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Abstract

Activities are currently underway across the world to build heavy liquid metal-cooled reactors. Thus, for example, the ALFRED and BREST-OD-300 reactor designs use lead coolant, while the MYRRHA and SVBR-100 reactors use lead-bismuth coolant. The high corrosive and erosive activity of the coolant requires regulation of oxygen concentration (1÷4Е-6 wt. %) and flow velocity (0.5÷2.5 m/s). Due to the complex geometry of the reactor circulation circuit flow paths, numerical simulation methods are used extensively to justify scheduled modes of operation for liquid metal coolants. Correct justification of the complex oxygen transport processes in liquid metals requires the respective physicochemical computation model, which takes into account the main reactions of oxygen with the coolant and the structural materials. 
This paper presents a physicochemical model, which includes the following processes: erosion, growth, and dissolution of the two-layer oxide film, coagulation and dissolution of metal oxides in the circuit with subsequent deposition in a filter, and inflow of oxygen by the mass exchanger. StarCCM+, a commercial CFD code, was used as the tool in this study. The physicochemical model was implemented using models of passive impurities, which are used to simulate oxygen transport in the circulation circuit. 
Capabilities of the presented model are demonstrated based on the results of investigating thermohydraulic and physicochemical processes obtained at the KALLA laboratory experimental facility. The duration of the simulation is set to 1000 hours. 
The distributions of metal oxides concentrations, increased erosive activity areas, as well as the total amount of oxides deposited on the filter and the amount of oxygen entering the circuit have been obtained as a result of the calculations. The surface distribution of the oxide film thickness on the test facility surfaces contacting the coolant has also been calculated.
Simulation of thermocouples, as well as taking into account manufacturing technology made it possible to improve the accuracy of calculating the flow’s thermohydraulic characteristics as compared to earlier studies. 
1. INTRODUCTION
Methods of Computational Fluid Dynamics (CFD) have currently become common in the nuclear industry. In most cases, the use of CFD is limited by the investigation of the coolant flow’s thermohydraulic characteristics, while many other physical processes could take place in the flow. As an example, heavy liquid metal coolant (HLMC) transfers oxygen from its source - mass exchanger to the consumer - steel surfaces. This process is important as the HLMC has a strong erosive effect on the structural materials while the oxide film could provide protection against the liquid metal erosion. Also, the oxide film, being less heat-conductive as compared with the coolant, could produce thermal resistance, thus leading to an increase in the steel temperature due to the heat transfer decreasing. Thus, even if the object of research is thermohydraulic properties of the coolant, the physicochemical processes must be taken into account.
There are two major reasons why coupled physicochemical and thermohydraulic calculations are not widespread: the lack of sufficient information on physicochemical processes and the complexity of their implementation in CFD codes. Physicochemical processes are underexplored because the object of the research is characterized by many processes, while only a limited number of parameters can be measured: the oxide film thickness, the thermodynamic activity of oxygen, etc. It should be noticed that experimental studies require considerable financial costs. The reason for the complexity of implementing physicochemical phenomena in CFD codes is that the typical time of the oxide film formation lies in the range from 1000 to 15000 hours [1], [2]. This requires using a time step that exceeds the convective Courant number, and often it leads to numerical errors. 
As a result, usually a number of different simplifying assumptions are made. In [3], for example, the calculation time is limited by 50 sec, whereas a homogeneous oxide film thickness is postulated in [4], which enables calculations under stationary conditions. There are combined calculations in which data obtained using CFD codes are often used by codes that calculate physicochemical processes [5].
Activities have been underway at JSC NIKIET to design heavy liquid metal-cooled (HLMC) reactors. Several physicochemical models were developed for making design solutions, and they are subsequently integrated into the CFD-code StarCCM+[6]. 
This paper presents a physicochemical model that studies the processes of oxygen injection by the mass exchanger, the two-layer oxide film formation, the crystallization and dissolution of oxides in the coolant, the deposition of weighted oxides in the filter and on steel surfaces.
To illustrate the practical application of the developed physicochemical model, one of the experiments at the THEADES test facility [7], in which the thermohydraulic of the lead-bismuth eutectic alloy flow is investigated, was simulated. The simulation was performed for the time duration of 1000 hours.
2. originality, copyright and publication
The presented physicochemical model and its simulation results we’re not published earlier in open sources. 
3. PROBLEM STATEMENT
The object of the research is the KALLA test facility (Fig. 1, left) which represents a circuit of lead-bismuth coolant with installed devices to support its technology, with a test section and the respective measuring tools.
In the simulation model, the coolant circulation path outside the working section was replaced by a simplified path while preserving its structural peculiarities (Fig. 1, right).
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[bookmark: _Ref103463236]Fig. 1. Schematic representation of the THEADES LBE loop (left), 
the geometry of the simplified hydraulic path model (right).

The test section is a triangular-packed rod bundle with a pitch to diameter ratio of 1.4. The grids installed at a different distance from each other are used for the rod spacing.
It is assumed that the pump, the mass exchanger, and the filter work continuously while supplied and extracted power is maintained at a constant level. All structural elements are assumed to be made of grade T91 steel. Table 1 presents the key parameters of the computational study. 

TABLE 1.	COMPUTATIONAL STUDY PARAMETERS

	Tin
	Q
	Qv
	Rein 
	Time
	Come
	Steel

	300
	102
	10
	95E3
	1000
	2E-6
	T91



where: Tin – the coolant temperature at the inlet of the test section, °C; Q – the heat flux, kW; Qv – the flow rate, m3hr-1;  – the Reynolds number; Time – the duration of simulation, hr; Come – the concentration of oxygen maintained by the mass exchanger, %wt.; Steel – the steel grade;  – the bulk velocity, m s-;  – the viscosity, Pa s;  – the hydraulic diameter of the bare-bundle flow channel, mm1;  – the coolant density, kg m-3.
The study was conducted in two stages. At the first stage, thermohydraulic characteristics are simulated and compared with the experimental data. At the second stage, the obtained distributions are used to calculate physicochemical processes. 
The simulation model includes the measuring tools arranged exactly in the same positions as in the test bench. Also it takes into account the spacer grid manufacturing technology (“selective laser melting”) which forms a roughness of 35 to 40 μm [8] that affects the thermohydraulic characteristics as it shown in [9].
Thermohydraulic calculation
The thermohydraulic calculation forms the basis for the subsequent simulation of physicochemical processes. For this reason, the accuracy of this calculation directly impacts the subsequent physicochemical calculation.
Description of the thermohydraulic model
The computational model includes a hydraulic path, as well as spacer grids and rods.
The thermohydraulic calculation is provided in the steady-state statement. The coolant is driven by the revolution of the pump’s rotating parts and the volumetric force which provides for the target mass flow. Heat is supplied by defining a uniform heat flux on the inner surface of the pins and removed by the volumetric flux in the heat sink location (see Fig. 1). No-slip conditions are defined for surfaces. The thermophysical properties of the lead-bismuth coolant and Т91 steel were taken from [10] and are presented in Table 2.

TABLE 2.	PHYSICAL PROPERTIES OF LBE AND T91 STEEL

	Property
	Expression

	LBE
	

	Density, kg m-3
	11096-1.3236T

	Heat capacity, Jkg-1K-1
	159-2.72 10-2T+7.12 10-6T2

	Thermal conductivity, Wm-1K-1
	3.61+1.517 10-2T-1.741 10-6T2

	Dynamic viscosity, kgm-1s-1
	4.94 10-4exp(754.1/T)

	T91 STEEL
	

	Density, kg m-3
	7860

	Heat capacity, Jkg-1K-1
	500

	Thermal conductivity, Wm-1K-1
	26.1



The simulation is performed in a RANS approach. The two-layer k-e realizable turbulence model [6] is used. The isotropic gradient-diffusion assumption is used to calculate turbulent heat flux. The formula for the turbulent Prandtl number is taken from [11]: 
	,
	(1)


where:  is the Prandtl number;  is the viscous scale;  is the friction velocity, m s-1; and  is the wall shear stress, Pa. 

Thermohydraulic calculation results
Fig. 2 presents the velocity and temperature fields in the plane that passes through the axes of the headers (header plane). It can be seen in Fig. 2 that the maximum temperature value corresponds to 340 °С, while the model heat exchanger provides for the complete heat removal up to a value of 300 °С.
	[image: ]
[bookmark: _Ref103536739]Fig. 2. Velocity fields (left) and temperature fields (right) in the header plane.

Fig. 3 and Fig. 4 present the velocity and temperature fields in the center of spacers correspondingly. 

[image: ]
[bookmark: _Ref103542353]Fig. 3. Velocity field at the centers of spacers.

It can be seen in Fig. 3 that, at the first spacer, the velocity profile has a pronounced maximum in its central part. This is due to the flow non-uniformity at the rod bundle inlet.
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[bookmark: _Ref103542362]Fig. 4. Temperature field at the centers of spacers.

It can be seen in Fig. 4 that the rod bundle in the proximity of the channel chord intersection has the maximum temperature values. This is due to reduced coolant flow velocity at these locations (see Fig. 3). 
The measurement data was processed, and dependences for the Nusselt number, the friction factor, and the drag coefficient were obtained. Table 3 presents the results of comparing calculated and experimental data. The value in the parenthesis corresponds with the coordinate of the considered section. The coordinate system origins correspond to the start of heated zone [7]. 

TABLE 3.	INTEGRAL DATA COMPARISON

	Case
	f
	Ksp (21.0)
	Ksp (69.1)
	Ksp (111.0)
	Nu (17.0)
	Nu (55.9)
	Nu (89.8)

	Experiment [7]
	0.0175
	1.13
	1.18
	1.20
	34
	27
	26

	Simulation [8]
	0.0170
	1.03
	-
	-
	47
	43
	41

	This work
	0.0180
	1.14
	1.13
	1.12
	36
	27
	26



where:  – the rod bundle friction factor;  – the spacer grid drag coefficient;  – the Nusselt number; – the surface temperature (in the experiment, according to [8], this was determined from the averaged value of the thermocouples installed in the vicinity of the heat-exchange surfaces), ᵒC;  – the pressure drop on the rod bundle, Pa;  – the heated length of the rods, mm;  – the pressure drop in the entire measurement area, Pa;  – hydraulic diameter of a central sub-channel, mm;  – the thermal conductivity, Wm-1K-1; – the averaged mixed temperature, ᵒC.
It can be seen in Table 4 that the data calculated in present study and the experimental results agree well and the calculation error does not exceed 10%. The bigger error in study [8] can be probably explained by the fact that two issues were not taken into account: the roughness at the spacer grids and algorithm of experimental Nusselt number determination.
Chemical calculation
The goal of the physicochemical calculation is the determination of:  
· the spatial distribution of oxygen concentration in the coolant;
· the oxide film thickness on the steel surfaces and its influence on heat transfer;
· the steel thickness thinning;
· the mass exchanger performance required to maintain the target oxygen concentration in the circuit (the injected oxygen is required to compensate its loses due to the processes of oxide formations);
· the oxygen mass that is deposited on the filter in the form of metal oxides during the operation time.
An additional assumption of the physicochemical calculation is that the filter and the mass exchanger work continuously. Also, it is postulated that the filter removes from the flow 50% of the weighted oxides passing through it, and the mass exchanger maintains the target oxygen concentration. These assumptions are made due to the lack of information about the experiment. 
The initial oxygen concentration and the film thickness are Co=2E-6, % wt. and 0 μm correspondingly (no prepassivation procedure was implemented).
To accelerate the calculation, the time step changes from 0.1 sec at the beginning to 3600 sec at the middle of the calculation.
0. Description of the physicochemical model
The current physicochemical model has several assumptions:  
· there are oxides of four metals that might be present in the coolant: iron, chromium, nickel and lead;
· metal oxides are represented by the following chemical formulas: Fe3O4, FeO, FeCr2O4, PbO, and NiO. Each of the metal oxides is presented in the form of weighted and dissolved fractions;
· the effect of metal oxides on the coolant flow is neglected;
· the effect of mass forces on the metal oxide behavior is neglected; 
· fractions of oxide particles of the same oxide type interact with each other via dissolution and crystallization;
· oxides of different metals do not interact with each other;
· the oxide film is characterized by the locally homogeneous thickness (there is no roughness);
· the initial period of the oxide film formation is characterized by the presence of magnetite and spinel layers. As shown in [12], the magnetite layer is in direct contact with the coolant while the spinel layer is the inner one;
· the magnetite layer prevents the erosive escape of the spinel layer oxide components;
· the mass exchanger adds equal masses of dissolved and weighted lead oxide fraction to the circuit;
· the oxide film forms due to the reaction of the dissolved lead oxide with steel;
· the oxide film formation is accompanied by a partial escape of dissolved metal oxides;
· the filter accumulates only weighted oxides;
· the erosive destruction of the oxide film at a fixed temperature and oxygen concentration depends only on wall shear stress. 
One of the key assumptions is that only dissolved particles of the lead oxide (PbO) form the oxide film via reaction of oxygen with the steel. This assumption is based on the works [13] and [14] where it is shown that lead oxide is the dominant oxide in the lead-bismuth coolant whereas the domination of PbO as compared with free oxygen is shown in the work [12]. Assumptions about iron and nickel oxides are taken from the works [16], [18] and 0.
Schematically, all assumptions for the physicochemical model are presented in Fig. 5. 

[image: ]
[bookmark: _Ref103535830]Fig. 5. A schematic representation of the physicochemical processes implemented in the considered model.

As shown in Fig. 5, the model takes into account 11 impurities that are simulated by passive scalars. For the convenience of analysis, all passive scalars are determined in such a way that their numerical values correspond to the density of oxygen (kg m-3) which is included in considered impurity.
The set of differential equations to be solved are the advection-diffusion equations of passive scalar:
	
	[bookmark: _Ref103165980](2)


where:  is the selected impurity, kg m-3;  is the velocity vector, m/s;  is the diffusion coefficient, m2s-1 [10];  is the turbulent kinematic viscosity, m2s-1;  is the turbulent Schmidt number;  is the source term, that represent the sum of processes for the selected impurity, kg m-3s-1. In equation (2) the upper index correlates with the fraction form (weighted or dissolved), while the lower index with selected oxygen impurities (O, PbO, FeO, Fe3O4, FeCr2O4, NiO – for the dissolved form and PbO, FeO, Fe3O4, FeCr2O4, NiO  – for the weighted form). 
The oxide film growth model is given by differential equations that describe the growth and the thinning of a two-layer oxide film consisting of a magnetite layer (chemical formula is Fe3O4 or FeO) and a spinel layer (chemical formula is FeCr2O4): 
	,
	(3)

	,
	(4)


where: and  – the thicknesses of the magnetite and spinel layers correspondingly, m;  and  – the proportion of magnetite and spinel masses correspondingly that escape the oxide film due to the process of its formation;  and  – the mass fluxes of magnetite and spinel correspondingly, kg m-2 s-1;  and  – the magnetite and spinel densities correspondingly, kg m-3; and  – the magnetite and spinel erosion velocities correspondingly, m s-1. 
The two-layer approach has been chosen due to different properties of each layer having a different impact on the thermal and chemical processes. From the point of thermal processes this aspect is due to the different thermal conductivity of different layers [15], whereas for the chemical processes this is due to the different diffusion properties of each layer [16], [17]. The development of first-principles calculations promises to provide detailed information on the differences of the Cr spinel layer and the magnetite layer [19], including the properties of point defects in them [20].
It is assumed that new oxides form due to the reaction of dissolved lead oxide with the steel. Based on the mass balance and on the assumption that at temperatures higher than 570 ᵒC FeO oxide forms instead of Fe3O4, an equation that describes correlation between oxygen and steel fluxes is obtained:
	
	(5)


where:  ,  – the mass fluxes of steel and oxygen correspondingly, kg m-2 s-1; ,, ,  – the atomic mass of oxygen, iron, chromium and nickel correspondingly;, ,  – the mass fraction of iron, chromium and nickel in the steel T91 correspondingly. 
Equation (5) could be used to get the value of the steel thinning in case oxygen flux is known.
The steel flux might be interesting as it might be used to calculate the velocity of steel thinning:
	
	(6)


Based on the mass balance and on the chemical formulas of the magnetite and spinel layers, it is possible to obtain the correlations between steel fluxes and fluxes of magnetite and spinel layers:
	
	(7)

	
	(8)


In the model, it is assumed that the process of oxide film formation might be divided into three stages:
	
	(9)


where: and  – diffusion and maximum mass fluxes of oxygen correspondingly, kg m-2 s-1. 
The value of  depends on oxygen diffusivity properties of oxide film:
	
	(10)


where: and  – the diffusion coefficient of the magnetite and spinel layer correspondingly, kg m-1 s-1; – the partial pressure of oxygen;  – the oxide layer (total) thicknesses, m.
Oxygen density cannot be less than zero, that corresponds to , so the diffusion model should include a limitation on the maximum oxygen flux (equation (10) tends to infinity when the oxide layer thicknesses are zero):
	
	(11)


In the model, the oxide layer formation is described by the processes of its deposition and disruption:
	
	(12)


where:  is the thicknesses of the settled particles layer, m; and  – the velocities of the deposition and disruption correspondingly, m s-1; the lower index correlates with selected oxygen impurities of weighted fraction (PbO, FeO, Fe3O4, FeCr2O4, NiO). 
The role of deposited impurities in the present model is the indication of the zone of weighted oxides accumulation.
The closing relations for the physicochemical model are summarized in the Table 4.

TABLE 4.	CLOSING RELATIONS FOR THE PHYSICOCHEMICAL MODEL

	Term
	Expression

	, - 
	

	, -
	

	, wt %
	

	, wt %
	

	, -
	

	, -
	0.02

	, m s-1
	

	, m s-1
	

	, -
	

	, -
	

	, -
	

	, -
	

	, -
	

	, -
	

	, m s-1
	

	, m s-1
	

	, -
	

	, -
	

	, kg m-3s-1
	

	, kg m-3s-1
	

	, kg m-3s-1
	

	, -
	

	, -
	

	, -
	



In Table 4 the lower index “name” correlates with selected oxygen impurities. 
It can be seen, that at the first stage () the film growth occurs at a constant rate due to the constant value of . Then, the oxygen flux depends on the diffusivity properties of the oxide film. The flux decreases with the oxide film growth and leads to a parabolic growth law. At the final stage, when the outer magnetite layer has been disrupted by the erosion, only the spinel layer is formed. It can be seen, that at the end of the process of film formation there is no film growth due to a mutual compensation of oxide film formation and its erosion. 
The process of generation of the weighted form of oxide PbO is activated when the oxygen activity is close to unity (). After producing the weighted form of oxides it activates the process of deposited layer formation.
0. Results of the physicochemical calculation
Fig. 6 presents the calculated distribution of the density of oxygen included into fractions of dissolved lead oxide and weighted iron oxide (Fe3O4) at the header plane at the time 1000 hours after the start of the operation. Distribution of the weighted fraction of iron oxide is of interest in the present simulation due to the demonstration of filter operation. Also, this fraction could be used for the analysis of iron spatial distribution.

  [image: ]
[bookmark: _Ref103555434]Fig. 6. Oxygen density at the header plane included into: 
dissolved lead oxide fraction (left), weighted fraction of oxide Fe3O4 (right). 

From Fig. 6 it can be seen that the mass exchanger and the filter are under the target characteristics. The magnitude of the inhomogeneity of lead oxide density in the circuit is about 1%, while the inhomogeneity of iron oxide is about 70%. The magnitude of iron oxide inhomogeneity is explained primarily by the assumed filter efficiency. The value of the weighted magnetite density is increasing at the outlet of the test section due to the erosion process at the oxide layer, whereas the opposite situation with the dissolved lead oxide due to the oxygen consuming process.
Fig. 7 and Fig. 8 present the distribution of the density of the dissolved oxygen that includes fractions of dissolved lead oxide and weighted oxide of Fe3O4 at the time 1000 hours after the start of the operation at the centers of spacers. 

[image: ]
[bookmark: _Ref103555666]Fig. 7. Oxygen density included into dissolved lead oxide fraction at the centers of spacers.

It can be seen from Fig. 7 that the oxygen concentration decreases locally by 0.4% while the bulk concentration change between the inlet and the outlet of the test section is approximately 0.2%. Taking into account the volume of the simulated circuit, its oxygen reserve is about 1 h. It should be noticed that the volume of the computational model (Fig. 1) is 1.8% from the experimental one. Therefore, in case of the same proportion of surface to volume in the experimental circuit the value of oxygen supply maintains.
At the time 1000 hours after the start of the operation, the added mass of oxygen by the mass exchanger is 15.9 g, whereas the mass of oxygen that is included into weighted oxides accumulated in the filter is 10.4 g.

[image: ]
[bookmark: _Ref103555674]Fig. 8. Oxygen density included into weighted fraction of oxide Fe3O4 at the centers of spacers. 

Fig. 9 presents the calculated value of the oxide film thickness at the time 1000 hours after the start of the operation on the surfaces of the experimental assembly components. It can be seen that the oxide film thickness increases in the downstream direction. This is due to the temperature increase in this direction. It can be also seen that the oxide film is heavily non-uniform on the spacer grid surfaces and it has a uniform distribution in the rod bundle. This circumstance is caused by a more uniform wall shear stress at the rod bundle.

[bookmark: _Ref103555803][image: ] 
Fig. 9. Oxide film distribution.

To analyze the film growth dynamics, it is useful to plot the magnitude of the average oxide thickness for the typical areas: the rod bundle and the spacer grid surfaces (Fig. 10). It can be seen from Fig. 10 that the steel surface thinning for 1000 hours is approximately 1 μm, while the oxide film thickness is about 2 μm and 1 μm for rods and spacers correspondingly. It can be also seen in Fig. 10 that, on average, the oxide film thickness on the spacer grid is smaller than on the rod bundle. This is due to the coolant velocity being higher in the spacer region and, accordingly, the higher intensity of film erosion process. This explains the fact that the oxide film thickness on the grid surface reaches a stationary value for several hundred hours and that the rod surface fails to do so for 1000 hours. 
Apart from the protective properties of the oxide film, there is an impact on heat transfer. This is due to the less heat-conductive properties of the oxide layer than the coolant. To calculate this impact it’s useful to use an equation:
	
	(13)


where:  and  is the magnetite and spinel thermal conductivity correspondingly [15], Wm-1K-1; is the surface temperature, К; is the average mixed coolant temperature, К;  is the steel thinning, m;  is the heat flux, W m-2and  is the steel thermal conductivity, Wm-1K-1;  is the Nusselt number under the condition of zero thickness oxide layer and steel thinning.
Analyzing the equation (13) it can be seen that at the first time (period of oxide film formation) there is a trend to reduction of Nusselt number while after it there is an increase due to steel thinning. 

[image: ]
[bookmark: _Ref103556038]Fig. 10. Surface averaged values of the magnetite, spinel, and steel coordinates.
The zero coordinate corresponds to the initial steel position.

The Nusselt number calculated from equation (13) for different sections is summarized in Table 5.

TABLE 5.	COMPARISON OF NUSSELT NUMBERS

	Section
	17.0
	55.9
	89.8

	
	36
	27
	26

	
	35.4
	26.5
	25.5



It can be seen from Table 5 that the contribution of physicochemical processes to heat transfer is about 1.5% which means that these processes do not lead to a major change in the Nusselt numbers. It should be however understood that the calculation based on the relation (13) stems from the assumptions made in this study: the stationary status of thermohydraulic and physicochemical processes, the operation time, and the content of oxygen in the coolant, etc. 
CONCLUSIONS
[bookmark: _GoBack]One of the most robust physicochemical models developed at JSC NIKIET to calculate physicochemical processes in heavy liquid metal cooled reactors has been demonstrated as part of the study based on an example of the KALLA experiment simulation. Thermohydraulic characteristics of the test facility were determined as a part of the investigations. A good agreement with the available experimental data has been obtained. Probably this agreement is due to providing the same analysis of results and taking into account the spacer grid manufacturing technology as the one used on the test bench.
The calculated value of oxygen inhomogeneity is approximately 1%, while the inhomogeneity of weighted iron oxide is about 70% what is due to the selected filter efficiency. For 1000 hours of operation, the film thickness grows to approximately 2 μm. The rod bundles oxide film continues to grow, while its growth stops on the spacer grid surfaces. It has been shown that the film has a non-uniform thickness in the spacer grid region. The steel thinning is 1 μm which attests to the favorable conditions of the circuit operating as a whole. The contribution of the physicochemical processes to the heat transfer characteristics was estimated as a result of which the heat transfer coefficient has been found to decrease by 1.5%. 
In the case of providing additional experimental data from the KALLA test facility it would be possible to make the validation of the present chemical model. In addition it is also important to provide a list of conforming tests to check all the assumptions that are used in the present chemical model.
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