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The plate OTSG (once-through steam generator) with channel diameter of 1–3 mm has high volume-power ratio and powerful resistance to high temperature and high pressure. It can well satisfy the needs of high heat transfer performance and good security of integrated pressure vessel in nuclear power. Heat transfer characteristics of flow boiling in the channel have aroused increasing concerns from scholars in this field. In this paper, based on the experimental results achieved by the researcher in our team, the drift flux model is applied to simulate the flow boiling heat transfer coefficients in the rectangular channel with equivalent diameter of 1.7 mm to further explore the flow boiling mechanism in the channel. The drift velocities and the distribution parameters of drift flux model are obtained by the empirical correlations of the horizontal flow. The simulation boundary conditions comply to the experimental conditions, the simulation resolutions are obtained by using STAR-CCM+. The simulation results indicate that the heat transfer coefficients trends along the flow direction are consistent with the trends of the experimental data. The drift velocities and the distribution parameters have little effect on the heat transfer coefficients of the horizontal small channel. When the drift velocity is 0 and the distribution parameter is 1, compared with the experimental data, the heat transfer coefficients in the single-phase liquid convective heat transfer region of the flow at high pressure are well higher, while those in the region that from bobble flow to the slug flow of the flow increase, even though they are still lower in annular flow region. The error between the predicted and the experimental is from −50 to +50%. Similarly, the model predicted heat transfer coefficients during subcooled flow boiling at low pressure are generally lower than experimental data. And the error between the predicted and the experimental is from −60 to +10%.
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INTRODUCTION

After several severe accidents, the small modular reactor (SMR) design concepts are being developed for its good security and economic performance in recent years. The distinguishing feature of small modular reactor is that the pressurizer, the control rod drive mechanisms, all pumps and the steam generators are integrated into the reactor vessel. On the one hand, the small modular reactor can eliminate the coolant loss accident and enhance the safety in the process of accident. On the other hand, it can not only replace the traditional fossil fuel power plant, but also be used such as in underwater vehicle power system to increase the economy. Importantly, the small module reactor can realize the overall off-site manufacturing and transportation to the site for assembly, which greatly reduces the construction cycle and construction time of the power plant and reduces the cost (Rowinski et al., 2015; Sun et al., 2018; Yin et al., 2018). Furthermore, increasing power density of small modular reactor is a way to make it more attractive for future deployment. And that power density can be increased by using more compact steam generators in the integral reactor vessel design (Shirvan et al., 2012). When the heat load and pressure drop are the same with those of traditional shell and tube heat exchanger, the volume of plate OTSG is decreased by 75%, while the heat transfer area density of plate OTSG is up to about 2,500 m2/m3, which can well meet the requirements of high volume power ratio, high heat transfer efficiency, high temperature resistance, and high pressure proof (Chen et al., 2016). But high volume power ratio of the plate OTSG will result in safety and design implications. So the studying of heat transfer characteristics in small channel of plate OTSG is the focus of research in the field of nuclear energy. At present, many researches focus on verification of the criterion correlations of single-phase convective heat transfer of the plate OTSG with different channel structures, etc. (Khan et al., 2015; Aneesh et al., 2018; Chen et al., 2019). Due to the complexity of the two-phase flow mechanism and the limitation of the experimental measurement methods (Banowski et al., 2017; Li et al., 2017), the two-phase flow characteristics of the small channel with diameter of about 3 mm are different from those of conventional channel. Shin and No (2017) suggested that experimental mass flow of flow boiling in small channel fluctuated greatly at low flow rates because of bubble disturbance and flow changed steadily as pressure increased. Yan et al. (2018) found that the bubble size during sliding in narrow rectangular channel are mainly affect by the liquid subcooling and wall superheat. Huang (2018) and Huang et al. (2018) found that the throat-annular flow pattern just generated in the horizontal small rectangular channel at high pressure and the heat transfer coefficients along the channel were higher than those of lower pressure with experimental conditions same. Kwon et al. (2018) proposed that film boiling occurred in the small semicircular channel because of the large temperature difference between the hot side and the cold side. As for flow boiling model, a mechanistic model for the wall heat flux partitioning during subcooled flow boiling developed and validated by Basu et al. (2005a,b) showed that the transient conduction component were the dominant mode of heat transfer at very high superheats. And an subcooled flow boiling modeling framework for CFD presented by Gilman and Baglietto (2017) revealed that the sliding (transient) conduction and augmented forced convection were the highest modes of heat removal from the surface. The predictions of an analytical model of transient heat transfer which developed by Wang and Podowski (2019) showed a good agreement with measurements. Sometimes the two-fluid model considering multiple effects between liquid and vapor phases have higher simulation accuracy, with closure models improved by experimental data for specific problems in a small range (Colombo and Fairweather, 2016; Sadaghiani and Koşar, 2016). However, due to lack of appropriate closure models describing all relevant phenomena and good numerical robustness for geometrically complex systems, applying two-fluid model to the engineering filed is very difficult now. It was noteworthy that within a certain operating range, the drift flux model predictions of the 2-D conventional scale channel were in good agreement with the experimental results (Rassame and Hibiki, 2018; Wei et al., 2018). And the empirical correlations of drift flow velocities and distribution parameters for different flow patterns in many drift flow models are available not only for conventional scale vertical channel (Hibiki and Ishii, 2003; Mei et al., 2018) but also for the horizontal flow of small channels (Bhagwat and Ghajar, 2014; Ran et al., 2018; Rassame and Hibiki, 2018). Therefore, based on the experimental data about heat transfer coefficients in the small rectangular channel of plate OTSG obtained by the researchers in our team (Huang, 2018; Huang et al., 2018), the drift flux model is applied to simulating the flow boiling heat transfer coefficients in the small rectangular channel of the plate OTSG in this paper. And the distribution parameters and the averaged drift velocities of drift flux model are illustrated in empirical correlations developed by Bhagwat and Ghajar (2014).



EXPERIMENTAL SET-UP


Test Loop

A test loop for the studying of flow boiling characteristics in small channel of plate OTSG had been built in our laboratory. Schematic diagram of the experimental apparatus is shown in Figure 1. The subcooled deionized water in the water tank is driven by the plunger pump into the preheater and then the test section. The 3 kW preheater is used to control the water temperature at the inlet of the test section. The voltage regulators having a total heating capacity of 9 kW make the preheated water turn into vapor in the channel of the test section. Then the liquid/vapor fluid mixture is condensed when mixture flows into the condenser. Finally the deionized water flow back to the tank. The mass flow in the loop is measured by the mass flowmeter. Temperature and pressure data are measured not only at inlet of the preheater but also at inlet and outlet of the test section. The system pressure is controlled by back pressure valve and safety valve. A high-speed camera is used to capture the flow pattern along the visualized area.


[image: Figure 1]
FIGURE 1. Schematic diagram of the experimental apparatus.




Test Section

The schematic diagram of the test section is represented in Figure 2. The test section which horizontally placed in the test facility is 1,300 mm long, 90 mm wide, and 60 mm high. The rectangular small channel is machined in a stainless steel block. The high borosilicate glass is on the rectangular channel with asbestos pad under it. The rubber gasket is under the stainless steel cover of test section and the stainless steel cover is pressed against the glass by bolts. The rectangular channel is 2 mm in width and 1 mm in depth (the thickness of the asbestos gasket is 0.5 mm and so the total depth is 1.5 mm), thus resulting in an internal equivalent diameter of 1.7 mm. Its total length is 1,100 mm and the effective heating length is 900 mm. There are circular sumps with a diameter of 6 mm at each end of the rectangular channel. The two sumps extend 11 mm downward and connected with a circular passage of 8 mm in diameter and 86 mm in length, respectively. In order to facilitate the pipe connection, circular passages with a diameter of 13 mm and a length of 14 mm are machined at the inlet and outlet. At the bottom of the experimental section, there are two slots with a width of 5 mm and a depth of 39 mm near the inlet and outlet, so that the heat of the heated copper block is conducted upward, so as not to affect the liquid temperature measurement of the inlet and outlet. To measure the temperature along the test section, 27 thermocouples, three in each group, arranged right below the rectangular channel. Thirty-six barrel heaters with the diameter of 9 mm are placed in the copper base to provide heat power. The test section is covered with asbestos insulation material in order to minimize the heat losses.


[image: Figure 2]
FIGURE 2. The schematic diagram of the test section.




Experimental Data Reduction

The mass flux G inside the channel are calculated by the measured mass flow rate:

[image: image]

Subcooled section length:
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The vapor quality x at outlet can be calculated by the following formula:
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The heat transfer coefficient at the measurement point is obtained as follows:
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The subscript i refers to the ith point. Whereas, Twater, i represents the temperature of the water. The temperature of the water rises linearly from the inlet temperature to the saturation temperature in the flow direction when the water is in subcooled state. In the boiling state, the temperature of the water represents the saturation temperature. Assuming that the pressure along the path decreases linearly from the inlet pressure to the outlet pressure and the corresponding saturation temperature evaluated by the software REFPROP 9.0.

The heat flux and channel wall temperature are evaluated by the one-dimensional Fourier heat conduction law in the direction perpendicular to the channel cross section, respectively:

[image: image]
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Whereas, qi is the heat flux and Tw, i is the channel wall temperature. Where k is thermal conductivity of stainless material. ΔTi and Δyi represent the temperature difference and vertical distance between the thermocouples, respectively. Ti refers to the thermocouple temperature.

Huang (2018) and Huang et al. (2018) conducted the subcooled flow boiling experiments in the rectangular small channel with the above introduced test loop. The heat transfer coefficients along the flow direction were reported with the uncertainty of ±6.98%. The flow patterns in the rectangular small channel at a low pressure and a high pressure from Huang (2018) and Huang et al. (2018) are shown in Figure 3. As shown seven flow patterns were defined along the path in the experimental visualization and the proportion of every flow patterns in the flow path was described in the literature. To deeply understand the heat transfer mechanism in the small rectangular channel of plate OTSG, the drift flux model is applied to simulate the heat transfer coefficients in this paper based on the experimental data reported. The experimental conditions applied in this simulation are listed in Table 1. The vapor qualities at outlet of the channel for all these cases are lower than 1 and critical heat flux (CHF) does not occurred during Huang's experiments.


[image: Figure 3]
FIGURE 3. The flow patterns in the rectangular small channel at a low pressure and a high pressure.



Table 1. Simulation cases based on experimental conditions.

[image: Table 1]




NUMERICAL MODEL


Drift Flux Mathematical Model

Assumption:

(a) The gas-liquid two-phase mixture is considered as a single fluid;

(b) The gas-liquid two phases are in thermal equilibrium;

(c) The gas-liquid two phases can move relative to each other.

Vapor quality:
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Vapor volume fraction:
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Mixture continuity:
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Mixture momentum:
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Mixture energy:
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Solid equation:
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Flow-solid interface equation:
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The stress tensor:
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Heat flux:
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The effective thermal conductivity:
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The mixture density:
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The mixture velocity:
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The mixture viscosity:
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The mixture thermal conductivity:
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The mixture-specific static enthalpy:
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The mixture total energy:
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The mixture total enthalpy:
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The mean drift velocity of the vapor phase:
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The volume-weighted mixture velocity:

[image: image]

The velocity of vapor phase:
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The velocity of liquid phase:
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The averaged drift velocity is formulated in a functional form as:

[image: image]

The distribution parameter:

[image: image]

The subscripts v, l, m, and s represent gas phase, liquid phase, mixing, and solids, respectively. Tsat is the saturation temperature. ρvs and ρls are the densities of vapor and liquid at saturation temperature, respectively. hvs and hls refer to the enthalpies of vapor and liquid at saturation temperature, respectively. fv is the force due to gravity.

The empirical correlations of the distribution parameter and the averaged drift velocity developed by Bhagwat and Ghajar (2014) with experimental methods can be modeled as follow.

The distribution parameter:

[image: image]
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The averaged drift velocity:
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Numerical Model Settings

The numerical model and boundary conditions is shown in Figure 4. UG is used for the construction of the 3-D numerical model. Numerical solutions are obtained by using STAR-CCM+. As shown the numerical model is almost the same to that experimental test section studied by Huang (2018). Thermocouple holes and bolt holes have little effects on heat transfer in the channel. They are removed to simplify the numerical model so as to reduce the number of grids and increase computational efficiency. The uniform heating power is provided on the barrel heaters wall in the copper base. The other solid walls are adiabatic. The mass flow inlet and pressure outlet boundary conditions are selected for the flow liquid, respectively. All the data of simulation boundary conditions are taken from Huang's experimental data as shown in Table 1. The temperature of fluid thermo-physical properties is defined as saturation temperature at the average pressure of the inlet and outlet of test section. The fluid thermo-physical properties are obtained from the software REFPROP 9.0. The turbulence model is the K-Epsilon model. The thermo-physical properties of the solid materials are presented in Table 2. Steady-state simulations are conducted for all cases.


[image: Figure 4]
FIGURE 4. The numerical model and boundary conditions.



Table 2. The thermo-physical properties of the solid materials.

[image: Table 2]



Grid Independence Verification

The mesh of numerical model is shown in Figure 5. The mesh consists of a polyhedral mesh and a near wall prism layer mesh. The prism layer mesh is used at the interface between the solid and the fluid. The first layer is 0.1 mm. And three rows are constructed with a growth factor of 1.2 so that the wall y+ value remains at ~30. Four different base size polyhedral meshes are used for mesh independence test, including mesh with grid numbers of 2373485, 2814973, 3370942, and 3722110. The results of grid independent validation test, illustrated in Figure 6, confirm that the average heat transfer coefficients do not change too much as a function of number of elements when the grid beyond 3370942 elements. Therefore, the grid number of 3370942 is sufficient to obtain a grid independent result.


[image: Figure 5]
FIGURE 5. The mesh of numerical model.



[image: Figure 6]
FIGURE 6. The results of grid independent validation test.





RESULTS AND DISCUSSION

The data reduction method of simulation is presented in Figure 7. The numerical heat transfer coefficients along the path can be calculated with the same formula used in the experiment. To reduce the error that maybe be caused by limit local data in the simulation, the small rectangular channel is divided into nine sections and each is 100 mm long. The heat flux and temperature of the channel wall of each section in the formula are regarded as the area average value, respectively. The fluid temperature of each section is defined as the average temperature at the centerline. Simply, the homogeneous flow model is abbreviated as HM, the drift flux model, as DFM, the experiment, as Exp.


[image: Figure 7]
FIGURE 7. The data reduction method of simulation.


The relative error can be calculated as follow:

[image: image]

It should be noted that the proportions of different flow patterns mentioned in this results discussion are all taken from literatures of Huang (2018) and Huang (2018).


Results Analysis of Drift Flux Model

Figure 8 shows the effects of the distribution parameters and the averaged drift velocities on the heat transfer coefficients for case 1 [G = 500 kg/(m2·s), q = 397.36 kW/m2]. The distribution parameters and drift velocities calculated by Bhagwat and Ghajar (2014) have little change with gas fraction. So they are each evaluated by the average value (C0 = 1.02,vvj = 0.05m/s) in the simulation. Also other typical values for the drift velocities and the distribution parameters are also applied in the simulation. An acceptable prediction is observed in the middle section of the channel, while simulated heat transfer coefficient is somewhat over-predicted in the inlet section and under-predicted in the outlet section. Obviously the drift velocities and the distribution parameters have little effects on the heat transfer coefficients during subcooled flow boiling. In short, the effects of two parameters of drift flux model can be neglected and that is homogeneous flow model.


[image: Figure 8]
FIGURE 8. The effects of the distribution parameters and the averaged drift velocities on the heat transfer coefficients.




Results Analysis of Homogeneous Flow Model


Results at High Pressure

The comparisons between experimental and numerical heat transfer coefficients at three heat fluxes of 294.91, 349.36, and 397.36 kW/m2, a mass flux of 500 kg/(m2·s) are shown in Figures 9–11 respectively. As can be found in the simulation results, the heat transfer coefficients increase along the flow path and the trends of simulation results match well with that of the experimental data. Compare with the experimental data, the heat transfer coefficients of simulation are well higher in the single-phase liquid convective heat transfer region and the higher the heat flux, the higher the simulated heat transfer coefficients. The differences among the heat transfer coefficients of simulation and those of experiment are mainly caused by the differences of thermo-physical properties. The temperature of the simulated fluid thermo-physical properties is defined as saturation temperature corresponding to the average pressure of the inlet and outlet of test section. The inlet pressure are slightly higher than the average pressure of inlet and outlet and also the inlet temperature are lower than the saturation temperature at the average pressure. And the values of specific heat of water in inlets of experiments are smaller than those at saturation temperatures which are applied to the simulation. Therefore, more heat is taken away from the inlet section in the simulation and the numerical heat transfer coefficients are higher than those of experiment. As the fluid enters the nucleate boiling region, the numerical heat transfer coefficients tend to approach the experimental results, and this trend continues in the region that from bobble flow to the slug flow. This is because of the phenomenon that the bubbles separated from the wall and sufficiently mixed with the water. Then the homogeneous flow model can well predict the heat transfer coefficients of plate OTSG. As flow boiling develops, the flow pattern is converted from a slug flow to an annular flow. The heat transfer coefficients continued to increase, even though they are still lower than those of experiment, It is considered that the small bubbles in the thin liquid layer near the wall disturb the thermal boundary layer and enhance the convective heat transfer in the experiment. But the homogeneous model can't give this phenomena a reasonable description. Figure 12 indicates the relative error at high pressure. The relative error between simulation and experiment is from −50 to +50%.


[image: Figure 9]
FIGURE 9. The comparisons between experimental and numerical heat transfer coefficients for q = 294.91 kW/m2 and G = 500 kg/(m2·s).



[image: Figure 10]
FIGURE 10. The comparisons between experimental and numerical heat transfer coefficients for q = 349.36 kW/m2 and G = 500 kg/(m2·s).



[image: Figure 11]
FIGURE 11. The comparisons between experimental and numerical heat transfer coefficients for q = 397.36 kW/m2 and G = 500 kg/(m2·s).



[image: Figure 12]
FIGURE 12. The relative error at high pressure.




Results Comparisons at Different Pressures

The influences of the pressures on the heat transfer coefficients for mass fluxes of 300 and 400 kg/(m2·s), heat flux of 300 kW/m2 are illustrated in Figures 13, 14, respectively. Compare with the experimental data, the simulation results trends at high pressures match better than those at low pressures. The numerical heat transfer coefficients in the single-phase liquid convective heat transfer region are basically consistent with the experimental results at low pressure. While simulation results are lower than the experimental data in the flow boiling region. It is taken into consideration that the gas density is lower at low pressure and thus the bubble disturbance to the liquid can significantly increase heat transfer in the experimental. The relative error at low pressure indicated in Figure 15, shows that the relative error between model predicted results and experimental data is from −60 to +10%.


[image: Figure 13]
FIGURE 13. The influences of the pressures on the heat transfer coefficients for q = 300 kW/m2 and G = 300 kg/(m2·s).



[image: Figure 14]
FIGURE 14. The influences of the pressures on the heat transfer coefficients for q = 300 kW/m2 and G = 400 kg/(m2·s).



[image: Figure 15]
FIGURE 15. The relative error at low pressure.






CONCLUSIONS

In this research, the drift flux model and homogeneous flow model are adopted to simulate the flow boiling heat transfer coefficients in small rectangular channel, The simulation software is STAR-CCM+. Conclusions are drawn as follows:

(1) The drift velocities and the distribution parameters have little effects on the heat transfer coefficients of the plate OTSG and the effects can be neglected.

(2) The homogeneous flow model under-predicts the heat transfer coefficients during subcooled flow boiling at low pressures. And the predictions of the homogeneous flow model at high pressures match better with the experimental results.

(3) At high pressure, the relative error between prediction and experiment is from −50 to +50%. At low pressure, the relative error between prediction and experiment is from −60 to +10%.

(4) According to the fluid-solid coupled 3-D simulations, the homogeneous flow model can predict the trends of heat transfer coefficients along the path at both high and low pressures. And at high pressure, the homogeneous flow model can well predict the heat transfer coefficients of plate OTSG in the region that from bobble flow to the slug flow. It is shown that the homogeneous flow model will be useful for evaluating the heat transfer characteristics of the plate OTSG.
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