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Abstract 7 

We elucidate the separate effect of a thin Cr coating deposited by physical vapor deposition (PVD) 8 

on the subcooled flow boiling performance of zircaloy-4. First, we run flow boiling experiments 9 

on prototypical zircaloy-4 surfaces mimicking the scratch pattern and surface roughness of nuclear 10 

reactor claddings. Then, we PVD-coat a 0.3 µm thick chromium layer on the same exact surface 11 

and repeat the same flow boiling investigations. All experiments are run using deionized water at 12 

atmospheric pressure, flowing on a 1×3 cm2 rectangular cross section channel at a rate of 1000 13 

kg/m2/s and a subcooling of 10 K. We measure the average temperature of the boiling surface at 14 

increasing surface heat fluxes, covering a wide range of heat transfer regimes, from single-phase 15 

forced convection to the boiling crisis. We also record high-speed videos of the boiling process, 16 

which we postprocess to measure bubble nucleation site density, growth time, departure diameter 17 

and frequency. The surface analysis reveals that, while the chromium coating does not seem 18 

change the surface roughness and morphology, it improves surface wettability. However, it 19 

decreases the critical heat flux. The chromium coating causes an increase of nucleation 20 

temperature, bubble departure diameter and growth time, and a reduction of the nucleation site 21 

density. The concurrence of these observations indicates that a size reduction of the nucleation 22 

sites, conformally covered by the chromium coating, may be the cause of the boiling performance 23 

deterioration. We confirm this hypothesis repeating the same analysis on a FeCrAl sample 24 

prepared and tested using the same protocol as the zircaloy-4 sample, but with a different initial 25 

surface texture. 26 

Keywords: Boiling, Accident Tolerant Fuel, PVD, chromium, zircaloy-4, FeCrAl  27 
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1. Introduction 1 

 The fuel cladding is a key component of a nuclear reactor system. Light water reactor 2 

(LWR) fuel claddings are typically made of zircaloy, i.e., zirconium alloys. Zirconium alloys are 3 

attractive because of their favorable neutronic properties and high melting point temperature. 4 

However, they may experience severe oxidation and generate hydrogen (produced by the oxidation 5 

reaction itself) when exposed to high temperature steam. This is not the case in normal operating 6 

conditions. However, it might happen during an unlikely loss of coolant event, e.g., after the 7 

tsunami that hit the Fukushima nuclear power plant in 2011. Since the early 2010, the nuclear 8 

community has focused on the development of accident tolerant fuel (ATF) cladding materials 9 

with enhanced resistance to oxidation and hydrogen generation [1-8]. As of today, chromium-10 

coated zircaloy is one of the most promising concepts. Micrometric chromium coatings can 11 

enhance the oxidation resistance of zircaloy claddings (typically ~0.6 mm thick) without affecting 12 

their thermomechanical strength. However, these coatings may change the surface wettability and 13 

morphology, which are known to affect boiling heat transfer efficiency and critical heat flux (CHF). 14 

As CHF represents, among other things, a crucial operational limit for nuclear reactors, there is a 15 

scientific and technical interest in understanding how it may be affected by such chromium 16 

coatings.  17 

 Several studies have investigated the pool boiling performance of Cr-coated surfaces [9-18 

15]. Chromium can be coated using different physical or chemical processes, e.g., physical vapor 19 

deposition (PVD), electroplating, and cold spray. PVD-coated chromium coatings are typically 20 

thin, i.e., their thickness is smaller or comparable to the characteristic length scale of the underlying 21 

surface features (e.g., the surface roughness Ra). Such coatings cover the surface conformally, i.e., 22 

they preserve, to some extent, the morphology of the underlying surface. Meanwhile, spray-coated 23 

chromium coatings are typically thick (i.e., they do not preserve the morphology of the underlying 24 

surface) and rough and are typically polished after the deposition. Importantly, these different 25 

processes lead to different surface textures and wettability [8, 16] and, consequently, a different 26 

boiling performance. Crucially, there is still no general agreement on how these coatings may 27 

affect the boiling heat transfer process. Table 1 summarizes recent experimental works 28 

investigating the boiling performance of chromium coatings. Kam et al. [9] and Jo et al. [13] 29 

observed that Cr coatings obtained by electroplating (1 µm thick) and cold spray (64 to 79 µm 30 

thick, polished after coating) reduce CHF and argued that such behavior is due to a deterioration 31 



3 
 

of the surface wettability. Lee et al. [16] also reported reduced CHF and enhanced heat transfer 1 

coefficient on a cold sprayed chromium coating in subcooled flow boiling, but they attributed those 2 

changes to a change of the surface morphology, leading to a decrease of the bubble departure 3 

diameter and an increase of the nucleation site density, rather than wettability. Son et al. [15] 4 

reported that a 1.5 µm thick chromium layer PVD-coated at room temperature makes the surface 5 

super-hydrophilic and enhances CHF. Conversely, subcooled flow boiling experiments conducted 6 

by Lee et al. [16] revealed no meaningful changes in heat transfer coefficient and CHF on PVD-7 

coated surface with a slightly deteriorated surface wettability. In summary, while the 8 

understanding of these phenomena is improving, the number of variables to consider (e.g., the type 9 

of coating technique, sample surface finish, and the operating conditions) is large, and targeted 10 

studies are necessary to elucidate coating-specific effects. 11 

 In this regard, the objective of this work is to elucidate the separate effect of thin PVD-12 

coated chromium coatings on the surface properties and the subcooled flow boiling performance 13 

of nuclear reactor cladding materials in low pressure conditions. Importantly, in a recent study on 14 

the separate effect of surface oxidation [17], we demonstrated that the subcooled flow boiling 15 

performance (i.e., heat transfer coefficient and CHF) of unoxidized zircaloy-4 surfaces can be 16 

different even on samples with the same nominal wettability and roughness, presumably due to 17 

random differences in the nucleation site size distribution. This result has profound implications, 18 

as it suggests that to elucidate the separate effect of thin coatings (e.g., PVD-coated chromium) 19 

preserving the morphology of the underlying surface, one should compare the boiling behavior of 20 

the same exact sample, before and after the PVD process. In this work, we conduct these separate 21 

effect investigations on two different samples, i.e., a zircaloy-4 sample with a scratch pattern and 22 

surface roughness comparable to a nuclear reactor cladding, and a FeCrAl sample, prepared using 23 

the same exact fabrication protocol, but presenting a different initial surface texture. Crucially, the 24 

experiments feature high-speed video diagnostics through which we can quantify the boiling 25 

parameters and understand how the coating change the boiling behavior.  26 
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2. Experimental set-up and methods 1 

 We conduct our boiling experiments on 20 × 20 mm2 monolithic metallic substrates with 2 

a nominal thickness of 1 mm [Fig. 1 (a)]. These substrates are made of zircaloy-4 or KANTHAL® 3 

APMT FeCrAl. One side of the substrate is in contact with air, whereas the other side is in contact 4 

with water. The substrate is heated using a thin film heater coated on the side of the substrate in 5 

contact with air, i.e., the air side. Heating elements and electrodes are sputtered to create a 10 mm 6 

× 10 mm active heating area. The heat released by Joule effect by the thin film heater is conducted 7 

through the substrate towards the boiling side. For more details about the composition and 8 

fabrication of these heating layers, we direct the reader to Ref. [17]. The heater is installed into a 9 

ceramic cartridge [Fig. 1 (b)], flushed with the walls of a vertical, 1 × 3 cm2 rectangular cross-10 

section flow channel. The cartridge is forerun by a long entrance region (more than 60 hydraulic 11 

diameters) to reach fully developed flow conditions at the height of the heater. For more details 12 

about the flow loop, we direct the reader to Ref. [18].  13 

 14 

Fig. 2 shows the arrangement of the high-speed video and infrared diagnostics. The time 15 

dependent 2-D temperature distribution of the active heating area in contact with air is recorded 16 

by an IRC806HS infrared (IR) camera with a pixel resolution of 115 𝜇m/pixel and a temporal 17 

Fig. 1. Experimental set-up. (a) Metallic heater design [17]. (b) Heater cartridge and flow 

channel. 

(a) (b) 
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resolution of 2500 frames per second (fps). These temperature distributions are time-averaged and 1 

used as input of an inverse conduction model through which we can quantify the average 2 

temperature and heat flux on boiling surface [17]. The boiling process is also recorded in front-lit 3 

shadowgraphy by a Phantom® v2512 high-speed video (HSV) camera with a pixel resolution of 4 

30 𝜇𝑚/pixel and a temporal resolution of 10000 fps.  5 

 6 

 We engineer the boiling surface using the procedure developed in our previous study [17]. 7 

Briefly, as-received Zircaloy-4 and FeCrAl coupons are simultaneously and uni-directionally 8 

polished with a Buehler CarbiMet™ 240-grit sandpaper in order to achieve a scratch pattern and 9 

an average roughness comparable to commercial fuel claddings, i.e., 0.1~0.6 μm [19]. Finished 10 

samples are sonicated in Acetone and then rinsed with Ethanol, Isopropanol, and DI water to 11 

remove residual debris. After running subcooled flow boiling experiments, the boiling surfaces are 12 

thoroughly cleaned by Isopropanol and DI water. Then, we PVD-coat a 0.3μm-thick Cr coating 13 

on the boiling surface. To that end, we use a Kurt J. Lesker PRO PVD system at a deposition rate 14 

of 1Å/s, with a Kurt J. Lesker No. EJTCRXX352TK4 chromium target, powered by a 80 W DC 15 

gun. The system is operated with an Argon inert atmosphere at 3E-3 torr of working pressure. As 16 

mentioned, the procedure to create the thin film heater on the airside of the heater is detailed in 17 

Ref. [17]. The thin film heater is re-coated on the airside of the chromium coated sample since it 18 

can get damaged when the uncoated sample is removed from the cartridge, once the boiling 19 

experiment is complete.  20 

Fig. 2. Optical arrangement of the high-speed video and infrared diagnostics.  
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3. Surface characterization  1 

The micro- and nano-scale morphology images of the exact same region of a sample before 2 

and after Cr-coating are shown in Fig. 3. Fig. 3 also summarizes the values of average surface 3 

roughness, Sa, obtained from optical profilometer analyses, and roughness ratio, r, obtained 4 

through atomic force microscopy (AFM) analyses.  5 

Polished Zircaloy-4 and FeCrAl samples prepared using the same fabrication protocol have 6 

comparable average surface roughness, but a rather different roughness ratio. The roughness ratio 7 

of the uncoated FeCrAl surface is twice the roughness ratio of the uncoated zircaloy-4 surface.  8 

We may speculate that this difference is due to the different hardness of the two materials. 9 

However, further analyses would be required to demonstrate this hypothesis. The chromium 10 

coating on Zircaloy-4 does not change average surface roughness nor roughness ratio, but it 11 

increases the surface wettability. Precisely, the contact angle (CA) decreases from 43˚ ± 2˚ to 27˚ 12 

± 3˚ when the surface is coated. Instead, the chromium coating reduces significantly the roughness 13 

ratio of the FeCrAl surface, making it comparable to the roughness ratio of the zircaloy-4 surface 14 

(uncoated or coated). This is because the chromium coating is thick enough to cover and smooth 15 

out the rugged sub-micron surface features present on the FeCrAl surface (but not on the Zircaloy-16 

4 surface), whereas it is thin enough not to smoothen the micron-scale structures of the surface 17 

(which are similar to those on the Zircaloy-4 surface). At the same time, the chromium coating 18 

also improves the surface wettability, making the contact angle to decrease from 68˚ ± 3˚ to 28˚ ± 19 

5˚. In summary, the two chromium coated surfaces have very similar properties. Scanning electron 20 

microscopy (SEM) images reveal how the thin PVD-coated chromium modifies the surface texture. 21 

The 0.3 µm thick chromium coating is like a compact (i.e., non-porous) “snow” layer that coats 22 

conformally the larger features and clutters and smoothens out the smaller ones (note that the line 23 

profiles shown in the bottom figures are plotted compared to the average line profile values). These 24 

observations resonate with the findings of Umretiya et al. [8], who reported a slight increase of the 25 

average surface roughness and a decrease of the contact angle on surfaces PVD-coated with 26 

chromium. Their work also revealed that the coated surfaces have rounded-shape asperities and 27 

argued that rounded sub-micron features improve the surface wettability.  28 
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 1 

Fig. 3. Surface characterization on Zircaloy-4 and FeCrAl, before and after the chromium 

coating. The characterization is made after the boiling experiments. 
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4. Subcooled flow boiling results and discussion 1 

We conduct all our experiments using deionized water at atmospheric pressure, flowing at 2 

a rate of 1000 kg/m2/s and with a subcooling of 10 K. Before running boiling experiments, non-3 

condensable gases in the flow loop are removed using a degassing filter at room temperature. For 4 

each surface, we increase the surface heat flux in steps of approximately 100 kW/m2, covering a 5 

wide range of heat transfer regimes, from single-phase forced convection to the boiling crisis. At 6 

each heat flux step, we record high-speed infrared and front-lit shadowgraphy videos using the IR 7 

and HSV cameras, respectively. CHF is detected through a temperature spike in the airside of the 8 

heater, imaged by the infrared camera. When that happens, the electric power supply is 9 

immediately cut in such a way that the heater does not burn. We repeated the same experiment 10 

twice, but during the second run we limited the heat flux to 1500 kW/m2. The results of the 11 

additional runs are shown in Appendix A, and confirm the results discussed hereafter. 12 

 The boiling curves of the Zircaloy-4 and FeCrAl samples, with and without the chromium 13 

coating are shown in Fig. 4. The shadowed area in a boiling curve represents mostly the standard 14 

deviation of the time-averaged spatial temperature distribution, which is much larger compared to 15 

other sources of uncertainties, e.g., measurements errors, ±1℃  (see Ref. [17] for details of 16 

uncertainty analysis). Heater thickness, CHF value, average surface roughness, roughness ratio 17 

and contact angle are summarized in Table 2. One may note that the coated sample is thinner than 18 

the uncoated sample. That happens because after the boiling experiment on the uncoated sample 19 

we need to polish and re-coat the thin film heater on the airside of the sample, as mentioned in the 20 

previous section. However, we make sure that the heater thickness is always larger than the 21 

minimum asymptotic thickness below which the CHF is known to decrease when the heater 22 

thickness decreases, as reported in many references [20-29].  23 

 As shown in Fig. 4, the chromium coating, which improves the surface wettability, 24 

decreases both the heat transfer coefficient (i.e., the wall superheat required to remove the same 25 

heat flux from the boiling surface is higher) and the CHF limit, for both the zircaloy-4 and the 26 

FeCrAl sample. This finding is in contrast with the common sense, mostly based on pool boiling 27 

experiments, that improving the surface wettability increases the CHF limit. This work and our 28 

previous study on the separate effect of surface oxidation [17] seem to indicate that in flow boiling 29 

(at least in our operating conditions) wettability may be overshadowed by other effects and plays 30 

a secondary role. Instead, the dynamics and effectiveness of the boiling process are likely 31 
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determined by the size distribution of the bubble nucleation sites. This hypothesis is supported by 1 

the post-processing and analysis of the high-speed images presented hereafter. 2 

 3 

 4 

 5 

Table 2 Heater thickness, CHF value, and surface properties for the data given in Fig. 4. 6 

 
Polished 

Zircaloy-4 

Cr-coated 

Zircaloy-4 

Polished  

FeCrAl 

Cr-coated 

FeCrAl 

Thickness (mm, ±0.01) 0.98 0.8 0.92 0.79 

CHF (kW/m2,±10) 3175 2858 3184 2806 

Average surface 

roughness (nm) 
424±180  447±187 508±237 507±236 

Roughness ratio 1.03 1.03 2.11 1.25 

Contact angle (° ) 43±2  27±3 68±3 28±5 

 7 

Fig. 4. Boiling curves of the Zircaloy-4 and FeCrAl before and after Cr-coating. 
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 1 

Qualitatively, Fig. 5 shows that, for the same heat flux conditions, the chromium coating 2 

decreases the number of bubbles and make them bigger. HSV images are post-processed using ad-3 

hoc algorithms [30] developed in house. These post-processing algorithms use convolutional 4 

neural network [31] to segment the images and optical flow algorithm [32] to quantify the 5 

fundamental boiling parameters plotted in Figs. 6. Fig. 6 (a) throughout (d) show how measured 6 

departure diameter, growth time, nucleation site density and bubble departure frequency change 7 

with the heat flux for both uncoated and chromium-coated zircaloy-4 and FeCrAl samples. Note 8 

that the maximum heat flux in Fig. 6 is not the CHF. The high-speed video analysis is possible 9 

only at lower heat fluxes, for which the boiling surface is not obscured by bubbles, and the front-10 

lit shadowgraphy imaging technique works properly. 11 

Fig. 5. HSV images for the data given in Fig. 4. 
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 1 

Based on the boiling curves [Fig. 4], the onset of nucleate boiling (ONB) temperature on 2 

the uncoated and chromium coated zircaloy-4 surfaces are very similar, i.e., around 20 ℃. Such 3 

wall superheat is consistent with a vapor-trapped cavity radius (predicted using Young-Laplace 4 

equation) of roughly 400 nm, which is in the order of magnitude of the surface average roughness. 5 

Also, bubble departure diameter, growth time, nucleation site density and departure frequency at 6 

the ONB conditions (i.e., the lowest heat flux values in Fig. 6) are very similar. However, as the 7 

heat flux increases, the coated and uncoated zircaloy-4 surfaces develop a different behavior [Fig. 8 

6]. The coated surface has larger bubble departure diameter and growth time, and smaller bubble 9 

departure frequency and nucleation site density. The concurrence of these observations suggests 10 

that, while the average surface temperature is not much higher, bubbles may nucleate at higher 11 

temperature on the coated surface (unfortunately, this kind of experiments does not allow to 12 

measure the exact nucleation temperature at each nucleation site, but only the surface average 13 

(b) 

(c) 

Fig. 6. Measured departure diameter (a), growth time (b), nucleation site density (c), and 

bubble departure frequency (d), at several heat fluxes, for both uncoated and chromium coated 

zircaloy-4 and FeCrAl samples. 

(a) 

(d) 
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temperature). This hypothesis can also explain why, despite the coating-improved wettability 1 

should promote bubble detachment from the heated surface, their departure diameter is bigger 2 

compared to the uncoated surface [Fig. 6 (a)]. This effect could be explained through the inertia of 3 

the surrounding liquid, which hinders the bubble detachment from the surface [33].  In fact, the 4 

liquid inertia force is proportional to the bubble growth rate, and the bubble growth rate is 5 

(everything else being the same) proportional to the nucleation temperature. Precisely, classical 6 

models (e.g., see review in Ref. [34]) predict that the bubble growth rate, mostly limited by the 7 

thermal diffusion in the thermal boundary layer, is proportional to Jacob number, i.e., to the 8 

nucleation superheat. In these conditions, the liquid inertia force holding the bubble attached to 9 

the surface is also proportional to the nucleation superheat [35]. Thus, as these bubble-departure-10 

impairing inertial effects may dominate over bubble-departure-promoting surface wettability 11 

effects, bubbles nucleating at higher temperature on the coated surface have to grow bigger 12 

(compared to the uncoated surfaces) before the lift and drag forces created by the liquid flow can 13 

make them detach from or slide over the surface. In summary, a higher nucleation temperature 14 

leads to larger bubbles and longer growth times [Fig. 6 (b)], as predicted by force balance models 15 

for flow boiling conditions [18, 35]. The energy removed by each bubble is, in a first order 16 

approximation, proportional to the bubble radius to the power two [36]. Consequently, larger 17 

bubbles remove more energy and create larger fluctuations of the spatio-temporal temperature 18 

distribution on the boiling surface. Unfortunately, as mentioned before, such kind of experiments 19 

do not allow to measure the exact nucleation temperature at the nucleation sites, nor the time-20 

dependent distributions on the boiling surface. Thus, this reasoning is purely speculative. However, 21 

previous studies using high-resolution infrared thermometry seem to support this idea [36]. The 22 

increase of nucleation superheat also leads to longer wait times. Precisely, the wait time is expected 23 

to the be proportional to the nucleation superheat to the power two [18]. Overall, longer growth 24 

time and wait time result in a lower departure frequency [Fig. 6 (d)]. The presence of larger bubbles 25 

that take longer to detach from the boiling surface is compensated by a decrease of nucleation site 26 

density [Fig. 6 (c)], as also observed in previous studies using high-resolution infrared diagnostics 27 

to compare the behavior of rough and nano-smooth surfaces in the same flow boiling conditions 28 

[36]. However, while this description is consistent with the picture offered by Fig. 6, it still does 29 

not explain why the nucleation temperature should increase. It could be due to the surface 30 

wettability, as improving the wettability (i.e., reducing the contact angle) make the nucleation 31 
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condition more challenging to reach (i.e., it requires a higher wall superheat). However, classical 1 

models suggest that, as long as the contact angle is below 90˚, the nucleation temperature of vapor 2 

embryos trapped in the surface cavities should not change [34]. Also, and importantly, our recent 3 

study on the effect of zircloy-4 oxidation showed that the wettability enhancement due to surface 4 

oxidation with contact angles decreasing from 50˚ to 31˚ (i.e., in these same order of magnitude as 5 

ours) and without any alteration of the surface morphology, did not produce any change in boiling 6 

curve and CHF. These arguments seem to disprove the wettability effect and suggest that, instead, 7 

the reason for the increase of the nucleation temperature may be a reduction of the nucleation 8 

cavity size due to the chromium coating, as predicted by Hsu’s nucleation bubble nucleation model 9 

[37]. SEM images of the boiling surface [Fig. 3] show that small cracks and crevices on the boiling 10 

surface (potentially serving as nucleation sites) gets cluttered by the coating, corroborating this 11 

hypothesis. Note that the ONB conditions (see Fig. 4) for the uncoated and coated surfaces are 12 

very similar. This suggests that the Cr-coating mostly affects cavities of smaller size (compared to 13 

ONB point), which nucleate at higher temperature. 14 

The results of the tests performed on FeCrAl are consistent with conclusions drawn on the 15 

zircaloy-4 samples. On the uncoated FeCrAl surface, bubbles nucleate at lower temperatures 16 

compared to the uncoated zircaloy-4 surface. The ONB wall superheat is approximately 14 ℃. 17 

This value is consistent with a vapor-trapped cavity radius (predicted using Young-Laplace 18 

equation) of roughly 650 nm, which is not far from the order of magnitude of the surface average 19 

roughness. Bubbles are tiny when they depart from the heated surface. Their growth time is 20 

relatively short, and their departure frequency is high (i.e., the wait time, which is a large fraction 21 

of the bubble period, is also short compared to the other surfaces). This process results in a very 22 

high nucleation site density and overall, makes the boiling process very effective. Such boiling 23 

dynamics, consistent with the explanation provided before, is likely caused by the surface micro-24 

texture. Interestingly, when the surface is PVD-coated with 0.3 µm of chromium, the concurrent 25 

smoothening of the surface texture and the enhanced wettability make the boiling process very 26 

similar to the one on the chromium coated zircaloy-4 sample. In passing, we emphasize that 27 

FeCrAl is another promising candidate ATF cladding material and that it does not require a 28 

chromium coating to enhance its resistance to oxidation in high temperature steam. In this context, 29 

we use FeCrAl because it has a different surface texture (compared to zircaloy-4 surfaces prepared 30 
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using the same fabrication procedure) exacerbating the influence of the chromium coating, and as 1 

such it offers the possibility to consolidate our findings and hypotheses. However, our results 2 

suggest that surface finish, and not the material itself, determines the boiling performance. The 3 

chromium coated surfaces have in fact a very similar boiling dynamics and CHF, no matter the 4 

substrate material. This statement may fall short if the materials thermal diffusity and diffusivity 5 

are very different, which is not the case for zircaloy-4 and FeCrAl, or even other materials of 6 

interests for the nuclear industry, e.g., Inconel (see Fig.9 in the Appendix B). 7 

5. Conclusions 8 

We studied the separate effect of thin PVD-coated chromium coatings on the subcooled 9 

flow boiling performance of rough zircaloy-4 surfaces mimicking the scratch pattern and 10 

roughness of nuclear reactor fuel claddings. We also consolidated our findings and hypotheses 11 

probing the effect of these coatings on FeCrAl surfaces, with a different uncoated surface texture. 12 

Our results show that, while the chromium coating improves the surface wettability, it 13 

decreases the CHF limit and the heat transfer coefficient by changing the dynamics of the boiling 14 

process (i.e., bubble departure diameter, growth time and frequency, and nucleation site density). 15 

This is presumably due to a reduction of the nucleation cavity size. The thin chromium coating 16 

covers the uncoated surface conformally, cluttering small cavities and crevices that may serve as 17 

nucleation sites. Interestingly, while the uncoated zircoloy-4 and FeCrAl surfaces have different 18 

surface finish and boiling behavior, after these surfaces are coated with a 0.3 µm thick chromium 19 

layer, their surface properties are equivalent, and their boiling behavior is practically identical. 20 

This result has additional implications, as it suggests that the effusivity of the materials plays a 21 

minor role compared to the surface finish. In summary, this work confirms that, in flow boiling 22 

conditions, the effect of wettability or effusivity may be less important compared to pool boiling 23 

conditions. Instead, the boiling process may be determined by the size distribution of the 24 

nucleation sites, which, in turn, depends on the surface finish at the micron and submicron scale.  25 
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Appendix A. 1 

Fig. 7 and Fig. 8 show boiling curves and bubble parameters for the second runs, respectively. The 2 

repeated tests corroborate the results discussed in Section 4.  3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

Fig. 7. Boiling curves of the second runs. 
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 1 

 2 

  3 

(b) 

(c) 

Fig. 8. Measured departure diameter (a), growth time (b), nucleation site density (c), and 

bubble departure frequency (d), at several heat fluxes, for the second runs.  

(a) 

(d) 
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Appendix B. Thermal effusivity and diffusivity of materials 1 

Fig. 9 show the thermal effusivity (left) and diffusivity (right) of zircaloy-4, FeCrAl, other 2 

materials of interest for the nuclear industry (e.g., Inconel and stainless steel 316), and other 3 

materials often used for boiling heat transfer investigations (e.g., copper, aluminum, sapphire and 4 

silicon). 5 

 6 

 7 

 8 

Fig. 9. Thermal effusivity and thermal diffusivity of Zircaloy-4, FeCrAl, and other materials as 

function of temperature. 
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