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摘  要 

 

Ziegler-Natta 催化制备线性等规聚丙烯（IPP）的模拟及实验工作已经开展

多时，并取得了许多研究成果。然而，IPP 的使用范围存在一定的局限性。目

前可以通过长支链化来拓宽 IPP 的使用范围。公开报道主要是采用线性催化剂

和长支链催化剂（限制几何构型催化剂 CGC-Ti）联合催化制备长支链聚丙烯

（LCBPP）。以住在 LCBPP 制备方面的报道主要集中在国外，采用的技术手段

是实验研究，相关制备过程的模拟工作非常匮乏。 

对于所研究的 LCBPP 聚合体系而言，催化剂的配比及其物理变化、反应所

对应的一整套参数，以及反应过程中质量和热量传递阻力等都足够对聚合过程

和聚合产物特性产生重要影响。本论文基于微观尺度对丙烯原位制备 LCBPP

过程进行工程模拟，主要研究内容包括三部分： 

第一部分，建立单颗粒模型：基于以往的PP单颗粒模型，结合茂金属联合催

化剂特点，建立改进的多粒模型。利用改进的多粒模型分别对CSTR反应器内的

PP颗粒和LCBPP颗粒内部的传质、传热进行模型化研究。此外，本文模型结果

还与公开报告结果进行了对比，验证了该模型对LCBPP体系的适用性。模拟结果

体现了模型的优势，其更详细的描述LCBPP聚合体系的变化，如催化剂颗粒的破

碎、存在一个不能忽略的引发阶段、聚合过程是一个反应-扩散-反应控制过程、

聚合过程中催化剂活性中心浓度变化很小以及验证传热阻力小等。 

第二部分，基于摩尔衡算方程的生成函数法建模（简称粒群衡算模型）：首

先提出聚合反应机理，得到体系中各种物质的摩尔衡算方程，结合生成函数法

建立粒群衡算模型。采用该模型分别考察了 LCBPP 聚合体系产物的稳态和动态

变化。结果表明，稳态下粒群衡算模型就足以描述产物特性，动态情况下，该

模型的结果没有说服力，因而，有必要考虑颗粒内部的阻力和催化剂的物理变

化等因素的影响，即需要结合单颗粒模型。 

第三部分，单颗粒与粒群衡算耦合模型：对前述建立的两类模型进行耦合

建立单颗粒与粒群衡算耦合模型，使得模型能考虑单颗粒内部的扩散效应同时

又能反映本征反应，利用该模型对体系进行了稳态和动态模拟。结果证明了稳

态条件下，粒群衡算模型具有优越性。动态条件下，该模型得到了较好的结果：
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 II

所得到的各个结果曲线图体现了扩散作用的影响、体现了催化剂大颗粒的破碎

对反应产物特性的影响；对于确定体系达到稳态的时间具有很好的指导意义；

能够跟踪大颗粒内部我们所划分的每一层上每一时刻的反应情况。 

此外，单颗粒模型结合粒群衡算模型还可以进一步分析体系的其他特性，

对生产的指导意义不可小觑。目前，该模型也并非完美无暇，计算耗时和对计

算机硬件的要求都提示我们思考能不能对模型进行改进。 

 

关键词：联合茂金属催化剂；LCBPP 聚合机理建模；单颗粒模型；粒群衡算模
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Abstract 

The simulation and experimental study of linear polypropylene (IPP) catalyzing 

by Ziegler-Natta catalyst has been developed such a long time, and has obtained 

many research results. However, the use of IPP has some limitations. Currently, long 

chain branching can greatly improve the property of IPP. Publicly reported is mainly 

long-chain branched polypropylene (LCBPP) prepared by combining of linear 

catalyst and long chain branched catalyst (CGC-Ti) catalyst Report on the 

preparation of LCBPP is mainly in overseas. The technology is experimental study, 

and the simulation work related to preparation is extremely deficient. 

For the LCBPP system we studying, except for fraction of LCB catalyst as well 

as physical change of catalyst particles, the corresponding entire set of parameters, 

the mass and heat transfer resistance during the reaction could make significant 

impact on the propylene polymerization and the polymer properties. Based on the 

microscopic modeling of in-situ preparation of LCBPP by propylene, most relevant 

content and results obtained in this work are summarized as follows: 

In the first section, we set up a single particle model. Referring to the PP pellet 

model research by the predecessor and carrying on the reasonable supposition, we 

set up an improved multigrain model. With the improved multigrain model, the mass 

and heat transfer effect during the reaction in the PP pellet and the LCBPP pellet in 

the CSTR reactor were studied respectively. In the same simulation condition, we 

compared the results obtained by this model between these two polymerization 

systems. And on the research of the predecessor, we were sure that this improved 

multigrain model was suitable for the LCBPP system. The results showed that the 

model we set up had its superiority. Because it could describe the process of the 

LCBPP formation more detailed, such as the fracture of  the macroparticle of 

catalyst, the initiation stage that could not be neglected, the controlling rule of the 

reaction was reaction- diffusion-reaction, the change of catalyst concentration and 
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the heat transfer resistance were both little.  

In the second section, we set up a model by the Generating Function Method 

based on the mole balance calculation equations (i.e. particle population balance 

model). After proposing the reaction mechanism, we obtained the mole balance 

calculation equations of all the material in the system, and then obtained the particle 

population balance model. On this model the steady-state and the dynamic change of 

the product in LCBPP polymerization system was described. The result indicated 

that, only the particle population balance model can describe the product 

characteristic sufficiently in the situation of steady-state, however in the dynamic 

situation, the result was not good enough. Thus, it was necessary to consider the 

influence of the resistance internal the pellet and the physical change of the catalyst 

and so on, and to unify the single pellet model might be good choice. 

In the third section, we obtained the steady-state and the dynamic solution of the 

product in the same system by combining the single particle model and the particle 

population balance model in the last two sections. With the coupled model the 

diffusion effect within the single particle could be considered while reflecting the 

intrinsic reaction. Result showed that the particle population balance model was 

more superior when describing the steady-state system. In the situation of dynamic, 

this model obtained better result: Effect of the diffusion resistance as well as the 

fracture of macroparticle of catalyst were both manifested by the results curves 

obtained. It could help us determine the time to achieve the steady-state, and track 

the polymerization process at any time and any layer we divided. 

In addition, more properties of the polymer in this system could be further 

studied and analyzed by the coupled model, and it might give great help to the 

practical production. However, this coupled model suffers from some limitations. 

Such long computation time and the requirement of good computer hardware both 

prompted us that the model might need further effort to be improved.  

 

Keywords: Combined Metallocene Catalyst; Mechanism Modeling for LCBPP 

Polymerization; Single Particle Model; Particle Population Balance Model.

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

i 
   

目 录 

摘要............................................................................................................. I 

Abstract...................................................................................................... I 

第一章 绪论 ..............................................................................................1 

1.1 引言 ......................................................................................................................1 

1.1.1 相关背景........................................................................................................1 

1.1.2 LCBPP 的生产工艺 ......................................................................................2 

1.1.2.1 基团反应接枝法 ....................................................................................2 

1.1.2.2 反应器合成法（原位合成法） ............................................................3 

1.1.3 LCBPP 制备催化剂的选择及相关机理 ......................................................3 

1.1.3.1 茂金属催化剂及其优势 ........................................................................4 

1.1.3.2 茂金属催化剂催化烯烃聚合过程的一般机理 ....................................5 

1.1.3.3 长分支的链 ............................................................................................6 

1.2 有关建模 ..............................................................................................................7 

1.2.1 茂金属催化剂和 Z-N 催化剂破裂过程的区别 ...........................................7 

1.2.2 物理模型........................................................................................................9 

1.2.2.3 多粒模型 ..............................................................................................12 

1.2.2.5 多层模型 ..............................................................................................14 

1.2.2.4 物理模型的改进 ..................................................................................16 

1.2.3 数学模型.....................................................................................................17 

1.2.4 生成函数法.................................................................................................18 

1.3 课题研究目的和意义 .......................................................................................20 

参考文献 ..................................................................................................................20 

第二章 聚丙烯颗粒内的传质与传热模型 ............................................26 

2.1 背景 ...................................................................................................................26 

2.2 物理模型 ...........................................................................................................27 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

ii 
   

2.3 数学模型 ...........................................................................................................29 

2.4 模型求解及模型参数取值 ...............................................................................33 

2.5 结果与讨论 .......................................................................................................35 

2.5.1  聚丙烯颗粒内部的丙烯浓度分布研究...................................................35 

2.5.1.1 反应时间对丙烯浓度分布的影响 ......................................................36 

2.5.1.2 增长因子以及平均孔隙率的变化 ......................................................37 

2.5.1.3 颗粒内部活性中心浓度的变化 ..........................................................39 

2.5.1.4 有效扩散系数对丙烯浓度分布的影响 ..............................................40 

2.5.1.5 大颗粒内各层的丙烯浓度随时间的变化 ..........................................41 

2.5.2  颗粒内部传热效应...................................................................................43 

2.5.2.1 大颗粒内各层的温度梯度随时间的变化 ..........................................43 

2.5.2.2 大颗粒内的平均温度随时间的变化 ..................................................45 

2.5.3  聚合反应速率随时间的变化...................................................................46 

2.6  本章小结 ..........................................................................................................47 

参考文献 ..................................................................................................................48 

第三章 机理建模 ..................................................................................50 

3.1 LCBPP 制备反应机理 ......................................................................................51 

3.1.1 形成大分子的机理.....................................................................................52 

3.1.2 形成长链分支（LCB）的机理.................................................................54 

3.2 生成函数法建模 ...............................................................................................55 

3.2.1 模型方程组.................................................................................................56 

3.2.2 与衡算方程相对应的矩方程.....................................................................63 

3.3 特性分析 ...........................................................................................................71 

3.3.1 生成函数法建模.........................................................................................71 

3.3.2 单颗粒模型结合粒群衡算方程.................................................................73 

3.4 模型方程求解方法 ...........................................................................................75 

3.4.1 非线性代数方程组的求解.........................................................................75 

3.4.2 非线性常微分方程组的求解.....................................................................76 

3.5 本章小结 ...........................................................................................................77 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

iii 
   

参考文献 ..................................................................................................................77 

第四章 稳态模拟 ....................................................................................79 

4.1 模型参数的确定 ...............................................................................................79 

4.1.1 LCBPP 聚合反应体系动力学参数的确定 ................................................79 

4.2 初始条件的确定 ...............................................................................................81 

4.2.1 稳态下的各种影响因子分析.....................................................................81 

4.2.2 结果比较.....................................................................................................84 

4.2.2.1 大分子形成速率的影响 ......................................................................85 

4.2.2.2 γ的影响 ................................................................................................88 

4.2.2.4 M 的影响 ..............................................................................................93 

4.2.3 结果分析及结论.........................................................................................95 

4.3 稳态模拟及结果分析 ........................................................................................97 

4.3.1 生成函数法建模..........................................................................................97 

4.3.2 单颗粒模型结合粒群衡算方程..................................................................98 

4.4 本章小结 .........................................................................................................102 

参考文献 ................................................................................................................103 

第五章 动态模拟 ..................................................................................106 

5.1 预估达到稳态的时间 ......................................................................................106 

5.2 动态模拟及结果分析 .....................................................................................107 

5.2.1 仅从体系的粒群衡算方程出发................................................................107 

5.2.2 单颗粒模型结合粒群衡算方程................................................................109 

参考文献 ................................................................................................................ 115 

第六章 结论与展望 ..............................................................................117 

6.1 结论 ................................................................................................................. 117 

6.2 展望 ................................................................................................................. 118 

符号说明.................................................................................................119 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

iv 
   

硕士期间发表的相关论文 ....................................................................120 

致谢.........................................................................................................121 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

i 
   

Catalogue 

 

ABSTRACT............................................................................................... I 

ABSTRACT............................................................................................... I 

CHAPTER 1 INTRODUCTION.............................................................1 

1.1 Preface ..................................................................................................................1 

1.1.1 Introduction of Background...........................................................................1 

1.1.2 LCBPP Technics ............................................................................................2 

1.1.2.1 Grafting of Groups ..................................................................................2 

1.1.2.2 In-Situ Method ........................................................................................3 

1.1.3 The Choice Lcbpp Catalyst and The Mechanism Related .............................3 

1.1.3.1 Metallocene Catalyst and Its Superiority ................................................4 

1.1.3.2 Common Mechanism by Metallocene.....................................................5 

1.1.3.3 Long Chain Branched..............................................................................6 

1.2 About Modeling....................................................................................................7 

1.2.1 Breakage Difference between Metallocene and Z-N Catalyst.......................7 

1.2.2 Physical Model...............................................................................................9 

1.2.2.3 Multigrain Model ..................................................................................12 

1.2.2.5 Multilayer Model...................................................................................14 

1.2.2.4 Improvement of Physical Model ...........................................................16 

1.2.3 Mathematical Model ....................................................................................17 

1.2.4 Generating Function Method .......................................................................18 

1.3 Ambition and Significance of This Work .......................................................20 

References ...............................................................................................................20 

CHAPTER 2 INTRAPARTICLE MASS AND HEAT TRANSPORT 

MODEL ...................................................................................................26 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

ii 
   

2.1 Introduction ......................................................................................................26 

2.2 Physical Model ..................................................................................................27 

2.3 Mathematical Model.........................................................................................29 

2.4 Model Solution and Parameter Choice...........................................................33 

2.5 Result and Discussion.......................................................................................35 

2.5.1 Study of Intraparticle Propylene Concentration...........................................35 

2.5.1.1 Propylene Concentration at Various Times ...........................................36 

2.5.1.2 Change of Growth Factor and Average Porosity...................................37 

2.5.1.3 Change of Intraparticle Catalyst Concentration ....................................39 

2.5.1.4 Change of Intraparticle Catalyst Concentration ....................................40 
2.5.1.5 Propylene Concentration in Macroparticle Versus Time at Various 
Layers ................................................................................................................41 

2.5.2 Intraparticle Heat Transport .........................................................................43 

2.5.2.1 Intraparticle Temperature Versus Time..................................................43 

2.5.2.2 Macroparticle Average Temperature Versus Time.................................45 

2.5.3 Polymerization Rate Versus Time ................................................................46 

2.6 Chapter Summary ............................................................................................47 

References ...............................................................................................................48 

CHAPTER 3 MECHANISM MODELLING.......................................50 

3.1 Mechanism of LCBPP Preparation.................................................................51 

3.1.1 Mechanism of Macromolecular ...................................................................52 

3.1.2 Mechanism of LCB......................................................................................54 

3.2 Generating Function Method Modelling........................................................55 

3.2.1 Model Equations ..........................................................................................56 

3.2.2 Moment Equations .......................................................................................63 

3.3 Characteristic Analysis.....................................................................................71 

3.3.1 Particle Population Balance Model..............................................................71 

3.3.2 Single Particle Model Combined with Particle Population Balance Model 73 

3.4 Model Solution Method....................................................................................75 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

iii 
   

3.4.1 Solutions to Nonlinear Algebraic Equations................................................75 

3.4.2 Solutions to Nonlinear Ordinary Differential Equations .............................76 

3.5 Chapter Summary ............................................................................................77 

References ...............................................................................................................77 

CHAPTER 4 STEADY-STATE SIMULATION........................................79 

4.1 Model Parameter Determination ....................................................................79 

4.1.1 Dynamics Parameter Determination for LCBPP System ............................79 

4.2 Initial Condition Determination......................................................................81 

4.2.1 Factor Analysis.............................................................................................81 

4.2.2 Result Comparison.......................................................................................84 

4.2.2.1 Effect of Rate of Macromonomer Formation........................................85 

4.2.2.2 Effect of γ ..............................................................................................88 

4.2.2.4 Effect of M ............................................................................................93 

4.2.3 Result and Discussion ..................................................................................95 

4.3 Result and Discussion.......................................................................................97 

4.3.1 Particle Population Balance Model..............................................................97 

4.3.2 Single Particle Model Combined with Particle Population Balance Model 98 

4.4 Chapter Summary ..........................................................................................102 

References .............................................................................................................103 

CHAPTER 5 DYNAMIC SIMULATION ..........................................106 

5.1 Estimating the Time to Steady-State.............................................................106 

5.2 Result and Discussion.....................................................................................107 

5.2.1 Particle Population Balance Model............................................................107 

5.2.2 Single Particle Model Combined with Particle Population Balance Model109 

References .............................................................................................................103 

CHAPTER 6 CONCLUSION AND PROSPECTIVE ADVICE......117 

6.1 Research Conclustion..................................................................................... 117 

6.2 Prospective Advices ........................................................................................ 118 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

iv 
   

NOTATIONS .........................................................................................119 

PAPER LIST .........................................................................................120 

ACKNOWLEDGEMENT....................................................................121 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

厦
门
大
学
博
硕
士
论
文
摘
要
库



厦门大学硕士论文 

1 
   

第一章 绪论 

介绍课题相关的背景知识和研究现状，主要有长支链聚丙烯的制备工艺、

制备催化剂、物理模型等。 

1.1 引言 

1.1.1 相关背景 

聚丙烯（PP）是目前世界上应用 为广泛，产量增长 快的树脂之一。与其

他热塑性树脂相比，PP具有无味无臭、低密度、高熔点、来源广、价格低以及机

械性能优越、化学稳定性好且较易回收等特点，已经成为包装、轻工、建筑、电

子、电器和汽车等行业不可缺少的基本原料，其产量仅次于聚乙烯（PE）聚氯

乙烯（PVC）[1]。 

但是，由于 IPP 是一种部分结晶聚合物，软化点与熔点非常接近，超过熔

点后熔体强度迅速下降，导致在加热成型时器壁厚度不均匀，挤出涂布时边缘

卷曲、收缩，挤出发泡时泡孔塌陷等等问题[1]。由于这些缺陷，严重限制了聚

丙烯在热成型、吹塑成型和发泡等成型加工领域的应用。 

研究发现，提高 IPP 其他特性的关键技术就在于如何使线形聚丙烯产生长

链支化（LCB）结构。大量资料显示，少量长支链结构的存在就能使 PP 的熔

体强度大大提高，而短支链结构对分子的熔体强度影响不大。对于不同的测试

方法或不同的体系，长支链的定义是不同的。目前规定当分子量在缠结分子量

2.5 倍以上时的支链称为长支链[2]。在初期的工作中，人们曾试图将有机过氧化

物、交联剂与聚丙烯树脂通过挤出机混合或通过电子射线辐照加有交联剂的聚

丙烯来达到产生长支链的目的，但效果并不好，聚丙烯熔体强度或者提高幅度

不大，或者产生大量凝胶，导致加工困难。 

到目前为止，国内外所开发出的 成功的使聚丙烯产生长支链的方法是高

能射线辐照法。但采用这种方法，在 后阶段需对聚丙烯加热或加入甲硫醇等

助剂，使残留的未完全反应的自由基失去活性，降低聚丙烯的降解和交联等副

反应发生的几率。即使这样，需要指出的是，使用这种方法所制备的长链支化
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