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Abstract- Increasing heat removal rate is essential prerequisite for the development of next-generation microelectronic 
devices. Pool boiling is a process by which heat is removed by upon vaporization of a coolant fluid upon an immersed 
heated surface often finding application to cooling high-performance computing systems. Increasing the surface-to-volume 
ratio in confined spaces is required to improve this cooling method. Herein we introduce textured copper pillars with varied 
geometric arrangements and study their effects on pool boiling performance. Frustum-pyramid pillars were formed by 
supersonic spraying of copper micro-particles through a wire mesh to form pillars of various sizes. We identified the optimal 
pool boiling scenario corresponding to the maximum cross-flow coolant velocity over the pyramids. Maximum bubble 
nucleation was achieved for a specific geometric arrangement. Such a geometric design can be installed in heat-pipe cooling 
systems to cool electronic devices. 
 
Index Terms- Supersonic Spraying, Copper Nanoparticles, Pool Boiling, Superheat Temperature, Critical Heat Flux. 
 
I. INTRODUCTION 
 
Server computing is an evolving technology that 
facilitates mobile Internet devices and provides 
entertainment, information, and location-based 
services in real time. Most server computing 
infrastructures offer services delivered through server 
clusters housed in data centers, which deploy 
computing hardware comprising high-density chips 
and high-throughput communication technologies 
that run software products specifically designed for 
the delivery of cloud services. The underlying market 
trend for data centers is to miniaturize servers while 
increasing the functionality of each unit. The 
commensurate increase in heat flux poses enormous 
challenges to traditional thermal management using 
forced-air convection through finned heat sinks.[1-4] 
This is becoming problematic because the power 
consumption for computer room air conditioning now 
accounts for about 30% of the energy consumption of 
a data center.[5-7] 
 
The heat transfer of the immersion cooling depends 
mainly on pool boiling and then the most important 
key in the pool boiling is how to rise up the heat 

transfer characteristics: critical heat flux (CHF) and 
heat transfer coefficient (HTC). Many literature 
reports in this field discuss the effects of nano-scale 
surface enhancements based upon the CHF and HTC 
of the pool boiling. In previous studies from this 
group, several nano-texturing methods were newly 
explored and then we reason out that the CHF and 
HTC enhancements are closely related to the 
separation of liquid and vapor path in order to 
provide the liquid sufficiently to heated surface.[8, 9] 
This paper presents a new nano-texturing structure 
based on separation of liquid and vapor path. As for 
the immersion cooling design condition and 
configurations, the new structure is discussed to 
realize commercially viable versions from a 
manufacturing viewpoint. 
 
II. EXPERIMENTAL METHODS AND 
CHARACTERIZATION 
 
Supersonic cold spraying was used to uniformly 
pattern the substrate with frustum-pyramidal pillars. 
The supersonic cold spray set up and mechanisms are 
described in detail elsewhere.[10]

 

 
Figure 1. Schematic of the manufacturing process for the frustum-pyramid pillars on the Cu substrate by supersonic cold spraying. 

Photographs and cross-sectional SEM images for pyramidal base lengths of D = 0.8, 0.91, 1.18, and 1.62 mm.
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Figure 1 illustrates the coating process. The metal 
mesh consists of round wires (d = 0.4 mm) forming a 
50 × 50 mm2 mesh mask. Supersonic spraying was 
implemented using a compressor pressure of 6 bar at 
320°C. The distance between the nozzle and substrate 
was 55 mm. Cu particles were supplied through a 
powder feeder at a volumetric flowrate of 25 L/min to 
coat the substrate. The nozzle was fixed while the 
substrate was maneuvered at a speed of 35 mm/s. 
 
The morphology as various mesh mask was shown in 
the SEM images. In the cross-sectional SEM images, 
the pillar structure was formed as like semi-pyramidal 
because the recirculation zone forming at edge of 
mask hindered depositing Cu particles at boundary 
between the mask and substrate. Therefore, Cu 
particles were sprayed in the center gradually and the 
pillar was shaped in the semi-pyramid 
 
III. DATA VALIDATION 
 
Heat flux from the sample to the coolant was derived 
as measuring the heat flux in the aluminum rod (kAl = 
210 W·m−1·K−1) by the Fourier’s Law (one-
dimensional and steady state): 

 
 
where ∆xg and ∆xw were the thickness of the thermal 
grease layer and the distance between x1 and the 
surface of a substrate and kg and kCu were the thermal 
conductivity of the thermal grease and the Cu 
substrate (kCu = 401 W·m−1·K−1), respectively. Finally, 
the effective heat transfer coefficient heff was 
estimated by Newton’s law of cooling as heff = qʺt 

/∆Tsat , which ∆Tsat is the superheat was estimated as 
∆Tsat = Tw – Tf, where Tf was the boiling temperature 
of the coolant. 
 
In this study, the semi-pyramidal pillars were 
arranged uniformly and the fin efficiency of a single 
pillar (ηsp) can be described as following : 
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However, ηsp defining the performance of a single 
pillar cannot explain in overall surface, therefore, the 
trend can be understood by ηt which indicating the 
feature of the pillar-attached surface and the 
arrangement of pillars. 
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IV. POOL BOILING HEAT TRANSFER 
ANALYSIS 
 
The following figures show the relation of qʺt versus 
∆Tsat and heff versus qʺt for the uncoated and patterned 
surfaces. CHF for the uncoated substrate was 94.5 
kWm−2 and increased for all patterned surfaces with a 
maximum value of 148 kWm−2 for case 2 (D=0.9 
mm). CHF increased with increasing D up to 0.9 mm, 
but is significantly decreased for D=1.62 mm to 126 
kWm−2. Similar to the trend in CHF, heff varied as 
shown in right figure. With decreasing ∆Tsat, curve 
slopes increased yielding a maximum of 10.9 
kWm−2K−1 at D = 0.9 mm. Clearly, CHF and heff are 
sensitive to D; heat transfer depends on pillar 
geometry.

 

 
Figure 2. qʺt versus ∆Tsat and (c) heff versus qʺt for cases 1 to 4. 

 
As shown in above figures, boiling heat transfer (BHT) varies as a function of D. Assuming single-phase 
convective heat transfer, heat transfer from the patterned surfaces can be estimated assuming a fin effect. In this 
study, the frustum-pyramid pillars were arranged uniformly so that the fin efficiency of a single pillar can be 
described as Eq.[2]. However, single-fin efficiency is not the best metric for assessing overall cooling 
performance. Instead, total efficiency, ηt, includes the effects of pillar arrangement. 
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Figure 3. Single-fin and total efficiencies as functions of D and Capillary heights and comparison between the experiment and 

theoretical θ of the coolant due to capillary effects. 
 

In addition, bubble formation was different for each 
case. At ∆Tsat = 7ºC (first row of the following figure), 
bubble sizes when D = 0.91 mm were slightly bigger 
than for both the uncoated case. More bubbles were 
also generated when D = 0.91 mm. Upon increasing 

∆Tsat, bubble formation when D = 0.91 mm further 
distinguished itself from the other cases because more 
coolant circulated when D = 0.91 mm. 
 

 

 
Figure 4. Snapshots of pool boiling for the uncoated case and when D = 0.91 mm. 

 
CONCLUSIONS 
 
In this study, a new nano-texturing to manufacture 
copper frustum pyramids was applied as 
commercially viable structures for pool-boiling 
enhancement. Using metal-mesh masks, various 
configurations of copper frustum pyramids were 
manufactured. Pool-boiling characteristics for 
surfaces coated with copper frustum pyramids were 
studied and the optimal mesh size (D = 0.91 mm) was 
identified after comparing all heff and CHF values. 
Maximum bubble formation was observed at this 
optimal value of D. The total heat-transfer efficiency 
considered the effects of overall pillar arrangement. 
Therefore, we conclude that geometric arrangement 
plays an important role in overall pool-boiling 
performance and geometric parameters should be 
carefully designed to optimize pool-boiling 
performance. 
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