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This study focused on the critical heat flux (CHF) characteristics in pool boiling heat transfer for various
rough surfaces with FC-72. In particular, the enhancing effect of the CHF according to the direction of
roughness was verified. Random rough surfaces with various roughness range were fabricated by the
polishing process, and a unidirectional rough surface (URS) with hairlines on the surface was prepared for
comparison. We proposed a CHF prediction model to analyze the enhancement of CHF on rough surfaces.
The proportional relationship between the increase in CHF and the difference between the areal wetting
speed on a rough surface and on a smooth surface was verified. The experimental CHF data were located
in the median range of the proposed model, which was defined using the range of the Taylor instability
wavelength in the Zuber model. In addition, the proposed model can predict the CHF for URS sample
using the average of the areal wetting speed in both parallel and normal directions.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The demand for high-efficiency thermal management systems
in various fields such as heat exchangers and cooling of integrated
circuits has increased remarkably owing to rapid industrial de-
velopment. Boiling heat transfer has been regarded as the most
practical solution to achieve such high efficiency [1-3], with much
higher heat flux than the conventional heat transfer [4].

The critical heat flux (CHF) is the most important parameter
that describes the thermal limit during boiling heat transfer [5].
To ensure stable utilization of the heat transfer system, the CHF
must be identified or predicted beforehand to prevent the wall
superheat from entering the film boiling region [6]. Continual
increases in heat flux over the CHF results in the heated surface
being entirely covered by the vapor layer, which is known as film
boiling [4]. Once the heated surface enters the film boiling regime,
heat transfer by boiling sharply decreases and the corresponding
surface temperature rapidly increases, which damages the system
[7]. Various theoretical prediction models have been proposed to
predict the CHF. Some studies have focused on using the contact
angle (CA) as an essential parameter for CHF prediction [8-11].
CA-based prediction models can predict the CHF accurately when
polar liquids such as water and acetone are used, owing to the
high surface energy of such liquids; that is, the CA is relatively
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easy to measure. However, non-polar liquids such as hydrocarbon
and fluorocarbon liquid are highly wetting fluids owing to their
low surface energy; thus, performing CA measurement is rather
difficult, if not impossible [12,13]. A CHF prediction method based
on parameters that are independent of CA is therefore needed
for a broad theoretical analysis of boiling heat transfer. Recently,
some studies have found a strong relationship between wetting
characteristics and CHF; however, previous studies cannot be
adopted for various rough surfaces as they depend on geometrical
parameters of engineered surfaces [12,14,15].

Recent advances in micro/nanofabrication technology have
enabled the fabrication of engineered microstructures, which has
enhanced the CHF [16-20]. Table 1 lists the experimental studies
for pool boiling heat transfer on rough surfaces with FC-72. The
results from random roughness showed 12% to 32% enhancement
in CHF [21,22], whereas the engineered surface showed 50% to
190% enhancement in CHF compared with the smooth surface
[12,23,24]. Despite enhancement in the CHF, microstructures are
rarely adopted in industry due to two main reasons: the pro-
cessing cost and material scarcity. From this perspective, surface
roughening techniques using low-cost processes such as grinding,
polishing, and corrosion are considered practical alternatives for
engineered microstructures in order to enhance the CHF [25].
Results from surface roughening techniques show only 30-40% en-
hancement or the upper limitation of the CHF [26-30]. Although
the potential CHF enhancement obtained by using these tech-
niques is limited, their low processing cost makes them suitable
for mass production. Besides, these methods can be employed in
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Table 1
Experimental studies for pool boiling heat transfer on rough surfaces with FC-72.

Author Surface material

Roughness range

Enhancement in CHF

Golobi¢ and Ferjancic [21]
Ferjanci¢ and Golobic [22]

Steel 1010 (Ribbon heater)
Stainless steel 302 (Ribbon heater)

Honda et al. [23] Silicon
Wei and Honda [24] Silicon 1.0 <r <767
Nguyen et al. [12] Silicon 1.0<r=<32

0.07 < Rq < 1.5 um (Polishing with sandpaper)
0.02 < Ry < 1.5 um (Polishing with sandpaper)
r= 2.2 and r = 2.2 with submicron roughness

12% (Rg = 1.5 um)

31.7% (Re = 1.5 pum)

80% (r = 2.2), 130% (r = 2.2, roughened)
190% (r = 6.4)

50% (r = 3.2)

various types of heat exchangers since they can be easily applied
to different types of metal substrates [28].

Commercially available metal plates, which are fabricated by
rolling or extrusion processes, usually have hairlines on their sur-
faces showing unidirectional roughness. In this case, CHF enhance-
ment would be achieved with no additional surface roughness
control processes. Thus, the boiling heat transfer characteristics
must be evaluated by comparing commercial metal plates with
unidirectional roughness and that with random roughness through
surface roughening techniques.

In this study, we experimentally compared the CHF charac-
teristics of random roughness using polishing process and an
industrially rolled aluminum surface with unidirectional rough-
ness. The experimental results were also applied to CA-based CHF
prediction models to analyze the difference in the CHF character-
istics for unidirectional roughness and various random roughness.
The limitation of the existing CA-based prediction model was
addressed using a fluorocarbon liquid (FC-72) which is widely
used as a heat transfer fluid. Finally, we proposed a new CHF
prediction model based on the wetting characteristics for liquids
with high wettability, and the prediction results were compared
with experimental data.

2. Sample preparation and surface characteristics
2.1. Preparation of rough surfaces

A total of six types of aluminum test samples with different
random roughness were fabricated using commercial pure alu-
minum plates (AA1050; size of 30 mm x 30 mm?2 and thickness
of 1 mm). The polishing process was performed for 60 s to 180 s
using a mechanical polisher (LavoPol-5, Struers, Denmark) with
a rotation speed of 300 RPM. P600 to P2000 graded sandpapers
(KA161 and CC261, Deerfos, Republic of Korea) were used to
produce various random roughness surfaces. We also fabricated a
smooth surface using a polishing process with alumina compound,
which was used as the reference. The test samples were labeled A
to F in order of increasing surface roughness.

Fig. 1(a)-1(f) show the 3D-profiles of random rough surfaces
obtained using 3D confocal microscope (OLS4100-SWF, Olympus
Co., Ltd., Japan). As shown in Fig. 1(a) and 1(b), samples A and
B have a relatively uniform and smooth surface profile. However,
samples C-F formed irregular rough structures on the surface, as
shown in Fig. 1(c)-1(f). Fig. 1(g) shows a 3D-profile of unidirec-
tional rough surfaces (URS) obtained from an industrially rolled
aluminum plate. Clear hairlines are observed on the surface of the
plates in the direction of the rolling process. The direction parallel
to the hairlines is designated as the parallel direction and that per-
pendicular to the hairlines is designated as the normal direction.

Table 2 lists the measured roughness parameters of the test
samples and its standard deviations, namely the root mean square
(RMS) roughness R; and roughness factor r. The values of Ry for
each direction and r were determined by averaging the measured
data from four measurement points obtained using a 3D confocal
microscope. Rq is the standard deviation of the measured surface

height profile, which is calculated using the following equation:

12
R, = (Z(ZIN—Zm)Z> (1)

where z; is the measured height at each point, z;, is the measured
average height of the surface, and N is the number of sampling
points. The random rough surfaces have uniform R, regardless of
its direction, whereas there is a significant difference in the Rq of
the URS sample according to the direction parallel to or normal
to the hairlines on the surface. r is defined as the ratio of the
surface area of the rough surface Ap to the projection area Ap of
the measurement area, as given below:
_ o @
P

r tends to increase with increasing surface roughness. In the case
of the URS sample, however, the value of r is significantly smaller
than that of sample C, which has a similar mean value of R4 as
the URS sample.

r

2.2. Measurement of contact angle

Fig. 2(a) depicts the measurement setup for the static CA of
each test sample. The measurements were repeated three times
for each direction of the test sample fabricated for the pool boiling
experiment. The test environment was maintained at 24 + 1 °C,
and the test sample was placed inside a sealed chamber to mini-
mize measurement error due to evaporation of FC-72. The sealed
chamber has a volume of 0.86 L and was filled with 0.25 L of
FC-72, and a cloth bundle made of porous fiber was immersed in
the FC-72 to promote evaporation of the fluid.

Measurements were conducted after a waiting period of 20 min
to achieve a fully saturated environment in the chamber. A con-
stant volume of pendant droplet was maintained during the mea-
surement using a micropipette (P-2, Gilson Inc., USA). Although a
small volume of droplet can enhance the accuracy of CA measure-
ment [31], it is extremely difficult to measure the CA because the
droplet easily spreads on the surface and evaporates [32]. Thus,
we applied the traditional tangent method for CA measurement,
which ensures independence between the volume of a sessile
droplet and the CA [33]. Finally, 1.0 uL of droplet volume was
experimentally determined as the appropriate volume for stable
pendant droplets to form sessile droplets on the sample surfaces.

A high-speed camera (CR450x3, Optronis GmbH, Germany) was
used to capture the shape of the sessile droplet at a frame rate
of 120 FPS. The static CA of each test sample was measured using
image analysis software (Image]), with an image captured 500 ms
after the moment of fluid-surface contact. This time offset helps
to maintain stable measurement conditions as it avoids the fluctu-
ations of the sessile droplet, which occur during fluid-surface con-
tact. Furthermore, the sessile droplet spreads on the surface within
a few seconds in the super-hydrophilic cases; thus, the CA tends to
converge to 0° due to the limitation of optical resolution [34]. As
listed in Table 3, the measured result indicates that the static CA of
fluorocarbon fluids with low surface tension was not remarkably
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Fig. 1. 3D surface profiles of fabricated rough surfaces obtained using a 3D-confocal microscope with gray-scaled height range of 8 ;«m: (a) sample A with a smooth surface;

(b-f) random rough surfaces arranged in the order of samples B to F; (g) URS sample.

Table 2

Processing condition and surface roughness data of the test samples (um).

Sample Processing condition RMS roughness (Rg) Roughness factor (r)
Parallel Normal Mean
A Alumina Compound 0.09 + 0.01 0.09 + 0.01 0.09 + 0.01 1.00 + 0.00
B P2000, 180s 0.16 £ 0.01 0.16 + 0.03 0.16 £ 0.02  1.09 + 0.01
C P1200, 150s 0.28 + 0.03 0.29 + 0.04 0.28 + 0.03 1.20 + 0.03
D P1000, 120s 0.37 + 0.05 0.37 + 0.05 0.37 + 0.05 1.17 + 0.03
E P800, 90s 0.59 £ 0.06  0.54 + 0.02 0.57 £ 0.05 1.24 £ 0.02
F P600, 60s 0.86 = 0.16  0.86 + 0.07 0.86 £0.12  1.30 + 0.01
URS Rolling process 0.09 + 0.01 0.43 + 0.07 0.26 + 0.17 1.05 + 0.01
Table 3
Measured static CA of rough surfaces for parallel and normal direction (deg).
Type A B c D E F URS
Contact angle (P) 15.61 12.61 12.96 14.48 13.59 13.65 10.85
Contact angle (N) 1626  13.04 1229 14.15 1396 1328 1544
Mean 15.93 12.83 12.63 1431 13.77 13.46 13.14

affected by the surface roughness. Furthermore, the random rough
surfaces showed no significant difference in CA in the direction
of the surface structure, whereas the URS sample showed approx-
imately 5° difference in CA. Considering the pixel resolution, the
uncertainty of CA measurement was estimated to be approximately
+5° (for details, see supplementary information S4.3).

2.3. Measurement of wetting distance

Fig. 2(b) illustrates the measurement setup for the wetting
distance with respect to the surface roughness of each test sample.
The sealed chamber was designed to take images from the top po-
sition, and a saturated environment should be maintained during



4 J. Kim, J. Yeom and D. Kong et al./International Journal of Heat and Mass Transfer 150 (2020) 119325

(@)

Pipette jig

Vapor supply

N\
LR
— | /Cloth |

2
@
8
(=%
w

T

e o

Closed chamber

Continus light

(b)

Continus light

Closed chamber

Fig. 2. Schematic of the measurement setup for: (a) static contact angle of rough surfaces; (b) wetting distance of rough surfaces.

Sample A

Sample C

Sample F

URS

Fig. 3. Photographs of the wetting distance measurement. Circles are the wetting front at the initial state and after 3 s (dotted line).

the measurement. Therefore, the volume of the chamber is larger
than CA measurement set up (1.65 L), and the upper portion of the
chamber has a transparent B270 glass window to easily observe
the surface wetting behavior. The copper block for mounting the
test sample was precisely machined to 40 x 40 mm? and was
then used as the reference length in the image analysis. The sealed
chamber was filled with 0.4 L of FC-72 and a cloth bundle was
immersed in the FC-72.

Each measurement was conducted after a waiting period of
20 min and repeated at least three times for each test sample and

the test environment was maintained at 24 + 1°C to minimize
measurement error. A micropipette (P-2, Gilson Inc., USA) was used
to precisely control the volume in the formation of a stable sessile
droplet. In this measurement, a droplet volume of 2.0 uL was
applied to supply sufficient liquid. A high-speed camera (CR450x3,
Optronis GmbH, Germany) was used to record the wetting behav-
ior at 120 FPS during the measurement. Fig. 3 shows the sequential
snapshots of each specimen at 1 s intervals. The wetting area of
sample A (smooth surface) increased at a relatively low rate,
whereas that of sample F with high roughness increased at a rela-
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Fig. 4. Measured relative wetting distance of the test samples: (a) variation with
time (s); (b) variation with the square root of time (s%3).

tively high rate. The wetting distance of each test sample were as-
sessed quantitatively using image analysis software (Image]). Here,
the diameter 500 ms after the moment of fluid-surface contact is
defined as the initial reference diameter d; to avoid fluctuations of
the sessile droplet. For the uncertainty, the width of the pixel res-
olution was obtained as 54.8 4+ 0.4 um/pixel from calibration with
the copper block measured as 730 + 5 pixels. Thus, the distance
uncertainty can be regarded as a pixel resolution, as +0.055 mm.
The relative wetting distance d, was calculated by subtracting d;
from the wetting diameter dy (dr = dw - d;). Using this method, er-
rors due to variation in the initial wetting diameter were removed
according to different wetting behaviors of each test sample.

Fig. 4(a) shows a comparison of the variation of the rela-
tive wetting distance d; of each test sample with time (s). The
measurements show that d, increased along with the surface
roughness, and the increase in d; weakened over time. However,
the increase in dr due to surface roughness was saturated at
surface roughness higher than R; = 0.37 um (sample D). For the
URS sample, d; in the parallel direction was similar to that of

Table 4
Calculated values of wicking coefficient using linear fitting of data
from Fig. 4(b). Note that W is the slope of the linear fitted line.

Sample W (mm/s®>)  R? for linear fitting W2 (mm?/s)
A 0.704 0.980 0.495
B 0.855 0.991 0.731
C 0.924 0.994 0.853
D 1.091 0.986 1.190
E 1.155 0.996 1.334
F 1.165 0.996 1.358
URS (P) 1.166 0.984 1.360
URS (N) 0.502 0.992 0.252

samples with high roughness, whereas a lower wetting distance
than that of sample A was measured in the normal direction. This
phenomenon is attributed to the fin effect, preventing or impeding
fluid contact in the direction perpendicular to the surface pattern
of the URS sample formed by a hairline [14].

The wetting distance can be described by the Washburn law
[35] based on the balance of the capillary pressure and the viscous
force [15,35,36]. Thus, the wetting distance x on a rough surface
is proportional to the square root of time as given in the wetting
correlation in Eq. 3 [36].

1/2
_( 2 cos@* —cosO. 08
x(0) = (wcos 7 uﬁ) (3)

where § is an empirically determined factor related to the shape
of the surface structure, whereas o, §, uy, and t are the surface
tension of the fluid, the height of the pattern, the viscosity of
the fluid, and time, respectively. Kim et al. [15] combined all the
variables, except time, as the wicking coefficient W as given in
Eq. 4, which was obtained experimentally:

x(t) =W .t12 (4)

Fig. 4(b) shows the variation of the measured relative wetting
distance dr with the square root of time. The slope of each test
sample represents W. Table 4 summarizes the linear fitting re-
sults of each slope. In all cases, the coefficient of determination
R? is 0.98 or higher, which indicates good agreement with the
prediction obtained from the aforementioned Bico’s wetting cor-
relation [36]. As described in supplementary information S4.5, the
maximum uncertainty for W was estimated as +0.055 mm/s0-.

3. Pool boiling experiment
3.1. Pool boiling setup

Fig. 5 shows the pool boiling experimental setup. The boiling
chamber is made of stainless steel 330 L with a square structure
of 150 mm (length, width, and height). Four auxiliary heaters
were installed in the chamber to maintain the fluid temperature
at the boiling point. An air-cooled condenser was installed at the
top of the boiling chamber to condense the vapor during boiling
experiments. The test sample was attached to the top of the
block using thermal grease (MX-4, ARCTIC, Switzerland; thermal
conductivity = 8.5 W/m K). The space between the test sample
and the chamber was sealed and insulated using a Teflon gasket
(thermal conductivity = 0.25 W/m K). A copper heating block
with two cartridge heaters (150 W for each heater) was installed
at the bottom of the chamber to induce boiling on the surface of
the test sample. The surrounding of the heating block was heavily
insulated with silicone rubber, which has a low thermal conduc-
tivity (0.2 W/m K). Two thermocouples (AWG 24, J-Type, Omega
Engineering Inc., USA) were inserted into the 10 mm-spaced
drilled holes in the heat meter bar with a diameter of 1.5 mm
and a depth of 15 mm. A multichannel thermo logger system
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Fig. 5. Setup of the pool boiling experiment: (a) schematic view and flow diagram of the system. Detailed design for heating block was drawn inside the dashed line box;

(b) photograph of the experimental facility.

(Graphtec GL220, DATAQ Instruments Inc., USA) was installed to
record the temperature of each thermocouple at an interval of 2 s.

3.2. Experimental procedure and uncertainty

In this study, we used 1.6 L of FC-72 to immerse the auxiliary
heater and the thermometer during the experiments. The boiling
chamber was sealed with a lid to prevent inadvertent leakage of
the vapor after pouring the working fluid. The auxiliary heaters
were operated above the boiling point for 30 min for deaeration.
We installed a vent valve and opened it during the experiment to
remove gas and air inside. This deaeration process is very impor-
tant for dielectric fluids since air can dissolve in FC-72 up to 48%
by volume at room temperature and ambient pressure, which re-
sults in pseudo-enhancement of CHF similar to the subcooled case
or increase in the uncertainty of the entire pool boiling experiment
[37]. After deaeration, the control temperature of the heating block
and auxiliary heaters were adjusted to the boiling point (56 °C at
1 atm) and was left for 1 h to reach thermal equilibrium state. The
pool boiling experiments were conducted up to the film-boiling
region where the surface temperature rises rapidly after the CHF.
A proportional integral derivative (PID) controller controlled the
temperature of the heating block. In the nucleate boiling regime,
the temperature was controlled at a heating rate of 1 *C/min. After
fully developed nucleate boiling, the temperature was controlled
at a heating rate of 0.2 °‘C/min, whereas the auxiliary heaters were
maintained at the boiling point. The evaporated working fluid was
cooled through a condenser, and the volume of the working fluid
was maintained constant using a circulation pump.

The heat flux q” during the pool boiling experiment was
estimated from the energy balance of the heat meter bar (neck of
heating block) as follows:

Qin = Qboil + Qloss,la[ (5)

where Q;, is the applied power, Q,; is the amount of transferred
heat due to natural convection and boiling on the test surface,
and Qjysqr 1S the lateral heat loss on the 4-side surfaces of the
heat meter bar. Here, Q¢ Was experimentally determined
by comparing the applied electrical power and Qp,;. As a re-
sult, we found that Qe Was less than 2.8% of the estimated
amount of Qp,; near the CHF (for details, see supplementary
information S1). Therefore, Qjyqr Can be regarded as low-biased
uncertainty; hence, Eq. 5 can be expressed as Q;; ~ Qpy- In this
calculation, the difference in the area of the boiling surface Ay
(25 x 25 mm?) and the cross-sectional area of the heat meter bar
Ain (30 x 30 mm?) was considered for estimating the heat flux on
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Table 5
Error sources and propagated uncertainty values in the pool boiling experiment.

Uncertainty and error

Type source Error
Error source Positioning error for the +0.02 mm
thermocouple hole
Machining error for the +0.05 mm
thermocouple hole
diameter
Machining error for the +0.02 mm
dimension of heating block
Reading error of J-type +0.15 K
thermocouple
Thermal conductivity of Cu +2.0%
Thermal conductivity of Al +2.1%
Propagated uncertainty Thermal contact resistance +13.59 %
Critical heat flux +6.49-8.37 %

Surface temperature +0.44-3.85 %

the test surface. Thus, Eq. 5 can be expressed as follows:

Apoil

where, q”poi is the heat flux on the test surface (Qpoit/Apoil)
and q”;, is the heat flux through the heat meter bar (Q;,/Ain)-
To estimate the heat flux on the sample surface, we applied
Fourier’s conduction law based on a one-dimensional heat transfer
assumption as follows:

dT A L-T A

Vo kol i « tin (7)
Foot dz = Apil “Lewr A

T; and T, are temperatures from the lower and upper thermo-

couples installed in the heat meter bar. The temperature gradient
dT/dz was estimated through the difference between T; and T>.

" "
Apoit = in X

Sample A

AT ~ 10°C

AT ~ 15°C

ATg ~20°C

The distance dz was determined from the spacing between the two
thermocouples, L, ;. To achieve the 1D heat transfer assumption,
the offset distance L., between the top of the heat meter bar
and the measuring point for T, was experimentally determined
as 10 mm. As described in Supplementary Information S2, the
temperature gradient was linear above 8 mm of the offset distance.

The surface temperature of the test sample T can be calculated
as described in the following equation using T,, q”;,, thermal re-
sistances, and dimensional difference between the boiling surface
and the heat meter bar:

/" LCu,Z " Ain /" LAI
L=1- qin( key ) - qinAboil (R tc + m) (8)

The contact resistance R”¢ was calculated as 0.0957 cm? K/W
using the procedure proposed by Cooke and Kandlikar [16] (for
details, see Supplementary Information S3). The wall superheat
AT was defined as Ts - Tsq, Where Tgq is the boiling point of the
working fluid.

The independent uncertainties in the pool boiling experiment
were estimated and calculated through the second-power equation
proposed by Kline and McClintock [38]. The positioning error of
the drill hole for temperature measurement was +0.02 mm, and
the temperature reading error of the J-type thermocouple was
+0.15 K. In this experiment, the dimensions of the heat measure-
ment parts, such as the heating block and the heat meter bar, were
designed and machined with an accuracy of +0.02 mm. For the
test surfaces, the uncertainty of the thickness due to the polishing
process was estimated from the measured data as +0.1 mm. The
uncertainty due to variation in the thermal conductivity according
to the temperature variation of the material was confirmed to be
+2% for copper and +2.1% for aluminum. The uncertainty of the
CHF was estimated to be +6.49-8.37%. In addition, the low-biased
uncertainty due to the heat loss was estimated to be 2-2.8%. The

Sample F URS

Fig. 7. Photographs of the pool boiling phenomenon for samples A and F, as well as URS sample. Each photograph was captured at the wall superheat temperatures of 10 °C,

15 °C, and 20 °C.
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Fig. 8. (a) Comparison of the CHF values from the prediction models by Zuber
[39], Kandlikar [10], and Chu et al. [11]. Experimental results are marked inside the
dashed line box. (b) Variation of experimental CHF values of the rough surfaces
with the line of the prediction model.

maximum error in the calculation of the contact resistance R”;c
was +13.59%. Finally, the uncertainty of the estimated surface
temperature was calculated as +0.44-3.85%. The above results are
summarized in Table 5 (for details, see Supplementary Information
S4.1-4.3).

3.3. Pool boiling result

Fig. 6(a) shows the boiling curves measured for each test
sample. For sample A (R; = 0.09 um), the incipience of nucleate
boiling was observed at the wall superheat of ~ 20 °C. As the
wall superheat increased, the heat flux increased, and the CHF
was 15.99 + 0.38 W/cm? at ~ 32 °C of the wall superheat. For
sample B (R; = 0.16 wm), the wall superheat at the incipience
of nucleate boiling was ~ 12 °C. However, the measured CHF
was 1643 + 0.93 W/cm?, which is slightly higher than that of
sample A. For samples C (R; = 0.28 um) and D (R; = 0.37 um),

which have increased roughness than samples A and B, nu-
cleate boiling started in the lower wall superheat. In these
samples, the measured CHF values were 19.18 + 0.29 W/cm? and
22.01 + 0.47 W/cm?, respectively. Samples E (R; = 0.57 um) and
F (Rg = 0.86 um), which have higher roughness, showed boiling
curves similar to that of sample D. When the wall superheat was
~ 22 °C, the measured CHF values were 20.26 + 0.47 W/cm? and
21.08 + 0.21 W/cm?, respectively. Considering the uncertainty of
the calculated heat flux (~ 7 %), a significant change in the CHF
with increase in surface roughness could not be confirmed. On the
other hand, the URS sample exhibited similar CHF characteristics
to sample C, whereas the overall boiling curve was located at
a higher wall superheat. Fig. 7 shows the boiling phenomenon
according to various wall superheats. The images clearly highlight
the experimental results described above. In the case of sample
F, bubbles were observed when the wall superheat was ~ 10 °C,
whereas bubbles did not occur in sample A and URS sample.
Furthermore, in sample F, it can be confirmed that boiling was
activated at a low wall superheat compared to sample A and URS
sample. Thus, surface roughening techniques not only enhance the
CHF of URS or smooth surface but also significantly reduce the
wall superheat required for boiling heat transfer.

The upper line in Fig. 6(b) shows a comparison of the measured
CHF and the RMS roughness of each test sample. Similar to the
boiling curve, the CHF tends to be enhanced at increasing surface
roughness for samples A to D. However, there was no significant
changes at higher roughness. A similar trend was also reported
in previous studies [27,28,30]. In particular, the experimental
CHF data reported by Ferjanci¢ and Golobi¢ [22] is similar to our
experimental result. They studied the enhancement of CHF in
FC-72 using rough stainless-steel plates with roughness in the
range of 0.02 um < R; < 1.5 um. Although the CHF was enhanced
with increasing roughness, the change was not significant above
a specific surface roughness (R; > 0.3 um). However, this result
does not explain the relationship between the CHF and various
types of surface roughness, including unidirectional roughness.

The dotted line in Fig. 6(b) indicates the W. It clearly shows
that the CHF and W have a similar trend with respect to the RMS
roughness. The W values of the URS sample in each direction show
a clear directional dependency. Thus, it is particularly important to
find the correlation between the CHF and wetting characteristics
for accurate prediction of CHF characteristics on rough surfaces.

4. Analysis of enhancement of the CHF

First, the experimental results were compared with results
obtained from some existing CHF prediction models. As shown
in Fig. 8(a), the CHF predicted using Kandlikar’'s model [10] did
not match the CHF results obtained from experiment. Kandlikar’s
model is based on CA with cosine terms, hence the predicted CHF
increases when high wettability fluid is used. Chu et al. [11] con-
sidered the effect of surface roughness using Kandlikar's model.
Although the predicted CHF tends to increase with increasing
roughness factor, the CHF is did not match the prediction result
from Chu’s model (as listed in Table 2, the test samples have a
roughness factor in the range of approximately 1.0 to 1.3). The
main challenge of these models is that the surface roughness
was not properly considered for predicting the CHF. Furthermore,
the variation of the CAs is not significantly related to the surface
roughness of the test sample, as shown in Fig. 8(a). Therefore, it is
necessary to correlate the effect of surface roughness to CHF using
parameters other than CA.

Analytical method based on the wetting characteristics is an
alternative method for CHF prediction on rough surfaces [12,14,15].
Kim et al. [15] proposed the wickability-CHF model using Kand-
likar’'s model as the reference CHF for a smooth surface. Recently,
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Fig. 9. Schematics of hydrodynamic instability when CHF occurs on a heated surface: (a) top view of the unit boiling area and dry area; (b) cross-sectional view of a vapor

jet column.

Nguyen et al. [12] found a strong relationship between wetting
speed and CHF using FC-72; Zuber’'s model was used as the refer-
ence CHF. Previous models cannot be adopted for random or uni-
directional rough surfaces directly as they depend on geometrical
parameters of engineered surfaces. However, the basic definition
in these studies is reasonable owing to the strong relationship
between CHF and wetting characteristics. Thus, we assumed that
the CHF on a rough surface can be defined as follows:

1 1 1"
Aenr, rough — smooth T add 9)

where q”gnoom is the reference CHF on an identically smooth
surface and q”,4q is the additional heat flux on a rough surface.
For FC-72, it is reasonable to estimate q”sp00in bY applying Zuber's
model [39] since CHF is defined solely by the physical properties
of the fluid. q”,4q should be proportional to the additional amount
of supplied liquid due to wicking on a rough surface. Thus, the

Surrounding fluid

WR, () = WR, (p)

additional heat flux can be calculated as follows:
(10)

where AQ is the additional volumetric flow rate (mm?3/s) supply
due to surface conditions with respect to the smooth surface. p¢
and hy, are the fluid density and the latent heat at the boiling point
of FC-72, respectively. As shown in Fig. 9(a), A is the unit boiling
area, which can be described as the square of the Taylor instability
wavelength as A, = Ay 2. According to the definition given in
Zuber’s model, A7 is in the range from the critical wavelength A
to the most dangerous wavelength Ap (Ac < Ar < Ap). From this
analysis, we can describe our CHF prediction model in the range
of the maximum and minimum CHF, similar to Zuber’s model.

In this study, AQ depends on the interfacial wetting dynamics
on the heated surface. As depicted in the schematic in Fig. 10(a),

Surrounding fluid

Wg, () < W, (p)

(b)

Fig. 10. Schematic of the wetting behavior on rough surfaces: (a) random rough surface; (b) unidirectional rough surface.
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the wicking coefficient W is the radial change of the wetting area
with the square root of time (mm/s%>). Since the surrounding fluid
flows to the dry area in all circular directions, weW? (denoted as
) is the areal wetting speed of the unit boiling area (mm?/s).
However, URS sample with unidirectional roughness exhibits two
different wetting behaviors depending on its direction, as shown
in Fig. 10(b). For this reason, the mean value of w in each direction
of the URS sample was used as an integrated value.

The areal wetting speed on rough surfaces wg can be assumed
to be proportional to AQ with the thickness of the fluid supply
layer § as AQ ~ Sewg. Although hydrostatic and hydrodynamic
forces were considered in the reference CHF through Zuber’s
model, FC-72 has a nonzero wetting behavior even on smooth
surfaces [12]. Therefore, the areal wetting speed of the smooth
surface ws should be considered as part of the reference value. For
this reason, AQ in Eq. 10 is described as §(wg-ws) to include only
the additional amount of the fluid on rough surfaces.

Fig. 9(b) depicts the cross-sectional view of the vertical vapor
jet for heated surface. Haramura and Katto [40] proposed a correla-
tion of § with one-quarter of the Helmholtz instability wavelength
(Ay). They assumed & to be a median value in the possible range
from 0 to Ay/2 because the exact value of § was not defined at that
time. Rajvanshi et al. [41] concluded that one-half of the Helmholtz
instability wavelength (Ay) gives a better correlation, which has
been experimentally investigated by many researchers [42-44].
This can be written as e A7/4, where Ay is weA7/2. Therefore, we
reconstructed Eq. 9 based on the above findings as follows:

1/4
og(ps — pg) N 7T (wr — ws) prhgg
0g? 4Ar

ngF,rough = Kx pghfg

(11)

Fig. 8(b) shows a comparison of the CHF predicted using
Eq. 11 and the experimentally measured CHF. The original Zuber’s
model has a range of the leading constant K from 0.119 (with Ap)
to 0.157 (with A¢). To calculate the maximum and minimum CHF
lines of Eq. 11, A¢c and Ap were applied for Af, respectively. As a
result, the experimentally measured CHFs were located in the pre-
diction range of Eq. 11, as shown in the shaded region of Fig. 8(b).
Zuber proposed a value of 0.131 for K; however, compared to our
experimental results, this value underestimated K. Thus, it can
conclude that the median value of K (0.138) obtained using Zuber’s
model and the median value of A7 in Eq. 11, that is (Ac + Ap)/2,
best fit our experimental results with R? = 0.802. The URS sample
shows a similar tendency to that of sample C, with an error of
6.62% between experimental and predicted values when the mean
value of wg was used in each direction.

5. Conclusion

In this study, we experimentally investigated and theoretically
analyzed the CHF characteristics in pool boiling heat transfer for
various rough surfaces using FC-72. In particular, the enhancing
effect of the CHF according to the roughness direction was verified
in random rough surfaces using the polishing process and in a
URS sample obtained from an industrially rolled aluminum plate.

The results of the pool boiling experiments show that the CHF
increases with the surface roughness at relatively low roughness
but is insignificant in highly rough surfaces. In contrast, the CHF
of the URS sample was lower than the highest CHF of random
rough surface. The CHF can, therefore, be increased slightly when
a surface with directional roughness is polished with a surface
roughness of Ry ~ 0.37 pm or higher.

The differences in the CHF characteristics for various rough
surfaces were verified theoretically based on the surface wetting

characteristics. We employed the areal wetting speed as a critical
parameter by measuring the wetting distance on rough surfaces to
overcome the limitation of CA-based CHF prediction models. As a
result, the measured areal wetting speeds with respect to the RMS
roughness showed a similar trend to that of experimental CHF
result. Finally, a CHF prediction model was proposed to analyze
the characteristics of CHF on rough surfaces. The proportional rela-
tionship between the increase in CHF and the difference between
the areal wetting speed on a rough surface and on a smooth sur-
face was verified. We also verified that the experimental CHF data
were located in the median range of the proposed model, which
was defined using the range of the Taylor instability wavelength
in Zuber’s model. In addition, the proposed model can predict the
CHF for URS sample using the average of the areal wetting speed
in both parallel and normal directions.

Although the proposed CHF prediction model exhibited errors
compared to the experimental CHF result, it can predict the trend
of enhancement of the CHF on rough surfaces using a simple
measurement method. We believe that this method can be widely
adopted for estimating the amount of enhancement of the CHF
on various surface structures. In the future, we plan to extend
this prediction model to engineered surface structures such as
micropillar and microchannel.
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