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a b s t r a c t
The critical heat flux (CHF) marks the upper limit of safe operation of heat transfer systems that utilize
two-phase boiling heat transfer. In a heat-flux-controlled system, exceeding the CHF results in rapid temperature excursions which can be catastrophic for system components. Recent studies have focused on
the influence of surface wettability on the departure from nucleate boiling (DNB) through surface modifications and coatings, though many of these studies are limited to pool boiling systems. In this study,
the surface wettability influence is studied on the boiling curves and specifically the point of DNB. A femtosecond laser is used to texture the surface to change the wettability from hydrophilic to hydrophobic. A
parametric study is performed with mass flux, pressure, and inlet subcooling in a vertical rectangular
channel that is heated from one side. CHF excursions are triggered under various system conditions
and are compared with existing models. For the experimental conditions considered, the hydrophobic
surface showed delayed onset of nucleate boiling compared to the hydrophilic surface, shifting the boiling curves to higher wall superheat. The hydrophobic surface also showed significantly lower CHF for the
same system conditions and less sensitivity to changes in subcooling.
Ó 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Boiling heat transfer is an effective cooling mechanism whereby
large amounts of heat are removed from critical system components through the heating and vaporization of coolant, either driven by a pump or through buoyant forces. Boiling heat transfer
offers high heat transfer coefficients due to both the sensible heating and the latent heating of the coolant, enabling high steadystate cooling rates with minimal surface superheats. The greatest
concern of boiling heat transfer is the transition to poor heat transfer regimes, particularly the departure from nucleate boiling (DNB)
to film boiling in low-quality flows and the dryout of the annular
film in high-quality flows. These transitions are characterized by
sudden temperature excursions which risk damage to components.
For this reason, the critical heat flux (CHF) is a major safety concern
in boiling heat transfer as well as a limitation for effective heat
removal in many engineering applications. In addition, the sensitivity of wettability on the critical heat flux is an ongoing research
effort for accident-tolerant fuels in nuclear power plants [1]. Due to
the complexity of the phenomenon, the accurate prediction of CHF
remains a concern [2–10].
⇑ Corresponding author at: Department of Nuclear, Plasma, and Radiological
Engineering, University of Illinois, 104 South Wright Street, Urbana, IL 61801 USA.
E-mail address: csbrooks@illinois.edu (C.S. Brooks).
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Many studies have been conducted to experimentally measure
and improve prediction of the critical heat flux in conditions relevant to commercial power generation, particularly in the nuclear
industry where temperature excursions can lead to catastrophic
system failures [11–14]. Experimental and modeling efforts
[15–19] have led to understanding of triggering mechanisms for
CHF, including bubble overcrowding, wetting fronts, Taylor instabilities, liquid sublayer dryout, and others. Particular attention
has been given to addressing difficulties under low-pressure,
low-flow conditions [2–9]. Mishima and Nishihara [2] analyzed
the effect different geometries had on the CHF phenomenon,
studying annuli, pipes, and square channels. For low-flow conditions, the CHF was found to approach the flooding limit due to
the countercurrent-flow limitation proposed by Wallis [20] where
the flow geometry was captured by a single constant. Chun et al.
[3] and Schoesse et al. [4] also observed that the lower limit of
CHF was captured by the flooding condition and that subcooling
and pressure were less influential on the CHF in this low-flow
regime. El-Genk et al. [5], Park et al. [6], and Kim et al. [7] all
observed that, beyond the flooding limit (i.e., flow rates greater
than 100–150 kg/m2-s), the CHF increased with increasing pressure, mass flux, and subcooling. This effect was also observed by
Chun et al. [3] which considers a wide range of pressures for CHF
under low flow, observing that the peak in CHF occurred between
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Nomenclature
G
P
q00
Re
DT
t

mass flux (kg/m2-s)
pressure (kPa)
heat flux (kW/m2)
Reynolds number (–)
superheat or subcooling (°C)
time (s)

Subscripts
exp
experimental
mod
model
phil
hydrophilic
phob
hydrophobic
sub
subcooling
w
wall

Greek

e

error (–)

2 and 3 MPa. Park et al. [6] and Kim et al. [7] both observed that the
CHF also increased with increasing channel diameter and with
decreasing heated length at constant mass flux. Lu et al. [8] and
Mayer et al. [9] observed that the critical equilibrium quality
decreased with increasing mass flux and decreasing pressure.
Many studies that compare CHF data with existing models conclude that more research on CHF under low-pressure, low-flow
conditions is required [2–5,8,9].
In addition to system parameters such as flow rate, pressure,
diameter, and inlet subcooling, much effort [21–34] has been
devoted in recent years to surface influences on boiling heat transfer and critical heat flux. Frost and Kippenhan [21] first showed the
influence of surface tension on boiling heat transfer by adding surface active agents to the bulk fluid in order to reduce surface tension at the heater surface, yielding an enhancement of the heat
transfer. Kandlikar [22] developed a pool boiling model that incorporated the influence of surface wettability using data on vertical
pool boiling with multiple wettability surfaces and working fluids.
The developed model is an adaptation of Zuber’s [15] model with
coefficients involving contact angle. However, the predicted value
for CHF decreases to zero as the contact angle approaches 180°.
Hsu and Chen [23] studied the effect wettability had on boiling
heat transfer with nano-silica particle coatings on a copper surface
in a horizontal pool boiling system. The CHF was observed to
decrease with increasing contact angle, and pool boiling curves
shifted to greater wall superheat with increasing contact angle,
thus degrading the heat transfer in the nucleate boiling regime.
Large differences were also observed in the wall nucleation phenomenon between the different wettability surfaces. Li et al. [24]
performed a theoretical analysis and an experimental study on
the influence of wettability on boiling properties in pool conditions
for hydrophilic surfaces. A semi-analytical model employing correlations involving wettability for the departure frequency, diameter,
and site density were used to calculate the latent heating of the
heater surface, and the model was shown to predict the heat flux
within 30% for several hydrophilic surfaces with varying wettabilities in pool boiling. Bourdon et al. [25] also studied the influence
of wettability on boiling heat transfer and onset of nucleate boiling,
performing horizontal pool boiling studies on smooth glass surfaces. The wettability was controlled with chemical grafting,
thereby not modifying the surface topography, obtaining two surfaces: hydrophilic and hydrophobic. The less wetted (hydrophobic)
surface was found to have an earlier ONB point compared with the
other surface, and the pool boiling curve was found to be shifted to
lower wall superheat, though CHF was not investigated. Betz et al.
[26] studied the heat transfer and wall nucleation from superhydrophobic, superhydrophilic, biphilic, and superbiphilic surfaces
under pool boiling. The surfaces were prepared using silicon wafers
and oxygen plasma to make the surfaces superhydrophilic. A thin
layer of Teflon fluoropolymer was then spun onto select surfaces
to create a superhydrophobic finish. It was observed that the

nucleation site density increased with decreasing wettability
(increasing contact angle) for the same wall superheat, which indicated an enhancement of the heat transfer coefficient for
hydrophobic and superhydrophobic surfaces, a finding confirmed
by the reported pool boiling curves. Jo et al. [27] also observed a
similar effect on the pool boiling curves with a higher heat transfer
coefficient for hydrophobic surfaces at low wall superheat and a
higher heat transfer coefficient for hydrophilic surfaces at high
wall superheat. The surfaces were prepared in a similar manner
to those by Betz et al. [26] using a silicon dioxide surface for the
hydrophilic surface and a Teflon surface for the hydrophobic surface. Both Betz et al. [26] and Jo et al. [27] observed lower CHF values for hydrophobic surfaces compared with hydrophilic surfaces
and an enhancement of the CHF for biphilic or mixed-wettability
surfaces. Marcel et al. [28] modeled the effect wettability has on
the boiling characteristics through contact angle and the departure
diameter using a stochastic-automata model in pool boiling. The
nucleation site density is greater at the same wall superheat for
less wetting surfaces which causes the heat flux to be greater.
Kim et al. [29] studied the effect of surfaces with temperature varying wettabilities on the boiling heat transfer in vertical flow. Surfaces became more hydrophilic at higher temperatures, and
boiling curves were shifted to lower wall superheat as the wettability increased. Kumar et al. [30] observed the opposite trend,
decreasing wettability shifts boiling curves to lower wall superheat
using copper surfaces coated with diamond or carbon nanotubes,
thus changing the wettability. The CHF increased with increasing
flow rate, but also increased with the carbon nanotube surface,
which has a lower wettability than the plain copper surface, an
effect also not observed by previous studies.
From a review of literature, although some effort has been made
in pool conditions, few studies have systematically analyzed the
effect of wettability on heat transfer and CHF in flow boiling. The
objectives of this paper are to meet the data needs for improved
understanding of the influence of surface characteristics on heat
transfer and CHF in flow boiling and to evaluate the prediction
capability of existing CHF models.

2. Experimental approach
A closed-loop facility described in Ooi et al. [35] is modified
slightly to measure boiling heat transfer and CHF and is shown
in Fig. 1. A positive-displacement pump is used to drive distilled
water through the test section at a constant rate. A bypass is connected in parallel with the rest of the section to decrease pressure
oscillations and to keep the flow steady through the test section.
Water driven by the pump passes through a 5 kW preheater which
is used to heat the water to the appropriate inlet temperature to
the test section. Water is then driven into the vertical test section,
a schematic of which is shown in Fig. 1(b). The assembly is made of
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Fig. 1. Schematic of the facility showing (a) the facility layout, (b) the test section assembly, and (c) the heated surface and thermocouple configuration.

stainless steel except for the heater surface, Fig. 1(c), which is
made of copper. The main section is a square channel of constant
area throughout the entire assembly, measuring 12.7 mm  12.7
mm. The unheated entry length is 490 mm followed by a onesided heated section 107.95 mm long. The power is supplied by
seven 750 W cartridge heaters connected to auto-transformers.
Following the heated section, there is another 400 mm unheated
section before the flow enters the condenser. The condenser cools
the water to facilitate steady-state operation of the test facility. The
condenser is a brazed plate heat exchanger which uses tap water
on the secondary side to cool the distilled water moving through
the test facility. The water then returns to the inlet of the pump,
creating a closed loop.
A pressurizing tank is connected between the outlet of the condenser and the inlet of the pump. Winding vertical tubes separate
the pressurizing tank from the apparatus to prevent noncondensable gases from entering the test section from the tank.
The pressurizing tank is filled partially with distilled water, leaving
the upper portion of the tank filled with compressible gas. A nitrogen tank and regulator are connected to the upper portion of the
tank to control the system pressure. The pressurizing tank is used
to control the system pressure, and it also acts to dampen pressure
fluctuations.
The flow rate is measured using a turbine flow meter downstream from the pump. The flow rate is adjusted by using the controller for the pump motor and by opening and closing the main
flow control valve upstream of the main test section. The bulk fluid
temperature to the test section is controlled with a PID controller
connected to the preheater based on a K-type thermocouple downstream from the preheater but upstream from the inlet to the test
section assembly. Four T-type thermocouples are used within the
stainless-steel test section to monitor the bulk fluid temperature
at various locations. The thermocouples are placed at the beginning and end of each unheated section. The pressure transducer
is connected at the end of the heated section to monitor the system
pressure.
To monitor the heat flux and wall temperature of the heater
surface, thermocouples are embedded into the heater surface at
various depths, as shown in Fig. 1(c). Using a linear regression,
the heat flux is determined by calculating the temperature gradient, using the thermal conductivity of copper, and assuming onedimensional heat conduction. Additionally, the wall temperature
is extrapolated from the temperature profile. The heat flux and

wall temperature are then used to create the boiling curves for
each condition.
Conditions were set for three target pressures: 100 kPa, 225
kPa, and 350 kPa. At each of these pressures, several flow rates
were set ranging from approximately 50–300 kg/m2-s. At each
flow rate, experiments were performed where the inlet was very
close to saturated liquid. The two T-type thermocouples upstream
from the heated section were used to ensure that the liquid entering the heated section was close to saturation but not in the twophase region. In addition, at pressures of 100 kPa and 225 kPa, CHF
excursions at several subcoolings were studied. At 100 kPa, the
inlet subcooling ranged from nearly saturation to 10 °C, while at
225 kPa the inlet subcooling ranged from nearly saturation to
15 °C. Table 1 shows the range of experimental measurements
and associated uncertainty in the conditions studied.
Flow boiling experiments up to CHF were performed for two
surfaces: a polished copper surface and a copper surface textured
to make the surface wettability hydrophobic. The copper was polished with 1500-grit SiC paper and washed with water and acetone. A Coherent Monaco femtosecond diode-pumped laser
system with linearly polarized light was used for the laser surface
texturing of the copper heater with a method similar to that given
by Hammouti et al. [36]. This laser operates at a central wavelength of 1040 nm (Full Width at Half Maximum), a pulse length
of 350 fs, and a maximum power of 40 W when repetition rate is
set at 1 MHz. A dual-axis galvo system and an F-Theta lens with
an effective focal length of 160 mm were used to steer and focus
the beam over the surface. The maximum field size is 110 mm 
110 mm with an uncertainty of 15 mrad. A schematic representation of the setup developed to perform 2D laser surface texturing
is shown in Fig. 2(a).

Table 1
Range of measured conditions and associated uncertainty.

a

Experimental parameters

Values

Experimental uncertaintya

Pressure
Inlet subcooling
Wall superheat
Mass flux
Heat flux

106.0–360.2 kPa
0.2–15.7 °C
0.5–23.8 °C
44–300 kg/m2-s
25–1291 kW/m2

±0.28 kPa
±0.1 °C
±0.22 °C
±0.05 kg/m2-s
±6.6 kW/m2

Based on steady-state time-averaged points.
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Fig. 2. (a) Schematic representation of the setup used to perform 2D laser surface texturing. (b) The surface texturing process of the copper heater surface. (c) 20° tilted SEM
image of the surface after laser treatment, inset: magnified view of the rippled topography present inside the trenches.

Software was developed in LabVIEW in order to control the pattern of the texturing based on an imported image. The scale of the
image is directly related to the distance between impacts in both
the x and y axes, and the number of pulses per spot corresponded
to the value of each pixel which compose the image. The laser spot
size was found to be approximately 40 lm. Laser power was measured and set to 10 W before the laser surface texturing by means
of a high-damage-threshold power detector just after the F-theta
lens which leads to a fluence of 3.2 J/cm2.
The copper surface was textured by a one-step laser process by
keeping constant the lateral displacement of the laser spot at 30
mm in both the x and y directions. At each spot, 7000 fs pulses were
delivered with a 1 MHz repetition rate. As shown in Fig. 2(c), the
surface which was irradiated by laser presents self-organized periodic nanostructures called ripples or LIPSS (Laser-Induced Periodic
Surface Structures) [37]. The combination of these nanostructures
and the pad-like microstructures act as a multi-scale topography
and is ideal for applications where hydrophobicity is required.
Wettability images were taken before each surface was subjected to the twenty-one conditions as well as after to ensure the
wettability did not change throughout the experiment. The surface
wettability was characterized with Sessile drop experiments,
which were repeated twenty times for each surface. The average
was computed for each surface: for the polished copper surface,
the measured contact angle was found to be 58.7°, and the measured contact angle for the textured surface was found to be
131.9°. Examples of pictures from the drop experiments are shown
in Fig. 3. A three-dimensional optical profiler was used to characterize the surface roughness of the polished and textured surfaces.
As a result of the texturization, the surface roughness (arithmetic
mean roughness) changed from an average value of 0.20 mm to
0.85 mm, and the roughness factor (defined as the ratio of the

actual solid area to the projected area) changed from 1.077 to
1.454.
3. Results and analysis
A total of twenty-one test conditions were performed for each
copper surface with variations in the system pressure, flow rate,
and inlet subcooling. The heat flux was increased in small increments until CHF was detected by a sudden increase in the wall
temperature and a sudden decrease in downstream liquid temperature. An example of the power profile for a condition is shown in
Fig. 4. The reported critical heat flux values are determined by calculating the time derivative of the wall superheat for the entire
condition. A running average is then applied to the derivative to
more clearly identify the point of critical heat flux from the large
volume of data collected for a particular condition. The CHF is
taken as the point where the derivative deviates from zero immediately before the peak in the time derivative of the wall temperature. All data after the CHF excursion is ignored due to the rapid
transient nature of the phenomenon and the fact that system properties are changed in order to cool the system quickly. The data for
CHF are presented along with the conditions in Table 2.
3.1. Flow boiling curves
The boiling curves in Figs. 5–7 show three different types of
data: steady-state points, running-average boiling curves between
the steady-state points, and CHF excursion points. The steady-state
points are depicted with markers. At these points, the heat flux and
wall superheat are held constant after the system has had enough
time to equilibrate to the wall heat flux, and the points shown are
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Fig. 3. Contact angle measurements on the two copper surfaces: (a) polished (hydrophilic), and (b) textured (hydrophobic).

Fig. 4. Sample input and output for a run to CHF: (a) input of stepwise power input to cartridge heaters and (b) variation in wall temperature up to the temperature excursion
point marking DNB.

Table 2
Data table with nominal reference, parameters, and critical heat flux values.
Nominal reference

P (kPa)

G (kg/m2-s)

DT sub (°C)

q00CHF (kW/m2)

Nominal reference

P (kPa)

G (kg/m2-s)

DT sub (°C)

q00CHF (kW/m2)

Hydrophilic surface
1-i
2-i
3-i
4-i
5-i
6-i
7-i
8-i
9-i
10-i
11-i
12-i
13-i
14-i
15-i
16-i
17-i
18-i
19-i
20-i
21-i

106.1
106.0
106.4
106.6
106.8
106.9
109.1
108.5
108.2
225.5
226.5
229.0
225.8
228.8
229.6
227.7
226.0
358.0
354.1
352.7
357.4

49.9
50.3
46.6
95.4
95.0
94.0
187.5
188.1
187.6
94.1
92.1
184.5
185.0
239.7
239.5
293.9
295.0
91.5
182.5
235.5
290.3

1.4
5.0
10.0
1.4
5.0
10.0
1.5
5.1
10.0
4.9
15.2
5.4
15.0
5.3
15.4
5.2
14.9
1.1
0.4
0.7
1.0

496
661
717
594
720
788
681
818
915
886
998
992
1070
1014
1290
1070
1291
829
908
982
1145

Hydrophobic surface
1-o
2-o
3-o
4-o
5-o
6-o
7-o
8-o
9-o
10-o
11-o
12-o
13-o
14-o
15-o
16-o
17-o
18-o
19-o
20-o
21-o

107.6
107.5
107.8
108.6
108.6
108.2
109.9
109.6
108.9
227.1
226.3
226.4
225.3
225.4
224.9
225.8
225.5
360.2
355.5
353.3
353.7

49.6
49.5
48.1
96.0
94.8
94.4
187.9
188.8
188.5
93.2
93.7
185.5
188.1
241.5
244.0
297.0
299.5
92.8
183.4
237.6
292.7

1.8
5.3
10.1
1.8
5.0
10.1
1.9
5.2
10.0
5.3
15.1
5.2
15.0
5.0
14.9
5.0
15.0
1.4
1.2
1.4
1.4

470
464
431
504
509
493
523
556
607
614
611
636
697
704
734
742
682
717
688
728
758
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Fig. 5. Boiling curves and CHF excursions separated by flow rate for similar pressure and subcooling conditions for two wettability surfaces.

time-averaged quantities over two minutes. Next, the curves
between the steady-state points are shown with solid or dotted
lines. These are the boiling curves taken at 2 Hz with a running

average over ten data points. Last, the CHF excursion points are
shown with an arrow corresponding to the point where the temperature excursion begins.
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Fig. 6. Boiling curves and CHF excursions separated by subcooling for similar pressure and flow rate conditions for two wettability surfaces.

Fig. 5 shows various boiling curves separated by mass flux for
both the hydrophilic (solid line) and hydrophobic surfaces (dashed
line). The boiling curves for the hydrophilic surface are consistent

across different flow rates for similar pressure and subcooling
conditions. The only difference among the boiling curves for the
hydrophilic surface is the location of the CHF point along the
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Fig. 7. Boiling curves and CHF excursions separated by pressure for similar flow rate and subcooling conditions for two wettability surfaces.

boiling curve in the nucleate boiling region. At elevated flow rates,
the CHF is higher; however, the slopes of the boiling curves are
nearly parallel, indicating similar boiling phenomenon. The
hydrophobic surface boiling curves are shifted to the right as a
result of a delay in the onset of nucleate boiling relative to the
hydrophilic surface. The ONB point is determined qualitatively
from a demonstrable change in the slope indicating a change from
the single-phase convection region to the nucleate boiling heat
transfer region. This effect of delaying the ONB point is most pronounced for the intermediate-pressure condition and does not
change substantially across the range of subcooling considered.
Decreasing surface wettability in pool boiling has been reported
to shift the ONB point to lower wall superheat [25,26]; results in
this study may be a consequence of the change in other surface
properties or the effect of flow boiling. This difference in trend
between pool and flow boiling should be investigated further. As
with the hydrophilic surface, the effect of flow rate on the
hydrophobic surface is shown as the temperature excursion is
delayed and the CHF is greater at higher flow rates for the same

pressure and subcooling conditions. However, for every condition
tested, the CHF for the hydrophobic surface is lower than for the
hydrophilic surface. This may be a consequence of the reduction
in wettability, inhibiting the microlayer evaporation and the
rewetting of the heater surface following bubble departure, leading
to a lower heat flux before the CHF event is triggered, as theorized
by Kandlikar [22].
The effect of subcooling on the boiling curves is different, however, and is shown in Fig. 6. For the hydrophilic surface at low pressure, increasing subcooling has the effect of delaying the ONB
point, thus shifting boiling curves to the right. This result is most
pronounced at low pressure. Elevated-pressure conditions also
exhibit this trend, though the effect is not as prominent. The boiling curves continue parallel to one another indicating similar boiling phenomenon for different subcoolings with similar flow rate
and pressure conditions for the hydrophilic surface. For the
hydrophobic surface, a similar trend is observed with the delay
of the ONB point and the shift of the boiling curves to the right
with increasing subcooling. At lower pressure and lower flow rate,
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the curves collapse on one another, and the subcooling has little
effect beyond the ONB point. The CHF points are all similar for
the hydrophobic surface at low mass flux, but at the higher mass
flux of 200 kg/m2-s the effect of subcooling is present on the CHF
point. Likewise, for the hydrophobic surface at elevated pressures,
greater subcooling delays the ONB point and shifts the curve to the
right. At elevated-pressure conditions, the difference in the boiling
curves between hydrophobic and hydrophilic surfaces is greater
than at lower pressures. For the hydrophobic surface at elevated
pressure, the effect of subcooling is not as influential on the CHF
point as it is on the hydrophilic surface.
The boiling curves separated by pressure are shown in Fig. 7. For
the hydrophilic surface, increasing pressure has the effect of shifting the boiling curve to the left and increasing the CHF point. However, for the hydrophobic surface, increasing pressure has the
effect of shifting the boiling curve to the right and also increasing
the CHF point. Pressure is the only of the three parameters studied
to have the opposite effect on the boiling curves between the

hydrophobic and hydrophilic surfaces. Flow rate and subcooling
shift the CHF and the boiling curves in the same direction for the
two wettabilities, but the boiling curves shift in different directions
with increasing pressure depending on the wettability of the heater surface. The increase in CHF is substantial for both the hydrophilic and hydrophobic cases with increasing pressure.
3.2. Critical heat flux
Fig. 8 compiles the CHF values from the boiling curves to analyze the trend with individual system parameters. In each subfigure, different line colors and marker styles are used to separate
the flow rates, pressures, and subcoolings for the cases tested.
The CHF values are consistently lower for the hydrophobic surface
compared to the hydrophilic surface, averaging a decrease of 28%
for similar system and flow conditions. It has been widely observed
in pool boiling experiments that decreasing wettability decreases
the CHF [22,23,25–27,38], which was also observed in flow boiling

Fig. 8. Critical heat flux values versus system parameters, (a) pressure, (b) inlet subcooling, and (c) mass flux for the two wettability surfaces.

Table 3
Critical heat flux model comparison with experimental data.
Model

ephil (%)

ephob (%)

|ephil| (%)

|ephob| (%)

Kandlikar [22]
Quan [32]
Thorgerson et al. [45]
Lu et al. [8]
RELAP5 [43]
TRACE [41]
Zuber [15]
Kutateladze [40]
Sudo et al. [46]
Mishima et al. [47]
Borishanskii [48]
Chang and Snyder [49]
Ivey and Morris [50]
Rohsenow and Griffith [51]
Zuber et al. [52]
Moissis and Berenson [53]
Wallis [20]
Mirshak et al. [54]
Katto [55]
Mishima and Ishii [56]
Janssen and Levy [57]
Jens and Lottes [58]
Biasi et al. [59]
Tong [60]
Bowring [61]

1.0
3.9
9.4
26.8
26.9
61.7
55.7
68.1
71.8
73.1
82.0
86.7
86.7
96.0
111.7
114.2
141.9
162.4
169.5
185.6
314.8
364.5
417.9
638.5
679.4

64.2
46.3
50.4
0.2
72.8
118.8
110.0
126.8
132.4
134.5
146.0
152.3
152.3
165.7
193.8
190.4
228.5
258.0
280.9
299.0
471.1
568.7
577.7
917.4
975.5

19.5
12.6
23.5
26.8
28.5
62.8
55.7
68.1
71.8
73.1
82.0
86.7
86.7
96.0
111.7
114.2
141.9
162.4
169.5
185.6
314.8
364.5
428.7
638.5
955.0

64.2
46.3
50.5
21.5
72.8
118.8
110.0
126.8
132.4
134.5
146.0
152.3
152.3
165.7
193.8
190.4
228.5
258.0
280.9
299.0
471.1
568.7
596.2
917.4
1360.8
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experiments [33,34]. In contrast, the experiments of O’Hanley et al.
[39] concluded that changes in roughness and wettability were
minor and that significant CHF change was only through porosity.
Of the system parameters, the critical heat flux is impacted the
most by pressure for both surfaces but is also affected by subcooling and flow rate over the range of conditions studied. In Fig. 8(a),
pressure is shown to be more influential on the CHF value for the
hydrophobic surface than for the hydrophilic surface, and in some
cases the CHF for the hydrophobic surface doubles from one to
three-and-a-half atmospheres of system pressure. By comparison,
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the CHF for the hydrophilic surface is a strong yet more modest
function of pressure. Although the CHF for the hydrophobic surface
is a stronger function of pressure, the CHF for the hydrophilic surface is a strong function of both mass flux and inlet subcooling for
the range of conditions studied, as shown in Fig. 8(b) and (c).
As a general trend within the range of conditions studied, CHF
increasing with increasing pressure, subcooling, and mass flux
has been long-accepted in flow boiling [2–9]. In addition, under
low-flow conditions, inlet subcooling was found to not be a
significant influence on CHF for annular geometries [3–5]. For the

Kandlikar [22]

Quan et al. [32]

Thorgerson et al. [45]

Lu et al. [8]

RELAP5 [43]

TRACE [41]

Fig. 9. Critical heat flux data comparison with top-performing models.
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hydrophilic surface studied by Park et al. [6], a minor influence of
subcooling on CHF was observed, but the dominant effect on CHF
was found to be mass flux. In the present study, an independence
of CHF with subcooling at low flow is only observed for the
hydrophobic surface at the lowest pressure with a similar dependence on mass flux for both surfaces. This suggests the surface
wettability influences the CHF transition not only in value but also
in mechanism as the effect is not observed in the studied parameter range for the hydrophilic surface.
3.3. CHF model comparison
The critical heat flux data for both the hydrophilic surface and
the hydrophobic surface are compared with available CHF models.
The results are shown in Table 3 with mean errors and mean absolute errors for each data set. Many of the correlations are based on
the semi-empirical models of Kutateladze [40] and Zuber [15] for
pool boiling, so the effect of flow rate is not incorporated. Kandlikar
[22] is the only model which incorporates contact angle, a model
that is based on the pool boiling correlations of Kutateladze [40]
and Zuber [15] as well. The correlation employed by TRACE [41]
is a modified version of the Groeneveld [42] lookup table which,
at low-flow conditions, interpolates CHF based on Zuber’s [15]
model. The model employed by RELAP5 [43] is based on correlations developed by the Nuclear Research Institute Rez in the Czech
Republic [44]. The RELAP5 [43] model includes the effects of flow
rate, pressure, quality, and inlet subcooling, but there is no influence of contact angle or surface effects.
Nearly all of the reported correlations overpredict the observed
critical heat flux for both the hydrophilic and hydrophobic surfaces. Since contact angle is not considered in the models and since
the observed critical heat flux is lower for the hydrophobic surface
than the hydrophilic surface, the errors are larger for the
hydrophobic surface. The only exceptions to this are the correlations by Kandlikar [22] and Lu [8]. The correlation by Kandlikar
[22] includes contact angle, but the effect is exaggerated for poorly
wetting surfaces, resulting in an underestimation of CHF for the
hydrophobic surface. The data from which Kandlikar’s [22] correlation is based varies contact angle only from 20° to 110° for pool
boiling conditions, and the effect is extrapolated for superhydrophilic surfaces and more hydrophobic surfaces. The present
study has a hydrophobic surface with a contact angle of 132°,
which is outside the data range considered by Kandlikar [22].
The modification on Kandlikar [22] by Quan et al. [32] to include
roughness is shown to improve the CHF prediction for the
hydrophobic surface. Lu et al. [8] is the only reported correlation
to underpredict the CHF for both the hydrophobic and hydrophilic
surfaces. The correlation by Lu et al. [8] includes the effects of
geometry, pressure, and flow rate, but does not include the influence of contact angle or inlet subcooling on the CHF value. The data
off which the Lu et al. [8] correlation is based covers a similar
parameter range to the current study; however, the geometry
studied was an annulus with smaller hydraulic diameter and
heated length. As discovered by El-Genk et al. [5], heater size has
an influence on the CHF, albeit to a smaller degree, compared to
the other system and flow parameters. Fig. 9 shows a comparison
of the experimental data and the model data for the best six
reported models. The data are separated by pressure as this is
the most influential factor for many of the models. Both Thorgerson et al. [45] and RELAP5 [43] estimate the CHF values better than
many of the other models. RELAP5 [43] incorporates the mass flux,
exit quality, and pressure and overestimates the CHF value even for
the hydrophilic surface and, therefore, overestimates the
hydrophobic surface to a greater degree. The model by Thorgerson
et al. [45] is an empirical model incorporating liquid velocity, pressure, and fluid temperature. Nearly every model implemented

overestimates the critical heat flux, a real danger should these
models be applied in low-pressure, low-flow systems. Even Kandlikar [22], which does incorporate contact angle, struggles to capture the effect of wettability for the studied hydrophobic surface.
Additional flow boiling CHF models incorporating contact angle
should be developed, but in that absence, the Lu et al. [8] model
should be applied for conservative safety margins when operating
within the range of conditions considered in this experimental
study.
4. Conclusions
It is demonstrated that wettability plays a significant role in
vertical boiling flow and influences various boiling characteristics.
The ONB point is delayed for every condition studied for the
hydrophobic surface compared with the hydrophilic surface. In
addition, the CHF is lower for every condition for the hydrophobic
compared with the hydrophilic surface, but similar trends are
observed between conditions across surfaces such as similar boiling curves with changing mass flux and subcooling. Both surfaces
exhibited a dependence between the CHF value and the mass flux
and pressure; however, only the hydrophilic surface CHF value
increased with increasing subcooling for the range of conditions
considered.
Model comparisons demonstrate that CHF at these conditions
can be predicted within about 20%. Models systematically overestimate the CHF point, and the only model that incorporate contact
angle does not perform well. Given the catastrophic consequences
that can accompany CHF, conservatism is necessary in applying
these models. In summary,
 Wettability is an important property not typically accounted for
in boiling models,
 The surface preparation, principally the contact angle, influence
the ONB point and affect the CHF value substantially, and
 Conservatism is recommended when applying the CHF models
to systems where the wettability may be changed.
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