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Abstract


Hydrogen generation and the correct simulation of severe accidents have been of utmost importance since the Fukushima Dai-ichi accident. QUENCH experiments are quite useful for validating mathematical models implemented in system codes for early-phase severe accidents, where hydrogen generation, fuel rod temperature, and their deterioration during these conditions are of vital importance. This paper presents a new system code, TLANESY, designed for the simulation of thermal–hydraulic systems with two-phase flow (mainly water) and with application in the analysis of severe accidents during the early phase. The computational implementation consists of fast-running numerical methods and their validation with experimental data from the QUENCH-01 experiment. The results showed an error with respect to the total hydrogen generation of approximately 0.6%. A stand-alone sensitivity analysis was also performed with some parameters related to the cladding, where it was shown that variation in the thermal conductivity by 15% can alter the total hydrogen generation by up to 5%, indicating that impurities in this material can have a significant impact on this Figure of Merit.
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1. Introduction


The earthquake and tsunami that struck Japan on 11 March 2011 caused significant damage to the Fukushima Dai-ichi nuclear power plant, including the failure of the cooling system in units 1, 2, and 3 [1,2]. Without the cooling system, removing heat from the boiling water reactor (BWR) core, the fuel rods overheated, causing fuel melting, zirconium cladding oxidation, and hydrogen production [2,3,4], which occurs when temperatures exceed 1300 K [5]. The accumulation of hydrogen inside the containment buildings led to explosions and significant damage to the plant, which in turn allowed the release of radioactive material into the environment, causing a serious environmental and health crisis.



A similar process appears to have occurred at Three Mile Island, USA, on 28 March 1979, when the cooling system was lost, resulting in a partial meltdown of one of the pressurized water reactors (PWRs) and a hydrogen explosion [6,7]. Analysis of this accident and the results of comprehensive experiments inside and outside the pile showed that before the water could cool the fuel pins, further oxidation of the Zircaloy cladding occurred, leading to a sharp rise in temperature and hydrogen production [8,9].



In general, a severe transient accident begins with the failure of the reactor core cooling system, which causes gradual boiling of the coolant and temperature rise as a result of the inability to remove heat [10]. Water injection to cool the core of a light water reactor (LWR) is one of the main measures implemented to end a severe transient accident [5,9,11]; however, the increased steam generation, due to the temperature increase and the water injection, favors the production of hydrogen; therefore, this is considered the worst case scenario with respect to hydrogen production [8]. Additionally, the reaction by which hydrogen is produced is exothermic, and its rate depends exponentially on temperature [12]. Hydrogen production is a concern for reactor safety because there is only a short time before detonation limits are reached, which represents a threat to the integrity of the pressure vessel and reactor containment, which could result in the release of radioactive material into the environment [5], and it can also induce operator errors in recovery actions [8].



Since hydrogen management measures both inside and outside the vessel require demonstration that hydrogen release rates do not exceed safety critical values, severe transient accident simulation codes that provide an accurate description of hydrogen generation and thermal–hydraulic responses under extreme conditions are crucial [5]. A comprehensive experimental database is needed for the development and improvement of the mathematical models that underlie the simulators [8]. However, until the QUENCH program, experimental and analytical data were not available to support the development and validation of quench models to describe the early phase progression of severe accidents in light water reactors.



The QUENCH program is a successor to the CORA program, which aimed to investigate the interactions of materials under the conditions of a hypothetical severe nuclear accident. CORA experiments demonstrated that rapid cooling of a reactor core can lead to rapid temperature increases and high hydrogen production rates [13]; however, due to limitations in its gas analysis systems, the mechanisms of this temperature increase and the mechanisms of hydrogen production were not clear. Thus, the QUENCH program was launched in the late 1990s, with a special emphasis on creating a reliable experimental database to quantitatively determine the hydrogen source term generated during the interaction of water or steam with superheated fuel elements during flooding of the exposed core of a light water reactor [9,14].



To date, the QUENCH program has conducted 20 experiments; the first experiments (QUENCH-01 and QUENCH-02) were carried out in February and July 1998, respectively. The QUENCH experiments consist of electrical heating of high-temperature fuel bundle simulators and their subsequent cooling with water or steam. The experiments consist of four test stages: (1) heating stage, (2) pre-oxidation stage, (3) transient stage, and (4) cooling stage [15].



Many researchers have made efforts to simulate QUENCH experiments using specialized codes (e.g., [16,17,18,19]). Recently, some researchers have even developed reduced mathematical models to accurately describe QUENCH experiments (e.g., [20,21]).



This work uses and presents the TLANESY (ThermaL–hydrAulic and heat traNsfEr SYstem) code that the authors have developed during the study of multiple energy systems, for example, solar collectors [22,23], solar reactors [24], and, of course, QUENCH experiment analysis [20,21]. The mathematical model implemented in the TLANESY code was tested and validated in previous work with data from the QUENCH-05 [20] and QUENCH-06 [21] experiments, with acceptable results for temperatures at different heights, hydrogen generation, and, qualitatively, ZrO2 thickness.



Some of the main advantages of the TLANESY code, with respect to other codes, are (i) the capability of selecting internal variables for sensitivity analysis (of variable uncertainty); (ii) the possibility of making modification in the source; (iii) the TLANESY code is implemented entirely in an open programming language; (iv) the bibliographic information of the mathematical model is open; (v) the execution of the TLANESY code requires few computational resources and is therefore fast; (vi) support for a larger number of nodes (up to 78 radial nodes and 78 axial nodes); and the input file requires less information than other codes. The vision of the TLANESY code is to be a reliable, fast-running simulator for the early-phase analysis of severe accidents.



The objective of this work is to perform a stand-alone sensitivity analysis of the QUENCH-01 experiment from Karlsruhe Institute of Technology, Karlsruhe, Germany, by varying the thermal conductivity, density, heat capacity, and cladding thickness, taking the total hydrogen generation as the benchmark.



The work is organized as follows: a brief description of the QUENCH-01 experiment is presented; then, the mathematical model and its implementation in the TLANESY code are presented. The following sections show the validation of the TLANESY code using data from the QUENCH-01 experiment and the results of the stand-alone sensitivity analysis. Finally, the results are discussed and the conclusions of the work are presented.




2. Description of Experimental QUENCH Facility


The main component of the QUENCH-01 experiment is the central array, composed of 21 cylindrical simulation rods; of these, 20 are electrically heated; the remaining rod is unheated and is located in the center of the array, as shown in Figure 1. The heated rods are grouped into two sections: the first includes eight inner rods, while the second consists of the 12 outer rods. The array has four rods placed at the corners of the test area (instrumentation tubes). The four corner rods (instrumentation tubes) consist of three solid Zircaloy rods with a diameter of 6 mm and a Zircaloy tube for gas injection. All the simulation rods are held in position with the aid of five grid spacers.



The central array is surrounded by a 2.38 mm thick Zircaloy jacket, which has a 35 mm thick ZrO2 fiber insulation and is sealed on the outside by a stainless steel ring, which is cooled by a countercurrent argon flow, see Figure 1 [25].



The heated rods have a 10.75 mm external diameter and 0.725 mm thick Zircaloy cladding; which is filled with argon at an approximate pressure of 2.2 bar, which is above the system pressure; these bars have 6 mm diameter tungsten heaters in their central part that are surrounded by 9.15 mm external diameter zirconium oxide (ZrO2) pellets, see Figure 2a. The unheated rod is filled with 2.5 mm diameter zirconium oxide (ZrO2) pellets, as shown in Figure 2b.



The cylindrical simulation rods are approximately 2500 mm long, and the 20 rods are heated over a length of 1024 mm (see Figure 3). The heater is axially positioned in the center and connected to molybdenum and copper electrodes at its ends. The copper electrodes are connected to the DC power supply via sliding contacts made of the same material [25].



The QUENCH-01 test consisted of six stages (see Figure 4) [25]:




	(1)

	
Heating: In this stage, approximately 5.5 kW were supplied until the system reached approximately 1030 K. In total, 4.5 g/s of steam and 3 g/s of argon were injected.




	(2)

	
Helium Injection: Helium was injected to determine the hydrogen transport delay time to the mass spectrometer and the Caldos system, which is a gas sampling and analysis unit used in the QUENCH facility to monitor hydrogen concentration during transient experiments [25].




	(3)

	
Second heating period: Approximately 13 kW were supplied for 900 s until the system reached approximately 1400 K. During this stage, 3 g/s of steam and 3 g/s of argon were injected.




	(4)

	
Pre-oxidation: This stage lasted approximately 8160 s. Approximately 12 kW were supplied, reaching a temperature of approximately 1600 K to achieve the required oxide layer thickness of 300 µm at a height of 900 mm.




	(5)

	
Transiently, heat was supplied at 20 kW for approximately 500 s. The temperature was raised at a rate of 0.5 K/s. During this stage, a cooling water flow of 100 g/s and an argon flow of 3 g/s were injected. During this stage, the maximum temperature in the cladding was reached (~1800 K).




	(6)

	
During the quench, the heat supply was reduced to 4 kW for 80 s (to represent the remaining heat), and a cooling water flow of 50 g/s and argon were injected at 3 g/s. The experiment was terminated by removing the heat supply and cutting off the cooling water and the argon flow.
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Figure 4. Stages of the QUENCH-01 experiment. 






Figure 4. Stages of the QUENCH-01 experiment.
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3. Mathematical Model


The TLANESY code solves the transport equations for two-phase flow in a homogeneous, transient, and one-dimensional manner, which is shown below [22,26].



Energy transport


      ∫ V      ρ m    ∂  h m    ∂ t   +  G m    ∂  h m    ∂ z     d V    =    ∫ S    q ¯  ⋅ d  S ¯     +    ∫ V      G m     ρ m        ∂ p   ∂ z   + f    G m 2    2  ρ m   D h      d V      



(1)







Momentum transport


     ∂  ∂ z          G m 2     ρ m       = −    ∂ p   ∂ z    − f     G m 2    2  ρ m   D h     −  ρ m  g sin θ   



(2)







Continuity equations



Steam phase


     ∂  ∂ t       ρ s  α   +   ∂  ∂ z       G m  x   =  Γ s    



(3)







Liquid phase


    ∂  ∂ t       ρ l    1 − α     +   ∂  ∂ z       G m    1 − x     =  Γ l   



(4)




where ρm is the density of the liquid-steam mixture, ρs is the saturated steam density, ρl is the saturated liquid density, hm is the specific enthalpy of the mixture, Gm is the mass flux of the mixture, t is the time variable, z is the axial component, V is the volume, q is the heat flux from the walls to the fluid, S is the heat transfer surface area, p is the pressure, f is the friction coefficient, Dh is the hydraulic diameter, g is the gravity, θ is the inclination angle, α is the void fraction, x is the steam quality, Γs is the steam mass generation rate per unit volume, and Γl is the liquid mass generation rate per unit volume. Some limitations of this model, for homogeneous two-phase flow, should be taken into account, such as the temperature for steam and liquid being the same during the phase-change, and the phase velocities being the same; however, the model can predict an acceptable scenario by applying adequate correlations that facilitate its implementation [26].



The heat flux is calculated using the following expression:


  q =  h  c o n      T w  −  T m     



(5)




where hcon is the convective heat transfer coefficient, Tw is the wall temperature where the fluid is in contact, and Tm is the temperature of the liquid-steam mixture. The calculation of the convective heat transfer coefficient is based on the work of [21].



The heat transfer model is taken from [22], and is given by


     ∫ V   ρ C p   d T   d t   d V    = −    ∫ S    q ¯  ⋅ d  S ¯  +    ∫ V    q v  d V        



(6)




where T is the temperature of the material, Cp is the heat capacity, ρ is the density, and qv is the volumetric power generation.



The numerical solution of the presented models can be read in detail in [22], where the radiation heat transfer mechanism and its solution method implemented in the TLANESY code are described.



To consider hydrogen generation, the code has implemented the parabolic model, whose expression is shown below [27].


     d w   d t    =   K  2 w     



(7)




where K is the oxidation kinetic coefficient and w is the amount of oxygen gained per unit area. From the above, the coefficient is given by


  K = a exp   −   Q  R T       



(8)




where a is the pre-exponential coefficient, Q is the activation energy, and R is the ideal gas constant. Both the pre-exponential coefficient and the activation energy strongly depend on the correlation used and the temperature range of application. In this work, the correlation of Leistikow et al. [28] is used for the temperature range 1073–1773 K, and the Baker and Just correlation [29] is used for the range 1773–2023 K. The numerical implementation is based on the work [20]. It is important to mention that the code cannot simulate the cross flow between rods, at least in this current version.



The code is implemented in the C++ language, version 2020. In Figure 5, the flow chart is shown.




4. Parameters in the Input File


There are some input parameters for each component or pipe, as well as general and material parameters that describe each of the component properties. To describe these parameters within the program, information cards are used to declare the property to be set, followed by the assigned value. In the following subsections, a brief description of the input file is added.



4.1. General Parameters


Table 1 shows the general parameters used at the beginning of the input; they are responsible for establishing the general characteristics during the simulation, such as total simulation time, time steps, and result-reporting time.




4.2. Solid Components


Table 2 presents the input parameters for a solid component, that is, its geometric and physical characteristics.




4.3. Thermal Radiation


Table 3 shows the input parameters related to thermal radiation that apply to the analyzed components.




4.4. Boundary Condition of Pipes


Table 4 shows the input parameters related to the boundary conditions applied in pipes.




4.5. Pipes


Table 5 shows the input parameters related to the pipe conditions.




4.6. Materials


To add materials, they are identified by a number, and their thermal characteristics are added in the form of a table, establishing thermal conductivity, density, and heat capacity at constant pressure as a function of temperature. Each value is interpolated between each row of the table.





5. Simulation Model in TLANESY


The experimental simulation considered 19 axial nodes and four regions in the assembly. The axially nodalized system is shown in Figure 6a. This figure represents the separation of the axial volumes by means of dotted lines at different positions, and the different materials are also shown in different colors. According to Figure 6a, the simulation has five components: the first is the unheated rod corresponding to region 1, denoted as UR; components FR1 and FR2 represent the heated rods in regions 2 and 3, respectively; the CR component represents the corner rods associated with region 4; and finally, the shroud is the component at the periphery of the system. Figure 6b shows the configuration of the radial regions and the components that comprise each region.



Table 6 shows the time steps for each stage of the test, based on Figure 4, which shows the corresponding stages. The time steps are set in the input for the duration of each test. Unlike the experimental test, which has six stages, only the final four stages were simulated in the code, as shown in the table; therefore, the simulation begins from the second heat-up phase.




6. Results


In the simulation and the experiment, several elements are important, such as the ability to correctly predict the cladding temperature at different heights, as well as the hydrogen generation rate, a parameter of utmost importance for safety during nuclear accidents. With the simulation performed with the TLANESY code, these parameters are compared to demonstrate the predictive power of the model. Figure 7 shows the simulation of the experiment, showing the temperature field of the components at different times, t = 1506.05 s, t = 9269.05 s, t = 9680.93 s, and t = 9800.33 s, where the heating, pre-oxidation, beginning of quenching, and ending of quenching processes are represented, respectively. In Figure 7, the components are named as UR, FR1, FR2, CR, Sh, alluding to the unheated rod, heated rod in zone 1, heated rod in zone 2, corner rod, and shroud components, respectively.



Figure 8a presents a comparison of the cladding temperature at a height of 950 mm, both experimentally and from the simulation. The simulation shows an acceptable fit during the time interval of 0–9800 s; however, during the quenching process, the code predicts an accelerated cooling compared to the experimental data. This is attributed to the fact that the code still considers film boiling throughout this process, since the wall temperature is well above the minimum wall temperature. It is understandable that empirical models for simulating two-phase flow are closely linked to experiments and validation ranges, so it is expected that the simulation under these conditions will have some discrepancies.



Figure 8b shows the temperature comparison behavior at a height of 850 mm. This figure shows that the code responds to the experimentally predicted trend, which strengthens the implemented model. There is an overestimation of the temperature during the simulation, with a relative error of approximately 5% with respect to the experimental data. Likewise, Figure 8c shows the temperature comparison at a height of 750 mm, exhibiting behavior similar to Figure 8a,b. However, in this figure, the temperature behavior exhibits a trend that is more faithful to the experimental data.



Hydrogen generation is an important factor in these experiments, which became relevant after the Fukushima Dai-ichi accident, since the generated hydrogen—and its subsequent detonation—was responsible for the release of radioactive material into the environment. In this sense, the code predicted favorable results. In Figure 9a, the generation rate fits acceptably with the generation predicted by the experiment; only at the time of the quenching process, the generation peak could not be correctly reproduced, since this event only occurs for a few seconds. The code showed good results in this regard throughout the simulation. The integral of hydrogen generated is shown in Figure 9b, giving results similar to those established in the experiment, where the code predicts 37.8 g, while the simulation reported a value of 38.0 g at the end of the experiment, being a difference of only 0.2 g (0.52% relative error), quite acceptable for this type of experiments given the complexity of the phenomena.




7. Sensitivity Analysis on Thermophysical Parameters


The thermophysical parameters of the cladding have a certain degree of relevance in terms of transients, since the calculation determined for these parameters has a degree of associated margin of error that interferes with the accuracy of the result depending on the Figure of Merit (FoM) selected.In this work, hydrogen generation is considered as the Figure of Merit, depending on the thermophysical parameters of the cladding, such as density, heat capacity at constant pressure, and thermal conductivity. In turn, there is uncertainty in the manufacturing of this component; therefore, the thickness of this component can affect the progression of hydrogen generation. Therefore, a stand-alone simulation was performed in this work to determine the impact of these variables during the simulation and, in turn, identify the most relevant variable, comparing these results with those obtained experimentally. Table 6 presents the variables and their degree of uncertainty, according to the authors’ judgment.



In the authors’ opinion, a variation of ±5% and ±2% in cladding density and thickness, respectively, due to small imperfections during the manufacturing process and/or measurement errors, is considered. Additionally, the density may suffer small variations due to temperature. Previous studies [16] have investigated the influence of the thermal properties of ZrO2, considering a deviation of 20% as they are temperature dependent; in this study, a deviation of ±10% is considered for the heat capacity of cladding due to small temperature variations in this material. The ±15% for thermal conductivity accounts for potential variation due to impurities or irradiation damage, which can significantly alter heat transfer characteristics, as noted in [22].



Figure 10 presents the results of the sensitivity analysis of hydrogen generation from the simulation using a stand-alone simulation based on the uncertainty variations in Table 7. In the figure, it can be observed that the variations related to the thermal capacity (Figure 10b), the density (Figure 10c), and the cladding thickness (Figure 10d) do not considerably affect the generation of hydrogen in the uncertainty band where it applies. However, thermal conductivity is one of the parameters in which a significant variation is observable compared to the other parameters. Figure 10a indicates that as thermal conductivity increases, the amount of hydrogen generation decreases. This is associated with the fact that, by having better thermal conduction of the cladding, the heat removal by the surrounding fluid is more efficient; therefore, the cladding temperature decreases, and the oxidation rate decreases as well. On the other hand, when thermal conductivity decreases, the heat from heating the fuel rod does not allow the correct distribution of heat in the cladding, and in turn, the transfer of heat to the fluid, increasing the temperature and thus the amount of hydrogen. This is the result of a feedback effect between the oxidation kinetics and the cladding temperature, since as the temperature increases, the oxidation kinetics coefficient shown in Equation (8) increases too, increasing the hydrogen generation about 5% at the end of the simulation; therefore, impurities that can alter the thermal conductivity of the cladding, and thus, the progression of a severe accident in the early phase.



Other analyses performed are regarding the boundary conditions, in this case, the mass flow into the bundle and the fluid inlet temperature. Figure 11 illustrates the sensitivity analysis of these parameters, where the mass flow varied by approximately ±2% and the inlet temperature had a variation of about ±5%. In both cases, it is possible to observe that these boundary conditions had a greater impact on the FoM, in comparison to the previous analysis. The uncertainty related to the measurement instrument implies a significant importance during the experiment, and some values can be modified due to slight deviations, as it is shown here. In Figure 11a, the maximum error at the end of the simulation was around 7.42%, while the maximum error according to Figure 11b was 8.22%.




8. Conclusions


TLANESY, a new thermal–hydraulics system code with capabilities to model early-phase severe accidents, is under development and in the process of verification and validation. In this work, a validation exercise using the well-known QUENCH facility has been performed. The results obtained with the TLANESY code show very good agreement in comparison with the experimental data obtained from the QUENCH-01 experiment. The capability of TLANESY to reproduce hydrogen generation, a key phenomenon in the study of severe accidents, is demonstrated as satisfactory. Such good results on hydrogen generation are also supported by a very good agreement between calculations and experimental data for the cladding temperature during the transient. Furthermore, a sensitivity exercise was also presented to assess the effect of some thermophysical parameters of the cladding on the hydrogen generation. It was found that among all the parameters studied, thermal conductivity is the one in which a significant variation is observable compared to the other parameters. Specifically, when thermal conductivity decreases, the heat from heating the fuel rod does not allow the correct distribution of heat in the cladding, and in turn, the transfer of heat to the fluid, increasing the hydrogen generation by about 5% at the end of the simulation in this case study. Nonetheless, the boundary conditions had a considerable impact on the prediction of the hydrogen production, mass flow, and fluid inlet temperature, even with a small deviation on both parameters, ±2% and ±5% for mass flow and fluid inlet temperature, respectively. Therefore, the uncertainty related to the measurement should be taken into account. As a conclusion, changes in the thermal conductivity of the cladding, due to impurities, for example, are important to be considered to simulate correctly the progression of an early phase severe accident. The continuation of the efforts to verify and validate the new code TLANESY will be carried out as future work.
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Figure 1. Central array of the QUENCH-01 experiment. 






Figure 1. Central array of the QUENCH-01 experiment.
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Figure 2. Composition of the simulation cylindrical rods (a) heated and (b) unheated, located in the center of the array. 
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Figure 3. Axial view of the heated simulation rods. 
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Figure 5. Flow chart of TLANESY code. 
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Figure 6. Model configuration in TLANESY code (a) axial nodalization and (b) assembly zones. 
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Figure 7. Temperature field of the components for key times in the simulation. 
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Figure 8. Comparison of cladding temperature and simulation at different axial levels: (a) 950 mm, (b) 850 mm, and (c) 750 mm height. 
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Figure 9. Comparison of (a) hydrogen generation rate and (b) integral hydrogen generation. 
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Figure 10. Stand-alone sensitivity analysis of hydrogen generation by varying cladding parameters: (a) thermal conductivity; (b) thermal capacity; (c) density; (d) cladding thickness. 
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Figure 11. Stand-alone sensitivity analysis of hydrogen generation by varying cladding parameters: (a) mass flow; (b) temperature. 
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Table 1. General parameters in the input file.






Table 1. General parameters in the input file.





	Parameter
	Card
	Information





	Title
	Title
	Title of simulation



	Simulation time
	t-inif
	Simulation time



	Time step
	dt-t
	Times step at different periods of time



	Reporting time
	rport
	Report frequency during the simulation










 





Table 2. Input parameters for solid components.






Table 2. Input parameters for solid components.





	Parameter
	Card
	Information





	Name component
	ncomp
	The name is assigned to the component to be used



	Component multiplier
	ncomp-n
	Multiply the component if it is repeated n times



	Component geometry
	idcomp
	Establishes the geometry of the component, as well as the radial and axial volumes that compose it



	Component dimensions
	dim-xz
	Sets the radial and axial dimensions of the component



	Radial distribution
	dir-x
	Establishes the radial distribution of the volumes



	Axial distribution
	dir-z
	Establishes the axial distribution of the volumes



	Materials map
	map-m
	Establishes the distribution of materials in the component volumes



	Power profile
	map-p
	Sets the distribution of power in the component volumes



	Initial temperatures
	temp-i
	Sets the initial temperatures in the component volumes



	Boundary conditions
	bc-xlef/bc-xrig
	Sets the boundary conditions on the left or right side of the component



	Oxidation
	oxi-lef/oxi-rig
	Sets the associated oxidation model and the thickness to be oxidized for the left or right side of the component



	Power
	power
	Sets the power as a function of time in the component










 





Table 3. Parameters related to thermal radiation.






Table 3. Parameters related to thermal radiation.





	Parameter
	Card
	Information





	Number of components involved
	radi-comp
	Indicates the number of components in radiation heat transfer



	Emissivity of each component
	radi-emis
	Indicates the emissivity for each radial component



	Matrix of View Factors
	radi-fact
	Indicates the matrix of vision factors between components



	Axial volumes where this matrix and emissivity are applied
	radi-flud
	Indicates the axial volumes where radiation occurs according to the established characteristics










 





Table 4. Boundary condition of pipes.






Table 4. Boundary condition of pipes.





	Parameter
	Card
	Information





	Name of the boundary condition
	nsource
	Sets the name of the parameter to use



	Flow area
	source-af
	Sets the flow area for the pipe boundary conditions



	Boundary conditions
	source-fl
	Sets the boundary conditions entered as a table: time, flow, temperature, and pressure










 





Table 5. Input parameters for pipe components.






Table 5. Input parameters for pipe components.





	Parameter
	Card
	Information





	Name component
	nfluid
	A name is assigned to the pipe to be used



	Axial length
	idfluid
	Sets the parameter axial length and the number of volumes to use



	Axial volumen distribution
	fluid-z
	Establishes the distribution of volumes along the axial component



	Geometric properties
	fluid-a
	Sets the geometric properties for each volume, such as flow area, hydraulic diameter, roughness, inclination angle, and pressure loss coefficients



	Initial conditions
	fluid-it
	Establishes the initial conditions for each volume: temperature and pressure



	Connection
	fluid-sr
	Establishes the connection between the pipeline and the boundary condition



	Initial flow
	fluid-if
	Sets the initial flow condition










 





Table 6. Time step for the simulation at different stages.






Table 6. Time step for the simulation at different stages.





	Stage
	Time Step (s)





	Heat-up
	0.15



	Pre-oxidation
	0.5



	Transient
	0.2



	Quench
	0.03










 





Table 7. Uncertainty associated with different thermophysical parameters of the cladding.






Table 7. Uncertainty associated with different thermophysical parameters of the cladding.





	Variable
	Uncertainty





	Density
	±5%



	Thermal conductivity
	±15%



	Heat capacity
	±10%



	Thickness
	±2%
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