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ABSTRACT: A water-cooled cold plate which is capable of dissipating up to 320 W of heat while 
maintaining the surface temperature below 33°C has been successfully fabricated by selective laser 
melting (SLM) using aluminium alloy, AlSi10Mg, as the base powder due to its high thermal 
conductivity to specific volume ratio. The cold plate was designed with non-uniform flow channel 
sizes and cylindrical pillars which served to improve the fluid distribution for enhanced heat transfer. 
Due consideration was given to prevent warpage, collapse of overhung features and removal of 
internal support structures in the cold plate design. It was demonstrated that SLM can be used to 
fabricate a cold plate with well-formed internal flow channels and the cold plate design was able to 
achieve a relatively uniform surface temperature when subjected to heating by a concentric heat 
source. 
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Introduction 

Cooling of high heat flux electronic components using liquid-cooled cold plates is a viable thermal 
management solution which has been widely employed in commercial and military equipment. 
Conventional formed-tube cold plates [as shown in Fig. 1 (a)] often consist of (1) circular tubes as 
the fluid flow channels and (2) mounting plates as the heat spreader and for mounting of the heat 
sources. The tubes are often joined to the mounting plate by soldering or by bonding with thermal 
epoxy. Due to the nature of these joining methods, there are thermal contact resistances between the 
coolant channels and the mounting plates which resulted in reduced thermal performance. In 
addition, as the coolant temperature increases downstream of the flow channel, the local heat 
dissipation rate also decreases. This causes highly non-uniform component temperatures and results 
in undesirable localised hotspots.  

Several cold plates with new designs have been developed with improved thermal performances. 
For instance, the deep drilled cold plate (DDCP), as shown in Fig. 1 (b), consists of flow channels 
which are created by directly drilling into the plane of the mounting plate where the fluid flow paths 
are configured by end caps or plugs. The DDCP design eliminates thermal contact resistances 
between the flow channels and mounting plate, which is the main advantage over formed-tube cold 
plates. However, as the fabrication of flow channels are often carried out using conventional 
mechanical drilling, relatively limited flow channels configurations can be produced. To further 
improve the cold plate thermal performance, finned structures are introduced. The presence of finned 
structures increases the heat transfer surface area and lengthens the fluid flow paths within the cold 
plates. An example of a cold plate with pin fin array is shown in Fig. 1 (c), where pin fins of uniform 
sizes are designed into the cold plate flow channel. One limitation of such a design is that it is 
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impossible to machine the fins internally. Thus, the fins are typically machined on two open half-
sections and sealed subsequently. This may lead to possible leakages if the sealing is not proper. 
 

 
(a) 

 
 

(b) 

 
(c)

Fig. 1 Images of (a) Conventional formed-tube cold plate [1], (b) deep drilled cold plate [2] and (c) 
cold plate with pin fin array [3]. 

 
From the above brief review, it can be seen that existing cold plates are often conformed to uniform 
flow channel designs whereas cold plates with customised flow channels to dissipate high heat flux 
at localised regions and to maintain a uniform component temperature are rare. This is likely because 
conventional manufacturing techniques such as cutting, drilling, casting or moulding are often used 
to fabricate these products, which makes customising very costly and time consuming. However, 
these drawbacks can be overcome by the advancements in Selective Laser Melting (SLM) technique. 
SLM is a branch of additive manufacturing technique which uses a high-power laser to melt and 
fuse the metallic base powder. By melting consecutive layers over each other, complex three-
dimensional components which are more than 99% dense can be produced. Due to its ability to 
produce metallic component of high thermal conductivity such as aluminium alloy (AlSi10Mg), this 
fabrication technique has been used to produce heat transfer devices with new designs such as heat 
sinks with airfoil geometry [4, 5], lattice structures [6, 7] and microstructured surfaces [8]. In this 
investigation, SLM is used to fabricate a cold plate with a customised flow channel design with the 
aim of dissipating a concentric heat source of 320 W. The design strives to improve the coolant flow 
distribution so as to achieve a uniform surface temperature. At the same time, the design 
considerations which lead to the successful fabrication of cold plates with internal flow channels 
and overhang structures are also reported.  
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Cold plate design 
 
The function of the cold plate in this investigation is to dissipate heat from a concentric heat source. 
As shown schematically in Fig. 2 (a), the heat source has an internal diameter of 114 mm and an 
external diameter 186 mm. The heat source has a total heat rate of 320 W and is installed onto a 
copper heat spreader. The heat source and heat spreader are then mounted to the cold plate top 
surface. In order to dissipate heat from the heat source, water with an inlet temperature of 20°C and 
flow rate of 3.5 L/min is allowed to flow through the internal flow channels of the cold plate. Finally, 
the water inlet and outlet should be located as shown in Fig. 2 (a) and cold plate bulk dimensions 
should not exceed 230 mm × 230 mm × 17 mm. 
 
Based on the above heating configuration and constraints, the flow channels of the cold plate that 
were designed to meet the heat rejection capacity is shown in Fig. 2 (b). In this figure, the grey 
coloured region denotes the flow channel walls whereas the region highlighted in blue depicts the 
fluid flow paths. It should be noted that the flow channel design was developed following several 
iterative studies using computational fluid dynamics (CFD) simulation to improve the fluid 
distribution through the cold plate. For instance, it can be seen from Fig. 2 (b) that the width of the 
flow channels near to the water inlet and outlet are significantly smaller as compared to the width of 
the flow channels further away. This design serves to distribute the fluid to flow channels further 
away from the inlet/outlet ports by increasing the flow resistance near the inlet/outlet ports with flow 
channels of smaller width.  In addition, since the water is being heated as it flows downstream of 
the inlet port, this design also allows sufficient fluid flow to the flow channels further away from 
the inlet port to prevent the occurrence of localised hotspots. Finally, it should also be noted that 
cylindrical pillars are located along the sides of the cold plate. These cylindrical pillars are used as 
permanent supports for the cold plate top surface and are also employed as conductive fins to 
improve the heat transfer performance of the cold plate.   
 

(a) (b)
Fig. 2 (a) Schematic of cold plate heating configuration and (b) schematic of cold plate design. 
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Cold plate fabrication 
 
The cold plate was fabricated using the SLM technique. The machine used is SLM250HL (SLM 
Solutions GmbH), which is housed in the Future of Manufacturing Laboratory 1 of Singapore Centre 
for 3D Printing (SC3DP), Nanyang Technological University. The machine uses a Gaussian 
Yb:YAG fiber laser with a spot size diameter of 80 m and maximum power of 400 W. The machine 
allows a maximum build area of 250 mm × 250 mm.  
 
One major consideration of fabricating the cold plate is the internal channels where overhangs are 
present. Support structures are typically used to prevent warpage and collapse of overhang features. 
However, it would be very challenging to remove any internal support structure manually due to the 
narrow space and complex geometry involved. Prior fabrication experiences showed that overhang 
features of more than 6 mm usually resulted in the collapse of overhang structures. Due to the flow 
requirement, some of the internal channels require width of more than 6 mm, thus a fillet is applied 
to the top of the channels, as shown in Fig. 3 (a). These fillets allow gradual formation of the 
overhang feature without significantly reducing the overall channel cross-sectional areas. For the 
main entrance and exit distribution channels, the width needs to be up to 20 mm in order to 
accommodate larger volume of liquid flow. Pillars with filleted top section were applied to reduce 
the overhang feature and yet maintain a large cross-sectional area, as shown in Fig. 3 (b).   
  

(a) (b) 

Fig. 3 (a) Fillet applied to top of channel where length of more than 6 mm is required and (b) 
filleted pillar to support main distribution channel. 

 
During the building process, the chamber was flushed with Argon gas to maintain an oxygen level 
of less than 0.2% to avoid oxidation. Powders of AlSi10Mg, with a distribution size of 20 m to 63 

m, were used. AlSi10Mg is a common material used for SLM and it has high thermal conductivity 
of up to 170 W/m.K, which is suitable for heat transfer applications. The laser parameters used for 
fabrication are shown in Table 1. As the cold plate covers a large surface area, the chessboard 
scanning strategy was used to minimise warpage. The chessboard scanning strategy is shown in Fig. 
4 (a), where alternating boxes were scanned for each layer. The completed cold plate is shown in 
Fig. 4 (b). 
 

Table 1 Laser parameter used for SLM fabrication 
Layer thickness 0.05 mm 
Hatch distance 0.17 mm 
Laser power 350 W 
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Laser speed 1150 mm/s
Laser scanning strategy Chessboard 
Laser rotation after each layer 79 degree 

 

(a) (b) 
Fig. 4 (a) Fabrication process of cold plate in SLM250 HL and (b) fabricated cold plate 

 
Post-processing of the cold plate was proceeded by evacuating the powder contained within the cold 
plate channels. After removing the support structures at the entrance and exit, the powder could be 
poured out. Further evacuation was done by subjecting the internal channels with air gun and water 
flushing. In order to check for blockages in the flow channels, a preliminary computerised axial 
tomography (CAT) scan was performed on the cold plate. The CAT scan facility at SIMTech@NTU 
was used. From Fig. 5, the dark portions of the image are the flow channel walls whereas the light 
portions are the channels through which the liquid flows. No obvious blockage of the flow channels 
is observed. It was thus demonstrated that the strategy of applying fillets to the top of overhang 
features allows fabrication using SLM without internal support structures. 
 

 
Fig. 5 CT scan of cold plate showing well-formed internal channels with no blockage. 
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Experimental results 
 
The test facility used for the experimental investigation of the cold plate thermal performances is 
shown in Fig. 6. It is a closed loop system consisting of a 250 mm × 250 mm × 250 mm water tank, 
a variable speed gear pump and a piping circuit. The water tank has an in-built heat exchanger coil 
which was connected to a chiller. The chiller circulated chilled ethylene glycol-water mixture 
through the heat exchanger coil which in turn maintains the water temperature in the tank at 20°C. 
A gear pump was used to deliver the required water flow rate of 3.5 L/min. Two resistance 
temperature detectors (RTDs), located at 200 mm upstream and downstream of the cold plate, were 
used to measure the cold plate water inlet (Tin) and outlet (Tout) temperatures. A turbine flowmeter 
was installed after the pump to obtain the water flow rate (V). An image of the heat source and heat 
spreader employed is shown in Fig. 7 (a) and the location of the thermocouples used to measure the 
cold plate surface temperature is shown in Fig. 7 (b). A total of six K-type thermocouples (T1 – T6) 
are used. The experiments were conducted by turning the pump to the required flow rate of 3.5 L/min 
and the power supply to the heating elements was tuned to supply sufficient heat rate. Subsequently, 
the system was allowed to stablise for about 10 to 20 minutes and steady state condition was 
considered to be achieved when the temperature readings from the RTDs and thermocouples did not 
fluctuate by not more than ± 0.1°C for approximately 1 minute. After steady state was achieved the 
data were recorded using the data acquisition unit at the sampling rate of 2 Hz for 1 minute. The 
RTDs have an accuracy of ± 0.1°C whereas the thermocouples were calibrated to ± 0.5°C accuracy 
for the range of temperatures measured. The flow meter has an accuracy of ± 0.5% of its full-scale 
value. 

Fig. 6 Schematic of experimental setup. 
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(a) 

 
(b)

Fig. 7 (a) Image of heat source and heat spreader and (b) location of thermocouples. 
 

The experimental results of the cold plate surface temperatures (T1 – T6) are shown in Fig. 8. It can 
be seen that a relatively uniform surface temperature is achieved. Low surface temperatures of 
29.8°C and 29.5°C were recorded at locations T1 and T4, respectively whereas the highest surface 
temperature of 32.7°C was obtained at location T6. The average surface temperature calculated based 
on the six measurement points was 30.8°C and the difference between the highest and the lowest 
temperature is approximately 3.2°C. 
 

Fig. 8 Thermal performance of SLM fabricated cold plate. 
 
Conclusions 
 
In this paper, a customised cold plate which was designed to dissipate heat from a concentric heat 
source was fabricated by SLM. The cold plate was designed with non-uniform flow channel sizes 
and cylindrical pillars to improve the fluid distribution for enhanced heat transfer. The use of fillets 
for overhang features of more than 6 mm was an effective method to prevent the collapse of the 
overhang features during the fabrication process. The CAT scan results of the fabricated cold plate 
showed that the internal flow channels were well-formed with no blockages. Experiments of the 
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SLM fabricated cold plate demonstrated that the cold plate was capable of dissipating up to 320 W 
of heat rate while maintaining the surface temperature below 33°C. In addition, a relatively uniform 
surface temperature over the entire cold plate was also achieved.  
 
 
ACKNOWLEDGEMENTS 
 
The authors would like to acknowledge the help of Dr Jinlong Xie and Dr Malcolm Andrew 
Alexander for performing the numerical simulation and CAT scanning of the cold plate, 
respectively. This research is supported by the National Research Foundation, Prime Minister’s 
Office, Singapore under its Medium-Sized Centre funding scheme. 
 
REFERENCES 
 

[1] Series CP12G01 tubed cold plate product information, 
http://www.lytrondirect.com/cp12g01-tubed-cold-plate/cp12g01, LYTRON® Direct Total 
Thermal SolutionsTM Inc. 

[2] Kandlikar, S.G., Hayner II, C.N., Liquid cooled cold plates for industrial high-power 
electronic devices- thermal design and manufacturing considerations, Heat Transfer 
Engineering, Vol. 30, pp. 918-930 (2009). 

[3] Liquid-cooled plates suit PCs, IGBTs, 
http://www.electronicproducts.com/Passive_Components/Liquid-
cooled_plates_suit_PCs_IGBTs.aspx, Electronic Products, 07 January 2006. 

[4] Wong, K.K., Ho, J.Y., Leong, K.C., Wong, T.N., Fabrication of heat sinks by selective laser 
melting for convective heat transfer applications, Virtual and Physical Prototyping, Vol. 113, 
pp. 159-165 (2016). 

[5] Ho, J.Y., Wong, K.K., Leong, K.C., Wong, T.N., Convective heat transfer performance of 
airfoil heat sinks fabricated by selective laser melting, International Journal of Thermal 
Sciences, Vol. 114, pp. 213-228 (2017). 

[6] Ho, J.Y., Leong, K.C., Cylindrical porous inserts for enhancing the thermal and hydraulic 
performance of water-cooled cold plate, Applied Thermal Engineering, Vol. 121, pp. 863-
878 (2017). 

[7] Wong, K.K., Leong, K.C., Saturated pool boiling enhancement using porous lattice structures 
produced by selective laser melting, International Journal of Heat and Mass Transfer, Vol. 
121, pp. 46-63 (2018). 

[8] Ho, J.Y., Wong, K.K., Leong, K.C., Saturated pool boiling of FC-72 from enhanced surfaces 
produced by selective laser melting, International Journal of Heat and Mass Transfer, Vol. 
99, pp. 107-121 (2016). 

Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

108


