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Abstract 

Plastic injection molding is one of the most popular manufacturing processes for mass 

production, and optimizing the mold cooling system is critical for reducing the cycle time and 

improving the final part quality. Conventional cooling simulation uses the boundary element method 

to perform the cycle-averaged analysis, which is a simplification due to computational resources 

limitation. This paper develops a three-dimensional transient cooling simulation method based on 

the finite element method, which can simulate the complex mold system accurately and efficiently. 

It is shown that this method finishes the transient cooling analysis in 478 seconds on the real-world 

injection molding mold with more than 6.9 million tetrahedral elements. Its accuracy is compared 

against the experimental results with the maximum temperature error less than 4%, and the average 

temperature error less than 1%. 

Keywords: Injection molding, Mold cooling, FEM, Transient cooling simulation 

 

1 Introduction 

Plastic injection molding is one of the most popular manufacturing processes for mass 

production. The typical injection molding stages are: filling and packing stage, cooling stage and 

mold open stage. The mold temperature within the injection molding cycle is transient in nature, 

which increases at the filling stage and decreases at the subsequent stages. Among all these molding 

stages, cooling stage is of particular importance as it takes more than 70% of the entire cycle time, 

hence the cooling system of the mold tool plays a crucial role as it has huge impact to both of the 

cycle time and part quality. Indeed, a proper cooling system design can significantly reduce the cost 

by shortening the cycle time, and avoid the final part defects such as warpage and sink marks [1].  

In order to obtain cost effective and high qualitied parts consistently, many molders turn to 

simulation technology for part and mold design. The injection molding cooling simulation aims to 

provide the mold designers with accurate mold cooling results to guide their design decisions, far 

before the molds are actually manufactured. The earliest while most wildly used mold cooling 

simulation method is the boundary element method (BEM) based cycle-averaged cooling model [2]. 

Due to the thin wall nature of the injection parts, a finite difference discretization method over the 
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thickness direction for the 2.5D parts was developed [3]. Then the BEM based cycle-averaged 

cooling model extended the part to three-dimensional mesh [4-7], and more BEM based researches 

were reported [8-13]. The cycle-averaged model is a steady state solution that approximates the 

transient nature within the injection molding cycle. To simulate the transient cooling effect, SY Hu 

et al. [14] used dual reciprocity boundary element method (DRBEM) to study the mold transient 

heat transfer characteristics. Tang et al. [15] used finite element method (FEM) to solve the transient 

mold temperature starting from a uniform initial mold temperature. 

The BEM based cycle-averaged cooling model is slow to solve on large models. The BEM 

method reduces the mold from solid domain to the surface domain, hence the discretization and 

computation are only carried out at the surfaces, without the need to generate solid mesh. However, 

the cost of reducing dimension is not trivial, the BEM generates a full dense matrix. The dense 

matrix from BEM is more difficult to solve and requires more memory than the sparse matrix formed 

by FEM [16]. This even deteriorates with the state-of-the-art simulation software, as the mesh tends 

to be several orders finer than before due to the advancement of the computer hardware, which 

allows mold designers to chase higher simulation accuracy. Such fine mesh generates huge matrix 

for BEM to solve. It is always observable that the cooling analysis takes much longer than the flow 

analysis on those complex parts. To speed up the BEM cooling simulation, Zhou et al. [1] proposed 

an acceleration algorithm.  

The BEM doesn’t support simulating the real-world three-dimensional mold. It uses a box to 

represent the actual mold, which is a huge simplification and loses many details. Although this is 

acceptable from the engineering perspective in many cases, such simplifications cause difficulties 

on simulating advanced features such as the heat resistance between multiple mold plates, hot runner 

system, heater cartridge system, or special mold insert such as the 3D printed conformal cooling 

channel insert. 

The cycle-averaged mold temperature assumption is not always true. It assumes the mold 

temperature doesn’t change significantly during the injection molding cycle, but there are 

exceptions. For some deep hollowed parts such as the car lights, the conventional cooling channels 

are difficult to cool down the mold core side, so the mold core temperature can have large variation 

within the cycle. Other cases such as the two shot overmolding process [17] and rapid heating and 

cooling process [18], the cycle-averaged assumption no longer holds. Even for the conventional 

injection molds, the transient mold temperature is still more accurate than the cycle-averaged 

solution. The reason why using cycle-averaged model is because the transient analysis takes much 

longer time to run. The transient mold temperature should be used if the transient cooling analysis 

runs with acceptable performance. 

 The objective of this paper is to develop a three-dimensional transient FEM cooling algorithm 

for the injection molding process. This work has three major highlights: First, the performance issue 

of conventional BEM is improved by using FEM. FEM generates sparse positive definite matrix 

which can be solved more efficiently than the dense matrix from BEM. Second, this work allows 

javascript:%20void(0)


 

 

using three-dimensional mold mesh to describe the mold system without any compromises, the mold 

designers can start the cooling simulation directly from the complete CAD models of mold and 

plastic part, hence a true three-dimensional simulation over both part and mold can be performed, 

and it allows for arbitrary number of separate mold components with different mesh sizes to be 

solved simultaneously. Third, a more accurate transient cooling simulation can be performed 

efficiently. This work employs the cycle-averaged mold temperature solution as the initial condition 

for the transient cooling analysis, and it converges much faster than the uniformed initial mold 

temperature that is used in [15]. 

This paper is organized as below. First the modeling assumptions are given in chapter 2. In 

chapter 3, the governing equations, boundary conditions, and the numerical implementation are 

discussed. In chapter 4 an initial condition for speeding up the transient cooling analysis is given, 

and chapter 5 discusses a special boundary condition treatment for the mold-mold boundary and 

mold-polymer boundary. In chapter 6 the experiment and simulation setup are given for validation 

purpose, then the simulation results are compared against the experimental results in chapter 7. 

2 Modeling and basic assumption 

As mentioned in chapter 1 that the typical injection molding stages are filling and packing 

stage, cooling stage and mold open stage. The melt polymer is injected into the mold cavity during 

filling stage which heats up the mold, and the cooling system keeps pumping coolant into the mold 

to bring the mold temperature down. At the very beginning of the production, the mold is completely 

cold at the surrounding temperature. After multiple injection cycles, there exists a heat balance such 

that the mold temperatures curves are similar between cycles, and the production runs under such 

stable injection molding cycles. In figure 1, the transient mold temperature gradually builds up from 

the beginning of the injection production, after a number of injection molding cycles, the 

temperature enters a stable cyclic state, in which the mold temperature varies within the cycle but 

all the injection molding cycles are the same [2]. The cycle averaged mold temperature, the red line 

in the curve, is the averaged value of such stable cycles. Conventional cooling simulation calculates 

this cycle-averaged mold temperature, but the aim of this work is to quickly solve the transient mold 

temperatures under such stable cycles. 



 

 

 

Figure 1. Transient mold temperature builds up 

From the energy conservation point of view, the injection mold absorbs heat from part through 

the mold-polymer boundary, and leaks heat into the coolant and surrounding through the mold-

coolant boundary and mold-air boundary as shown in figure 2. These effects can be regarded as heat 

exchange with the external system of the mold. Inside the mold system, there are also multiple mold 

components which are closely contacted to each other, such as the mold-mold boundary in figure 2. 

These mold platens contact boundaries usually are neglected in BEM by assuming the mold is a 

simple box, but the real mold is a complex assembly with many separate components. These mold 

components may not always in perfect contact, there can be gaps or grease in between. Hence the 

thermal conduction through the contact interface can be less efficient than the perfect contact 

situation.  

 

Figure 2. Different types of mold boundaries 

The filling time is usually very short comparing with the packing time, cooling time and mold 



 

 

open time, and the filling stage can be simplified by assuming the melt polymer is full of the cavity 

at the beginning of the injection molding cycle. Hence the convection effect of the melt polymer 

can be ignored and only the heat conduction effect needs to be addressed, which greatly simplified 

the governing equation. 

From the transient cooling simulation perspective, the governing equations of the whole 

computational domain, initial conditions and boundary conditions are needed to solve the problem. 

Figure 3 shows this transient cooling simulation workflow (B), and also compares against the 

conventional cooling simulation workflow (A). It can see that there are two major differences in this 

work. First, the part and mold coupling loop is not needed, which can significantly improve the 

simulation speed, accuracy and avoid the numerical convergence issues during the part and mold 

iterations. Apart from that, it also allows solving arbitrary number of separate mold blocks, hence 

this work can solve the complex CAD mold models directly. Second, there is one extra step which 

solves the initial condition for this transient cooling analysis, the aim of this step is to find a better 

initial value for the transient analysis to speed up the convergence. 

 
Figure 3. Workflows of the conventional cooling simulation and this work 

3 Transient FEM cooling formulation 

3.1 Governing equation 

As the filling stage of the melt polymer has been neglected, only the transient effect and 

conduction effect need to be considered, hence the part and mold share the same governing equation, 

which is given in equation (1) [15]. 



 

 

𝜌𝐶𝑝 𝜕𝑇𝜕𝑡 = ∇ ∙ (𝑘∇𝑇) (1) 

In Equations (1) above, 𝜌  is the density, 𝐶𝑝  is the specific heat, 𝑘  is the thermal 

conductivity, 𝑡 is the time, and 𝑇 is the temperature. The material properties 𝜌, 𝐶𝑝, and 𝑘 are 

different for polymers and mold. 

By applying FEM to discretize equation (1), we can obtain the discretized form for one element 

at time step k which is shown in equation (2). The {𝑇𝑘} is element nodal temperature unknowns at 

time step k, The {𝑇𝑘−1} is element nodal temperature unknowns of time step k-1 which are solved 

at last time step, 𝑵 is the element shape functions vector. 

∫ (𝜌𝐶𝑝∆𝑡 𝑵𝑇𝑵 + 𝑘𝛻𝑵𝑇𝛻𝑵) 𝑑𝑉 ∙ {𝑇𝑘} = ∫ 𝜌𝐶𝑝∆𝑡 𝑵𝑇𝑑𝑉 ∙ {𝑇𝑘−1} (2) 

3.2 Mold-polymer boundary condition 

Conventional mold-polymer boundary condition applied to the mold side is done via an 

iterative approach, as shown on the left side of figure 3. At the beginning of the analysis, the mold 

is assumed at a guessed temperature, such guessed mold temperature is used as boundary condition 

to solve the part temperature, then the heat flux is calculated from part side and used as boundary 

condition to solve the mold temperature, by running this loop until the mold temperature variation 

and part heat flux variation are small enough, then the part and mold temperatures are thought to be 

converged. This is a slow process, and the mold temperature variation or part heat flux variation 

may never converge on complex models. The reason is that the mold mesh and part mesh are 

separated meshes, they are not connected at the interfaces hence the heat can’t pass through from 

one mesh to the other, then an iterative method must be performed to reach the heat flux balance at 

the mold-polymer boundary. 

This paper develops a method to avoid the iterative way at the mold-polymer boundary. 

According to the work of Liu et al. [19], at the mold-polymer interface, the mold temperature isn’t 

exactly equal to part temperature, there is a heat transfer coefficient hp between the part and mold. 

The heat flux at the mold-polymer interface 𝑞𝑝 can be defined in equation (3), in which 𝑇𝑚 is the 

mold temperature and 𝑇𝑝 is the part temperature. 

𝑞𝑝 = ℎ𝑝(𝑇𝑝 − 𝑇𝑚) (3) 

In equation (3), both the 𝑇𝑚 and 𝑇𝑝 are unknown hence it can’t be treated as normal thermal 

boundary condition. Rewrite equation (2) into the matrix form, and separate mold nodal 

temperatures and part nodal temperatures, we can have the equation (4). 𝐾𝑝 is the thermal system 

matrix over the entire part domain, 𝐾𝑚 is the thermal system matrix over the entire mold domain, 𝑇𝑝  is the part temperature unknowns, 𝑇𝑚  is the mold temperature unknowns, 𝑟ℎ𝑠𝑝  and 𝑟ℎ𝑠𝑚 



 

 

are right hand side known values for part and mold. 

[𝐾𝑝 00 𝐾𝑚] { 𝑇𝑝𝑇𝑚} = { 𝑟ℎ𝑠𝑝𝑟ℎ𝑠𝑚} (4) 

By substituting equation (3) into (4), we can have the mold-polymer boundary constrained 

system equation (5). 𝐾𝑝𝑚 stands for the mold-polymer boundary constraints for part nodes, and 𝐾𝑚𝑝 stands for the mold-polymer boundary constraints for mold nodes. 𝐾𝑝𝑚 and 𝐾𝑚𝑝 are not 

necessarily equal. It depends on the mesh at the boundary and will be discussed in chapter 5. The 

original 𝐾𝑝 and 𝐾𝑚 now becomes 𝐾𝑝′ and 𝐾𝑚′ as the equation (3) also adds up to coefficients 

to them. 

[ 𝐾𝑝′ −𝐾𝑝𝑚−𝐾𝑚𝑝 𝐾𝑚′ ] {𝑇𝑝𝑇𝑚} = {𝑟ℎ𝑠𝑝𝑟ℎ𝑠𝑚} (5) 

With the equation (5), the mold and part temperatures can be solved simultaneously in one 

single system matrix without any iterative method needed. 

3.3 Mold-mold boundary condition 

The real injection mold is never simple, it consists of hundreds of components. Even after 
excluding unimportant components, there are still multiple important mold platens for simulation. 
Similar with section 3.2, since these mold platens are separate CAD bodies and separate meshes as 
well, the best way to handle the mold-mold boundary condition is to apply equation (6) into equation 
(5). ℎ𝑚𝑖𝑗 is the heat transfer coefficient between the mold platen i and mold platen j, 𝑇𝑚𝑖 and 𝑇𝑚𝑗 
are the mold temperatures of the mold platen i and mold platen j. ℎ𝑚𝑖𝑗 is not trivial as the mold 
platens may not always in perfect contact. There might be grease, gaps, or some intentionally added 
insulating layer between mold platens. 

𝑞𝑚𝑖𝑗 = ℎ𝑚𝑖𝑗 (𝑇𝑚𝑖 − 𝑇𝑚𝑗) (6) 

Similar with the treatment in section 3.1. By substituting equation (6) into (5), we can obtain 

system equation (7) with mold-mold boundary condition handled.  

[ 𝐾𝑝′ −𝐾𝑝𝑚𝑖 −𝐾𝑝𝑚𝑗−𝐾𝑚𝑖𝑝 𝐾𝑚𝑖 ′ −𝐾𝑚𝑖𝑚𝑗−𝐾𝑚𝑗𝑝 −𝐾𝑚𝑗𝑚𝑖 𝐾𝑚𝑗 ′ ] { 𝑇𝑝𝑇𝑚𝑖𝑇𝑚𝑗} = { 𝑟ℎ𝑠𝑝𝑟ℎ𝑠𝑚𝑖𝑟ℎ𝑠𝑚𝑗} (7) 

3.4 Mold-air boundary condition 

At the mold-air boundary, the boundary condition is defined in equation (8), in which a heat 
transfer coefficient ℎ𝑎 between the mold and air. The heat dissipates into the air isn’t major in 
cooling simulation and ℎ𝑎 = 10 W ∙ K−1 ∙ m−2  is a good engineering approximation. 𝑇𝑎  is 
assumed to be a known constant. 



 

 

𝑞𝑎 = ℎ𝑎(𝑇𝑚 − 𝑇𝑎) (8) 

3.5 Mold-coolant boundary condition 

At the mold-coolant boundary, the boundary condition is defined in equation (9), in which a 

heat transfer coefficient ℎ𝑐  between the mold and coolant [1] is defined in equation (10) to 

approximate the cooling effect of the cooling system. The 𝑞𝑐 is the heat flux at the mold-coolant 

boundary, 𝑇𝑚 is the mold temperature, 𝑇𝑐 is the coolant temperature, 𝑅𝑒 is the Reynolds number, 𝑃𝑟 is the Prandtl number, 𝑘𝑐 is the thermal conductivity of the coolant, and D is the diameter of 

the cooling channel. 

𝑞𝑐 = ℎ𝑐(𝑇𝑚 − 𝑇𝑐) (9) 

ℎ𝑐 = 0.023 𝑘𝑐𝐷 𝑅𝑒0.8𝑃𝑟0.4 (10) 

4 Initial condition for transient cooling 

The transient cooling simulation governed by equation (1) can start from an initial temperature 

and update temperature field step by step for many injection cycles, until the stable cycle reaches as 

shown in figure 1. However, starting from an arbitrary initial value can make the mold temperature 

to reach the stable cycle slowly. A good initial value for mold temperature can significantly improve 

the convergence of the simulation. This chapter develops the three-dimensional FEM based cycle-

averaged steady state mold temperature as the initial value for the transient cooling analysis.  

The governing equation for the cycle-averaged model for the mold side is given in equation 

(11). 𝑘𝑚 is the thermal conductivity of the mold. 

∇ ∙ (𝑘𝑚∇𝑇) = 0 (11) 

At the mold-polymer boundary, the cycle averaged heat flux is used as boundary condition. 

The cycle averaged heat flux 𝑞𝑝̅̅ ̅ is defined in equation (12), in which 𝑡𝑐 is the cycle time, 𝑞(𝑡) 

is the instantaneous heat flux [1]. 

𝑞𝑝̅̅ ̅ = 1𝑡𝑐 ∫ 𝑞(𝑡)𝑡𝑐0 𝑑𝑡 (12) 

The instantaneous heat flux 𝑞(𝑡) can be obtained by solving the three-dimensional transient 

governing equation which is defined in equation (1) for plastic part only, and the boundary condition 

in equation (3) is applied to the part surface, but the mold temperature 𝑇𝑚 is assumed to be known 

from the previous iteration. Once the transient part temperature is obtained, 𝑞(𝑡) can be calculate 

by equation (13), in which 𝑘𝑝 is the thermal conductivity of the part, and 𝑛 is the normal of the 



 

 

part surface [1]. 

𝑞(𝑡) = −𝑘𝑝 𝜕𝑇𝜕𝑛 (13) 

At the mold-mold boundary, mold-coolant boundary and mold-air boundary, the treatment is 

the same with equation (6) to (10) in transient simulation. 

5 Mold-polymer and mold-mold boundaries treatment 

The normal FEM procedure, when discretizing equation (1), results in a sparse symmetric 

positive definite system matrix, such kind of matrices can be easily solved with the conjugate 

gradient solvers. However, in section 3.2 and 3.3 when dealing with the mold-mold boundary and 

mold-polymer boundary, the system matrix may violate the symmetric property if the meshes at the 

contact region are non-conformal. Figure 4 demonstrates the conformal mesh (A) and non-

conformal mesh (B) in two-dimensional space for a more intuitive understanding, and it can be 

easily extended to three-dimensional tetrahedral mesh of this work. In conformal mesh, the nodes 

at the contact region are exactly one-one match, such as the red nodes and green nodes in the 

conform mesh plot. However, in non-conformal mesh there is no such property. 

 

Figure 4. Conformal mesh and non-conformal mesh 

Recall equation (3) for the three-dimensional tetrahedral conformal mesh shown in figure 5. 𝑁𝑝 is the FEM node on the plastic part surface, 𝑆𝑝 is the surface area of node 𝑁𝑝, 𝑁𝑚 is the FEM 
node on the mold surface, and 𝑆𝑚 is the surface area of node 𝑁𝑚. As the mesh is conformal at the 
mold-polymer boundary, we have 𝑁𝑝  is coincident with 𝑁𝑚 , and 𝑆𝑝  equals to 𝑆𝑚 . Integral 

equation (3) for node 𝑁𝑝 yields ℎ𝑝 ∙ 𝑆𝑝 ∙ (𝑇𝑁𝑝 − 𝑇𝑁𝑚), hence 𝐾𝑝𝑚 =  ℎ𝑝 ∙ 𝑆𝑝, integral equation 

(3) for node 𝑁𝑚  yields 𝐾𝑚𝑝 =  ℎ𝑝 ∙ 𝑆𝑚 . The system matrix in equation (5) is still symmetric 
positive definite as 𝐾𝑝𝑚 =  𝐾𝑚𝑝. 

 



 

 

 
Figure 5. Conformal mesh treatment at the contact surface 

Recall equation (3) for the non-conformal mesh shown in figure 6, as the mesh is non-
conformal at the contact region. The projection of polymer node 𝑁𝑝, which is denoted as 𝑁𝑝′, must 
be inside one surface triangle of the tetrahedral element. The three surface nodes of this surface 
mold tetrahedral element are 𝑁𝑚1 , 𝑁𝑚2  and 𝑁𝑚3 . 𝑆𝑚1 , 𝑆𝑚2  and 𝑆𝑚3  are the areas of as 

indicated in figure 6. Integral equation (3) for plastic node 𝑁𝑝  yields ℎ𝑝 ∙ 𝑆𝑝 ∙ (𝑇𝑁𝑝 −
𝑆𝑚1(𝑆𝑚1+𝑆𝑚2+𝑆𝑚3) 𝑇𝑁𝑚1 − 𝑆𝑚2(𝑆𝑚1+𝑆𝑚2+𝑆𝑚3) 𝑇𝑁𝑚2 − 𝑆𝑚3(𝑆𝑚1+𝑆𝑚2+𝑆𝑚3) 𝑇𝑁𝑚3) . 𝐾𝑝𝑚  no longer equals to 𝐾𝑚𝑝 

under non-conformal mesh, hence the system matrix in equation (5) is asymmetric. 
 

 

Figure 6. Non-conformal mesh treatment at the contact surface 

Although conformal mesh brings better properties, it is too strict and not practical in complex 

situations. So, in this work we adopted the non-conformal mesh. Non-conformal mesh generates 

asymmetric matrix which can’t be solved with the normal conjugate gradient solver, instead the 



 

 

BiCGSTAB method [20] is used to solve such asymmetric matrix. 

6 Experiment and Simulation Setup 

An injection molding mold was designed for validation purpose as shown in figure 7. The 

injection molding experiments were performed on a JSW J110ADC-180H electric injection molding 

machine, and two Kistler 6190CA sensors were embedded at the mold surface of the runner system. 

This is a two cavities configuration, in which a pair of plastic parts can be made in one single shoot. 
 

 

Figure 7. The model of the validation mold 

The plastic material for injection molding is SABIC polycarbonate OQ2720. Table 1 and table 

2 list the material thermal properties and PVT properties used in transient cooling analysis. 

 

Table 1. Material thermal properties. 
Material thermal properties Temperatures Values 

Specific heat (J ∙ K−1 ∙ Kg−1) 330 ℃ 1880 

Thermal conductivity (𝑊 ∙ 𝐾−1 ∙ 𝑚−1) 50 ℃ 0.25  

100 ℃ 0.25  

150 ℃ 0.27  

200 ℃ 0.22  

250 ℃ 0.23  

300 ℃ 0.24  

 

Table 2. Material PVT model. 
Material PVT model Values 

b5 (K) 418.93 

b6 (K∙ Pa−1) 3.21e-07 



 

 

b1m (m3 ∙ Kg−1) 0.0008654 

b2m (m3 ∙ Kg−1 ∙ K−1) 0.0008654 

b3m (Pa) 1.73897e+08 

b4m (K−1) 0.003462 

b1s (m3 ∙ Kg−1) 0.0008612 

b2s (m3 ∙ Kg−1 ∙ K−1) 5.85e-08 

b3s (Pa) 3.4343e+08 

b4s (K−1) 0.00227 

b7 (m3 ∙ Kg−1) 0 

b8 (K−1) 0 

b9 (Pa−1) 0 

For the mold side, the mold material properties and the actual injection molding conditions are 

given in table 3 and table 4. The CAD assembly of this injection mold has 142 components, after 

removing some small unimportant features, there are 12 CAD mold components used to generate 

three-dimensional tetrahedral mesh for transient cooling analysis as shown in figure 7. The mesh 

statistics shows that there are 6,924,353 tetrahedral mesh. Among the 6,924,353 mesh, there are 

742,047 tetrahedral mesh for the plastic part, and the rest 6,182,306 elements are the mold meshes. 

 

Table 3. Mold material properties. 
Material thermal properties Values 

Specific heat (J ∙ K−1 ∙ Kg−1) 460 

Thermal conductivity (𝑊 ∙ 𝐾−1 ∙ 𝑚−1) 29  

Density (Kg∙ 𝑚−3) 7800 

 

Table 4. Molding conditions. 

Molding conditions Values 

Melt temperature (℃) 290/300/320 

Coolant temperature (℃) 110 

Injection + packing + cooling time (s) 70 

Mold open time (s) 5 

Coolant flowrate (𝑚3 ∙ 𝑠−1) 4 × 10−4 

Heat transfer coefficient, mold-polymer (W ∙ K−1 ∙ m−2) 2500 

Heat transfer coefficient, mold-mold (W ∙ K−1 ∙ m−2) 30000 

 

7 Results and Discussion 

The experiment performed injection molding trials under three different initial melt 

temperatures: 320 degrees, 305 degrees, and 290 degrees. For each initial melt temperature 

condition, three experiments were performed and the actual temperature data was collected. Figure 

8 shows the simulation temperature results and the three experimental temperature results on sensor 

A and B for 320 degrees melt temperature, “sim” stands for simulation, “exp-1”, “exp-2” and “exp-



 

 

3” stand for the three experiments. The left side of figure 8 plots the simulated temperature and the 

actual temperatures from the temperature sensors, we can see the simulation matches experiments 

well from both trend and magnitude perspective. The in-cycle mold temperature starts at a relative 

low value, when the injection + packing starts, the mold temperature increases quickly and then 

cools down gradually to the low temperature similar with the beginning of the cycle. The right side 

of figure 8 plots the temperature error between simulation and experiments at each time step, the 

experimental mold temperature used for this plot is the averaged mold temperature over the three 

runs, then calculate the error in percentage against the simulation result for each time step, we can 

see that the maximum error is 3.79%. Figure 9 and 10 plot the same results for the initial melt 

temperature under 305 degrees and 290 degrees. The maximum error and average error for this 

experiment are listed in table 5. 

 

Figure 8. Validation data for melt temperature 320 degrees 

 



 

 

 

Figure 9. Validation data for melt temperature 305 degrees 

 

Figure 10. Validation data for melt temperature 290 degrees 

 

 



 

 

Table 5. Simulation accuracy for initial melt temperatures 320, 305 and 290 degrees. 
Initial melt temperature (℃) Maximum error (%) Average error (%) 

320 3.79 0.95 

305 3.64 0.91 

290 3.22 0.84 

 

The polymer and mold are not in perfect contact according to [19]. The mold temperature and 

part temperature are not equal at the mold-polymer boundary, as there is a heat resistance at the 

mold-polymer boundary. This work uses the heat transfer coefficient hp to model such thermal 

behavior. Larger hp  means smaller heat resistance, then the polymer temperature and mold 

temperature at the mold-polymer boundary are closer to each other, and vice versa. In this section 

we will investigate the effect of the heat transfer coefficient at mold-polymer boundary with hp =2500 𝑊 ∙ 𝐾−1 ∙ 𝑚−2 , and check temperature difference between the mold temperature and its 

contacted plastic part temperature. The locations to check are selected at the center of cavity 

(locations B and D) as shown in figure 11. 

Similar with the treatment at the mold-polymer boundary, the heat transfer coefficient hm is 

also applied at the mold-mold boundary. However, unlike the mold-polymer boundary, the heat 

resistance between the mold-mold boundary is smaller. In this work the heat transfer coefficient at 

the mold-mold boundary is set as hm = 30000 𝑊 ∙ 𝐾−1 ∙ 𝑚−2. Figure 11 indicates the location of 

the two checkpoints which are at the contact region between mold core platen and mold cavity platen 

(locations A and C). We use those two locations to exam the heat resistance implementation at mold-

mold boundary by checking their temperature difference. 

 

Figure 11. Mold-mold/mold-polymer temperature difference check points 

The figure 12 plots temperature difference at the boundaries within the cycle for location A, B, 

C and D. Clearly, we can see that the temperature differences for B and D are much larger than 

locations A and C. This is because the locations B and D are at the mold-polymer boundary, where 

we set smaller heat transfer coefficient. Hence the heat conduction from hot polymer into the mold 

through the contact boundary is slower due to larger interface heat resistance. The temperature 

differences for B and D are larger than 200 degrees at the begin of the cycle, that is when the initial 

melt temperature is 320 degrees while the mold is around 110 degrees. Because of this heat 

resistance effect, the mold temperature doesn’t jump to the polymer temperature instantaneously, 



 

 

but rather the temperature difference decreases gradually, and finally the difference is approaching 

zero at the end of the cycle. Such temperature gap transition means the heat resistance effect has 

been correctly modeled in the simulation. The temperature difference for locations A and C are less 

than 0.3 degrees, which is much smaller than locations B and D. This is because locations A and C 

are at the mold core and mold cavity contact interface, where the heat transfer coefficient is larger 

and smaller heat resistance at the thermal contact interface. 

 

Figure 12. Mold-mold/mold-polymer temperature difference plot 

Figure 13 shows the transient mold temperatures under the stable cycle, under the molding 

condition that the initial melt polymer temperature is 320 degrees. All the plots in figure 13 are 

rendered in the open-sourced software ParaView. From the plots we can see that the highest 

temperature appears at the mold core side which is directly in contact with the melt polymer, the 

mold temperature first increases at the beginning of the injection cycle, then the temperature drops 

down. It should be noted that the temperature of top half mold is higher than the bottom half mold. 

The temperature of top half mold is slightly lower than 110 degrees, but the bottom half mold is 

much lower than 110 degrees. There are 4 cooling channels at the top half mold, but only 1 cooling 

channel at the bottom half, and the cooling channel inlet temperature is 110 degrees. This means 

that the coolant actually heats up the mold and maintains the mold temperature at about 110 degrees. 



 

 

 
Figure 13. The transient mold temperatures at the stable cycle. 

Figure 14 shows the transient plastic part temperature under the stable cycle at different time 

steps. From the plots we can clearly see the part cools down from surface region to the core region 

at the end of the injection cycle. At the end of the injection molding cycle, the plastic part 



 

 

temperature drops down to around 110 degrees, which the coolant inlet temperature. 

 

Figure 14. The transient part temperatures at the stable cycle. 

This work also performed two extra analyses: (1) transient cooling simulation with a uniform 

mold temperatures (40 degrees) as initial condition; (2) cycle averaged cooling simulation, which 

is actually the initial condition in chapter 4. These two extra simulations are used to compare against 

the transient cooling simulation presented in this work. The metrics used are the execution time and 

the average cavity temperature. For the two transient simulations, the average cavity temperature is 

the average temperature over all the mold nodes at the mold-polymer boundary through the stable 



 

 

injection molding cycle; For the cycle averaged cooling simulation, the average cavity temperature 

is the average temperature over all the mold nodes at the mold-polymer boundary. Such definition 

on the average cavity temperature makes the comparison between transient simulation and steady 

state simulation possible. 

From table 6 we can see that all these three simulations are at the same level of accuracy: the 

average cavity temperature error between the two transient FEM methods is 0.15%, and the error 

between the cycle averaged cooling simulation and the transient cooling simulation is 0.2%. Such 

observation proofs the definitions of figure 1, hence we can conclude that the initial condition 

proposed in chapter 4 has no negative impact to the simulation accuracy. When comparing the 

execution time, we can see that the FEM with solved initial condition is more than 14 times faster 

than the FEM with uniform initial condition, which is a significant speed acceleration. Although it 

is 4.3 times slower than the cycle averaged cooling simulation, it is still satisfactory considering it 

takes less than 8 minutes to finish.  

Table 6. The execution time and average mold cavity temperature comparison 

Method 

 

Execution time 

(s) 

Average cavity temperature 

 (℃)) 

FEM with solved initial condition 478 113.05 

FEM with uniform initial condition 6707 112.88 

Cycle averaged cooling simulation 110 113.28 

8 Conclusions 

Conventional cooling simulation for injection molding uses the BEM to perform the cycle-

averaged steady state analysis. Using cycle-averaged temperature to approximate the transient mold 

temperature loses accuracy, especially such approximation won’t work for some special injection 

molding processes. The advantage of BEM is that it reduces the spatial dimensions of the 

computational domain to the mold surfaces, however, the cost is BEM generates a dense, 

asymmetric system matrix, which is memory consuming and takes very long time to solve. This 

paper introduces the FEM based transient cooling simulation method for injection molding, which 

leverages the advantage of FEM and uses cycle-averaged solution as initial condition. This method 

obtains the transient mold temperature with a quite satisfactory computation time and adequate 

accuracy. Although this work only discusses for the injection molding process, it can be easily 

extended to other molding processes such as the compression molding process and gas assisted 

molding process. 
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