7.59±1.2
38 135 24.4 22.7± 3.1 9.49 ± 1.0 158 26.9 28.6 ± 4.2 9.55± 1.9 180 23.4 43.5± 4.1 7.56±1.2
39 131 24.8 20.3± 2.8 9.77 ± 1.0 155 27.5 27.3 ± 3.9 9.62± 1.9 177 23.8 41.6± 3.9 7.68±1.2
40 297 13.8 184 ±21 9.31 ± 1.6 256 14.9 107 ±15 8.34± 1.6 278 13.6 126 ±14 7.48±1.2
41 244 18.0 145 ± 9.4 7.07 ± 0.72 223 19.8 84.4 ± 8.5 6.51± 1.0 250 17.6 94.0± 8.3 6.78±1.0
42 241 18.3 138 ± 7.7 7.15 ± 0.72 220 20.1 81.1 ± 7.4 6.59± 1.0 247 17.8 90.8± 7.1 6.85±0.97
43 248 17.7 153 ± 9.0 6.99 ± 1.4 227 19.5 87.8 ± 7.9 6.44± 0.97 254 17.3 97.3± 7.6 6.71±0.95
44 150 21.2 60.1± 5.6 8.91 ± 0.92 150 23.7 60.5 ± 5.5 6.45± 0.97 171 20.6 69.6± 5.4 6.83±0.96
45 148 21.4 58.3± 5.4 8.94 ± 0.92 149 23.8 59.7 ± 5.3 6.47± 0.96 170 20.7 68.8± 5.2 6.86±0.96
46 151 21.2 61.3± 5.6 8.91 ± 0.92 150 23.6 61.1 ± 5.3 6.43± 0.95 171 20.6 70.0± 5.2 6.81±0.95
47 123 23.1 38.1± 4.3 10.2 ± 1.1 129 25.8 54.0 ± 4.6 6.10± 0.89 148 22.3 61.7± 4.6 6.70±0.93
48 137 24.7 28.1± 3.6 11.4 ± 1.2 141 27.7 48.7 ± 3.9 5.93± 0.84 166 23.3 56.3± 4.0 6.73±0.92
49 417 12.3 220 ±22 12.1 ± 1.8 411 12.8 161 ±21 8.24± 1.5 445 11.8 174 ±19 7.93±1.3
50 428 13.6 198 ±19 11.0 ± 1.6 410 14.2 138 ±17 7.85± 1.4 451 12.9 150 ±16 7.64±1.2
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D.6 Heat Transfer Data Campaigns 7 - 10
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Table D.17: Heat balance data in kW.

# ṁs ṁa VHtr Bottom Cross Riser C#
g/s g/s V Ahtr A Qext ∆Qs Ahtr A Qext ∆Qs

1 14.4± 1.4 3.40±0.0995 19.2 49.3±2.6 0.855±0.050 0.624±0.065 50.1±2.7 0.870±0.051 1.11 ±0.12 7
2 14.4± 1.4 3.25±0.119 19.2 49.3±2.6 0.854±0.050 0.617±0.10 50.1±2.7 0.870±0.051 1.10 ±0.12 7
3 24.6± 2.3 3.37±0.104 24.0 61.6±3.3 1.39 ±0.078 1.02 ±0.10 62.7±3.3 1.41 ±0.080 1.72 ±0.17 7
4 24.6± 2.3 3.26±0.131 24.0 61.6±3.3 1.39 ±0.078 1.02 ±0.10 63.2±3.3 1.42 ±0.080 1.76 ±0.18 7
5 35.2± 4.9 3.13±0.102 30.0 77.4±4.1 2.23 ±0.12 2.02 ±0.30 78.9±4.2 2.27 ±0.13 3.35 ±0.48 7
6 41.8± 5.7 3.17±0.102 34.0 87.7±4.6 2.88 ±0.16 3.07 ±0.46 90.7±4.8 2.98 ±0.16 4.45 ±0.63 7
7 31.4± 5.4 3.35±0.106 30.0 77.5±4.1 2.24 ±0.12 2.03 ±0.36 80.3±4.2 2.31 ±0.13 3.29 ±0.58 7
8 27.7± 6.4 3.42±0.150 24.0 62.0±3.3 1.40 ±0.079 1.42 ±0.34 63.8±3.4 1.44 ±0.081 1.96 ±0.46 8
9 28.4± 8.6 3.40±0.127 26.0 67.2±3.6 1.65 ±0.092 1.75 ±0.53 69.1±3.7 1.70 ±0.095 2.15 ±0.65 8
10 28.4± 8.6 3.53±0.108 26.0 67.1±3.6 1.65 ±0.092 1.69 ±0.51 69.1±3.7 1.70 ±0.095 2.19 ±0.66 8
11 37.6±12 3.53±0.107 28.0 72.3±3.8 1.93 ±0.11 2.41 ±0.77 74.3±3.9 1.98 ±0.11 2.98 ±0.95 8
12 31.7±11 3.50±0.106 30.0 77.4±4.1 2.22 ±0.12 2.16 ±0.75 79.6±4.2 2.28 ±0.13 2.42 ±0.84 8
13 37.3± 7.0 3.38±0.285 30.0 77.4±4.1 2.21 ±0.12 2.37 ±0.45 79.6±4.2 2.28 ±0.13 2.47 ±0.47 8
14 26.4± 5.2 3.53±0.106 26.0 67.3±3.6 1.67 ±0.093 1.90 ±0.38 69.2±3.7 1.71 ±0.095 2.43 ±0.49 8
15 35.8± 6.4 3.42±0.132 34.0 87.7±4.6 2.87 ±0.16 2.83 ±0.52 90.2±4.8 2.95 ±0.16 2.60 ±0.47 8
16 22.7± 8.2 3.27±0.105 22.0 58.4±3.1 1.19 ±0.068 0.895±0.33 57.6±3.0 1.16 ±0.067 1.72 ±0.63 10
17 36.4± 5.1 3.30±0.0856 30.0 80.7±4.3 2.30 ±0.13 2.54 ±0.37 78.0±4.1 2.20 ±0.12 2.39 ±0.35 10
18 32.2± 5.4 3.16±0.0851 28.0 75.5±4.0 2.01 ±0.11 1.95 ±0.34 73.0±3.9 1.92 ±0.11 2.64 ±0.45 10
19 33.5± 5.7 3.15±0.0837 30.0 80.8±4.3 2.31 ±0.13 2.31 ±0.41 78.2±4.1 2.21 ±0.12 2.55 ±0.44 10
20 33.3± 6.6 3.07±0.0792 30.0 80.9±4.3 2.32 ±0.13 2.31 ±0.46 78.3±4.1 2.22 ±0.12 2.87 ±0.58 10
21 36.6± 7.5 3.01±0.0749 34.0 91.7±4.9 3.00 ±0.16 2.96 ±0.62 88.6±4.7 2.87 ±0.16 3.21 ±0.67 10
22 35.3± 4.9 3.05±0.0757 34.0 91.8±4.9 3.00 ±0.17 2.92 ±0.42 88.7±4.7 2.87 ±0.16 2.89 ±0.42 10
23 42.0± 7.4 3.09±0.0768 34.0 91.9±4.9 3.00 ±0.17 3.60 ±0.64 88.7±4.7 2.87 ±0.16 3.14 ±0.56 10
24 43.0± 5.9 3.03±0.0865 36.9 98.0±5.2 3.41 ±0.19 3.80 ±0.54 98.0±5.2 3.52 ±0.21 3.39 ±0.48 10
25 42.2± 7.2 3.10±0.0828 36.8 98.0±5.2 3.41 ±0.19 3.92 ±0.70 98.0±5.2 3.52 ±0.19 3.46 ±0.61 10
26 40.4± 5.6 3.08±0.0770 36.8 98.0±5.2 3.41 ±0.19 3.60 ±0.54 98.0±5.2 3.52 ±0.19 3.51 ±0.52 10
27 38.8±16 3.01±0.0922 40.0 109 ±5.7 4.22 ±0.23 5.18 ±2.1 104 ±5.5 4.02 ±0.22 5.59 ±2.3 10
28 38.9±16 3.02±0.0763 40.0 109 ±5.7 4.22 ±0.23 5.36 ±2.2 104 ±5.5 4.02 ±0.22 5.44 ±2.2 10
29 42.0± 7.4 3.38±0.0781 34.0 92.5±4.9 3.02 ±0.17 3.36 ±0.60 88.9±4.7 2.87 ±0.16 3.05 ±0.55 10
30 43.6± 8.4 3.22±0.0916 36.0 97.8±5.2 3.39 ±0.19 4.15 ±0.83 94.0±5.0 3.22 ±0.18 3.08 ±0.62 10
31 42.2± 8.9 3.11±0.0827 34.0 92.6±4.9 3.02 ±0.17 3.67 ±0.82 88.8±4.7 2.87 ±0.16 2.85 ±0.64 10
32 39.8± 5.8 3.09±0.0965 32.0 87.6±4.6 2.69 ±0.15 3.17 ±0.49 83.7±4.4 2.54 ±0.14 2.91 ±0.45 10
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Table D.18: Temperature readings around the loop in °C.

Bottom Cross Riser

# T11 T12 T14 T18 T21 T24 T32 T35 Ts,BC,in Tw,o,BC Ts,BC Tw,o,R Ts,R Ts,R,out Ta,in± 2.2Ta,out T∞
1 583±5.0 603±5.1 620±5.3 614±5.2 603±5.1 594±5.1 591±5.1 565±4.9 565± 0.14 588±4.8 574±0.087 620±5.2 600±0.10 616±0.52 23.4 ± 2.2 438 24.6
2 585±5.0 604±5.2 622±5.3 616±5.2 604±5.2 595±5.1 593±5.6 567±5.4 567± 2.4 590±5.2 576±1.2 621±5.6 601±0.26 617±0.84 23.3 ± 2.2 441 24.3
3 581±5.0 595±5.1 606±5.2 614±5.2 595±5.1 570±4.9 570±4.9 564±4.9 564± 0.089 590±4.8 573±0.072 628±5.5 596±0.11 611±0.44 24.0 ± 2.2 436 24.9
4 583±5.0 597±5.1 609±5.3 616±5.2 597±5.1 571±5.0 572±5.0 566±4.9 566± 0.34 592±4.8 574±0.25 629±5.5 598±0.29 613±1.3 24.0 ± 2.2 438 25.0
5 592±5.1 605±5.2 631±5.5 633±5.4 605±5.2 568±5.1 574±5.1 568±5.0 568± 0.91 609±5.5 580±0.55 659±6.4 612±0.41 632±1.4 26.3 ± 2.2 254 25.6
6 604±5.2 614±5.3 647±5.7 650±5.5 614±5.3 571±5.4 579±5.1 573±5.1 573± 1.3 626±6.2 588±0.80 684±7.3 626±0.58 648±1.7 31.6 ± 2.2 189 26.1
7 565±4.9 580±5.0 608±5.4 610±5.2 580±5.0 542±4.8 543±4.8 538±4.8 538± 0.89 582±5.4 551±0.57 635±6.4 587±0.45 609±1.4 27.8 ± 2.2 204 25.5
8 587±5.1 599±5.1 617±5.4 617±5.3 599±5.1 577±5.0 574±5.0 565±4.9 565± 0.58 595±4.8 576±0.34 631±5.4 602±0.28 617±1.2 25.1 ± 2.2 444 26.5
9 593±5.1 604±5.2 623±5.6 626±5.3 604±5.2 579±5.0 577±5.1 567±5.0 567± 0.82 603±5.0 580±0.47 643±5.7 609±0.41 624±2.0 24.8 ± 2.2 393 25.7
10 590±5.1 602±5.1 622±5.4 623±5.3 602±5.1 576±5.0 574±5.0 565±4.9 565± 0.65 601±4.9 578±0.33 641±5.7 606±0.22 623±1.3 24.6 ± 2.2 388 25.6
11 607±5.2 617±5.2 640±5.6 641±5.4 617±5.2 590±5.1 591±5.1 580±5.0 580± 0.34 619±5.1 594±0.19 663±6.0 624±0.26 641±1.4 24.9 ± 2.2 357 25.7
12 633±5.4 639±5.4 665±5.8 666±5.6 639±5.4 610±5.2 615±5.2 605±5.2 605± 0.36 645±5.6 619±0.25 692±6.4 649±0.33 665±1.6 25.4 ± 2.2 340 26.2
13 664±5.6 668±5.6 692±5.9 693±5.8 668±5.6 641±5.4 643±5.5 638±5.4 638± 0.51 675±5.5 651±0.35 718±6.4 678±0.35 692±1.4 26.6 ± 2.2 410 28.5
14 533±4.7 550±4.8 570±5.2 573±5.0 550±4.8 517±4.6 512±4.6 503±4.5 503± 0.40 545±4.6 518±0.21 591±5.4 552±0.29 572±1.6 25.0 ± 2.2 258 25.4
15 677±5.6 678±5.7 706±6.0 708±5.9 678±5.7 645±5.4 648±5.6 643±5.4 643± 0.40 691±5.9 660±0.24 741±6.9 692±0.25 707±1.2 29.6 ± 2.2 293 29.6
16 518±4.6 536±4.7 547±5.0 552±4.8 552±4.8 510±4.6 507±4.5 502±4.5 502± 0.40 532±4.9 510±0.25 572±6.0 534±0.28 550±1.3 24.1 ± 2.2 377 24.8
17 632±5.4 639±5.4 655±6.0 664±5.6 661±5.6 606±5.2 605±5.2 603±5.2 603± 0.44 654±6.1 618±0.31 703±6.7 646±0.49 660±2.5 25.2 ± 2.2 341 25.2
18 560±4.9 575±5.0 585±5.1 599±5.1 598±5.2 538±4.8 538±4.8 534±4.7 535± 0.60 584±5.6 547±0.43 633±6.1 577±0.34 594±0.49 25.2 ± 2.2 254 24.7
19 591±5.1 602±5.2 613±5.3 629±5.4 625±5.4 565±5.2 565±5.0 562±4.9 562± 0.69 617±5.9 576±0.48 668±6.5 607±0.39 623±0.67 26.0 ± 2.2 251 25.2
20 563±4.9 578±5.0 589±5.1 606±5.2 603±5.2 537±4.7 538±4.7 534±4.7 534± 0.25 591±5.8 549±0.19 645±6.4 581±0.19 599±0.40 27.5 ± 2.2 197 25.8
21 614±5.2 621±5.3 649±5.8 652±5.5 651±5.5 578±5.3 579±5.1 580±5.0 580± 0.26 646±6.5 597±0.19 705±7.2 633±0.38 651±2.0 31.3 ± 2.2 184 26.8
22 633±5.4 637±5.4 666±5.9 668±5.6 666±5.6 598±5.2 599±5.2 598±5.1 598± 0.47 664±6.6 615±0.30 720±7.3 650±0.37 667±1.8 29.2 ± 2.2 212 26.2
23 654±5.5 658±5.5 686±5.8 687±5.7 685±5.7 622±5.3 625±5.4 618±5.3 619± 0.42 684±6.7 637±0.26 738±7.4 670±0.27 686±1.1 27.6 ± 2.2 253 26.1
24 692±5.7 696±5.8 724±6.4 726±6.0 724±6.0 656±6.1 662±5.6 655±5.5 655± 0.32 725±7.2 673±0.21 792±9.3 708±0.43 725±2.4 29.8 ± 2.2 254 27.4
25 669±5.7 673±5.7 703±6.1 705±5.9 703±5.9 629±5.8 637±5.8 630±5.5 631± 1.5 703±7.2 650±0.94 767±8.0 687±0.68 704±1.7 32.1 ± 2.2 223 27.6
26 650±5.6 654±5.6 686±6.0 687±5.8 686±5.8 608±5.6 620±6.5 613±5.4 613± 1.3 685±7.1 631±0.86 750±7.9 668±0.71 686±1.9 35.9 ± 2.2 200 29.1
27 654±6.0 673±6.1 715±6.5 716±6.3 713±6.3 656±5.7 652±5.8 598±6.6 598± 4.1 695±8.4 626±2.4 776±8.2 685±1.4 715±2.6 31.9 ± 2.2 396 32.1
28 652±5.5 669±5.6 710±6.0 711±5.9 709±5.9 651±5.5 647±5.5 594±6.1 594± 3.4 694±8.2 623±1.7 773±8.1 681±0.37 710±1.4 29.9 ± 2.2 356 28.6
29 653±5.5 657±5.5 682±6.1 685±5.7 683±5.7 621±5.3 621±5.3 619±5.3 619± 0.31 682±6.8 636±0.19 737±7.3 668±0.37 683±2.1 29.7 ± 2.2 256 29.2
30 683±5.8 686±5.8 712±6.2 714±6.0 712±6.0 644±5.6 652±5.8 643±5.6 643± 1.5 715±7.3 663±0.97 772±7.8 698±0.78 713±2.1 29.9 ± 2.2 265 29.0
31 669±5.9 672±5.9 696±6.4 699±6.0 697±6.0 633±5.6 639±5.7 632±5.6 632± 1.8 698±7.1 651±1.3 751±7.5 683±1.1 697±2.8 27.9 ± 2.2 293 27.7
32 625±5.3 631±5.4 650±6.3 659±5.5 657±5.6 594±5.2 593±5.4 591±5.2 591± 1.2 653±6.5 608±0.73 704±6.9 640±0.68 655±3.2 27.6 ± 2.2 260 27.2
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Table D.19: Heat transfer Nu data. Properties at Ts.

# Bottom Cross Riser

Re Pr Gr 1·103 Gr∗ 1·103 Nu Re Pr Gr 1·103 Gr∗ 1·103 Nu

1 97.5± 22 21.1±4.8 8.89± 5.0 127 ± 54 14.3± 6.1 110± 25 18.6± 4.2 17.6 ± 8.7 172 ± 73 9.75±3.0
2 98.5± 22 20.9±4.7 9.11± 5.4 130 ± 55 14.3± 6.7 111± 25 18.4± 4.2 17.9 ± 9.0 175 ± 74 9.77±3.2
3 165 ± 37 21.3±4.8 11.1 ± 5.7 203 ± 86 18.3± 6.2 185± 41 18.9± 4.3 26.6 ±12 270 ±110 10.1 ±2.2
4 166 ± 37 21.1±4.8 11.2 ± 5.8 207 ± 88 18.5± 6.3 186± 41 18.7± 4.2 26.7 ±12 277 ±120 10.4 ±2.3
5 244 ± 60 20.5±4.6 19.7 ± 9.1 350 ±150 17.8± 4.5 284± 70 17.5± 4.0 46.5 ±20 503 ±210 10.8 ±2.0
6 303 ± 74 19.7±4.4 28.0 ±13 494 ±210 17.6± 3.9 360± 88 16.4± 3.7 64.3 ±28 752 ±320 11.7 ±2.1
7 187 ± 50 23.9±5.4 15.9 ± 7.2 261 ±110 16.4± 3.8 224± 59 19.8± 4.5 36.8 ±16 403 ±170 11.0 ±2.0
8 189 ± 58 20.9±4.7 12.2 ± 6.1 212 ± 90 17.3± 5.6 213± 66 18.4± 4.2 25.9 ±12 290 ±120 11.2 ±2.6
9 197 ± 72 20.6±4.6 15.8 ± 7.5 260 ±110 16.5± 4.5 226± 82 17.8± 4.0 32.9 ±15 365 ±160 11.1 ±2.4
10 195 ± 71 20.8±4.7 15.4 ± 7.3 255 ±110 16.6± 4.5 224± 81 18.0± 4.1 32.1 ±14 358 ±150 11.1 ±2.4
11 280 ±110 19.1±4.3 19.6 ± 9.2 348 ±150 17.8± 4.7 321±120 16.6± 3.7 42.7 ±19 491 ±210 11.5 ±2.3
12 267 ±110 16.9±3.8 26.1 ±12 509 ±220 19.5± 5.3 304±120 14.8± 3.3 57.4 ±25 707 ±300 12.3 ±2.5
13 364 ±100 14.6±3.3 30.4 ±15 675 ±290 22.2± 6.7 406±110 13.0± 2.9 67.6 ±30 898 ±380 13.3 ±2.8
14 130 ± 37 29.0±6.5 9.58± 4.3 134 ± 57 14.0± 3.1 157± 44 23.8± 5.4 20.6 ± 9.0 209 ± 89 10.2 ±2.0
15 363 ± 98 14.1±3.2 43.7 ±20 944 ±400 21.6± 5.3 411±110 12.3± 2.8 94.2 ±41 1290 ±550 13.8 ±2.6
16 107 ± 44 30.4±6.9 7.14± 3.4 87.9± 37 12.3± 3.4 122± 51 26.3± 5.9 17.0 ± 7.5 115 ± 49 6.78±1.4
17 305 ± 75 17.0±3.8 37.0 ±17 527 ±220 14.3± 3.1 345± 85 15.0± 3.4 77.0 ±33 660 ±280 8.57±1.5
18 188 ± 49 24.5±5.5 18.4 ± 8.1 227 ± 96 12.3± 2.5 219± 57 20.9± 4.7 39.4 ±17 302 ±130 7.66±1.3
19 228 ± 60 20.9±4.7 27.4 ±12 354 ±150 12.9± 2.6 264± 70 18.0± 4.1 58.2 ±25 465 ±200 7.99±1.3
20 196 ± 55 24.3±5.5 21.8 ± 9.5 266 ±110 12.2± 2.3 231± 65 20.4± 4.6 46.8 ±20 365 ±160 7.80±1.2
21 277 ± 80 18.8±4.2 41.0 ±18 566 ±240 13.8± 2.6 325± 94 15.9± 3.6 86.3 ±36 767 ±330 8.88±1.4
22 292 ± 72 17.2±3.9 47.7 ±21 672 ±290 14.1± 2.7 339± 83 14.7± 3.3 97.4 ±41 890 ±380 9.14±1.5
23 383 ±100 15.6±3.5 56.8 ±25 813 ±350 14.3± 2.8 440±120 13.5± 3.0 111 ±47 1050 ±450 9.50±1.6
24 460 ±110 13.3±3.0 83.9 ±37 1260 ±540 15.0± 2.9 525±130 11.6± 2.6 185 ±79 1740 ±740 9.41±1.6
25 409 ±110 14.7±3.3 70.7 ±31 1040 ±440 14.7± 2.8 473±120 12.6± 2.8 150 ±63 1480 ±630 9.84±1.6
26 360 ± 88 16.0±3.6 61.0 ±26 883 ±370 14.5± 2.7 420±100 13.6± 3.1 132 ±56 1270 ±540 9.63±1.5
27 337 ±150 16.4±3.7 75.5 ±32 1040 ±440 13.8± 2.5 428±190 12.7± 2.9 168 ±70 1660 ±700 9.89±1.5
28 332 ±150 16.6±3.8 75.6 ±32 1010 ±430 13.4± 2.3 423±190 12.9± 2.9 164 ±69 1610 ±680 9.83±1.5
29 382 ±100 15.7±3.5 55.3 ±24 814 ±350 14.7± 2.9 436±120 13.6± 3.1 111 ±47 1040 ±440 9.32±1.5
30 447 ±120 13.9±3.1 78.4 ±34 1150 ±490 14.7± 2.9 512±140 12.0± 2.7 151 ±64 1480 ±630 9.75±1.6
31 410 ±120 14.7±3.3 63.8 ±28 926 ±390 14.5± 3.0 467±140 12.8± 2.9 124 ±53 1170 ±500 9.47±1.6
32 317 ± 79 17.9±4.0 42.3 ±18 560 ±240 13.3± 2.6 366± 91 15.4± 3.5 82.2 ±35 722 ±310 8.78±1.4
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