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ABSTRACT

To investigate the effects of thin film, chromium (Cr) and carbon nanotube (CNT) films were fabricated
on a stainless steel grade 316 (SS316) substrate. The Cr coated heaters was produced via a sputtering
process. The sputtering powers and times were carefully controlled to produce well-defined Cr layers on
the substrate. On the other hand, CNT coated heaters were produced through a vacuum filtration
processes. After preparing the test heaters, the coating surface was characterized using various
measurements. The surface wettability was quantified by the measurement of contact angles. The surface
morphology was examined by scanning electron microscopy (SEM). The contact angle measurement
shows a great increase in wettability for a Cr coated heater while the wettability of the CNT coated heater
decreases slightly. Moreover, the SEM images indicate that the Cr structures were compactly distributed
showing nanoscale cavities. The experimental results of pool boiling tests show that, although a great
increase in wettability was evaluated after the sputtering process, no enhancement of CHF was observed
for the Cr coated heater. However, though the surface wettability and roughness decreased slightly, the
porous structure of CNT arrays significantly enhanced the CHF.
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1. INTRODUCTION

Over the past few decades, nuclear power has been paid attention for its high power density and stable
supply. Although a few severe accidents occurred and resulted in exceeding consequences to the
environment and the public, noticeable progress have also been made for the nuclear safety. After the
accident at Three Mile Island in 1980s, the importance of a probabilistic approach for the risk analysis
was recognized more seriously. Also, passive safety systems were considerably developed, and currently
introduced to several reactor types, which are the Westinghouse’s AP1000 and South Korea’s OPR1000 to
mention a few [1]. Furthermore, since the Fukushima Daiich accident in 2011, various strategies were
suggested and envisioned for severe accident mitigation and enhancement of safety margin [2, 3]. For
example, reactor cavity flooding, which is a kind of in-vessel retention (IVR) strategies, is envisioned to
prevent the RPV failure against the hypothesized melting of reactor core [4, 5]. In addition to the severe
accident mitigation strategies, the development of accident tolerant fuels (ATFs) has received attention for
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the improved safety of a nuclear reactor system. With an introduction of ATF system, minimized cladding
oxidation and retention capability of fission products could be achieved [1].

In order to attain the improved safety with the suggested strategies, a coating technique for surface
modification is capable of a solution. Since critical heat flux (CHF) is often considered as a limit criterion
for a thermal system, appropriate thermal management is important in adopting the strategies mentioned.
The delayed RPV failure is expected with proper introduction of the cooling outside the RPV and
enhanced CHF on the RPV surface. As many studies reported, the CHF enhancement is observed on an
engineered surface, and this can be achieved using a surface coating technique. Furthermore, the adoption
of coating techniques is one of promising approaches for ATF systems because surface modification with
a highly oxidation-resistant material can prevent hydrogen generation and cladding embrittlement [1].
Compared to the development of a new cladding for the replacement of the current zirconium-based alloy
cladding and new fuel forms instead of the current ceramic oxide fuels, the surface coating technique is
cost-effective and easily applicable to the current LWR system with no significant design changes.
Recently, a wide variety of oxidation-resistant materials have been proposed: iron-based alloys and SiC-
based materials [6]. Among them, chromium (Cr) is suggested as a coating material for fuel claddings
because it is known for has oxidation-resistant characteristic.

In this study, the feasibility of different coating techniques was investigated in terms of boiling heat
transfer and CHF. Chromium (Cr) and carbon nanotube (CNT) films were fabricated on a metal substrate
via a physical vapor deposition (PVD) and vacuum filtration processes. After preparing test specimens,
pool boiling heat transfer experiments were carried out to investigate the boiling performance of both
cases.

2. EXPERIMENTAL
2.1. Sputtering Process to Generate Cr Film

Cr film was deposited using a DC sputtering system. Figure 1 shows a schematic of the sputtering system.
A metal target is placed in a downward direction in the upper region of the vacuum chamber, and a
substrate facing the target is positioned at the bottom region. The substrate and the target are 100 mm
apart from each other. The size of the target is 101.6 x 6.35 mm? in diameter and thickness, respectively.
Purity of the Cr target is 99.95%. The DC power supply provides up to 1000 W, and the substrate stage
can be heated to a maximum temperature of 600 °C.
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Figure 1. Sputter deposition system.
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Once a sputtering process begins, the chamber is evacuated to a base pressure of 2 x 10 Pa. Argon (Ar)
sputter gas flows to the chamber, and the chamber pressure is maintained at a specific condition. Before
starting Cr deposition, the target is sputtered by Ar" ions for 5 min to remove any contaminants on the
surface. After the surface cleaning, the target is bombarded with the energetic Ar" ions to generate sputter
atoms from the target surface as described schematically in Fig. 2. During the PVD process described, the

sputtering conditions are carefully kept to produce a desirable film on the substrate, and the conditions are
summarized in Table 1.

Target surface
—. Incident

‘- Ar+ion
Figure 2. Physical sputtering process.

Table I. Summary of sputtering conditions

Target | Flow rate, cc | Sputtering power, W | Sputtering time, hr | Pressure, Pa
Cr 30 150 2 0.13

2.2. Fabrication of Random CNT Network Film

CNTs were dispersed in deionized water with 2 wt % sodium dodecyl sulfate (SDS) or sodium cholate.
The prepared solution was homogenized at 6500 rpm for one hour and sonicated for 10 minutes in a cup-
horn sonicator. The diameter and length of CNTs were approximately 0.8 — 1.2 nm and 0.1 — 1.4 um,
respectively, although the individual lengths may have varied depending on the sonication time. The
density-gradient ultracentrifugation was used to separate CNTs by the subtle difference of densities at
30,000 rpm, and the upper portion of the solution in well-dispersed solution was only decanted (Fig. 3(a))
[7]. A randomly oriented CNT film was fabricated by a vacuum filtration method [8]. The CNT solution
was filtered through a porous alumina membrane (Anodisc 25 mm in diameter, 20 nm to 100 nm in pore
size) to fabricate a randomly oriented CNT network film (Fig. 3(b)). The total amount of CNT solution
was generally proportional to the thickness of the synthesized film according to the characterizations by
an atomic force microscope (AFM), and it allowed us to control the thickness of the CNT film. The
remaining surfactants were removed by repetitive washing by DI water until no bubbles were observed

through the vacuum filtration equipment, and the final CNT film on the alumina-supported membrane
was obtained (Fig. 3(c)).
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Figure 3. (a) Dispersed Hipco CNT solutlons, (b) Vacuum filtration equlpment for the synfhesns of
randomly oriented CNT network film; (¢) CNT film with a supporting substrate.

The alumina membrane that was covered with a CNT film was floated on a 3 M sodium hydroxide
(NaOH) solution to induce the gradual etching of the bottom layer of the membrane [9]. When the entire
alumina layer was etched, the remaining CNT film floated on NaOH solution. A repetitive DI water
circulation reduced most of sodium hydroxide until pH 7 was reached, where the free-standing CNT film
floated on the DI water surface. The test heater was placed directly underneath the CNT film, and the DI
water was continuously drained until physical adhesion of the film to the test heater occurred. The CNT
film was transferred onto the center of the test heater, and the CNT coated heater was bolted to the copper
electrodes before being insulated with epoxy. Incomplete removal of DI water between the CNT film and
the test heater resulted in weaker adhesion. The CNT coated test heater was dried in an oven at 80 °C for
2 hours to promote adhesion. The thickness of the CNT film was precisely measured by AFM near the
boundary between the CNT film and its substrate (Fig. 4(a)). Figure 4(b) shows the surface morphology
of randomly oriented CNT networks, captured by a scanning electron microscope (SEM). The random
fiber networks composed of CNTs were well distributed with uniform porous structures.

(a)1.6u21

Figure 4. (a) AFM image of a boundary between CNT ﬁl and the ubstrate; (b) SEM image ofa
CNT film. The scale bar indicates 500 nm.

2.3. Experimental Apparatus and Heater Design
The CHF of DI water with bare SS316 and test heaters were measured in the apparatus as shown in Fig. 5.
The apparatus consists of a horizontal flat heater submerged in water at atmospheric pressure. The bare

and test heaters (Fig. 6) were 42x10x2 mm? in length, width, and thickness, respectively. The heaters
were bolted to copper electrodes and heated by resistance heating using a DC power supply of 1200A-
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10V capacity. The voltage and current were measured with a cDAQ system from National Instruments.
The heater temperature was measured with a K-type thermocouple (TC) inserted into a small hole formed
by a thin foil that was spot welded to the backside of the heater. The voltage drop across the flat heater
was measured by spot welding two conductive wires into both ends of the flat heaters. The bulk
temperature was measured with a K-type TC, whose sheath diameter was 1 mm and the nominal
uncertainty was +1.1 °C as specified by the manufacturer (OMEGA Engineering).
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Figure 5. Schematic of pool boiling isothermal bed apparatus.
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Figure 6. Schematic of test heater assembly.
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The experimental procedure is as follows. First, the isothermal bath and water were taken to the desired
temperature by the preheaters. The heaters were heated up at low flow to remove any incondensable gas
bubbles sticking to the surface. After the gas was removed, the power was increased in small steps of 30 —
50 kW/m? until CHF occurred. At every heat flux increment, the wall temperature was measured
simultaneously. Furthermore, a high-speed camera (Phantom V7.3) was employed to capture the bubble
dynamics of evaporation/boiling at every heat flux step with a rate of 1,500 frames/sec.

The experiment was terminated when CHF was detected visually and/or electrically (i.e., the wall
temperature and voltage signals suddenly increased). Heat fluxes were calculated from the following
equation:

w_ Power :ﬂzvlllvv—ll_—l (1)
Heat transfer area WL

The uncertainties on the current (Uy/I), voltage (Uv/V), and heated length (Ur/L) and width (Uw/W)
values were less than 0.5, 0.5, 2, and 1.2 %, respectively. Eq. (3) shows the final measurement uncertainty
calculation of 2.4% using a propagation of error method [10]:
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3. RESULTS AND DISCUSSION
3.1. Measurement of Surface Characteristics

The contact angle is an indicator used to quantify the surface wettability effect, which is a dominant
parameter affecting the boiling heat transfer characteristics [11]. The Kandlikar’s model suggests a
contact angle is a major parameter, and shows the wettability effect on the CHF phenomenon [12]. Thus,
a static contact angle measurement was performed to evaluate the wettability of the test heater. Figure 7
shows apparent contact angles on the heaters for each case. The resulting contact angles were estimated to
be 81.6° for the bare sample, 16.4° for the Cr coated sample, and 98.8° for the CNT coated sample,
respectively. After the sputtering process, the wettability of the Cr coated sample increased significantly,
and a difference of 65.2° was evaluated. On the other hand, the wettability of the CNT coating on the
SS316 substrate slightly decreased a difference of 17.2°. Sethi and Dhinojwala reported that the intrinsic
contact angle of CNT is 167°+£3°, which represents the hydrophobic surface property [13]. However, the
contact angle of the CNT coating in the current measurement showed a much lower contact angle as
compared to the intrinsic contact angle. It is apparent that the resulting lower contact angle was due to the
existence of a porous structure by CNTs array, which was likely to enhance the capillary force. The SEM
image of the CNT film also supports its porous structure as shown in Fig. 9(b).
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(a) (b) (c)

Figure 7. Apparent contact angle: (a) Bare SS316 (81.6°); (b) Cr film (16.4°); (¢) CNT film (98.8°).

In addition to the wettability effect, roughness is also one of key surface parameters to affect the boiling
heat transfer performance. Many studies have reported that the surface roughness is related to the surface
morphology and micro-cavities, and increased boiling heat transfer was observed on a surface with higher
roughness. Moreover, Ramilison et al. investigated the roughness effect on CHF, and higher CHF is
expected on a rougher surface [14]. The surface roughness of the bare and coating samples was measured
using AFM, and Table I summaries the measurement values. As compared to the bare sample, the
roughness decreased for both the Cr and CNT coatings. Moreover, it should be noted that, although the
CNT layer has the porous structure as shown in Fig. 9(b), the resulting value of roughness of the CNT
layer is higher than that of the Cr layer. In vacuum filtration process described in Section 2.2, while the
CNT film was formed on the Anodisc membrane, the film experienced a continuous DI water pressure at
the top side of the film until the surfactants were completely removed. During this process, the film was
compressed, and as a result, the CNT layer had considerably flat surface with the improved adhesion
between the substrate and coating layer.

Table II. Measurement of surface characteristics

Bare SS316 Cr CNT
Contact Angle, ° 81.6 16.4 98.8
Roughness, nm 40 21 7

Figure 8 shows a side view of Cr film deposited on the SS316 substrate. The Cr layer were uniformly and
compactly developed on the substrate forming a nanoscale structure. As confirmed in the SEM image, the
coating layer consists a number of Cr pillars, and a thickness of the layer was evaluated about 3.5 pm.
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Figure 8. Side view of Cr layer on SS316 substrate. The scale bar indicates 2 pm.

Surface morphology of the Cr and CNT films was investigated with SEM images. Figure 9 shows plain
views of each coating, and different types of surface structure are observed. The Cr structure in Fig. 9(a)
is compactly distributed from each other. On the other hand, the assembly of CNT wires in Fig. 9(b)
forms a porous structure which may promote the liquid supply.

: Sl

0 m.

3.2. CHF of Bare and Coated Heaters

Figure 10 shows resulting CHF values in the experiment, and CHF of the bare sample is 820 kW/m?. The
obtained CHF of the bare sample was evaluated with existing models relevant to the heater conditions.
The Zuber’s model (1959) shown in Eq. (4) is widely adopted as a conventional CHF correlation, which
was developed for an infinite flat heater [15, 16]. The Zuber’s hydrodynamic limit predicts a CHF value
of 1,107 kW/m?, where C is determined by nt /24=0.13, and this value is 287 kW/m? larger than that of the
bare sample. Chang’s analysis suggests a different value of C in eq. (4). He considered the forces acting
on the bubble and postulated that the CHF condition was attained when the Weber number (incorporating
the velocity of liquid relative to the rising bubble) reached a critical value. The resulting CHF value on
the horizontal surface as determined from Eq. (5) was approximately 75% of the vertical plate values,
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with a measured CHF of 823 kW/m? [12, 17]. This value was only 3 kW/m? larger than that of the bare
sample.

O =Chy 22 [0g(n—p,)] 4)

Uiy =0.0080, 0% [0g (- 2,)] (5)

Although the surface characterization result indicates a notable difference of the surface wettability, the
Zuber’s model does not reflect the wettability effect. The Kandlikar’s model (2001) shown in Eq. (6)
provides a CHF prediction incorporated the effects of the surface contact angle. The Eq. (6) shows that
and ¢ are the surface contact angle and heater orientation angle [12].

. wo(l4+cCOSBY 2 7 e 1/4
Uerie = Nig P, T ;+Z(1+COS,3)C05¢ [ca(p-p,)] (6)

As the contact angle is 16.4° for the Cr coated heater discussed in Section 3.1, the Kandlikar’s prediction
results in a CHF value of 1,528 kW/m?. This prediction implies the wettability effect with the increased
CHF value as many studies report. However, even the surface wettability increased considerably, the test
result shows no significant difference of CHF. The obtained CHF of the Cr coated heater (SPT-Cr) is 786
kW/m?, which is only 4% lower than that of the bare sample, as shown in Fig 10. O’Hanley et al. studied
the effects of surface parameters, which are roughness, wettability, and porosity, and concluded that the
wettability effect alone does not affect CHF. A dramatic increase of CHF was achieved on a highly
wettable surface with the porous layer. In other words, the wettability effect appears with a combination
of wettability and porosity [18]. The SEM images in Figs. 8 and 9(a) show the Cr pillars piled up densely
and uniformly, which indicates no porous structure. Moreover, the surface roughness of the Cr coated
heater greatly decreased. It is known that roughness affects the boiling heat transfer and CHF [14, 19],
and is related to the number of nucleation sites and size of cavities [20]. The SEM image in Fig. 9(a)
shows densely distributed nanoscale cavities and the smooth surface, which is likely to inhibit nucleate
boiling. Furthermore, O’Hanley et al.’s work showed that, as compared to the bare sample, the similar
CHF value was obtained for the smooth non-porous hydrophilic surface, whose conditions are relevant to
the Cr-coated surface. Thus, even a significant increase of wettability was obtained after the sputtering
process, no CHF enhancement was observed for the Cr-coated heater.
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Figure 10. CHF data of bare, Cr coated, and CNT coated heaters.

Moreover, unlike the Cr coated sample, CHF of the CNT coated heaters (CNT1 and CNT2) increased as
presented in Fig. 10 while wettability of the CNT coating slightly decreased. The obtained CHF of the
CNT coated heater is 1,222 kW/m?, which is 49% higher than that of the bare sample. As shown in Fig.
9(b), the CNT arrays has the porous structure and this could give a chance to promote liquid supply,
which likely resulted in increases in the capillary wicking force. As a result, the enhanced CHF was
achieved for the CNT coated heater. Relevant observations were reported by Weibel and Garimella [21]
and Weibel et al. [22]. In their works, an optimum CNT array could increase the permeability and result in
a decrease in the capillary pressure drop, which subsequently inhibits fluid feeding. Thus, the porous
structure of the CNT film significantly affects the enhanced CHF although decreases in the surface
wettability and roughness were obtained.

4. UMMARY AND CONCLUSIONS

In this study, Cr and CNT films were fabricated on the SS316 surface via different coating processing,
which are the sputtering and vacuum filtration processes. Specifically, sophisticated surface
characterization was performed with the wettability measurement and surface morphology analysis.
Furthermore, the pool boiling heat transfer experiments were carried out to obtain the CHF value of the
test heaters. The major findings observed from this study can be summarized as follows:

*  Although a great increase in surface wettability was obtained after the sputtering process, no
CHF enhancement was observed for the Cr coated heater rather the slightly decreased CHF was
obtained. A similar observation was reported in the O’Hanley et al.’s work for the smooth non-
porous hydrophilic surface [18].

e However, though the Cr coating heater shows the relevant surface condition to one of the
O’Hanley et al.’s test, a further investigation is essentially needed to support the test result. Since
the Cr and CNT layers are distinct materials, the comparison of the wettability effect on CHF is
limited at the present stage.
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e Unlike the case of the Cr coated heater, the surface wettability and roughness decreased slightly
for the CNT coated heater. Moreover, the significantly enhanced CHF was observed for the
heaters with the porous structure of CNT arrays.

o For further assessment of the coating techniques, a quantitative comparison in nucleate boiling
heat transfer coefficient and visual observations are needed to investigate the boiling
performance of the coated heaters.
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