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The use of Rare-Earth BaCuO (REBCO) coated conductors is well adapted for Resistive type SFCL (Superconducting Fault Current Limiter) thanks to their high current carrying capability and high resistance per unit length. However, in case of fault currents in the range of the critical current 𝑰 𝒄 , the dissipation can be highly inhomogeneous along the length, leading to localized temperature elevations in the normal zones. This so-called hot-spot regime is well predicted by simulation tools but was seldom studied experimentally in a non-destructive way. This paper presents two experimental results highlighting the existence of the hot-spot regime. First, localized dissipation on a REBCO tape is observed through high speed recording of nitrogen bubbles synchronized with electric measurements. Second, the maximum temperature at the end of the limitation is studied as a function of the prospective current through measurements carried out on the conductor developed by the European Project FASTGRID. The maximum temperature is found experimentally to be highest for prospective current close to the conductor 𝑰 𝒄 .

I. INTRODUCTION

ESISTIVE Superconducting Fault Current Limiters (R-SFCL) are invisible from an electric point of view in normal operation but when a fault occurs, the current raises and the superconducting conductor intrinsically becomes dissipative and limits the fault current in the grid, making it easier to open the circuit. Rare-Earth BaCuO (REBCO) tapes are well adapted to this technology thanks to their high critical current 𝐼 𝑐 and their high linear resistance. In a grid, short-circuits may have any impedance, leading to a wide range of prospective fault currents (i.e. the current that would circulate in the grid in the absence of a R-SFCL). This range of prospective currents includes values close to the 𝐼 𝑐 of the conductor used for the R-SFCL. As the conductors 𝐼 𝑐 have inhomogeneities along their length, in some cases the prospective current can be such that only parts showing the lowest 𝐼 𝑐 will quench. In such cases, there is almost no limitation of the fault current because the total dissipative length remains short (propagation is limited by the normal zone velocity propagation of REBCO tapes). The temperature in the dissipative "spots" raises and can cause localized destruction of the conductor. This is the hot-spot operation regime.
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The authors are with Univ. Grenoble Alpes, CNRS, GRENOBLE INP*, G2ELab -Institut Néel, 38000 Grenoble FRANCE Thermo-electric simulations of R-SFCL in a grid and taking the inhomogeneity of 𝐼 𝑐 into account [START_REF] Tixador | Impact of Conductor Inhomogeneity on FCL Transient Performance[END_REF][2] [START_REF] Gömöry | Stability of DC transport in HTS conductor with local critical current reduction[END_REF] were conducted to understand the relationship between prospective current (or short-circuit impedance) and peak temperature. It was established that a peak of temperature is reached for prospective current close the mean 𝐼 𝑐 of the tape [START_REF] Tixador | Operation of an SCFCL at 65 K[END_REF]. Ref. [START_REF] Tixador | Superconducting fault current limiter optimized design[END_REF] presents a simple expression (1) of this temperature elevation with 𝑒 𝑐𝑜𝑛𝑑 the conductor thickness, 𝐼 𝑐-𝑤 the critical current per unit width, ∆𝑡, the clearing fault time given by the grid operator before the breaker in series with the SFCL opens the circuit, 𝑐 𝑝,𝑣 , the heat capacity per volume unit and 𝜌, the electrical resistivity of the conductor. Thermal dependences of 𝜌 and 𝑐 𝑝 are not mentioned here to make the expression clearer.

∆𝑇 𝑚𝑎𝑥 = 𝜌∆𝑡 𝑐 𝑝,𝑣 ( 𝐼 𝑐-𝑤 𝑒 𝑐𝑜𝑛𝑑 ) 2 (1) 
The temperature elevation in hot-spot regime is important for the design of SFCL. For example, if ∆𝑡 is increased, other parameters must be adapted to limit the temperature rise and obtain a non-destructive behavior, like the conductor thickness for example. This paper presents two experimental results highlighting the existence of the hot-spot regime on two different samples due to different operation conditions.

In part II, a bare tape (Superpower) is studied under 77 𝐾 during 0.02 𝑠 showing localized dissipation through synchronized optical and electric measurements. In part III, the temperature elevation measured during R-SFCL tests on the FAST-GRID conductor at 65 𝐾 for 0.05 𝑠 is presented, highlighting the hot-spot regime and its mitigation. *Institute of Engineering -Univ. Grenoble Alpes Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.

Digital Object Identifier will be inserted here upon acceptance. Visual observation of REBCO tape dissipation has already been done in the past by observing the formation of gas bubbles in the liquid nitrogen bath [START_REF] Nguyen-Nhat | A YBCO-coated conductor for a fault current limiter: Architecture influences and optical study[END_REF]. Fluorescent thermal imaging was also used to measure quench propagation in HTS tapes [START_REF] Gyuráki | High-speed fluorescent thermal imaging of quench propagation in high temperature superconductor tapes[END_REF].

Here, we observe a spontaneous inhomogeneous transition on a REBCO tape (Superpower), using a power grid configuration set-up, i.e. a constant voltage source, and without affecting the integrity of the sample or triggering artificially the transition.

A. Set-up description 1) Electric circuit

The electric circuit used for this test is shown in Fig. 1. It is used to observe the superconducting tape 𝑅 𝑠𝑓𝑐𝑙 behaviour, in power grid condition. 𝑉 𝑠𝑜𝑢𝑟𝑐𝑒 is a 15 𝑉, 165 𝐹 supercapacitor fed by a current source, whose capacity is big enough to ensure negligible voltage drop. Table I provides the values of 𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 and 𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 , the elements of the circuit. These values are determined while the REBCO tape is superconducting. The breaker 𝑆 connects 𝑉 𝑠𝑜𝑢𝑟𝑐𝑒 to the sample. 𝑆 is switched on for 0.02 𝑠.

2)

The sample is a Superpower "bare" tape, surrounded by a 1.6 µ𝑚 thick silver layer. It is placed in liquid nitrogen at 77 𝐾 in a transparent cryostat and connected to the electric circuit using copper leads. The voltage is measured thanks to two voltage taps soldered on the sample. The distance between the copper leads is 0.065 𝑚 and between the voltage taps is 0.055 𝑚. The current is measured with a 1000 𝐴 rated Fluke sensor.

Visual observation of the sample is possible thanks to a highspeed Phantom camera with a frame rate set to 5. 10 5 𝑓𝑝𝑠 and an exposure time to 5.10 -6 𝑠. The user controls 𝑆 to create the short-circuit. It simultaneously triggers the recording of the images and the electric measurements. After 0.02 𝑠, 𝑆 is opened.

B. Results

Fig. 2 shows images of the sample during this test, while Fig. 3 gives the current and the time associated to each picture given in Fig. 2. From 0 𝑠 to 0.0116 𝑠, the dissipation is negligible. The voltage remains very low. The current decreases slightly due to the heating of the circuit resistances. At 0.01166 𝑠, the voltage starts to increase. A portion of the sample starts to be dissipative between the two voltage taps. At 0.01188 𝑠, the first bubbles appear on the sample (Fig. 2,A) almost at the middle of the sample, on the edges. In picture B, at 0.01204 𝑠, the whole width of the sample is bubbling. Picture C and D, respectively corresponding to 0.01322 𝑠 and 0.01947 𝑠, show that the portion of the sample bubbling is expending. At 0.01964 𝑠, the breaker 𝑆 is switched off and the current stops in the circuit.

The bubbles result from a heat transfer between the sample and the liquid nitrogen. This regime of heat transfer is not directly installed as soon as the thermal runaway occurs. Indeed, from 0.0116 𝑠 to 0.01188 𝑠, the voltage increases while no bubble can be observed on the pictures (Fig. 2, A is the picture corresponding to the apparition of the first bubbles). Then, from 0.01188 𝑠 to 0.01964 𝑠, the expansion along the length of the portion of the sample bubbling shows that the dissipative zone propagates in the sample. These pictures show a spontaneous inhomogeneous transition of the sample. It is a visual observation of a hot-spot in a REBCO tape under SFCL operation.

With this REBCO tape, (1) gives us a maximum local temperature about 400 𝐾 after 0.01 𝑠 of operation after thermal runaway, with a current in the range of 𝐼 𝑐 at 77 𝐾 (around 650 𝐴), assuming no current limitation but considering the thermal dependence of 𝜌 and 𝑐 𝑝 . The REBCO tape architecture can be adapted to increase the operation time and the 𝐼 𝑐 .

III. HIGHLIGHTING THE HOT-SPOT REGIME ON A FASTGRID CONDUCTOR

The conductor developed by the European Union project FASTGRID [8] [START_REF] Tixador | Status of the European Project FASTGRID[END_REF] is able to withstand an electric field of 130 𝑉/𝑚 for 0.05 𝑠 in operation at 65 K, (𝐼 𝑐 around 1300 𝐴, almost doubled compare to an operation at 77 𝐾). To survive any prospective current, a 500 µ𝑚 thick Hastelloy ® C276 shunt was soldered to a REBCO tape (from manufacturer THEVA). The design is described in [START_REF] Escamez | Numerical Investigations of ReBCO Conductors With High Limitation Electric Field for HVDC SFCL[END_REF]. This section aims to highlight the existence of the hot-spot regime showing an elevation of the maximum temperature of the FASTGRID conductor in the range of its 𝐼 𝑐 at 65 𝐾 and show that it remains acceptable.

A. Set-up description 1) Power circuit

The circuit presented in Fig. 4 is used to characterize the FASTGRID conductor. 𝑉 𝑠𝑜𝑢𝑟𝑐𝑒 is a 380 𝑉 AC voltage source. A transformer with a ratio 𝑚 (Table II) is used to increase the current in the secondary circuit. 𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 and 𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 represents the elements of the circuit. Their values are determined measuring the active and reactive power while the sample is superconducting (Table II). A variable resistance called 𝑅 𝑓 , representing the fault impedance, is used to obtain a large range of prospective current 𝐼 𝑝𝑟𝑜𝑠 , computed with (2) where 𝜔 is the grid pulsation. The breaker 𝑆 is switched on for 0.05 𝑠.

𝐼 𝑝𝑟𝑜𝑠 = 𝑚𝑉 𝑠𝑜𝑢𝑟𝑐𝑒 √(𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 + 𝑅 𝑓 𝑚 2 ) 2 + (𝜔𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 ) 2
(2)

2) Measurements & operation conditions

On a 0.2 𝑚 long sample of the FASTGRID conductor, voltage taps are soldered to measure the electric field on various portions (Fig. 5). It is immersed in a liquid nitrogen bath whose temperature was decreased to 65 𝐾, by decreasing the pressure to 0.0175 𝑀𝑃𝑎 with a pump connected to the cryostat. The pressure is then re-increased to the ambient pressure to improve the dielectric properties of the environment (Paschen's low).

The tests are then carried out at 65 𝐾 under ambient pressure.

B. Limitation and hot-spot operation 1) Mean and maximum temperature

The maximum and mean temperature were introduced in reference [START_REF] Tixador | Electrothermal Phenomena About Current Limitation With Coated Conductors[END_REF]. The mean temperature, given by ( 3), considers a homogenous heating over the volume 𝑉 𝑖,𝑗 between the voltage taps 𝑖 and 𝑗, where 𝑣 𝑖,𝑗 is the voltage and 𝑖 the current. It also considers a sample only made with Hastelloy ® C276 (data from [START_REF] Lu | Physical properties of hastelloy (r) c-276 (tm) at cryogenic temperatures[END_REF]) which is a justified assumption as the total Hastelloy ® C276 thickness is 600 µ𝑚 and the conductor thickness is 620 µ𝑚. The good agreement between direct temperature measurement in [START_REF] Tixador | Electrothermal Phenomena About Current Limitation With Coated Conductors[END_REF] and mean and maximum temperatures computations makes possible to consider adiabatic conditions. Following [START_REF] Tixador | Electrothermal Phenomena About Current Limitation With Coated Conductors[END_REF], the maximum temperature along the length of the tape can be obtained simply by [START_REF] Tixador | Operation of an SCFCL at 65 K[END_REF], where 𝑆 𝑐𝑜𝑛𝑑 is the conductor cross-section (assuming to have a homogenous temperature) and 𝑅 𝑙 the linear resistance which is current and temperature-dependent below 𝑇 𝑐 and only temperature-dependent above 𝑇 𝑐 . The computation of (4) starts as soon as a dissipative zone is detected, i.e. when the electric field between 𝑖 and 𝑗, is not purely inductive anymore. Below 𝑇 𝑐 , 𝑅 𝑙 depends non-linearly on the current and local critical current, which makes the calculation cumbersome. We can bracket efficiently 𝑇 𝑚𝑎𝑥 using two different hypothesis :

-𝑇 𝑚𝑎𝑥,1 , the computation starts when the mean temperature 𝑇 𝑚𝑒𝑎𝑛,𝑖,𝑗 of one sample portion 𝑖, 𝑗, is higher than 𝑇 𝑐 , 92 𝐾. The initial value is 92 𝐾 and the computation of 𝑇 𝑚𝑎𝑥,1 is done with (4) using the current measurement and considering the only temperature-dependence of 𝑅 𝑙 .

In hot-spot regime, 𝑇 𝑚𝑎𝑥,1 is an under estimation of the maximum temperature because the dissipative length between 𝑖 and 𝑗 might be lower than the actual length between 𝑖 and 𝑗. As a consequence, 𝑇 𝑚𝑒𝑎𝑛,𝑖,𝑗 is lower than the actual temperature of the zone dissipating. -𝑇 𝑚𝑎𝑥,2 , the computation starts when a quench is detected. The initial value is 65 𝐾 and the computation of 𝑇 𝑚𝑎𝑥,2 is done with (4) using the current measurement and an extrapolation of 𝑅 𝑙 (𝑇) until 65 𝐾, without considering the current dependence below 𝑇 𝑐 . 𝑇 𝑚𝑎𝑥,2 is an overestimation of the maximum temperature due to the non-consideration of the current dependence of 𝑅 𝑙 between 65 𝐾 and 𝑇 𝑐 .

2) Limitation operation with 𝐼 𝑝𝑟𝑜𝑠 = 7000𝐴

a) Measurements

𝑅 𝑓 is set to 0 to obtain a prospective current of 7000 𝐴. Fig. 6 shows similar electric fields over all portions, reaching 120 𝑉/𝑚. It reveals a homogenous quench along the length.

b) Mean and maximum temperatures

In limitation, the quench is highly homogeneous, the mean temperatures and the maximum temperatures are very similar (Fig. 7). 𝑇 𝑚𝑎𝑥 is between 375 𝐾 and 385 𝐾.

3) Hot-spot operation with 𝐼 𝑝𝑟𝑜𝑠 = 1450 𝐴 a) Measurements

𝑅 𝑓 is set to 2. 7 Ω to obtain a prospective current of 1450 𝐴, in the range of 𝐼 𝑐 at 65 𝐾. Fig. 8. shows electric fields different with the position. 𝐸 4,5 remains purely inductive. It reveals that the ratio of the dissipative zone between two voltage taps over the length between these two voltage taps is not constant along the sample. The quench is not homogeneous along the length.

b)

Mean and maximum temperatures Fig. 9 shows that the maximum temperatures and the mean temperatures are highly different. The maximum temperature is between 265 𝐾 and 330 𝐾.

C. Maximum temperature on a large range of 𝐼 𝑝𝑟𝑜𝑠

Same tests are carried out multiple times with 𝑅 𝑓 modified from 0 Ω to 4.7 Ω to obtain 𝐼 𝑝𝑟𝑜𝑠 varying from 900 𝐴 to 7000 𝐴. For each test, 𝑇 𝑚𝑎𝑥,1 and 𝑇 𝑚𝑎𝑥,2 are computed and plotted in Fig. 10.

The maximum temperatures do not increase constantly with the prospective current. A peak of temperature is observed for prospective currents in the range of 𝐼 𝑐 at 65 𝐾. Then, the temperatures decrease and start to increase again around 2000 𝐴. This increase continues as 𝑅 𝑓 decreases, the electric field withstood by the sample is higher. The temperature elevation between 1300 𝐴 and 1800 𝐴 is the hot-spot regime as it was qualitatively predicted by the simulation [START_REF] Tixador | Operation of an SCFCL at 65 K[END_REF]. To our knowledge, this result was observed only once in the past [START_REF] Kudymow | 2g hts material selection, insulation, optimization, and the resulting component design of the eccofow resistive fault current limite[END_REF] in the framework of the ECCOFLOW project with a longer sample, showing a lower linear resistance and lower 𝐽 𝑐 . A severe hot-spot regime is more likely to be observed on long samples [START_REF] Zampa | Effect of a variable conductor length on the hot-spot regime for SFCL applications[END_REF].

IV. CONCLUSION

This paper presents two different ways to experimentally observe a hot-spot regime using a set-up reproducing power grid conditions. First, the use of a high-speed camera makes possible to observe an inhomogeneous spontaneous transition on a bare REBCO tape, with a single hot-spot along the observed length. Second, using a FASTGRID conductor, specially designed to withstand hot-spot regime at 65 𝐾 for 0.05 𝑠 and to sustain high electric field, the computations of maximum temperatures, from electric measurements, highlight the existence of the hot-spot regime as predicted by models. This experimental validation is uncommon on small conductor lengths. The measurements also validate on small lengths the design of the FASTGRID conductor, which sustained the whole range of prospective currents. 
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TABLE I VALUES

 I OF 𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 AND 𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡

	II. VISUAL OBSERVATION OF A LOCALIZED DISSIPATION ON A		
	REBCO TAPE		
	Parameters	𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡	𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡
		0.023 Ω	3.6 µH

TABLE II VALUES

 II OF 𝑚 𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 AND 𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡

	Parameters	m	𝑅 𝑐𝑖𝑟𝑐𝑢𝑖𝑡	𝐿 𝑐𝑖𝑟𝑐𝑢𝑖𝑡
		0.079	3.8 mΩ	6.2 µH