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This article presents an instability model for the high-temperature irradiation-resistant thermocouple (HTIR-TC). Here the term instability defines the superposition of both drift and inhomogeneity of TC thermoelements occurring simultaneously. The HTIR-TC is an advanced thermocouple (TC) that uses the refractory metals niobium and molybdenum as sensing thermoelements for generating electromotive force (EMF) in a field of neutrons and at temperatures upward of 1,600°C. In the Advanced Gas Reactor (AGR) 5/6/7 tests conducted at Idaho National Laboratory’s Advanced Test Reactor (ATR), the HTIR-TCs showed low to moderate instability throughout the life of the test. The instability model reveals that HTIR-TCs can, when the operating temperature of the reactor fuel is normal, maintain performance throughout an 18-month refueling cycle typical of nuclear power plants, reflecting an instability of less than ±1%. The HTIR-TC is also qualified for incorporation into a test fixture during the testing of new fuels.
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1 INTRODUCTION
Extensive research and development have been performed on Idaho National Laboratory’s high-temperature irradiation-resistant thermocouple (HTIR-TC) design, extending as far back as 1988 (Wilkins, 1988). The initial research by Wilkins showed that, when it came to selecting the thermocouple (TC) thermoelements, molybdenum (Mo) and niobium (Nb) were the top candidates in terms of resisting TC decalibration (i.e., drift) during any long-term tests in which they were placed near or inside nuclear fuel. Since that time, every aspect of the HTIR-TC has been closely studied, including the thermoelements (Wilkins, 1988; Wilkins and Schooley, 1992; Rempe and Wilkins, 2005a; Rempe and Wilkins, 2005b; Wilkins and Evans, 2005; Rempe et al., 2006a; Rempe et al., 2006b) and associated dopants, formation of TC junctions, insulation (Daw et al., 2007), sheath (Rempe et al., 2007), long-term effects of exposure to high temperatures (Rempe et al., 2008; Daw, 2009), extension wiring (Daw et al., 2008), manufacturing and heat treatment processes (Daw et al., 2008), calibration and associated electromotive force (EMF) (Skifton et al., 2018), out-of-pile performance (Riley et al., 2019; Skifton, 2019; Skifton et al., 2019; Riley et al., 2020), transmutation affects (Skifton, 2021a), fuels and reactor temperatures (Jensen, 2007; Palmer, 2015; Palmer et al., 2019a; Palmer et al., 2019b; Palmer et al., 2021), and improved optimizations (Skifton, 2021c; Skifton et al., 2021).
The HTIR-TC consists of two thermoelements (i.e., one being Mo and the other Nb), an insulator (either alumina or magnesia), and an outer sheath of pure Nb. A successful qualification test was performed for the HTIR-TC through the Nuclear Energy Enabling Technologies Advanced Sensors and Instrumentation program (Dayal and Jensen, 2019; Skifton, 2021b). For this qualification test, the HTIR-TC underwent in-reactor testing for over 12 months in the Advanced Test Reactor (ATR)’s high-neutron-flux, high-temperature environment, as part of the Advanced Gas Reactor (AGR) 5/6/7 fuel test (Palmer et al., 2014). In this test, several HTIR-TCs were placed at various locations around the fuel fixtures to evaluate the performance of new advanced fuel designs for the AGR program.
As all TC types show some form of instability with use, quantifying the total amount experienced by a TC within neutron flux fields and high-temperature tests are the main objective of the present work. The instability of a TC signal derives from the inhomogeneity (White, 1906; Kim et al., 2009; Sloneker, 2009) and eventual drift of the nuclear TCs during the unique circumstance of long-term exposure to neutron bombardment and/or excessive high temperatures. Excessive high temperature leads to solid-state diffusion of atoms into the thermoelements. Strictly in nuclear applications, exposure of the TC thermoelements to the neutron field eventually leads to a significant amount of transmutation. Both phenomena are represented in the developed instability model. The developed instability model for HTIR-TCs can be directly applied to other nuclear experiments, and even to different TC types, builds, and applications. The drift should be small enough that the temperature measurements can be accepted as reasonable, and that the TC is shown to survive for extended periods of time (i.e., a nuclear power plant’s 18-month refueling cycle). It is important to understand the basic principles of this instability model, as it is applicable to all TC types employed in measuring reactor core temperatures, even when the temperatures are low.
2 EXPERIMENTAL SETUP
Comprised of five capsules, the AGR-5/6/7 fuel test fixture was inserted into the ATR’s northeast flux trap—with an inside diameter of 13.34 cm (5.25 in). Each capsule was ∼7 cm (2.75 in) in diameter and with all five capsules welded together gave an overall test train length of 1.22 m (Test train orientation and further details on TC placement can be seen in Figure 1 and are found in greater detail in (Palmer et al., 2014; Hawkes, 2019).) The capsules were positioned in ascending order, with Capsule 1 being located at the bottom of the active core and Capsule 5 at the top. The capsules contained varying amounts of test fuel that, in interacting with the neutron flux, produced varying degrees of temperature. These temperatures were then measured by the TCs, thus generating the required test data on fuel—and in turn, TC—performance.
[image: Figure 1]FIGURE 1 | ATR layout of northeast flux trap utilized in the AGR 5/6/7 experiment and elevation of capsules within active core (not to scale).
ATR’s overarching thermal neutron flux follows a symmetrical, cosine-squared profile, with a maximum, perturbed, thermal, neutron flux value of ∼2.8 × 1014 n/cm2s existing at the reactor height midplane (estimated from (ATR National Scientific User Facility, 2009)), along with a fast (i.e., E > 1 MeV) neutron flux value of approximately 2.25 × 1014 n/cm2s (ATR National Scientific User Facility, 2009). The neutron flux then follows the cosine-squared profile outwards from centerline decaying rapidly to the top and bottom of the reactor height. The temperature range of each capsule varied according to total irradiation and capsule fuel placement. Capsule 3 was expected to show the highest temperatures—mainly as a result of being placed at the reactor height midplane.
Of the five capsules, only Capsules 1 and 3 contained HTIR-TCs for measuring the experimental temperatures. However, the lead wires for each TC must exit the reactor core by passing upward through designated channels inside capsule located above. This means, for example, that the HTIR-TCs positioned to measure temperatures in Capsule 1 must pass through the higher neutron flux regions of the reactor core. Thus, although the HTIR-TCs in Capsule 1 measure a lower temperature, the TC cable drift caused by thermal- and fast-neutron-flux-induced changes (discussed in Section 3.3) would be similar for all the TCs placed in Capsules 1 and 3.
The test fixture also had provision to pass a small, adjustable He-Ne mixture gas flow around the inside of the capsules to maintain a constant temperature and minimize the effect of power fluctuations on the TC temperature readings (Scates et al., 2020). The gas flow was kept at a minimal value and did not remove heat by convection; instead, it merely provided a high thermal conduction path leading directly to the cooler high-water flow of the reactor coolant outside the capsule.
3 AGR 5/6/7 TEMPERATURE DATA
The following data were collected from the AGR 5/6/7 test conducted at Idaho National Laboratory’s ATR (ATR National Scientific User Facility, 2009). With respect to reactor core height, Capsule 1 and Capsule 3 in the AGR-5/6/7 fuel test were the bottommost capsule and the midplane capsule, respectively. The HTIR-TCs were positioned in the hottest region of each capsule—for an average measured temperature of about 1,300°C for Capsule 1, and 1,500°C for Capsule 3.
HTIR-TCs 1-12, 1-13, 1-14, and 1-15 each measured the hottest regions of Capsule 1 by being positioned within the inner circle of temperature sensors closest to the fuel. The data were collected over approximately 425 calendar days, covering the operating lifetimes of all Capsule 1 HTIR-TCs in the AGR-5/6/7 test fixture. Figure 2 shows the daily temperature averages of each HTIR-TCs’ operational lifetimes, in ATR equivalent full-power days (EFPDs), as calculated by noting the length of time each TC was operational, in conjunction with how long the ATR was at full power. The operational lifetimes of HTIR-TCs 1-12, 1-13, 1-14, and 1-15 were 120, 87, 161, and 120 EFPDs, respectively. The EFPD range that each individual thermocouple experienced stems from random effects that the heat treatment, calibration, and physical handling of each TC underwent prior to installment into the AGR 5/6/7 capsules. The main failure mechanism was the stochastic process of reactor shutdown and restart that causes a sharp temperature gradient on the thermocouples leading to a guillotine total failure of the sensor.
[image: Figure 2]FIGURE 2 | Temperatures indicated by HTIR-TCs 1-12, 1-13, 1-14, and 1-15 in Capsule 1 of the AGR-5/6/7 fuel test.
Figure 3 shows the daily averaged temperature data collected at full reactor power from all three Capsule 3 HTIR-TCs throughout their operational lifetimes. The operational lifetimes of HTIR-TCs 3-5, 3-12, and 3-14 were 125, 166, and 164 EFPDs, respectively.
[image: Figure 3]FIGURE 3 | Temperature indicated by HTIR-TCs 3-5, 3-12, and 3-14 in Capsule 3 of the AGR-5/6/7 fuel test.
The highest temperature reached during the AGR 5/6/7 campaign was ∼1,550°C, as measured by HTIR-TC 3-12 toward the end of irradiation period. This is believed to be the highest temperature ever withstood and measured by a TC within the reactor core (i.e., in-pile TC). Though the temperature in the experimental test fixture was lower than the HTIR-TC’s specified maximum temperature of 1,600°C, the preliminary, out-of-pile test data suggest that the HTIR-TCs can indeed accurately measure temperatures all the way up to 1,600°C. However, the instability that would occur at that high a temperature is uncertain and would have to be analyzed and/or measured.
Capsule 1 contained four operating HTIR-TCs around the inside perimeter of the test fuel. These measured slightly lower temperatures than those in Capsule 3. A comparison between these HTIR-TC temperature readings and the temperatures predicted by the thermal model is given in (Pham et al., 2020).
Placed in the center of Capsule 3’s hot zone, HTIR-TC 3-5 measured temperatures of around 1,453°C for the first few weeks of operation at full reactor power. The theoretically calculated temperature at that location was 1,436°C. The difference is around 17°C (or ∼1.2%) lower than the measured temperature.
Capsule 3 contained three type-N TCs in the same lower temperature zone as HTIR-TC 3-14, and all four of these TCs gave similar temperature measurements, further evidencing the HTIR-TC’s accuracy at lower temperatures (see Section 3.2.2 for further details). For comparison purposes, the type-N TCs are included in this discussion, though they can only measure temperatures of up to 1,260°C (or 1,290°C over a very short period) before nearing their melting point restrictions. On the other hand, as already stated, the HTIR-TCs can measure temperatures of up to 1,600°C.
3.1 HTIR-TC temperature range and accuracy
The HTIR-TC temperature range was established through several years of out-of-pile testing (Wilkins, 1988; Wilkins and Schooley, 1992; Rempe and Wilkins, 2005a; Rempe and Wilkins, 2005b; Wilkins and Evans, 2005; Rempe et al., 2006a; Rempe et al., 2006b; Daw et al., 2007; Rempe et al., 2007; Rempe et al., 2008; Daw, 2009). Exhaustive preliminary out-of-pile testing is indicative of in-pile nuclear testing, as both are expensive and time consuming. In the in-pile test design, different TC types were applied to various temperature ranges to help validate neighboring measurements. The HTIR-TCs inside the AGR 5/6/7 test rig were identically constructed from a consistent batch of individual materials. From all HTIR-TCs, ten (a representative sample size) were individually calibrated, and their measured accuracy in the 0°C–1,600°C range was either ±1°C or ±0.4% of the temperature reading, whichever was greater (Skifton et al., 2018). This represents the as-manufactured accuracy of all the AGR 5/6/7 HTIR-TCs and is not to be confused with calibration instability in a neutron flux environment, discussed in below in Section 3.3.
The AGR-5/6/7 test was not configured to measure the true in situ accuracy of the HTIR-TCs, as it lacked a calibrated reference TC that could be dropped into the capsule(s). However, a theoretical estimate of each capsule temperature was attained using the ABAQUS finite element model (Pham, 2021). Over the first 14 days of operation, a temperature deviation of less than ±5% between the ABAQUS model and the temperature measured directly by the HTIR-TCs was observed. The constancy of the temperature measurements made early in life—prior to any appreciable drift—by the HTIR-TCs in both Capsules 1 and 3 gave indication of what the baseline temperature measurements were. A summary of comparisons between TC measurements and calculations can be seen in Table 1.
TABLE 1 | HTIR-TC measured vs. calculated temperature results.
[image: Table 1]3.2 AGR 5/6/7 drift and inhomogeneity results
3.2.1 Capsule 1 HTIR-TC drift and inhomogeneity trends
According to the data in Figure 2, the four HITR-TCs in Capsule 1 apparently experienced a small downward drift of 3%–4% after residing in ATR for 150 EFPDs; however, this could not be well quantified over the noise in the data, which resulted from experimental error. The capsule temperatures fluctuated around approximately ±2% and appeared to be synchronized, indicating it was caused by changes in the ambient temperature, not in the TC response. These fluctuations can be sourced to a culmination of phenomenon like overall gas flow, vibrations in the TC junction location, reactor power fluctuations, among other secondary sources like thermal expansion and contraction of the fuel matrix. The sharp spatial temperature gradient of each capsule grossly exaggerates each phenomenon, as well. Figure 4 reveals this trend more clearly, as a function of time, with the TC daily averaged temperature measurements being normalized to their initial value, T0. A collocated type-N TC is also shown for comparison purposes. These data reveal the HTIR-TCs in Capsule 1 to have performed as expected. Operating for that length of time at a temperature of 1,280°C generally produced a downward drift of −3.5%.
[image: Figure 4]FIGURE 4 | Temperature measurements from the HTIR-TCs and type-N TC in AGR-5/6/7 Capsule 1, normalized by the initial in situ temperature measurement, TINT. The HTIR-TCs are in color, and the type-N TC (1-4) is in black.
3.2.2 Capsule 3 HTIR-TC drift and inhomogeneity trends
The data in Figure 3 show different temperature measurement trends for the three HTIR-TCs in Capsule 3 (i.e., 3-5, 3-12, and 3-14). Figure 5 more clearly shows these trends as a function of time, with the TC daily averaged temperature measurements being normalized to T0. HTIR-TC 3-14 showed no change in trend, either up or down, whereas 3-12 showed an upward trend. An examination of type-N TCs in a temperature location similar to that of 3-12 (i.e., same capsule but a lower temperature region) also revealed the same upward trend. HTIR-TC 3-5, on the other hand, showed a significant downward trend.
[image: Figure 5]FIGURE 5 | Temperature measurements from the HTIR-TCs and type-N TCs in Capsule 3 of AGR-5/6/7, normalized by the initial in situ temperature measurement, TINT. The HTIR-TCs are in color, and the type-N TCs are in grayscale.
These data indicate that the noise in the measured temperatures for all the TCs is synchronized in their local regions, meaning they do not reflect true TC drift but rather a trend indicative of changes in the ambient temperature environment.
Figure 5 reveals the three types of measured temperature trends exhibited by the TCs in Capsule 3:
1. The first trend is the relatively constant temperatures exhibited by HTIR-TC 3-14 and type-N TCs 3-2, 3-13, and 3-15 at up to 150 EFPDs. In particular, note that type-N TC 3-13 was the “control” TC for the entirety of the experiment, meaning that the reactor power and gas flow mixture was adjusted based on its temperature readings. After 150 EFPDs, all the TCs noted a synchronized temperature increase, indicating a sudden increase in the surrounding temperature.
2. The second trend is that a cluster of TCs (specifically HTIR-TC 3-12 and type-N TCs 3-1, 3-3, and 3-4) all showed a gradual increase in temperature measurement readings with time once the specified lifetime of the TCs was reached, and this increase lasted all the way until shortly after the 175 EFPD mark. There is no physical reason why the sensitivity of this entire type-N/HTIR-TC group would synchronously increase. This rise in measured temperatures was not due to any TC sensitivity change (i.e., drift), but rather an actual temperature increase in this region of Capsule 3. It is also likely that this ambient temperature increase cancelled out the expected downward drift. The reason for this increase is not well understood, but likely relates to the difficulty of maintaining a constant temperature for the Capsule 3 design and is under further review. One reason why the measurements from type-N TCs 3-1, 3-3, and 3-4 trended upward is because they were in the outer of the capsule’s two graphite layers. As the fuel reduces over time, less heat flux moves from the fuel to the capsule wall, which is cooled by water. To maintain a constant temperature in the fuel, a larger temperature increase begins to manifest between the wall and the inner layer of graphite. Thus, these three TCs can be expected to climb in temperature as the fuel decays. A second reason for the temperature rise is that the concentration of He and Ne gases flowing through the capsule was altered so as to maintain a constant temperature—potentially affecting an increase in the temperatures read by the TCs. Thirdly, examination of the experimental test data showed that the TC used to control the test capsule temperature (i.e., TC-3-13) was losing sensitivity. This would cause an increase in Capsule 3’s ambient temperature.
3. The third trend pertains to the measurements from HTIR-TC 3-5. Being the only TC located in the center of Capsule 3, HTIR-TC 3-5 had no other similarly located TCs against which it could be compared. HTIR-TC 3-5 showed a relatively constant reading at up to approximately 75 EFPDs, at which point its temperature readings started to decrease, leading to a 125°C change (8.7%) at 125 EFPDs. If the capsule was increasing in temperature, as is suggested by the data from HTIR-TC 3-12 and the similarly located type-N TCs, this downward drift could have exceeded 10%. It is unlikely that this large downward drift was due to a large temperature decrease at this location. It is also unlikely to have been caused by fast neutron damage or thermal neutron transmutations, since the cables of all the other HTIR-TCs experienced similar thermal and fast neutron fluxes without registering the same large downward drift. It is more likely that this drift was due to a real decrease in TC sensitivity, caused by prolonged residence time at high temperature (∼1,500°C). It is possible that, although HTIR-TC 3-5 was heat treated to 1,450°C for several hours during manufacturing, it needed to be instead heat treated to a higher temperature and for a longer time to become stabilized for long-term operation at higher temperatures (i.e., 1,500°C–1,600°C).
3.3 HTIR-TC instability analysis
The following general factors apply to our understanding of the drift that results when HTIR-TCs in the ATR test fixture are exposed to neutron fluxes and high temperatures:
1. Neutron-fluence-induced TC drift is primarily due to neutron-fluence-induced transmutations and neutron bombardment effects in the thermoelement cables (Scervini et al., 2013). These effects lead to Seebeck coefficient changes as a function of residence time in the reactor. The TC measurements are affected only in regions where temperature gradients exist. Thus, the instability in the Capsule 1 TCs was mainly caused by the neutron fluence effects in the Capsule 1 cable sections that pass through the large temperature change region of Capsule 1, the smaller temperature changes in the cable transport regions of Capsules 2–5, and the cooler intermediate regions between Capsules 1-2, 2-3, 3-4, and 4-5. Similarly, the instability in the Capsule 3 TCs was caused by neutron fluence effects on the TC cables as they pass through the high-temperature region of Capsule 3, the smaller temperature changes in the cable transport regions of Capsules 4 and 5, and the cooler intermediate regions between Capsules 3-4 and 4-5.
Note that because the temperature fluctuations in these intermediate capsule regions are approximately equal, the generated EMF tends to cancel each other out and does not significantly affect the measured TC EMF prior to irradiation. However, post-irradiation, the Seebeck coefficient in the cables is affected differently, due to the TCs being asymmetrically located in the neutron field. The EMFs due to temperature fluctuations do not cancel each other out, and must be computed to enable accurate drift data analysis. The Seebeck coefficient change due to neutron fluence can be estimated from theoretical considerations backed by experimental data, as described in the HTIR-TC instability model (see Section 3.4).
2. Drift due to prolonged high-temperature operation is mainly caused by impurities that intercalate into the thermoelement microstructure. The thermoelements are located near the alumina insulation, and at excessive temperatures, the aluminum disassociates from the alumina and travels into the Nb thermoelement via solid-state diffusion (Riley et al., 2023). This is most prominent when the measured temperature (TM) nears or exceeds the heat treatment temperature (THT). It has been observed that when THT-TM < ∼400°C, the drift increases as TM approaches THT, and increases dramatically when TM > THT. The Seebeck coefficient change caused by high-temperature operation can be estimated from the experimental data as a function of time in operation at high temperature. The rest of the TC cable outside the capsule reflects a negligeable change in the Seebeck coefficient, as the temperature in these regions is well below the heat treatment temperature.
Both neutron-flux- and high-temperature-operation-induced drift cause a downward drift in the HTIR-TC signal. This leads to the drift being generally negative in magnitude.
For a standalone HTIR-TC application, the neutron-fluence-induced drift in a commercial power reactor must be less than approximately −1% of the measured temperature over a period of 18 months—and under a conservatively estimated thermal neutron exposure of 3.8 × 1021 n/cm2, which corresponds to an average thermal neutron flux of approximately 8 × 1013 n/cm2s. Similarly, the drift requirement for a 24-month cycle under the same degree of neutron flux would be −1.5%. A drift of < -1% over 18 months (or −1.5% over 24 months) of reactor operation is considered acceptable for installing the HTIR-TC as a standalone TC in a light-water power reactor (e.g., a boiling-water reactor [BWR] or pressurized-water reactor [PWR]), where the TC would primarily be used for high-temperature measurements in the event of an accident. The drift of the HTIR-TC in the ATR AGR-5/6/7 test fixture was specified at a higher value (−3.5%) for 125 EFPDs. This is because, in addition to the drift caused by neutron fluence, there is also drift due to prolonged high-temperature operation. The HTIR-TC instability model was developed to use calculated temperature and neutron flux profiles in order to determine the drift due to neutron fluence, and it uses experimentally measured drift at high temperatures (no radiation) to estimate the expected high-temperature drift in the ATR test fixture. The HTIR-TC instability model produces results that approximately match the observed drift data from the ATR qualification test, and extrapolates the data in order to approximately match the drift data found in the literature.
3.4 HTIR-TC instability model
A general model and procedure were developed for calculating HTIR-TC drift in the ATR AGR-5/6/7 test fixture. Boise State University developed a first-principles model (Sikorksi, 2021) by looking closely at the EMF generated by each HTIR-TC thermoelement (i.e., doped versions of Nb and Mo). As a follow-on to this model, the data collected from the AGR 5/6/7 experiment were empirically fit, then modeled to a general scope of TC drift occurring during an irradiation experiment (i.e., exposure to thermal/fast neutrons and higher-than-allowable temperatures). These models are briefly described in the sections that follow.
3.4.1 Model of instability due to neutron fluence
A common misconception about TC sensors is that their temperature measurements are generated in the junctions where dissimilar lead wires intersect. In fact, EMF is generated over the length of thermoelement (or cabling) exposed to a thermal gradient. It is important that this be understood whenever TCs are being used, but in the context of utilizing them in a nuclear reactor, it is paramount that the entire cable length be considered. By their very nature, reactors entail a spectrum of thermal and fast neutrons that can transmute and/or damage the TC cabling. Minimizing the cable length will help prevent a unique form of long-term drift not seen in virtually any other application.
Neutrons affect the entire length of a TC thermoelement—not just the location of the TC junction or where the TC passes through the maximum neutron flux. With that in mind, the following steps can be used to model the neutron-fluence-induced drift over the full length of the TC thermoelements—specifically utilizing the AGR 5/6/7 test as an example.
The following steps provide a consistent method of estimating the drift of in-pile HTIR-TCs. The method follows the AGR 5/6/7 test and configuration but can be generalized to apply in any experiment and/or reactor test bed.
1. Estimate the high temperatures measured at the TC junctions in the approximate mid-regions of Capsules 1 and 3, where the HTIR-TCs are located.
2. Estimate the slight reduction in temperature as the cables reach the capsule exit.
3. Estimate the sharp decrease in temperature as the cables enter the gap between one capsule and the next.
4. Estimate the temperature increase as the cables enter and travel through the cable bypass region of the upper neighboring capsule, where they are exposed to high temperatures.
5. Estimate the temperature decrease as the cables leave the cable bypass region of the neighboring capsule and enter the gap region between the upper neighboring capsules.
6. Repeat Steps 4 and 5 and estimate the cable temperatures as the cables pass through all the in-between capsule regions and finally reach the topmost capsule (i.e., Capsule 5).
7. The temperature then decreases to the reference ice temperature (0°C).
For the drift calculation, it is assumed that the temperature profiles of the HTIR-TCs in Capsules 1 and 3 are constant regardless of the number of EFPDs, and do not change with time/residence in the reactor.
After determining the temperature profile for the entire length of the TC cable, the local Seebeck coefficient must be estimated. The following steps enable estimation of the local Seebeck coefficient prior to irradiation:
8. The HTIR-TC instability model determines the TC’s EMF by integrating the Seebeck coefficient multiplied by the change in temperature with respect to distance over the length of the cable, as per the following equation:
[image: image]
where:
x = Distance along the TC cable [m], measured from the top of the reactor.
Seff(T,x) = Effective Seebeck coefficient of the Mo/Nb TC [mV/°C], which is a function of the temperature. And since the temperature varies along the length of the TC wires, it is also a function of distance along the TC wires.
dT/dx = Rate of temperature change with distance [°C/m].
L = Full length of the TC cable [m].
Note that, since each thermoelement generally has its own Seebeck coefficient, S(T), the Seebeck coefficient is combined or is deemed the effective Seebeck coefficient, Seff(T,x), of the Mo and Nb thermoelement wires. This effective Seebeck coefficient is equal to the difference between the Seebeck coefficients for Mo and Nb. The Seebeck coefficient for Mo, SMo(T,x), is positive for all temperatures, and has a much larger magnitude than the Seebeck coefficient for Nb, SNb(T,x). On the other hand, SNb(T,x) is negative at low temperatures and positive at high ones, and at all temperatures its magnitude is significantly less than that of SMo(T,x). The value of Seff(T,x) varies with temperature and is positive for all temperatures in the given measurement range. The magnitude of Seff(T,x) slightly varies for each HTIR-TC and depends on the heat treatment of the TC as well as on the thermal and fast neutron fluence it eventually experiences in the reactor. The Seff(T,x) value can be estimated from the literature, but is more accurately estimated from the test data by using the HTIR-TC instability model.
9. Determine the unirradiated effective Seebeck coefficient as a function of temperature. Note that, since the HTIR-TCs were individually calibrated after heat treatment, the unirradiated effective Seebeck coefficient, Seff(T,x), as a function of temperature and distance can be determined from the HTIR-TC calibration data. Numerically, this is the slope (or tangent) of the measured voltage [mV] vs. temperature [oC] polynomial curve at various temperatures. A polynomial can be fit to these data so that the unirradiated effective Seebeck coefficient can be determined for all temperatures within the measurement range. That is, Seff(T,x) equals a polynomial fit of dV/dT as function of temperature, based on the HTIR-TC calibration data. The Seebeck coefficient is then used in the following manner to calculate the total EMF generated in the thermoelements:
[image: image]
10. By integrating Eq. 1, determine the unirradiated EMF of the HTIR-TCs in Capsules 1 and 3. This integration is accomplished numerically by dividing the TC length into small increments, determining the temperature change by referring to the temperature profile obtained in Step 1, and then multiplying by the average unirradiated effective Seebeck coefficient for that temperature and spatial increment from Step 3 in order to produce the incremental EMF generated by that small incremental distance. Next, add up the incremental EMFs for the entire TC length. This value should approximately equal the measured EMF value for that temperature in the calibration test.Now the effect of irradiation on the TC thermoelements Mo and Nb—and in turn the Seebeck coefficient—must be estimated via a reduction factor that accounts for the thermal and fast neutron profiles:
11. Use ATR documentation to determine the thermal neutron and fast neutron flux profile across all capsules, then modify the result per the experimentally determined factors for the test fixture.
12. Estimate the effective Seebeck coefficient reduction due to thermal and fast neutron irradiation. The HTIR-TC instability model assumes that the Seebeck coefficient reduction due to neutron fluence has the following form:
[image: image]
where C1&2 are the correction factor coefficients for both thermal and fast neutrons, respectively; φ is the neutron flux for thermal and fast neutrons, and t is the total irradiation time in seconds. This converts the Seebeck coefficient, reduced by nuclear irradiation, into to a new irradiated Seebeck coefficient, S*(T,x), where the * represents the reduced, irradiated version:
[image: image]
A conservatively high estimate of the neutron flux reduction factor constant, C1, for thermal flux is obtained by first adding the 2,200 m/s thermal neutron absorption cross sections (in barns, b, where 1 b = 10–24 cm2) of the Mo and Nb, where the Mo absorption coefficient is the sum of the absorption coefficients of the Mo isotopes, as weighted by their fractional abundance (2.48 b), and the Nb cross section is 1.48 b. Thus, the conservatively high thermal neutron 2,200 m/s cross section of the Mo/Nb TC is 3.63 b. The reason for choosing a conservatively high value for the 2,200 m/s thermal neutron absorption cross section is to provide a conservatively high drift estimate for HTIR-TC applications in commercial BWRs/PWRs, where the neutron flux is primarily thermal. The constant C1 is then obtained by converting this 2,200 m/s cross section (corresponding to an average thermal neutron temperature of ∼20°C) into the cross section observed at the ATR’s average thermal neutron temperature of 60°C (Wescott, 1962). The constant C2 for fast flux is generally much smaller than the C1 for thermal flux; and for the HTIR-TC instability model, it is assumed to be 0.5 b.
Using S*eff (T,x), the effective EMF generated by irradiated TCs is then calculated via the following method, which is similar to Step 11:
13. Determine the irradiated EMF of the Capsule 1 and Capsule 3 HTIR-TCs in the test fixture by numerically integrating the incremental EMF values for the irradiated TCs. Note that this irradiated EMF is only due to the Seebeck coefficient reduction caused by thermal and fast neutron fluence and does not include the Seebeck coefficient change caused by prolonged high-temperature operation. The incremental EMFs for the irradiated TCs are calculated by multiplying the incremental temperature change for each incremental distance along the TC by the reduced effective Seebeck coefficient at that location and temperature. The incremental EMFs are then added together to give the total irradiated EMF:
[image: image]
14. The neutron-fluence-induced HTIR-TC drift calculated by the instability model is then determined via the following equation, comparing the EMF generated from both the unirradiated and irradiated thermoelements:
[image: image]
3.4.2 Model of instability due to high-temperature operation
In the past, experiments were conducted in test ovens to determine the HTIR-TC drift caused by high-temperature operation, leaving out the drift due to reactor neutrons. These experiments proved that drift occurred, and that it was due to changes in the TC’s metallurgical structure as well as the potential introduction of impurities into the TC. Both the data and the cause of this drift suggest that the drift depends on the difference between the TC heat treatment temperature, THT, and the measured temperature, TM, and that it can occur whenever the TM nears or exceeds THT. The greater the temperature difference (i.e., THT–TM > 400°C), the less the drift.
The data reveal that every TC showed drift when measuring temperatures exceeding ∼1,200°C. The drift was more severe for type-K and type-N TCs than for HTIR-TCs; however, HTIR-TCs heat treated at 1,500°C showed a significant drift of −1.6% when exposed to 1,200°C for 4,000 h. Furthermore, preliminary out-of-pile data show the drift leveling off to zero after experiencing a severe drop. From a technical standpoint, this is understandable, as the TC is not expected to continue to drift once the metallurgical structure has stabilized at the operating temperature.
As all HTIR-TCs were heat treated during manufacturing to 1,450°C, the high temperature instability model was first based on a heat-treatment to measured temperature difference of 300°C, (i.e., THT–TM = 300°C). Next, the drift data were extrapolated to a temperature difference of 157°C to match the measured temperature of HTIR-TCs 1-12 and 1-13, then extrapolated to a temperature difference of 169°C for HTIR-TC 1-14, and to a temperature difference of −50°C to match the measured temperature for HTIR-TC 3-5 at 1,500°C. For such extrapolations, it is necessary to ensure that, when adding the extrapolated high-temperature drift at 3,000 h to the neutron fluence drift at 3,000 h, the result approximately matches the observed 3000-h (125 EFPD) ATR test drift of −3.3% for HTIR-TCs 1-12 and 1-13, −3.7% for HTIR-TC 1-14, and −8.7% for HTIR-TC 3-5. These curves are represented nominally in Figure 6, which also shows that if the operating temperature is lower than the heat treatment temperature by more than 400°C (i.e., THT–TM > 400°C), the drift due to high-temperature operation becomes negligeable. The data also show that if the TC is operating at a higher temperature than the heat treatment temperature (i.e., TM–THT > 0°C), the magnitude of the drift due to high-temperature operation can exceed 10% for an exposure of greater than 3,000 h.
[image: Figure 6]FIGURE 6 | Extrapolation of the drift (normalized) due to high-temperature operation.
3.5 Results of the HTIR-TC instability model calculations
The total instability (in percent, as calculated by the HTIR-TC instability model) caused by neutron fluence and high-temperature operation over 125 EFPDs was obtained by adding the percent change due to neutron fluence and the percent change due to high-temperature operation.
Comparison of these results (calculated by the HTIR-TC instability model) against the observed instability can be made by examining the instability data obtained for HTIR-TCs 1-12, 1-13, 1-14, and 3-5 in the AGR 5/6/7 test, in which the instability was caused by both neutron fluence and high-temperature operation.
The data show that, for 125 EFPDs, the total instability due to neutron fluence and high-temperature operation was approximately −3.3% for HTIR-TCs 1-12 and 1-13, −3.5% for HTIR-TC 1-14, and −8.7% for HTIR-TC 3-5. Note that there was no apparent instability for HTIR-TC 3-5 over the first 1,200 h at ∼1,500°C, meaning that HTIR-TCs can be used to measure such high temperatures without experiencing drift and inhomogeneity. These values compare well with the calculated values shown in Table 2.
TABLE 2 | Total calculated HTIR-TC instability due to neutron fluence and high-temperature operation. Comparison between instability model and actual measured drift is shown.
[image: Table 2]4 HTIR-TC INSTABILITY MODEL APPLIED TO OPERATING THERMAL BWR OR PWR
HTIR-TC drift in commercial, well-moderated thermal power reactors can be conservatively estimated by employing the HTIR-TC instability model and the same 2,200 m/s thermal neutron cross section for determining the Seebeck coefficient reduction factor as was used for the ATR HTIR-TC drift calculation. As described in Step 9 of Section 3.4.1, the average cross section for determining the reduction factor in a reactor is obtained by modifying the 2,200 m/s cross section, using Equation 9 to account for the power reactor’s thermal neutron temperature. The cross-section coefficient, C1, for calculating drift due to neutrons thermalized at BWR and PWR temperatures is shown in Table 3. Since commercial BWRs and PWRs are primarily thermal flux reactors, the drift due to fast neutron irradiation can be neglected.
TABLE 3 | Calculated instability in a commercial power reactor.
[image: Table 3]The expected thermal neutron fluence, φt, for a TC located in-core in a commercial power reactor is approximately 3.8 × 1021 n/cm2 for an 18-month refueling cycle and ∼5.1 × 1021 n/cm2 for a 24-month cycle, based on the average thermal neutron flux of 8 × 1013 n/cm2s. The expected TC drift for this level of thermal neutron exposure in a BWR or PWR can be calculated by assuming the TC to have been installed as a standalone TC, and the neutron flux incident on the TC to be constant in the region where the temperature is changing. For such an installation in a BWR or PWR, the drift can be calculated using the following simplified equation:
[image: image]
where C1(BWR) = 2.33 × 10−24 cm2, C1(PWR) = 2.27 × 10−24 cm2. The results of this calculation are shown in Table 4. Another option to consider is the removal of the Nb neutron absorption cross section, as a negligible amount of EMF is generated in that thermoelement. Mo would then be considered the sole EMF generator, leaving the neutron absorption cross section of the HTIR-TC as 2.48 b.
TABLE 4 | Summary of HTIR-TC performance in Capsule 1 during the AGR 5/6/7 test.
[image: Table 4]Note that for HTIR-TCs operating in a BWR or PWR, the only drift that occurs is due to neutron exposure. The drift due to high-temperature operation in a BWR or PWR is negligible since the operating temperature is far below the heat treatment temperature. The typical operating reactor temperature at 100% power is 300°C for a BWR and 315°C for a PWR, while the heat treatment temperature for these HTIR-TCs is 1,450°C. Thus, for normal full-power operation, the difference between the heat treatment temperature and the operating temperature (>1,100°C) is very large and would produce a negligible high-temperature drift. Also note that even if the TC was measuring a BWR/PWR accident temperature of 1,000°C, the difference with the heat treatment temperature would be > 400°C. Therefore, according to the HTIR-TC instability model, the high-temperature drift would be negligible, especially since the accident time is generally brief.
5 SUMMARY OF HTIR-TC INSTABILITY PERFORMANCE
Tables 4, 5 summarize the results of the HTIR-TC test measurements and the requirements for the HTIR-TC calibrations. Tables 4, 5 are associated with the AGR 5/6/7 Capsule 1 results, and the AGR 5/6/7 Capsule 3 results, respectively.
TABLE 5 | Summary of HTIR-TC performance in Capsule 3 during the AGR 5/6/7 test.
[image: Table 5]Results of the qualification test enabled the following observations:
1. Range: The HTIR-TCs were able to measure temperatures ranging from room temperature to ∼1,550°C. That was the highest temperature ever measured and withstood by any TC in a high-flux reactor environment. Note that, due to melting point restrictions, type-N TCs, which are typically used for high-temperature measurements, can only measure temperatures of up to approximately 1,300°C—nearly 300°C lower than for the HTIR-TCs.
2. Accuracy: The accuracy of the HTIR-TCs was determined via an out-of-pile calibration test in which the HTIR-TC temperature measurement was compared to that of a type-B TC National Institute of Standards and Technology (NIST) standard (Skifton et al., 2018) utilizing ASTM comparative methods under ASTM E220. The general accuracy of each HTIR-TC was statistically found to be either ±1°C or ±0.4% of the temperature reading, whichever was greater.
3. Instability: This aspect of performance could not be accurately determined, due to random fluctuations in the data caused by variations in ambient temperature–arising from the capsule blanket He/Ne gas mixture and/or flow rate. The four HTIR-TCs in Capsule 1 behaved as expected regarding drift. The drift of the HTIR-TCs in Capsule 1 (i.e., 1-12, 1-13, and 1-14) met the −3.5% requirement at 125 EFPDs, though some failed prior to the 125 EFPD period, having been subjected to a large (more than the specified) number of severe thermal transients. The three HTIR-TCs in Capsule 3 reflected different drift performance trends. HTIR-TC 3-14 showed an upward trend that was synchronous with four similarly located type-N TCs—a trend attributed to a gradual ambient temperature increase caused by changes in the passive gas system. The performance data indicate that, had this increase in ambient temperature not occurred, the TC would have behaved as expected. HTIR-TC 3-12, along with two other type-N TCs, behaved normally and showed virtually no drift and inhomogeneity. HTIR-TC 3-5 behaved as expected for an exposure of 50 EFPDs. The performance data indicate that HTIR-TC 3-5 would have instead shown between −3% and −4% instability at an exposure of 125 EFPDs had the ambient temperature held steady, but instead showed a large drop of −8.7% at 125 EFPDs. The cause of this large sensitivity decrease was due to prolonged operation at a temperature 50°C higher than the heat treatment temperature. The technical reason for this is not well understood but is likely due to diffusion of impurities into the thermoelements, due to prolonged operation at high temperatures. Note that the instability measurements were made at high ATR power, and that the HTIR-TC drift and inhomogeneity values calculated by the instability model described in this report apply only to high-temperature operation (>1,050°C). No HTIR-TC drift measurements were made at low ATR power, and no experimental results are available regarding low-temperature operation.
6 CONCLUSION
The HTIR-TC instability model was developed to calculate TC drift and inhomogeneity. It was determined that, based on the experimental data, HTIR-TC instability was due to both thermal and fast neutrons having caused a reduction in the thermoelements’ Seebeck coefficients, as well as to prolonged high-temperature operation. The thermal neutrons change the Seebeck coefficient by transmuting the thermoelements via absorption of thermal neutrons, and the fast neutrons change the Seebeck coefficient primarily by altering the thermoelements’ lattice structure through fast neutron bombardment. In addition, prolonged high-temperature operation can change the metallurgical structure of the thermoelements and cause drift and inhomogeneity. Constants for these effects were determined from the available experimental data and then used, along with estimates of the temperature and neutron flux profiles across the TC cables, to determine the pre- and post-irradiation TC EMFs and calculate the TC drift and inhomogeneity due to neutron fluence and prolonged high-temperature operation. The calculation showed that, for 125 EFPDs of exposure in the ATR test fixture, the drift was −3.3% for HTIR-TCs 1-12 and 1-13 in Capsule 1, -3.5% for HTIR-TC 1-14 in Capsule 1, and -8.7% for HTIR-TC 3-5 at a higher temperature in Capsule 3. The calculated instability matched the observed drift for the HTIR-TCs in Capsule 1, though this was not the case for Capsule 3, due to the uncontrolled temperature increase it underwent.
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