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ABSTRACT: Fractal design flow channels provide better flow stability and heat dissipation 
capacity than conventional parallel channel flow channels under flow boiling conditions although 
they are difficult to fabricate. The Selective Laser Melting (SLM) technique is selected to explore 
the feasibility of fabricating minichannel fractal flow channels with four various branch levels,
denoted as c = 1, 2, 3, 4, using AlSi10Mg, an aluminium alloy metallic powder. The largest 
inaccuracy of the flow channel diameters was found to be 1.6%. The flow boiling heat transfer 
performance was also investigated at a mass flux of 900 kg/m² s and was found that c = 2 has the 
highest heat transfer coefficient, being 3.5%, 0.9% and 5.8% higher than c = 1, c = 3 and c = 4.
Preliminary studies shown that the higher flow channel designs experienced dryout at lower heat 
supplied, which hinders heat transfer performance. This trend may show that higher branch levels 
may not necessarily lead to better thermal performance. 

KEYWORDS: Flow boiling, fractal, flow channel, Selective Laser Melting, Additive 
manufacturing

INTRODUCTION 

Advances in more powerful electronic devices have placed larger demands on more efficient 
thermal management techniques. The high heat flux emitted from these devices renders single-
phase cooling schemes inadequate (Mudawar, 2013). Two-phase cooling schemes therefore 
become a more appealing solution to manage thermal dissipation as it taps on both sensible and 
latent heat of the coolant to absorb huge amounts of heat while maintaining a low temperature on 
the surfaces. Flow boiling is one of the two-phase heat transfer phenomenon which uses an 
external source such as a pump to drive coolant across a heated surface. It has been used often in 
parallel mini and micro channels even though it experiences issues such as reversed flow during 
vapour expansion (Kandlikar et al., 2001). 

Fractal design flow channels have been developed in recent years to tackle the issues faced in 
parallel flow channels. Such designs minimise reversed flows (Cullion et al. 2007) and have been 
found to result in higher coefficient of performance than conventional parallel flow channels 
(Zhang et al. 2011). However, the complexities of a fractal flow channel design necessitate the use 
of various advanced manufacturing techniques. 
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However, complex structures for heat transfer applications have been successfully fabricated by 
Selective Laser Melting (SLM). Ho and Leong (2017) fabricated novel cylindrical porous inserts 
within a water-cooled cold plate. Wong and Leong (2018) have also fabricated octet-truss porous 
lattice structures for pool boiling using the same fabrication technique. These successfully 
fabricated complex structures led to the exploration of using SLM to develop various minichannel 
fractal flow channel designs for experimental investigations into their thermal performance under 
flow boiling conditions. 
 
DESIGN 
 
Four fractal design flow channels are chosen to be fabricated as shown in Figure 1. Each flow 
channel has a different branch level, denoted as c, that follows a length and diameter ratio as 
shown. 
 
li
li
= 0.5 (1) 

di
di

= 2-3/7 (2) 
 

    
 (a) (b) (c) (d) 
 
Figure 1. Fractal flow channels fabricated by SLM. (a) c = 1, (b) c = 2, (c) c = 3 and (d) c = 4. 
 
The fractal designs are set to the same volume with a difference of ±1%. The initial and final 
dimensions of each flow channel are shown in Table 1. 
 
Table 1. Initial and final length and diameter for the various fractal flow channel designs. 

Fractal flow 
channel 

Initial length 
[mm] 

Initial diameter 
[mm] 

Final length 
[mm] 

Final diameter 
[mm] 

c = 1 54.80 4.65 27.40 3.45 
c = 2 47.40 4.60 11.85 2.54 
c = 3 44.40 4.55 5.55 1.87 
c = 4 43.00 4.50 2.69 1.37 

 
Design Parameters 
The SLM 250 HL (SLM Solutions GmbH) 3-D printer in the Future of Manufacturing Laboratory 
1, Singapore Centre for 3D Printing (SC3DP) at NTU was employed to fabricate the fractal flow 
channels. An aluminium alloy powder, AlSi10Mg was used as it has a high thermal conductivity 
of 130 W/m K that could be used for heat transfer applications (Wong et al. 2007). The powder 
has a distribution of 20 m to 63 m. The parameters used are stated in Table 2. 
 
Table 2. Parameters used in the SLM 
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Laser power 350 W Hatching spacing 0.17 mm 
Laser spot size 80 m Layer thickness 50 m 
Scanning speed 550 mm/s   
Accuracy 
The accuracy of the printing of the fractal flow channels was determined by using a OLYMPUS 
SZX7 microscope coupled with a OLYMPUS SC30 digital camera to measure the diameters. Each 
channel was measured three times and an average was taken. The averaged value was then 
compared with the dimensions based on the CAD drawing.  
 
Table 3 shows the highest percentage errors for all fractal flow channel designs. All fractal flow 
channel diameters have an error of less than 1%, except for c = 4, with maximum inaccuracy of 
1.6% on the third level. Such accuracy is satisfactory, especially when the change of diameters is 
one of the key features of a fractal flow channel. Concluding, SLM may be a potential additive 
manufacturing method to fabricate minichannels for heat transfer applications. Further 
investigations are required to determine the feasibility of fabricating microchannels. 
 
Table 3. Highest percentage error of the diameters for each fractal flow channel design. 

Fractal flow channel Level where highest error occurred Highest % error 
c = 1 0 -0.2 
c = 2 0 -0.7 
c = 3 0 -0.5 
c = 4 3 1.6 

 
EXPERIMENTAL SETUP 
 
The schematic of the experimental setup is shown in Figure 2.  
 

 
Figure 2. Schematic of the experimental setup 
 
A reservoir holds the coolant, FC-72, to be heated, and a “Cole-Parmer” micropump provides flow 
for the coolant. A pre-heater further heats up the coolant to the saturated temperature before 
entering the test section where the flow boiling occurs. The two-phase coolant returns to a water-
cooled condenser to be cooled back to a single liquid phase. Three RTD thermocouples are 
attached before the pre-heater, at the inlet and outlet of the test section to monitor the temperatures 
of the coolant. Six K-type thermocouples are attached underneath the test section to determine the 
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average temperature of the flow channel. Two “OMEGA” PX409 absolute pressure transducers 
are used to measure the pressures at the inlet and outlet of the test section and a “OMEGA” PX409 
wet/wet differential pressure transducer measures the pressure drop across each fractal flow 
channel. A “McMillan Co.” Model 112 flow sensor is attached after a micropump to measure the 
flow rate, with its range between 13 mL/min and 10 L/min. 
 
Data Reduction and Uncertainty 
The heat transfer rate loss from the flow channel is determined by the difference between heat 
supplied and the actual amount of heat transferred to the coolant at single-phase. 
 
QL= Qin mcp Tout - Tin  (3) 
Qin= I×V (4) 
 
The heat loss for all fractal flow channels is found to be 22% of the total heat supplied.  
 
The mass flux is determined based on the inlet cross-sectional area of each fractal flow channel. 
 
G = m

Ain
 (5) 

 
The two-phase heat transfer rate to the fractal flow channel is determined by the difference 
between the heat supplied and the heat loss. 
 
QTP= Qin QL (6) 
 
The average temperature of the fractal flow channel is determined by  
 
TFC,m=

tkTC+tTCkAl
kAlkTC

QTP+Tm (7) 

FC=
TFC,1+TFC,2+TFC,3+TFC,4+TFC,5+TFC,6

6
 (8) 

 
where m = 1, 2, …, 6.  
 
The heat transfer coefficient of the fractal flow channels is therefore determined by the Newton’s 
Law of Cooling 
 
h= QTP

As TFC Tsat
 (9) 

 
where As is the total surface area of each fractal flow channel, and the difference of temperature in 
the denominator is denoted as the wall superheat. 
 
Adapting the method used by Moffat (1985), the heat transfer coefficient uncertainty was 
determined to be an average of ±3.7%, with a maximum uncertainty of 10.6%. 
 
RESULTS AND DISCUSSION 
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The two-phase heat transfer coefficient and pressure drop of the various fractal flow channels 
under a mass flux of 900 kg/m² s are shown in Figure 3. 
 

  
 (a) (b) 

Figure 3. (a) Two-phase heat transfer coefficient and (b) pressure drop of various fractal flow 
channels under mass flux of 900 kg/m² s. 
 
The heat transfer coefficient of all fractal flow channels is comparable with each other, with c = 2 
achieving the highest value, being 3.5%, 0.9% and 5.8% higher than c = 1, c = 3 and c = 4 
respectively. While the results show modest improvement over each other, the trend is similar to 
what was reported by Dauguenet-Frick et al. (2010), who showed that higher fractal branching 
level may not necessarily improve heat transfer performance. Preliminary studies suggest that this 
phenomenon may have been caused by the earlier dryout of FC-72 at the flow channels with the 
higher branch level due to the increased surface area, which therefore hinder their performance. 
This early dryout may have also caused flow channels with higher branch level to have the 
pressure drop increased at a greater rate. The pressure drop in c = 4 is the highest among other 
flow channels, with an average of 101.2%, 47.8% and 34.6% higher than c = 1, c = 2 and c =3 
respectively. Further optimisation of the flow channels in their length and diameter ratios is 
necessary to enhance the heat transfer performance, especially in the higher branch level fractal 
flow channels. 
 
 
CONCLUSIONS  
 
The conclusions from the paper are as follows: 
 

1) Four fractal flow channels were fabricated with SLM with the largest inaccuracy of 1.6%. 
2) The heat transfer coefficient of the four fractal flow channels was investigated under flow 

boiling conditions. It can be concluded that c = 2 has the highest heat transfer coefficient. 
 

Future work of this would include the feasibility of fabricating such fractal flow channels in a 
microscale, and a more comprehensive parametric study to characterise additive manufactured 
fractal flow channels, both in the mini and microscale. 
 

0

2000

4000

6000

8000

10000

12000

0 20 40 60 80

H
ea

t T
ra

ns
fe

r C
oe

ff 
(W

/m
²K

) 

Wall Superheat (ºC) 

c=1
c=2
c=3
c=4

0
10000
20000
30000
40000
50000
60000
70000
80000

0 200 400 600
Pr

es
su

re
 D

ro
p 

(P
a)

 
Heat Input (W) 

c=1
c=2
c=3
c=4

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

671



NOMENCLATURE 
Ain [m²] Inlet cross-sectional area Qin [W] Heat supplied 
As [m²] Surface area of channels QL [W] Heat loss 
cp [J/kg K] Specific heat QTP [W] Two-phase heat transfer rate 
di [mm] Diameter of branch level 

i 
FC [ C] Average temperature of flow 

channel 
G [kg/m² s] Mass flux TFC,m [ C] Temperature of flow channel 

at position m 
h [W/m² K] Heat transfer coefficient Tm [ C] Temperature of test section 

at position m 
I [A] Electrical Current Tsat [ C] Saturated temperature 
kAl [W/m K] Thermal conductivity of 

aluminium base 
tTC [m] Thickness of thermal 

compound 
kTC [W/m K] Thermal conductivity of 

thermal compound 
t [m] Thickness of test section 

li [mm] Length of branch level i V [V] Voltage 
m [kg/s] Mass flow rate    
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