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Dealing with the 3D Complexity of Power Efficient Designs Ralph Remsburg Amulaire Thermal Technology 11555 Sorrento Valley Rd. Suite 201 San Diego, CA 92121 Phone: (858) 309-4715, Fax: (858) 481-6817 Email: [email protected] Abstract Power dissipation problems are requiring increasingly complex design solutions. While designs that are more efficient make thermal management possible, current chips and systems still require sophisticated methods for dissipating heat. Space constraints of shrinking cold plates, and the strict demand to lower cost emphasize the need for innovative, three-dimensional approaches to thermal design. One manufacturing process that appears to meet these objectives, metal injection molding (MIM), is examined more closely. This study compares seven different fin geometries that might be used to liquid cool a 3-chip, 1080W Insulated Gate Bipolar Transistor (IGBT) Integrated Power Electronic Module (IPEM) copper cold plate. The geometries used in this study are a traditional round tube, machined fins, stacked fins, square pins, round pins, elliptical pins, and a non-linear MIM fin pattern for impingement cooling. The geometries are compared using maximum junction temperature. Basic design guidelines are presented that show the constraints of the MIM technology when applied to heat sinks. Finally, sample designs are shown to emphasize the flexibility of this technology when used to cool electronic modules and optical diodes. Key words: cold plate, heat sink, metal injection molding (MIM), non-linear fin



1.0 Introduction Electronic cooling specialists are focusing more on the problems of the power electronics industry. The CPU and GPU chip markets have recently emphasized low-voltage multiple core processors that dissipate much less heat than previous generations. New dual-core CPU lines have reduced waste heat by 50% while increasing throughput by 1.8X. Inevitably, heat dissipation problems will return as designers learn to squeeze more processing cores onto each CPU chip. Intel is studying the feasibility of hundreds of cores on a single chip. Much of this attention is directed at power semiconductor IC, Integrated Power Electronic Modules (IPEM), such as those based on Insulated Gate Bipolar Transistors (IGBTs). Built on embedded power technology, IPEMs offer three-dimensional packaging of electronic components in a small and compact volume, largely replacing the traditional individual packaged IC technology in applications such as front-end power factor correction and motor drives. Even though IGBTs typically operate with



98% efficiency, the 2kW of waste heat from a 100kW converter will overwhelm most cooling solutions. The advent of 3D multi-layered packaging of these modules can help achieve better reliability, lower electrical noise and lower costs. However, as the electronic chips are placed closer together, heat flux (W/cm2) and heat density (W/cm3) problems become insurmountable using standard air cooling solutions. Because the desired junction temperature of an IPEM IC should not normally exceed 120oC, current heat fluxes of 300W/cm2 are challenging to even most liquid cooling solutions. 2.0 Linear and Non-Linear Fin Patterns There is an abundance of literature describing the benefits and performance of various fin patterns. While there have been many studies of single cooling fin geometry parameters, the conclusions often conflict, or can only be applied over a narrow range of variables.



Poulikakos and Bejan (1982)[1] constructed a theorem to determine the optimum fin dimensions for minimum entropy generation in forced convection. They developed and applied an expression for the entropy generation rate of a basic fin to select the optimum dimensions of pin fins, rectangular plate fins, plate fins with trapezoidal cross sections, and triangular plate fins with rectangular cross section. Their study was inconclusive.



These studies apply to linear fin patterns. That is, a single fin or pin is replicated throughout the heat transfer area. Linear patterns are necessitated by the economics of standard manufacturing processes. Linear fin patterns can be economically extruded in almost any 2D shape and then cross cut to provide a 2.5D heat sink. This process is usually limited to fins having a thickness >1.0mm and space between adjacent fins greater than 1.0mm.



Behnia et al. (1998) [2] numerically investigated the heat transfer performance of circular, square, rectangular and elliptical fins. They fixed the fin cross-sectional area per unit base area, the wetted surface area per unit base area, and the flow passage area for all geometries. They concluded that circular pin fins outperform square pin fins and elliptical fins outperform plate fins. They also found that elliptical fins work best at lower values of pressure drop, but round pin fins have better performance at higher values.



Fins of greater complexity have traditionally been cast, forged, or individually machined. Each of these processes has drawbacks for the thermal designer. In general, cast materials have lower thermal conductivity; economical forging practice limits how closely fins may be spaced; and economical machining practice is limited to basic shapes and large pin spacing.



Khan et al. (2003) [3] numerically evaluated rectangular, square, circular and elliptical pin fins, having equal surface area by developing a dimensionless entropy generation rate based on Reynolds number, aspect ratio, Nusselt number and the drag coefficient. They found that the circular geometry has the best dimensionless total entropy generation rate for low approach velocities and small wetted surface area. Flat plate fins have the best results for higher approach velocities and large surface areas. Elliptical pins, depending on aspect ratio, could outperform circular pins at medium approach velocities for larger surface areas, but flat plates could outperform elliptical geometries at higher approach velocities for the same areas with high aspect ratios. For small surface areas and low velocities, they concluded that flat plates are not a good selection based on entropy generation rate. Their conclusions are suitable for use in the laminar flow range. These findings, while valid for single fin geometries, become distorted when multiple, identical fin flowfields interact within a fin array. Mälhammar (2004) [4] used an alternative formulation of the Reynolds analogy to study the interaction between friction and convection in heat sinks. He found that the analogy was strongly dependant on velocity and only applied directly to flat and moderately curved surfaces. For more complex shapes, an analogy number is introduced to partially compensate for discrepancies.



A series of improvements in metal injection molding (MIM) technology allow complex fins and fin patterns to be produced economically, such as non-linear fin arrays. In a non-linear fin array, each fin is individually designed for maximum performance while simultaneously accounting for the performance flowfields of the fins adjacent to it in the array. The present study demonstrates a 3D nonlinear fin pattern, produced by MIM, in which almost every pin is geometrically different from the adjacent fins. Such fin patterns can expand the solution domain available to thermal engineers. 3.0 Copper Powder Consolidation 3.1 Solid State Sintering The basic MIM process uses traditional plastic injection-molding equipment to mold a mixture of powdered metal and polymer binders into the desired shape. After parts are injection molded, the part is removed from the mold and sintered at high temperature. Loss of the polymer binder due to vaporization causes some temporary porosity, but sintering causes changes in the shapes of the individual pores and a reduction in their volume reduces the surface energy. Sintering in the presence of reduced surface energy can be considered to proceed in three stages. During the first, neck growth proceeds rapidly but powder particles remain discrete. During the second, the structure recrystallizes and particles diffuse into each other. During the third, isolated pores tend to become spheroidal and densification continues so no extraneous material or porosity remains [5]. This process results in a solid net shape product having material properties almost identical to wrought



processes. Figure 1 shows a standard densification table. 100 95 1000C
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Figure 1: Effect of Sintering Temperature and Time on Densification of Copper Powder Components [6]. Note that although Figure 1 shows a maximum relative density of 92%, recent patented and proprietary techniques, such as physical or chemical treatments of the powder or compact, or by incorporating reactive gases in the sintering atmosphere, have increased this value to about 98% 99%. Conversely, porous components are easily produced. Porous parts can be customized by varying the size of the powder and the binder to powder ratio. Porous surfaces are used to increase surface area, to promote nucleation in two-phase systems, and high performance heat pipe wick structures. 3.2 Liquid Phase Sintering Another process used to add tailored material properties to the powder is liquid phase sintering. In liquid phase sintering a mixture of two or more powders is sintered at a temperature below the melting point of the high-melting constituent but above that of the low-melting constituent. If the constituents are properly mixed, the behavior on sintering depends on the wetting properties of the two metals. The mechanism of liquid phase sintering can be explained by considering three overlapping actions: (1) the liquid phase allows rearrangement and rapid shrinkage of the solid material, (2) dissolution and re-precipitation occur with accompanying densification and (3) coalescense occurs when the liquid phase disappears.



4.0 MIM Capabilities Because MIM is based on a platform – injection molding – that is inherently high volume, components can be quickly ramped. For example, the cycle time for a part 111 mm x 80 mm x 90 mm, weighing 888 g, is 60 seconds – and so a six-cavity mold has a capacity of producing more than 250,000 parts per month. Again, because of the flexibility of the injection molding process, parts can have curves and complex shapes. They can have fins of varying thickness and heights oriented in many directions on a single cold plate. The technology allows for greater fin density than would be possible with most extruded or machined heat sinks. Aspect ratios of 30to-1 with pin or fin thickness of 0.5 mm and spacing of 0.5 mm are readily achievable. 5.0 Analysis Figure 2 shows the heat source layout of the subject study. Three 300W IGBT chips, 16mm x 12.7mm, and three 60W diodes, 8.8mm x 12.7mm, are attached to a 50mm x 50mm cold plate, 13mm thick. The silicon chips are mounted on several layers of materials having various degrees of thermal conductivity. Starting with the silicon chips as layer 1, there are succeeding layers of solder, copper, aluminum nitride, copper, and solder again before reaching the copper cold plate.



Figure 2: A 1,080W IGBT Layout Thermally non-conductive geometries were added to the cold plate simulation to replicate fluid entrance and exit effects, as shown in Figure 3.



Material



Aluminum Nitride Copper (C11000) Silicon Solder (Sn63/Pb37) Water (80oC)



Density, Thermal ρ (kg/m3) Conductivity, k (W/m K) 3300 170



Absolute Specific Viscosity, Heat, cp (J/kg K) μ (N s/m2) 725 N/A
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Table 2: Material Properties Figure 3: Flow Through a Machined Fin Cold Plate Showing Entrance and Exit Geometries.



The heat source stack up and thermal resistance chain is detailed in Table 1 and Figure 4. Values shown in Table 1 and Figure 4 do not include the effects of heat spreading, but the model results do include these effects. Layer 1 2 3 4 5 6 7



Material Silicon Solder Copper AlN Copper Solder Copper



x (mm) 12.7 12.7 12.7 12.7 12.7 12.7 12.7



y (mm) 16.0 16.0 16.0 16.0 16.0 16.0 16.0



z (mm) 0.090 0.127 0.305 0.635 0.305 0.203 3.962



k (W/m K) 118 51 385 170 385 51 385



θ (oC/W) 0.00375 0.01225 0.00390 0.01838 0.00390 0.01959 0.01790 0.07967



Table 1: IGBT Material Stack Thermal Resistance



To simulate the cooling capability of the various fin arrays, Flomerics Inc. Flotherm v6 software was used. Flotherm is a CFD analysis tool widely used in the electronics cooling industry. For each simulation, the ambient air temperature and the water inlet temperature was set to 80oC. Radiation effects are not included in the analysis. The steadystate temperature distribution was recorded as the volumetric flow rate was increased from 1 liter/minute to 12 liters/minute. The seven different extended surfaces are listed in Table 3. Type Round Tube Machined Fins Stacked Square Pins Round Pins Elliptical Non-Linear



# Fins 20 41 798 798 798 782



Fin D (mm) 10.0 1 0.20 0.786 1 0.5 0.5



Fin A (cm2) 15.7 225 435 275 275 275 194



Table 3: Fin Geometric Properties Silicon, 3.65E-03, 7%



Solder, 1.04E-02, 19%



Solder, 1.67E-02, 31%



Copper, 3.85E03, 7% Copper, 3.85E03, 7%



AlN, 1.56E-02, 29%



Figure 4: IGBT Material Thermal Resistance Chain



Except for the non-linear array the models used between 500,000 and 1,000000 nodes to capture the geometry in sufficient detail for convergence of the CFD variables. The non-linear array however, because of the impingement design and the complex surfaces, required roughly 3,500,000 nodes. Figure 5 shows the results of the simulations.



fin heat sink was restricted by the limits of the machining operation. The square, round and elliptical pins had similar performance at low velocities. As the velocity increased, the elliptical pins outperformed the round pins, and the square pin performance fell to roughly the level of the machined plate fin heat sink.
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The non-linear design while having less surface area, benefited from the physics of impingement flow and a combination of round and elliptical fins having optimized aspect ratios and orientation.
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Figure 5: Comparison of IGBT Cold plate Fin Configurations. Figure 6 shows the impingement design utilizing a non-linear fin array. Each fin is individually designed to take advantage of the existing direction of fluid flow, minimizing pressure drop, while offering a larger heat transfer surface area.



7.0 Conclusion The MIM process has been shown to allow more flexibility in fin design than traditional processes while still providing an economical production method. Fin diameters and spacing of less than 0.5mm, complex surfaces, and thermal conductivities roughly equal to wrought materials can allow higher rates of heat transfer than traditional 2D or 2.5D finned surfaces. Figures 7 and 8 show some of the flexibility of the process.



Figure 6: Non-Linear Fin Pattern Optimized for Impingement Flow 6.0 Summary of Results A three IGBT/three diode model dissipating 1,080W was constructed. Liquid cooling with water at 80oC was simulated. The heat from the sources was transferred to the water coolant through a round tube, machined plate fins, stacked fins, machined square pins, round pins, elliptical pins, and a unique nonlinear fin array using impingement. The round tube, having significantly less surface area, and a low heat transfer coefficient yielded high die temperatures indicating failure of the electronics. The performance of thin stacked fins, while having a large surface area, was significantly degraded due to the solder layer which is required for attachment. The performance of the machined plate



Figure 7: A Sample Impingement Design Produced for MIM Processing Having Counterflow Curved Fins.



Figure 8: A Sample Impingement Design Produced for MIM Processing Having Straight Fins With Turbulence Enhancing Protrusions. References 1.
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