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Abstract. The simulation of the thermoplastic injection process was carried out using the 

Autodesk Simulation Moldflow Insight software. The seven-parameter Cross-WLF rheolog-

ical model was adopted for the tests. Knowledge of the pvT relationship is essential for sim-

ulating the pressing phase and for determining the residual stresses and deformation of the 

molded parts. For this purpose, the Tait equation was used in the numerical analysis. In the 

initial stage of the simulation, a solid model of the molded part was created using the Siemens 

NX software. In the subsequent step, the molded part model was imported, and the FEM 

mesh was applied. Then, the injection process parameters were entered into the program. 

This data included thermal, rheological, and mechanical properties of the injected thermo-

plastic. The recorded video sequences were compared with the results of numerical simula-

tions, and the extent to which computer modeling of the injection process can be useful in 

practice was assessed. 
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1. Introduction  

Polymer processing using the injection molding method is a widely used technol-

ogy across many sectors of modern industry. This method is applied in the produc-

tion of packaging, structural moldings, household appliances, electronic equipment 

components, automotive parts, and many other products. Given its extensive appli-

cations, conducting scientific research aimed at a thorough understanding of the phe-

nomena occurring during mold filling can contribute to a more effective tool design 

and reduction in both implementation and production time. The papers [1-5] present 

selected results of polymer flow tests during filling of the injection mold cavity. 

This study attempts to present selected results of research focused on computer 

modeling of polymer flow within the mold cavity during the filling phase. The results 

of computer simulations are compared with recorded observations of polymer flow 
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during injection. Similar studies are conducted by various scientific institutions 

worldwide [6-10]. To the best of the authors’ knowledge, no similar research is  

currently being conducted at the national level. 

2. Fundamentals and assumptions  

The fundamental equations that need to be solved are [11-14]: 

 The mass conservation equation, 

 The momentum conservation equation, 

 The energy conservation equation. 

��
�� + �

��� ����	 = 0 (1) 

� ���
�� + ��
��
���� = − ��

��
 + ��ij��� + ρg� (2) 

��� ���
�� + ��

��
���� = � ���

����
+ ��


��
��� (3) 

where:  

� – density,  � – time,  �� – velocity components,  � – pressure, 

��
 – shear stress components,  

� – temperature,  �� – specific heat,  

�� – gravity force components. 

 These equations, in their general form, cannot be directly solved for a process as 

complex as injection molding. Therefore, several simplifying assumptions must be 

made. These assumptions concern both the properties of the polymer and the shape 

of the region where the equations are applied. A key simplifying assumption is the 

introduction of the concept of the no-flow temperature – the temperature below 

which the polymer can be considered to behave as a solid. 

By assuming the no-flow temperature, the velocity components of the solidified 

polymer at the mold cavity walls are considered to be zero. Additionally, it is  

assumed that the polymer flow is symmetric with respect to the mid-plane of the 

molding cavity. Equations (1), (2), and (3) are solved separately for the mold filling 

packing phases under the following boundary conditions: 

 Pressure is zero at points located on the flow front, 

 A specified pressure or flow rate is applied at the polymer injection point(s), 
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 The pressure gradient in the normal direction is zero at the boundary points of the 

molding cavity, 

 The temperature of the molding cavity walls or specified points of the injection 

mold walls is defined, 

 The temperature gradient along the z-axis at the mid-plane of the molding cavity 

is zero, 

 The temperature of the molten polymer at the injection point(s) is specified. 

To conduct a simulation of the injection molding process, it is necessary to deter-

mine viscosity curves for the selected polymer material. A viscosity curve represents 

the relationship between the material’s viscosity and the shear rate, as defined by the 

selected rheological model. Several well-known models are used for this purpose. 

When choosing a rheological model, attention should be paid to the accuracy of  

the representation and the availability of data for its determination. 

The most commonly used rheological models are [15-17]: 

 Power-law model, 

 Moldflow second-order model (logarithmic model), 

 Cross-WLF model, 

 Carreau model. 

Below is the mathematical interpretation of the rheological models most frequently 

used in polymer injection molding simulations. 

 Power law model 

The mathematical description of the power-law model is given by [15]: 

 � = �  ! "#$ (4) 

where � is viscosity,  !  is the shear rate, � is the flow consistency index, and % is  

the power law index (flow behavior index). 

For polymer blends, the power law index % has a value in the range of 0.2 to 0.8. 

Taking the logarithm of both sides of equation (4) yields: 

 ln��	 = �% − 1	 ln� !	 + ln��	 (5) 

The relationship between ln��	 and ln� ! 	 is linear. For this reason, the power-law 

model effectively describes polymer behavior in the high shear rate region. This 

model can also be relatively easily fitted to experimental data, allowing for the  

determination of the rheological parameters � and %. 

The main drawback of the power-law model is its poor representation in the low 

shear rate range. Despite this limitation, it is widely used for modeling flow in injec-

tion molding. In particular, during the filling phase, shear rates are often sufficiently 

high to justify the use of the power-law model. 

The dependence on temperature is typically introduced by multiplying equation 

(4) by an exponential term [15]: 
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 � = �  ! "#$exp�� �	 (6) 

where � is a constant and � is the temperature. The power-law model in the form  

of (4) is referred to as the first-order viscosity model, available in flow simulation  

software. 

 Moldflow second-order model (logarithmic model) 

To improve viscosity modeling at low shear rates, the following rheological 

model is used [15]: 

 ln � = ,- + ,$ ln  ! + ,�� + ,.�ln  !	� + ,/� ln  ! + ,0�� (7) 

where ,� are constants. 

This model raises concerns because it is based on empirical observations.  

However, this has little significance in the context of the issues discussed in this 

study. The goal is to find a model that fits the experimental data as closely as possi-

ble, and the second-order model is capable of characterizing the observed behavior 

of polymers in a plastic state. 

There are certain limitations to this model. The most important one is that,  

although it is highly flexible, the model may suggest behavior that is not rheologi-

cally reasonable. For example, it is possible [2] that 1�/1 ! > 0, implying that  

viscosity increases with shear rate, which is clearly unrealistic. 

 Cross-WLF model 

The mathematical form of the Cross-WLF model is given as [16]: 

�4 ,T! , �7 = �-��, �	
1 + 8�- !�∗ :$#" 

(8) 

The Williams-Landel-Ferry (WLF) equation is an empirical equation used to describe 

the dependence of viscosity η- on temperature � and pressure �. It is expressed as 

follows: 

�-��, �	 = ;$ ⋅ exp =− ,$�� − �∗	
,� + �� − �∗	> (9) 

with 

 �∗��	 = ;� + ;. ⋅ � (10) 

 ,� = ,?� + ;. ⋅ � (11) 

where: � – temperature, � – pressure, 



102 J. Nabiałek, D. Kwiatkowski 

%, �∗ – constant parameters of the Cross-WLF model (� represents the shear stress 

at which the polymer in the liquid state exhibits shear-thinning behavior), �- – viscosity at a shear rate approaching zero, ;$, ;�, ;., ,$ – constant parameters of the WLF equation. 

In numerical calculations, the Tait equation was used to represent changes in  

specific volume ���, �	 along an isotherm, based on two variable parameters, @ and A, which are functions of temperature. It is most commonly expressed in the follow-

ing form [18]: 

B��, �	 = B-��	 ⋅ C1 − @ ⋅ D% =1 + �
A��	>E + BF��, �	 (12)

where: 

for � > �G B-��	 = H$G + H�G�� − H0	 (13) 

for � < �G A��	 = H.G ⋅ expI−H/G ⋅ �� − H0	J (14) 

 B-��	 = H$K + H�K�� − H0	 (15) 

 A��	 = H.K ⋅ expI−H/K ⋅ �� − H0	J (16) 

where: 

�-��	 – specific volume at atmospheric pressure, � – temperature, �G – melting temperature, � – pressure, @ – universal constant (0.0894). 

This applies to semi-crystalline materials BL��, �	 = HM ⋅ expIHN ⋅ �� − H0	 − HO ⋅ �J. 
 Carreau model 

The Carreau model is mathematically expressed as follows [8]: 

� − �P�- − �P = I1 + �Q ∙ S! 	�J�"#$	 �⁄  (17)

where �P is the viscosity at infinite shear rate, �- is the viscosity at zero shear rate, % is a constant with the same interpretation as in equation (4), and Q is the time 

constant. 

3. Research methodology 

This study presents the results obtained from an investigation of a PBT/PET  

composite with glass fiber reinforcement. The material used was CELANEX 2302 

GV1/15, a product of TICONA EUROPE, with a glass fiber content of 15 % by weight. 

The melt volume-flow rate (MFR) of the material is 20 cm3/10 min (measured at 
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265 °C under a load of 2.16 kg), and its density is 1.43 g/cm3. This polymer blend 

introduced several technological challenges, primarily due to the specific processing 

characteristics of the PBT/PET system. These included difficulties in ejecting the 

molded part from the mold, solidified material sticking in the gate area, and material 

leakage from the plasticizing unit. 

The processing equipment used in the study was an Engel injection molding ma-

chine (Victory 200/50 spex), equipped with a high-quality control system. The use 

of a high-precision modern machine allowed for the resolution of all the aforemen-

tioned issues. 

As part of the simulation studies, a series of numerical analyses were conducted 

to computationally model the injection molding process. For this purpose, the pro-

fessional simulation software Moldflow Plastics Insight (version 2019) was used.  

To ensure accurate analyses, material data had to be input. This was done using the 

database integrated into the simulation program. 

 

 
Fig. 1. Viscosity curves of PBT/PET 15GF (Moldflow Materials Database) 

 
Fig. 2. pvT diagram for PBT/PET 15GF (Moldflow Materials Database) 
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The curves were determined using the Cross-WLF rheological model. It is  

a seven-parameter model frequently used in simulation software for the injection 

molding process. 

For the visualization studies, a specialized injection mold with a unique design 

was used, as presented in detail by the author in publication [7]. This mold allowed 

the authors to record the phenomena occurring during the flow of the material inside 

the molding cavity. The mold was equipped with two viewing windows, each with  

a surface area at least equal to that of the cavity, made of crystalline glass commer-

cially known as Zerodur® (Schott AG, Germany) [19]. This material is characterized 

by an almost zero thermal expansion coefficient, which makes it resistant to rapid 

temperature changes occurring during cavity filling. 

The recording was carried out using a digital video camera. Additionally,  

a dedicated illumination setup based on LED diodes was installed to ensure proper 

visibility. The recordings were performed in complete darkness in a controlled  

laboratory environment. 

Figure 3 presents the FEM model of the molded part. It was a rectangular prism- 

-shaped part with three obstacles: a semicircle, a quarter-circle, and a triangle.  

Additionally, the mold’s gating system was modeled. 

 

 
Fig. 3. Model of the molded part and the gating system  

with a superimposed finite element mesh 

4. Research results 

After entering the material data and processing conditions, appropriate numerical 

calculations were performed. Conducting simulations of selected phenomena re-

quired the use of a model that met specific criteria (the number of finite elements  

per wall thickness of the molded part could not be fewer than six). 

Simultaneously, the flow of the material in the injection mold was recorded.  

A comparison of experimental and simulation results is presented in Figure 4. This 

comparison includes a juxtaposition of frame-by-frame images captured by a digital 

video camera with corresponding computer simulation results of the injection mold-

ing process. The presented comparison pertains to a process conducted under the 

following conditions: 
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 Volumetric flow rate: 30 cm3/s 

 Maximum injection pressure: 80 MPa 
 Injection time: 2.5 s 

 Cooling time: 30 s 
 Injection temperature: 240 °C 

 Mold temperature: approximately 25 °C. 

Several phenomena previously described only in theoretical terms were recorded. 
The flow of molten material around various obstacles, the propagation of gas bubbles 

and other inclusions were documented, as well as the occurrence of streamwise flow, 
material runoff, and collisions of material streams. The research results presented in 

this study indicate that streams of plasticized composite exhibit properties character-
istic of a viscoelastic material (as expected by the authors). Upon encountering an 

obstacle at high flow velocity, the material does not form a stream in the advancing 

direction but instead alters its trajectory precisely by flowing along the obstacle’s 
surface. This confirms theoretical predictions and numerical analyses concerning  

the flow of viscoelastic materials (liquids). 
 

 
Fig. 4. Summary of experimental (a) and simulation results (b) 

a) b)                    
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5. Conclusions 

The comparison of polymer flow observations in the injection molding process 

with the results of simulations allows us to conclude that specialized computer soft-

ware is capable of reliably predicting phenomena specific to polymer processing. 

Modern simulation programs offer a high degree of accuracy (assuming the correct-

ness of the initial and boundary conditions and the reliability of the material data of 

the processed polymer). This means that already at the design stage, the manufactur-

ing process can be anticipated and optimized. Until recently, not all flow-related 

phenomena could be numerically modeled. However, ongoing advancements in  

simulation software have now made it possible to model virtually all phenomena 

occurring during the filling of the injection mold cavity. 

The material chosen for the research, besides its interesting rheological proper-

ties, also has an appropriate color in the plastic state (due to the conditions for  

recording the flow), which has significantly improved the quality of the results. 

The search for new research methods aims to deepen knowledge of previously 

unexplained or debated phenomena occurring during selected manufacturing pro-

cesses. Such studies seek to understand, analyze, and utilize these phenomena to  

optimize and minimize manufacturing costs. 

The comparison of composite flow observations in the injection molding process 

with the results of simulation studies confirms that specialized computer software 

enables the prediction of phenomena specific to a given manufacturing process. This 

means that, already at the design stage, the manufacturing process can be anticipated 

and optimized. 

Moreover, the construction of specialized research stations facilitates the in-depth 

examination of previously unconfirmed theoretical predictions concerning phenom-

ena occurring during complex manufacturing processes. 
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