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Abstract: We conducted experimental research using high-porosity sintered fiber attached on the
surface, as a passive method to increase the heat flux for subcooled flow boiling. Two different porous
thicknesses (1 and 0.5 mm) and one bare surface (0 mm) were compared under three different inlet
subcooling temperatures (30, 50 and 70 K) and low mass flux (150–600 kg·m−2·s−1) using deionized
water as the working fluid under atmospheric pressure. The test section was a rectangular channel,
and the hydraulic diameter was 10 mm. The results showed that the heat flux on porous surfaces
with a thickness of 1 and 0.5 mm increased by 60% and 40%, respectively, compared to bare surfaces
at ∆Tsat = 40 K at a subcooled temperature of 50 K and mass flux of 300 kg·m−2·s−1. An abrupt
increase in the wall superheat was avoided, and critical heat flux (CHF) was not reached on the
porous surfaces. The flow pattern and bubble were recorded with a high-speed camera, and the
bubble dynamics are discussed.

Keywords: porous; subcooled flow boiling; fiber metal; CHF; boiling heat transfer; sintered fiber
metal; high porosity

1. Introduction

The heat transfer process has been investigated due to the high heat flux dissipation
demand of modern cooling systems. In recent years, energy consumption has increased
exponentially in components such as electronic devices, nuclear power reactors, the cooling
of rocket nozzles, etc. Thermal management is divided into single-phase and two-phase
heat transfer where the two-phases have higher heat transfer efficiency in comparison with
the single-phase heat transfer; however, this is a more complicated process that involves
bubble formation, condensation, the vapor quality, flow boiling geometry, liquid subcooling
temperature, etc. [1,2].

Recently, new technologies such as surface modifications, decreasing the flow area
dimensions, nanofluids, porous media structures, etc., have been proposed to increase the
heat flux and the critical heat flux (CHF) for many researchers. In particular, a porous
surface is defined as a porous matrix attached to a surface, and the porous material can be
either the same as the base or a different material. The fabrication process also classified the
porous surface into five main categories (sintering [3–7], spray coating [8,9], electrochemical
deposition [10–12], chemical vapor deposition [13], and additive machining [14]). The
porous surface has three main advantages: (I) to increase the wetted area and the nucleation
sites due to the interconnected pores; (II) to reduce the cost of materials in their production
in comparison with the bare solid surface; (III) micro/nanostructures are easier to make on
porous surfaces. On the other hand, the manufacturing precision is lower than the bare
solid surface and its modeling is much more difficult due to the random porous structure.
In addition, oil fouling inside and outside the porous body have been reported, and, for this
reason, the working fluid is limited to fluids that are clean and free of impurities [15–17].
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In 2000 Calmidi and Mahajan [18] conducted an experimental and numerical study
of single-phase forced convection in high-porosity aluminum metal foams, concluding a
good agreement for the simulation and the experimental results. Mori and Okuyama [19]
proposed a honeycomb porous media on pool boiling and their results showed an enhance-
ment in the critical heat flux (CHF) of approximately 2.5 times in comparison with the
plain surface. They attributed the CHF performance to the capillary suction, permeability,
pore radius, wall thickness, height of the porous media, and vapor scape channels. Cooke
and Kandlikar [20] and Daxiang et al. [21] evaluated the bubble dynamics and the heat
transfer performance on micro channeled copper surfaces; they attributed the heat flux
enhancement to the bubble diameter, contact angle, and the distance from the bottom
of the channel to the bubble, porosity, and pore diameter average. However, the case of
high-porosity and large average particle diameter produced a local thermal effect with no
equilibrium between the working fluid and the surface heating area. On the other hand,
heat transfer enhancement tends to diminish at high and moderate mass fluxes. Due to
the high fluxes, the liquid cannot replace and remove the vapor–liquid and this promotes
the vapor blankets and dry out. Liter and Kaviany [22] studied CHF enhancement using
a modulated porous layer on pool boiling. The heat transfer had a direct relation with
the porous coating structure and the liquid and vapor flow paths. The deep porous-layer
coating presented the worst performance and the artery evaporator system with completely
separated liquid and the vapor flow paths presented a higher performance. Hao et al. [23]
investigated the effects on the CHF using deformable structures on pool boiling using
ethanol, FC-72, and water as the working fluids, significantly reducing the superheat wall
temperature at the same heat flux. Jarayamu et al. [24] conducted experiments to prove
the surface influence on the flow boiling heat transfer, using the same surface in three
different cases, a fresh machined surface, the same aged channel surface, and the same
surface after polishing. The results showed a reduction in the wall superheat temperature
at the same heat flux, with the third case having the best performance followed by the
first case. They attributed the heat flux enhancement to a lack of oxidation on the fresh
machined surface and the proper cleaning of the surface. Wang et al. [3] proposed a porous
honeycomb plate under subcooled flow boiling to increase the critical heat flux, achieving
an improvement ratio of around 2.4 times using porous media in comparison with the
plain surface with water as a working fluid. The heat flux in subcooled flow boiling is
directly related to the inlet subcooling, the mass flux, system pressure, the bubble behavior,
and the surface conditions [25,26]. In general, researchers have reported CHF enhancement
from 30% to 200% for pool boiling and from 20% to 100% for the case of flow boiling.
Leong et al. [27] reviewed the literature and compared the works related to flow boiling
and pool boiling, concluding that the nucleation site density was higher for the porous
media than for the plain surfaces. These nucleation sites promote bubble formation and fast
heat dissipation. However, there exists a hydrodynamic limit that needs to be considered
regarding the design of porous media as the surface. The present study is focused on the
heat flux enhancement using high-porosity sintered fibers attached on the surface as a
passive method, and the results are compared with the bare surface. The mass flux, porous
height, and inlet subcooling temperature are considered as a parameter to affect the heat
flux. The bubble formation was recorded and analyzed with a high-speed camera.

2. Experimental Apparatus and Procedure
2.1. Experimental Apparatus and Procedure

A schematic diagram of the experimental apparatus is shown in Figure 1a. Deionized
water was used as the working fluid, and a degassing tank with a capacity of 40 L was
used to store the water. A heat exchanger was installed just after the degassing tank to
reduce the working fluid temperature. After around 2 h of degassing, a magnetic pump
“IWAKI” was activated to provide the water flow. The mass flow was measured using
an Oval Coriolis flowmeter and regulated with a control valve. The heating section is
shown in Figure 1b. Copper block A and copper block B were assembled, cartridge heaters
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were used to heat copper block B, and one K-type thermocouple was inserted on copper
block B to measure the temperature. A detailed explanation of the test section is given
in the next section. The temperature of copper block A was controlled by a proportional
integral derivate (PID) controller; thus, the test section was set to the desired heat flux
and wall superheat. The copper block temperature was set from 120 ◦C and increased
in steps of 40 ◦C. When the copper block reached 600 ◦C the experiment was stopped
to avoid damages to the experimental equipment; in particular, the copper block. The
upper part of the test section was covered by a polycarbonate lid, and the flow aspect was
observed and recorded using a fast speed camera “Fastcam mini AX50” under 5000 fps
and a shutter speed of 1/50,000. In the present experiments, the porous thickness, mass
flux, and inlet subcooling were used as the parameters, as shown in Table 1, and each effect
was discussed.
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Figure 1. Schematic of the experimental apparatus. (a) Schematic of experimental apparatus; (b) assembly of heating section.

Table 1. Experimental condition.

Mass Flux G [kg·m−2·s−1] 150, 300, 600

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

Porous thickness Hp [mm] 0, 0.5, 1.0

2.2. Test Section and Measurement of Thermal Physical Properties

A uniform temperature field was created for the working fluid when it passed through
the aluminum rectifier installed in the inlet part of the test section and then it flowed into
the heating section as shown in Figure 2a. The pressure and temperature were measured in
the inlet and outlet parts of the heating section. The physical properties of the working
fluid were calculated using the software Refprop ver. 9.1 [28]. The channel was a square of
10 mm × 10 mm and the length of the heating section was 100 mm. As shown in Figure 2b,
the heating surface was located on the lower part of the flow channel and covered by the
polycarbonate to avoid heat loss.

Figure 3a shows a top view of copper block A, which had a heat transfer surface of
10 mm × 100 mm. Ten thermocouples were divided into five groups of two thermocouples,
and each group was inserted into copper block A. The five groups were located at (10,
30, 50, 70, and 90 mm) in the flow direction from the inlet part of the heating surface,
respectively. Figure 3b shows the distribution of each pair of thermocouples; the distance
between them was 9 mm, and the distances to the heating surface were 1 and 10 mm,
respectively.
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The heat flux at each location was calculated using Fourier’s law Equation (1). The
average of each measurement point was taken as the total amount of heat flux.

q = −λc
dT
dx

(1)

2.3. High-Porosity Sintered Fiber

The selected porous material in this study was copper, the same material as the heat
transfer surface. It had a complex shape with copper fibers 0.06 mm diameter intertwined
with each other. As shown in Figure 4a,b, the porous fiber was attached to the heat
transfer surface, and the contact resistance can be neglected as they are sintered together.
The porosity of the fiber metal was 86%; thus, the pressure drop was relatively small.
The porosity was selected at 86% because this was the highest porosity level reached
with the sintered manufacturing process in this research. The heat transfer also presents
an enhancement, because metal fiber increases the heat transfer area. In addition, the
micropores on the porous body promote bubble formation and the departure rates due to a
reduction in the surface tension between the water and the heating surface.
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2.4. Uncertainly Analysis

The errors for each of the major measuring instruments are shown in Table 2. Two
types of thermocouples were used to measure the temperature. The thermocouple to
measure the fluid temperature had a zero-contacting point and was tested to have a
measurement error of 0.05 K. The ten thermocouples used to measure copper block A in the
test section were not tested, and the measurement error was 0.2 K. The measurement results
showed that there was an error of 0.02 mm in the depth of the hole in copper block A.

Table 2. Uncertainly values of the important parameters.

Parameter Uncertainly

Mass flux 0.2%
Thermocouples at copper block A 0.05 K
Thermocouple at copper block B 0.2 K

Depth of the measurement point at copper block 0.02 mm
Pressure gage 0.26 kPa

Thus, the heat flux was calculated with the following equation.

q = k
T2 − T1

δ
(2)

where k is the thermal conductivity, T2 − T1 is the differential temperature between the
upper and lower thermocouples and δ is the distance between these thermocouples. The
uncertainty of the heat flux is evaluated as follows:

∆q =

√(
∂q
∂k

∆k
)2

+

(
∂q
∂δ

∆δ

)2
+

(
∂q

∂T1
∆T1

)2
+

(
∂q

∂T2
∆T2

)2
(3)

In Figure 5, the errors of each heat flux are plotted for 0 and 1 mm thickness heat
transfer surfaces in comparison with the experimental results. The heat flux error was
about 3% at the 200 kW·m−2; however, the heat flux error was less than 1% at a heat flux
higher than 500 kW·m−2.
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3. Results and Discussion
3.1. Comparison of Butterworth’s Correlation for the Bare Surface

The experimental data were compared with Butterworth’s correlation for subcooled
flow boiling heat transfer [25,29,30]. Butterworth et al. extended Chen’s correlation [31]
and applied it to subcooled flow boiling [32]. Chen’s correlation considers the effects
on the forced convection (heat flux corresponding to the single-phase) and the nucleate
boiling (heat flux corresponding to the two-phases) on a superposition model, expressed
as follows.

qT = qfcΦ + qnbS (4)

The supersession factor S and correlation factor Φ can be calculated by the follow-
ing equations.

S =
1

1 + 2.53 × 10−6(RelΦ1.25)
1.17 (5)

Φ =

{
2.35

(
1

Xtt
+ 0.213

)0.736
x > 0.1

1 x ≤ 0.1
(6)

In this experiment, we assumed that Φ = 1 for the subcooled flow boiling due to the
vapor quality x < 0.1.

Thus, the total amount of the heat flux qT from Equation (1) can be calculated by the
forced convection on the single-phase term qfc, and the nuclear boiling term on the two
phases heat flux term qnb defined as follows.

qfc = hfc(Tw − Tb) (7)

qnb = hnb∆Tsat (8)

The heat transfer coefficient of nucleate boiling hnb is given by Foster–Zuber’s correla-
tion [33].

hnb = 0.00122
λ0.79

l c0.45
p,l ρ0.49

l

σ0.5µ0.29
l h0.24

lg ρ0.24
g

∆T0.25
sat ∆P0.75

sat (9)

The heat transfer coefficient of forced convection hfc is usually calculated using the
Dittus–Boelter correlation. For the present research, the experimental heat flux on the
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single-phase was obtained with Equation (2), and the temperature measured by the ther-
mocouples. In addition, we considered the single-phase when the ∆Tsat ≤ 0. Figure 6a
shows the comparison between the Dittus–Boelter correlation and the experimental data
corresponding to the bare surface, and there was a decrease between the experimen-
tal heat flux and predicted heat flux. The experimental heat flux corresponding to the
bare surface was around 50% lower than the predicted using Dittus–Boelter. This effect
is due to the correlation considering a circular heated channel. Shiyang et al. [26] and
Maria et al. [34] performed experiments using a rectangular channel heated on only one
of its faces. The results show a considerable error in comparison with the Dittus–Boelter
correlation. Shiyang [26] proposed modifying the correlation for the one heated face square
channels computing a linear regression. After performing the linear regression, the heat
transfer coefficient of forced convection is defined as follows:

hfc = 0.168Re0.62Pr0.545
(

λl
d

)
(10)
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in the region of single phase heat transfer; (b) comparison to modified Dittus–Boelter correlation in the region of single
phase heat transfer.

In Figure 6b, the heat flux calculated by the modified Dittus–Boelter’s correlation and
the experimental heat flux corresponding to the bare surface is plotted. The coefficient of
determination was 0.9522, which implies a high correlation. Figure 7 shows the comparison
between the experimental heat flux corresponding to the bare surface and Butterworth’s
correlation in Equation (4). Here, the experimental heat flux data were between 10% and
were 30% lower than this correlation. The reduction in the heat flux is attributed to the
oxidation effects, as the heat transfer surface was sufficiently oxidized by performing
approximately 10 heating experiments beforehand to obtain stable data. Therefore, these
values are slightly lower than those of the formulas due to the deterioration of the heat
transfer performance caused by oxidation.
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3.2. Effect of High-Porosity Sintered Fibrous Metal
3.2.1. Effect of Porous Thickness and Boiling Curve

Figure 8 shows the boiling curve of the bare and porous surface at a subcooled
temperature of 50 K and mass flux of 300 kg·m−2·s−1. We found that was no significant
difference between porous and bare surfaces in the region where forced convection heat
transfer was dominant; however, around ∆Tsat = 20 K, where the bubble formation became
intense and nucleate boiling heat transfer became dominant, the heat flux of the porous
surface was improved in comparison to the bare surface at the same wall superheat degree.
In addition, Figure 8 shows the heat flux at the same wall superheat, and the heat flux
increased at higher porous thickness. The heat flux on porous surfaces with a thickness
of 1 and 0.5 mm increased by 60% and 40%, respectively, compared to the bare surface at
∆Tsat = 40 K. For the same heat flux at q = 1000 kW·m−2, the wall superheat was reduced
to around 5 and 10 K for the 0.5 and 1 mm porous thickness, respectively, in comparison
with the bare surface.
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In the forced convection and transition regions, the effect of the porous body was
minimal on the heat flux performance; however, in the nucleated boiling region, the porous
body effect was evidently higher. The enhancement is mainly attributed to three effects:
(I) the bubble dynamics, the bubble formation and departure rates increased, as shown in
Figure 9a–c; (II) the cavitation sites increased due to the micro-pores formed by the random
distribution of the copper fibers; (III) wettability promoted an easier water supply between
the surface area and the bubbles.
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and ∆Tsat = 40 K. (a) Visualization of the flow pattern on a bare surface at the subcooled temperature ∆Tsub = 50 K, mass
flux G = 300 kg·m−2·s−1 and ∆Tsat = 40 K; (b) visualization of the flow pattern on a 0.5 mm porous surface at the subcooled
temperature ∆Tsub = 50 K, mass flux G = 300 kg·m−2·s−1 and ∆Tsat = 40 K; (c) visualization of the flow pattern on a 1.0 mm
porous surface at the subcooled temperature ∆Tsub = 50 K, mass flux G = 300 kg·m−2·s−1 and ∆Tsat = 40 K.

Figure 9 shows the subcooled flow boiling pattern of each heat transfer surface at a
wall superheat of 40 K. As the thickness of the porous body increased, the amount and
volume of the bubbles also increased. The bubbles were generated only on the surface of
the heat transfer surface and quickly condensed on the case of bare surface 9a; however,
the size of the bubbles increased and reached the middle of the channel at the 0.5 mm
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porous surface. In addition, bubbles reached the top of the channel on the 1 mm porous
surface. This may be due to the increase in the number of cavities in the porous fibers,
which results in nucleation boiling in more locations. We considered that the porous heat
transfer surface showed high heat flux at the same wall heating degree, and the increase in
the wall superheat was suppressed at the same heat flux.

3.2.2. Effect of Mass Flux

The boiling curve of the three different surfaces at mass flux G = 150, 300, and
600 kg·m−2·s−1 are shown in Figure 10. In general, the bare surface had the property
that when the heat flux was constant in flowing subcooled boiling, the temperature bound-
ary layer became thinner, and the onset nucleate boiling (ONB) shifted towards a higher
wall heating degree as the mass flux increased [34]. The heat flux also increased as the
mass flux increased. This effect is attributed to two main effects: the macro convection
promoted by the working fluid motion and the layer evaporation between the heater wall
and the water. However, independent of the mass flux, all the boiling curves converged at
one point, called the transition to the fully developed boiling. Before this point, the effects
of the macro convection became lower; however, the layer evaporation effect prevailed.
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Figure 10. Boiling curves for each surface at the subcooled temperature ∆Tsub = 30 K.

In general, the heat flux, using porous surfaces, increased as the mass flux increased
before the onset nucleate boiling (ONB); nevertheless, during the partial developed boiling
the macro convection played an important role, and heat flux increased at a higher porous
body thickness.

The enlarged boiling curve at mass flux G = 150 kg·m−2·s−1 is shown in Figure 11a.
We found that there was a small variation in the heat flux when the wall superheat was 10 K
or lower; however, the porous surfaces with 1.0 and 0.5 mm deviated from the slope of the
forced convection at around 13 and 16 K, respectively. In other words, the wall superheat
degree decreased as the porous body thickness increased. Figure 11b shows the boiling
curve at the mass flux of 300 kg·m−2·s−1 where the deviation from the convection slope
was around 15 and 18 K for the 1 and 0.5 mm porous thicknesses, respectively. The reason is
attributed to the development of the thermal boundary layer. There are three main reasons
for the difficulty in developing a thermal boundary layer. First is the turbulence effect
caused by the porous body. This porous surface is installed on the bare surface, and it leads
to stirring the working fluid near the heating surface. Second is the expanding heat transfer
area. The porous metal is sintered to the heating surface as the same material, and the
heat is easily transferred from the heating surface to the working fluid. Third is turbulence
promotion by the bubbles. This porous surface has a higher number of cavity sites; thus,
the generation and the evaporation of bubbles also increases. We considered that these
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effects cause turbulence in the thermal boundary layer compared to the bare heat-transfer
surface and, therefore, the heat transfer is enhanced even at a low wall superheat.
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Figure 11. Enlarged view of the boiling curves for each surface at the subcooled temperature ∆Tsub = 30 K, (a) Enlarged view
of the boiling curve for each surface at the subcooled temperature ∆Tsub = 30 K, mass flux G = 150 kg·m−2·s−1. (b) Enlarged
view of the boiling curve for each surface at the subcooled temperature ∆Tsub = 30 K, mass flux G = 300 kg·m−2·s−1.

3.3. Critical Heat Flux

Due to the critical heat flux involving a phase change process, the analysis of this
phenomenon is very complex and continues to be under study. However, researchers
concluded that the CHF is directly related to the bubble formation on the solid surface,
thus the importance of the surface modifications to enhance the CHF. Lainshun Wang [3]
reported that the CHF enhancement is directly related to the water-supply ability through
porous media. On the bare surface, bubbles are generated, coalesce, and finally, cover the
heating area interrupting the water supply by promoting an abrupt increase in the wall
temperature. On the other hand, in the case of the porous media, the distribution of the
small fibers promotes a continuous water flow through the heating surface area, and the
flow turbulence on the porous media promotes bubble formation and departure rate; thus,
the porous media keeps the heating surface at lower temperatures compared with the bare
surface. The heating surface is higher for the porous surface than for the bare surface, and,
due to this fact, the heat rate increases at the same wall temperature, and the film boiling
presents a delay. The surface tension and the wickability effects keep the heating surface at
lower temperatures for the porous surface. The effect mentioned above enhances the CHF
in the porous surface. In the particular case of the subcooled temperature of ∆Tsub, 30 K
and a mass flux of 600 kg·m−2·s−1, the critical heat flux was reached on the bare surface,
around ∆Tsat 50 K, the wall superheat increased rapidly to ∆Tsat 63 K, and film boiling was
observed during the boiling phenomenon, as shown in Figure 12a.

In addition, the wall temperature variations concerning the time are shown in Figure 12b.
The variation on the bare surface wall temperature degree was between −0.4 and 0.4 K.
However, for the porous surface case, the variation was barely 0.1 K. The bare surface reached
the CHF, and the film boiling was observed on the heated wall, as shown in Figure 13a.
Contrarily, using the high-porosity sintered porous metal, the CHF was not reached and the
wall superheat stayed below the ∆Tsat 40 K. The flow patterns are shown in Figure 13b,c for
the 0.5 and 1 mm porous surfaces, respectively. On the porous surface, the burn out did not
occur due to the constant water supply prompted by the bubble formation and the bubble
departure rate was higher on the porous surfaces.
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Figure 12. The critical heat flux (CHF) or maximum heat flux. (a) Boiling curve at the subcooled temperature ∆Tsub = 30 K
and mass flux G = 600 kg·m−2·s−1. (b) Variation of each surface at the heat flux q = 2500 kW·m−2.
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Figure 13. Flow pattern of the different surfaces at the heat flux q = 2500 kW·m−2. (a) Visualization of the flow configuration
on a bare surface at heat flux q = 2500 kW·m−2. (b) Visualization of the flow configuration on a 0.5 mm porous surface at heat
flux q = 2500 kW·m−2. (c) Visualization of the flow configuration on a 1.0 mm porous surface at heat flux q = 2500 kW·m−2.
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4. Conclusions

The present research reports on the heat transfer enhancement under the subcooling
flow boiling using a high-porosity sintered fiber attached to the surface. Two different
porous surface thicknesses (1 and 0.5 mm) and one bare surface were tested. The same
experimental conditions for the three cases and the same flow channel were used for all
the cases. After our analysis of the experimental results, our conclusions are presented.

• The effect of the porous surface on the heat flux was almost marginal on the single-
phase region; however, after the onset nucleate boiling (ONB), the influence of the
porous surface is important. At the same wall superheat (40 K), the heat flux on the
bare surface was around 1600 kW·m−2; on the other hand, using the porous surface,
the heat flux was around 2500 kW·m−2, which represents an enhancement of around
56%. At the same wall superheat (2000 kW·m−2), the wall superheat was around 48 K
and around 36 K for the bare surface and the porous surface, respectively; in other
words, a reduction of around 12 K on the wall superheat.

• At a higher mass flux and higher porous thickness, the heat flux was higher, and the
wall superheat degree was lower. Thus, the ONB shifted to a higher wall heat flux. At
the higher porous thickness, the bubble formation rate and departure rate increased.

• Using high sintered fiber as a passive method to promote bubble formation and
departure increases the heat flux in comparison with the bare surface. The wall
temperature degree variation was more stable using the porous surface. In addition,
the wall superheat degree was reduced, avoiding burnout on the surface.
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