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Abstract
Movement of NVG (net vapor generation) point in the boiling channel (BC) of a natural circulation steam generator (NCSG) at various conditions of flow and heat input is an important phenomenon which is a moving boundary problem. This problem needs to be addressed as far as the plant transients such as startup and shutdown are concerned. This paper deals with the study of the dynamics of movement of NVG point in the BC of the NCSG of Kaiga-1 nuclear power plant. The dynamics of boiling height (defined as the height from inlet of boiling channel to NVG point) has been studied making a time-dependent change of inlet velocity using both moving-grid finite volume methods (MFVM) and fixed-grid finite difference method (FFDM) as solution techniques for the model equation obtained by coupling mass balance equation and energy balance equation for the single-phase liquid zone in the BC. This model equation computes the boiling height. A quantitative evaluation of these methods has been made based on the exact solution found for the equation. The effect of increasing number of computational grids on the accuracy of solutions has been demonstrated. It shows that MFVM is capable of approximating the exact solution for the system with higher frequency when finer meshes are considered, where FFDM fails. 
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1. Introduction 

Thermohydraulic phenomena of steam-water natural circulation (SWNC) loop in a steam generator system of nuclear power plants and thermal power plants are very complicated particularly, during its startup and shutdown. These phenomena include various unstable situations like flow reversal, flow excursion, geysering effect, density-wave oscillation (Type I & II).  Theoretical investigations (Paruya and Bhattacharya, 2004; Paruya and Bhattacharya, 2006) suggest that NVG movement has been observed to affect the dynamics of a SWNC loop during its startup. On other hand prediction of dynamic instabilities such as geysering effect and density instabilities in a SWNC loop requires accurate tracking of this point. From these viewpoints boiling boundary movement in the BC of NCSG at various conditions of flow and heat input is an important moving boundary problem and it needs to be addressed as far as these plant transients and instabilities are concerned. Accurate simulation of this moving boiling boundary requires application of sound mathematical techniques for solving relevant model equations. Solutions of moving boundary problems are generally found using MFVM and FFDM. The solution with acceptable accuracy by FFDM may be obtained with finer meshing of channel geometry, which demands sufficient computing time. Exploitation of sufficient computing time is not desired in a real-time LOCA simulation in which both time-step size and number of computational grids are required to be optimized to achieve acceptable accuracy and more importantly, run the simulator in real-time (Paruya et al, 1998). 
Benedek and Drew (1985) analyzed the dynamics of boiling boundary using MFVM and frequency-domain analysis for a typical BC with the simplification that the phases remain at the state of thermal equilibrium at the boiling boundary. This assumption implies that the enthalpy of liquid reaches saturation value at the boundary and may not be valid for real-time situations particularly severe transients. Paruya et. al. (1998) and Paruya and Bhattacharya (2004) presented a simplified quasi-steady model for boiling boundary in NCSG of an Indian nuclear reactor (Kaiga-1) to simulate reactor trip, feeder pipe and steam generator tube leakage. FFDM used in the best-estimate thermohydraulic codes for simulating loss-of-cooling accidents (LOCAs) in nuclear plants yield inaccurate solutions with coarse meshing (Frepoli et al., 2002). Van Bragt et al. (2002) developed a linearized nodal time-domain boiling boundary model (second-order linear ODE) for predicting flashing-induced density instability of a two-phase natural circulation BWRs at low pressures. Frepoli et al. (2002) solved moving thermal quench front and forth in the core cooling during blowdown phase of large LOCAs using MFVM implemented in a thermal-hydraulic code COBRA-TF/FHMG, which demonstrates increased accuracy over FFDMs. 
This paper presents studies on dynamics of movement of NVG point in the BC of theNCSG of Kaiga-1 nuclear power plant using both MFVM and FFDM as solution techniques for the model equation. In the analysis NVG point has been considered to be at the state of thermal nonequilibrium. 
2. Modeling of Boiling Boundary 
Figure 1 shows a simplified schematic diagram of the SWNC loop of the steam generator of Kaiga-1 nuclear power plant and Figure 2 shows a boiling boundary at position z=(. This position is assumed to be the net vapor generation point (NVG) shown in Figure 3, a point along the axis of a typical boiling channel where a measurable amount of voids (steam bubbles) generate. Single-phase water is assumed to exist at z < ( (by the definition of NVG point) and two-phase steam-water mixture exists at z >(. Movement of NVG point in the boiling channel at various thermal and hydraulic conditions of flow like pressure, velocity, inlet enthalpy and heat input has been analyzed by Paruya et al. (2004).
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The computation of (  requires energy balance equation Eq. (1) and mass balance equation Eq. (2) for single-phase liquid flow applicable in the zone from z=0 to z=(.  These mass and thermal energy balance equation have been set up with the assumption of insignificant viscous dissipation.

Single-phase liquid mass balance:   
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Single-phase thermal energy balance:
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Coupling single-phase liquid energy balance equation and continuity equation with assumption of incompressible the liquid-phase and constant system pressure, one gets
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In Eqs. (1)-(3) , h, ( , v, Q stand for enthalpy, density, velocity and heat input rate (W/m3) respectively. The subscript l stands for liquid-phase. t is time and z  axial distance from the inlet of BC.
2.1. MFVM scheme 
MFVM scheme requires integrating Eq. (3) over the entire single-phase liquid zone (from z=0 to z=(  in Figure 4) by summing the integrals for N number of computation cells of definite volume. For example, Eq. (4) represents the integral for second computation cell in Figure 4 ranging from z=(1(t) to z=(2(t).   
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Eq. (4) has been integrated by using Leibnitz’s rule given by equation by Eq. (5) using the assumptions – (1) a quasi-steady state is assumed at inlet boundary and outlet boundary of the single-phase zone, i.e., pressure and enthalpy at the inlet of heated channel and qw are quasi-steady and (2) enthalpy is piece-wise linear through out the single-phase height, i.e., enthalpy change is linear from inlet (hl0 ) to NVG (net vapor generation)  point   (hl( ) i.e., hl( =hl0+NΔh, and (3) every cell  receives uniform and constant heat input Q.. N is total number computation cells in single-phase liquid zone. hl( is enthalpy at the boiling boundary and hl0  enthalpy of liquid at the inlet of BC. The integration method has been proved to be suitable for boiling system by Jensen and Tummescheit (2002). 
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Now on combing Eq. (4) and (5), one obtains
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A general equation for nth computation cell may be given by 
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in which for computation cell n=N, (N gives the estimate of boiling height.  The resulting set of N number of ODEs has been solved simultaneously using implicit Eulerian approach.   

2.2. FFDM scheme 
In this scheme Eq. (3) has been discretized using finite difference method (Benedek and Drew, 1985) which makes linear approximation of Taylor’s series expansion of the enthalpy function hln((n ,t) for nth cell, which is given by Eq. (8).
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Now substituting 
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A set of N number of ODEs has also been solved using has implicit Eulerian approach. It is important to note that for both the schemes the enthalpy of liquid at NVG point, hλ is computed using phenomenological correlations given by Saha and Zuber (1974) in which the effect of thermal nonequilibrium is considered. The correlations are: 
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In Eq. (12) Dh, cp, qw are hydraulic diameter, specific heat capacity and heat flux into the BC respectively. Subscript sat is for the saturation condition. Now the exact solution of Eq. (3) that estimates the value of (N has been worked out using the method of characteristics (Thomas, 1999) applicable for advection PDEs given by Eq. (13).
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The result of the exact solution of Eq. (3) is:
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In Eq. (14) ( is the transit time (time required by the liquid to travel from the inlet of BC to the boiling boundary) calculated by boiling height divided by the inlet velocity. 
3. Numerical Results and Discussion                    

With the configuration of natural circulation steam generator (NCSG), which is presented in Figure 1 and Table 1, the related model equation Eq. (3) has been solved for boiling height using MFVM scheme, FFDM scheme and exact solution with initial condition (IC) of (N(0) equal to 3.04m. (N(0) is calculated based on the operating condition (p= 6.0 bar, T0 = 250C , vl (0) = 6.16x10-3m/s, q=142.9 W/kg). The low velocity is due to the fact that at the initial phase of NCSG startup, buoyancy force in the SWNC loop is not so significant because of low heating rate. Both MFVM scheme and exact solution yield comparable results without much deviation from the IC while FFDM reaches a new steady-state value after some time. This gives an initial indication that one may find the suitability of MFVM scheme to solve the moving boundary problem under investigation.             

  Table 2 Geometrical configuration of NCSG loop

	Sl. No.
	Item
	Dimension

	1
	Steam drum length
	4.585 m

	2
	Steam drum Diameter
	2.4 m

	3
	Total length of riser and heated section 
	12.11 m

	4
	Diameter of riser and heated section
	1.343 m

	5
	Down comer length 
	12.11 m

	6
	Down comer diameter
	0.8320


Another most important test for choosing suitable numerical scheme is comparing the solutions using the said schemes for transient responses of NCSG because for steady-state responses result-discrepancies of the numerical schemes with respect the exact solution may sometimes be inappreciable resulting in difficulty of adopting the suitable scheme. For the study on transient response a positive step change (30%) of circulation velocity at the BC inlet is impressed under constant heat input of 142.9 W/kg, constant inlet temperature of 250C and constant system pressure of 6.0 bar using computation cells N of  3 and 10. This step change is effected by decreasing flow resistance. Figure 5 presents the time-dependent variations of boiling height using MFVM scheme, FFDM scheme and exact solution for N =3. An evaluation of the numerical results indicates that maximum deviations of computation using MFVM and FFDM with respect to exact solution are found to be 2.11% and 5.34% respectively. The time-variation of boiling height for N=10 is shown in Figure 6 and the corresponding deviations are 0.62% and 2.88%.  Figure 5 and 6 also reflect that all three methods yield approximately same results at lower frequency. At higher frequency, the results differ noticeably, but the results obtained by MFVM are reasonably closer to the exact solution. So, one can conclude that exact solution can be satisfactorily approximated by MFVM at higher frequency increasing the value of N(Figure 6) where FFDM fails to yield reasonably accurate results. 
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In the present transient response, the frequency increases because of the increase in circulation velocity as the startup phase progresses.  Figure 7 reflects the damping behavior of the system predicted using MFVM, in which out-of-phase oscillations of nodal heights of computation cell 9 and 10 are observed because of the transportation delay. The oscillations appear due to the higher order of the ODEs for these nodes. Figure 8 shows reduced damping of the nodal heights of computation cell 1 and 2 because of the lower order of corresponding ODEs.  
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4. Conclusions 
The above numerical investigation of the moving boundary problem is very much relevant to the startup phase of NCSG and MFVM has been proved to be sound scheme to solve the problem. This MFVM can be used in the complicated situations where though the exact solutions are difficult to find. During severe transients such as startup or shutdown FFDM fails to secure reasonable accurate solution of because of its inherent limitations despite of making finer grids (Figure 6). The investigation also suggests that the number of computation (N) for MFVM has to be optimized to compromise among solution accuracy, solution stability and computational load (CPU time) used for obtaining solution. This is much important for real-time simulation. In the present investigation, hydrodynamic effect on the boiling boundary has been discussed. But thermal effect is another important parametric effect on the boiling boundary and it needs to be studied in details. This is because of the fact that both hydrodynamic effect and thermal effect are present NCSG. 
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