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Abstract: There are high demands on a state of the art technology in the field of heat pipes, 

especially in capillary pumping performance. Previous studies concluded that a biomaterial had a 
superior performance as a material for the capillary wick. However, it was followed by 
consequences of harnessing the ecosystem. A new material that mimics a lotus stem and exceeds 
the performance of a coral will be a necessity. It is projected that Lotus-Type Porous Material 
(LTP) can outperform a coral performance as wick material. The lotus-type porous material was 
fabricated with a slip casting process using a starch binder and copper powder. A nylon wire was 
employed as the aligned pore former. To remove moisture after the slip casting process, we used 
a freeze-drying technique. Densification and consolidation of copper powder were carried out 
with the sintering process. The performance of the lotus-type porous material was characterized 
in order to get a capillary pumping coefficient. We analyzed the pore using an SEM and X-ray 
3D Scan. The result showed that an excellent capillary pumping performance could be achieved 
using the lotus-type porous material. We also confirmed these phenomena using an SEM and x-
ray 3D scan analysis. It is concluded that lotus-type porous material performs excellent fluid 
transport capability. 
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1.  Introduction and background  
Cooling technology is necessary for high energy 

consumption. Therefore free energy cooling system will 
give significant benefits for energy efficiency1). Low 
energy consumption in cooling systems also has been 
developed based on dehumidification in agriculture2). The 
improvement was also conducted by applying honeycomb 
desiccant block3). Another passive cooling technique is 
using heat pipes without consuming energy. Heat pipes 
have high thermal conductivity; accordingly, they have 
been used in various thermal exchanging applications. A 
typical heat pipe consists of a capillary wick pipe and 
working fluid. Capillary wick rely on the capillary 
performance of the material because of its geometry. A 
biomaterial has been introduced as a base material for 
building capillary wick. Coral is used as a biomaterial 
since its high porosity can enhance the capillary 
performance of the capillary wick4,5). The porosity of the 
coral tabulates used in that experiment had a 30.15 % 
porosity and a 5.10-15 m2 permeability4). The real-time 
performance of the heat pipe was determined by three 
main parameters; gas reservoir volume, pore structure, 
and cooling fluid6). Several research on heat pipe has been 
conducted by applying nanoparticle to cooling fluid in the 
heatpipe7-9). Application of the heat pipe also has been 

observed in tea drying using geothermal energy and 
development of passive cooling for battery and an electric 
motor in electric vehicle10,11).  

Thermal performance from a capillary wick with 
sintered powder had more advantages than that of the 
screen-mesh configuration12). The experiment used CuO 
nanofluids as its working fluid12). The results of the 
experiment showed that the sintered powder had 14,3% 
more heat transport capacity than that of the screen-mesh 
under the same operating condition13). Experimental 
studies generally concluded that a capillary wick with a 
groove configuration was affected very much by the 
gravitational forces. We made this in the specific 
application engaged with the gravity that will be less 
efficient than that of the sintered powder. In the inverted 
U orientation, the groove capillary wick had a 
significantly higher thermal resistance than the sintered 
powder. From those studies, sintered copper has been 
explored to enhance heat transfer capability14). It is 
fabricated with powder metallurgy technique using NaCl 
pore former15)  

a lotus type porous copper also has been made by using 
electrodeposition nickel on lotus supper ingot. The ingot 
was fabricated using a unique casting technique16). 
Another method is a porous copper material made by 
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compacted copper wire17) and sintered part aligned with 
tensile load to produce straight oriented pore18).  

In powder metallurgy, there is a method to form a 
porous material using starch as the carrying fluid and the 
consolidator. It is the method to consolidate iron powder 
using starch19). Water-based processing for metal powder 
using organic additives was critical regarding the 
oxygen/carbon content and the consequences for the 
sintering performance and ultimate material properties. 
On the other hand, it is found that this method produces 
fragile molded parts during the demolding process. 
Therefore, freezing before the demolding was employed 
to facilitate the demolding process. They had difficulties 
in removing the trapped air during the mold filling 
because of the viscosity of the starch solution. A 
fabrication of High-Speed Steel with high hardness and 
bending strength could be achieved using starch as a 
binder19). Starch used as a binder material could be 
employed in a Metal Injection Molding process20). Starch 
that had been used as a binder material for metal injection 
molding process using alumina powder. It was able to 
produce sintered alumina with dense parts and high 
mechanical properties21). A starch binder material had 
been a well-established material with short forming time, 
high yield, high green product capacity, and it had been 
used to prepare a porous or solid component with high 
quality and complex shape22). 

A method to determine the capillary performance of the 
loop heat pipe (LHP) was employed using an electronic 
balance to measure the displacement of fluid from a 
container to the wick acting as the porous media in LHP5). 
The displacement showed an exponential graphic that 
could be presented as an equation of exponential of which 
the typical Eq. 1 was: 

 
  𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴 ∙ 𝑒𝑒−𝜏𝜏/𝑡𝑡 . (1) 
 

The literature review showed that a sintered powder 
configuration for a capillary wick had more advantages 
than the other two standard capillary wick configurations 
using wire mesh and capillary grove4). Previous studies 
also showed that starch used as a binding material could 
be employed in various applications to fabricate porous 
materials. We hoped that this study would provide a 
fabrication method and optimum fabrication parameters in 
manufacturing an LTP. 
 
2. Experimental Method 

2.1 Materials 
a starch is used to bind the copper powder. The starch 

was mixed with 5 % by weight of hot water  to make a 
cellulose gel. The gel was mixed with copper powder 
amounting to 55 %  by weight to make a slurry. A slip 
casting technique was adopted to fabricate LTP using 
copper powder and performer23,24). 

A lotus-type porous material mimicked a lotus rod 
which had a directional and continuous porous structure. 
To mimic lotus structure, an array of the directional and 
continuous porous structures are formed by a nylon wire. 
Fig. 1 shows the schematic of fabrication of the lotus-type 
porous structure. The nylon wire is coated with copper 
slurry and placed into a mold. The performer was removed 
to leave continuous directional pores during the sintering 
process. in the other hand, inter grain structure was also 
produced to connect between directional pores. 

 

 
Fig. 1 : Schematic of fabrication of lotus-type porous 

material 21).  

Fig. 2 showed a mold setup for the slip casting were (1) 
was a mold, (2) was screen holder, (3) was a screen mesh 
to hold the pore-former, (4) mold, (5) was the pore-former, 
and (6) was the pouring cup to cast the slurry. Fig. 3 shows 
a schematic procedure to prepare the LTP specimen. After 
slurry materials were prepared and the mold was set up, as 
Fig. 2 shows us. The pore-formers were aligned correctly 
in the mold. Then the slurry material was poured into the 
mold, as shown in Fig. 2. It was necessary to do the 
vacuuming to remove the trapped air in the mold after the 
slurry was poured. The specimen was then dried using 
freeze-drying to reduce the moisture level and increase the 
curing rate; therefore, the sample would easily be removed 
from the mold. The secondary heating process was 
conducted to remove the excess moisture. The dried 
specimen was then sintered under the vacuum condition at 
various temperatures ranging from 800 to 900°C for 
different holding times ranging from 40 to 80 minutes23).  
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Fig. 2 : Mold setup for a slip casting method. 

 

 
Fig. 3 : Schematic of the manufacturing process. 

 
Taguchi method was employed in this study to observe 

the effect of Pore Former Size (PFS), Powder Size (PS), 
Sintering Temperature (TEs), and Sintering Time (TIs) on 
the capillary performance required in the heat pipe 
application25,26). Table 1 shows the numbers of specimens 
under the various levels of the processing conditions. 

 
Table 1 Orthogonal table of specimens under various 

processing conditions 
L9 Ortoghonal 

Sample PFS PS TEs TIs 

1 100 100 800 40 

2 100 200 850 60 

3 100 300 900 80 

4 120 100 850 80 

5 120 200 900 40 

6 120 300 800 60 

7 150 100 900 60 

8 150 200 800 80 

9 150 300 850 40 
 

The permeability test in this study referred to ASTM 
D2434 using a static method27). Fig. 4 showed the 
configuration of the permeability test. In this test, the 
specimen was placed in a holder. Then, it was drained with 
water from a higher position. The test was conducted at 
different heights of the pool (water container). The flow 
rate of water passing through the specimen is measured. 

 

Fig. 4: The permeability test apparatus. 
 

The water flow rate was converted into permeability 
using Eqs. 2 and 3. 

κ = 𝜇𝜇 𝐿𝐿
∆𝑝𝑝

𝑄𝑄
𝐴𝐴
                      (2) 

κ = 𝐾𝐾 𝜇𝜇
𝜌𝜌𝜌𝜌

                       (3) 

 
Where κ  was permeability, Q was flow rate, A was 

cross-sectional area perpendicular to flow, µ was viscosity, 
∇p was pressure gradient, L was specimen length, and K 
was hydraulic conductivity. 

 

 

Fig. 5 : Schematic of capillary pumping test23). 
 
2.2 Capillary Pumping test 

The capillary pumping performance was measured 
using a method referring to the capillary pumping amount 
in real-time changing curve5). The data from this 
experiment was incremental to the fluid mass due to its 
capillary pumping from the specimen.    

Fig. 4. showed the experimental setup for the capillary 
pumping test. The specimen was hung into the weight 
scale, which was recorded by a type-GF-300 data 
acquisition device A&D.  The edge of the sample was 
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moved down until its contact with the water. The water 
would be pumped up due to the capillary force indicated 
by the increasing weight of the specimen. The capillary 
pumping rate was calculated using the derivative of the 
pumping amount4).  
 
3. Results and Discussion 

Capillary pumping rate is the ability to absorb the 
amount of working fluid per second. A high capillary 
pumping rate was indicated with a steep curve of capillary 
pumping, as shown in Fig. 6. The increasing powder size 
also increased the interconnected of aligned pore size, 
which increased the capillary pumping rate and the 
amount of capillary pumping due to the high porosity 
volume due to its large space between the powder particles. 

Table 2 shows summary of permeability and capillary 
pumping of LTP under given variation. Pore former size 
at 120µm shows highest capillary pumping performance. 
This size is able transport fluid effectively. Increasing 
particle size under given range and lowering sintering 
temperature also improve capillary pumping. Cappilary 
pumping performance is strongly directly effect by pore 
size that vary under particle size, performer size and 
sintering temperature. While sintering time affect to 
bonding strength of each particle.  

In the other hand, permeability of the wick material 
proportional to pore former size and particle size. 
Permeability increase promotional to pore size in all given 
range. 

Fig. 6 : The amount of capillary pumping of the specimen 
number. 

Table 2 Capillary pumping rate and permeability 
Sample Capillary Pumping 

Rate  
(g/s ) 

Permeability 
(m2) 

Sample 1 0.48 1.05, E-10 

Sample 2 2.43 1.34, E-09 

Sample 3 3.24 2.72, E-09 

Sample 4 1.31 1.93, E-10 

Sample 5 2.34 7.24, E-10 

Sample 6 3.99 2.60,E-09 

Sample 7 0.96 4.37,E-10 

Sample 8 2.88 3.83,E-10 

Sample 9 2,45 3,24,E-09 

Coral 0,17 5,88E-11 

 
SEM analysis clarified that sintered LTP has two types 

of the pore, as shown in Figs. 7 and 8. First, interparticle 
pore, which forms by the gap between powder particles. 
Interparticle pore size increase with particle size.  Second, 
aligned pore from pore former. With a bigger particle size 
more significant pore connection exist in the specimen. 
Main aligned pore and interconnection pore shown in the 
SEM analysis explain phenomena in the capillary and 
peameability test. High capillary and permeability 
performance of LTP as as wick material of the LTP higher 
than coral as base line of the previous research. 

LPT’s high permeability could be observed under an X-
ray graph analysis as shown in Fig. 9. The pores are 
straight aligned and continuous pores from the bottom to 
the top of the specimen. The straight and aligned pores 
were produced from the pore former. This condition made 
the fluid easily infiltrate the sample and increased the 
permeability and capillary pumping rate. 

 

Fig. 7 : Results of the fabrication of copper LTP, with the 
powder diameter amounting to100 µm, the diameter pore 

former amounting to 120 µm 
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Fig. 8 : Results of the fabrication of copper LTP, with the 
powder diameter amounting to 200 µm, the diameter pore 

former amounting to 120 µm 
 

Fig. 9 : Photographs of the LPT of sample number 6, X-ray 
image, and pore analysis, respectively. 

 
4.  Conclusions 

A new fabrication technique of a material mimicking a 
lotus stem and exceeding the performance of a coral as the 
wick material had been successfully demonstrated. A 
projected Lotus-Type Porous Material (LTP) could 
outperform a coral, and this study proved it. The lotus-
type porous material was fabricated with a slip casting 
process using a starch binder and copper powder. The 
performance of the lotus-type porous material was 
characterized to get a capillary pumping coefficient. The 
pore shape was analyzed using SEM and X-ray 3D Scan 
showing a straight aligned pore. The results showed that 
an excellent capillary pumping performance could be 
achieved using a lotus-type porous material. Further 
studies have to be conducted in order to enhance the 
potential of this technique. 
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