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ABSTRACT 

Accident Tolerant Fuels (ATFs) are novel technologies designed to improve fuel reliability and increase 

safety margins during design-basis and beyond-design-basis accident scenarios for light water reactors 
(LWRs). ATF technology can help extend the life of current commercial power reactors. In this study, the 

surface characteristics of three ATF fuel cladding materials were tested to determine if there was a 

significant impact on the critical heat flux (CHF) with respect to the current bare zirconium alloy cladding. 

The ATF claddings included: (1) a Cr-coated Zircaloy-4 produced by physical vapor deposition (coating 

thickness ~5-6 𝜇m) and cold-spray (coating thickness ~25-30 𝜇m), (2) the FeCrAl alloy APMT (with 

different surface roughness), (3) the FeCrAl alloy C26M. The baseline reference cladding is the 

conventional Zircaloy-4. The understanding of ATF materials’ surface characteristics and their impact on 
CHF in flow boiling testing is a critical need as these materials continue to mature for nuclear reactor 

applications. CHF experiments using these cladding materials were conducted at atmospheric pressure 

within a flow boiling facility established at the University of Wisconsin. Computational thermal-hydraulic 

analysis was performed using RELAP5-3D with the above ATF cladding material properties. An input deck 
and nodalization of the experimental test section was developed to model the experiments. The boundary 

conditions of the RELAP5-3D model, including the inlet coolant temperature, the outlet pressure, and the 

mass flow rate, were set to be consistent with those in the experiment. Reasonable model accuracy was 
received by comparing the RELAP5-3D simulation results against the CHF experimental results. 
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1. INTRODUCTION 

 

The Fukushima Daiichi nuclear power plant accident in 2011 highlighted the weakness of Zircaloy, which 

is their reactivity with steam, releasing a large amount of hydrogen gas and heat [1]. In this accident, the 

hydrogen explosions and the release of radionuclides into the environment negatively impacted the public 
perception of nuclear energy production regarding reliability and safety [1]. However, this accident gave a 

message to the nuclear community that a decrease in the oxidation rate of Zr-based alloys at high 

temperatures is a critical factor in improving the fuel assembly's accident tolerance. Thus, accident tolerant 
fuel (ATF) development is one of the main focus in nuclear materials research nowadays [2]. ATFs are 

defined as fuels that, in comparison with the standard 𝑈𝑂2– Zircaloy fuel cladding system, can tolerate a 

loss of active cooling in the reactor core for a considerably longer amount of time, while maintaining or 
improving the fuel performance during normal operating conditions, design basis accidents, and beyond 

design basis accidents [3]. In order to qualify for ATF cladding candidate, materials must have several 

properties such as low oxidation rate, high thermal performance, and stable mechanical properties under 

normal and accident operational conditions. Among these desired characteristics, improved resistance to 
high-temperature steam oxidation is considered a priority [4]. Thus, the materials that form protective oxide 

layers of chromia, alumina, or silica are far more resistant than Zirconium to high-temperature steam 

oxidation [4]. Many ATF cladding concepts, considered to improve upon the performance of current Zr-
based alloys are studied as a group of near-term solutions [5] and long-term technologies [6-7].  

 

The deposition of coatings on the current Zircaloy appears to be one promising near-term ATF cladding 

concept because the nuclear industry has developed infrastructure, experience, and expertise on Zr-based 
fuel cladding to the maximum extent possible [8]. This strategy becomes a practical way to improve the 

existing nuclear fuel system, thus finding intense research interests in two main areas: the coating material 

and the coating technology. In this regard, different protective coatings and coating methods are being 
studied. Chromium as a coating material has shown promising results when deposited using the latest 

generations of PVD and Cold Spray coating techniques [9-11]. For instance, Framatome developed full-

length PVD Cr-coated M5® cladding tubes, with ~15 𝜇m thickness of Cr coating [11]. Similarly, 

Westinghouse is developing Cr-coated cladding of ZIRLO® and optimized ZIRLOTM using a Cold Spray 
process [12]. Few other coated cladding concepts are under development at Korea Atomic Energy Research 

Institute [13], Czech Technical University [14], Ukraine [15], Institute for Energy Technology in Norway 

[16], and other institutes, evidencing enhanced corrosion resistance under normal conditions compared to 
the classical alloys Zircaloy-2 and Zircaloy-4 [17]. As a nuclear fuel cladding application, especially for 

coated cladding concept, the coating must adhere to the substrate to avoid spallation [18]. The extraordinary 

mechanical properties without spallation are reported during ring tensile and ring compression tests for Cr-
coated Zircaloy-4 in the literature [19-20]. Studies on coated tube samples have shown good oxidation 

behavior of Cr-coatings, both in autoclave (415 °C, steam, 100 bars) with conditions close to nominal PWR 

operating conditions and in high-temperature environments (steam, up to 1300 °C) simulating accidental 

conditions [10,21]. Studies have also reported good irradiation stability of Cr-coatings [22]. FeCrAl (Iron-
chromium-aluminum) alloys are also lead ATF cladding candidates in near-term solutions due to their 

outstanding high-temperature oxidation resistance [23-25]. The high yield and ultimate tensile strength are 

reported for unirradiated FeCrAl alloys at different temperatures [26]. On the negative side, FeCrAl alloys 
have a higher thermal neutron absorption cross-section than Zircaloy. However, this can be compensated 

by using a thinner cladding with slightly higher enriched fuel to maintain cycle length [24]. Moreover, the 

fabrication process of FeCrAl alloy is quite similar to current LWR fuel fabrication [27]. Similarly, other 
long-term cladding technologies include Mo-Zr cladding [28], and SiCf/SiC cladding [29-30] to provides 

good corrosion resistance and low thermal neutron absorption cross-section.  

 

Regardless of the favorable characteristics of the cladding materials candidates, understanding their 
thermal-hydraulic performance is needed and is a current matter of intensive research [31]. Critical heat 

flux (CHF) is a metric normally used to evaluate the thermal-hydraulic characteristics of these advanced 
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cladding materials. CHF represents the boiling transition point from the nucleate boiling regime with high 
heat transfer to the low heat transfer film-boiling regime [32-33]. Due to poor heat transfer at CHF, surface 

temperature abruptly increases, which may cause the cladding failure. Therefore, accurate knowledge and, 

in general, enhancement of the CHF value is important to designing systems that use nucleate boiling heat 

transfer. However, due to the complexity and the importance of CHF in the field of boiling heat transfer, 
numerous empirical correlations have been developed based on corresponding experimental outcomes and 

theoretical reasoning by previous investigators, with the aims of acquiring knowledge about CHF and 

eventually enhancing it [34-35]. One of the earlier CHF models, such as Zuber CHF correlation, considered 
CHF a hydrodynamic instability phenomenon and thus ignored the effects of the boiling surface 

characteristics [36]. However, the experimental evidence suggests the importance of surface effects on 

CHF. Key surface parameters that could affect the CHF are surface wettability, surface roughness, liquid-
spreading ability, capillarity and wickability, and porosity [37]. Numerous studies have investigated the 

surface characteristics of ATF candidates that may lead to changes in their thermal-hydraulic performance 

[38-43]. Thus, the surface characteristics, such as roughness and wettability, of ATF cladding materials 

must be carefully assessed when evaluating their influence on thermal parameters such as CHF. 
 

The literature has reported a tremendous amount of pool and flow boiling experimental work performed for 

different ATF materials. However, there is limited work that has been done on the simulation side. The 
prediction of CHF remains challenging to conceptualize and model because most of the experimental 

thermal-hydraulic research has focused on obtaining data for specific conditions and geometries. 

Additionally, the large amount of data that has been collected under corporate supervision remains 
proprietary. Hence, most CHF predictions rely on comparing tabulated values or applying correlations [32]. 

However, when compared with experimental data, these correlations have demonstrated limited success 

due to the complexity of the phenomenon. Furthermore, the effect of many variables such as mass flux, 

local quality, pressure, flow geometry, axial heat flux profile, wettability, and surface roughness in CHF 
enhancement is evidenced in the literature [31]. Thus, a single experiment may or may not apply to other 

situations. The use of data and correlations from uniform heat profile experiments and applying a correction 

factor to account for the non-uniformity has become standard practice in the nuclear industry, leading to a 
misunderstanding of the CHF phenomenon. For example, in channels with uniform heat flux, CHF always 

occurs at the end, where the quality is highest; however, CHF events rarely happen at the exit when non-

uniform heat flux profiles are applied. Since most correlations are constructed from the experiments 

performed using a single heated tube during application in the irregular geometry of the reactor core, these 
values must then be adjusted for the heated rod bundle geometry. Thus, it is necessary to use simulation 

tools to understand the thermal-hydraulic response of ATF to design basis accident conditions, such as loos 

of coolant accident (LOCA).  
 

In this work, the surface characteristics of ATF cladding materials manufactured by commercial industrial 

techniques were investigated before and after CHF testing. Surface roughness was assessed by contact 
profilometry as well as atomic force microscopy. The surface wettability of the materials was analyzed by 

measuring static contact angle using a goniometer. After surface characterization, the samples were tested 

in an atmospheric pressure flow boiling test facility at the University of Wisconsin. An early thermal-

hydraulic evolution was performed by comparing high-resolution experimental data of ATF materials 
obtained from the flow boiling experiments and results from the computational tool, RELAP5-3D, modeled 

based on those experiments.  

 
2. EXPERIMENTAL AND COMPUTER MODEL DESCRIPTION 

 

2.1 Materials and Surface Characterization 

 

The cylindrical tube samples used in this study were commercially available nuclear grade Zircaloy-4, 

FeCrAl alloys (APMT and C26M), Cr-coated Zircaloy-4. Tube segments had an outer diameter of 9.5 mm 
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(wall thickness of 0.51 mm) and 10.26 mm (wall thickness 0.4 mm) for Zr-based alloys and FeCrAl alloys. 
For coated samples, the Cr coating was deposited on the external surfaces of Zircaloy-4 tubes by using two 

different techniques, PVD and Cold Spray. Coating parameters for both techniques are provided with details 

in our previous work [20]. To investigate the effects of surface characteristics on the thermal-hydraulic 

performance, the samples' surfaces were modified with different roughness (by grinding samples with 600 
and 240 grit SiC papers). A Buehler IsoMet low speed-cutting machine with a diamond saw was used to 

section a slice of the tube specimen for surface characterization. The samples were cleaned in an ultrasonic 

bath for ~5 minutes and then dried in air. The wettability, quantified by the static contact angle, was 
measured at ambient conditions using a Rame-hart contact angle goniometer. The experimental setup is 

reported in our previous study with an inset indicating a DI water droplet deposited on the tube surface 

looking from a side view during measurements [44]. A 5 𝜇L droplet volume was used for this series of 
measurements, and the contact angle was recorded within 25s. A total of fifty measurements were collected 

for all samples following the American Society of Testing Materials (ASTM) standards for contact angle 

measurements [45]. The surface roughness of the specimens was measured using a stylus profilometer 

(Mitutoyo Surftest SJ-410; 2 𝜇m tip radius and 60° tip angle). The common surface roughness parameters, 
Ra, the arithmetic average roughness; Rz, the average of the five highest peaks and the five deepest valleys; 

and RSm, the arithmetic mean value of the width of profile peaks were measured parallel to the axial 

direction of the tube following International Organization for Standardization (ISO) standards [46]. All 
scans, each 5 mm long, were recorded at different locations throughout the tube surface at a traverse speed 

of 0.5 mm/s. An Atomic Force Microscope (Bruker Dimension Icon) operating in tapping mode was also 

used to study the surfaces' topographies at the nanoscale. An AFM tip with a radius of curvature less than 

10 nm, tip height 10-15 𝜇m, a resonance frequency of 320 kHz, and an approximate force constant of 60 
N/m was used to scan the materials’ surface. The recorded AFM scans were filtered by a Gaussian mask 

with a cutoff of 2.5 𝜇m to capture surface features at the nanoscale. 

 

2.2 Flow Boiling CHF Experiments 

 

All materials were tested to measure CHF under atmospheric pressure in a flow boiling facility at the 

University of Wisconsin-Madison Thermal Hydraulics Lab. The apparatus consists of a closed loop, at 
which DI-water (resistance higher than 5 MΩ) is drained from the reservoir (opened to the atmosphere) by 

a centrifugal pump (speed is controlled by a variable frequency drive). Downstream the pump, the water 

flows through a Coriolis-type mass flow meter and a solenoid valve previously entering the test section. 
The working fluid is then heated and partially boiled at the test section, passes through a second solenoid 

valve, and returns to the reservoir, closing the loop. A secondary circuit is used to exchange heat between 

the water in the loop and a chilled glycol solution, consequently controlling the water temperature. Details 
about the test facility, e. g. equipment models, range and accuracy, are provided in a previous study [47].  

 

The test section consists of an annular gap, at which the heater (test material) is affixed centered with an 

outer glass tube. Direct heating by the Joule effect of the cladding rods is used to obtain a uniform heat flux 
profile. Fig. 1 shows a schematic of the heater. In order to obtain the heat flux applied to the cladding 

material, electrical losses in the upper and bottom leads (between the voltage sense locations) are estimated 

and discounted to the total power applied. The accuracy in the estimative of the electrical losses was verified 
by comparing the total heat absorbed by the water (based on the mass flow rate, and inlet and outlet 

temperatures) during single-phase flows, and the power applied to the test section discounting electrical 

losses. As a result, differences smaller than 2% were verified.   
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Figure 1. Schematic of the heater assembly (dimensions in mm). 

 

The testing parameters used in this study are listed in Table I. The heat flux was increased by changing the 

applied voltage with constant inlet conditions (listed in Table I). The heat flux was manually raised from 0 

to 2000 kW/m2 (determined to be below the critical heat flux) by approximately 330 kW/m2 every 2 
minutes. During this manual ramp, process data was recorded at 2 Hz, and the temperature profile was 

recorded at 5 Hz. When the heat flux value reached 2000 kW/m2, the heat flux was set to increase 

automatically every 10 s by 1.25 kW/m2 until CHF was detected using the LabView process monitoring 
system (operating at 50 Hz). The detection of CHF was tripped using a rate of 50 Hz by a K-type 

thermocouple near the outlet, set at 20-25°C above the steady-state temperature of the heater rod. The CHF 

critical temperature is typically in the range of 190-220 °C. The design of this facility allows automatic 
power cut off when CHF is detected to stop further heating of the heater rod, which could cause damage to 

the experimental setup. During CHF event, the LUNA system (distributed fiber temperature measurement) 

records the temperature of the heater rod for 10 seconds before and after CHF. As a backup CHF trip 

mechanism, the heater rod resistance deviation was also measured at an acquisition rate of 10 Hz to 
determine the CHF occurrence. The resistance threshold was purposefully set slightly above the observed 

operating resistance of the heater rod calculated from the measured voltage drop and applied current to the 

heater rod. This provided additional safety precautions if the CHF event was initiated far away from the 
thermocouple’s location. The experiments were conducted using water as the working fluid at atmospheric 

pressure, with 76 C of subcooling and at a flow rate of 750 kg/m2s. The subcooling condition was selected 

based on room temperature (24 C) with atmospheric pressure in order to conservatively simulate the LOCA 
situation. For the mass flux, although the flow limit of the boiling water reactor is known as 3000 kg/m2s 

[48], we selected the lower flow rate (750 kg/m2s) to observe the roughness and wettability effect on CHF. 

 
Table I. Testing parameters used for the flow boiling CHF test. 

Testing parameter Value 

Cladding tube OD (mm) 9.5 (Zr-based alloys) and 10.26 (FeCrAl alloys)  

Cladding wall thickness (mm) 0.51 (Zr-based alloys) and 0.4 (FeCrAl alloys) 
Working fluid  Water  

Nominal heat flux (MW/m2) 0 - 3  

Inlet temperature (ºC) 24  

Inlet pressure (kPa) 115  
Nominal mass flux (kg/m2s) 750  

Heated length (mm) 457.2 

Hydraulic diameter (mm) 10.50 (Zr-based alloys) and 9.74 (FeCrAl alloys) 

 

The uncertainty of measured parameters was considered as the one provided by the manufacturers, and for 

calculated parameters it was estimated based on the method of sequential perturbation [49]. Details about 

the uncertainty estimative procedures are provided in previous work [47]. An average uncertainty of 3.24% 
was found for the heat flux, i.e., CHF. 
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2.3 Correlations and Relap5-3D Model 

 

2.3.1 Literature on CHF correlations 

 

Several CHF correlations exist in the literature. These correlations are helpful prediction methods for 
assessing flow systems in LWRs. Some of the most common used CHF correlations are discussed here. 

The Babcock & Wilcox CHF correlation [50] has been derived based on 601 data points obtained from 

seven separate tests, including partial and full-length rod bundles with both uniform and non-uniform axial 
flux shapes. This correlation is only applicable to 17×17 fuel geometry. Another correlation developed from 

uniformly heated tube experimental data is the Biasi correlation [51]. This correlation does not include any 

rod bundle geometry or non-uniform power profile modifications, but the nuclear industry uses it as a 
consistent reference point. To predict CHF in PWRs the Westinghouse Electric Corporation developed the 

W-3 correlation [52]. Although this correlation has been developed for predicting the DNB (departure from 

nucleate boiling) using data for an axially uniform heat flux distribution, the correlation incorporates the 

so-called Tong F-factor to correct non-uniform heat flux distributions. Since this correlation is developed 
to predict the local DNB heat flux and DNB location, it is limited to high mass flux and low local quality 

conditions, making it unsuitable for dryout phenomena. Similarly, the EPRI correlation was developed 

based on rod bundle CHF data, which intrinsically accounts for rod bundle geometry effects. However, the 
applicable range for this correlation is limited to less than 17 MPa. There are several other correlations in 

literature developed using pool boiling experimental data that cannot be used for nuclear applications [53-

54]. More recently, Groeneveld et. al. [34] gathered worldwide data and organized it into a table format 
known as look-up table (LUT), which was last updated in 2006. Since the LUT was constructed from many 

experimental data sets, it remains valid across a wide range of operating conditions with high error in certain 

regions where a limited number of data samples are used to compose the table. The LUT has multiplicative 

factors, K-factors, similar to the previously described correlations to account for differences in 
configuration. Table II summarizes the applicable ranges of pressure, mass flux, and quality for the CHF 

correlations discussed above. 

 
Table II. Different CHF correlations with their validated ranges. 

CHF Correlations 
Validated Ranges 

Mass Flux (kg/m2s) Pressure (MPa) Local quality 

Babcock & Wilcox 1274 – 5425 12 – 17 -0.03 – 0.22 

Biasi  100 – 6000 0.27 – 14.2 0 – 1 

W3 1360 – 6780 6.9 – 15.86 -0.15 – 0.15 

EPRI 270 – 5560 1.38 – 16.9 -0.25 – 0.75 

LUT 0 – 8000 0.1 – 21 -0.5 – 1 

 

2.3.2 RELAP5-3D model description 

 

Computational thermal-hydraulic analysis with the above ATF cladding material properties was performed 

using RELAP5-3D [55-56], a state-of-the-art system level thermal-hydraulic code developed by the Idaho 
National Laboratory (INL). An input deck and nodalization of the experimental test section was developed 

to model the experiment. Fig. 2 shows the nodalization diagram of the RELAP5-3D model for the case 

study. The tube dimensions listed in Table I were replicated in the model. In RELAP5-3D, the heat transfer 

packages within the codes always assume fully developed flow, hence only the heated length of the test 
section was modeled. As shown in Fig. 2, the tube's hydrodynamics component (pipe component) is 

represented by one flow channel (No.120), which is divided into 50 control volumes along the flow 
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direction. The inlet plenum (flow source) is modeled with a time-dependent control volume (No.100) and 
the corresponding time-dependent junction. Similarly, the outlet plenum (flow sink) is defined by a single 

control volume (No.140) and the corresponding single junction. 

 

 
Figure 2. Nodalization diagram of RELAP5-3D model. 

 

In RELAP5-3D, the heat structure (red part) is attached to the coolant (flow channel) and used to define a 

heat source profile. To show a more detailed temperature distribution in the fuel and cladding, the heat 
structure is divided into 50 volumes along the axial direction, and 8 mesh intervals along the transverse 

direction: two mesh intervals on each side of the cladding and six intervals in the middle for the fuel part. 

Other key physical parameters, including the boundary conditions, pressure, mass flow rate, and 
temperature of the coolant used in this model are included in Table I, which were consistent with the 

experiment setup. A minimum timestep of 1×10-8 s was used for the dynamic simulations. Due to its general 

applicability, the Groeneveld look-up table was used to predict CHF in the RELAP5-3D model. To better 

simulate the flow boiling CHF experiments, the Risk Analysis and Virtual Environment (RAVEN) [56] 
was coupled with RELAP5-3D. RAVEN is a flexible and multi-purpose data analysis toolset developed by 

the Idaho National Laboratory (INL) that can be used for sensitivity analysis, uncertainty quantification, 

regression analysis, probabilistic risk assessment, model optimization, among others. In this study, RAVEN 
was used to automatically increase the heat flux in RELAP5-3D input files based on the experiment setup, 

generate multiple RELAP5-3D input files, execute each input file separately, and deliver the output files in 

sequence. 
 

3. RESULTS AND DISCUSSION 

 

3.1 Surface characterization for ATF materials 

 

Table III provides surface roughness measured by contact profilometry for all samples. Before CHF, the 

surface roughness parameter Ra for APMT is similar to that of commercial cladding Zircaloy-4 (AR-Zr-4). 
However, Ra of C26M was twice that of APMT and AR-Zr-4. Similarly, both coated samples evidenced a 

higher roughness compared to the substrate sample, AR-Zr-4. AFM scans for all samples before CHF 

testing are provided in Fig. 3. AFM micrographs give a qualitative comparison for all samples, and it helps 

to understand the surface morphology at the nanoscale. There is a slight increase in the surface roughness 
recorded for all samples after CHF testing. 
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Table III. Roughness measurements for all samples before and after CHF testing. 

Sample 
Contact profilometry measurements (𝜇m) 

Ra Rz RSm 

P
re

-C
H

F
 APMT 0.40±0.09 3.89±0.99 70.11±7.24 

C26M 0.80±0.12 8.75±1.65 130.27±22.73 

AR-Zr4 0.43±0.06 4.03±0.69 60.94±6.06 
600G-Zr4-Cr-PVD 0.44±0.07 4.37±0.92 65.15±3.67 

AR-Zr4-Cr-CS 1.04±0.07 11.42±1.96 65.09±4.66 

P
o

st
-C

H
F

 APMT 0.47±0.08 4.68±1.03 76.86±8.22 

C26M 0.90±0.10 9.62±1.83 138.86±22.92 

AR-Zr4 0.54±0.09 - - 

600G-Zr4-Cr-PVD 0.55±0.08 - - 

AR-Zr4-Cr-CS 1.11±0.08 - - 

 

 
Figure 3. Surface topography of pre-CHF samples by AFM: a) AR-Zr4, b) 600G-Zr4-Cr-PVD, c) 

AR-Zr4-Cr-CS, d) APMT, and e) C26M. 

 

 
Figure 4. Comparison of static contact angle data pre- and post-CHF samples. 

 

In surface science, the surface wettability is assessed by measuring the contact angle of the water droplet. 
The contact angle is defined as hydrophilic and hydrophobic when θ is < 90° and θ is > 90°, respectively. 

Fig. 4 compares the average static contact angle measured at ambient conditions for all samples before and 

after CHF testing. The surface wettability of post-boiling samples indicated a slight increase in the contact 

angle of 600-Zr4-Cr-PVD, whereas a noticeable increase in wettability was recorded for both the AR-Zr4 
and AR-Zr4-Cr-CS samples. On the other hand, the C26M demonstrated a lower contact angle than the 

APMT samples before the CHF testing. Our other studies have reported the influence of surface roughness 
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on wetting and spreading behavior for hydrophilic surfaces [20,57]. Furthermore, a lower contact angle was 
logged for both FeCrAl alloys after CHF testing. The formation of surface oxides during the boiling test is 

considered the reason for the observed surface roughness and wettability changes. As discussed in reference 

[58], nanoporous oxide layers are formed during CHF events, which increase wickability and, consequently, 

wettability. 
 

3.2 Experimental results 

 

The samples AR-Zr4, 600G-Zr4-Cr-PVD, AR-Zr4-Cr-CS, APMT and C26M were used in the CHF 

experiments. Sample selection for the CHF test, especially for PVD coating, was based on two criteria, 

surface roughness of 600G-Zr4-Cr-PVD, which is similar to commercial cladding, and improved adhesion 
strength of the coating compared to AR-Zr4-Cr-PVD. The tests were repeated twice for all samples, and 

the average CHF values for AR-Zr4, 600G-Zr4-Cr-PVD, AR-Zr4-Cr-CS, APMT and C26M were 2.63 

MW/m2, 2.58 MW/m2, 2.31 MW/m2, 2.54 MW/m2 and 2.26 MW/m2, respectively. Changes within the 

uncertainty range of their measurements were noticed for 600G-Zr4-Cr-PVD and the substrate AR-Zr4, 
while a CHF drop of 12.2% was noticed for AR-Zr4-Cr-CS. The lowest CHF was obtained for C26M 

(reduction of 14.1%), and a reduction slightly higher than the uncertainty of their measurements was noticed 

for the APMT (3.4%). It is known from the literature that an increase in surface wettability increases the 
DNB-type CHF [20,47]. Such behavior is associated with the enhancement of the rewet capability of the 

surface in case of a dryout event (vapor film formation). Therefore, based on the results shown in Fig. 

5(left) (boiling curves obtained based on the thermocouple’s data), a reduction in the CHF was expected 
for 600G-Zr4-Cr-PVD and AR-Zr4-Cr-CS compared to AR-Zr4. Even though showing a higher wettability 

(i. e., lower contact angle), lower CHF values were observed for the FeCrAl alloy samples (APMT and 

C26M) compared to Zircaloy-4. As noticed in this figure, under conditions close to the CHF, higher heat 

transfer coefficients are noticed for AR-Zr4-Cr-CS and FeCrAl alloys. Under low vapor quality and high 
heat flux conditions, as in the case of the present study, the heat transfer coefficient is dominated by nucleate 

boiling effects. Therefore, one can indicate from Fig. 5(left) that a higher density of active sites of bubble 

nucleation is noticed for AR-Zr4-Cr-CS and the FeCrAl alloy samples. This increases the density of bubbles 
near the heated surface, decreasing, consequently, the DNB-type CHF. It is worth highlighting that even 

though showing a higher wettability and somewhat a similar roughness (APMT sample) than AR-Zr4, 

FeCrAl samples provided higher heat transfer coefficients (i. e., higher density of active sites of bubble 

nucleation). Such behavior is attributed to the fact that the range of cavity sizes within the active range of 
bubble nucleation depends on the surface scratch diameter (RSm) and not necessarily deepness (Ra and 

Rz).  

 

 
Figure 5. Boiling curves for the tested samples obtained based on the thermocouple’s data (left) and 

post-CHF samples (right). 
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During the experimental campaign, even with an immediate shut down of the power supply when detecting 
CHF, cladding temperature rises to sufficiently high temperatures to promote surface oxidation. Tested 

ATF samples after the CHF experiments are shown in Fig. 5(right). 

 

3.3 Code-to-Experiment comparisons of heat flux and outer surface temperature 

 

Table IV quantifies the percent error of the simulated predictions relative to the experimental values using 

the CHF and peak cladding temperature (PCT). RELAP5-3D simulation using Groeneveld look-up table, 
the CHF for all samples was estimated within 10-15% of error. Here, for all samples, simulated CHF was 

slightly over predicted. This could be because this look-up table method for CHF prediction used in 

RELAP5-3D does not include surface characteristics. However, an underprediction of the CHF value was 
noticed for Cr-coated sample (600G-Zr4-Cr-PVD). Better predictions can be made using CHF correlations 

from literature which incorporates surface characteristics with material properties. On the other hand, 

simulated PCT values for all samples were low compared to experimental values. This could be because 

the experimental values are recorded with thermocouples, and when it reaches CHF point, the temperature 
increases rapidly. In this case, when there is a slight delay in system shutdown, thermocouples give a higher 

reading. To study the effect of surface characteristics on thermal hydraulic performance, simulated CHF 

and PCT were acquired for three roughness finish, as-received (0.399 µm), 600-grit polished (0.496 µm) 
and 240 grit polished (0.776 µm) Zircaloy-4 samples. The simulated values for all surface roughness 

finishes were almost similar. Here, this surface roughness may not be sufficient to make a significant 

difference in surface area. In addition, these roughness values were used to calculate friction factor, and 
they were not used to calculate the CHF directly since look-up table does not take roughness as input. One 

thing to note here is that the ATF materials own higher wetting characteristics and surface roughness 

compared to Zircaloy-4, but higher experimental and simulated CHF values were obtained for Zircaloy-4. 

In the section 3.2, it was also shown that the higher density of active sites of bubble nucleation, noticed by 
the higher heat transfer coefficient for the FeCrAl alloys compared to Zircaloy-4, has a more significant 

impact on the CHF than their higher wettability of the surface, resulting in lower CHF values for the FeCrAl 

alloys. 
 

Table IV. Summary of experimental and simulated CHF and PCT data for all samples. 

Material 

CHF (MW/m2) PCT (°C) 

Experi
mental 

RELAP5-3D Error (%) Experimental RELAP5-3D Error (%) 

AR-Zr4 2.60 2.72 4.62 175.86 161.05 -8.42 

600G-Zr4-Cr-PVD 2.57 2.40 -6.61 179.35 152.85 -14.78 

AR-Zr4-Cr-CS 2.28 2.48 8.77 176.25 152.6 -13.42 
APMT 2.54 2.56 0.79 212 158.20 -25.38 

C26M 2.26 2.56 13.27 212 153.95 -27.38 

 
In the flow boiling CHF experiment, to identify the exact CHF locations, the outer surface temperature 

profile was measured for all samples using advanced fiber-optic sensors with high temporal/spatial 

resolution (distance between point to point: 2.5 mm, frequently 100 Hz). CHF was determined as the heat 

flux where an abrupt temperature increase of 25~30 C within 1 s compared to the steady-state surface 

temperature was observed. For example, Fig. 6(a) shows the experimental outer surface temperature profile 
for the as-received Zircaloy-4 (AR-Zr4), two coated samples (600G-Zr4-Cr-PVD and AR-Zr4-Cr-CS) and 

both FeCrAl alloys (APMT and C26M). Here, temperature profiles are provided at heat flux equivalent to 

CHF for all samples. The graph shows that CHF occurred at 80-95% along the heated length, which was 

expected because the fluid enthalpy (and resultant void fraction) is highest at the top for uniformly heated 
rods. The void fraction estimation for CHF detection was performed using an in-house MATLAB code 

after capturing shadowgraph bubble images from the annular channel (data are presented in our previous 
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work [47]). CHF location was also confirmed by visual observation of the discoloration on the surface of 
all samples following the experiment. 

 

 
Figure 6. Comparison of experimental tube outer surface temperature for Zircaloy-4, both types of 

Cr-coatings, and FeCrAl alloys (a);  Simulated tube outer surface temperature at different heat flux 

for Zircaloy-4 (AR-Zr4) sample (b) (all heat flux values are in MW/m
2
). 

 

 
Figure 7. Comparison of simulated tube outer surface temperature at different heat flux for Cr-

coated Zircaloy-4: PVD (600G-Zr4-Cr-PVD) (a) and Cold Spray (AR-Zr4-Cr-CS) (b); FeCrAl 

alloys: APMT (c) and C26M (d) (all heat flux values are in MW/m
2
). 

 

On the other hand, RELAP5-3D simulated temperature profiles are shown in Figures 6(b), and 7(a-d) for 

all materials collected at different heat fluxes, starting from 2 MW/m2 until it reaches CHF condition. Note 
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that experimental temperature profiles are provided only up to 14-inch length because optical fiber has a 
termination of 4 inches. Termination is a dead zone for the optical fiber signal; in other words, cordless 

fiber is required for a good fiber signal to avoid the strong reflection from the fiber end. This data shows 

how surface temperature increases with heat flux and shows detection of CHF, identified with arrows. At 

CHF values, in all samples, Zircaloy-4 showed the highest surface temperature throughout the tube, which 
can also be confirmed from its highest CHF values obtained from experiment and simulation. 

 

4. CONCLUSION 

 

Detailed surface characterization was conducted for ATF cladding candidates, such as APMT, C26M, 

substrate Zircaloy-4 and Cr-coated Zircaloy-4 produced by two different coating techniques, PVD and Cold 
Spray. The surface properties of all samples were assessed in terms of roughness and wettability before and 

after CHF testing. The roughness measured for as-received APMT samples was similar to that of Zircaloy-

4, while higher roughness was logged for C26M and coated samples. The contact angles were measured 

for each surface to evaluate their surface wettability. According to the study for the as-received materials, 
FeCrAl alloys showed a lower contact angle compared to the substrate Zircaloy-4 and both types of coated 

samples. Surface characterization of post-CHF samples showed a small increment in surface roughness, 

while a noticeable increase in the surface wettability was reported for post-CHF samples because of oxide 
formation on the surface. CHF experiments using these cladding materials were conducted at atmospheric 

pressure within a flow boiling facility. Experimental results did not show impressive enhancement for ATF 

materials with wetting friendly and rough surfaces. CHF Computational thermal-hydraulic analysis was 
then performed using RELAP5-3D with the ATF cladding material properties. The RELAP5-3D simulation 

results of CHF and PCT were within reasonable error with experimental data.  

 

5. FUTURE WORK 

 

Future work is underway for the development of a transient heat flux model in RELAP5-3D. The model 

will then be tested for all ATF materials. Furthermore, the effect of surface characteristics such as roughness 
and wettability in the CHF and HTC will be studied experimentally and verified with existing correlations 

in the literature. These existing models characterizing the cladding surface effects on CHF may be modified 

to meet the requirements of ATF candidates. More importantly, sensitivity analysis will be performed to 

investigate the impact of HTC, and material thermal properties on CHF and PCT. RELAP5-3D heat 
structure input allows for multipliers on heat transfer coefficients and CHF predicted by their respective 

correlations. These multiplier values will be chosen in several ways, for instance, the experimental nucleate 

heat transfer coefficient obtained from the University of Wisconsin was 0.25 times higher for Cr-coated 
Zircaloy-4 (using Cold Spray) compared to Zircaloy-4; hence, the nucleate boiling heat transfer coefficient 

multiplier will be varied using RAVEN from 0.1 to 0.5 to determine if this effect could have an impact on 

CHF. Furthermore, the variation of the thermal properties of ATF, including volumetric heat capacity and 
thermal conductivity, will be studied within the uncertainty ranges of those properties. The sensitivity of 

CHF to thermal conductivity and volumetric heat capacity will be calculated. To replicate the enhancement 

in CHF caused by the transient heating process and to ensure that the experimental CHF was reached, the 

CHF multiplier will be varied. A large number of combinations will be explored to understand the 
sensitivities in future work.  
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