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Abstract

The Loss of Flow Accident (LOFA) is a serious safety concern for the International Thermonuclear 
Experimental Reactor (ITER) because it has been suggested that greater than 100 s are necessary to 
safely shut down the plasma when ITER is operating at full power. In this experiment, the thermal 
response of a prototypical ITER divertor tube during a simulated LOFA was studied. The divertor 
tube is fabricated from oxygen-free high-conductivity copper to have a square geometry with a 
circular coolant channel. The inner diameter of the coolant channel is 0.77 cm, the heated length is 
4.0 cm, and the heated width is 1.6 cm. The mockup does not feature any flow enhancement 
techniques, i.e., swirl tape, porous coating, or internal fins. One-sided surface heating of the mockup 
is accomplished through the use of the 30-kW Sandia Electron Beam Test System. After reaching 
steady-state temperatures in the mockup, as determined by two K-type thermocouples embedded 0.5 
mm beneath the heated surface, the circulation pump for the high temperature, high pressure coolant 
loop is manually tripped off and the coolant flow allowed to naturally coast down. Electron beam 
heating continues after the pump trip until the divertor plate's heated surface exhibits the high- 
temperature transient normally indicative of rapidly approaching "burnout." Experimental data show 
that time-to-bumout increases proportionally with increases in the initial (before the pump trip) inlet 
velocity and decreases proportionally with increases in the incident heat flux.
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Preface

This report is an excerpt from doctoral research being performed by Theron Marshall at Sandia 
National Laboratories. Two additional LOFA experiments are expected to complete the research. 
These experiments will focus on the thermalhydraulic operating parameters relevant to ITER and 
next-generation fusion reactors. Robert Watson, as research advisor and ITER Task 221 Leader, is 
ensuring that the experimental data are applicable to the research and design needs of ITER In 
addition, he brings to the project 15 years of experience with finite element analyses. Jimmie 
McDonald and Dennis Youchison (ITER Task 232 Leader) have an intimate knowledge of Sandia's 
30 kW and 1200 kW electron beam test facilities. Their input and efforts are ensuring that the desired 
experimental data are attainable. LaWanda Wold, as system administrator of the electron beams' 
software and data acquisition systems, is providing the data sampling rates, sensor controls, and 
software configuration required to enable the simulation of a LOFA. Lee Cadwallader, as principal 
investigator of the ITER Failure Rate Database Task (SAE-3), contributes 12 years of experience in 
safety and risk assessment. He is also ensuring that the project is consistent with the safety-related 
research and design needs of ITER.



Executive Summary

As the fusion discipline continues its steadfast march towards highly efficient and environmentally 
benign commercial fusion power, with the International Thermonuclear Experimental Reactor (ITER) 
as one of the intermediate steps, designers and analysts must address practical operating issues in 
addition to the physics and material issues normally associated with fusion machines. Nuclear fission 
engineers recognized that certain off-normal events could seriously threaten the integrity of their 
reactors and these events were defined as reactor design basis accidents (DBAs). That is, during the 
design of the reactor, precautions such as installing passively and actively controlled safety systems, 
were incorporated to lessen the cumulative damage potential of the DBAs. While a licensing and/or 
regulatory agency has not yet been defined for commercial fusion, in time, fusion designers will have 
to follow the path of fission designers and prove that fusion machines can safely recover from all 
postulated accident conditions.

Marshall, Cadwallader, and others have identified three off-normal events that can be considered 
as DBAs for fusion machines: Loss of Vacuum Accident (LOVA), Loss of Coolant Accident 
(LOCA), and Loss of Flow Accident (LOFA). Considering the LOFA to be a subset of the LOCA, 
the referenced authors gave the following LOFA definition:

"The LOFA is similar to an external LOCA, the difference being that coolant is not lost 
from the system. A LOFA normally occurs from either a pump trip or an obstruction in 
the coolant tubing. The major concern with a LOFA is the reactor's inability to remove 
heat from part or the whole of the vacuum vessel. As the temperature rises inside the 
vessel, the PFCs may lose their structural integrity. The elevated temperatures may also 
release activation products and tritium normally contained within the PFCs."

During normal operations, ITER plasma facing components (PFCs) are expected to absorb an 
average heat load of 2 MW/m2 while the divertor plates will be designed to absorb average heat loads 
of 5 MW/m2. To meet such design specifications, the divertor plates will be actively cooled by 
subcooled water (50 - 150 °C inlet) at moderate pressure (1-4 MPa) and velocity (5 -10 m/s). In 
an off-normal event, the divertor plates may experience a maximum heat load of 20 MW/m2 for a time 
period of 10 s. During a LOFA, the divertor plates may have to remove normal or off-normal heat 
loads while simultaneously experiencing decreases in the water coolant pressure and/or velocity. 
Until the research discussed in this report, there has not been a published comprehensive investigation 
on the LOFA issue, complete with experimental data for verification of derived calculations and/or 
hypotheses.

The objective of this experiment is to generate time-to-bumout data for a simulated LOFA. 
Time-to-bumout is the amount of time the divertor plate can withstand continual one-sided surface 
heating while simultaneously experiencing a loss of coolant flow. These data are intended to give 
fusion designers an approximate idea of the response time ITER plant engineers and operators will 
have to successfully detect the onset of a LOFA and safely shut down the plasma. This information 
is critical to ensure that the typical ITER divertor plate can safely handle the thermal challenges of 
a LOFA.



One-sided heating of the prototypical ITER divertor plate is provided by the Sandia 30-kW 
Electron Beam Test System (EBTS). The EBTS is a multipurpose device for studying the surface 
modification, thermal response, and failure modes of high heat flux materials and components. 
Targets of all shapes and sizes, up to 30 cm by 60 cm can be tested. A large variety of ports as well 
as vacuum feed-throughs in the 70 cm diameter by 100 cm length stainless steel vacuum chamber are 
available for diagnostics and utility connections. Discharge of the electron beam gun is controlled 
by a VAX computer system. The electron source is typically a tungsten or tantalum filament with 
maximum operating parameters of 30-kV and 30-kW. Magnetic lenses and deflection coils are used 
to focus, position, and raster the electron beam to cover a variety of sample surfaces with either a 
finely tuned or defocused beam. For most experiments, the beam is operated with a full-width, half­
maximum beam diameter of 5 mm. Various scenarios can be simulated with the electron gun since 
it provides a variable directed heat source. In a chamber pressure of 130 Pa, average beam rise time 
is 1 ms and pulse duration can be adjusted from 2 ms to continuous operation over a heated area from 
1 to 100 cm2. With 30-kV acceleration, the beam electrons have an approximate penetration depth 
of 1 x 10'3 mm in copper, which produces what is essentially a surface heat flux.

The experimental divertor plate mockup, as shown in Figure 1, is a one-piece assembly of oxygen- 
free high-conductivity copper bar stock and tubing. The square bar stock has a length of 133.4 mm 
and a 15.7 mm cross-section. A circular coolant channel with a 7.5 mm diameter is center drilled, 
axially, through the length of the bar stock. The coolant channel entrance and exit are counterbored 
3.175 mm to allow a slip fit of the 98.4 mm long copper tubes (9.5 mm o.d., 7.5 mm i.d.j, which are 
silver brazed into place. Each side of the mockup includes three 13 mm long and 1 mm square cross- 
sectional grooves, positioned 1 cm from either end and at the center of the mockup. These grooves 
house the wires for the 0.5 mm diameter K-type thermocouples, preventing them from damage by 
the electron beam. The thermocouple sensor tips are positioned 0.5 mm from the top surface (heated 
surface) of the mockup. Since the thermocouples sensing tips are so close to the heated surface, the 
recorded temperatures are assumed to be indicative of the surface temperature.

The primary objective of the experiment is to determine the time-to-bumout of the prototypical 
fusion reactor divertor plate mockup after a simulated coolant pump failure. This objective is 
achieved by removing the power to the pump after steady-state heating by the electron beam is 
reached. The electron beam continues supplying one-sided surface heating to the mockup until a 
high-temperature trip signal from the embedded thermocouples in the heated area of the mockup shut 
down the electron beam. The difference between the time at which the electron beam is tripped and 
the time when the pump is tripped is defined as the time-to-bumout.

Eight experimental cases are run to generate time-to-bumout data. The eight cases are devised 
to examine the characteristics of the time-to-bumout for two scenarios:

1. constant inlet pressure, temperature, and incident heat flux, with the initial inlet velocity as 
the experimental variable,

2. constant inlet pressure, temperature, and initial inlet velocity, with the incident heat flux as 
the experimental variable.

The time-to-burnout data, plotted in Figures 2 and 3, behaves as expected for both scenarios: 
increasing parabolically in scenario 1 and decreasing parabolically in scenario 2. The experimental



time-to-bumout data listed in Table 1 show a strong correlation of the time-to-bumout response to 
the initial inlet water velocity and the incident heat flux.

At normal ITER divertor operating conditions (1 MPa, 10 m/s, 68 °C, 6 MW/m2 - the 1994 EDA 
specifications), EBTS shot 144201 has an approximate time-to-bumout of 32 s. This result suggests 
that if the plant engineers and operators require more than 32 s for response time, then additional 
active circulation devices, such as standby emergency pumps, are necessary to ensure that the typical 
ITER divertor plate will not reach burnout temperatures and release water into the vacuum vessel. 
Further tests are necessary to verify this 32 s time for the given inlet conditions.

The LOFA data indicate that the strongest influence upon the time-to-bumout of a divertor plate 
design is the steady-state inlet water velocity prior to the LOFA As one might imagine, if some sort 
of flow, even in a reduced state, continues through the divertor plate during the LOFA, the time-to- 
bumout could be increased. This means that flow-continuation devices such as inertial flywheels on 
the pump shafts or fast-acting backup pumps for the primary coolant pump can be employed to safely 
extend the time-to-bumout for a given divertor plate design.

Finite element modeling of the simulated LOFA is attempted using the ABAQUS code. The heat 
transfer coefficient during the LOFA is calculated using a user-written "film" subroutine. Currently, 
this subroutine contains only two correlations: Sieder-Tate for single-phase heat transfer and Thom 
for nucleate boiling heat transfer. Two different techniques are employed to model the LOFA.

1. setting the heat transfer coefficient equal to zero (adiabatic case) at the time of the pump trip,
2. using the experimentally-measured velocity coast down in the film subroutine.

The predicted surface temperatures for these two techniques are shown in Figure 4. Neither of 
the techniques predicted surface temperatures that are consistent with the experimental temperatures. 
Figures 5 and 6 show the ratio of the experimental time-to-bumout to the predicted time-to-bumout. 
From the two figures, the predicted time-to-bumout underpredicted the experimental time-to-burnout 
by a factor of four to fourteen when the adiabatic model was used.

The principal conclusion of the report is that experimentally measured burnout times can exceed 
the predicted adiabatic value by as much as an order of magnitude. One could thus conclude that the 
adiabatic model is too conservative. Further LOFA experiments and improved heat transfer models 
are necessary to increase understanding of the mockup thermal response during a LOFA.



Table 1. Times of Pump Trip, High Temperature Trip, and Time-to-Burnout Data

Water Inlet Conditions Ex jerimental Predicted

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

^incident
(MW/m2)

Tirip
<°C)

tpump trip
(s)

tcbeam trip
(s)

TBOb
(s)

TBOc
(s)

CHF*
(MW/m2)

144198 1 1 68 6 700.0 122.8 134.5 11.8 3.0 4.0

144201 1 10 68 6 750.0 135.0 167.0 32.0 3.5 12.0

144205 1 5 68 6 700.0 122.0 136.0 14.0 3.1 8.7

144318 1 10 11 16 750.0 130.5 139.3 8.8 0.6 21.5

144319 1 10 11 15 750.0 132.0 142.0 10.0 1.0 21.5

144320 1 10 11 10 700.0 121.0 134.3 13.3 1.5 21.5

144321 1 10 11 7 750.0 123.0 140.8 17.8 2.5 21.5

144322 1 10 11 3 750.0 135.0 170.0 35.0 8.0 21.5

“incident critical heat flux predicted by Tong-75 correlation. 
b experimental time-to-bumout.
0 adiabatic case in finite element analysis.
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Units

atm-cm3/s atmosphere per cubic centimeter per second
°C degrees Celsius
cm centimeter
g.p.m. gallon per minute
hp horsepower
hr hour
K degree Kelvin
kV kilovolt
kW kilowatt
m/s meter per second
mbar millibar
ml milliliter
mm millimeter
MPa megapascal
ms millisecond
rpm revolutions per minute
s seconds
W/cm2 Watts per square centimeter
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Experimental Time to Burnout of a Prototypical 
ITER Divertor Plate During a Simulated 

Loss of Flow Accident
1.0 Introduction

This report describes an experimental investigation of the thermal response of a prototypical 
fusion reactor divertor plate during a simulated Loss of Flow Accident (LOFA) with steady-state 
heating. The experimental data presented are the first published results of their kind and should 
provide valuable information to fusion system designers, finite element modelers, and safety analysts. 
In addition, the simulated plasma heating (one-sided heating) of the divertor plate during the 
experiment ensures that the data are applicable to both inertial confinement and magnetic confinement 
approaches to fusion. Accordingly, the report should be of interest to a wide group of fusion 
personnel.

. Fusion technology has made significant progress during the past 15 years with record 
performances by the Joint European Torus (JET) [1], JT-60U, T-15, DIII-D [2], Tore Supra [3], and 
the Tokamak Fusion Test Reactor (TFTR) [4], Experiences with these fusion machines have 
substantially increased our knowledge and competence in the areas of:

1. material selection for high heat flux performance,
2. plasma control systems,
3. tritium handling systems.

This experience is now being applied to new challenges as the United States, the European Union, 
Japan, and the Russian Federation have formed a collaboration to design, construct, and operate the 
next-generation fusion machine, the International Thermonuclear Experimental Reactor (ITER).

As the fusion discipline continues its steadfast march towards highly efficient and 
environmentally benign commercial fusion power with ITER being an interim step, designers and 
analysts must answer practical operating issues in addition to the physics and materials issues 
normally associated with fusion machines. The nuclear fission industry had to develop sophisticated 
techniques for the detection and prevention of off-normal events during reactor operation [5][6] 
before it could become a licensed industry, and so must fusion. Fission engineers recognized that 
certain off-normal events could seriously threaten the integrity of their reactors and these events were 
defined as reactor design basis accidents (DBAs) [7], That is, fission reactors have been designed 
to incorporate passively and actively actuated safety systems to lessen the cumulative damage 
potential of the DBAs. While a licensing and/or regulatory agency has not yet been defined for 
commercial fusion, in time fusion designers will have to follow the path of fission designers and prove 
that fusion machines can safely recover from known and postulated accident conditions.
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1.1 Thermalhydraulic Scaling

One way that fusion designers can research DBAs for next-generation reactors is through the 
use of scale models to evaluate the reactor performance during accident conditions. The concept of 
using a scale model to predict the performance of a full-sized unit has a large history in the 
automotive, aviation, marine, chemical engineering, and nuclear fission industries. This approach is 
particularly useful when tests of full-scale models are impractical due to cost, safety, or technological 
constraints. However, while scale models are useful, inherent imperfections, or distortions, are 
unavoidable.

The process of selecting the proper parameters (dimensions of the model, etc.) to obtain the 
maximum useful information from a scale model is called scaling analysis [8]. In assessments of 
fission reactor safety, scaling analysis has been very important for benchmarking the thermalhydraulic 
computer codes that predict a plant's response to transients, and for understanding the predicted 
trends in full-sized plant responses to transient events.

Scaling analysis is approached by using engineering similitude. Dimension-less groups of 
variables are formed and applied to the scale model and the expected full-sized plant or facility. 
Similitude can be in the form of geometry or kinematics [9] [10], The dimension-less groups can also 
be formed from the basic conservation equations for mass, energy, and momentum.

If a scale model system is geometrically similar to the full-sized (prototype) system, and the 
dimension-less numbers describing parameters of operation are equal to those of the prototype 
system, then the scale model is said to be dynamically similar to the prototype. Potential dimension­
less numbers are:

1. Biot, ratio of conductive resistance to convective resistance,
2. Euler, ratio of pressure force to inertia,
3. Froude, ratio of inertia to gravity force,
4. Richardson, ratio of buoyancy force to inertia,
5. Reynolds, ratio of inertia to viscous force,

It is common to use five or more dimension-less groups in scale model predictions for fission power 
plants when the primary coolant system enters into two-phase flow accident situations [11], 
However, it may not be possible to satisfy all the dimension-less groups simultaneously.

Dimension-less numbers in scale models are made equivalent to those for the prototype system 
[12], There are also fixed ratios from the full-sized system, such as length, coolant channel diameter, 
flow velocity, and heat flux, that are applied to the scaled down model. These ratios may additionally 
be used to design testing facilities.

Thermalhydraulicists have spent the past three decades attempting to identify which of the many 
available engineering ratios are more important for making the scale model data applicable to the 
prototype system. The best method for answering this question is by applying the dimension-less 
numbers to empirical data from scale model experiments and prototype system operational data, if 
such exists.
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from the system. A LOFA normally occurs from either a pump trip or an obstruction 
in the coolant tubing. The major concern with a LOFA is the reactor's inability to 
remove heat from part or the whole of the vacuum vessel. As the temperature rises 
inside the vessel, the PFCs may lose their structural integrity. The elevated 
temperatures may also release activation products and tritium normally contained 
within the PFCs.

This definition suggests that all three accidents threaten not only the reactor's integrity, but may also 
have environmental repercussions if the off-normal event causes radioactive isotopes to be released 
to the atmosphere.

Within the vacuum vessel, the primary barrier to a coolant leak during a LOFA is the divertor 
plate. In a tokamak reactor, the divertor is one of the most important components because it removes 
plasma exhaust, that would otherwise contaminate the plasma as ash and eventually cause the plasma 
to disrupt. The divertor is partially extended into the null point of the burning plasma and is 
consequently exposed to the charged ions, electrons, and particles of the plasma, which strike the 
divertor surface and create high heat loads. These heat loads, if not properly removed, can challenge 
divertor material limits, and consequently lower the safety margins of operation. In order to increase 
the heat removal capability of the divertor, the device may have several individual coolant channels, 
defined here as divertor plates, that run parallel to each other and are assembled as a single unit.

During the evolution of ITER, many divertor plate design concepts have been explored. The 
most basic of the concepts is the bare tube design, which is essentially a section of tubing with coolant 
flowing through it. While operational, the bare tube is a lackluster divertor plate option since it has 
a rather limited critical heat flux (CHF) performance. The CHF performance of a divertor plate is a 
measure of the ultimate surface heat load that the plate can withstand before failing. Variations on 
the bare tube divertor plate include use of a swirl tape, porous coating, and screw thread to enhance 
heat transfer and CHF. These design concepts promote coolant turbulence within the tube, which 
correspondingly increases the concept component's CHF performance. Other prominent ITER 
divertor plate design concepts are the internally finned (or "ribbed") channel and the hypervapotron.

In all cases, the divertor plates have a tile of armor, such as a carbon fiber composite (CFC), 
beryllium, or tungsten to help protect the copper plates from plasma erosion. In this experiment, the 
armor tile was omitted because the primary interest was the heat transfer performance of the divertor 
plate mockup. Since the armor tile affects only the distribution and not the intensity of the divertor 
plate's incident heat flux, omitting the tile does not constrain the applicability of the experimental data. 
The remainder of the discussion focuses on the LOFA phenomena, however any readers who would 
like more detail on the various divertor plate geometries are encouraged to review the articles by J. 
Schlosser [14], M. Araki [15], G. Celata [16], R. Watson [17], and others, that are available in the 
Fusion Technology journal and the proceedings of the biennial Symposium on Fusion Technology 
(SOFT), the biennial Symjxjsium on Fusion Engineering (SOFE), and the annual Thermalhydraulics 
Specialist Workshop conferences.

During normal operations, ITER PFCs are expected to absorb an average heat load of 2 MW/m2 
while the divertor plates are being designed to absorb heat loads of 5 MW/m2. To meet such design 
specifications, the divertor plates will be actively cooled by subcooled water (50 - 150 °C inlet) at
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The semiscale experiment (a scaled primary coolant system for a fission power plant that uses 
electrical resistance heating instead of nuclear fuel, with 1/1700th of the coolant inventory of a full- 
sized plant), the Loss of Fluid Test Facility (LOFT) in Idaho, and the Multi-loop Integral System Test 
(MIST) facility in Virginia, have provided much data for analysis and prediction of power plant 
transient responses. Unfortunately, this work has dwelt upon overcooling, undercooling, loss of 
cooling water inventory, and anticipated transients without scram as being the most potentially 
significant to fission reactor safety - while fusion’s interest is in loss of flow events.

For scaling, the parameters of interest will be the physical parameters of the model and the 
prototype system. These parameters include the pipe lengths, diameters, fittings, heated surface 
areas, and height changes. The physical size and performance parameters of the pump, pressurizer, 
and heat exchanger must also be known. The parameters of the fluid are also needed, including the 
pressure, temperature, flow rate, heat and pump energy added to the fluid, and pressure drops in the 
flow system. In normal scaling practice, the model system is built to specifications based on the full- 
sized system design and the specifications are set by careful consideration of the trade-offs and 
distortions that are introduced when building the model.

1.2 Off-normal Events

Marshall and Cadwallader [13] have cited three off-normal events that can be considered as 
DBAs for fusion machines: Loss of Vacuum Accident (LOVA), Loss of Coolant Accident (LOCA), 
and Loss of Flow Accident (LOFA). The LOVA and LOCA were summarized by Marshall and 
Cadwallader as follows:

A LOVA normally results from a breach in the vacuum vessel or one of its ports.
This breach allows air to enter the plasma chamber and disrupt the plasma, causing 
the plasma energy to be deposited in a localized area within the chamber. This 
sudden, intense deposition of energy and ensuing chemical reactions with air may 
release activation products and tritium formerly contained within the plasma facing 
components (PFCs), increase on-site dose levels, and damage or destroy the PFCs.
The higher on-site dose levels may threaten the safety of operations personnel while 
the damaged PFCs will decrease the reactor's availability.

A LOCA is the consequence of a leak or rupture in the tubing and allows coolant to 
enter the vacuum vessel. The LOCA can be internal or external, depending on the 
location of the leak or rupture in reference to the vacuum vessel. While both internal 
and external LOCAs pose significant threats to the reactor through the loss of a heat 
removing medium, the internal LOCA also allows coolant to react with the PFCs.
These reactions release activation products that are normally contained within the 
PFCs.

Considering a LOFA as a subset of the LOCA, Marshall and Cadwallader gave the following 
definition:

The LOFA is similar to an external LOCA, the difference being that coolant is not lost

3



moderate pressure (1-4 MPa) and velocity (5-10 m/s). In an off-normal event, the divertor plates 
may experience a maximum heat load of 20 MW/m2 for a maximum time period of 10 seconds. 
During a LOFA, the divertor plates may have to remove normal or off-normal heat loads while 
simultaneously experiencing decreases in the water coolant pressure and/or velocity. Until this report, 
there has not been a comprehensive investigation of the LOFA issue, complete with experimental data 
for verification of derived calculations and/or hypotheses.

The question can be logically raised of why resources should be committed to researching off- 
normal, if not abstract, events such as a LOFA at this juncture of ITER development. The answer 
is straightforward: LOFAs are already a reality. In 1991, Tore Supra reported that during normal 
operations, a copper PFC cooling tube lost flow, exceeded its critical heat flux, and ruptured, sending
0.5 liter of water into the vacuum vessel [18], This real-life experience, combined with the estimated 
1x1 O'3 events/year frequency for LOFAs in a fusion water coolant system [19], indicates that the 
phenomenon be analyzed and this report is an initial effort in that direction.

The discussion in this report is not intended to be a complete discussion on LOFAs. Rather, it 
is a first order approximation on the time-to-bumout (TBO) of a prototypical divertor plate during 
a simulated LOFA Time-to-bumout can be used as a figure of merit for comparing potential divertor 
plate geometries and/or determining if reactor safety systems and operations personnel will have 
sufficient time to shut down the plasma if a LOFA is detected. Perhaps the most important, value of 
this report lies in its experimental TBO data. Prior to the experiments documented here, fusion 
designers relied primarily on the thermal calculations of finite element codes such as ABAQUS, 
COSMOS, and RELAP, to predict the thermal response of divertor plates during an off-normal event. 
As with any model, experimental data are necessary to verify that the model accurately depicts the 
physical situation. This is especially the case when modeling a LOFA for a fusion machine since heat 
transfer during the event may be extremely complex as a result of the simultaneous coexistence of all 
regions of the boiling curve (single phase, fully developed nucleate boiling, critical heat flux, transition 
boiling, and film boiling) [20],

This report is organized to first discuss the Sandia 30-kW Electron Beam Test System (EBTS) 
that was used to generate fusion-relevant one-sided heating on the mockup. The following chapter 
discusses the manufacture and instrumentation of the experimental mockup of a prototypical divertor 
plate. Chapter 4 presents the experimental procedure and Chapter 5 presents the experimental 
results. An extensive modeling effort on the LOFA phenomenon was performed and the results are 
presented in Chapter 6. Chapter 7 is a discussion on the experimental and modeling results and 
thermalhydraulic scaling to make the TBO data applicable to ITER. Finally, Chapter 8 contains the 
major conclusions, including suggestions for future work, that would be essential to understand and 
characterize fully the LOFA phenomenon.
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2.0 Electron Beam Test System

2.1 Introduction

This chapter discusses the 30 kW Electron Beam Test System (EBTS) located at Sandia 
National Laboratories in Albuquerque, New Mexico. The EBTS is a multipurpose device for 
studying the surface modification, thermal response, and failure modes of high heat flux materials and 
components [21], The following discussion includes basic operating capabilities, available 
diagnostics, and the water flow loop.

For completeness, the discussion on the EBTS diagnostics includes a table of known errors for 
each of the sensors, instruments, and readings. A rather intensive discussion is given on the EBTS 
water flow loop since its characteristics inherently influence the experimental LOFA data.

2.2 Basic Operating Capabilities

The EBTS, shown in Figure 2-1, can accommodate targets of all shapes. The only restriction 
that the EBTS imposes on the mockup physical dimension is that the size is limited to 30 cm by 60 
cm. A large variety of ports and vacuum feed-throughs in the 70 cm diameter by 100 cm length 
stainless steel vacuum chamber are available for diagnostics and utility connections.

The electron source is typically a tungsten or tantalum filament with maximum operating 
parameters of 30-kV and 30-kW. Magnetic lenses and deflection coils are used to focus, position, 
and raster the electron beam to cover a variety of sample surfaces with a range of focusing options, 
from finely tuned to defocused. For most experiments, the beam is operated with a beam full-width, 
half-maximum diameter of 5 mm.

A dedicated VAX cluster controls the discharge of the electron gun. The use of the EBTS as 
a variable directed heat source allows many scenarios of heat flux distributions. In a chamber 
pressure of 130 Pa, average beam rise time is 1 ms and pulse duration can be adjusted from 2 ms to 
continuous operation over a heated area from 1 to 100 cm1 2. With 30-kV acceleration, the beam 
electrons have an approximate penetration depth of 1 x 10'3 mm in copper, which produces what is 
essentially a surface heat flux.

2.3 Standard Diagnostics

Standard diagnostics for the EBTS include a television monitoring system and an infrared camera 
and colorizing system. During beam pulses, both the TV video and infrared camera outputs can be 
recorded with a standard video cassette recorder. For water calorimetry, differential temperature 
(AT) blocks and flow meters are provided and logged two to three times per second during a beam 
pulse. Other routinely logged diagnostics are:

1. 1-color and 2-color pyrometers, for spot surface temperature;
2. a bank of Type-K thermocouples: for spot temperatures and infrared camera calibration;
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3. pressure transducers: for measuring water inlet and exit pressures;
4. a residual gas analyzer: for target out-gassing measurements.

Table 2-1 presents the operating ranges of the diagnostic sensors and transducers.

All data are logged to a computer system via analog signals from the sensors and transducers, 
converted to digital signals by the data acquisition subsystem, and stored on the computer system's 
disk drive. Estimated accuracy, the zeroth order error [22], of the diagnostics is shown in Table 2-2.

2.4 Water Flow Loop

2.4.1 General Description

The flow loop provides demineralized water to cool the EBTS target. Water in the main cooling 
loop is circulated by a variable speed centrifugal pump. The system flow rate is regulated by a flow 
control valve, FCV-05. Water temperature is regulated by a temperature control valve, TCV-02, 
which diverts water around the flow loop heat exchanger, as required, to maintain the preset 
temperature. System hydraulic conditions may range from: 3 to 321/s flow rate, ambient to 282 °C 
temperature, and 0 to 7 MPa pressure.

The flow loop pressure is controlled by a continuous feed-and-bleed system. Up to 0.6 1/s of 
demineralized water may be injected into the flow loop by a positive displacement pressure control 
pump with pulsation dampener. The water injection rate is controlled by a bypass flow control valve, 
FCV-02, which directs a portion of the pump flow rate to the raw water storage tank. Flow loop 
pressure is controlled by a pressure control valve, PCV-04, located in the bleed line. Bleed water is 
discharged into a raw water storage tank through a demineralizer and back to the pressure control 
pump. Line-mounted oxygen and pH sensors in the bleed line control the feed rate of hydrazine and 
ammonia injected into the system. Minor pressure and volume changes in the loop are dampened by 
a surge tank. Water level in the surge tank is maintained between high and low limits via pressurizing 
with bottled nitrogen or by venting. A low pressure clean-up centrifugal pump is used to flush or fill 
the system.

2.4.2 Temperature Control

The system's temperature is controlled using a three-way control valve, TCV-02, to modulate 
the flow of water through the loop's heat exchanger. The main control loop temperature 
measurement, TE-02, is taken downstream of the circulation pump. The signal from the temperature 
transmitter, TT-02, is directed to the local controller, TIC-02, and to the control computer for 
monitoring and control. A control valve, TCV-02, in the main loop is modulated, dependent upon 
the difference between the present and measured variable. Operating setpoints can be entered locally 
or through the control computer.

An additional feature allows the temperature controller to position valve TCV-02 in response 
to an incoming slug of hot water from the EBTS chamber. Temperature at the outlet of the EBTS 
chamber is sensed by temperature transmitter TT-01 and the signal directed to controller TIC-02.
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The flow rate signal from FT-05 is also directed to TIC-02 to reset the controller in response to step 
changes in flow.

2.4.3 Flow Control

System flow is controlled using a flow control valve, FCV-05, located downstream of the 
circulation pump. A flow transmitter, FT-05, is used to sense flow upstream ofFCV-05. The flow 
signal is directed to both controller FIC-05 and the control computer for monitoring and control. The 
flow control valve FCV-05 is modulated by controller FIC-05, dependent upon deviations between 
the preset and the measured variable. The flow signal from FT-05 is also directed to reset TIC-02 
in response to flow rate changes. Operating setpoints can be entered locally or through the control 
computer.

2.4.4 Pressure Control

Control of the system pressure is accomplished using pressure control valve PCV-04 to bleed 
water from the flow loop and direct it to the raw water storage tank. Pressure transmitter PT-04 
senses the system pressure downstream of the circulation pump. The pressure signal is directed to 
both the pressure controller PIC-04 and the control computer for monitoring and control. Control 
valve PCV-04 is modulated by PIC-04, dependent upon the deviations between the present and the 
measured variable. Operating setpoints can be entered locally or through the control computer.

2.4.5 Water Chemistry Control

To monitor and control the system water chemistry, an oxygen sensor and pH sensor are 
installed in the bleed line. These sensors are connected to the panel-mounted oxygen-indicating 
transmitter AIT-09 and pH-indicating transmitter AIT-08, respectively. Signals from AIT-08 and 
AIT-09 are directed to the control computer for monitoring and control. The control computer 
regulates the injection rate by adjusting the stroke length of the hydrazine and ammonia injection 
pumps. Injection rates are under 500 ml/hr. Operating setpoints can be entered locally or through 
the control computer.

2.4.6 Surge Tank

The surge tank is installed as part of the system to dampen minor pressure and volume changes. 
Water level in the surge tank is maintained either by controlled venting or pressurization using 
nitrogen. The water level is controlled by a combination high/low level switch, LS-06. When the 
surge tank water level is low, the vent valve, SV-07, is energized to open by the low-level switch LS- 
06 and the nitrogen valve, SV-06, is closed. When the surge tank water level is high, the nitrogen 
valve SV-06 is energized to open by the high-level switch LS-06 and the vent valve SV-07 is closed. 
Nitrogen is supplied from a bottled nitrogen supply station at 17 MPa.

2.4.7 Circulation Pump

A variable-speed, vertically-oriented, in-line centrifugal pump provides flow loop circulation. 
This pump operates at flow rates from 3 to 32 1/s, temperatures from 37 to 271 °C, and pressures
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from 0 to 7 MPa. The pump is designed for a maximum water temperature of 271 °C at 7 MPa 
system pressure and features a 10 cm suction and an 8 cm discharge nozzle with ANSI 672N raised 
face flanges. The pump also features a mechanical seal, complete with seal flush piping and cooler, 
and is driven by a 93-kW, 3600 rpm motor. The pump is operated using a variable-speed drive 
controller and located so that no special priming procedures are required.

2.4.8 Low-Pressure Clean-up Pump

A vertical, in-line centrifugal pump, rated at 3 1/s and 0.17 MPa discharge pressure, is provided 
to fill the flow loop or to flush the flow loop when the loop is not pressurized. The pump is designed 
for a maximum of 1.9 MPa at 37 °C and features 5 cm suction and 4 cm discharge nozzles with ANSI 
672N flat face flanges. The pump also features a mechanical seal and is driven by a 2.2 kW, 1800 
rpm motor. The pump is located so that no special priming procedures are required.

2.4.9 Pressure Control Pump

The system is pressurized with a positive displacement pump capable of pumping a maximum 
of 0.61/s against a system pressure up to 7 MPa. The pressure control pump is a horizontal, triplex, 
plunger power pump with a motor driven V-belt drive. The pump driver is a 7.5-kW, 1200 rpm 
motor having a 1.15 service factor. The pump discharge system is provided with a pulsation 
dampener and is protected from over-pressurization by a relief valve located just downstream of the 
pump discharge. Flow control is maintained by a flow bypass valve. This pump will maintain system 
pressures required with a 0.61/s bleed stream removal.

2.4.10 Chemical Injection Pumps

Two sets of positive displacement chemical injection pumps are provided, each with a 30 1 
stainless steel feed tank. One pump provides aqueous hydrazine injection for oxygen scavenging and 
the other pump provides aqueous ammonia for pH control. Each pump is capable of injecting against 
a 7 MPa system pressure at a flow rate of 0 to 500 ml/hr and is equipped with an electric capacity 
adjustment, mounted directly on the pumps, that regulates the flow rate in response to a signal from 
the remote control unit. The pump driver is a 0.2-kW, 1800 rpm motor. Each feed tank has a local 
level indicator, isolation valves, Y-strainer, and drain valve.

2.4.11 Heat Exchanger

The heat exchanger for the cooling loop is designed for the least favorable conditions from a heat 
transfer point of view, that is, for the minimum temperature difference between loop water and shell- 
side cooling water during normal operation. The heat exchanger operating parameters are provided 
in Table 2-3. While the heat exchanger is sized for low-temperature conditions, it is designed 
to operate at 282 °C maximum loop water temperature. The U-tube design facilitates thermal 
expansion and permits trouble-free operation through the entire operating range.

The heat exchanger is a TEMA Class R, 23-96 BEU and is designed and constructed per TEMA 
"R" and ASME Section VIII, Division I. The heat exchanger is 379 cm in overall length and 61 cm 
outside diameter. The U-tubes are 1.9 cm, 16 BWG, 304L stainless steel in a four-pass arrangement.
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The channel side is constructed of carbon steel with 304L stainless steel overlay. The shell side is 
constructed of carbon steel with 0.3 cm corrosion allowance. Mechanical design temperature and 
pressure for the exchange is 1 MPa at 49 °C for the shell side and 9 MPa at 296 °C for the tube side.

The shell side of the exchanger is provided with a rupture disc, rated at 1 MPa at 49 °C, to 
protect the exchanger shell in the event of a high-pressure tube failure. The flow loop is provided 
with a relief valve set at 9 MPa to protect the system pumping and equipment from overpressure in 
the event of a cooling water failure with continued heat input into the system.

2.4.12 Surge Tank

A 15 1, 304 stainless steel surge tank is provided to dampen system pressure pulsations 
introduced by the positive displacement pump that pressurizes the loop and to compensate for minor 
volume changes. Pressurization is accomplished with a nitrogen cover gas. The nitrogen source is 
provided from a standard 14 MPa bottle and reduced to 8.6 MPa before being supplied to the system.

The surge tank has a 27 cm outer diameter and is 91 cm long, seam-to-seam. The tank is 
constructed of 304L stainless steel in accordance with ASME Section VIII, Division I. Design 
conditions are specified as 9.3 MPa at 282 °C. A corrosion allowance of 0.3 cm is allowed.

Table 2-1. Operating Ranges ofEBTS Diagnostics

Diagnostics Units Range

AT blocks °C 0-121

flow meter m/s 0-10

1-color pyrometers low A °C 150- 550

low range °C 300 - 1300

mid range °c 1000 - 3000

high range °c 3000 - 6000

2-color pyrometers low range °c 700 - 1400

high range °c 1500-3500

pressure transducers MPa 0-7
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Table 2-2. Accuracy ofEBTS Diagnostics

Variable Unit Accuracy
Velocity m/s ±0.02
Infrared camera surface temperature °C ± 10
Water temperature rise through heated section °C ±0.1
Inlet/exit pressure MPa ±0.01
Inlet/exit temperature °C ±2
Thermocouples °C ±2

Table 2-3. EBTS Heat Exchanger Operating Parameters

Heat load (MW) 1.6

Inlet loop water temperature (°C) 50

Outlet loop water temperature (°C) 38

Inlet cooling water temperature (°C) 16

Outlet cooling water temperature (°C) 28

Loop water flow (1/s) 32

Cooling water flow (1/s) 32
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3.0 Prototypical Divertor Plate Mockup

3.1 Introduction

In tokamak reactors, such as the International Thermonuclear Experimental Reactor (ITER), the 
plasma facing components (PFCs) are exposed to one-sided heat fluxes that are created by energetic 
charged and neutral particles, and photons, striking the PFC surfaces. The divertor modules in a 
tokamak are used to remove exhaust from the burning plasma and by design receive the highest heat 
loads of the PFCs. To increase the heat removal capability of the divertor, the device may have 
several individual coolant channels, defined here as divertor plates, that run parallel to each other and 
are assembled as a single unit. In all cases, actual divertor plates have a tile of armor manufactured 
from materials with a low atomic number, e.g., carbon fiber composite, beryllium, or tungsten, to help 
protect the copper heat sink from plasma damage.

The mockup used in this experiment to obtain time-to-burnout (TBO) data was designed to 
emulate the typical ITER divertor plate with the exception of having a protective tile of armor. The 
armor tile was deemed unnecessary for the experiment since the cooling channel's thermal response 
is not dependent on the armor material's thermal conductivity.

3.2 General Description

The divertor plate mockup is shown in Figures 3-1 through 3-3. The mockup is a one-piece 
assembly of oxygen-free, high-conductivity (OFHC) copper bar stock and tubing. The square bar 
stock has a length of 133.4 mm and a 15.7 mm x 15.7 mm square cross-section. A circular coolant 
channel of diameter 7.5 mm was center drilled, axially, through the bar stock. The bar stock's 
coolant channel entrance and exit were 3.175 mm counteibored to allow a slip fit of the 98.4 mm long 
copper tubes (9.5 mm o.d., 7.5 mm i.d.), which are silver brazed into place. On the two sides of the 
mockup s are six (three each side) 13 mm long grooves, each with a 1 mm x 1 mm cross-section. 
These grooves (positioned 1 cm from either end and in the center of the mockup) house the wires for 
the 0.5 mm diameter K-type thermocouples, shielding them from damaged by the electron beam. The 
thermocouple sensor tips are positioned 0.5 mm from the top surface (heated surface) of the mockup. 
Since the thermocouples are located so close to the surface, their recorded temperatures are assumed 
to be indicative of the surface temperatures.

The mockup has a length of 133.4 mm, but the heated length is only 40 mm. The heated length 
of the top surface is scribed on the mockup so that the heated length ends 5 mm beyond the two 
center thermocouples (TC2 and TC5 in Figure 3-4). Prior CHF experiments performed on the EBTS 
have shown that burnout of the target typically occurs just prior to the heated length exit [23], By 
having the heated length end 5 mm beyond the thermocouples, it is believed that the optical 
pyrometers will be looking at the most likely spot of burnout.

It has been noted by other experimenters [24] that the emissivity of copper divertor mockups 
changes considerably as a result of electron beam heating. The change in emissivity is significant 
because it directly impacts the optical pyrometers’ calibration. To counteract this problem, a highly 
uniform and emissive heated surface is necessary for the mockup. Theoretically, this specially
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prepared surface will limit the emissivity changes during the testing campaign.

To increase the emissivity of the copper mockup, the top surface of the mockup is sandblasted 
with 25 micron A1203 beads at 4.1 to 5.5 MPa air pressure for approximately 15 s. The mockup is 
then baked in air at 300 °C for 2 hrs and subsequently placed in a relative humidity of 100% at 70 
°C for 3 days. This procedure creates an uniform layer of oxidation that increases the copper surface 
emissivity from less than 0.1 to approximately 0.4. The increased emissivity of the heated surface 
area correspondingly increases the efficiency of the low-wavelength pyrometer, and makes a more 
uniformly emitting surface for the infrared (IR) camera.

To assist the EBTS operators in aligning the electron beam on the mockup, beam reference 
marks, in 5 mm increments, are added to the top surface of the mockup as shown in Figure 3-4a. 
These reference marks are small nicks in the oxidation coating on the comer edge of the mockup. 
The nicks appear as small white spots when viewed using the IR camera.

The braze elements of the mockups are Ag, Cu, and Sn, with a braze temperature of 
approximately 700 °C. The brazes are applied by a hand-held torch in an atmosphere of air.

3.3 Pre-Test Procedures

Each face of the mockup is photographed using high-resolution 35 mm color film. The mockups' 
dimensions are measured in three places along each edge (left, right, and center) using a micrometer 
and calipers. The diameters and depths of all thermocouple holes are also measured and recorded. 
Mockup measurement data are shown in Table 3-1.

3.4 Leak Check

The mockup is leak tested with helium gas and passes a leak detection rate of 3 x 10'8 atm-cm3/s 
at a vacuum of 10 mPa.

3.5 Pressure Test

A dynamic water pressure test, with the mockup installed inside of the EBTS chamber, is 
performed and the mockup withstands a pressure of 1.38 MPa without any visible signs of a water 
leak or a loss of chamber vacuum.
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Table 3-1. Mockup Measurements (Pre-test)

Divertor Mockup

Length (mm) 133.45

Width (mm)
Left edge 15.67
Center edge 15.69
Right edge 15.67

Thermocouple depth (mm)
TCI -TC6 0.9

Thermocouple position (mm)
TCI &TC4 10
TC2&TC5 66.54
TC3&TC6 123.59

Channel ID (mm) 7.67

Thermocouple diameter (mm) TCI - TC6 0.635
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4.0 Experimental Procedure

4.1 Introduction

This chapter presents the procedure for obtaining the experimental LOFA data. The primary 
objective of the experimental procedure was to determine the time-to-burnout (TBO) of a 
prototypical fusion reactor divertor mockup after a simulated coolant pump failure. This objective 
was met by removing the power to the pump after steady-state heating by the electron beam was 
reached. The electron beam continued supplying one-sided heat to the mockup until a high 
temperature trip signal from the embedded thermocouples in the heated area of the mockup shut 
down the electron beam, just prior to failure of the copper tube.

4.2 Instrumentation

The following instrumentation data were required during the experiment:

1. high range coolant water flowmeter (0 - 50 g.p.m.),
2. AT calorimetry,
3. inlet water temperature,
4. inlet and outlet water pressure,
5. 5 Type-K target thermocouples mounted in the mockup,
6. surface temperature in the heated area, obtained with,

1. low-wavelength optical pyrometer, 150 - 550 °C range,
2. calibrated spot temperatures from the IR camera, 50 - 800 °C range,
3. 1-color low range optical pyrometer, 300 - 1300 °C range

7. surface temperature distribution from calibrated IR thermography,
8. voltage-current measurement of emitted electron gun power,
9. line-scan mode for IR camera near anticipated burnout.

4.3 Calibration Procedure

4.3.1 Bulk Temperature

1. calibrated all thermocouple digital indicators and analog channels using an Omega 
thermocouple calibration signal.

2. verified that all computer traces agreed with calibrated visual readouts.

4.3.2 Surface Temperature

Pyrometer and IR camera calibrations were repeated often during the experiment (at least once 
a day or after any visual change in the mockup's heated surface) to ensure a high degree of confidence 
in the experimental data. The calibration procedure was as follows:
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1. Water flow through the mockup was stopped.
2. The mockup was purged of water using compressed air at the coolant inlet.
3. The mockup was slowly (< 1 °C/s) heated to maximum bulk temperature of400 °C using 

the electron gun "idle" filament. No large temperature gradients were created across the 
mockup during this heating.

4. Heating of the mockup was stopped by turning off the electron gun "idle" filament.
5. The low-wavelength spot pyrometer, low-range 1-color pyrometer, and IR camera 

ThermaGram® software were calibrated by adjusting the emissivity of each to obtain 
agreement with the Type-K thermocouples embedded in the mockup, during the mockup's 
cool down.

6. The pyrometer trip circuit was tested by setting the trip to 450 °C and using emission 
controlled electron beam heating to slowly heat the mockup to 450 °C. The circuit was 
considered operational if the electron beam was properly shutdown by the pyrometer 
software at the requested 450 °C setpoint.

7. The thermocouple trip circuit was tested by setting the trip setpoint value in the electron 
beam control program, EBCON, to a value equal to 50 °C greater than the inlet water 
temperature and running a low-power electron beam shot. The circuit was considered 
operational if the electron beam was properly shut down by the thermocouple software at 
the requested temperature setpoint.

8. The mockup was cooled by injecting compressed air through the coolant inlet until the bulk 
temperature reached 50 °C.

9. The low range pyrometer, 1-color pyrometer, and thermocouple trip setpoints were reset 
as specified in the test matrix.

4.3.3 Water Calorimetry

1. During the test matrix, the zero level of the AT blocks were adjusted between each shot, 
as necessary.

2. The computer traces from the flow meters were compared daily with the digital display to 
verify good agreement.

3. The flowmeter's software trip was disabled since the purpose of the experiment was to 
examine the mockup's thermal behavior in low flow or no flow conditions.

4.3.4 Beam Alignment

1. The axial (i.e., along length of tube) location of the beam sweep was adjusted until 
thermocouples TC2 and TC5 (refer to Figure 3-4) reached a maximum temperature for a 
long beam pulse (e.g. 2 minutes).

2. The side-to-side beam sweep pattern was adjusted so that the beam spilled over each side 
of the mockup by a beam diameter (5 mm). This spillover gave a swept width of (1.57 cm 
+ 0.5 cm + 0.5 cm) = 2.57 cm. This sweeping was done to minimize the Gaussian 
distribution of the beam, i.e., ensure a uniform heat flux across the mockup.

3. The side-to-side beam pattern was further adjusted until thermocouple readings from TC2 
and TC5 matched. The IR camera showed symmetric wings when in line scan mode and 
the beam pattern was balanced between the two thermocouples.
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4.4 Test Prerequisites

1. The mockup was installed in the EBTS chamber centered under the electron beam. All 
thermocouples were checked for proper operation in the installed mockup.

2. The EBTS high pressure and high temperature loop was configured to operate with the 
following parameters:

Temperature: specified value ± 3 °C
Pressure: specified value ±1.0 p.s.i.g
Flow rate specified value ± 0.2 g.p.m.

The specified parameters for the test matrix are presented in Table 4-1.

4.5 Test Procedures

A summary of the test matrix is shown in Table 4-1. This table presents the general conditions 
of the eight test cases. The goal of the test cases was to measure the thermal response of the divertor 
mockup during a simulated LOFA.

The test procedures for each case was identical:

► The EBTS operator established the specified surface heat flux at the given inlet conditions of the 
case as specified in Table 4-1 for a beam pulse length of 120 s. The 120 s pulse length produced 
steady-state heating of the mockup.

► When the beam pulse length equaled 120 s, the EBTS operator removed the power to the 
coolant pump, but continued electron beam heating of the mockup.

► Electron beam heating of the mockup continued until either of the two thermocouples (TC2 or 
TC5) in the heated area or one of the two spot pyrometers registered a high-temperature trip, 
dependent upon the case, that shutdown the electron beam.

► The procedure was repeated for each of the eight cases.
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Table 4-1. LOFA Test Matrix

Water Inlet Conditions CHF: Tong-75 Applied

Case Pressure
(MPa)

Velocity
(m/s)

Temp.
CO

Surface
(MW/m2)

Wall
(MW/m2)

Surface
(MW/m2)

Predicted
BSMa

1 1 1 68 4 8 6 0.7

2 1 10 68 12 24 6 2.0

3 1 5 68 8.7 17 6 1.5

4 1 10 11 21.5 43 16 1.3

5 1 10 11 21.5 43 15 1.4

6 1 10 11 21.5 43 10 2.1

7 1 10 11 21.5 43 7 3.1

8 1 10 11 21.5 43 3 7.2

a The burnout safety margin (BSM) is calculated in Chapter 6.
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11. Outlet pressure, p.s.i.g,
12. Coolant water inlet temperature, °C,
13. Coolant water temperature change, °C,
14. Power: absorbed in coolant water, kW,
15. Coolant water flow rate, g.p.m..

Table 5-1. Coolant Pump and Electron-Beam Trip Times

Water Inlet Conditions Experimental

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

^incident

(MW/m2) (°C)
tpumptrip

(S)
^ebeam trip

(s)

■f
^burnout

(s)

144198 1 1 68 6 700.0 122.8 134.5 11.8

144201 1 10 68 6 750.0 135.0 167.0 32.0

144205 1 5 68 6 700.0 122.0 136.0 14.0

144318 1 10 11 16 750.0 130.5 139.3 8.8

144319 1 10 11 15 750.0 132.0 142.0 10.0

144320 1 10 11 10 700.0 121.0 134.3 13.3

144321 1 10 11 7 750.0 123.0 140.8 17.8

144322 1 10 11 3 750.0 135.0 170.0 35.0
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5.0 Experimental Results

5.1 Introduction

Steady-state heating of the mockup was achieved with very long electron beam pulses. The 
pulse lengths were typically on the order of 120 s. After ensuring steady-state heating by monitoring 
the thermocouple readings in the heated area, the pump for the EBTS coolant loop was manually 
tripped off. Although the pump was tripped off, electron beam surface heating of the mockup 
continued until one of the two embedded thermocouples in the heated area tripped the electron beam 
with a predetermined high-temperature signal. After the electron beam was tripped, flow was 
restored to the mockup and another experimental case began.

A total of eight LOFA cases were run. The cases were chosen to demonstrate the dependence 
ofTBO on incident heat flux and initial inlet velocity, i.e., inlet velocity prior to the pump trip. The 
TBO is calculated as the time difference between the pump trip and thermocouple high-temperature 
trip.

5.2 Time-to-Bumout Plots

Table 5-1 presents pump trip time, electron-beam trip time, and the associated TBOs for the 
experimental data. Plots were made for the TBO data using surface temperature and water velocity 
as the two y-axes and beam pulse length as the x-axis, as shown in Figure 5-1.

In Figures 5-1 through 5-8, the plots are arranged so that the beam pulse length has 120 s as the 
origin. This was done to increase the resolution in the area of interest, that is, the surface temperature 
and velocity behavior after the pump trip at 120 s. As discussed in the previous chapter, the time 
prior to the pump trip was used to ensure steady-state conditions, so the omission of this time period 
in the following plots does not affect the TBO.

5.3 Experimental Data

Appendix A contains the experimental data plots, as recorded by the EBTS data acquisition 
system. For each EBTS shot, there are fifteen time-dependent plots. They are: 1 2 3 4 5 6 7 8 9 10

1. Power: electron beam power during the shot, W,
2. Low-range 1-color pyrometer temperature, °C,
3. Low-wavelength pyrometer temperature, °C,
4. Thermocouple 1 temperature: inlet thermocouple, °C,
5. Thermocouple 2 temperature: heated area thermocouple, °C,
6. Thermocouple 3 temperature: exit thermocouple, °C,
7. Thermocouple 5 temperature: heated area thermocouple, °C,
8. Thermocouple 6 temperature: exit thermocouple, °C,
9. Thermocouple 7 temperature: bottom of mockup (in heated area) thermocouple, °C,
10. Inlet pressure, p.s.i.g,
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6.0 Modeling Results

6.1 Introduction

This chapter presents the theoretical calculations of thermocouple temperatures, temperature 
isocontours, critical heat fluxes (CHFs), and wall heat fluxes versus tube wall angle for the 
experimental cases. The calculations are performed using the ABAQUS finite element analysis code 
and the Tong-75 CHF correlation.

The methodology and nomenclature ofSchlosser and Boscary [25] are consistent with those used 
in this paper for the discussions on heat fluxes. Schlosser's incident burnout heat flux (IBHF) and 
wall critical heat flux (WCHF) are equivalent to the and , respectively. This consistency is part 
of an international effort to standardize thermalhydraulics terminology and thereby promote 
experimental data exchanges and reproducibility.

6.2 ABAQUS Calculations

6.2.1 Steady State Temperatures

Steady-state temperature profiles for a two-dimensional cross section of the cooling channel are 
calculated using the finite element analysis code ABAQUS [26], The mockup was meshed with 
eight-noded, isoparametric, quadrilateral elements (DC2D8) with 760 nodes and 200 elements, as 
shown in Figure 6-1. Heat transfer from the mockup to the coolant water via forced convection is 
calculated by ABAQUS as a second-order equilibrium solution using a user-supplied film subroutine. 
This subroutine calculates the heat transfer coefficient as a function of wall temperature.

The current version of the film subroutine contains the Sieder-Tate [27] correlation for single­
phase heat transfer,

= h • (Twall
^wall

^“bulk.
(6-1)

where,

h is the heat transfer coefficient, W/cm2-°C, 
TwaH is the wall temperature, °C,
Tbu!k is the bulk temperature, °C, 
pw is the viscosity at the wall, kg/m-s, 
pb is the viscosity at the bulk, kg/m-s.

The fully developed nucleate boiling regime of heat transfer is modeled by the film subroutine 
through the use of the Thom [28] correlation,
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AT; = 22.65 • °'5^q7' • e ~p/si (6-2)

where

aT is the wall superheat, °C,
p is the water pressure, bars,
q” is the incident heat flux, MW/m2.

Table 6-1 has the ABAQUS predicted surface temperatures for the steady-state conditions of 
each of the 8 experimental cases. The term “steady-state” is used to define the time invariant 
thermalhydraulic state prior to the coolant pump trip.

6.2.3 Peaking Factors

Figures 6-2 through 6-9 are plots of calculated wall temperature and qw versus angle around the 
tube for the experimental cases. Essentially what the figures show is that in progressing around the 
circumference of the tube wall, from the top of the tube to the bottom, the heat flux and wall 
temperature simultaneously decrease. Thus, the highest heat flux and temperature will be at the top 
of the tube wall. Note that Figures 6-2 through 6-9 are for the steady-state heating of the mockup, 
that is, prior to the pump trip.

As shown in Figures 6-2 through 6-9, a divertor plate with a square cross-section and circular 
coolant channel will have an incident heat flux, qn that differs from the heat flux at the tube wall-to- 
water interface, qw. This difference is due to a geometric focusing (or “peaking”) effect. 
Geometrical peaking of the incident heat flux is unavoidable due to the fact that q{ is focused into 
a smaller heated area (upper region) at the tube wall-to-water interface. This results in qw being 
greater than the corresponding qj by typically 50%.

The heat flux peaking factor can also be calculated through finite element analysis. This peaking 
factor is termed the finite element peaking factor, FEPF, and is more accurate than the geometric 
peaking factor since it includes the mechanisms of heat transfer.

Mathematically, the FEPF is defined as:

FEPF (6-3)

where,

tf^(peak) is the peak heat flux at the channel wall, 
qs is the surface heat flux.
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As an example, consider electron beam shot number 144198,

FEPF 760 MW/m2 

580 MW/m2
1.3 (6-4)

Table 6-2 presents the FEPFs for all of the experimental cases. In reviewing the peaking factors, 
EBTS shots 144201, 144321, and 144322 have peaking factors less than unity. This is believed to 
be a consequence of the viscosity ratio term in the Seider-Tate correlation. As the wall temperature 
of the mockup increases from sustained incident heating, the water viscosity at the wall, pw in 
Equation 6-1, decreases while the water viscosity of the bulk, pb in Equation 6-1, remains constant. 
Accordingly, the ratio of the two viscosities decreases and likewise lowers the heat transfer 
coefficient, h. In this scenario, h continues to decrease with increasing wall temperature until the wall 
is hot enough to induce boiling and its inherent high heat transfer capabilities.

6.2.4 Finite Element Analysis Time-to-Bumout

Table 6-3 shows the finite element analysis predicted TBO for the eight experimental cases. For 
the prediction, the film subroutine within ABAQUS was rewritten to set the heat transfer coefficient 
equal to zero (adiabatic case) when the analysis beam pulse length equals the experimental beam pulse 
length at the time of pump trip. It is very unrealistic to set the heat transfer coefficient to zero, but 
it was done to bound the worst-case scenario rather than to predict the actual thermal performance 
of the mockup.

The FEA TBO is calculated by subtracting the time when the coolant pump was tripped in the 
analysis from the time when the thermcouple temperature calcualted by ABAQUS match that of the 
high-temperature trip set in the experiment. Mathematically, the equation is written as:

bumout ^temperature trip ^pump trip

Table 6-3 shows the predicted time-to-bumout for the experimental cases.

(6-5)

6.3 Critical Heat Fluxes

For comparison purposes,^, , is calculated for the experimental cases using the Tong-75 CHF 
correlation, as programmed in a Sandia internal FORTRAN code. Note that the Tong-75 correlation 
predicts the CHF at the wall, which according to Equation 6-3, must be divided by the FEPF to get 
the incident CHF, qfHF. Table 6-4 presents the predicted incident CHF, qfHF, for the experimental 
cases.

38



6.4 Bumout Safety Margin

The bumout safety margin (BSM) is calculated as the ratio of the incident critical heat flux, qfHF 
to the applied surface heat flux, qj.

CHF

BSM = ------- (6-6)

where,

qfHF is the incident heat flux at CHF,
qj is the incident heat flux.

If the BSM is less than one, it is likely that the mockup will fail before the requested incident heat flux 
is reached. A BSM greater than unity suggests that the requested incident heat flux will not cause 
high heat flux bumout failure of the mockup. All of the test cases have BSMs greater than unity since 
it was desired that steady-state heating of the mockup did not cause CHF conditions.

Figures 6-10 through 6-17 show the experimentally measured surface temperature and predicted 
BSM as a function of beam pulse time. In the figures the unity value of the BSM is approximated 
by the center of the cross hair. The BSM is determined by calculating the self-consistent CHF (Tong- 
75 correlation) at the steady-state inlet conditions for each experimental case and dividing this value 
by the incident heat flux for the case.

During the simulated LOFA, after the coolant pump is tripped, the CHF values change since they 
are a function of inlet velocity and that velocity is decreasing. Accordingly, CHF values for specific 
values of the decreasing velocity response are calculated and divided by the uniform incident heat flux 
being applied after the pump trip. This change in post-pump trip CHF is responsible for the BSM 
curve decreasing as a function of time in the figures.

It was anticipated that the BSM would decline to 1.0 as the high-temperature setpoint was 
reached during the experiment; however, the data plots do not show this trend. In EBTS shots 
144201, 144205, 144321, and 144322 (Figures 6-11, 6-12, 6-16, and 6-17 respectively), the BSM 
curves reached their minimum before the high-temperature trips occurred. Currently, it is conjectured 
that the BSM is able to achieve such low values without mockup failure because of the additional heat 
conduction paths provided by the relatively thick (3 mm) tube walls.
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Table 6-1. ABAQUS Predicted Thermocouple Temperatures

Water Inlet Conditions Experimental Predicted

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

^incident

(MW/m2)
Thermocouple 

Temp. (°C)

144198 1 1 68 6 291

144201 1 10 68 6 234

144205 1 5 68 6 275

144318 1 10 11 16 433

144319 1 10 11 15 384

144320 1 10 11 10 343

144321 1 10 11 7 282

144322 1 10 11 3 137

Table 6-2. Finite Element Peaking Factor Calculated by ABAQUS

Water Inlet Conditions Steady State

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C) (MW/m2)

qwaU
(MW/m2)

FEPF

144198 1 1 68 580 760 1.3

144201 1 10 68 580 550 0.9

144205 1 5 68 600 690 1.1

144318 1 10 11 1567 2100 1.3

144319 1 10 11 1250 1650 1.3

144320 1 10 11 1000 1300 1.3

144321 1 10 11 667 725 1.1

144322 1 10 11 300 240 0.8
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Table 6-3. ABAQUS Predicted Time-to-Buraout with h,*,, = 0 at Pump Trip

Water Inlet Conditions Predicted

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

TBO
(s)

144198 1 1 68 3

144201 1 10 68 3.5

144205 1 5 68 3.1

144318 1 10 11 0.6

144319 1 10 11 1

144320 1 10 11 1.5

144321 1 10 11 2.5

144322 1 10 11 8

Table 6-4. Predicted CHF Limits

Inlet Conditions CHF: Tong-75

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

Surface
(MW/m2)

Wall
(MW/m2)

144198 1 1 68 4 8

144201 1 10 68 12 24

144205 1 5 68 8.7 17

144318 1 10 11 21.5 43

144319 1 10 11 21.5 43

144320 1 10 11 21.5 43

144321 1 10 11 21.5 43

144322 1 10 11 21.5 43
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Figure 6-1. PATRAN Finite Element Mesh of Mockup - 200 Elements and 760 Nodes.
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7.0 Discussion

7.1 Introduction

Since the objective of the experiment was to obtain a variety of LOFA data, the mockup could 
not be tested to true burnout since this would mean its destruction. Instead, high-temperature trip 
setpoints were chosen so that burnout could be approached without destroying the mockup. The 
melting temperature of copper is 1083 °C, but consideration of the potential hoop stresses at 1 MPa 
resulted in 700 °C being chosen conservatively as the high-temperature trip setpoint. Later during 
the experiment, the high-temperature trip setpoint was increased to 750 °C in order to closer 
approach the true burnout temperature. Regardless, it is important to recognize that the TBO 
reported here is not equivalent to the ultimate failure of the divertor plate mockup.

This chapter is divided into five sections:

•calculation of and discussion on the TBO data from Chapter 6,
•comparison of and discussion on the modeling results and experimental data, 
•experimental thermal responses and the BSM,
•error analysis of experimental data,
•thermalhydraulic scaling for applicability to full-size divertor assemblies.

7.2 Time-to-Bumout Data

From the experimental data. Figures 5-1 through 5-8, the TBO is calculated by subtracting the 
time when the coolant pump was tripped from the time when the high-temperature signal by the 
embedded thermocouples in the heated area tripped off the electron beam. Mathematically, the 
equation for the TBO is written as:

burnout temperature trip pump trip v°~')

Table 7-1 shows the inlet conditions for the experimental cases while Table 7-2 presents the time of 
pump trip, time of high-temperature trip, calculated TBO and high temperature trip setpoint for each 
of the experimental cases.

Examining the TBO data in Table 7-2 reveals the expected behavior. Using a constant incident 
heat flux of 6 MW/m2, holding inlet temperature and pressure at 70 °C and 1 MPa, and varying the 
inlet velocity from 1, 5, and 10 m/s (electron beam shot numbers 144198, 144201, and 144201), the 
TBO increases parabolically from 12 to 32 s, as shown in Figure 7-1. If the inlet conditions are held 
constant at 11 °C, 1 MPa, and 10 m/s, but the incident heat flux is varied from 3, 7, 10, 13, and 16 
MW/m2, then the TBO decreases parabolically from 35 to 9 s, as shown in Figure 7-2.

Using the data in Figure 7-1, we can make the following inference. Assuming normal ITER 
operations, the divertor plates are being subjected to a constant incident heat flux of 5 MW/m2 with
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water inlet conditions of 1 MPa, 70 °C, and 10 m/s*. At these conditions, the experimental data in 
this report suggest that the plant engineers and operators will have approximately 32 s to both detect 
the onset of the LOFA and safely shut down the plasma. While it is possible that the actual response 
time may be longer since this experiment did not test to ultimate failure of the divertor plate mockup, 
the additional time is believed to be a maximum of 10 seconds. Even with these additional seconds, 
it still appears that additional engineering measures are necessary to provide the ITER plant engineers 
and operators enough time to safely counteract the LOFA initiation.

Figures 7-1 and 7-2 can be used to develop an intuitive feeling for the behavior of a typical ITER 
divertor plate during a postulated LOFA What is very interesting to note from the two figures is the 
implied influence of aggressive cooling. The data shown in Figure 7-1 are for a modest cooling 
scheme since it has relatively low inlet subcooling and low water velocity. Using the experimental 
data and the experimental conditions from Figure 7-1, for a LOFA that occurs during normal ITER 
operations (i.e., 1 MPa, 10 m/s, 70 °C, 5 MW/m2), plant engineers and operators will have 32 s to 
detect the LOFA and shut down the plasma. The data shown in Figure 7-2 are representative of a 
very aggressive cooling scheme (i.e., T^ is 11 °C, v^ is 10 m/s, and P*, equals 1 MPa). However, 
using the data in Figure 7-2 with the implied inlet conditions during normal ITER operations, plant 
operators and engineers will have only 20 seconds to detect the LOFA and shut down the plasma. 
This suggestion that the more aggressive cooling scheme gives less response time than the less 
aggressive cooling scheme is quite perplexing and further research is necessary.

7.3 LOFA Modeling

With the experimental TBO data as a reference, there is much interest in the predictive ability of 
ABAQUS to model mockup thermal responses during a simulated LOFA. Using a custom user- 
supplied film subroutine for ABAQUS, two very different approaches are taken in order to quantify 
current modeling capabilities. The modeling approaches are:

1. setting the heat transfer coefficient equal to zero at the time of the experimental pump trip,
2. including the experimentally measured velocity coast down response into the film 

subroutine, having it occur at the time of the experimental pump trip.

In both approaches, uniform heating of the mockup continued after the pump trip.

7.3.1 Finite Element Modeling: Adiabatic Case

As shown in Figures 6-10 through 6-17, the wall temperature around the circumference of the 
tube varies as a function of angle and consequentially so does the heat transfer distribution at the tube 
wall. Given the wide range of potential heat transfer coefficients, /?’s," during the simulated LOFA,

’December 1995 ITER EDA specifications

“Depending upon the temperature at a given angle on the wall, (h « 1 W/cm2-°C) or {h 
<= 4 W/cm2-°C).
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it is desirable to have a lower boundary for h. Setting h equal to zero is not truly indicative of the 
physical process since even in film boiling a finite amount of heat transfer occurs. However, setting 
the heat transfer coefficient equal to zero does serve as a limiting case, that is, worst case scenario.

ABAQUS cases with inlet conditions identical to the experiment are run with the heat transfer 
coefficient being assigned a value of zero at the time of the experiment pump trip. ABAQUS is 
allowed to calculate thermocouple temperatures beyond the pump trip, until the temperatures match 
those of the experimental high-temperature trip. Equation 7-1 is used with the ABAQUS data to 
calculate a finite element analysis TBO.

Table 7-3 shows a comparison between the adiabatic TBO and the experimentally measured TBO. 
Figures 7-3 and 7-4 show plots of the predicted TBO versus the experimental TBO. Figure 7-3 
corresponds to the inlet conditions of 1 MPa, 68 °C, 6 MW/m2, and 1, 5, and 10 m/s. Figure 7-4 is 
for the cases with inlet conditions of 1 MPa, 11 °C, 10 m/s, and 3, 7, 10,15, and 16 MW/m2.

In Figure 7-5, which shows the ratio of the experimental to the predicted TBO it is seen that the 
predicted TBO differs from the experimental TBO by a minimum factor of 4 and a maximum factor 
of 9. Just as disturbing is the fact that in Figure 7-3 the predicted TBO response to changes in the 
steady-state velocity does not follow the response curve for the experimental TBO. This 
unresponsiveness is due to the ABAQUS predictions being linear solutions to the same equation. 
That is, without incorporation of the velocity variable in the heat transfer correlation, ABAQUS is 
solving the same adiabatic equation for each of the three cases.

While Figure 7-6 does show a minimum and maximum difference factor of 4 and 15, respectively, 
the shape of the response curve in Figure 7-4 for the predicted TBO data follows that of the 
experimental TBO. The difference in prediction accuracy between Figures 7-3 and 7-4 is that in 
Figure 7-4 ABAQUS is solving different versions of the two-dimensional heat transfer equation.

Figures 7-7 through 7-14 show a comparison of the AB AQUS-predicted (adiabatic) and the 
experimentally-measured surface temperature response subsequent to the pump trip. In all cases, the 
predicted temperature response is linear while the experimentally-measured response is not. In 
addition, the experimentally-measured temperatures have a small time lag due to sustained heat 
transfer by the decreasing water velocity. This time lag is not evident in the predicted temperature 
response. These results imply that the adiabatic model does not accurately predict the physical 
properties that occur within the cooling channel during the LOFA.

Figure 7-15 shows the effects of initial inlet velocity on the thermocouple rate of temperature 
increase following the coolant pump trip, for the ABAQUS adiabatic cases. While the figure does 
show that the post-pump trip thermocouple temperature increases more slowly with higher initial inlet 
velocity, it also suggests that this is not a strong one-to-one relationship. This is in direct contrast 
to the experimental data. However, the inaccuracy of the FEA predictions for these cases is 
understandable since there is no velocity variable in the Thom nucleate boiling correlation.

In Figures 7-16, the incident heat flux is seen to strongly influence the thermocouple rate of 
temperature increase following the coolant pump trip, for the ABAQUS adiabatic cases. This is 
encouraging, but with the poor ratio of experimental TBO to predicted TBO, the results are still
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inadequate.

Review of the plots presented in this section suggests that setting the heat transfer coefficient 
equal to zero is not a judicious choice when attempting to model the LOFA. While this suggestion 
appears to be intuitive, the LOFA experiments in this report provide tangible support for it.

7.3.2 Finite Element Modeling: Velocity Coastdown

As an alternative to the technique of setting the heat transfer coefficient equal to zero, the velocity 
ramp-down response following the pump trip (refer to Figure 5-1) was incorporated into the user- 
supplied ABAQUS film subroutine. The hypothesis was that the ramp-down response of the coolant 
velocity would allow the predicted TBO to better agree with the experimental TBO.

However, this proved not to be the case because the nucleate boiling correlation currently 
employed by the ABAQUS film subroutine does not include a velocity term. Thus, once nucleate 
boiling was established at an element in the mockup mesh, a decrease in the inlet velocity had no 
effect on the heat transfer coefficient for that element. For the mesh elements whose temperatures 
were in the single-phase heat transfer regime, decreasing the velocity did affect the heat transfer 
coefficient. Accordingly, the temperatures for these elements were dependent on velocity until 
nucleate boiling was initiated.

Figure 7-17 shows a plot of the ABAQUS prediction for the LOFA EBTS shot 144319, using 
the velocity ramp-down equation in the film subroutine. In the figure, there is a slight thermocouple 
temperature increase following the pump trip and then the thermocouple temperature reaches another 
steady-state value. The slight temperature increase is due to the backside of the coolant channel 
experiencing a decrease in heat transfer as the velocity coasts down. The subsequent steady-state 
temperature results because the backside of the coolant channel eventually reaches nucleate boiling 
temperatures.

The ABAQUS temperature predictions in Figure 7-17 is disconcerting because for a factor of five 
difference in incident heat flux it shows the same time period for the temperature transient, 
approximately 10 seconds. These results imply that the rate of transition from single phase to 
nucleate boiling is nearly independent of incident heat flux. Physically this is not possible so 
apparently the velocity ramp-down approach of modeling the LOFA is either overlooking or 
underestimating some aspect of the thermalhydraulics during the LOFA.

Figure 7-18 summarizes the two LOFA modeling attempts for EBTS shot 144318. The adiabatic 
method yields a TBO that is several factors small than the experimental TBO and lacks the response 
curve shape of the experimental data. Similarly, the velocity ramp-down method produces a thermal 
response curve that bears little resemblance to the experimental thermal response. What is most 
obvious from the data curves in Figure 7-18 is the fact that we cannot accurately predict the thermal 
responses of a divertor plate mockup during a LOFA with our current analysis techniques.

It is hypothesized that inclusion of the transition and film boiling regimes, along with the 
experimental velocity ramp-down, into the ABAQUS film subroutine will enable ABAQUS to better 
model the behavior of the heat transfer coefficient during the LOFA. This hypothesis is based on the
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observation that in the adiabatic calculations, making the heat transfer coefficient equal to zero 
produced thermal response curves that were similar in shape to the experimental thermal responses. 
By including the transition and film boiling correlations in the analysis, the heat transfer coefficient 
will be small at the higher mockup temperature, but not zero, which should produce the more gradual 
temperature rise seen in the experimental temperature data. Inclusion of the experimental velocity 
ramp-down is expected to increase the accuracy of the transition and film boiling correlations and also 
account for the heat transfer provided by the coolant as its velocity coasts to zero.

7.4 Thermal Responses

Comparison of ABAQUS predicted temperatures with previous EBTS experimental data reveals 
a relatively high degree of accuracy [29], This is encouragement that with the proper set of equations 
for the heat transfer coefficient, ABAQUS can accurately model mockup thermal responses during 
a LOFA. Table 7-4 presents the steady-state*** temperature data for the 8 experimental LOFA cases

Figure 7-19 shows a comparison of the ABAQUS predicted and experimentally measured 
thermocouple temperatures for the steady-state conditions of EBTS shots 144198, 144201, and 
144205. These three cases are for constant heat flux and varying initial inlet velocity. From the 
figure, ABAQUS does a very good job of predicting the experimentally measured temperatures.

In Figure 7-20, the comparison between predicted and experimental thermocouple data is for 
EBTS shots 144318 through 144322. Here, the inlet conditions are constant and the incident heat 
flux is varying. In the figure, the experimental temperature data has a linear response over the entire 
range of heat fluxes. This is unusual since there should be an inflection in the response curve due to 
the transition from single phase to nucleate boiling heat transfer. For example, the single phase-to- 
nucleate boiling inflection is visible in the predicted data, at approximately 6 MW/m2. The absence 
of the inflection in the experimental response curve raises many questions and further research is 
necessary for a better understanding.

7.4 Burnout Safety Margin

In Chapter 6, plots of the BSM as a function of decreasing water velocity following the coolant 
pump trip are presented. The BSM is mentioned here because of a potential correlation to the TBO.

During the process of plotting the BSM curves shown in Figures 6-9 through 6-16, it was noticed 
that the rapid temperature excursion indicative of approaching CHF, was seemingly initiated when 
the BSM equaled a value of one. Although this is the definition of the BSM, it was surprising to note 
the behavior with the experimental data.

In Figures 6-11, 6-12, 6-13, and 6-15, following the coolant pump trip, there is a rise in the

***Prior to coolant pump trip.
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thermocouple temperature. However, until the BSM for the given inlet conditions and incident heat 
flux equals 1, the temperature slope is small. When the BSM equals one, the thermocouple 
temperature rate of change becomes very steep.

If a correlation does exist between the BSM and the TBO, it might be possible to calculate the 
temperature of the mockup when the BSM equaled 1. This temperature could subsequently be used 
with an experimentally derived equation that included the inlet conditions, material properties, and 
desired high-temperature trip, to predict the TBO.

Of course, this technique is all conjecture and requires additional experimental TBO data for 
application and verification.

7.5 Error Analysis

7.5.1 Water Calorimetry

The incident heat flux, qjy during an electron beam pulse is calculated by dividing the steady-state 
water calorimetry data from the AT blocks by the heated area of the divertor plate. The accuracy of 
the incident heat flux calculations is determined using the methodology of Moffat [30]. The error in 
the water calorimetry is calculated as:

»Q

Q A
bm\2 /

+
SAT

where

Q is power (W),
7is temperature (°C), 
m is the mass flow rate (kg/s)

(6-8)

For first order approximations, m can be replaced by the water velocity, v. Using the 
measurement accuracy data from Table 2-2 and the experimental inlet conditions, the following values 
are used with Equation 7-2:

8v _ 0.02 m/s 
v 1 m/s

5AT = 0,1 °C 
AT 15 °C
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to yield an error of ± 2 % for the water calorimetry.

7.5.2 Heated Area

The error in the expected heated area measurement is calculated as:

M

A
f SI, 2 ( bw ,)

heated
+

heated

L w
\ heated y \ heated J

(6-11)

where,

A is the heated area, m2,
L is the length of the heated area, m,
H is the width of the heated area, m.

The heated area for each pulse is estimated to be 624 mm2 (40 mm heated length by 15.6 mm 
heated width). Graphite marks and scribes in the oxidation layer, both of which glowed brightly on 
the IR video during an electron beam pulse, were made on the divertor plate to help the EBTS 
operators set up the requested heated area. Since the electron beam was intentionally spilled beyond 
the width of the plate, there was very little uncertainty associated with the heated width (i.e., 6Wheated 
is equal to zero).

However, determination of the heated length was not as precise. Thus, an uncertainty, 6L,iea!ed, 
of ± 4 mm is assumed. Using equal to 0 mm and 5L,)ritrrl equal to 4 mm in Equation 7-3 yields
an error of ± 10% for the expected heated area.

7.5.3 Heated Area

The equation for the error in the calculated heat flux is:

H

«o

( 6Q] 2
+ f 6A)

% N 1 QJ i A i (6-12)

where,

qs is the incident heat flux, W/cm2
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With a calculated accuracy of ± 10% for the expected heated area and ±2 % for the water 
calorimetry. Equation 7-4 yields an error of ± 10% in the calculated incident heat flux, qi.

7.6 Thermalhydraulic Scaling

Magnetic fusion experiments have never been copiously funded, and in this case the divertor tests 
were performed with the life-testing experiment already at hand. There was no detailed consideration 
of thermal-hydraulic scaling issues prior to the loss of flow testing. The divertor mockup, of course, 
is a full-sized segment that is representative of the thousands of divertor tiles that will protect the 
vacuum vessel. A future task will be to assess the distortions in the data that have been collected.

If design provisions in the full-sized ITER divertor cooling system tend to prolong the tubing 
lifetime during LOFAs, then the results found in this experiment are conservative. Given that 
assumption, this experiment has already answered important questions for safety researchers; it has 
experimentally verified that predicted times to tube burnout [31] are on the order of seconds rather 
than minutes. Another factor affecting this safety work is that the preliminary design of the ITER 
divertor flow system has not been completed, and may still be changed even in the final design stages. 
At present it would be difficult to build a scale model of the divertor cooling system and time 
pressures for including safety in the ITER design dictate that answers to these questions be 
approximately known quickly to adequately prepare appropriate plasma safety systems.

An important issue to consider in scaling LOFAs, from the divertor mockup to the fiill-sized 
ITER design, should be the coolant pump coastdown time. Another is the volume of water in the test 
system compared with the full-sized system. Other differences, such as the manifolding and other 
flow friction losses, and elevation changes in the full-sized system, are not considered very 
consequential at present, although these factors should not be ignored in the scaling analysis. Pump 
coastdown is thought to be important since most large fission flow systems can experience localized 
overheating without having the entire bulk coolant temperature increase up to the cladding melting 
temperature [that is, a slow bulk water thermal response similar to that during the Three Mile Island 
accident], so the localized overheating is much more sensitive to the pump coastdown time because 
the pump will drive some cooler water flow past the localized hot areas to remove heat even as the 
pump impeller is coasting down to a stop.

Therefore, pump coastdown is perhaps the most sensitive issue in thermalhydraulic scaling to 
predict the times to tube burnout on the frill-sized ITER divertor. Accurate models of the pump on 
the divertor LOFA experiment and the pump expected to be used in the full-sized facility - or at least 
a pump head to pump flow performance curve - will be important to scaling LOFA times. Currently, 
several ideas that are being considered for increasing ITER pump coastdown time are to put flywheels 
on the pump shaft or to use safety-rated, battery-backed "pony motors" that will continue to turn the 
pump shaft at perhaps 10 to 15% of the normal rated speed to provide for removal of decay heat in 
the activated materials in the vacuum vessel. These coastdown schemes rely on timely ITER plasma 
shutdown in a 1 to 10 s time frame.

The flywheel is viewed as a more passive approach to achieve long coastdown times, but it will 
most likely expend its stored energy in a short time (on the order of a few minutes - certainly much
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less than an hour) and cannot be recharged. The flywheel would have to be analyzed for missile 
generation, while the pony motors would be active components requiring periodic testing and 
maintenance. Once these trade-offs have been settled and the pump parameters have been set, then 
these experimental results can be scaled up and applied to the design of the full sized ITER divertor 
cooling system.

Scaling is an important issue to be approached in the future. With accurate data on the 
experiment test system and on the times to tube burnout, scaling can be undertaken when the design 
of the ITER divertor cooling system has been fixed.
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Table 7-1. Definition of Inlet Conditions for Experimental Cases

Inlet Conditions CHF: Tong-75 Applied

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

Surface
(MW/m2)

Wall
(MW/m2)

Surface
(MW/m2) BSM

144198 1 1 68 4 8 6 0.7

144201 1 10 68 12 24 6 2.0

144205 1 5 68 8.7 17 6 1.5

144318 1 10 11 21.5 43 16 1.3

144319 1 10 11 21.5 43 15 1.4

144320 1 10 11 21.5 43 10 2.1

144321 1 10 11 21.5 43 7 3.1

144322 1 10 11 21.5 43 3 16.0

Table 7-2. Times of Pump Trip, High Temperature Trip, and Time-to-Bumout Data

Water Inlet Conditions Experimental

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

^incident

(MW/m2)
Ttnp

(°C)

Iputnp trip

(s)
^ebeam trip

(s)
TBO

144198 1 1 68 6 700.0 122.8 134.5 11.8

144201 1 10 68 6 750.0 135.0 167.0 32.0

144205 1 5 68 6 700.0 122.0 136.0 14.0

144318 1 10 11 16 750.0 130.5 139.3 8.8

144319 1 10 11 15 750.0 132.0 142.0 10.0

144320 1 10 11 10 700.0 121.0 134.3 13.3

144321 1 10 11 7 750.0 123.0 140.8 17.8

144322 1 10 11 3 750.0 135.0 170.0 35.0
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Table 7-3. ABAQUS Predicted TBO with = 0 at Pump Trip vs. Experimental TBO

Water Inlet Conditions Predicted Actual frao

EBTS
Shot

Pressure
(MPa)

Velocity
(m/s)

Temp.
(°C)

^incident

(MW/m2)
TBO
(s)

TBO
(s)

Actual/
Predicted

144198 1 1 68 6 3.0 11.8 3.9

144201 1 10 68 6 3.5 32.0 9.1

144205 1 5 68 6 3.1 14.0 4.5

144318 1 10 11 16 0.6 8.8 14.6

144319 1 10 11 15 1.0 10.0 10.0

144320 1 10 11 10 1.5 13.3 8.8

144321 1 10 11 7 2.5 17.8 7.1

144322 1 10 11 3 8.0 35.0 4.4

Table 7-4. Comparison of Predicted and Actual Thermocouple Temperatures

Water Inlet Conditions Predicted Actual

EBTS Pressure Velocity Temp. ^incident T-rc T-rc
Shot (MPa) (m/s) (°C) (MW/m2) (°C) CO

144198 1 1 68 6 291.0 290.0

144201 1 10 68 6 234.0 235.0

144205 1 5 68 6 275.0 270.0

144318 1 10 11 16 433.0 500.0

144319 1 10 11 15 384.0 450.0

144320 1 10 11 10 343.0 340.0

144321 1 10 11 7 282.0 245.0

144322 1 10 11 3 137.0 130.0
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8.0 Conclusions

8.1 Tlme-to-Bumout Data

Eight experimental cases were run to generate TBO data for a prototypical ITER divertor plate 
during a simulated LOFA. The eight cases were devised to examine the behavior of the TBO for two 
scenarios:

1. constant inlet pressure, temperature, incident heat flux, and varying inlet velocity,
2. constant inlet pressure, temperature, velocity; and varying incident heat flux.

The TBO data behave as expected in both scenarios: increasing parabolically in Scenario 1 and 
decreasing parabolically in Scenario 2. The experimental TBO data further show that the TBO 
response is a strong function of initial inlet water velocity and incident heat flux.

The objective of the LOFA test was to generate experimental TBO data for a simulated LOFA. 
These data are intended to give fusion designers an approximate idea of the response time ITER plant 
engineers and operators will have to successfully detect the onset of a LOFA and safely shut down 
the plasma. This information is crucial to ensure that the typical ITER divertor plate can safely handle 
the thermal challenges of a LOFA.

Under normal ITER-like conditions, EBTS Shot 144201 has a TBO of 32 s. This suggests that 
if plant engineers and operators require more than 32 s for a response, then additional active 
circulation devices, such as standby emergency pumps, or other measures are necessary to ensure that 
the typical ITER divertor plate will not fail and dump water into the vacuum vessel. Further tests are 
required to verify this 32 s time for the given inlet conditions.

The LOFA data indicate that the strongest influence upon the TBO of a divertor plate design is 
the initial inlet water velocity. As one might imagine, if some sort of flow, even in a reduced state, 
continues through the divertor plate during the LOFA, the TBO could be increased. This means that 
flow continuation devices such as inertial flywheels on the pump shafts or fast-acting backup pumps 
for the primary coolant pump can be used to safely extend the TBO for a given divertor plate design.

The eight experimental cases presented in this report are far from being a statistically robust 
database upon which one can logically develop a correlation for the behavior of the heat transfer 
coefficient during a LOFA. Rather, more experiments are necessary and at differing inlet conditions 
and incident heat fluxes to accurately model the heat transfer coefficient relevant to a LOFA.

8.2 Heat Transfer Coefficient

Finite element analyses of the divertor plate under experimental conditions are performed to 
determine the accuracy of current finite element modelling of the plate’s thermal response during a 
simulated LOFA. Two different techniques are used to model the LOFA: the adiabatic method and 
the velocity coast down method.
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As a first attempt at modelling the loss of coolant velocity during a simulated LOFA, the heat 
transfer coefficient was set to a value of zero at the time of pump trip. Although this is not physically 
possible, the case was run as a conservative boundary calculation. Comparison of the predicted 
TBOs with the experimental TBOs showed that this technique was very inaccurate. On average, the 
predicted TBOs for the experimental cases were at least a factor of four lower than the experimental 
TBOs.

In an attempt to better model the divertor plate’s thermalhydraulics during a simulated LOFA, 
the experimentally measured water velocity coast down was programmed into the ABAQUS film 
subroutine. This coast down was triggered when the calculation time equaled that of the 
experimental trip time for the coolant pump. The results showed a modest increase in surface 
temperature as the temperatures in the back regions of the wetted perimeter increased to initiate the 
more efficient heat transfer associated with boiling. Once the small temperature excursion occurred, 
steady-state temperatures were predicted by ABAQUS. This resulted because the film subroutine 
used by ABAQUS currently does not have any heat transfer coefficient correlations beyond that of 
nucleate boiling.

The failure of these methodologies for modelling the LOFA-induced thermal response of a 
prototypical divertor plate suggests that further research into the LOFA phenomenon is definitely 
necessary. It is postulated that the inclusion of the transition and film-boiling regimes, along with the 
experimentally measured water velocity coast down, into the ABAQUS film subroutine will improve 
the ability of ABAQUS to model the heat transfer coefficient behavior during a LOFA. It is further 
surmised that information about the TBO might be contained in the BSM for given inlet conditions. 
The pursuit of these hypotheses is necessary for understanding and preventing damage to PFCs due 
to a LOFA event.
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