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Abstract: The design of three-dimensional printing based conformal cooling channels (CCCs) in injection molding holds great significance. Compared to CCCs, conformal cooling (CC) cavity solutions show promise in delivering enhanced cooling performance for plastic products, although they have been underexplored. In this research, CC cavity is designed within the mold geometry, reinforced by body-centered cubic (BCC) lattice structures to enhance mechanical strength. Three distinct BCC lattice variations have been integrated into the CC cavity: the BCC structure, BCC with cubes, and BCC with pillars. The thermal performances of the BCC lattice-added CC cavity are assessed numerically after experimental validation. To provide feasible solutions from viewpoints of thermal performances, various BCC lattice structure thicknesses are analyzed in the range of 0.8–1.2 mm. Thermal simulation outcomes reveal that thicker lattice structures enhance mechanical strength but simultaneously lead to an increase in cooling time. Upon examining all the proposed CC cavity solutions supported by BCC, the cooling times range from 2.2 to 4 s, resulting in a reduction of 38.6% to 66.1% when compared to conventional straight-drilled channels. In contrast to CCCs, CC cavities have the potential to decrease the maximum temperature non-uniformity from 8.5 to 6 K. Nevertheless, the presence of lattice structures in CC cavity solutions results in an elevated pressure drop, reaching 2.8 MPa, whereas the results for CCCs remain below 2.1 MPa.

Keywords: Conformal cooling cavity; plastic injection; additive manufacturing; computational simulation; thermal analysis; lattice structure






1  Introduction

Injection molding is the most common modern manufacturing method for fabricating plastic parts. It allows for the high-volume production of identical products and items. The raw plastic material is melted in an injection molding machine and then injected into the designed mold, where it is cooled by water or other coolant and hardens at a specific rate to the plastic product [1]. The water or other coolant is cycled around the mold to decrease its temperature. Temperature control of the mold is achieved by cooling systems that also affect the quality of the plastic product [2]. In case of unsatisfied temperature control, a long cooling time is required that results in product quality issues such as plastic shrinkage and warpage [3]. The cooling step is the most time-consuming process of injection molding and the cooling time can occupy up to 70%–80% [4] of the total cycle time. Conformal cooling (CC) is an efficient approach for cooling the plastic injection molding parts while it also achieves uniform temperature distribution [5,6]. A conformal cooling channel is a cooling passage that follows the shape of the mold core or cavity, enabling efficient and consistent cooling during injection molding processes. It generally has a more complex channel design and arrangement than the conventional cooling channel fabricated by traditional machining like drilling. The recent developments in additive manufacturing (AM) and 3D printing techniques allow us to design flexibility so that we can produce complex cooling structures that are exactly the same as designed in computer-aided design (CAD) tools. Hereby, a shorter cooling time and more uniform temperature distribution can be achieved.

Computer-aided engineering (CAE) [7] is a very helpful tool in the design of AM-assisted CC techniques. It has two main steps for the CC design and analysis: (i) CAD for complex design structures and (ii) computational simulations (computational fluid dynamics (CFD) and/or computational structure analysis) for numerical analysis. During the 3D printing process, the CAD-based design can be transferred to the computational simulation environments; then, the final design can be sent to real fabrication. This process proves that the 3D printing process has a strong CAE background. The 3D-printed product flow from CAD to the final design has been used in many studies. Suchana et al. [8–10] conducted the design of experiments (DoE) procedures and carried out CAE-based simulations for the thermo-mechanical simulation and optimization of CC channel in plastic injection molding. The optimal channel design was fabricated by 3D printing machine. The conclusions of all these publications proved that CC channel in injection molding has better cooling performance compared with the traditional straight cooling channel; however, the performance improvement between the CCs and traditional channels is based on the operating conditions and design limitations of the mold. Au et al. [11] proposed CC for the blow molding process. This innovation led to cooling performance enhancement when compared to conventional straight cooling channels. Specifically, they achieved a 40.2% decrease in the maximum part temperature, a 48.9% reduction in part temperature variation, and a 3% decrease in overall cooling time. Using the CAE tools in both design and analysis steps, it was seen that CCs achieved better temperature uniformity [12,13]. Apart from applications, new and different models were also proposed for numerical analysis of the CCs via computational tools. For example, Torres-Alba et al. [14] developed an algorithm that can discrete nodes and temperatures in the mesh structure of the mold; then, they used the data in the generated temperature clusters. Agazzi et al. [15] proposed a methodology based on morphological surfaces to design effective cooling channels for the injection molding process. Furthermore, we conducted CAE-based simulations to investigate the thermal and mechanical performance of a designed conformal cooling channel with various cross-section profiles like circular, elongated, ellipse, and triangular cross-section profiles by using computational environments; then the performance trends were plotted according to the multiple objectives like cooling time, temperature non-uniformity, and pressure drop. The main design variables were water flow rate and inlet temperature, and the obtained performance trends were used in multi-criteria decision-making procedures including neural network metamodels [16,17].

Conformal cooling design is not limited solely to channel-based configurations, it also offers alternative options through cavity structures. Instead of carving cooling channel pathways within the mold, a cavity simply refers to a hollow space within the mold geometry that is filled with coolant. This approach yields superior cooling performance compared to conformal cooling channels. Nevertheless, the primary drawback of the conformal cooling cavity lies in its mechanical performance, and it can also lead to increased temperature non-uniformity due to challenges in adjusting the coolant inlet temperature and flow rate effectively. During the injection molding process, high injection and clamping pressures may cause the mold to crack if its mechanical strength is insufficient. To enhance mechanical performance, supportive structures within the cavity volume can be considered. With the advancements in 3D printing technology, lattice structures have emerged as promising options for these supportive structures [18]. The lattices are cellular materials by repeating the unit cell structures regularly [19]. Maconachie et al. [20] summarized the design properties, mechanical performance, and applications of Selective Laser Melting (SLM) lattice structures. Their analysis proved that lattice structures can be integrated with the conformal cooling cavities to increase mechanical performance. Mercado-Colmenero et al. [21] designed a cooling system with a lattice structure for an injection mold. The geometrical dimensions of the cooling lattice based on the geometrical and manufacturing material properties were optimized by an expert algorithm. They also conducted thermal and mechanical simulations for the cooling system with lattice. The cooling performance and the mechanical structural safety of the lattice structures were analyzed. The innovative conformal cooling system enhances manufacturing efficiency by decreasing cycle times and elevating the quality of produced parts. Brooks et al. [22] designed conformal cooling layers with lattice structures supported, the performance and effectiveness of which were investigated experimentally and numerically. The results revealed the enhanced cooling performance because the existence of lattice structures increases the interfacial surface areas and fluid vorticity. Yun et al. [23] designed cooling channels supported by uniform, increase-type graded, V-type graded, and W-type graded lattice structures. The thermal and structural performance of these cooling channels were analyzed experimentally and numerically. Results showed that the increase-type graded lattice channel had the most stable working surface temperature due to enhanced local convective heat transfer. The V-type lattice channel had poor thermo-fluid performance because of significant volume fraction differences between unit cells, while the W-type graded lattice channel had the lowest maximum stress, thanks to its robust support structure. For the heat transfer performance evaluation of three-dimensional lattice structures, the experimental testing is traditional and is widely used. However, it is expensive and time consuming. Nowadays, there are many numerical investigations on the lattice heat transfer performance based on commercial software and numerical codes. Wang et al. [24] developed a computational model based on Boltzmann method to predict and evaluate the effective heat conductivity of lattice structures with different topologies. Their results found that when the porosity is higher than 0.9, the ETC of different lattice structures were close with each other while when the porosity is lower than 0.9, the structural effect on the ETC became more obvious. Dixit et al. [25] conducted thermal and hydraulic finite element investigations for different types of lattice structures. The effect of porosity of lattice structures was assessed. They found that body-centered-cubic truss, simple-cubic plate, and Kelvin and Octet lattice cells exhibited better thermal performance compared with some microchannel and open-cell foam heat sinks. Lin et al. [26] developed a reduced-order model based on finite element method for evaluating and comparing the thermal performance of seven types of lattice structure cells. The calculation error of this model decreases as the rod aspect ratio increases and the computational efficiency is improved by more than 1000 times. Ernot et al. [27] developed an analytical for predicting the heat transfer performance of multi-layered lattice structures. The results of the analytical model had a good agreement with the CFD simulation results, showing that the analytical model could be quickly and efficiently used for evaluating the thermal performance of multi-layered lattice structures. Yun et al. [28] predicted the heat and stress characteristics of a face-centered lattice channel by using a thermal fluid-structure interaction one way coupled model. Based on the simulation model, the heat transfer and stress characteristics of the FCCZ lattice channel are analyzed by varying the porosity and inlet velocity. Bai et al. [29] and Wang et al. [30] developed numerical models for analyzing the heat transfer performance of lattice core sandwich structures. The numerical results of these researches provided valuable information for the performance of different lattice structures.

In this paper, we presented conformal cooling cavity solutions with different conformal cooling cavity structures, and assessed them according to the thermal and mechanical, performances [31]. Compared to the conformal cooling channels the conformal cooling cavities achieved higher cooling performance (better thermal uniformity and shorter cooling time); lattice structures can help to increase its mechanical performance. The remarkable increment in cooling performance via the conformal cooling cavities motivates us to implement these solutions in real applications. Therefore, in this study, we aim to investigate the cooling performance of the conformal cooling cavities with different lattice structure arrangements on cooling time and temperature uniformity. The referenced mold structure is traditionally manufactured with straight channels which are currently applied in the industry so that its boundary conditions and initial conditions are directly withdrawn from the real plastic injection molding process. For this purpose, we perform CAE-based design and simulation efforts using commercial computational software. The validation of the computational model is provided with the experimental data from the on-site application. The cooling time, temperature non-uniformity, and pressure drop, are chosen as the evaluating criteria. The types, dimensions, and arrangement of different lattice structures are analyzed.

2  Preparation of Lattice Supported Conformal Cooling Cavity Structures

Fig. 1 shows the unit cell of body-centered cubic (BCC) [32] lattice structures used in this study. The BCC designs are inspired from crystal system shapes in crystals and minerals. In the BCC unit cell, the central axis of each round strut is the diagonal of the cubic cell. The supporting structures inside the CC cavity consist of the unit cells repeating in three dimensions. For improving the mechanical properties, two upgraded BCCs are also investigated, i.e., BCC-C and BCC-Z [33] as given in Figs. 1b and 1c. BCC-C adds cubes on the end of the strut and the middle area while BCC-Z adds a pillar in the middle of BCC. With the help of cubes as shown in Fig. 1b, the mechanical properties of the interface between the cavity surface and the strut can be improved. For BCC-Z in Fig. 1c, the pillar in the middle can contribute extra support and lead to the enhancement of mechanical performance. Fig. 1d presents the 3D printed models of BCC and BCC-Z fabricated by direct metal laser sintering (DMLS), which is one of the highest performance to cost ratio 3D printing methods. It employs the focused laser beam to fully melt micron-sized metallic powders. The brand of 3D printing machine is EOS M100. The printing accuracy is 10 microns. The metallic powder size is 15–45 microns.
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Figure 1: Three unit cell lattice structures used in this study: (a) BCC, (b) BCC-C, (c) BCC-Z, and (d) 3D printed models

Fig. 2 presents different arrangements of three lattice structures investigated in this study. To simplify the description in the following discussion, different sizes and arrangements of lattice structures are called for the abbreviation given in Table 1. In Fig. 2a, 3 rows of BCC, BCC-C and BCC-Z are inserted for supporting the CC cavity as well as ensuring enough space for water. The purpose of 3 rows of lattice structure is to ensure mechanical strength as well as provide enough cooling space for water. The size of the lattice is fitted with the thickness of the CC cavity as shown from the top view of BCC-Z-3 in Fig. 2a. The end of the struts connects with the walls of the cavity and props up it. Since the mechanical performance of models in Fig. 2a is not satisfied, in Fig. 2b, the strut and pillar of BCC-Z structures in the middle row are thickened from 0.8 to 1.2 mm for stronger mechanical strength. The middle row of lattices are with good mechanical performance, however, the upper and lower two rows are still not satisfied. In Fig. 2c, all the BCC-Z rows inside the CC cavity are thickened from 0.8 to 1.2 mm. This study also investigated the thermal performance of CC cavity full of lattice except for the 3 rows of the lattice. The CC cavity in Fig. 2d is full of lattice structures, which has half size compared with those in Figs. 2a–2c. There are two layers of lattice structures as shown in the top view of Fig. 2d. Fig. 2e presents the BCC-Z structures with different sizes of struts and pillars.
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Figure 2: CC cavity with different lattice arrangements
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3  Geometric Model for Thermal Simulation

The geometric model for thermal simulation is presented in Fig. 3a, including the mold, plastic product and runner, auxiliary straight cooling channels and CC cavity with lattices. The dimension of the mold is 177.8 mm × 38 mm × 38 mm. The CC cavity is inside the plastic product as shown in Fig. 3b. The front part of the CC cavity has a groove, which is designed along with the shape of the plastic product. The distance between the plastic product wall and the CC cavity wall meets the requirement of the design guideline provided by our industrial collaborator. As shown in Fig. 3c, the cooling channel can be divided to four different regions based on different cross-section profiles. Region 1, designated as the inlet and outlet areas, is characterized by a cylindrical shape with a diameter of 7 mm. Region 2 exhibits a semi-circular cross-section with a 7 mm diameter. Region 3 features an elliptical cross-section, with long and short diameters measuring 2.5 and 2 mm, respectively. In the case of Region 4, it corresponds to the cavity area, which measures 15 mm in length, 10 mm in width, and 3 mm in depth.
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Figure 3: Geometric model for the thermal simulation of the entire plastic injection process: (a) Isometric view; (b) Plastic product, CC cavity and lattice structure; and (c) Cooling channel with CC cavity

The materials of the plastic product and mold used in this study are polybutylene terephthalate (PBT) and steel, respectively. The thermos-physical properties of the steel and PBT are assumed to be constant and independent of temperature. These values are given in Table 2. The cooling working fluid is water.
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ANSYS, Fluent 19.2, is applied to solve the governing equations during the cooling process of injection molding, which is a 3D unsteady heat transfer process. The governing equations include mass, momentum and energy equations given by:

(1) mass equation:

∇⋅v→=0(1)

(2) momentum equation:

ρ(∂v→∂t+v→⋅∇v→)=−∇p+μ∇2v→(2)

(3) energy equation:

ρCp(∂T∂t+v→⋅∇T)+∇⋅(−k∇T)=0(3)

In these equations, v→ is velocity vector of water, t is flow time, ρ is the density of water, p is the pressure, μ is the dynamic viscosity of water, T is the temperature, Cp is the heat capacity, and k is the thermal conductivity. The turbulence model used in this study is standard k−ε model [34–36]. The corresponding y+ value is 50.88. The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained from the following transport equations:

∂k∂t+∂(kvi)∂xi=1ρ∂∂xj[(μ+μtσk)∂k∂xj]+Gkρ−ε(4)

∂ε∂t+∂(εvi)∂xi=1ρ∂∂xj[(μ+μtσε)∂ε∂xj]+Cε1εkGkρ−Cε2ε2k(5)

where vi is the velocity component; σk and σε are the turbulent Prandtl number for k and ε; Cε1 and Cε2 are constants; Gk represents the generation of turbulence kinetic energy; μt is the turbulent viscosity; and Gk and μt are given as Eqs. (6) and (7), respectively:

Gk=μt2SijSij(6)

and

μt=ρCμk2ε(7)

where Sij is the strain-rate tensor, and Cμ is constant.

In the solid mold area, the heat conduction occurs. The corresponding energy equation in this solid part is:

ρCp∂T∂t+∇⋅(−k∇T)=0(8)

The finite volume method (FVM) is employed to solve the mass, momentum and energy conservation equations by ANSYS Fluent 19.2. The SIMPLEC algorithm is employed to solve the mass and momentum equations during the numerical simulation procedure. And the PRESTO scheme is selected for pressure correction equations. For high accuracy, the second-order upwind is selected as the spatial discretization scheme. The convergence is checked at each time step with the criterion that the scaled residuals are less than 10−3 for the continuity equation, 10−3 for the momentum equation and 10−6 for the energy equation. The setup for the thermal simulation boundary conditions can be found in Table 3. In all CC cavity simulations, the volume flow rate of coolant is set at 10 L/min, and its inlet temperature (Tin) is 298 K. The velocity at the inlet (vin) corresponds to 4.33m/s, resulting in a Reynolds number of 34016 at that location. The highest velocity is achieved within the channel that features a smaller cross-sectional area in Region 3. At this channel area, the Re number reaches its maximum value, measuring 119216. The Re number at the inlet of region 4 coincides with this value as well. The walls of the plastic product are in coupled boundary condition for all CC cavity simulations. For the auxiliary straight cooling channel, the convective boundary condition is used. In the real industrial experiment conducted by our collaborator, the water temperature in the auxiliary channel (Twalls) keeps at 323 K. The thermal simulation uses the same value to keep the consistency. The convective heat trasnfer coefficient of the auxiliary channel (hwalls) is constant and it is calculated by Dittus-Boetler correction. The initial temperature for the plastic part is 543 K.
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It must be noted that the current study does not consider the polymer flow and its computational boundary conditions. The present computational model starts with the transferred heat from the hot plastic (polymer flow) to the mold geometry. In the case of polymer flow considerations, Eqs. (1)–(8) should also include the polymer flow characteristics. The thermal geometric model is discretized by the tetrahedral mesh as given in Fig. 4. The mesh near the CC cavity area, as shown in Fig. 4b, is refined for enhancing the accuracy when computing the heat transfer between plastics and water. Fig. 5 presents the independent check for mesh numbers and time steps. The thermal simulation process is repeated for different mesh number and different time step. Fig. 5a depicts the decreasing temperature curve with the flow time when the mesh number is increasing from 0.4 million to 2 million. It is noticed that when the mesh number reaches 1.2 million, the decreasing temperature curve does not change anymore, which means the mesh independence is achieved. Thus, all the thermal simulations are conducted with mesh number 1.2 million. Fig. 5b depicts the decreasing temperature curve with the flow time with different time steps. The time step starts from 0.4 s and decreases gradually. When this value is 0.1 and 0.05 s, the respective decreasing temperature curves almost coincide with each other. Thus, for saving computation time, 0.1 s is selected for the thermal simulation.
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Figure 4: Mesh generated on the thermal geometric model: (a) isometric view, and (b) CC cavity with lattice structures
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Figure 5: Independent check of Plastic temperature decreasing with time (a) mesh number, and (b) time step

To evaluate the thermal performance of CC cavity, three criteria, cooling time (CT), temperature non-uniformity (TN) and pressure drop (PD), are defined. The CT refers to the time when the maximum temperature of plastic is reduced to the ejection temperature. In this study, the injection and ejection temperatures of injection molding are 543 K (270°C) and 323 K (50°C), respectively. The TN refers to the standard deviation of the plastic surface temperature and smaller TN means the final plastic product has a uniform temperature distribution, which means better temperature uniformity. The result can be computed by Eqs. (9) and (10):

TN=∑i=1n(Ti−T0)2n(9)

where n is the total number of facets, Ti is the temperature at each facet of the plastic product, and T0 is the mean temperature, which is calculated by:

T0=∑i=1nTin(10)

The thermal simulation results of the injection molding are compared with the experimental results provided by the collaborator for the validation of the traditional straight channels and real experimental conditions. The traditional straight channel has a cylindrical shape with a cross-sectional diameter of 7 mm. The current operating cooling channel of our industrial collaborator is traditional straight channel and their experiments were carried out by using traditional straight cooling channel. Thus, a thermal simulation was done firstly for the traditional straight cooling channel by using the same simulation setup and boundary conditions. The experimental validation results of cooling time and the plastic temperature after 10 s can be seen in Table 4. The relative error between the experimental data and numerical results are both lower than 10%, which indicates the accuracy of the thermal simulation.

[image: images]

4  Results and Discussion

Fig. 6 illustrates the cooling time, temperature non-uniformity, and pressure drop across various lattice configurations within the conformal cooling cavity. Additionally, Fig. 6 provides a visual comparison between the conformal cooling cavities designed in this research and the conformal cooling channels presented in [16]. In Fig. 6a, BCC-3 exhibits the shortest cooling time at 2.2 s, while BCC-Z-3-1.2 and BCC-F have the longest cooling time at 4.0 s. When compared to the traditional straight cooling channel, BCC-3 reduces the cooling time by 66.1% while BCC-Z-3-1.2 and BCC-F reduces the cooling time by 38.6%. The cooling time exhibits a progressive increase from left to right. This phenomenon arises because the available cooling space gradually diminishes due to the lattice structures occupying volume. Specifically, the BCC-3 lattice configuration has thin strut thickness, thereby affording large cooling space for the coolant within the conformal cooling cavity. Conversely, in the case of BCC-Z-3-1.2, the lattice structures within the conformal cooling cavity feature thicker struts and pillars, designed to support the cavity, resulting in a restricted cooling space. Similar considerations apply to the conformal cooling cavity filled with BCC-F. When comparing the conformal cooling cavity with the conformal cooling channel, it becomes evident that the cooling times of structures utilizing BCC-3, BCC-C-3, BCC-Z-3, and BCC-Z-3-M are consistently lower than those observed in any of the conformal cooling channel scenarios. Specifically, the cooling times associated with BCC-F, BCC-Z-3 and BCC-Z-F fall within the range of results obtained from the two conformal cooling channel pathways. The choice of lattice configuration plays a crucial role in determining the cooling efficiency within the conformal cooling cavity. The results suggest that thin strut thickness, as seen in BCC-3, facilitates a more substantial cooling space, leading to shorter cooling times. Conversely, configurations with thicker struts and pillars, such as BCC-Z-3-1.2, limit the available cooling space, resulting in longer cooling times. Additionally, the comparison between conformal cooling cavities and channels highlights the advantages of the former, especially when employing certain lattice arrangements. BCC-3, BCC-C-3, BCC-Z-3, and BCC-Z-3-M demonstrate superior cooling performance within the cavity, surpassing the results achieved in conformal cooling channels. This information can be valuable in optimizing cooling strategies for injection molding.
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Figure 6: Comparison of (a) cooling time, (b) temperature non-uniformity, and (c) pressure drop between CC cavity with different lattice arrangements and CC channel designed in [16]

Aside from achieving the shortest cooling time, BCC-3 also exhibits the lowest temperature non-uniformity, as depicted in Fig. 6b. This signifies the most favorable temperature distribution for the end plastic product. The introduction of cubes and pillars into the BCC lattice, such as BCC-C and BCC-Z, gradually increases temperature non-uniformity. This effect becomes more pronounced when thickening the middle row and all three rows in the case of BCC-Z, with slight fluctuations observed. Interestingly, when the conformal cooling cavity is filled with BCC (BCC-F) and BCC-Z (BCC-Z-F), the temperature non-uniformity decreases to less than 5.5 K. Fig. 6b emphasizes that, across all conformal cooling cavity designs, their temperature non-uniformities consistently outperform those of conformal cooling channel designs. This underscores a crucial advantage of conformal cooling cavity design: the ability to maintain a lower temperature non-uniformity, which translates to a more uniform temperature distribution in the final plastic product. In some cases, achieving uniform temperature distribution can be even more critical than minimizing cooling time for ensuring high product quality. From injection molding to 3D printing, having precise control over temperature distribution can result in higher yields, reduced scrap rates, and ultimately, cost savings. Manufacturers can also benefit from increased production efficiency and reduced cycle times, all contributing to enhanced competitiveness in today’s global markets. Achieving low temperature non-uniformity through conformal cooling cavity design is important, as it addresses fundamental concerns related to product quality.

In Fig. 6c, the pressure drop of water within the conformal cooling cavity with various lattice arrangements is depicted. Notably, increasing the thickness of both struts and pillars within the lattice results in a gradual increment in pressure drop. When the conformal cooling cavity is completely filled with BCC-Z (BCC-Z-F), there is a significant spike in the pressure drop. It is worth noting that the pressure drop within the conformal cooling cavity surpasses that observed in the conformal cooling channel. This discrepancy can be attributed to the presence of lattice structures within the cavity, which introduces additional resistance to the flow of water. The lattice structures act as flow obstructions, leading to increased water flow resistance and, consequently, higher pressure drop levels within the conformal cooling cavity compared to the channel configuration. High pressure drop can have significant implications for the overall efficiency of the cooling system. A higher pressure drop means that more energy is required to maintain a consistent flow rate, which can result in increased operational costs and reduced energy efficiency. While lattice structures can improve heat transfer and temperature control, their impact on pressure drop must be managed to avoid excessive energy consumption and potential equipment wear. Careful consideration of these factors is essential to optimize cooling system performance while minimizing operational costs.

Fig. 7 showcases the temperature distribution contours of the plastic product that has undergone a 10-s cooling process within the CC cavity. The featured configurations include BCC-3, BCC-Z-3-M-0.8, BCC-Z-3-0.8, and BCC-F. Evidently, the temperature distribution reveals a noteworthy observation: the plastic product exhibits a hot spot predominantly on its front and top surfaces. Furthermore, it is observed that the extent of the hot spot area increases as certain modifications are introduced. Specifically, when pillars are added within the BCC lattice, when the BCC-Z configuration is thickened, or when the CC cavity is completely filled with BCC structures, there is a noticeable expansion in the area characterized by high temperatures.
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Figure 7: Temperature contour of the plastic product cooled 10-s by CC cavity with different lattice arrangements: (a) BCC-3, (b) BCC-Z-3-M-0.8, (c) BCC-Z-3-0.8, and (d) BCC-Z-F

Fig. 8 gives the average heat transfer coefficient of the convection heat transfer process inside the CC cavity and the fluid volume fraction of CC cavity with different lattice arrangements. It is observed that from BCC-3 to BCC-Z-3-1.2, the average heat transfer coefficient increases gradually while the fluid volume fraction decreases gradually. There is an opposite trend between these two parameters. The first reason is when the fluid volume fraction decreases, there is relatively more space occupied by the lattice structures. This can lead to increased turbulence in the fluid, which, in turn, can enhance the heat transfer coefficient because turbulence promotes better mixing and heat exchange. Additionally, a greater volume of lattice structures aids in the more rapid conduction of heat from the hot region to the cooler one within the system. This enhanced heat conduction can contribute to improved heat transfer coefficients. As proved in Fig. 8, from BCC-Z-3-M-0.8 to BCC-Z-3-1.2, the average heat transfer coefficient grows up gradually. BCC-F has high fluid volume fraction, so the corresponding convection heat transfer coefficient is low. BCC-3, BCC-C-3 and BCC-Z-3 have the highest fluid volume fraction and the lowest heat transfer coefficient. However, while a lower fluid volume fraction does enhance the heat transfer coefficient, it is important to note that a reduction in the fluid volume fraction leads to extended cooling times and elevated pressure drops, both of which have a negative impact on cooling performance, as clearly demonstrated in Figs. 6a and 6c.
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Figure 8: Average heat transfer coefficient for CC cavity with different lattice arrangements

A thermal performance factor (TPF) is defined as given in Eq. (11). This straightforward definition allows for a clear and intuitive interpretation between heat transfer coefficient and fluid volume fraction, making it easy to calculate and compare between different cases.

TPF=Nu1−Vf=hl/k1−Vf(11)

where h is the convective heat transfer coefficient of the flow, l is the characteristic length, and k is the thermal conductivity of the fluid, Vf is the fluid volume fraction. In many heat transfer scenarios, the heat transfer coefficient h is associated with a surface area through which heat is exchanged. When you have a fluid occupying a fraction Vf of the total volume, the effective heat transfer area is often considered to be proportional to (1−Vf). This is because the remaining material not occupied by the fluid contributes to the overall heat exchange.

As shown in Fig. 9, the highest thermal performance factor is observed at the beginning of the series, with the BCC-C3 configuration. As the lattice arrangement changes, there is a general downward trend in thermal performance factor, with some fluctuations. Notably, there is a significant drop for BCC-F, and then a steady decline thereafter. The different lattice arrangements have a substantial impact on the thermal performance. Overall, this figure can compare the effectiveness of different lattice designs in terms of thermal performance, which could be important for CC cavity applications.
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Figure 9: Thermal performance factor for CC cavity with different lattice arrangements

Fig. 10 displays velocity vectors within CC cavities featuring various lattice configurations. When thickening only the middle rows of the BCC-Z lattice within the CC cavity, a discernible effect is the weaker water flow observed at the bottom of the cavity, compared to other regions. This non-uniformity in flow distribution can have implications for temperature control and heat dissipation, which are critical aspects of the cooling process. When all three rows of the BCC-Z lattice inside the CC cavity are thickened, the water flow at the bottom side achieves a more uniform intensity, particularly evident in the case of BCC-Z-3-1.2. This arrangement exhibits remarkably uniform water flow distribution compared to the other three-row BCC-Z arrangements. In contrast, BCC-F and BCC-Z-F, characterized by high flow resistance, display lower water flow velocities compared to the three-row BCC-Z arrangements. Nevertheless, these two configurations exhibit the most uniform flow distribution, which directly correlates with the low temperature non-uniformity observed in Fig. 6b. The ability to maintain uniform flow distribution is a significant advantage as it contributes to consistent temperature control, minimizing temperature differentials and potential defects in the final product. BCC-3, BCC-C-3 and BCC-Z-3 have similar velocity distribution.
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Figure 10: Velocity vectors for CC cavity with different lattice arrangements

In summary, optimizing lattice designs within the CC cavity is a multifaceted process that involves balancing cooling time, temperature uniformity, and flow resistance. These insights into flow patterns and their impact on temperature control underscore the complexity of cooling system design and highlight the need for further research, particularly in terms of mechanical performance, to ensure the viability and effectiveness of these lattice arrangements in practical applications.

5  Conclusions

In the study, the conformal cooling cavities with different lattice arrangements were designed for cooling the injection molding process of a plastic product. For evaluating the thermal performance of the designed conformal cooling cavities with different lattice structure arrangements, the computational simulations were performed and validated by the experimental results. Three performance criteria that were critical for a real industrial injection molding process (i.e., cooling time, temperature non-uniformity and pressure drop) were defined to assess the conformal cooling cavity with the lattice. Three lattice structures, BCC, BCC-C and BCC-Z, were evaluated. To ensure sufficient cooling space for water, 3 rows of BCC, BCC-C and BCC-Z were considered first. The simulation results showed good thermal performance. Thickening the middle rows and all the 3 rows of BCC-Z decreased the thermal performance. The conformal cooling cavities which were full of small size BCC and BCC-Z were also investigated. The thermal performance was the worse and the pressure drop was higher due to larger space occupation. The cooling times of all the conformal cooling cavities with the structural lattices were between 2.2 to 4 s, which were smaller than the result of the traditional straight cooling channels and conformal cooling channels. Additionally, the temperature non-uniformities of the conformal cooling cavities with the structural lattices were all lower than those of conformal cooling channels. The other advantage of the conformal cooling cavities with the lattice would be easier to prepare through the 3D printing process in comparison with the complex conformal cooling channels.

It was seen that using thick lattice structures to increase mechanical performance could result in additional drawbacks in thermal and hydraulic performance; thus, the best trade-off analysis should be performed carefully to determine the optimum operating conditions. Multi-objective optimization or other multi-criteria decision-making solutions could be applied for the purpose. Moreover, after finalizing the design and before printing out the geometry, the printability of the proposed lattice structures should be checked with the operator to avoid potential on-site printing faults.
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Table 1: CC cavity with different lattice arrangements

Unitcell Row number Unit cell size (mm) Strut and pillar size (mm) Abbreviation
BCC 3 3x3 0.5 BCC-3
BCC-C BCC-C-3
BCC-Z BCC-Z-3
BCC-Z 3 3x3 Middle row: from 0.8 to 1.2. BCC-Z-3-M-0.8
Rest rows: 0.5
BCC-Z BCC-Z-3-M-1.0
BCC-Z BCC-Z-3-M-1.1
BCC-Z BCC-Z-3-M-0.2
BCC-Zz 3 3x3 0.8 BCC-Z-3-0.8
BCC-Z 1.0 BCC-Z-3-1.0
BCC-Z 1.1 BCC-Z-3-1.1
BCC-Z 1.2 BCC-Z-3-0.2
BCC Full 1.5 x 1.5 0.25 BCC-F
BCC-Z BCC-Z-F
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Table 3: Boundary condition setup of the thermal simulation

Boundaries Boundary condition

Water inlet Velocity inlet: u = w =10, v = v,,
Temperature: T = T,

Water outlet Pressure outlet: P,,, = latm

Plastic walls
Walls of the straight cooling channel

Coupled
Convection: & = hyys, T = Tyuss
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Table 4: Validation of thermal simulation with experiments [16]

Cooling time(s) Plastic temperature after 10 s cooling
Experimental data 7 338K (65°C)
Numerical results 6.5 333K (60°C)

Relative error (%) 7.14% 1.48%
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Table 2: Thermo-physical properties of the plastic and steel [16]

Material/Property Polybutylene terephthalate (PBT) Steel
Density (kg/m?) 1396 8030
Specific heat (J/kgK) 1363 502.48

Thermal conductivity (W/mK) 0.2883 16.27
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