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Nuclear fusion energy, which is expected to be a new sustainable source of
energy, has gained public attention recently. In contrast to the nuclear fission
reaction in which the heavy elements are split turning mass into energy, the energy
of a nuclear fusion reaction is from the combination of light elements. Generally,
the fusion reactions produce more energy, less risk of nuclear waste, and even no
CO2 emission. Successful development of fusion energy, however, requires further

studies including plasma operation, materials, fuel breeding, heat exhaust, and




safety. Such studies have been conducted on many fusion devices in the world.

Divertor is an important component in the fusion reactor. Its main function is to
remove the impurity particle during the operation. The divertor is the component
which receives the most severe heat load concentration in the fusion reactor. To
ensure a safe operation in the fusion reactors, ti is necessary to control the divertor
heat flux. Accordingly, monitoring divertor heat flux becomes an urgent task to
verify the ability of control processes. In this thesis, studies of sensor design and

estimation methods to precisely monitor divertor heat fluxes are proposed.

In Chapter 1, general information about nuclear fusion energy and magnetically
confinement plasmas are presented. Besides, the goals and outline of this thesis are

included in this chapter.

In Chapter ,2 the calorimetric methods for divertor heat flux estimation are
introduced. In general, the divertor heat flux can be inversely evaluated from
monitored temperature data with the heat conduction model. Such a model
assumes a control volume (CV) containing the temperature measurement point and
must satisfy the heat conservation law. In other words, heat flux crossing the
boundary, heat generation in the CV, and internal energy evolution must balance.
Temperature response function has been developed to describe CV temperature
response toward the step-like heat flux applied at the irradiated surface. By fitting
such a response function to the monitored temperature data, the time-dependent

heat flux can be obtained.

Chapter 3 describes the improvement of a temperature response function in 1-

dimensional (1D). The 1D temperature response function is applicable for the



small sensor target where the heat flux is assumed to be homogeneous at its
irradiated surface. In the previous work, the temperature response functions in 1-
dimension (1D) for different back-side boundary conditions have been proposed
and successfully described the delay of the thermocouple (TC) signal owing to the
diffusion time in the target material. However, as an empirical phenomenon,
another time delay in the order of several hundred ms has been observed repeatedly
in our sensor data. Due to this unknown delay, observing the changes in heat flux
for fast events during plasma discharge is impossible. In this chapter, the primary
delay mathematical model, which is used to describe TC signals subjected to time
delay is proposed. Using the primary delay model, the unknown time delay
involved in TC systems can be measured experimentally. According to the findings,
the main causes of delayed signals in TC systems are the intrinsic delay of TC
wires with finite heat capacity and contact heat resistance between TC and the
target surface. In addition, a method to artificially reconstruct the delayed signal

from the measured value of time delay is suggested.

Chapter 4 involves the expansion of the temperature response function into 2-
dimensional (2D). In the fusion devices, the heat flux profile is in cm order. If the
sensor target is bigger than such an order, the temperature distribution will be
inhomogeneous and the heat flux estimation using the ID temperature response
function will be insufficient. In this chapter, 2D temperature response functions
are proposed including parallel and perpendicular directions to the tile surface. The
surface temperature data from the LHD divertor tile is analyzed with the 2D
temperature response function. The results obtain temperature and heat flux spatial

profiles, as well as their time evolution. Using the 2D response function,



temperature profiles can be successfully reconstructed from sparse temperature
data with low spatial resolutions. The findings suggest that 10 thermometer
channels would be sufficient to reproduce the temperature profiles from the target
size in the order of 10 cm. This number can even be optimized if magnetic field
data is known in advance so that the thermometers can be concentrated only in the

area of consideration.

In Chapter 5, the construction of a novel sensor to monitor the heat flux in long-
pulse scenario is proposed. Currently, in most of the existing fusion devices, the
plasma discharge duration is in the order of hundred milliseconds. However, the
pulse duration in the future DEMOs is expected to be much longer and requires
active cooling to sustain plasmas and ensure a safe operation. In such a scenario,
the effects of heat loss will dominate the observed heat fluxes. The new sensor
consists of a glass target with a relatively low conductivity. TCs are embedded in
the top and bottom surfaces so that the effect of heat loss can be distinguished.
Findings show that the heat loss time constant of the target is in the order of
hundred seconds. Using this sensor, the heat flux estimation is performed with
irradiation time ranging from minutes to more than an hour. For the fast events, the
heat flux estimation methods proposed in the previous chapters can be applied. On
the other hand, when the irradiation time becomes long, the heat flux can be
estimated with a simplified heat balance model which takes into account the effect
of heat loss. This provides some hints to construct the heat flux sensor and develop

the heat flux estimation method for future commercial fusion reactors.

Chapter 6 is the summary of the previous chapters and the conclusion of this thesis.

Cooperation of the temperature response functions with the pulse decomposition



method can be a useful tool for the estimation of divertor heat fluxes. In this thesis,
the temperature response functions have been modified to describe the time delay
effect and expanded to deduce multi-dimensional heat fluxes. Moreover, a novel
sensor has been developed and successfully estimate the long-pulse heat flux with
consideration of heat loss effect. The reconstruction of divertor heat flux can be
improved by carefully determining the sensor target boundary condition or
consideration of heat transfer in different direction. This will be left for future

research.
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