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Abstract: Water–copper is one of the most common combinations of working fluid and heating surface
in high-performance cooling systems. Copper is usually selected for its high thermal conductivity
and water for its high heat transfer coefficient, especially in the two-phase regime. However, copper
tends to suffer oxidation in the presence of water and thus the heat flux performance is affected.
In this research, an experimental investigation was conducted using a cooper bare surface as a
heating surface under a constant mass flux of 600 kg·m−2·s−1 of deionized water at a subcooled inlet
temperature ∆Tsub of 70 K under atmospheric pressure conditions on a closed-loop. To confirm the
heat transfer deterioration, the experiment was repeated thirteen times. On the flow boiling region
after thirteen experiments, the results show an increase in the wall superheat ∆Tsat of approximately
26% and a reduction in the heat flux of approximately 200 kW·m−2. On the other hand, the effect of
oxidation on the single phase is almost marginal.
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1. Introduction

Subcooled flow boiling is a common technique used in cooling systems due to its
high heat flux removal ability. One of the most common combinations in heat exchang-
ers are the water as working fluid and copper as heating surface, due to their high heat
transfer coefficient. This combination has a reported heat flux of higher than 2500 kW·m−2

under atmospheric pressure conditions [1–3]. In addition, researchers have reported an
increment in the heat flux on modified surfaces such as porous materials, coating surfaces,
rough surfaces, micro-channeled structures, etc. They have reported a flow boiling heat
transfer enhancement that is approximately 2 times higher than the non-treated heating
surfaces and the effects of the nucleation sites density (NSD) [4,5]. However, the influence
of the oxidation on the heating surface affects the heat transfer performance, especially
during the boiling operation, as an oxide layer is formed on the heating surface and the
characteristic color of the copper changes; thus, the hydrophilic characteristics also change,
particularly the bubble static contact angle which presents an increment [6–8]. Kim et al. [9]
investigated the heat transfer coefficient and the critical heat flux on smart TiO2- and
ZnO-coated smart surfaces. They found an increment in the heat transfer coefficient (HTC)
and a reduction in the CHF under low mass fluxes due to the effect of the wettability
and the contact angle of the working fluid with the heating surface. Copper surfaces are
stable in pure water; nevertheless, if oxygen is added to the working fluid, copper oxide I
(CuO) or copper oxide II (CuO2) is formed on the copper surface. The amount of copper
oxide on the surface depends on the electrochemical potential and the concentration of
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oxygen in the water [10,11]. A copper oxidation layer on flow boiling process consists
of a four-step process: (I) formation of small particles of oxide; (II) release, the particles
detached from the surface; (III) migration, particles swept along by the water flow; and (IV)
copper oxide particles suffer from a re-deposition forming an oxide layer [12,13]. In 1990,
Moliere et al. [14] reported a decrement in the cooling efficiency of electric turbo-generators.
The heat flux removal is affected by copper oxidation clogging in the hollow strands.
They found that if the oxygen concentration in the water is approximately 2–3 mg/l O2,
an oxidation layer (CuO) is formed on the surface in approximately 200 h. On the other
hand, if the oxygen concentration is lower, approximately 20 µg/l O2 many of the copper
oxidation layers are removed by the working fluid flow which produces clogging in the
system. Vlachou et al. [15] reported a reduction in the heat flux by 10% for the aged surface
after 24 h of boiling operation in comparison with the fresh and polished heating surface,
for which they also reported that there was an increment in the bubble angle contact on
the aged surface. In 2019, Jayaramu et al. [16] conducted a flow boiling experiment in a
copper microchannel using three different heating surfaces: a freshly machined surface, an
aged surface (the first surface after oxidation), and finally, a cleaned surface (the second
surface after cleaning it with 0.1 M hydrochloric acid). They reported that an increment in
the roughness induces more active nucleation sites, resulting an increment in the boiling
heat transfer. However, the aged surface presented a reduction in the heat flux, and an
increment in the wall superheat in comparison with the other two surfaces. This effect is
attributed to the increased wettability caused by copper oxidation. In addition, the onset
nucleation boiling depends on the size of cavity holes, the shape of the cavity holes, and
the surface wettability. In general, the aged surfaces present lower wettability than the
freshly machined surfaces due to the high surface energy of the copper oxide layer [17,18].
Kim et al. [17] conducted experimental research using a roughness superhydrophilic alu-
minum surface and roughness copper surface and the results show the degradation of
the heat transfer coefficient in comparison with the copper surfaces. They highlighted the
flooding of the scratch, holes, or cavities—as well as the higher wettability between the
surfaces and the water higher the contact area. Wang et al. [19–21] performed different
experiments to analyze the effects of surface oxidation on the heat flux in pool boiling.
They found a gradual oxidation process that promotes a deterioration on the heat transfer
performance. Recently, researchers have focused on the influence of the oxide layer on
heat transfer performance. Takemura et al. [22] studied the effect of the oxide layer on a
warmed copper surface, analyzed the deposition of nanoscopic warm oxidation particles
and concluded that the oxidation layer contained a hydrophilic compound. This effect
increases the contact angle and reduces the wettability. Aromma et al. [23] analyzed the
cooper oxidation as a function of the time at low air temperatures between 60 ◦C and
100 ◦C. They found an abrupt increment in oxidation at 80 ◦C and higher, and thus the
risk of corrosion also increases. The effect of the oxidation on the critical heat flux (CHF)
was experimentally analyzed by Trojer et al. [24]. An increment in the CHF up to 70% was
found, an enhancement which was attributed to the super-hydrophilic surface created by
the oxidized low carbon steel reactor pressure vessel.

Although previous researchers have focused on copper oxidation and its effects on
heat transport phenomena, the oxidation layer effects on subcooled flow boiling need to
be considered in the design of high-performance cooling systems. The present research
presents the effect of the copper oxide layer on the heat transfer performance in both
the single-phase and two phases regions. The results of a subcooled flow boiling ex-
periment which was repeatedly conducted to verify the heat flux of a polished copper
surface and an aged (oxidized) surface, for a total of approximately 52 heating hours are
discussed subsequently.
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2. Experimental Setup for Flow Boiling

In order to investigate the effect of the copper oxide layer in the horizontal subcooled
flow boiling heat flux, the experimental apparatus used in the present research has the
same setup to that used in [25,26]. To analyze the effect of the oxidation on the heat flux,
high inlet subcooling temperature and high mass flux were selected. Figure 1 shows the
experimental apparatus where deionized water was used as working fluid. A 40 L tank
was installed to perform the degassing of the working fluid. To reduce the temperature of
the deionized water after the degassing process, a 20 cooling tubes heat exchanger with a
maximum capacity of 40 l/s was used. A magnetic pump “IWAKI” was used to circulate
the working fluid through the test loop. Just after the magnetic pump, a preheater was used
to control the inlet subcooling temperature. In the present research, the inlet subcooling
temperature was set in ∆Tsub = 70 K. The mass flux was measured by a Coriolis flow
meter and regulated using a control valve installed at the inlet part of the flow meter. Then,
the water flowed into the test section, where at the inlet part, an aluminum flow rectifier
was used to mix the bulk temperature, rectify the flow, as well as prevent impurities in
the heating section. A group of 12 cartridges heaters was inserted in a copper block; the
cartridges were controlled and monitored by a PID controller that was also connected
to the data acquisition system. The maximum heat flux provided by the cartridges was
approximately 2200 kW·m−2. At the inlet and outlet part of the test section, pressure gages
and differential pressure gages were installed. All the data were collected using a data
logger MX100 and analyzed in real time. The working fluid returned to the degassing tank
and the cycle started again until the maximum capacity of the copper block was reached or
the safety operation temperature condition reached 580 ◦C (approximately 2200 kW·m−2).
Detailed information of the experimental conditions are given in Table 1.

Figure 1. Experimental apparatus.

Table 1. Experimental conditions.

Parameter Value/Range Unit

Subcooling temperature ∆Tsub 70 K
Mass flux 600 kg·m−2·s −1

Maximum heat flux 2200 kW·m−2

Copper block roughness 0.4 µm
Number of experiments 13 [-]
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2.1. Test Section

The test section consists of a group of two copper blocks. Figure 2a shows the copper
block B where the group of 12 cartridge heaters is installed. The heat is transferred
from copper block B to copper block A. This last copper block consists of two pieces of
copper, between which a total of 10 thermocouples K-type are inserted to measure the local
temperature, which are divided into 5 groups of 2. The distance between each group is
20 mm and the heating surface is a 10 mm × 100 mm area as shown in Figure 2c. The
heating surface was covered with a polycarbonate that enables the visualization of the
flow and bubble pattern. The flow channel formed between the heating surface and the
polycarbonate is 10 mm × 10 mm × 100 mm. The distance between each group of two
thermocouples was measured in 9 mm as shown in Figure 2b.

(a)

(b) (c)
Figure 2. Test section details: (a) test section (heating copper block); (b) flow channel; and (c) heating
surface.

2.2. Experimental Procedure

In order to clarify the influence of the copper oxidation layer on the heat flux and wall
superheat, a total of 13 experiments (around 52 heating hours using the same experimental
loop) were performed under the same experimental conditions using a polished bare
surface. The experiment was conducted under sea-level atmospheric pressure conditions.
Deionized water was used as the working fluid. To ensure the absence of micro bubbles
in the working fluid, two-hour degassing was conducted before each experiment. After
the degassing process, the tap water flowed into the heat exchanger to reduce the water
temperature. The pump is activated and the mass flux and inlet subcooling temperature
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were adjusted. To analyze the effect of the oxide layer on the heat flux in the single-
phase and two-phase flow, the temperature of the copper block B was heated to 60 ◦C.
After reaching stable conditions, the data were recorded for three minutes, and then the
temperature of the copper block B was increased in steps of 40 ◦C and the step was repeated.
To avoid damage to the experimental apparatus, the experiment was stopped when the
copper block B temperature reached 580 ◦C or if the maximum heat flux of 2200 kW·m−2

is reached.

2.3. Uncertainty Analysis

In this experiment, two kinds of thermocouples were used to measure the temperature.
The ten thermocouples inserted in copper block A have a measurement error of 0.05 K; on
the other hand, the thermocouple inserted in the copper block B has a measurement error
of 0.2 K. The total error on the distance measurement is 0.02 mm. In general, the heat flux in
the test section was calculated by the temperature measured on each pair of thermocouples
and the distance difference between each pair of them, using a one dimensional Fourier
law as shown in Equation (1), where dx is the distance between each thermocouple, dT is
the temperature difference, λc is the copper thermal conductivity and q the heat flux. The
total amount of heat flux was determined by the average of the five pairs of thermocouples.
The uncertainty analysis of the heat flux was calculated by Equation (2):

q = λc
dT
dx

(1)

∆q =

√
δq
δk

∆k
2
+

δq
δdx

∆dx
2
+

δq
δT1

∆T1

2
+

δq
δT2

∆T2

2
(2)

The experimental heat flux error was calculated in approximately 3% at low heat fluxes
and 1% at heat fluxes of 500 kW·m−2 and above. Otomo et al. and Galicia et al. [25,26] pro-
vided extensive details on the data acquisition and experimental setup and its instrumentation.

3. Results

After performing 13 experiments, a black copper layer oxidation was clearly formed
by the deposition on the heating surface. Figure 3a shows the polished copper surface
before the experiments, and on the other hand, Figure 3b shows the oxidized surface after
13 experiments under the same conditions. The polished surface was polished with a
Tamiya polishing compound in its three presentations: coarse, fine, and finally with the
finish compound. The color of the surface copper block showed a considerable change in
the color and the surface rugosity. A small oxidation layer is formed on the heated surface
covering nucleation sites and scratches on the surface, and it increases with the number of
experiments. A reduction in the heat transfer coefficient was confirmed.

(a) (b)
Figure 3. Copper surface before and after the formation of the oxide layer: (a) polished copper
surface; and (b) oxidized surface after 13 experiments.
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3.1. Single-Phase Heat Flux

The copper oxidation effect on the heat flux in the single-phase regime is shown
in Figure 4. For its easy comprehensibility, the single-phase region was considered when
∆Tsat ≤ 0 K. The influence of the oxidation on the heat flux is minimal in the single-phase
region due to the absence of bubbles, despite the nucleation site density (NSD) being lower
for the oxidized surface, it does not have a notable influence over the heat flux performance.
The first experiment showed a slight reduction in the heat flux at the same wall superheat
temperature, a phenomenon which is attributed to the polishing compound remains; as shown
in Figure 5a,b, these remains are removed by the vigorous bubble activity in the flow boiling
during the first experiment. This phenomenon was confirmed with the analysis of the heat
transfer coefficient, as shown in Figure 6. The first experiment shows the lowest heat transfer
coefficient h (approximately 7 kW·m−2K−1), and the HTC increases if the NSD also increases
due to the absence of polishing compound remains on the heating surface. An increment in the
HTC in the second experiment of approximately 20% in comparison with the first experiment
was confirmed. However, from the second experiment to the thirteenth experiment, the heat
transfer coefficient did not show significant variation. Despite the oxide layer formed on the
surface, the HTC and heat flux variation can be neglected due to the absence of bubble activity.
Each experiment took approximately 4 h heating, thus after the 13 experiments, it could be
considered a heated surface under 52 h of oxidation approximately. To reduce the oxidation
produced by the water during the non-heating time, water was removed by compressed air
and all the experiments were finished within 3 days.

3.2. Two-Phase Heat Flux

Figure 7 and Figure 8 show the heat flux and the heat transfer coefficient of the thirteen
experiments, respectively. The effect of the copper oxide layer is clearly noticeable; the
heat flux decreased and the wall superheat gradually increased after each experiment. This
effect is attributed to the oxidation layer that increases its thickness and it gradually covers
more nucleation sites. From the first experiment to the sixth experiment, the wall superheat
increases by approximately 5.5 K, and the heat flux presented a small variation s between
2259 and 2081 kW·m−2 . This variation is caused by the formation of copper oxide particles
on different points of the surface, as shown in Figure 9a. From the seventh experiment to
the last experiment, an increment in the wall superheat of 7 K was found, however, the
heat flux presented a minor variation. This phenomenon is attributed to the formation of
a uniform oxide layer that completely covers the surface, as shown in Figure 9b. It can
be seen that the oxidation effect is reduced after each experiment; the heat flux and wall
superheat in the 12th and 13th experiment are similar and the difference in the boiling
curve is marginal. In general, the boiling curve conserves the same inclination on the flow
boiling area, however, the wall superheat increased by approximately 12.5 K from the first
to the last experiment, representing an increment of approximately 26%. The increment in
the wall superheat is attributed to the reduction in the number of nucleation sites. These
nucleation sites are covered by the oxidation layer and the water supply is reduced on the
heating surface. On the other hand, the heat flux presented a reduction of approximately
8% as a result of the effect of the oxide layer. Researchers have proposed correlations to
predict the subcooled flow boiling heat flux in pipes. However, these correlations present a
variation between the predicted and the experimental heat flux. This variation is due to
the fact that the correlation considers a circular heated channel, while the present research
uses a single heated face in a square flow channel. In order to tackle this problem and to
confirm the accuracy of the experimental results, they were compared with the modified
Dittus–Boelter correlation [27] proposed by Hua et al. [28] for the calculation of the heat flux
in the single-phase region and the correlation proposed by Steiner et al. [29] corresponding
to the heat flux in the subcooled flow boiling. Both correlations are proposed as a modified
correlation for subcooled flow boiling using a one side heated surface. Figure 10 shows the
comparison of the experimental heat flux and the heat flux calculated by the correlations
proposed in [28,29]. In the flow boiling region, good agreement was found between the
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experimental heat flux and the calculated heat flux during the first three experiments;
however, after the fourth experiment, the wall superheat presented a noticeable increment
of approximately 10 K.

Figure 4. Heat flux in the single-phase region.

(a) (b)
Figure 5. Fresh machined and polished surface comparison: (a) fresh machined surface; and (b)
polished surface.

Figure 6. Heat transfer coefficient in the single-phase region.
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Figure 7. Heat flux in the two-phase region.

Figure 8. Heat transfer coefficient in the two-phase region.

(a) (b)
Figure 9. Oxidation process on the copper surface: (a) formation of copper oxide particles during the
first heating hours; and (b) formation of the uniform oxide layer that covers the heating area.



Appl. Mech. 2023, 4 28

Figure 10. Experimental heat flux and calculated heat flux comparison. Predicted heat flux by the
Dittus-Boelter correlation for single-phase [27,28], and the Steiner correlation [29] for two-phase
flow boiling.

Wang et al. [20] reported the same effect under different mass fluxes and different cop-
per surface oxidation times. They used water as a working fluid at saturation temperature.
The number of bubbles formed on the heating surface is proportional to the number of
nucleation sites, and the bubble contact angle is lower for the oxidized surface. The heat
flux is reduced and the wall superheat increased proportionally to the heating hours as
shown in Figure 11. The oxidation effect on the heat flux is independent of the degree of
the working fluid subcooling temperature. The ONB also shifted to a higher wall superheat
for the subcooled flow boiling, however, the increment in the wall superheat follows the
same pattern. Since the oxide layer effect is gradually reduced at the longer heating time,
Vlachou et al. [15] demonstrated a limit on the copper oxide layer influence. They tested an
aged surface for 24 h under subcooled flow boiling, compared it with a freshly machined
surface, and reported stable heat flux conditions on the 24 h aged surface. The present
research tested the surface for a total of 52 heating hours.

Figure 11. Comparison of the copper oxide layer effect on the subcooled flow boiling and the
experimental results of saturated flow boiling obtained by Wang et al. [21].
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4. Conclusions

The copper oxide layer formed on the surface and its effect on the heat transfer
coefficient under subcooled flow boiling was analyzed by repeating the same experiment
thirteen times. A significant influence of the oxidation layer on the single-phase region
due to the absence of bubble activity was not found. On the other hand, in the two-phase
flow regime, a direct relationship was found between the oxide layer promoted by the
heating time of the copper surface and the heat transfer performance. The oxidation layer
covers a high number of nucleation sites affecting the bubble formation on the two-phase
region. The wettability increases with the heating time; nevertheless, the nucleation sites
are covered and thus the bubble activity is reduced, promoting an increment in the wall
superheat. As a consequence of the increment in the wall superheat, a reduction in the
heat transfer coefficient was also found, an effect which is only appreciated in the two-
phase regime due to the bubble activity that promotes the working fluid evaporation and
condensation. The following conclusions were obtained:

• An influence on the wall superheat temperature was found at the same heat flux in the
flow boiling regime, however, for the single-phase regime, the oxidation layer effect is
almost negligible.

• The oxidation layer formed on the copper surface covers a large number of nucleation
sites and thus the water. supply ability is reduced; as a result, the same heat flux,
which is an increment in the wall superheat, was found after the onset nucleate boiling.

• The oxidation layer has a limit effect on the heat flux. For longer oxidation times, there
is less of an effect on the wall superheat temperature at the same heat flux.
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