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The investigation of critical flow model for supercritical pressure condition is relatively rare. Based on isentropic flow and thermal equilibrium assumptions, a model is derived to calculate discharge flow rate and critical pressure. Considering the influence of friction and local resistance, a correction coefficient is added which can be calculated from CFX analysis software. The model avoids the calculation of quality and is applicable to wide range which covering the subcooled water, two-phase mixture, steam critical flow under subcritical pressure and supercritical pressure. Reasonable agreement is shown between model predicted results and experiment data, illustrating the accuracy of the proposed model.
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INTRODUCTION
During a postulated loss of coolant accident of a pressurized water reactor, the critical flow occurs at the break. An accurate estimation of the critical flow rate is very important for the evaluation of reactor safety, because the critical flowrate controls heat transfer in the core and the rate of system depressurization, thus has a significant effect on the accident consequence. The loss of coolant accident is particularly of a concern for the supercritical water cooled reactor reactor safety, because the coolant inventory in supercritical water cooled reactor is much smaller than that in the current pressurized water reactor for same power output, and thus the transient response of the reactor would be dominated by the discharge flow rate more strongly.
Under subcritical pressures, various theoretical models to predict discharge flowrates have been advanced, such as homogeneous equilibrium model (HEM) (Starkman et al., 1964), hydrodynamic non-homogenous model (Fauske, 1962; Moody, 1965), and thermal non-equilibrium model (Henry and Fauske, 1971; Richter, 1983). Still more elaborate mechanistic models have been recently developed which can account for both thermal and hydrodynamic non-equilibrium between phases (Richter, 1983; Dobran, 1987). Although still poorly understood, mechanistic models that attempt to follow the nucleation and growth of the vapor bubbles require specification of initial conditions at the onset of flashing. Abdollahian (1982) did comprehensive and excellent reviews on the existing models. Many researchers adopt HEM model or modified HEM model to predict the critical flow rate under supercritical pressure. Guillaume Mignot et al. (2008) found that the HEM model predicts higher than United Kingdom Atomic Energy Authority experimental data due to the isentropic flow assumption. Chen et al. (2012) considered the local resistance effect and proposed a modified HEM which showed good agreement in the region of near and beyond pseudo-critical temperature. For the inlet temperature well below the pseudo-critical point, Bernoulli equation gave an upper envelope of the test data. He suggested that from the reactor safety point of view the combination of the HEM with Bernoulli equation gave a conservative estimation for the break discharge flow rate. But there exists discontinuity at the intersection of the two models.
In the present study, we focus on conducting a more general critical flow model which can be applicable for inlet temperature well below the pseudo-critical point and temperature beyond the pseudo-critical point under supercritical pressure. First, the hydrodynamic non-homogeneous and thermal non-equilibrium have been proved having little effect on critical flow rate and a model is put forward based on isentropic flow and thermal equilibrium assumptions. Then considering the local resistance and friction, an empirical coefficient C which can be obtained through the Computational Fluid Dynamics (CFD) simulation is added to the model. The model accuracy is validated by supercritical water blowdown test data conducted by the United Kingdom Atomic Energy Authority and China Institute of Atomic Energy (CIAE).
THERMAL AND HYDRODYNAMIC NON-EQUILIBRIUM EFFECT
Usually slip ratio is introduced to account for the two phase relative motion effect, which is defined as the ratio of gas velocity to liquid velocity. Fauske (1962) led the field in developing a model which allows for hydrodynamic effects. For critical flow, the slip ratio at the critical location is given by [image: image] and the critical mass flux subject to [image: image], both isentropic and isenthalpic processes were considered. Moody (1965) developed a critical flow model starting from the continuity and energy equations. The slip ratio is determined by maximizing the kinetic energy flow rate and is expressed as [image: image].
The HEM model, Fauske model and Moody model are adopted to calculate the critical mass flux for saturated water flowing in nozzles under different stagnation pressures (0.1–20 MPa). The nozzle outlet pressure (critical pressure) is calculated accordingly for different models. The value of outlet pressure may be different for each model, but the main principle is the mass flux reaches a maximum value at the critical pressure. The comparison for different models is shown in Figure 1 and Table 1. It can be seen that, at lower pressure, the slip ratio has great effect on critical mass flux; but at higher pressure, the slip ratio effect decreases. For example, when stagnation pressure is 22 MPa, the mass flux calculated by Moody model is 52,700 kg m−2 s−1 and the mass flux calculated by HEM model is 45,892kg m−2 s−1, the deviation is only 12.9%. Therefore, it is concluded that under supercritical pressures, the hydrodynamic effect is small and can be neglected.
[image: Figure 1]FIGURE 1 | Variation of mass flux with stagnation pressure for saturated water.
TABLE 1 | Comparison of critical mass flux with homogeneous equilibrium model, Fauske model and Moody model.
[image: Table 1]Thermal non-equilibrium decreases as pressure increasing, and in the region of supercritical pressure the thermal equilibrium is dominant (Chen et al., 2008; Chen et al., 2009). This trend is reasonable, because higher pressure corresponds to higher vapor density and thermal conductivity and smaller droplet, associated with more efficient interfacial heat exchange. Same finding was achieved in the similar experiments of supercritical water (Lee and Swinnerton, 1983) and CO2 (Mignot et al., 2008).
THE PRESENT MODEL
Model Derivation
Based on the above discussion, the thermal equilibrium and hydrodynamic homogeneous effect is dominant for critical flow under supercritical pressure. Therefore, in the model developed here, the following assumptions are made:
(1) Steady-state flow.
(2) The friction effect is ignored and the flow is considered isentropic.
(3) The vapor phase and liquid phase are in thermal equilibrium state.
(4) Liquid and vapor velocity are the same.
(5) The flow is considered to be one-dimensional.
The mass flux at the nozzle outlet is defined as:
[image: image]
where [image: image] is the fluid density at the nozzle outlet, is the velocity at the nozzle outlet.
Because it is assumed that there is no heat exchange between fluid and environment, and the energy equation is simplified as:
[image: image]
As the nozzle upstream stagnation velocity is zero, the relationship between inlet stagnation enthalpy and outlet enthalpy can be expressed as follows:
[image: image]
Because the friction effect is ignored, the outlet velocity can be obtained by energy conservation equation:
[image: image]
Substituting Eq. 4 to Eq. 1, the outlet mass flow rate can be obtained:
[image: image]
where [image: image] is the specific enthalpy at the nozzle inlet, s0 is the specific entropy at the nozzle inlet, he is the specific enthalpy at the nozzle outlet, pe is the nozzle outlet pressure.
For ideal gas and superheated vapor, the relationship between inlet density, outlet density, inlet pressure and outlet pressure can be expressed as:
[image: image]
The following expression can be obtained:
[image: image]
[image: image]
By substituting Eqs 7 and 8 to Eq. 1, the mass flux can be evaluated as:
[image: image]
Equation 9 is exactly the same with the critical flow equation in gas dynamics. In other words, the proposed critical flow model is applicable to critical flow for ideal gas and superheated vapor.
For room temperature water, the density ρ is almost constant, combining the definition of entropy, during the isentropic process, we can obtain:
[image: image]
Thus, Eq. 5 may be simplified to:
[image: image]
Equation 11 is identical to the Bernoulli Equation, where the back pressure equals the atmosphere pressure. It can be concluded that Eq. 8 is a general model which is applicable to both subcooled water and superheated steam.
Based on isentropic assumptions with thermal equilibrium and equal velocities of two-phases, a HEM model (Starkman et al., 1964) was proposed as follows,
[image: image]
where [image: image] is the enthalpy, [image: image] is density, [image: image] the equilibrium quality at the critical plane, and the subscripts l and g refer to the liquid and vapor, respectively, and 0 the stagnation (inlet) condition.
In fact, the current model Eq. 5 may be converted to Eq. 12 by substituting [image: image] and [image: image] in the two-phase expression.
Considering the actual discharge flow is not isentropic due to the friction and local resistance effect, Chen et al. (2012) modified the HEM model as
[image: image]
where C is the local resistance factor, and [image: image] the average density at the inlet.
Similarly, taking the friction and local resistance effect into account, a resistance factor C is multiplied to Eq. 5 and it becomes:
[image: image]
Calculation of Resistance Factor C
Usually, an empirical coefficient C is used for the critical mass flux calculation. For example, in Chen’s previous work, different empirical coefficients are used in the modified HEM model: for sharp-edge nozzle (nozzle A), the recommended C is 0.6; for round-edge nozzle (nozzle B), C = 0.4. But the choice of C is totally empirical and based on the user’s experience. Actually, the resistance factor C is not only affected by nozzle inlet geometry, but also related with nozzle length and fluid state.
In this section, a method of using the CFD software to calculate resistance factor is proposed. The commercial CFD code ANSYS CFX 14.0 is employed. To illustrate the analysis method to calculate resistance factor C, the nozzle configuration employed is a round-edge nozzle taken from literature (Chen et al., 2012), as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic of nozzle A in literature (Chen et al., 2012).
The test section adopts high pressure lens pad orifice, and is fitted onto the main loop through threaded flange. To ensure the accuracy and reproducibility of the test, the finishing process is used and the tolerance of the nozzle diameter is 2 μm. The schematic diagram is shown in Figure 2. The total length of the test section is 11 mm, the outer and inner diameter of the lens pad orifice is 32 and 12 mm, respectively. The diameter of the nozzle is 1.41 mm and the length of the nozzle is 4.35 mm with rounded edge inlet, the radius of which is 1.0 mm.
The involved problem is room temperature water flowing through the nozzle. The region inside the nozzle is chosen as the numerical analysis region. The inlet of analysis region is set as Pressure Inlet at which the pressure, temperature are specified. The outlet is set as the Pressure Outlet with relative pressure 0 Pa. In this simulation, the initial pressure p0 = 25 MPa, initial temperature T0 = 20°C, and the standard k–ε model is employed. Then the mass flux G can be calculated by the simulation, thus the resistance factor C can be calculated by the following expression:
[image: image]
where G is the mass flux calculated by CFX, [image: image] is fluid density, [image: image] is initial pressure, [image: image] is the atmosphere pressure.
For example, for supercritical water of initial pressure p0 = 25 MPa, initial temperature T0 = 20°C flowing in a round-edge nozzle (Nozzle A), the geometry of which is chosen from literature (Chen et al., 2012), as shown in Figure 2. The calculated mass flux is 175,000 kg m−2 s−1), substituting the value into Eq. 15, the resistance factor can be obtained. For this case, the resistance factor C equals 0.8.
For a given upstream condition and nozzle of certain geometry, the calculation procedure of the present model is as following:
Firstly, set a series of outlet pressure [image: image] which decreases from stagnation pressure [image: image] to atmosphere pressure at a constant interval, for example, 0.1 MPa, then the corresponding density [image: image] and enthalpy h can be obtained by water physical property lookup software. Secondly, using the CFD software to calculate the coefficient C based on the actual nozzle geometry. Thirdly, using Eq. 6 the corresponding mass flux can be calculated. It should be noted that the calculated mass flux first increases and then decreases as the outlet pressure decreases, and the maximum mass flux is the critical mass flux and the corresponding pressure is the critical pressure.
VERIFICATION OF THE MODEL
Supercritical Pressure Condition
The supercritical pressure critical flow experiment performed by Chen et al. (2012) adopts nozzle of 1.41 mm in diameter and 4.35 mm in length with rounded-edge, with inlet pressure range of 22.1–31 MPa, subcooling range of −88–82°C. Under supercritical pressures, the subcooling is defined as the pseudo-critical temperature corresponding to the nozzle inlet pressure minus the inlet temperature ([image: image]). The pseudo-critical temperature, [image: image], is evaluated by the following expressions in °C (Lee and Swinnerton, 1983):
[image: image]
Figure 3 shows the comparison between the present correlation with the test data for inlet pressure of 22.1–24.9 MPa, subcooling of −75–82°C. In the calculation, the initial pressure is set as 23 MPa for convenience. According to the calculation method of resistance coefficient in “Calculation of Resistance Factor C” section, the coefficient C is chosen as 0.8. As can be seen, the model gives the agreement basically within ±10%.
[image: Figure 3]FIGURE 3 | Comparison to the result of Chen (p = 22.1–24.9 MPa).
Figure 4 shows the comparison between the present model with test data for inlet pressure of 25–26.8 MPa, subcooling of −88–80°C. The initial pressure is set as 26 MPa and the resistance factor remains unchanged. The calculated mass flux matches with the test data within 10% relative error.
[image: Figure 4]FIGURE 4 | Comparison to the result of Chen (p = 25–26.8 MPa).
The critical flow experimental data of supercritical water were obtained by Lee and Swinnerton (1983) with four different nozzle test sections. In this study, test data of nozzle B is used to validate the proposed critical flow model. The nozzle diameter is 1.78 mm, length to diameter is 3, the range of inlet pressure is of 24.1–31 MPa, and the range of subcooling is of −20–60°C. The resistance coefficient is 0.9 in this calculation. The comparison of model predicted mass flux and measured data is shown in Figure 5. It can be concluded that calculated mass flux and experimental results agree within 10% of relative error, which validates the accuracy of the proposed model.
[image: Figure 5]FIGURE 5 | Comparison to the result of Lee and Swinnerton.
Subcritical Pressure Condition
CIAE has conducted a series of steady state critical flow tests with long nozzle, the diameter of which is 2 mm and the length of which is 40 mm, the test parameter covers a wide range: initial temperature ranges from 20 to 350°C, inlet quality ranges from 0.0 to 0.5, the upstream pressure is 10, 13, and 16 MPa, respectively (Zhao et al., 2015). According to the CFD calculation, choose the resistance coefficient C = 0.82 for subcooled condition and C = 0.9 for the saturated condition. The results are displayed in Figures 6 and 7. As can be observed, the model predicted results and long nozzle experiment results are in good agreement.
[image: Figure 6]FIGURE 6 | Comparison of model prediction with experiment data (subcooled condition).
[image: Figure 7]FIGURE 7 | Comparison of model prediction with experiment data (saturated condition).
It can be seen from Figure 6 that at low temperature, the calculated mass flux is a bit higher than the measured data; while at high temperature, especially near the saturation temperature region, the calculated mass flux is lower than the test data. The error is closely related to the value of resistance coefficient C. In the current model, C = 0.82 is obtained at the room temperature condition (Tin = 20°C) and this value is used for all the subcooled region condition. Considering the error in numerical simulation, the calculated mass flux is a little higher than the measured value for the low temperature region and the maximum error between model prediction with test data is within 5%. As mentioned above, C = 0.9 is chosen for saturated region and this value is obtained for the saturated vapor condition. Therefore, there is a discontinuity between subcooled condition and saturated condition. Essentially, the resistance coefficient C should gradually increase from 0.82 to 0.9 for the transition from subcooled condition to saturated condition. This is why the calculated mass flux is lower than the test data for the near saturated condition. Caution is needed for the calculation of critical mass flux near saturated condition.
It should be mentioned that the current model is derived with the thermal equilibrium assumption, and is not applicable for two-phase critical flow condition where thermal non-equilibrium effect is dominant. For instance, inlet water with low subcooling or low quality and flowing through short nozzle condition. It is suggested that critical flow model considering thermal non-equilibrium effect is used in the above situation.
CONCLUSIONS
(1) With the isentropic and thermal equilibrium assumption, a critical flow model for supercritical pressure is proposed which can calculate critical pressure and critical mass flow rate. This model is also applicable for room temperature water discharge, two phase mixture, superheated steam critical flow.
(2) Considering friction and local resistance, the actual process is not isentropic; a resistance coefficient C is added in the model can be calculated from the CFD simulation.
(3) The maximum error between model prediction results and experiment data are within 10% under supercritical pressure and within 5% under low temperature region at subcritical pressure, illustrating that the model is accurate.
(4) Though the model gives satisfactory result at supercritical flow condition, it is not applicable for two-phase critical flow condition where thermal non-equilibrium effect is dominant.
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