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示例1
PEI接枝改性反渗透（RO）膜处理低放废液

陈三1，赵四1
（1.清华大学核能与新能源技术研究院，北京，100084，中国）

随着反渗透应用领域的扩展，具有高核素截留效率的反渗透膜在低放废液处理领域具有较强的应用价值。然而，在反渗透技术在核电废液处理的实际应用中，由于核素浓度较低，反渗透膜难以达到较高的核素截留效率，不能满足低放废液处理系统对核素的去污要求。因此，制备具有高核素截留率的反渗透膜，是提高反渗透工艺对低放废液处理效果的核心内容[1,2]。当处理核素浓度为痕量的低放废液时，负电荷不能提高核素截留率，而正电荷能够以静电排斥作用阻碍核素靠近膜表面，有利于核素的截留。该现象已经得到了相关研究的证实，但是正电荷反渗透膜的制备技术还很不成熟，其表面电荷改变对核素截留的影响的研究还处于空白阶段。本研究拟采用化学接枝的方法将聚乙烯亚胺（PEI）接枝到反渗透膜表面，一方面覆盖膜表面的羧基，另一方面PEI本身带弱正电性，以此使得膜表面带正电荷。具体做法为使用EDC/NHS交联反应活化，将不同分子量（PEI 600，PEI 1800，PEI 10,000和PEI 70,000）的PEI分别接枝在膜表面，PEI的接枝浓度均为5%，具体过程见图1。
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图1 PEI接枝过程
结果表明，接枝PEI不仅会对膜表面电荷产生影响，由于其强亲水性等性质，因此，对于膜的表面性质也产生了明显的改善。接枝PEI的膜相对于原始膜，亲水性得到了显著的增强，而且随着其分子量的增加，效果更加明显。例如，当接枝PEI 70,000时，膜表面的接触角仅约30°，不足原始膜的二分之一(约72°)。而改性膜对于核素的截留则显示出了显著的增强，对Cs(I)的截留率由90%左右上升到98%以上，特别地，随着PEI分子量的增加，截留效果也更好，PEI10,000和PEI70,000接枝膜的截留率都稳定在99%以上。对于高价核素离子，例如Co(II)的截留也有所增强，从97.5%上升到99.5%以上，其中PEI10,000和PEI70,000接枝膜的截留率稳定在99.9%左右。而改性膜的通量的降低也在接受范围之内，尤其是PEI600接枝膜的通量的降低可以忽略不计，其余三款膜则有10%~30%左右的通量降低。
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图2 原始膜和PEI改性膜对Cs(I)和Co(II)的截留率
本研究表明，在反渗透膜表面接枝正电荷能够促进核素截留，对主要核素离子的去除效果显著增强。而对于膜通量的影响则受空间位阻和亲水性的双重影响，表现出不同的变化。此外，接枝正电荷的同时，根据接枝物质的性质，膜表面性能如亲水性、粗糙度等也会受到显著影响，因此，在选择接枝物质时，应该综合考虑膜去除核素和表面性质的综合需求。
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示例2
Modeling of Particle Thermal Radiation in Nuclear Packed Pebble Beds

XX Wu1, XX Chen1,
(1. XXXXXXXXXXXXX, Beijing, 100084, China)

The core of the high temperature gas-cooled reactor (HTGR) is a dense packed pebble bed with large-sized fuel spheres. Thermal radiation is important in high temperature packed pebble bed, which is still poorly understood. First, in order to analyze the effect of spatial scale in modeling thermal radiation of packed pebble beds. The long-range model (full integral scale), short-range model (partial integral scale) and microscopic models (sub-particle scale) are compared and analyzed with reference to existing correlations. In high temperature packed pebble beds, the long-range model takes into account all possible radiation between surrounding spheres, even those that are not direct Voronoi neighbors, whereas the short-range model considers only a portion nearby. It is found that when solid conductivity is much greater than the effective thermal conductivity of radiation, the long-range model provides better results than the short-range model in predicting the radiative heat exchange. The short-range model overestimates solid conductivity at low temperatures while underestimating radiative heat exchange. It therefore still provides predictions for total heat exchange that is in good agreement with experimental data in cases where the errors cancel out. The short-range radiation model is more computationally efficient than the long-range model and microscopic model to compute view factor between particles of Voronoi neighbors. Then, in nuclear packed pebble beds, it is a fundamental task to model effective thermal conductivity (ETC) of thermal radiation. Based on the effective heat transfer cells of structured packing, the short-range radiation model (SRM) and a sub-cell radiation model (SCM) are applied to obtain analytical results of ETC. It is shown that the SRM of present effective heat transfer cells are in good agreement with the numerical simulations of random packing. In order to develop a generic theoretical approach of modeling ETC, the sub-cell radiation model is presented and in good agreement with Kunii–Smith correlation, especially at very high temperature ranges (over 1500 °C). Based on SCM, one-dimensional (1D) radial heat transfer model with uniform radial porosity distribution is applied in the analysis of the HTTU experiments. The results of ETC and radial temperature distribution are in good agreement with the experimental data. When the radial porosity distribution is considered, the ETC of the particle radiation decreases significantly at near-wall region. It is shown that radiation exchange factor increases with the surface emissivity. The results of the SCM under different surface emissivity are in good agreement with the existing correlations. Compared with the discrete simulation results of polydisperse beds, it is found that the SCM with the effective particle diameter can be used to analyze the behavior of the radiation in polydisperse beds. Moreover, coupled with particle-scale radiation model, a complete CFD-DEM method is discussed for packed pebble beds, considering particle motion, fluid flow, particle-fluid interactions and heat convection, conduction and particle radiation. It is shown that, compared to the case without particle radiation, heat transfer is enhanced greatly by particle radiation at high temperatures. A particle radiation factor (PRF) is proposed as an independent non-dimensional parameter to qualify the effect of particle-scale radiation in packed pebble beds. The PRF increases significantly with temperature and decreases gradually as the heat storage capacity or the thermal conductivity of the fluid increases. A demonstrative utilization of the present model is performed for a benchmark problem based on the HTR-10 nuclear reactor, and the results in general are in agreement with the results predicted by other empirical codes. When the nuclear reactor is above full power, the power required by the fan will increase significantly. In the decay heat removal process, particle radiation is essential to keep the bed temperature below the allowable limit, which is significant for nuclear reactor safety. Moreover, in the CFD-DEM simulations of fluid-particle systems on sub-particle scale mesh, a smoothed void fraction method (SVFM) is developed to compute the void fraction field based on the particle position and volume. A diffusion function is obtained analytically as a spatial distribution function of particle volume in SVFM, which converges to the step-function-type distribution of particle volume in the sub-particle-scale divided finite volume method (DFVM) when the smoothing degree goes to 0. In validation by a spout fluidized bed when the cell size is less than the particle diameter, it is shown that SVFM is preferable to DFVM for the CFD-DEM simulation since it is in better agreement with the experimental measurements. Moreover, the CFD-DEM simulation using the SVFM on sub-particle scale meshes is performed for the benchmark problem of the HTR-10 reactor. The numerical results at the smoothing degree of η = 0.5 are in good agreement with the empirical code of THERMIX – which is based on experimental measurements. In addition, the discussion indicates that the smoothing degree in SVFM is recommended to be 0.5~0.7 according to the void fraction distribution of Voronoi-tessellation.
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Fig. 1 Voronoi tessellation of the pebble bed (a) and numerical results of particle radiation models (b)
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