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Abstract 

Miniaturization and high heat flux of power electronic devices have posed a colossal challenge for adequate 

thermal management. Conventional air-cooling solutions are inadequate for high-performance electronics. 

Liquid cooling is an alternative solution thanks to the higher specific heat and latent heat associated with 

the coolants. Liquid-cooled cold plates are typically manufactured by different approaches such as: skived, 

forged, extrusion, electrical discharge machining. When researchers are facing challenges at creating 

complex geometries in small spaces, 3D-printing can be a solution. In this paper, a 3D-printed cold plate 

was designed and characterized with water coolant. The printed metal fin structures were strong enough to 

undergo pressure from the fluid flow even at high flow rates and small fin structures. A copper block with 

top surface area of 1 inch by 1 inch was used to mimic a computer chip. Experimental data has good match 

with a simulation model which was built using commercial software 6SigmaET. Effects of geometry 

parameters and operating parameters were investigated. Fin diameter was varied from 0.3 mm to 0.5 mm 

and fin height was maintained at 2 mm. A special manifold was designed to maximize the surface contact 

area between coolant and metal surface and therefore minimize thermal resistance.  The flow rate was 

varied from 0.75 L/min to 2 L/min and coolant inlet temperature was varied from 25 to 48 oC. It was 

observed that for the coolant inlet temperature 25 oC and aluminum cold plate, the junction temperature 

was kept below 63.2 oC at input power 350 W and pressure drop did not exceed 23 Kpa. Effects of metal 

materials used in 3D-printing on the thermal performance of the cold plate were also studied in detail. 

 

1. Introduction 

Data centers recently face a challenge in the increase of power densities for high-power electronics. 

Recently, engineers and scientists are interested in heterogeneous integration that can enable higher 

performance, lower latency, smaller size, lighter weight, lower power requirement per function, and lower 

cost of electronics industry. In heterogeneous integration, the separately manufactured components are 

combined in the same package. The integrated components can vary in functionality, such as specialized 

processors, DRAM, flash memory, filters, connectors, and MEMS device. Heterogeneous leads to 
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significant challenges for thermal management such as heat extraction from hot spots, heat transfer through 

multiple layers of materials, and different target temperatures for specific devices/materials. With high heat 

fluxes in data center, the rack power density can go up to 25-35 kW/rack while the traditional air-cooling 

method can only dissipate power up to 10 kW/rack. With higher specific heat and latent heat compared to 

air cooling, liquid cooling can be an alternative solution that can help increase power density, reduce 

physical scale, improve reliability, and enhance energy efficiency in the data center.  

Liquid cooling technology has received significant attention for decades. The higher power density 

challenge recently led to the re-emergence of this advanced technology as an alternative for air cooling. A 

study by IBM [1] shows that if cooled by 25 °C water, the hybrid server uses ∼14% less power, leading to 

over 2 kW in power savings per rack of 40 servers compared to air cooling. A pumped liquid two-phase 

cooling method was investigated by Kulkarni et al. [2]. It was found that all cold plates in series can 

effectively have the same fluid inlet temperature, and hence all CPUs can run at the same case or junction 

temperature. 

In comparison, single-phase cooling increases inlet temperature from one cold plate to the next one in 

series. To get the required cooling for the last CPU in series, one has to provide a much lower glycol/water 

inlet temperature to the first cold plate to compensate for the temperature rise. Sahini et al. [3] studied high 

ambient inlet temperatures effects on the performance of air vs liquid-cooled IT equipment. It was observed 

that the CPU temperatures show a difference of 20 oC for the same computational load for air vs. liquid 

cooled system. The air-cooled system becomes inefficient after 35 oC inlet air temperature. On the other 

hand, in liquid cooling, even at an inlet temperature of 45 oC, the CPU temperatures are lower, and the 

cooling system operates effectively with increased stress loading and inlet temperature. Ramakrishnan et 

al. [4] experimentally studied a cold plate used in cooling multi-chip server modules. In their work, it was 

stated that enhanced microchannel design performed better than conventional parallel microchannels 

design. In addition, their study also highlighted the effects of flow direction in the microchannels relative 

to the package on the thermal performance. The response surface method (RSM) is used to optimize the 

geometry of an impingement microchannel cold plate in [5]. The results show that hydraulic resistance can 

be reduced by 50% without a significant change in thermal resistance. Micro-pins that are directly attached 

to the chip and eliminate the need for thermal interface materials were studied in [6]. Results show that the 

outlet port position has a significant effect on hydraulic and thermal resistances. A 47% reduction in 

pressure drop was achieved by varying fin height without sacrificing the thermal performance.  

Geometry optimization of heat sink has recently drawn attention since the heat sink geometry can affect 

thermal performance and pumping power. Many works have been done for fin geometry and manifold 

geometry optimization [7-18].  Three fin parameters (thickness, height, and gap) and three groove 
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parameters were optimized to reach minimum values for hydraulic and thermal resistances in [7]. Xia et al. 

[8] experimentally investigated performance of circular micro pin-fin, square micro pin-fin and diamond 

micro pin-fin heat sinks. It was observed that the diamond pin fin shows the best thermal performance 

following by circular and square pin fin. Although having good thermal performance, the diamond pin fin 

shows higher pressure drop. Circular pin fin shows the best performance in pressure drop. The genetic 

algorithm was used to optimize the performance of the microchannel heat sink in terms of the pumping 

power and Nusselt number [9]. Results show that optimum results are observed for higher channel width 

and lower channel height. Topology design and optimization of the microchannel heat sink were 

investigated considering four topologies: ternate veiny, lateral veiny, snowflake shape and spider netted 

[10]. The straight conventional microchannel and spider netted microchannel were 3D printed, and the 

experimental results show that the spider netted microchannel was better than the straight microchannel. 

The difference of the maximum heat source temperature reached 9.9 oC at a heat flux 100 W/cm2. A 

comparison in performance between microchannel and pin fin array heat sinks was presented in [11]. The 

results show that pin fin array heat sink has better thermal performance than the microchannel heat sink. If 

the channel width of the microchannel is too small, the coolant may not be able to impinge down to the 

base. It can result in low thermal performance even though the total surface contact area between the coolant 

and the copper microchannels is maximized. Cutting the channel into pin fin arrays can leave enough space 

for impingement of coolant down to the base and improve thermal performance considerably. 

There are geometries impossible for traditional methods to produce. 3D printing allows the creation 

and manufacture of such complicated geometries.  In addition, 3D printing is a cost-effective manufacturing 

process that does not require a large number of expensive machines or labor costs like CNC machining and 

injection molding. Wei et al. [19] designed and characterized a package level 3D printed multi-jet cooler 

with sub-mm microjets, applied to a 23×23mm² large die with almost 1000W power dissipation. The results 

show that cooling on the bare die outperforms the cooling on the lidded package by 35%. There is a 

significant impact on the coolant flow distribution. Compared to the reference design with one inlet and 

one outlet, introducing an additional distribution layer of multi-jet and outlets reduces the chip temperature 

gradient by a factor of 4.  Azizi et al. [20,21] performed how the Sn3Ag4Ti alloy can robustly bond onto 

silicon via selective laser melting (SLM). By employing this technology, heat removal devices (e.g., vapor 

chamber evaporators, heat pipes, micro-channels) can be directly printed onto the electronic package 

without using thermal interface materials. This method can keep the current microprocessor about 10 °C 

cooler by eliminating two thermal interface materials. Gonzalez-Valle et al. [22] experimentally 

characterize hybrid water-cooled heat sinks for multi-core CPUs. The heat sinks were composed of a copper 

plate and 3-D printed shells containing flow channel manifolds; four hybrid designs with 16, 32, and 64 

jets were 3-D printed. It was observed that the inclusion of pin fins on the impinging surface yielded a 

This article has been accepted for publication in IEEE Transactions on Components, Packaging and Manufacturing Technology. This is the author's version which has not been fully edited and 
content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2022.3185401

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.  See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: STATE UNIV NY BINGHAMTON. Downloaded on June 30,2022 at 15:05:20 UTC from IEEE Xplore.  Restrictions apply. 



4 
 

negligible effect on the pressure drop, indicating that for the hybrid heat sinks, the major pressure losses 

are within the fractal inlet and outlet manifolds. The addition of fins on the impinging surface drastically 

decreased the average core temperatures, while the number of jets in the hybrid configurations played a 

secondary role. 

3-D printing is renowned for creating highly complicated parts, with a resolution of up to 20 μm, 

extending its applicability to various research fields. There is a great potential for applications of 3D 

printing in manufacturing electronics cooling prototypes. However, in general, the number of publications 

in 3D printed heat sink is limited. This paper used selective laser melting (SLM) to fabricate an aluminum 

alloy (AlSi10Mg) cold plate. Both the aluminum part and the manifold were 3D printed in the lab. A 

commercial software 6SigmaET was used to design and optimize the performance of the cold plate before 

manufacturing. A bench level experimental test rig was built to study the cold plate's heat transfer and 

hydraulic performance, with operating and geometry parameters variations. While the results make it 

evident that, the high heat generating components can be kept at operable conditions using the 3D printed 

cold plate; a deeper insight at the outcomes could pave way for more complex geometries and energy 

efficient cold plate designs. 

 

2. Experimental Setup  
 

2.1 Cooling Loop and Mock Package 

Configuration of a closed-loop flow system for the experiments was presented in Figure 1. The test rig is 

similar to the one utilized in our previous papers [11, 23]. Key components of the flow loop system are the 

pump, flow meter, thermocouples, pressure transducer, heat exchanger, and chiller. De-ionized water was 

pumped from the reservoir through the cooling loop. T-type thermocouples and absolute pressure sensors 

were used to measuring coolant temperature and pressure at the inlet and outlet of the cold plate. A 

differential pressure sensor was used to measure pressure drop through the cold plate. The flow rate of the 

liquid coolant entering the cold plate is calculated using a volumetric flow meter (Omega FTB 336D) with 

a range of 0.2-2 LPM. A chiller (Julabo LH40) and a plate liquid-liquid heat exchanger were used to control 

the coolant temperature inside the loop. A LABVIEW program was written to gather data from sensors. A 

mock package was designed containing a copper block, insulation, cartridge heaters and the cold plate. The 

details of mock package components are shown in Figure 2. Four cartridge heaters (Omega CIR-

3020/120V) were inserted at the bottom of the copper block and each cartridge heater can dissipate 

maximum power up to 400 W. The cold plate was placed on the top of the copper block using a thermal 

interface material (TIM) with a thermal conductivity of 12.5 W/mK (Kryonaut Thermal Grease). The cold 
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plate was fixed onto the top surface of copper block by a holder of the frame. Weights were placed on the 

weight seat for maintaining pressure and constant interfacial thickness. To minimize heat losses to the 

environment, the whole mock package was wrapped around by insulation layers of fiberglass. Then a 

polystyrene box was used to contain the mock package. 

 
Figure 1. Schematic Diagram of the setup 

 
 

 
 

Figure 2. Components of the mock package 
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2.2 Cold plate design and manufacturing 

Figures 3a and 3b show the schematic of the pin fin cold plate. The heat sink base has a thickness of 2 mm 

and an area of 45 mm x 45 mm. The fin part covers an area of 25.4 mm x 25.4 mm, which is the same as 

the mock chip area (copper block top surface). The manifold design was described in Figures 4a and 4b. 

The coolant impinges down from the manifold inlet, then spreads to the fins and leaves at the two outlet 

rectangle slits. The outlet slits are 20 mm in width and 1.5 mm in depth. The wider outlet slits can help in 

distribution of more uniform flow to the fins and base surface. The diameters of inlet tube and outlet tube 

are both 6.35 mm (1/4 inch). 

The more uniform flow distribution can lead to a more uniform chip surface temperature. Before 

manufacturing the cold plate, a CFD model was built in the commercial software 6SigmaET to ensure the 

cold plate's thermal performance and pumping power are in a good range for a liquid cooling cold plate. 

Finally, the cold plate was 3D printed using selective laser melting (SLM). AlSi10Mg aluminum alloy with 

the thermal conductivity of 140 W/m-K was used as the material for 3D printing of the base and pin fins. 

Figure 5a shows the base and the pin fins after 3D printing process and the final cold plate, including the 

plastic manifold was demonstrated in Figure 5b. ABS plastic material was used for 3D printing of the 

manifold. Two T-type thermocouples were installed at the bottom of the cold plate to measure base 

temperature. Two grooves with dimension of 0.76 mm x 0.76 mm were machined to accommodate the 

thermocouples at the bottom of the heat sink base. The data acquisition system (NI-9219) was used to gather 

the temperature data from the thermocouples (Tb).  Three different fin diameters were manufactured to 

study the effects of pin fins geometry on the cold plate performance, including 0.3 mm, 0.4 mm, and 0.5 

mm. The fin height of 2 mm was maintained constant for all 3D printed cold plates. Figure 6 shows the 

cold plates with fin diameters 0.3, 0.4 and 0.5 mm.  

 

2.3 Experimental Procedure 

The experiment was operated at a constant flow rate, a desired inlet coolant temperature, and zero mock 

chip power for about 30 minutes to remove trapped air inside the loop. The inlet coolant temperature was 

controlled by adjusting the liquid temperature in the chiller loop and the liquid-liquid heat exchanger. A 

constant flow rate was maintained by adjusting the supplied DC power to the pump. After 30 minutes of 

degassing at the coolant temperature higher than ambient temperature, a ventilation valve was used to vent 

the trapped air inside the reservoir. An AC power supply was used to power the four cartridge heaters. In 

every step of increasing power applied to the copper block, the flow rate was adjusted to ensure that a 

constant flow rate was maintained throughout the experiments. When the power of the mock chip increases, 

the coolant receives more sensible heat that leads to increase of coolant temperature and reducing of coolant 
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viscosity. The flow rate increases due to the reducing in viscosity and constant pressure from the pump. 

Therefore, the DC power to the pump needs to be adjusted to lower voltage for maintaining constant flow 

rate. In every step of input power, the author waits until the steady state of temperature and pressure before 

gathering data to an Excel file using the DAQ system and the LABVIEW program. 

 

 

 
Figure 3a. Schematic showing base and pin 

fins of the cold plate 
Figure 3b. Base and pin fins of the cold plate (top 

view) 
 

 

  
Figure 4a. Schematic of the manifold (bottom 

view) 
Figure 4b. Schematic of the manifold (top view) 
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Figure 5a. 3D printed cold plate using selective 
laser melting (SLM) 

Figure 5b. 3D printed cold plate including 
manifold 

 

 

 
 

Figure 6. cold plates with fin diameters 0.3,0.4 and 0.5 mm 
 

 

3. Results and Discussion 

 

3.1 Comparison between experimental and simulation data. 

The thermal resistance results obtained by the numerical model are compared with the experimentally 

measured data in figure 7.  For these results, the average and maximum discrepancies are less than 4.2% 

and 5.4%, respectively. The error analysis using root sum square method [23-26] for the experimental 

uncertainty in the thermal resistance for various heat fluxes was performed. The uncertainties of the thermal 

resistance generally decrease with heat flux. The uncertainty of thermal resistance is 12.5 % at heat flux 7.7 

W/cm2 and reaches the minimum of 2.5 % at a uniform heat flux of 63.6 W/cm2. The uncertainty of pressure 

drop reduces with flow rate from 11.2 % at flow rate 0.75 L/min and has a minimum value of 3.4 % at flow 

rate 2 L/min. The commercial software 6SigmaET and finite volume method with K-epsilon model was 
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used to solve the governing equations numerically. Reynolds number was calculated by 𝑅𝑒 =  
𝜌𝑢𝑑𝑛

𝜇
. Where 

dn is the inlet jet diameter, u is the liquid velocity, µ is the dynamic viscosity of the liquid, and ρ is the 

liquid density. Reynolds number has a range from 5634 to 15025. A grid sensitivity analysis was performed 

based on thermal resistance of heat sink. The number of cells was increased from 3 million to 18 million. 

The thermal resistance shows a variation less than 3% between 15 million and 18 million cells. Therefore, 

a grid with 15 million cells was selected for this geometry. It can be seen in Figure. 8 that there are at least 

6 cells between the fins so that the turbulent flow in the channels can be captured by the model. The three-

dimensional governing equations of mass, momentum, turbulent kinetic energy, turbulent energy 

dissipation rate, and energy in the steady turbulent main flow using the standard k–e model are given as 

follows: 

Continuity equation: 

𝜕𝜌𝑢𝑖

𝜕𝑥𝑖
= 0                                                                                                        (1) 

Momentum equation: 

𝜌𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)]                                              (2) 

Energy equation: 

𝜌𝑢𝑗

𝜕𝑇

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(

𝜇𝑙

𝜎𝑙
+

𝜇𝑡

𝜎𝑡
)

𝜕𝑇

𝜕𝑥𝑗
]                                                                  (3) 

Transport equation for k: 

𝜌𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
(

𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝜌𝜀                           (4) 

Transport equation for 𝜀: 

𝜌𝑢𝑗

𝜕𝜀

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
(

𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜇𝑡

𝜀

𝑘
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝐶2𝜌

𝜀2

𝑘
            (5) 

Figure 9 shows the temperature map of the cold plate base in the case of Tin = 36 oC, thermal design power 

150 W, and flow rate 1 L/min. The temperature increases along the flow direction of the coolant due to the 

caloric thermal resistance. The temperature gradient on the top of the chip surface is small with maximum 

and minimum temperature values of 49.4 and 47.8 oC, respectively, which means the temperature gradient 
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is lower than 1.6 oC on the surface of the cold pate base. A smaller temperature gradient can improve the 

pacing, performance, and lifetime of the computer chip. The temperature gradient of the current cold plate 

is impressive and much better than many other water-cooled cold plates [29-31]. In addition to max 

temperature, the temperature gradient along the chip is also very important parameter. High temperature 

gradient can lead to electromigration and shorten lifetimes of electronics devices. The result in this section 

reveals that there is a good match between simulation and experimental data. In addition, this cold plate has 

good thermal performance which is promising for high heat flux applications. It can also be observed in 

Figure 9 that temperature is higher at the edge. The design of our setup allows us to measure the Tjunc at the 

center since we placed the thermocouples at the center of the copper block but not at the edge. This will be 

taken into account for the next designs and publications. We can place several thermocouples along the 

horizontal direction in order to obtain temperature distribution. The positions of the thermocouples can be 

chosen based on numerical modeling before we drill the holes for placing the thermocouples 

 

 
Figure 7. Comparison of numerical and experimental thermal resistance data at different flow 

rates/channel Reynolds numbers for the case of 0.3 fin diameter, Tin = 36 oC. 
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Figure 8. Meshing for fins and channels. Grid cells are hexahedral with greater concentration on 

channels. 
 

 

                  Figure 9. Temperature profile at the cold plate base, Tin = 36 oC, thermal design power 150 
W, and flow rate 1 L/min 

 

3.2 Effects of fin geometry 

Variations of thermal resistance with flow rate at different fin diameters were presented in Figure 10a. 

Thermal resistance of the cold plate was calculated by the formula:  

𝑅𝑡ℎ =
𝑇𝑏 − 𝑇𝑖𝑛

𝑄
 

Tb is the base temperature, Tin is the coolant inlet temperature, and Q is the input power dissipated from the 

four cartridge heaters. The fin diameters of 300 microns, 400 microns, and 500 microns were studied. The 

fin pitch was the same as the fin diameters in all designs. With increasing of contact area between the 

coolant and the metal surface, the case of 300 microns pin shows the lowest thermal resistance of 0.064 

K/W at the flow rate 2 L/min. This thermal resistance of 0.064 K/W is pretty good as compared to other 

liquid cooling aluminum heat sinks [27,28]. Li et al. [27] experimentally investigated aluminum foam heat 
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sinks through integrated pin fins with thermal resistance from 0.066 to 0.175 K/W. Chiu et al. [28] studied 

the liquid cooling efficiency of aluminum heat sinks containing micro pin fins with thermal resistance from 

0.28 to 0.75 K/W and pressure drop from 0.7 to 2.8 kPa. It can be seen in Figures 10a and 10b that although 

thermal resistance decreases considerably with decreasing of fin diameter, the pressure drop does not 

change too much when fin diameter reduces from 500 microns to 300 microns. At the same flow rate of 2 

L/min, pressure drops for fin diameter 500 microns and 300 microns are 21.1 and 28.1 kPa, respectively, 

while thermal resistance decreases by 39 % from 0.106 K/W to 0.064 K/W when fin diameter reduces from 

500 microns to 300 microns. 

3D printed heat sinks are very interesting topics for electronics cooling community. With 3D printing, we 

can design, and manufacture complex designs that conventional manufacturing methods cannot obtain. 

Figure 11 shows a complex design with half fat fin 0.4 mm and half small fin (0.3 mm). Figure 12 presents 

the comparison between the thermal performance of different fin geometries: uniform 0.4 mm, uniform 0.3 

mm, and half 0.4 mm + half 0.3 mm. The case of 0.4 mm fin diameter has the highest base temperature 

following by the case of 0.3 mm diameter, and half 0.4 mm + half 0.3 mm. The fin pitch is maintained the 

same as the fin diameter. Therefore, the fin 0.3 mm shows significant higher thermal performance due to 

higher convection area as compared to the case of 0.4 mm fin. The highest thermal performance was 

obtained in the case of half 0.3 mm and half 0.4 mm with more uniform temperature distribution and lower 

base temperature. The higher thermal performance is attributed to the higher convection in the 0.3 mm area 

and more flow rate in the 0.4 mm area. 

  
Figure 10a. Variation of thermal resistance with 

flow rate at different fin diameters 
Figure 10b. Variation of pressure drop through the 
cold plate with flow rate at different fin diameters 
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Figure 11. The design of a complex fin geometry with half fat fin (0.4 mm) and half small fin (0.3 mm) 

 

 
Figure 12. Base temperature map of the complex design of the copper cold plate: Q = 150 W, 2LPM, 

36 oC inlet temperature. From left to right: fin 0.4 mm, fin 0.3 mm, half 0.4 and half 0.3 mm 
 

3.3 Effects of operating parameters 

Effects of operating parameters on thermal performance and pressure drop were also studied in detail. The 

measured cold plate resistance in equation (6) includes the convective resistance, the resistance from the 

conduction at the cold plate base, and the caloric resistance due to flow.  

𝑅𝑡ℎ = 𝑅𝑐𝑜𝑛𝑣𝑒𝑐 + 𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑅𝑐𝑎𝑙𝑜𝑟𝑖𝑐        (6) 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐 =
1

𝐴ℎ𝑠ℎℎ𝑠
                                               (7) 

𝑅𝑐𝑎𝑙𝑜𝑟𝑖𝑐 =
1

𝑚𝑐𝐶𝑝
                                                  (8) 
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𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑡𝑏

𝑘𝐿𝑐ℎ𝑊𝑐ℎ
                                     (9) 

Based on the analysis of these equations (6-9), variation of coolant inlet temperature or flow rate can lead 

to changes of convective resistance 𝑅𝑐𝑜𝑛𝑣𝑒𝑐 and caloric resistance 𝑅𝑐𝑎𝑙𝑜𝑟𝑖𝑐, which contribute to the variation 

in the total resistance 𝑅𝑡ℎ. The flow rate increases from 0.75 L/min to 2 L/min, and the coolant inlet 

temperature varies from 25 to 45 oC at the same chip power of 140 W. It can be seen in Figure 13a that the 

thermal resistance slightly decreases with coolant temperature. The decrease of thermal resistance with 

coolant inlet temperature is attributed to the increase in thermal conductivity and the coolant's specific heat 

with temperature range from room temperature to 100 oC. At the same flow rate of 2 L/min, the thermal 

resistances of the cases Tin = 36 oC and Tin = 40 oC were 0.087 K/W and 0.083 K/W, respectively. Pressure 

drop also decreases slightly with coolant temperature. It is observed in figure 13b that the decrease of 

viscosity with temperature causes a small reduction in pressure drop through the cold plate. At the same 

flow rate of 2 L/min, the pressure drops at Tin = 36 oC and Tin = 40 oC are 24.4 kPa and 23.5 kPa, 

respectively. This reduction in pressure drop can result in lower pumping power and more energy savings. 

Another advantage of higher coolant inlet temperature is the potential for waste heat recovery and energy 

efficiency. The variation of base temperature of the cold plate with flow rate and coolant inlet temperature 

is presented in Figure 14. The base temperature generally increases with coolant inlet temperature. 

Although thermal resistance decreases with coolant temperature, the change in thermal resistance is small. 

The change in coolant inlet temperature is more significant; therefore, the base temperature increases with 

increasing coolant inlet temperature. At the same flow rate of 2 L/min, the base temperature in the cases of 

Tin = 25 oC and Tin = 45 oC were Tb = 39.1 oC and Tb = 58.5 oC, respectively. The higher base temperature 

will lead to higher chip temperature, lower chip performance, and reliability. Therefore, there should be a 

compromise when we increase coolant inlet temperature to have good energy savings at an acceptable chip 

temperature in the data center.  

 
 

Figure 13a. Variation of thermal resistance with 
flow rate at different coolant inlet temperature, 

fin diameter 400 microns 

Figure 13b. Variation of pressure drop through the 
cold plate with flow rate at different coolant inlet 

temperature, fin diameter 400 microns 
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Figure 14. Variation of the base temperature of the cold plate with flow rate at different coolant inlet 

temperature, fin diameter 400 microns 
 

 

3.4 Effects of materials 

Effects of materials on the thermal performance of the cold plate was presented in Figure 15. Copper 

alloy, aluminum alloy, and silver alloy were the materials tested in this study. The thermal properties of 

each material were shown in table 1. It should be noticed that figure 15 presented the data from numerical 

model. Silver and aluminum alloys have lower melting point and more pliable than copper. These properties 

make silver and aluminum alloys more suitable for 3D printing than copper. However, we will manage to 

manufacture the 3D printed cold plate with copper material. It was shown in Figure 15 that the silver alloy 

cold plate has the best thermal performance thanks to the highest thermal conductivity of 423.9 W/mK at 

20 °C. The thermal resistance of silver alloy cold plate can be as low as 0.037 K/W at the flow rate 2 L/min. 

With a thermal conductivity of 380.2 W/mK, the copper alloy cold plate has thermal resistance of 0.038 

K/W at the flow rate 2 L/min. The aluminum alloy cold plate has significantly lower thermal performance 

than the copper and silver cold plate. With the thermal conductivity of 140 W/mK at 20 °C, the aluminum 

alloy cold plate has the thermal resistance of 0.068 K/W at the flow rate 2 L/min. 

Table 1. Thermal properties of the materials used for the 3D printed cold plate. 

Reference 
temperature (°C) Material 

Thermal 
Conductivity 

(W/mK) 

Melting point 
(°C) Density (g/cm3) 

20 Cu alloy 380.2 1095 8.89 
20 AlSi10Mg 140 660.3 2.7 
20 Ag alloy 423.9 970 10.5 
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Figure 15. Effects of material on the thermal performance of the 3D printed cold plate. Copper, silver, 
and aluminum alloys were the materials studied in this work. 

 

 

3.5 Junction Temperature 

The Figure 16 shows junction temperature variation with flow rate when fin diameter increased from 300 

microns to 500 microns and input power was maintained at 350 W. The maximum acceptable junction 

temperature of the CPU is 85 oC before thermal throttling occurs [35]. Tjunc max is the maximum 

temperature that a processor will allow prior to using internal thermal control mechanisms to reduce power 

and limit temperature. It can be observed in Figure 16 that the junction temperature was well below 85 oC 

at most of the points. Only in the case of fin diameter 500 microns, the junction temperature was 91.9 oC at 

a low flow rate of 0.75 L/min then reduced significantly with coolant flow rate until it reached 75.6 oC at 

flow rate 2 L/min. In the case of fin diameter 300 micron and flow rate 2 L/min, the junction temperature 

was 63.2 oC when input power 350 W was applied. Since the junction temperature is well below maximum 

value 85 oC, much higher input power for the case of 300 micro diameters + 2 L/min can be dissipated at 

an acceptable junction temperature. Figure 17 shows how the junction temperature was obtained in the 

current work. Three thermocouples T1, T2, T3 were inserted to the copper block to measure heat flux through 

the copper top surface using Fourier law of heat conduction. Tjunc is the temperature obtained at the top 

surface of the copper block and calculated by using Fourier law to extrapolate from the thermocouple 

temperature T1. The junction temperature can be calculated by the equation: 𝑇𝑗𝑢𝑛𝑐 = 𝑇1 −
𝑄𝛥𝑥

𝑘𝐴
 . Where Q 

is the heat input, Δx is the distance between the thermocouple T1 and the mock chip surface Tjunc, k is 

the thermal conductivity of copper, and A is the chip surface area. 
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Figure 16. Variation of junction temperature with flow rate at different fin diameters, Tin =25 oC, input 

power 350 W 
 

 

Figure 17. Schematic diagram showing copper block, cartridge heaters, and thermocouples 
 

3.6 Comparison with state-of-the-art designs. 

Table 2 compares thermal resistance and pressure drop of the copper alloy cold plate in the current study 
with the state-of-the-art studies. The CoolIT cold plate [34] has the lowest thermal resistance of 0.031 K/W. 
Another study from CoolIT [32] has thermal resistance of 0.051 K/W. A slightly higher thermal resistance 
of 0.053 K/W was obtained by Baidu [33]. The current study has thermal resistance of 0.048 K/W for 
copper alloy, which is pretty good as compared to the state-of-the-art works. 

Table 2. Comparison of different copper alloy cold plates in industry at the same coolant flow rate 1 L/min. 

Author Rth (K/W) ∆𝑃 (𝑘𝑃𝑎) Fin Geometry Manifold 
Geometry 

Wagner [32] (CoolIT) 0.051 -- microchannel Impingement 

Gao [33] (Baidu) 0.053 -- microchannel Side in - side 
out 

Ramakrishnan [34] 
(CoolIT) 0.031 8.54 microchannel Impingement 

Current Study 0.048 8.14 pin fins Impingement 
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4. Conclusion 

In this study, an impingement 3D-printed micro pin-fin cold plate was designed and experimentally 

characterized. In addition, a numerical model was developed and validated using the experimental data. 

The sophisticated test setup was built to observe the performance of a novel cold plate using water as the 

working fluid under various operating and geometry conditions like flow rate, water inlet temperature, input 

power to the dies, pin fin diameter. Thanks to lower melting point, aluminum is an appropriate material 

used for the 3D printed cold plate. A minimum thermal resistance of 0.067 K/W was obtained for the case 

of aluminum cold plate at flow rate 2 L/min. The effects of material on the thermal performance of the cold 

plate was also studied in detail. Due to high thermal conductivity, the silver cold plate shows the best 

thermal performance with thermal resistance of 0.036 K/W following by copper cold plate (0.037 K/W) 

and aluminum cold plate at the same operating conditions of inlet temperature and flow rate. The additive 

manufacturing process successfully machined a fin diameter as small as 0.3 mm and could have been 

smaller if considering the best tips for 3D printing small objects.  

The results in this paper reveal that when the 3D-printed cold plates are properly designed, they can 

support high heat flux in heterogeneous integration and enhance the energy efficiency of the HPC rack-

level cooling system. The cold plates can be put together in series and parallel for operation in the rack 

level system. Due to the fact that, additive manufacturing gives developers maximum geometric design 

freedom, and complexity only plays a minor role in the production costs, future studies are planned to 

optimize the cold plate with a higher level of geometry complexity.  
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