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Abstract: A solid-phase sintering process for the low-cost fabrication of composite micro-channels was developed. Three kinds of
composite micro-channels with metallic porous structures were designed. The sintering process was studied and optimized to obtain
porous-structured micro-channels with high porosity. The flow resistance and heat transfer performance in the composite
micro-channels were investigated. The composite micro-channels show acceptable flow resistance, significant enhancement of heat
transfer and dramatic improvement of flow boiling stability, which indicates a promising prospect for the application in forced

convective heat transfer.
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1 Introduction

Forced convective heat transfer systems have shown
promising prospects in applications demanding high-flux
heat dissipation, such as mobile base stations,
phased-array radars, laptop computers and high-power
LEDs. Particularly, the flow boiling in micro-channels
has attracted more and more attention because of their
compact sizes, low flow resistance and effective heat
transfer ability coming from the latent heat of phase
change [1—4]. Though the heat transfer coefficient of
near 0.5 MW/(m>K) in micro-channels has been
reported, it is far from the theoretical expectation and the
heat dissipation demanding of future devices [5].

In the past few decades, numerous surface
structures have been developed and applied in pool
boiling enhancement [6,7]. The achievements in pool
boiling heat transfer promote the studies on the
enhancement of forced convective heat transfer. WANG
et al [8] investigated the flow boiling heat transfer in a
vertical narrow channel with sintered aluminum powder
surface. The additional porous coating in the flow
channel made an enhancement of 2—5 times in boiling
heat transfer coefficient. WU et al [9] reported a porous

coated surface with vapor channels and investigated the
size and density effects of the vapor channels on boiling
heat transfer. They found that the combined effects of the
open channels and the porous structures significantly
enhanced the heat transfer performance.
KRISHNAMURTHY and PELES [10] studied the
sub-cooled and low quality saturated flow boiling in a
micro-channel with micro pin fins, and found the
presence of pin fins considerably enhanced the heat
transfer performance. As shown above, many composite
micro-channels with hybrid structures have some
successes in enhancing flow boiling. However,
developing micro-channel which can have both high
performance of heat transfer and reliable system
operation is still a challenge for the application of this
technology [5].

In the present study, the composite micro-channels
are aimed to develop, which combine the merits of
groove structures and porous coatings, for the application
in convective boiling heat transfer. Three kinds of
composite micro-channels with complex morphology,
high surface area and excellent thermal conductivity
were designed and fabricated by a low-cost solid-phase
sintering process [11]. The sintering parameters were
optimized. Finally, the performances of the composite
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micro-channels in flow resistance and flow boiling heat
transfer were experimentally investigated. Due to limited
space, this study mainly focuses on the design,
fabrication and Dbasic flow  boiling related
characterization of the composite micro-channels. The
systematic investigation of the flow boiling performance
in the three different kinds of porous-structured
micro-channels is undertaken.

2 Design of composite micro-channels

Basically, high heat transfer performance and low
flow resistance are the two main objectives for a forced
convective heat transfer system. Moreover, the
workability and manufacturing cost should also be
considered.

Copper  micro-grooves  with  high
conductivity and low flow resistance are ideal micro-
channels for flow boiling. On the other hand, copper
porous coating is considered to be the most viable
technique for the enhancement of boiling heat transfer,
which can be formed by sintering, brazing, flame
spraying, forming or electro-deposition [6]. The openly
connected porous structures can increase fluid
disturbance, vapor/gas entrapment volume and active
nucleation-site density, which significantly enhances the
nucleate boiling heat transfer [12,13].

With the expectation of combining the merits of the
two structures in flow boiling heat transfer, three kinds of
composite micro-channels were designed. As shown in
Fig. 1, by changing the geometric structure of the mold
and the corresponding substrate, different micro-channels
with 1 porous coating (Fig. 1(a)), 3 porous coatings (Fig.
1(b)), and porous walls (Fig. 1 (c)) can be obtained. A
solid-phase sintering process [14] was employed for the
formation of the porous-structured micro-channels.

thermal

3 Methodology

3.1 Fabrication of composite micro-channels
3.1.1 Materials

As shown in Fig. 2, stainless steel (06Cr19Nil0)
and copper were selected as mold material and substrate
material, respectively. The dramatic difference of the two
materials in melting point helps to avoid the occurrence
of the welding phenomenon between two metals during
sintering process. The parallel micro-channels on the
metal materials were fabricated by EDM wire cutting
process. Because of the high specific surface area and
complex morphology, dendritic copper powders (Fig. 3)
made by atomization method were used for sintering
porous structures. The irregular copper powders with
certain diameters were selected by screening.

o |
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® |
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Fig. 1 Schematic diagram of structural design of composite

micro-channels with 1 porous coating (a), 3 porous coatings (b)
and porous walls (c)

(a)

micro-channels: (a) Stainless steel mold; (b) Grooved copper
substrate

3.1.2 Molding process

In order to obtain porous structures with
controllable porosity and complex morphology, a
die-molding technology was employed. Copper powders
were uniformly filled in the chamber between the mold
and the substrate by a brush coating technology. The
thickness of the powder coating layers was 0.1-0.12 mm.
In order to improve the dispersion effect of the copper
powders, ethanol was used as dispersant. A certain
pressure of 0.588 MPa was applied to the buckled
sintering module by controlling the locking force.
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Fig. 3 SEM image of irregular dendritic copper powders

3.1.3 Sintering process

A solid-phase sintering process was employed for
the formation of porous structures. The sintering
temperature was controlled between 2/3—4/5 of the
copper melting temperature. The effects of the sintering
temperature and sintering time on the porosity of the
sintered structures were studied. In the sintering
experiments, the temperature elevation rate in the
furnace was set at 5 °C/min. All the sintering processes
were conducted under the protection of 0.3 MPa
hydrogen.
3.1.4 De-molding process

The de-molding process was controlled by
de-molding temperature and the separation orientation
between the mold and the sintered porous coating. A
de-molding angle of more than 1° was selected when the
sintering molds were designed. The de-molding
temperature employed in this study was 150 °C.
3.1.5 Surface treatment

The burrs and impurities on copper powders may
remain after the solid-phase sintering process. These
structures may fall off under the impacting of thermal
stress and fluid, and finally pollute the working fluid or
even clog the circulation path of fluid. An electrolytic
polishing process [15] was conducted after the sintering
process for the treatment of sintered structures. Due to
the electric field concentration effect, the corners, edges
and protuberances have greater dissolution probability
than that of wells, cavities and craters. As a result, the
surface leveling can be achieved. The electrolyte was
composed of 65% H;PO,, 15% H,SO,, 6% CrO; and
14% deionized water (mass fraction). The counter
electrode was a stainless steel sheet. The polishing
process lasted for 1 min under the current density of 0.3
A/mm’,

3.2 Characterizations of sintered composite micro-
channels
3.2.1 Morphology and porosity

The morphology of the sintered porous coatings was
studied by scanning electron microscopy (SEM). As it is
known, the fraction of porosity was associated with the
degree of particle interconnectivity and particle size.
Based on the equation proposed by AHMED et al [16],
the porosity of each sintered porous structure was
evaluated.

The apparent density of the individual specimen
was calculated from the measurement of its mass and
volume for each configuration. The volume of the porous
structure was determined in the design of the sintering
mold. Basically, the gap between the upper and lower
mold halves determined the volume for the specific
configuration.

3.2.2 Forced convective heat transfer performance

Sample A with bare micro-channels and three
sintered composite samples B, C and D with the same
structure design (Fig. 4(a)) were prepared. The porous
coatings in samples B, C and D were composed of
irregular copper powders with diameters of about 30, 55
and 90 pm, respectively. The sintering process was
conducted at 900 °C for 30 min under the protection of
nitrogen and hydrogen. The thickness of the porous
structure was about 0.12 mm, which was controlled by a
sintering mold (Fig. 1(a)). The flow resistance and flow
boiling heat transfer performance in the composite
micro-channels were compared with those in bare
micro-channels. The experimental setup and procedure
were described in details in our previous work [17]. The
pressure drop in the micro-channeled samples and the
temperature difference between inlet fluid and the wall of
micro-channel were measured. Under the assumption of
constant fluid flow, the flow resistance in the composite
micro-channels was evaluated by /=(2D,AP)/(pu’L) [18],
where Dy, is the hydraulic diameter of micro-channel; AP
is pressure drop; p is the density of working fluid; u is
flow rate; and L is the length of micro-channel.

The uncertainties of applied power, temperature and
pressure drop measurements were =1 W, £0.5 °C and +1
Pa, respectively. Based on the method proposed by
KLINE [19], the experimental uncertainties were
analyzed (Table 1).

Table 1 Uncertainties of measurements and calculated

parameters

Parameter Maximum of uncertainty

Cross-sectional area +5.8%
Working liquid flow rate +2%

Pressure drop +1.3%

Heating power +2.5%

Vapor quality +7.5%

Heat flux +3.8%
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4 Results and discussion

4.1 Surface morphologies of porous-structured micro-
channels

Three samples with composite micro-channels were
fabricated by the solid-phase sintering route. As shown in
Fig. 1, three kinds of micro-channels with 1 porous
coating (Fig. 4(a)), 3 porous coatings (Fig. 4(b)) and
porous walls (Fig. 4(c)) were obtained. After the
de-molding process, no obvious damage was observed to
the porous structure, which indicated the good
metallurgical bonding between the copper substrate and
the porous structure. All the sintered composite
micro-channels were well shaped and shared the same
hydraulic diameter of about 0.54 mm. The porous
structures greatly enhanced the specific surface area of
the micro-channels.

Fig. 4 SEM images of sintered samples with composite micro-
channels: (a) Grooved channel with 1 porous wall; (b) Grooved
channel with 3 porous walls; (c¢) Grooved channel micro-
channel

4.2 Optimization of sintering process

The porosity of porous structure is closely related to
its thermal and penetration properties. To a boiling-
enhanced surface, the porosity directly determines the
volume of vapor/gas entrapment and the density of
cavities which may grow into nucleate sites. Thus,
porosity is a key character that should be considered
during the sintering process. As shown in Fig. 5, with
the increase of sintering temperature, the porosity of the

sintered porous structure decreases (Fig. 5(a)). On the
other hand, the effect of sintering time on the porosity is
not obvious (Fig. 5(b)).

Powder diameter:
701 = — 80-110 um
*— 110-140pm
= 60
2
S sof \\
= ‘\'\\‘
40t
30 . . .
800 850 900 950 1000
Temperature/°C
80
(b)
Powder diameter:
701 " — 80-110 pm
e — [10-140 um
2 601
B
g I .
£ sof
A — . T
40}
30 s . : :
0.5 1.0 1.5 2.0 2.5
Time/h

Fig. 5 Effects of sintering parameters on porosity of sintered
porous coating: (a) Sintering time of 0.5 h; (b) Sintering
temperature of 900 °C

The decrease of porosity may be explained by the
shrinkage of porous structure during the necking process
[20]. The necking of copper particles is more pronounced
with higher sintering temperatures and time resulting in
smaller pore size and consequently smaller total porosity.
Based on powder metallurgy theories, the solid-phase
sintering process of copper powders is controlled by
volume diffusion mechanism [21,22]. The neck growth
equation can be presented as [23]

3
xla® = [%th] (1)

where x is the neck radius; a is the particle radius; & is
the Boltzmann constant; 7 is the temperature; y is the
surface tension; &° is the atomic volume; ¢ is the sintering
time. The coefficient of volume diffusion D, can be
given by

D, =D, exp(— If;] 3)
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where D, is the pre-exponential factor; Q, is the heat of
activation of volume diffusion. It can be found that
temperature 7 plays an exponential role in the neck
growth process while time ¢ shows a linear influence on
the process. The above equations can well explain the
fact that sintering temperature is the decisive parameter
in the densification process of sintering. Figure 5 also
shows a dramatic reduction in porosity when the
sintering temperature is beyond 900 °C. A reduction of
about 10% in porosity is recorded when the sintering
temperature changs from 900 to 950 °C.

On the other hand, a sintering process is thought to
be composed of three sequential stages referred to as the
initial stage, the intermediate stage, and the final stage.
The initial stage of sintering generally consists of fairly
rapid inter-particle neck growth by diffusion, vapor
transport, plastic flow or viscous flow [24]. Any large
initial differences in surface curvature can be removed in
the first stage, and shrinkage accompanies neck growth
as the densification mechanisms [23]. Thus, the
prolonging of sintering time after the finishing of the
initial sintering stage makes no obvious change in
porosity. As shown in Fig. 5(b), the sintering time of 0.5
h is long enough for the metallurgical bonding of the
copper powders.

In summary, to obtain a porous structure with high
porosity and good metallurgical bonding, the optimal
sintering temperature of 900 °C and sintering time of 0.5
h are recommended. Under the optimal sintering
condition, the porosity of about 50% and 45% (Fig. 5(a))
can be obtained for the porous coatings made from
copper particles of 80—110 um and 110-140 pm in
diameter, respectively.

4.3 Flow resistance

As shown in Fig. 6, the samples with composite
micro-channels show slightly higher flow resistances
compared with the bare sample. The increase of flow
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Fig. 6 Reynolds number Re versus flow resistance f

resistance in the porous-structured micro-channels may
be due to the increase of shear stress, which is brought
about by the enhanced surface roughness and turbulence.
It seems that the increase of Re intensifies the effect of
porous structure on flow resistance. At low Re region, the
additional flow resistance coming from porous coating
may be neglected.

4.4 Heat transfer performance

The heat flux versus the temperature difference
between the wall and the inlet fluid is shown in Fig. 7(a).
The data are recorded at the inlet temperature of 30 °C
and flow rate of 182.8 kg/(m”s). The superheats at phase
transition points for samples B, C and D are apparently
lower than that of sample A, which illustrates that the
porous-coated surface facilitates the onset of flow boiling.
Moreover, the porous-structured micro-channels show
significant reduction of superheat compared with bare
micro-channels, particularly in two-phase flow region.
The enhancement of flow boiling can be due to the
vapor/gas entrapped in the porous structure and the
increase of nucleate sites [13,25]. Additionally, the
porous-structured micro-channels show better stability
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Fig. 7 Heat flux versus temperature difference between wall
(Ty,) and inlet fluid (7;,) (a) and pressure drop versus vapor
quality (b)
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than that in bare micro-channels at any vapor quality of
outlet fluid (Fig. 7(b)). The improvement of flow
stability may be explained by the change of bubble
dynamics in porous coating layer [12,13]. The smaller
diameter and higher detaching frequency of the bubbles
in composite micro-channels greatly reduce the
probability for the formation of vapor blanket, and
finally suppress the coming of CHF [4,26].

5 Conclusions

1) Three kinds of composite micro-channels which
combined the merits of groove structures and porous
coatings were designed.

2) A molding-sintering method was proposed for the
low-cost fabrication of these porous-structured micro-
channels with complex morphology and high surface
area.

3) For the sake of obtaining porous structures with
high porosity and good metallurgical bonding, the
sintering process was investigated. The optimal sintering
temperature of 900 °C and sintering time of 0.5 h are
found and recommended.

4) The flow resistance
performance in composite
experimentally studied. The results indicate that the
introducing of porous structures brings acceptable
increase of flow resistance, significant enhancement of
forced heat transfer and dramatic
improvement of stability of flow boiling compared with
bare micro-channels. The composite micro-channels
fabricated by solid-phase sintering show promising
prospect in the application of forced convective heat
transfer.

and flow boiling

micro-channels were

convective
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