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Abstract: Passive methods to increase the heat flux on the subcooled flow boiling are extremely
needed on modern cooling systems. Many methods, including treated surfaces and extended surfaces,
have been investigated. Experimental research to enhance the subcooled flow boiling using high
sintered fiber attached to the surface was conducted. One bare surface (0 mm) and four porous
thickness (0.2, 0.5, 1.0, 2.0 mm) were compared under three different mass fluxes (200, 400, and
600 kg·m−2·s−1) and three different inlet subcooling temperature (70, 50, 30). Deionized water under
atmospheric pressure was used as the working fluid. The results confirmed that the porous body can
enhance the heat flux and reduce the wall superheat temperature. However, higher porous thickness
presented a reduction in the heat flux in comparison with the bare surface. Bubble formation and
pattern flow were recorded using a high-speed camera. The bubble size and formation are generally
smaller at higher inlet subcooling temperatures. The enhancement in the heat flux and the reduction
on the wall superheat is attributed to the increment on the nucleation sites, the increment on the
heating surface area, water supply ability through the porous body, and the vapor trap ability.

Keywords: porous body; subcooled flow boiling; fibrous metal; heat flux enhancement; bubble
behavior; flow pattern

1. Introduction

Several researchers have studied the Boiling heat transfer phenomena due to the large
applications on the cooling systems of several industries. In particular, researchers have
focused on flow boiling since it presents a high heat transfer rate higher than the pool
boiling, promoted by the forced convection. The flow boiling phenomenon is also classified
into saturated flow boiling and subcooled flow boiling, where the subcooled flow boiling
is characterized by the bulk flow temperature lower than its saturation temperature [1–3].
The heat transfer on the subcooled flow boiling is a combination of the single-phase
convective and the nucleate boiling. At high heat flux, the heat transfer is essentially
attributed by the nucleate boiling and little contribution of the single-phase. The nucleate
boiling is identified by the bubble formation [4–8]. In the last decade, the heat flux of new
microprocessors, power reactors, fossil boilers, etc., has increased exponentially. High
heat flux of between 2 and 3 MW/m2 have been reported, and, in particular, in the case
of “on-chip hot spot,” a heat flux of 15 MW/m2 was reported [9]. Due to this increment,
researchers have proposed new passive technologies to increase the heat flux on the
cooling systems. These techniques include; treated surfaces, rough surfaces, extended
surfaces, displaced enhancement devices, swirl flow devices, coiled tubes, surface tension
devices, additive for liquids, and additive for gases [10,11]. Copper is the most used
material to fabricate the microchannel heat sink due to its higher thermal conductivity, easy
machinability, and relatively low production cost [12]. In particular, treated surfaces have
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been reported to increase the flow boiling heat flux between 20% and 100% in comparison
with non-treated surfaces [11,13,14]. Vlachou et al. [15] studied the influence of the channel
height, mass flux, and the heated surface roughness, using deionized water as the working
fluid. They analyzed the heat transfer rate on an aged copper surface and a polished
copper surface, concluding that the heat transfer rate reduces by 10% on the aged copper
after 24 h of operation in comparison with the polished surface. They also reported an
enhancement between 15–20% on the 3 mm channel height in comparison with the 10 mm
channel height at a mass flux of 330 kg/m2s. They attributed the enhancement to the
bubble dynamics on the aging surface, the hydrophilic nature on the polished surface and
the bubble formation density, and the thermal resistance of the oxidized layer on the aged
surface. In 2017, Wang et al. [16] conducted experimental research using a downward face
porous honeycomb plate under saturated flow boiling and compared the results with a bare
surface and a solid honeycomb plate. Water at saturation temperature under four different
flow rates was considered as parameters. The honeycomb is fabricated with stainless steel
by a sintering process having a final porosity of 35%. They reported an enhancement of
around 2.4 times the critical heat flux (CHF) at a low flow rate (200 kg/m2s) using the
porous honeycomb in comparison with the solid honeycomb. However, increasing the flow
rate, the critical heat flux tends to reduce. At a flow rate of 1300 kg/m2s, the enhancement
was reduced to 1.2 times. The CHF enhancement is attributed to the continuous water
supply on the porous honeycomb. On the other hand, on the solid honeycomb, bubbles
are generated, and they cover the boiling surface and CHF occurs faster due to the lack
of water. At low flow rate conditions, the bubbles generated on the surface coalesce and
cover the surface, thus a vapor film would be produced. In general terms, the porous
media presents physical characteristics that improve the heat flux on subcooled flow
boiling, and three main characteristics are defined. (I) Due to the space between the
micro holes or the interconnected fibers, the wetted area and the nucleation sites increase;
(II) the lower density and the reduction on the material used on the fabrication, the
production cost is reduced; (III) the variety on the fabrication processes make easier to
create nano/microstructures [17,18]. Alam et al. [19] conducted a flow boiling heat transfer
experiment using deionized water as a working fluid. The flow pattern of the silicon
micro gap with three different roughness was analyzed. Results showed that the boiling
incipience and bubble formation density increases directly inverse to the roughness. The
heat flux on the subcooled flow boiling process is directly related to the inlet subcooling
temperature, the flow rate, the system pressure, the physical properties of the working
fluid, and the surface conditions. This last parameter has been investigated by several
researchers. They studied the bubble behavior and the flow pattern on the porous media
and compared with the bare surfaces, recording and analyzing the bubble formation and
departure with a high-speed camera [20–23]. In the last decade, researchers have used
copper foam materials to improve heat transfer performance and avoid burning out on
heating surfaces. Experimental research using a deep microchannel copper on water flow
boiling was performed by Jayaramu et al. [24]. Their results show the influence of the
surface characteristics on the amount of heat transfer. The roughness, oxidation, and
wettability have a direct relation with the nucleation site density. The wall superheat
increased drastically, and the heat flux was reduced on the freshly machined surface. Tang
et al. [25] manufactured an interconnected microchannel net with square pores made by
copper and tested its flow boiling performance, concluding that the amount of heat transfer
in the two-phases region and the pressure drop changes depend on the channel width.
In 2020 Manetti et al. [26] performed experimental research using an open-cell copper
metal foam with three different thicknesses (3, 2, and 1 mm) on a pool boiling system
with HFE-7100 as working fluid. They found that there was not a constant value for the
optimum porous thickness, and the enhancement of the porous materials also changed on
the low heat flux and high heat flux regions. However, the heat flux performance of the
three different porous thicknesses was better in comparison with the plain (bare) surface.
They also reported that the bubbles grow and coalescence easily on the high thicknesses
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porous body, and as a result, the mean bubble diameter increases, covering the heating area.
Due to this effect, the heat transfer coefficient decreases. On the other hand, the bubbles
on the low porous thickness are concentrated on the top, and they depart easily from the
surface, thus the fluid supply keeps constant. In general terms, they found an increment
on the heat transfer coefficient of 145% using the porous copper materials in comparison
with the bare surface.

The present research describes the experimental investigation on the horizontal sub-
cooled flow boiling using porous media attached to the surface, extending the research and
experiments performed by Otomo et al. [27]. The influence of the bubble formation and the
flow pattern on the heat flux enhancement is discussed. The goal of the present research
is to increase the heat flux using the porous media as a passive method in comparison
with the bare surface. Besides, the influence of the mass flux and the inlet subcooling
temperature is also discussed.

2. Experimental Setup and Procedure
2.1. Test Loop

The experimental apparatus was similar to that used in [27]. As presented schemati-
cally in Figure 1, the experimental apparatus was designed to analyze the subcooled flow
boiling heat transfer at a low system pressure. It consisted of a degassing tank with a
capacity of 40 L that was installed to store deionized water that was used as the working
fluid. A heat exchanger was connected directly to the tank to reduce the working fluid
temperature and keep the subcooling conditions. Just after the heat exchanger, a magnetic
pump “IWAKI” with a maximum liquid inlet temperature of 80 ◦C provided the forced
convection on the system. A preheater was used to keep constant the inlet subcooling tem-
perature, and the mass flux was regulated by a control valve. An oval Coriolis flow meter
monitored the mass flux just before the inlet part of the test section. The water flow was
rectified with a porous aluminum body, and the deionized water flowed on the test section.
In the inlet and outlet part of the test section, a pressure gauge and a differential pressure
gauge were installed, respectively. A proportional integral derivative (PID) controlled the
temperature on the test section, and a data logger collected the obtained data. A detailed
explanation of the test section was given in Section 2.2.
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2.2. Test Section

As shown in Figure 2, the test section was divided into 2 main parts. In the heating
section, inside the copper block B, a group of 12 cartridge heaters was installed, and they
could provide a maximum heat flux of 2.5 MW/m2. A K-type thermocouple was installed
on the center of the copper and connected to the PID controller. Thus, the PID controller
keeps the heat flux in steady conditions. Copper block A was assembled to the copper
block B using compression screws. The heating surface was also fabricated with cooper,
and the final dimension of the block was 50 mm × 100 mm. On the top of the heating
surface, a polycarbonate was attached and formed a 10 mm × 10 mm flow channel as
shown in Figure 2c. In addition, the properties of the polycarbonate allowed the flow
pattern visualization. A total of 10 k-type thermocouples were installed and distributed in
5 groups separated 20 mm between them (Figure 2b), each group of 2 thermocouples had a
distance of 9 mm between them, and 1 mm and 10 mm distance concerning the heating
surface as shown in Figure 2d. All the thermocouples were connected directly to the data
logger to record the temperature on the heating surface. The bubble behavior was recorded
with a high-speed camera “Fast mini AX50” at 5000 fps and 1/50,000 shutter speed.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 12 
 

2.2. Test Section 
As shown in Figure 2, the test section was divided into 2 main parts. In the heating 

section, inside the copper block B, a group of 12 cartridge heaters was installed, and they 
could provide a maximum heat flux of 2.5 MW/m2. A K-type thermocouple was installed 
on the center of the copper and connected to the PID controller. Thus, the PID controller 
keeps the heat flux in steady conditions. Copper block A was assembled to the copper 
block B using compression screws. The heating surface was also fabricated with cooper, 
and the final dimension of the block was 50 mm × 100 mm. On the top of the heating 
surface, a polycarbonate was attached and formed a 10 mm × 10 mm flow channel as 
shown in Figure 2c. In addition, the properties of the polycarbonate allowed the flow pat-
tern visualization. A total of 10 k-type thermocouples were installed and distributed in 5 
groups separated 20 mm between them (Figure 2b), each group of 2 thermocouples had a 
distance of 9 mm between them, and 1 mm and 10 mm distance concerning the heating 
surface as shown in Figure 2d. All the thermocouples were connected directly to the data 
logger to record the temperature on the heating surface. The bubble behavior was rec-
orded with a high-speed camera “Fast mini AX50” at 5000 fps and 1/50,000 shutter speed. 

 

 

 

(a) (b) 

 
 

(c) (d) 

Figure 2. Test section details: (a) heating cooper block; (b) thermocouples distribution on the heating surface; (c) flow 
channel, (d) distance between each pair of thermocouples. 

2.3. High Porosity Sintered Fiber 
High porosity sintered fiber attached to the surface could both enhance the maximum 

heat flux and reduce the wall superheat temperature in comparison with the bare surface 
[24]. Microfibers were attached to the bare surface using the same material by a sintering 
process, thus, the contact resistance was reduced significantly. The attached sintered fiber 
created a porous height (hp), as shown in Figure 3b. The bare surface had a roughness of 
Ra = 0.4 μm. The microfibers had a diameter of 0.06 mm, and the porosity of the porous 
material was 86%, the highest porosity for this machinated process. A total of 4 different 

Figure 2. Test section details: (a) heating cooper block; (b) thermocouples distribution on the heating surface; (c) flow
channel, (d) distance between each pair of thermocouples.

2.3. High Porosity Sintered Fiber

High porosity sintered fiber attached to the surface could both enhance the maxi-
mum heat flux and reduce the wall superheat temperature in comparison with the bare
surface [24]. Microfibers were attached to the bare surface using the same material by
a sintering process, thus, the contact resistance was reduced significantly. The attached
sintered fiber created a porous height (hp), as shown in Figure 3b. The bare surface had a
roughness of Ra = 0.4 µm. The microfibers had a diameter of 0.06 mm, and the porosity
of the porous material was 86%, the highest porosity for this machinated process. A total



Appl. Sci. 2021, 11, 5883 5 of 11

of 4 different porous height hp, were fabricated (0.2, 0.5, 1, and 2 mm) and 1 bare surface
hp = 0 mm. The intertwined fibers increased the wetting area and promoted the nucleation
sites. Both the surface and microscopic view are shown in Figure 3.
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2.4. High Porosity Sintered Fiber

After 2 h of degassing, the magnetic pump was activated. Deionized water flowed
into the channel, then the preheater was activated, and it controlled the inlet subcooling
temperature to 50 K and 70 K as parameters. The mass flux was regulated by the control
valve and confirmed with the oval Coriolis flow meter. After the mass flux and the inlet
temperature became stable, the PID controller was activated, and the group of cartridges
provided the heat flux. The copper block B temperature was initially adjusted to 100 ◦C.
Once the temperature measured by the thermocouples became stable, the data were
recorded for around 3 min, and a video using the high-speed camera was recorded. Then,
the copper block was increased to 40 ◦C, and the process was repeated until the heat flux
limit (around 2.5 MW/m2) provided by the cartridge heaters was reached or the critical
heat flux was reached. If the temperature of the heating surface increased abruptly, the
CHF conditions were assumed. Detailed information of the experimental parameters is
shown in Table 1.

Table 1. Experimental parameters and conditions.

Mass Flux G [kg·m−2·s−1] 200, 400, 600

Inlet subcooling temperature ∆Tsub [K] 70, 50, 30

Porous thickness Hp [mm] 0, 0.2, 0.5, 1.0, 2.0

2.5. Uncertainly Analysis

The mass flux measured by the oval Coriolis flow meter was 0.2%. The measurement
uncertainly of the k-type thermocouple installed on the copper block B was calculated
in 0.05 K and zero contacting point. On the other hand, the group of 10 thermocouples
attached to the heating section had a measurement error of 0.2 K.

The heat flux uncertainly measurement was calculated as follows.

q = kc
∆T
δx

(1)
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where ∆T is the temperature gradient of each pair of thermocouples, kc is the copper
thermal conductivity, and δx represents the distance between the pair of thermocouples.
Besides, the uncertainty of the heat flux is calculated as follows.

∆q =

√(
∂q
∂k

∆k
)2

+

(
∂q

∂δx
∆δx

)2
+

(
∂q

∂T1
∆T1

)2
+

(
∂q

∂T2
∆T2

)2
(2)

Thus, the heat flux error was calculated about 3% and every experiment was conducted
twice to confirm the repeatability.

3. Results
3.1. Boiling Curves under Different Flow Rates and Inlet Subcooling Temperature

Figure 4a–c, show the boiling curve under an inlet subcooling temperature ∆Tsub =
30 K, for all the five different porous thicknesses, at 200, 400, and 600 kg·m−2·s−1, respec-
tively. As expected, the onset nucleate boiling depends on the mass flux and subcooling
inlet temperature. For the particular case of the 0 mm at 400 kg·m−2·s−1, the critical heat
flux was reached as the increment on the wettability hinders the active nucleation sites and
diminishes the vapor trapping ability. In addition, the tendency of the porous effect was
visible. The 0.2, 0.5, and 1 mm porous thickness presented an enhancement concerning
the 0 mm surface, however, the 2 mm porous thickness performance was lower than the
0 mm. This effect was attributed to the increment in the number of vapor scape channels.
The vapor tends to combine and form a big vapor bubble and it hinders the water supply
to the heating surface. In Figure 5, convective boiling curves for ∆Tsub = 50 K, and 200,
400, and 600 kg·m−2·s−1are shown. A decrease in the wall superheat was appreciated in
comparison with the 0 mm, and the critical heat flux was not reached at low mass fluxes,
whereas for the 600 kg·m−2·s−1the critical heat flux on the 2 mm porous thickness was
reached at a wall superheat around ∆Tsat = 70 K. For all the three mass fluxes, the 0.5 mm
presented the highest heat flux at the same wall temperature. The reduction in the wall
superheat was attributed to the increment in the nucleation sites, the number of vapor
scape channels, and the wettability. The 2 mm tendency was the same as inlet subcooling
temperature ∆Tsub = 30 K, with the difference that a higher inlet subcooling temperature
and higher mass flux, the critical heat flux was reached on the 2 mm porous body. Finally,
the heat fluxes at inlet subcooling temperature ∆Tsub = 70 K were presented in Figure 6.
At high inlet subcooling temperature, the critical heat flux was easily reached on the high
thickness body porosity. For the case of the 2 mm thickness, and independently to the mass
flux, the critical heat flux was reached. The wall superheat temperature at the critical heat
flux was lower at higher mass flux. In Figure 6c, an abrupt increment on the wall superheat
was appreciated on the higher porous thickness due to the formation of a vapor blanket
inside the porous body.

In general terms, the porous body also increased the heating surface area, the turbu-
lence due to the irregularities on the body, and the thermal resistance was also affected.
These three factors need to be considered in the flow boiling process. In addition, the
higher thickness porous body increment the number of vapor scape channels, and this
effect diminished the water supply to the heating surface. In addition, the bubbles nu-
cleated, departed, and coalesced inside the porous body creating a vapor blanket, thus,
the critical heat flux and the vapor film regimen were reached. A lower thickness porous
body increased the nucleation sites. Thus the bubble rate formation and departure also
increased, meanwhile the working fluid kept the heating surface at a lower temperature.
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Figure 6. Maximum heat flux for all the porous thickness, inlet subcooling temperature ∆Tsub = 70 K: (a) G = 200 kg·m−2·s−1,
(b) G = 400 kg·m−2·s−1, (c) G = 600 kg·m−2·s−1.

At low mass fluxes and before the ONB (∆Tsat < 20 K), the effect of the porous
body on the heat transfer was almost marginal. On the other hand, a higher inlet sub-
cooling temperature affects the onset nucleate boiling, and it was shifted to a lower wall
temperature.
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3.2. Flow and Bubble Pattern

Figure 7 shows the boiling flow pattern at the maximum heat flux of each porous
thickness, the inlet subcooling temperature ∆Tsub = 30 K, and mass flux 400 kg·m−2·s−1.
Except for the 2 mm porous thickness, the small bubbles nucleated, coalescence, and
departure forming a big bubble that fully covered the flow channels. In the 2 mm porous
thickness, just small bubbles were generated outside the porous body, however, the wall
superheat increased considerably. This effect is attributed to the vapor trapping by the
microchannels inside the porous body. The critical heat flux was reached on the 0 mm
porous thickness. Due to the limited number of cavitation sites, a single big bubble was
generated, forming a vapor blanket due to the lack of water supply. The departure rate on
the 0 mm surface was lower than that of those on the porous body surfaces. In Figure 8, the
flow pattern where the inlet subcooling temperature ∆Tsub = 30 K. In comparison with the
inlet subcooling temperature ∆Tsub = 30 K, the flow channels presented a clear reduction
in the bubble size formation, and in none of the cases, the CHF was reached. This effect
was attributed to the inlet temperature that affects the bulk temperature farthest to the
saturation temperature. Under high inlet subcooling temperature, the bubble formation
was reduced to small bubbles outside the porous body with a high departure rate. Bubbles
rarely coalesce between them, however, the 0.5 mm porous body promoted in higher-level
the bubble coalesce and thus, increase the heat flux at lower wall superheat as shown in
Figure 9.
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4. Conclusions

The present research reports the flow subcooling heat flux enhancement using high
porosity sintered fiber as a passive method in comparison with the bare surface under
atmospheric pressure. Mass flux and inlet subcooling parameters were taken as parameters.
Experiments were stopped if the heat flux was around 2.5 MW/m2 to avoid damage to
the experimental setup or if the critical heat flux was reached. The influence of the high
sintered fiber thickness porosity presents a direct influence in the amount of heat flux, and
the wall superheat temperature as well the onset nucleate boiling was shifted to lower
wall superheat temperature using low porosity thickness. In general terms, the amount of
heat flux was improved using the high sintered fiber at low porosity thickness. However,
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in the case of the porosity of 2 mm the heat transfer performance was reduced, and the
wall superheat increased at low subcooling inlet temperature. The porous thickness of
0.5 mm presented the best performance for all the cases followed by the 0.2 mm porous
thickness. For the specific case of the 1 mm porous thickness, the wall superheat was
reduced in comparison with the bare surface, however, the critical heat flux was reached
at high inlet subcooling temperature. In addition, the bubble formation and departure
rate was higher at high inlet subcooling temperature, and only for the case of the mass
flux of 600 kg·m−2·s−1and 2 mm porous thickness the critical heat flux was reached. The
following conclusions were obtained:

• Low porous thickness increases the heat flux at the same wall superheat temperature
around two times, promoting bubble formation and increasing the bubble departure
rate. Besides, the abrupt increment on the wall superheat can also be prevented, thus,
the critical heat flux and film boiling are avoided.

• The inlet subcooling temperature plays an important role to consider in the flow
pattern and bubble formation. Higher inlet temperature condenses the small bubbles
rapidly outside the porous body. However, inside the high thickness porous body,
the vapor trap ability increases, thus a vapor blanket is formed.

• The thickness of the porous body is an important parameter to consider 0.2, 0.5, and
1 mm porous body presented an enhancement in comparison with the 0 mm (bare
surface). However, the 2 mm porous body presented a reduction in the heat flux at
the same wall superheat temperature.
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