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Heat transfer enhancement by surface modification has been extensively studied in the last twenty years.
However, there remains a large discrepancy among researchers on the performance of enhanced surfaces even for
the same fluid and surface preparation technique. The reasons of this discrepancy are not understood and are not
discussed in past papers, including paper reviews. Part II of this two-part paper aims to present a detailed
assessment of pool boiling heat transfer enhancement, relating this to Part I [1], which presented a critical
assessment of fundamental concepts of heterogeneous nucleation. Current challenges in evaluating the perfor-
mance of enhanced surfaces is first discussed. The performance of smooth and roughened surfaces is then dis-
cussed and the effect of fluid type is explained. Pool boiling data of two fluids, namely water and FC-72, on two
enhanced substrate materials, i.e. copper and silicon were digitized and assessed in order to elucidate the reason
for the discrepancy in published works and present future recommendations for heat transfer enhancement. The
heat transfer enhancement mechanisms adopted by researchers were presented and critically discussed and
compared. The paper contributes to the understanding of the effect of fluid-surface combinations and suggest
guidelines for researchers to consider when evaluating the performance of enhanced surfaces. This will help the
research community and industry to conclude on the best surface structure and surface manufacturing technique
matching particular fluid of interest.

with porous structures that increase the number of nucleation sites.
Active techniques include surface or fluid vibration, surface rotation or
the application of high intensity electric fields. The latter require the use
of an external force and are less common than passive heat transfer

1. Introduction

Boiling heat transfer enhancement has attracted the focus of re-
searchers in the last twenty years, motivated by the need to improve the
heat transfer rates in heat exchangers used in, for example, the power
generation, chemical and refrigeration industries where such improve-
ments will result in higher plant efficiencies, reduced size equipment
and overall plant size and fluid inventory. The need to achieve high- and
ultra-high heat dissipation rates in modern electronics has also added to
the stimulus for more research in this area. This is obvious from Fig. 1
that shows the trend in research based on Scopus database with the
keywords “boiling” and “enhancement” appearing in the document
tittle. It demonstrates that the number of published papers on boiling
enhancement increased exponentially in the last years. It is well known
that boiling heat transfer rates depend strongly on the number density of
active nucleation sites and bubble dynamics (bubble growth rate, de-
parture size and frequency), see Part I [1]. Boiling enhancement tech-
niques are usually classified into either passive or active techniques [2].
Passive techniques include rough, treated surfaces or surfaces coated
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enhancement techniques. Accordingly, the current paper will focus only
on one of the most commonly researched passive enhancement tech-
niques, which is the surface modification by creating micro and/or
nanostructures including coatings. The growing interest of researchers
with this technique was encouraged by the significant advances in
manufacturing techniques that can produce surfaces with a complex
structure. One example of these techniques is the additive
manufacturing (3D printing), which has the flexibility of fabricating
complex geometries. McDonough [3] reviewed and discussed the ca-
pabilities of additive manufacturing for process heat transfer applica-
tions including the manufacturing methods, technologies and materials.
For metal additive manufacturing, three metals were commonly used
namely steel/iron-based alloys, titanium/titanium alloys and Inconel/
nickel-based alloys. He concluded that although it is very promising, it
still faces many challenges such as the control of the surface roughness
and post-processing of complex geometries.
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Nomenclature R, Arithmetic mean roughness height for a line, [um]
Ry Root mean square roughness, [um]
CHF,,, Critical heat flux of the enhanced surface, [W/m?] Sa Arithmetic mean roughness height for a surface, [pum]
CHF,of Critical heat flux of the reference surface, [W/m?] ATgyp Wall superheat, [K]
D Bubble departure diameter, [m]
Enrc Enhancement factor in HTC, [-] Greek symbols
Ecur Enhancement factor in CHF, [-] o Contact anglfe, [deg] 3
f Bubble generation frequency, [Hz] Py Vapour density, [kg/m"]
g Acceleration due to gravity, [m/s?] Abbreviations
hg.enh Heat flux-averaged HTC of the enhanced surface, [W/m? CHF Critical Heat Flux
K] HTC Heat Transfer Coefficient
hquef Heat flux-averaged HTC of the reference surface, [W/m>K] CNC Computerized Numerical Control
CNT Carbon Nano Tube
hg Latent heat, [J/kg] . Lo -
Py WEDM  Wire Electric Discharge Machining
q Heat flux, [W/m*]
. . PTFE Polytetrafluoroethylene
Qsite Heat transfer rate per nucleation site, [W]
wetting. With this approach, it will be possible to compare the existing
60 studies against each other for a given fluid and surface modification
o o approach. This will help understand the effect of fluid-surface combi-
L, 50 Exponential fitting nation. The‘ paper discusses qnly the b.oili.ng performance .of horizontal
k5 upward facing flat surfaces with pure liquids at atmospheric pressure. It
s 40 is worth mentioning that the performance of other fluids such as cryo-
% genic liquids, refrigerants and hydrocarbons are not included in this
= 30 paper so as to make the paper focused and conclusive.
3
Y
é 20 2. Boiling performance of enhanced surfaces
=
4
10 In this section, a comparison between the boiling heat transfer per-
formance of enhanced surfaces is presented and discussed. To have a fair
0 comparison, the following rules were adopted: (i) the data (heat flux
1960 1970 1980 1990 2000 2010 2020 2030

Year

Fig. 1. The trend in research on boiling heat transfer enhancement — based on a
search in Scopus database.

A review of the past reports reveals that there is still a large
discrepancy among researchers on the performance of enhanced sur-
faces for the same fluid and enhancement technique, despite the large
number of researches conducted in this area. The reasons of this
discrepancy are not understood and were not discussed in the past re-
view papers. In most studies, the boiling surface was designed randomly
without adopting any design criteria with the sole purpose of increasing
the number of nucleation sites on the surface. The question of an upper
limit in the increase of the number of nucleation sites on a surface arises.
This is due to the fact that when one nucleation site becomes active, it
may suppress some of the surrounding nucleation sites in the area of
bubble influence. Designing the surface randomly and ignoring funda-
mental theories of heterogeneous nucleation and bubble dynamics may
be one of the reasons of discrepancy among researchers. In Part I [1], the
fundamentals of boiling surface design (heterogeneous nucleation and
bubble dynamics) were presented and discussed to help understand the
performance of enhanced surfaces discussed in the present Part II paper.

In the past review papers there was no segregation to the fluid-
surface combination and instead various fluids and various surface
modification techniques were included in the discussion. This approach
makes it difficult to understand the performance of a certain fluid on a
wide range of surface microstructures. Accordingly, in the present
paper, the focus was on the boiling performance of two fluids (water and
FC-72) and two commonly tested substrate materials (copper and sili-
con). Water was selected to represent liquids with high surface tension,
high latent heat and moderate wetting, while FC-72 was selected to
represent liquids with low surface tension, low latent heat and high

versus superheat) of the best performing surface in each study were
extracted from the published figures, (ii) the enhancement factor in HTC
was calculated based on the heat flux-averaged heat transfer coefficient

(h;) as follows:

hy = f h(q)dg &)
qr —4iJg

where g; and gy are the first and last recorded heat flux values in each
study. In literature, the enhancement factor was reported based on the
maximum HTC (at one heat flux value), which in some cases occurs at
very low heat fluxes. Thus, inferring the performance of the surface
based on one heat flux value may not be accurate. Because the definition
of the best performing surface is subjective, the best surface will be
defined in the current discussion as the one that achieves high
enhancement factors in HTC and CHF. In several studies, a number of
surfaces was tested and some surfaces achieve high CHF but low HTC
compared to other surfaces. Thus, when the difference in CHF between
two surfaces is less than 10 %, the surface with lower superheat (higher
heat transfer rate) will be considered in our discussion as the best per-
forming surface. In most studies, the experimental uncertainty in the
measured heat flux is less than 10 % (about 8 % in most cases). In other
words, a compromise between CHF and HTC will be conducted in the
extracted data analysis. It is worth mentioning that the calculated
enhancement factors in CHF and HTC in our discussion may differ from
the reported enhancement factors in the original published papers. From
now on in this paper, HTC means the heat-flux averaged heat transfer
coefficient (eq. (1)). And the enhancement ratio in the heat transfer
coefficient and critical heat flux are given as:

Ry eni
Epre =~ ()

q.ref
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and

CHF, enh

CHF )

ECHF =

where hy ., is the heat flux-averaged heat transfer coefficient of the

enhanced surface, hy . is the heat flux-averaged heat transfer coefficient
of the reference surface, CHF,,;, is the critical heat flux of the enhanced
surface, and CHF,, is the critical heat flus of the reference surface.
Before discussing the performance of enhanced surfaces, it is important
to start with understanding the performance of the reference smooth and
roughened surfaces. In all studies, the HTC was calculated as: HTC =
q/ATgy. The heat flux was based on the projected are not the actual area
of the enhanced surface.

2.1. Smooth surfaces

Table 1 lists the performance of the reference surface reported in
previous studies, which includes different substrate materials and fluids.
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The following points can be concluded from Table 1: (i) For water-
—silicon, there is no agreement on the measured CHF (0.7-1.5 MW/m?)
and there is a difference in the HTC (15-22 kW/m? K). (ii) For water-
metals, there is a wide scatter in the HTC and CHF. For example, the
HTC on copper substrates ranged from 19.6 kW/m? K to 72.3 kW/m? K
and the CHF value ranged from 0.8 to 1.6 MW,/m?2. For water-aluminum,
the HTC ranged from 28 to 40 kW/m? K and the CHF ranged from 1.3 to
1.8 MW/m?2. For water-stainless steel, the HTC ranged from 16 to 46
kW/m?K and the CHF was about 0.9 MW/m?. This large variation could
be due to differences in the surface microstructure of the plain surface,
which indicates that there is no standard definition to what is called
“smooth surface”. Without standard definition to the smooth surface, the
reported enhancement factors in literature may be misleading, e.g. a
comparison with an extremely smooth reference surfaces may lead to
large values of enhancement factors. Additionally, there is no general
criterion to infer the onset of the CHF. The commonly adopted criterion
by nearly all researchers was the rise in wall superheat by a certain
value. If one researcher allowed for 10 K rise in superheat between two
consecutive heat flux steps and someone else allowed for 20 K, the CHF

Table 1
Heat transfer performance of plain smooth surfaces.
Author Fluid Material Surface preparation Roughness value, 9, HTC, [kW/ CHF, [MW/ ATcpr
[um] [deg] m’K] m?] K]
Kim et al. [7] Water Si Not reported 0.00175 44.6 18.1 0.993 35.9
Liu et al. [8] Water Si Not reported Not reported - 21.8 0.98 28.3
Liu et al. [9] Water Si Not reported Not reported - 11.9 0.7 45
Yao et al. [10] Water Si Not reported Not reported - 14.5 0.72 43
Kwak et al. [11] Water Si Not reported Not reported 60.2 21 1.5 47
Lim and Bang [12] Water Si Not reported Not reported 41.8 15.2 0.8 36
Rioux et al. [13] Water Cu Not reported Ra = 0.068 73.3 38.3 1.24 21.3
Jaikumar and Kandlikar Water Cu Not reported Not reported - 41.8 1.3 19.45
[14]
Deng et al. [15] Water Cu EDM Ry =29 - 31.75 1.04 20.8
Sankaran et al. [6] Water Cu Not reported Not reported 70 72.1 1.1 10.7
Souza et al. [16] Water Cu Abrasive aluminum oxide Rq = 0.05 95 30.9 0.772 17.1
Sezer et al. [4] Water Cu Not reported Not reported 74 19.74 0.853 30.5
Kumar et al. [17] Water Cu Not reported Rq = 0.05 58 72.3 1.25 11.3
Rishi et al. [18] Water Cu Not reported Not reported - 37.8 1.23 24
Gheitaghy et al. [19] Water Cu Sandpaper Rq=0.2 70 51.8 0.85 13.9
Chen and Li [20] Water Cu Not reported Not reported 69.7 47.9 1.11 21.3
Gupta and Misra [21] Water Cu Emery paper Grit 2000 Ry=0.2 65 38.8 1.06 20.1
MacNamara et al. [22] Water Cu CNC machining Rq=0.25 84 40 1.18 19.1
Kruse et al. [23] Water Cu Not reported Not reported - 45.74 1.7 23.9
Khan et al. [5] Water Cu Not reported Not reported 74 19.6 0.771 36.2
Wu et al. [24] Water Cu CNC Not reported - 61.1 1.7 17.1
Mao et al. [25] Water Cu Not reported Not reported 89.3 43.3 1.21 19
Kim et al. [26] Water Al Sandpaper Grit 2000 R,=0.11 12.4 28.4 1.6 43.16
Hayes et al. [27] Water Al Not reported Not reported - 43.1 1.26 23.5
Godinez et al. [28] Water Al Sandpaper Grit 600 Not reported 12 39.8 1.822 30.96
Kruse et al. [29] Water SS Not reported Not reported 80 15.52 0.9 40
Zhang et al. [30] Water SS Not reported Not reported - 45.8 0.86 12.3
Ujereh et al. [31] FC-72 Si Not reported Not reported - 2.1 0.112 34
Liu et al. [32] FC-72 Si Not reported Not reported - 3.39 0.165 36.2
Zhou et al. [33] FC-72 Si Not reported Not reported - 3.02 0.154 32.1
Duan et al. [34] FC-72 Si Not reported Not reported - 3.95 0.158 29.7
Lei et al. [35] FC-72 Si Not reported Not reported - 3.22 0.163 36.3
Yu and Lu [36] FC-72 Cu EDM machining Not reported - 5.04 0.178 26.9
Ujereh et al. [31] FC-72 Cu Sandpaper Not reported - 7.3 0.168 20.8
Kumar et al. [37] FC-72 Cu Emery paper — unspecified Not reported 15 2.84 0.153 34.9
Sarangi et al. [38] FC-72 Cu Diamond sheet polishing Not reported - 2.76 0.113 27.9
Kumar et al. [39] FC-72 Cu Mechanical and chemical Not reported 5 3.39 0.181 35.8
polishing
Zimmermann et al. [40] FC-72 Cu Not reported S, = 0.627 15.6 7.85 0.159 11.9
Kim et al. [41] FC-72 Al Alumina compound Rq = 0.09 15.9 3.85 0.159 31.6
McHale et al. [42] HFE- Cu Mill-grade finish Not reported - 4.77 0.173 229
7300
Wu et al. [43] HFE- Cu Emery paper Grit 2000 R,=0.1 24.4 3.6 0.191 39.6
7200
Cao et al. [44] HFE- Cu Emery paper Grit 2000 R, = 0.085 22.6 3.62 0.192 39.6
7200
Doran et al. [45] HFE- Al Sandpaper Grit size 1200 Not reported 5 3.26 0.127 46.3

7100
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Fig. 2. Saturated boiling of water on the reference copper surface in
each study.

value is expected to be different. Fig. 2 depicts the boiling curve for
saturated boiling of water at atmospheric pressure on a copper reference
surface. As seen in the figure, all surfaces do not agree with each other
and the reference surface by Sezer et al. [4] and Khan et al. [5] seems to
be extremely smooth while that tested by Sankaran et al. [6] seems to be
extremely rough.

From Table 1, the effect of fluid properties can be explained through
a comparison between water and FC-72 on silicon substrates. Silicon
substrate was selected because it is expected to have minor differences in
surface microstructure. This comparison is shown in Fig. 3 at atmo-
spheric pressure including two studies for each fluid. The following
points can be concluded from this figure:

(i) For water, boiling starts at much lower wall superheat (8-12 K)

Heat Flux, [KW/m’]

compared to FC-72 which occurred at about 39-47 K with an
obvious temperature excursion. It is interesting to note that, this
contradicts the prediction using the simple equilibrium superheat
equation (Eq. (2) in Part I [1]). It predicts that the incipience
superheat of water must be larger than that of FC-72 due to the
large surface tension of water (more than seven times larger than
FC-72), see the discussion of Fig. 12 in Part I, [1]. For example,
with a fixed cavity radius of about 0.1 um (assumed for silicon),
the predicted incipience superheat will be about 329 K for water
and about 48 K for FC-72. A similar behavior with the possible
explanation was reported and discussed in Part I for boiling water
and ethanol on sapphire substrate. Some possible reasons of the

trh—_—m
l { Boiling of Water and FC-72 on
/ silicon substrate
200 / o
’ ——e—Betz et al. [59] - Water
——E—Liu et al. [8] - Water
160 l- ---A--Ujeren et al.[31] - EC-72
? -L®--Yuetal. [36] - FC-T2
7 .
/ o--® 4
100 " &
[F e
50
0
0 52

Wall Superheat, [K]

Fig. 3. Comparison between the boiling curve of water and FC-72 on silicon
substrates. The boiling curve of water was plotted only for heat flux up to q =
250 kW/m?.

(i)
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low incipience superheat with water compared to FC-72 may be
summarized as follows: (i) the silicon surface has cavities of size
extremely larger than 0.1 um, which becomes active with water
at low wall superheat but are flooded with FC-72. In fact, the
measured superheat with water (8 — 12 K) is corresponding to
cavity mouth radius of 2.7 — 4 um while that of FC-72 is about 0.1
- 0.12 ym. (ii) difference in wettability. Because water is less
wetting compared to FC-72, it can trap larger amount of gas,
which is obvious from the absence of temperature excursion at
incipience. Additionally, as previously discussed in Part I [1], the
incipient superheat decreases with the increase of contact angle.
Because FC-72 may flood the cavities due to its high wettability,
boiling incipience is delayed compared to water. The observed
temperature excursion indicates that cavities trap minor amounts
of gas with FC-72. (iii) Another possible reason could be the
difference in the content of dissolved gases that remained after
the degassing process. Degassing was usually conducted by
boiling the liquid vigorously for a period of time and releasing the
collected gases from a vent in the condenser without any verifi-
cation to the content of dissolved gases. Variations in the content
of dissolved gases may result in variations in the incipience su-
perheat from day to day in the same experiment.

The slope of the boiling curve is significantly large in the case of
water compared to FC-72. This may contradict the analysis con-
ducted in Fig. 23 in Part I [1], which demonstrates that the
bubble generation frequency at the same heat flux for FC-72 is
much higher than that of water. One might expect that the heat
transfer rate of FC-72 and thus the slope of the boiling curve
should be larger compared to water due to the larger bubble
frequency. It is worth mentioning that frequency is not the only
parameter that influence the heat transfer rate. In order to help
assess which parameter is important, the latent heat transfer rate
per single nucleation site was expressed as: Qs = p, (7D%/6)fhg,
where p,is the vapour density, D is the bubble departure diam-
eter, f is the bubble departure frequency and hy, is the latent heat.
The vapour density and bubble departure frequency of FC-72 are
larger than those of water but the departure diameter and latent
heat of water are much larger. Note that the heat transfer rate per
site is proportional to D®. Calculating the latent heat transfer rate
per nucleation site at heat flux value 100 kW/m? and 300 kW,/m?
indicates that g, for water is 30 and 16 times larger than that of
FC-72. This may explain, in part, the larger slope of the boiling
curve in the case of water. It is interesting to note that if we as-
sume a substrate with size 10 x 10 mm (commonly used in
literature) and calculate the heat transfer rate at applied heat flux
values 100 and 300 kW/m?, the heating power will be 10 and 30
W, respectively. Assuming that, the heat transfer rate due to
evaporation accounts for 50 % of the total heat transfer rate, the
number of active nucleation sites for water will be about 4 sites at
heat flux 100 kW/m? while for FC-72 the calculated number of
active nucleation sites will be about 108 sites for the same heat
flux. Note that this heat flux value is very low for water while it is
near the CHF for FC-72. At a low heat flux value (50 kW/m?) for
FC-72, the calculated number of active nucleation site is about 88
sites. In other words, for FC-72, 20 nucleation sites were activated
when the heat flux increased from 50 to 100 kW/m?2. On the
contrary, increasing the heat flux to 800 kW/m? for water gave
the same number of nucleation sites (4 sites). It is worth
mentioning that water requires cavities with large mouth diam-
eter compared to FC-72, which may exist only in small numbers
in silicon substrates. This analysis may explain the shape of the
boiling curve in Fig. 3. For the highly wetting liquid FC-72,
nucleation occurs from sites of about 200 nm and higher, which
may exist on the surface in large numbers. This large number of
bubbles activated in case of FC-72 may coalesce horizontally and



M.M. Mahmoud and T.G. Karayiannis

prevent the liquid supply to cool the surface and thus trigger the (iii)
CHF. In case of water, it requires cavities of micrometer size,
which are expected to be only in small numbers on silicon sur-
faces. Thus, with few nucleation sites the chance of lateral coa-
lescence is weak which may cause a delay to CHF. This means
that the dominant mechanism of CHF depends on the number of
active nucleation sites per unit area. Note that this analysis and
conclusion is applicable for small size surfaces (10 x 10 mm or so,
which is common in literature). Few bubbles could exist and
cover the surface at incipience in the case of water due to the
larger bubble departure diameter, which may suppress nucle-
ation from other nucleation sites, see Section 2.2 (iii).

2.2. Rough surfaces

It is important to shed some light on the performance of roughened
surfaces, which may be considered as a reference for the complex
enhancement methods. Table 2 summarizes the heat transfer perfor-
mance of roughened surfaces for water and dielectric fluids. The table
includes the CHF value and the enhancement factors. The following
points can be concluded from this table:

(i) Saturated boiling of water on copper surfaces roughened by
sandpaper can achieve CHF values up to 1.7 MW/m?, for Ra =
4.03 pm, at wall superheat 12 (90 % enhancement in CHF and
175 % enhancement in the average HTC). This can be considered
as a reference case for the complex enhancement techniques.

(ii) There is agreement on that, the HTC of water on hydrophobic
copper surfaces is larger than that of hydrophilic surfaces at very
low heat fluxes, e.g. up to 0.06 MW/m? [48] and up to 0.33 MW/
m? [50]. Compared to a reference hydrophilic surface, the HTC
was enhanced by 74 % in ref. [50] and 25 % in ref. [48].

Thermal Science and Engineering Progress 25 (2021) 101023

There is contradiction in the effect of surface roughness on the
heat transfer performance of water on hydrophobic copper sur-
faces. Kim et al. [48] reported that the CHF and HTC decrease as
roughness increases, while Fan et al. [51] reported an opposite
effect. It is worth mentioning that the surface was roughened
using sandpaper in these two studies. In the study by Kim et al.,
the highest CHF was 0.674 MW/m? at 13 K superheat for the
surface with the lowest roughness and contact angle (0.042 ym
and 116°). On the contrary, the highest CHF value achieved in the
study by Fan et al. was 1.25 MW/m? at 11.6 K superheat for the
surface with the highest roughness and contact angle (1.2 um and
136%). It is worth mentioning that in roughened hydrophobic
surfaces, the contact angle increases as roughness increases,
which is opposite to the roughened hydrophilic surfaces. The
reasons of this contradiction are not understood but this may be
due to the following reasons: (1) the first reason may be differ-
ence in the size of the test section, which may affect the CHF. Kim
etal. used 10 x 10 mm test section while Fan et al. used larger test
section (20 x 20 mm). The effect of the size of test section arises
from the fact that bubble size on hydrophobic surfaces is very
large due to larger surface tension force. For example, if the Fritz
[56] bubble departure model is used, see Table A3 in PartI [1],
with 6 = 136°, the departure diameter is about 7.3 mm, which is
nearly equal to the size of the test section used by Kim et al. (10 x
10 mm). In other words, one bubble can cover the whole hy-
drophobic surface and block the liquid flow from rewetting the
surface and thus the CHF is reduced. (2) the second reason could
be the method of changing the surface wettability. Kim et al.
coated the roughened surfaces by a 50 nm layer of PTFE to make
the surface hydrophobic while Fan et al. did not apply any surface
coating. Although the coating thickness is very small, its low
thermal conductivity may affect the heat transfer performance.

Table 2
Heat transfer performance of roughened surfaces.
Author Fluid Material Surface preparation Surface roughness, [pum] 0, [degl CHF, Enhancement ATchr [K]
[MW/ factor, [-]
mz] -
HTC CHF
Kruse et al. [29] Water SS Femtosecond laser Ra=1.4-7.8 Zero Best surface: Ra = 7.8 ym
1.21 226 1.34 18.3
Kruse et al. [46] Water SS Femtosecond laser Ra = 8.2-11.8 Zero Best surface: Ra = 9.2 ym
1.3 1.38 1.43 29
Kim et al. [26] Water Al Sandpaper (unidirectional) and Ra =0.11-2.93 2.7°-10.4° Best surface: Ra = 2.93 ym
oxidization 2.03 1.75 1.27 25.3
Kim et al. [47] Water Cu Sandpaper (unidirectional) Ra = 0.041-2.36 54° _70° Best surface: Ra = 2.36 pm
1.6 268 214 18.1
Kim et al. [48] Water Cu Sandpaper (unidirectional) coated Ra = 0.042-1.54 116° -133° Best surface: Ra = 0.042 ym and 6 = 116°
with 50 nm PTFE layer 0.674 1.25 0.42 13
Walunj and Water Cu Sandpaper (unidirectional) Ra = 0.106-4.03 - Best surface: Ra = 4.03 pm
Sathyabhma 1.69 275 1.9 12
[49]
Nirgude and Sahu Water Cu Nanosecond laser (parallel lines) Ra = 0.171-0.29 103° -114° Best surface: Ra = 0.271 um and 6 = 103°
(501 N/A 174 - -
Kruse et al. [23] Water Cu Femtosecond laser R, =17-69.9 Zero Best surface: sandpaper with R, = 17 ym
1.35 1 0.8 17.4
Fan et al. [51] Water Cu Sandpaper (unidirectional) and Sa = 0.045-1.22 950 -153° Best surface: sandpaper with Sa = 1.2 ym
femtosecond laser (parallel lines) (sandpaper), Sa = 0.15-0.38 1.25 1.74 1.4 11.6
(laser)
Mani et al. [52] Water Cu Picosecond laser grooves, width Not measured Not Best surface: groove depth 100 pm
100 ym, depth (30, 70, 100 pm) measured 2.26 2.83  2.04 23.2
Jones et al. [53] FC-77 Al Electrical Discharge Machine Ra = 0.027-10 Not Best surface: Ra = 10 ym
(EDM) measured 0.19 3.86 1.39 15.1
Farinas Alvarino HFE- Brass Sandpaper Sa = 0.023-1.878 0°-5.1° Best surface: Sa = 0.884 um, S7 = 1.16 um
et al. [54] 7100 (sandpaper), Sq = 0.3 2.15 1.5 34.6
0.031-2.42)
Kim et al. [41] FC-72 Al Mechanical (unidirectional) and Ry = 0.09-0.86 (sandpaper), 12.6°-15.9° Best surface: sandpaper with R; = 0.37 um
sandpaper (random) Rq = 0.43 (mechanical) 0.22 2.15 1.38 21.6
El-Genk and HFE- Cu Emery paper Ry = 0.039-0.58 - Best surface: Ra = 0.58 ym
Pourghasmi [55] 7000 0.295 2.52 1.41 15.2
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(3) The third reason could be large uncertainty in the measure-
ment of contact angle. In the study by Kim et al., the contact angle
of the plain hydrophilic surface was 65° while it was about 95° in
the study by Fan et al., which is a big difference for the same fluid-
surface material. (4) The fourth reason could be uncertainty in
the calculation of the applied heat flux which affects the slope of
the boiling curve. In the study by Kim et al., the test section was
10 x 10 x 3 mm and was heated by a thin resistance heater
attached to the back side, i.e. heat flux was calculated from the
power divided by area. Additionally, they did not show any
experimental validation. In the study by Fan et al., the test section
was a large copper block heated by impeded cartridge heaters and
the heat flux was calculated from the measured temperature
gradient (Fourier heat conduction equation). Their measure-
ments were validated with the heat transfer model by Rohsenow
[571.

(vi)
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115 — 286 % enhancements in HTC. These values may be
considered as a benchmark for the complex enhancement tech-
niques discussed in the next sections.

Most of researchers attributed the enhancement in CHF on the
rough surface to enhancements in capillary wicking. For example,
Kim et al. [41] tested saturated boiling of FC-72 on aluminum
surfaces roughened by sandpaper. The capillary wicking was
estimated by measuring the dynamic spreading of liquid droplet
on each surface, i.e. the speed and wetting distance of the liquid
front was measured using a high-speed camera. It was found that
the wetting distance increases with increasing surface roughness
(rough surfaces absorb more liquid). However, the CHF did not
follow the same trend, i.e. did not increase monotonically with
roughness and wetting distance. The highest CHF value was 0.22
MW/m? at Ra = 0.37 um (highest roughness in their study was
0.86 pm).

(iv) Using laser processing in surface roughening may not lead to
reproducible results and some studies reported performance 2.3. Enhanced surfaces
degradation. In fact, the surface microstructure created by laser
processing depends on the type and properties of the laser beam, 2.3.1. Water on silicon substrates
which still need optimization. For example, Fan et al. [51] Table 3 summarizes some experimental studies for saturated boiling
compared between surfaces roughened by sandpaper and sur- of water on enhanced silicon substrates including the CHF value and the
faces roughened by femtosecond laser processing. It was found enhancement factors. The results of the best performing surface in each
that the enhancements in HTC and CHF was insignificant in the study are plotted in Fig. 4 to get an idea about the slope of the boiling
case of laser processed surfaces compared to the plain reference curve rather than looking at the CHF value only. Also, Fig. 4 includes
surface. Kruse et al. [23,46] tested saturated boiling of water on pictures for the test surface to understand the microstructure tested in
stainless steel and copper surfaces enhanced with femtosecond each study. The results of these studies are discussed in the following
laser, see Table 2 for surface roughness and contact angle. All points:
examined stainless steel surfaces performed poorly compared to
the plain reference surface except only one surface with Ra = 9.2 (i) Wettability has a significant effect on the CHF value. Mohammadi
um, which achieved CHF value of 1.3 MW/m? (at 29 K super- et al. [58] studied the effect of wettability on smooth polished
heat), 38 % enhancement in the HTC and 43% enhancement in silicon substrates (Ra = 0.35 nm) and changed the wettability in
CHF. These values are lower than those obtained by surfaces the range 8°-90° by uniform nano-coating. In this wettability
roughened by sandpaper. For all examined copper surfaces, no range, all boiling curves were merged into one single curve except
enhancement in HTC was recorded and the CHF decreased by near the CHF, which was found to decrease significantly with the
about 20 %. This performance deterioration was attributed to the decrease in wettability. It decreased from 1.25 MW/m? to 0.35
formation of oxide layer during the laser processing. MW,/m? when the contact angle increased from 8° to 90°. This
(v) For dielectric liquids, the CHF ranged from 0.2 to 0.3 MW/m? at low CHF value (0.35 MW/mz) agrees with Betz et al. [59] who
superheat 15-36 K with 40-50% enhancement in the CHF and
Table 3
Heat transfer performance of the best performing surface for saturated boiling of water on silicon substrates.
Author Surface microstructure 0, [deg] Reference surface CHF, Enhancement ATchr [K]
[MW/ Factors, [-]
m?]
HTC CHF
Mohammadi et al. Uniform nano-coating (Ra = 0.35 nm) — effect of wettability 8-90 0 = 90° titanium nitride, 0 = g°
[58] 1.25 2.3 3.6 44.6
Betz et al. [59] Uniform and non-uniform nano-coating (Ra = 5 nm) - effect of mixed 7-165 Plain surface superbiphilic
wettability (8i0,, 6 = 7% 1.3 4.6 1.26 8.5
Lim and Bang Uniform and non-uniform nano-coating — effect of mixed wettability 42-151 Plain surface biphilic surface pattern (2 x 2 mm) and
[12] (pattern size 2 x 2 and 3 x 3 mm and pitch 4, 5, 6, 8 mm) (Si0,, 6 = 41.8% pitch 4 mm
0.92 1.5 1.15 309
Rahman and Uniform coating (Ra = 1-1.5 pm) versus non-uniform coating — effect of Not Plain surface Superbiphilic surface
McCarthy [60] mixed wettability reported (other studies) 1.5 5.4 1.5 10
Liu et al. [8] Micro-pin-fins (10 x 10 x 50 pm, pitch 10 um) at selected areas with 35-100 Plain surface uniform coating with hydrophilic coating)
uniform and non-uniform coating. 2.32 2.1 2.35 28
Liu et al. [9] square cavities (210 x 210 x 30 ym) with and without micro-pin-fins 144 Plain surface the surface with fins inside the cavity with
etched inside each cavity (10 x 10 x 30 pm, pitch 10, 20, 30 um). Only, fin pitch 10 pm
cavities are coated with hydrophobic coating 0.8 1.56 1.15 22.8
Kwak et al. [11] Parallel rectangular microchannels of width 30 um and depth 10, 20, 50, 60.2 Plain surface The surface with the deeper channel (100
100 um um)
2.5 1.9 1.68 41
Yao et al. [10] Microchannels of width 100-300 um and depth 150 um with and without 0-150 Plain surface the channels with etched nanowires, width
silicon nanowires etched on the channels walls 0.1 mm
1.9 37 27 28
Kim et al. [7] Surface coated with hexagonal boron nitride (h-BN) of thickness 8-27 ym 29.6-65.7 Plain surface the surface with the smallest coating

and Ra value 10.9-15.1 ym

thickness 8 um and 6 = 45.2°

1.4 2.3 1.4 20.3
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Fig. 4. Saturated boiling of water on enhanced silicon substrates.

reported 0.3 MW,/m? and Lim and Bang [12] who reported 0.41
MW,/m? for hydrophobic surfaces.

(ii) Some researchers [12,59,60] adopted the hypothesis that boiling
heat transfer can be enhanced by mixed wettability rather than
uniform wettability. This was conducted by patching a pattern of
hydrophobic or superhydrophobic coating on a hydrophilic or
superhydrophilic. The surface was called “biphilic” when a hy-
drophobic pattern is patched on a hydrophilic surface and is
called “superbiphilic’ when a superhydrophobic pattern is
patched on a superhydrophilic surface. Betz et al. [59] tested
biphilic and superbiphilic surfaces with hydrophobic and super-
hydrophobic spots of hexagonal shape (hexagon circle diameter
40 pym and pitch 100 pm). They didn’t specify the roughness of
the nanostructure of the hydrophilic/superhydrophilic surface
but the roughness of the hydrophobic/superhydrophobic spots
was <5 nm and its thickness was 100 nm. Lim and Bang [12]
designed and tested biphilic surfaces with superhydrophobic
spots of square size. They studied the effect of spot size (2 x 2
mm, 3 x 3 mm) and pitch 4-8 mm. They didn’t specify the
roughness of the surface but the thickness of the super-
hydrophobic spots was 17 um. Rahman and McCarthy [60] tested
a rough superbiphilic surface (Ra = 1-1.5 um) with circular spots
of superhydrophobic coating (spot diameter 45 pm and pitch 90
um). The principle idea in these studies was to increase the
number of active nucleation sites by reducing the wall superheat

at the hydrophobic spots, restrict the bubble contact area to the
area of the hydrophobic spots, regulate the liquid supply to the
surface and segregate the vapour and liquid pathways. Thus,
lateral bubble coalescence and the size of the dry patches un-
derneath the bubble can be controlled through optimizing the
size and pitch of the hydrophobic spots. Rahman and McCarthy
didn’t test a reference surface. For the sake of comparison, the
data of Betz et al. for the reference surface were used. Table 3 and
Fig. 4 demonstrates that the boiling curve and enhancement
factors given by Betz et al. [59] and Rahman and McCarty [60]
are better than those given by Lim and Bang [12], although they
adopted the same enhancement mechanism. In these three
studies, the CHF was enhanced by 15-50 % while the HTC by
50-440 %. The lowest enhancement was for the surface studied
by Lim and Bang [12]. It may be concluded that biphilic surfaces
can enhance CHF up to 50 % and HTC up to 440 %. It is worth
noting that the coating material and thickness might affect the
performance of the boiling surface. For example, Kim et al. [7]
coated the surface with hexagonal boron nitride (h-BN) with
thickness in the range 8-27 ym and Ra = 10.9-15.1 pm. It was
found that the boiling curve shifts to the right as the coating
thickness increases, i.e. deterioration of the heat transfer per-
formance. This deterioration was attributed to reduction in the
effective thermal conductivity of the coating material due to the
voids inside the coating. The coating with the smallest thickness
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(iii)

(iv)

(8 um), achieved 130 % enhancement in HTC and 40 %
enhancement in CHF with CHF value of 1.4 MW/m? On the
contrary, the largest coating thickness achieved CHF value of
1.66 MW,/m? (67 % enhancement). However, the wall superheat
was extremely high, e.g. 59.3 K. Due to the fact that coating also
changes the microstructure, it is difficult to segregate the effect of
wettability, i.e. the enhancements may be due to the coating
microstructure rather than wettability.

Some researchers fabricated surfaces with micro pin-fins and
studied the effect of biphilic wettability. Liu et al. [8] designed
surfaces with micro-pin fins configuration as depicted in the
picture in Fig. 4. Fins were etched on square cells on the surface
with blank area (un-finned) at the middle of each cell (size of the
un-finned area is 70 x 70 um or 110 x 110 um). They called the
blank area at the middle of each cell “cavity”. All cells were
spaced by smooth un-finned strips. The principle idea was to coat
the cavity only with a hydrophobic coating to create structured
surface with biphilic wettability and they also tested surfaces
with uniform wettability. Thus, the proposed enhancement
mechanism was to activate boiling at low superheat from the
hydrophobic cavities (blank area at each cell), improve the lateral
capillary flow through the spacing between the fins, regulate the
liquid supply to the surface through the smooth un-finned strips,
and segregate the liquid and vapour pathways. It is well-known
that there are two principles of wetting namely; Wenzel wetting
in which the liquid can flood all surface cavities and Cassie-
wetting in which air can be trapped inside the surface cavities
during the liquid spreading on the surface [86]. Based on the
Cassie-wetting principle, Liu et al. [9] used the same experi-
mental setup as [8] and designed a surface with square holes
(cavities) of size 210 x 210 um and spaced with smooth strips. To
make the wettability at the cavities of the Cassie-wetting type,
they created micro pin-fins inside each cavity to help gas
entrapment, see the sixth picture in Fig. 4. Only, the cavities were
coated with hydrophobic coating in a similar manner as [8]. From
the enhancement factors in Table 3, it can be concluded that the
surfaces with micro-pin-fins tested by [8] perform better than
those with micro holes (square cavities) tested by [9]. Also, Fig. 4
indicates that the slope of the boiling curve in ref. [9] was much
lower than that by ref. [8] where the slope changed to nearly
vertical after a certain heat flux value (about 0.5 MW/m?). In the
study by Liu et al. [8], the surface with uniform hydrophilic
coating (coating the whole surface) performed better than the
surface with mixed wettability (biphilic case). The enhancement
factors of HTC and CHF were 2.1 and 2.35, respectively with CHF
value of 2.3 MW/m? at 28 K superheat. This result contradicts the
principle idea based on which the surface was designed, i.e. hy-
drophobic nucleation sites. The deterioration of the CHF of the
biphilic surface was attributed to the large number of active
nucleation sites induced by the hydrophobic nucleation sites
which results in lateral bubble coalescence and blockage of the
liquid supply pathways. The surface tested by Liu et al. [9] with
micro-pin fins inside each cavity exhibited slightly better per-
formance than the surface with cavities without fins inside. It is
worth noting that both surfaces have the same wettability. The
best performing surface in their study achieved 15 % enhance-
ments in CHF and 56% enhancements in HTC with CHF value of
0.8 MW/m>.

Some researchers [10,11] suggested heat transfer enhancements
by coated parallel rectangular microchannels. Kwak et al [11]
tested channels of fixed width 30 ym and depth in the range
10-100 pm, which were fully coated with a hydrophilic coating,
while Yao et al. [10] fabricated channels with width 0.1-0.3 mm
and fixed depth 0.15 mm with silicon nanowires etched on the
channels-walls including the fins top surface. Increasing the
channel height was though by [11] to increase the capillary flow
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and reduce the dry patches formed at the fin root, i.e. large
coalesced bubbles sit on the fin tops rather than the channel
bottom. They found that the CHF reached 2.5 MW/m? on the
surface with the deep channels (0.1 mm). Regarding the effect of
channel width, Yao et al. [10] found that the best performance
occurred with channels of smallest width (0.1 mm) and the CHF
value was 1.9 MW/m?.

(v) There is no agreement on the CHF of the plain silicon surface.
Some researchers [7,8] reported about 1 MW/m?, some others
[9,10] reported value about 0.7 MW,/m? and a third value of 1.5
MW/m? was reported by [11].

In conclusion, it was recommended that saturated boiling of water on
silicon substrate can be enhanced with (i) mixed wettability pattern, (ii)
coated micro-pin-fins at selective areas, (iii) coated parallel channels,
(iv) parallel channels with silicon nanowires on the channels walls, (v)
plain surface coating. The CHF values ranged from 0.8 to 2.5 MW/m?,
the enhancement in CHF ranged from 15 to 170 % and the enhancement
in HTC ranged from 56 to 440 %. The highest CHF value was 2.5 MW,/m?>
but the wall superheat was 41 K, i.e. not applicable for example for
electronics cooling. For high power electronics, the chip temperature
should not exceed 125 °C. Thus, the performance should be assessed in
the superheat range up to 25 K for these applications to be included in
this analysis. Adopting this approach, the best performing surfaces are:
(i) the superbiphilic surface by Rahman and McCarthy [60] which
achieved 1.5 MW/m? at 10 K superheat, (ii) the parallel microchannels
coated with silicon nanowires proposed by Yao et al. [10] which ach-
ieved 1.66 MW/m? at 25 K superheat, (iii) surface coated with hexag-
onal boron nitride suggested by Kim et al. [7] which achieved 1.4 MWm?>
at 20 K superheat.

2.3.2. Water on copper substrates

Surfaces with finned structure: Table 4 summarizes the CHF and
enhancement factors from studies of boiling on finned surfaces. Figs. 5
and 6 depict the boiling curve and the microstructure for fins/channels
fabricated using conventional machining and non-conventional tech-
niques (selective laser melting), respectively. The table shows a wide
range of fin/channel geometry including porous and non-porous chan-
nels/fins. These studies are discussed briefly as follows:

(i) Non-porous  fin/channels: A number of researchers
[15,61,62-65] tested saturated boiling of water on copper sur-
faces enhanced by either parallel channels or pin-fins fabricated
using CNC or WEDM. As summarized in Table 4, the investigated
geometry includes straight parallel channels [61,63], channels
with Q-shape cross section [15], interconnected microchannels
with re-entrant type cavities [62], segmented fins [63], square
micro-pin fins [64], and inclined interconnected meso-fins [65].
It can be concluded from these studies that the best performing
design was the surface with rectangular parallel channels given
by Cooke and Kandlikar [61] which achieved CHF value of 2.44
MW/m? at 9 K superheat (98 % enhancement) and 244 %
enhancement in HTC. The second-best surface was the segmented
fins structure given by Gouda et al. [63] which achieved 2 MW/
m? at 11 K superheat (63 % enhancement) and 273 % enhance-
ment in HTC. It is worth noting that these two designs (parallel
channels or segmented fins) are simple and easy to manufacture
compared to the other complex designs (see the design by Chen
et al. [62]). The performance of the other surfaces [15,62-65] is
below the performance of the simply roughened surfaces dis-
cussed in section 3.

(ii) Porous fins/channels: Some researchers [14,15,24,66,67,68-70]
adopted a combination of fins/channels and porous structure to
further increase the enhancement in HTC and CHF. The adopted
approaches were as follows: parallel channels coated with sin-
tered copper particles [14,66], sintered copper plate on top of the
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Table 4
Saturated boiling of water on finned copper surfaces.
Author Surface microstructure CHF, Enhancement ATcr[K]
[MW/ Factors, [-]
m?] -
HTC CHF
Cooke and Microchannels of width Channel width 0.375 mm, depth 0.4
Kandlikar (197-400 pm), depth mm
[61] (100-445 pm)-effect of 2.44 3.4 1.98 9
channel geometry,
Jaikumar Microchannels of width Fully coated surface
and 0.762 mm, depth 0.4 mm  3.13 8.5 2.4 7.6
Kandlikar — effect of sintered
[66] copper coating (channels
walls only, only the fins,
fully coating)
Jaikumar Microchannels - effect of ~ Channel width 0.3 mm, only walls
and channel width coated
Kandlikar (0.3-0.762 mm) for 4.2 23.3 3.2 2
[14] depth 0.4 mm and
sintered coating (fully,
channels only, fins only)
Zhang et al. Microchannels of width Sintered plate thickness 4 mm
[67]1 0.8 mm, depth 1.5 mm 6.5 3.2 4.2 53.5
with sintered copper
plate on top of the
channels (thickness 2, 3,
4 mm)
Chen et al. Interconnected Interconnected with re-entrant cavities
[62] microchannels (0.8 x 1.64 3 1.36 21.3
1.6 mm) with re-entrant
cavities
Gouda et al. Parallel microchannels Surface with segmented fins
[63] (0.4 x 0.45 mm) versus 2 373 1.63 11
segmented channels
Hai et al. Square pin-fins of height Fin cross section 0.8 x 0.8 mm
[64] 0.2 mm, pitch 0.1 mm 1.51 2.16 1.7 5

Safari et al.
[65]

Deng et al.
[15]

Pi et al. [68]

Cho et al.
[69]

Wu et al.
[24]

Elkholy and
Kempers
[70]

and cross section 0.4 x
0.4 mm, 0.8 x 0.8 mm
and 1 x 1 mm

Inclined interconnected
meso-fins, effect of fin
size and geometry and
inclination angle on the
vertical direction.
Channels of Q-shape
cross section (total depth
1.1 mm, width 0.4 mm,
upper depth 0.3 mm,
circular diameter 0.8
mm) versus the same
geometry but cut in a
sintered copper plate
(solid versus porous
channels)

The same geometry as
Deng et al. [78] but
fabricated by selective
laser melting (SLM)
Micro-patterned surface
consisting of square
micro-pin fins 0.1 x 0.1
mm, pitch 50 um and
height 0.1-0.38 mm
fabricated by powder
injection molding
Porous channels of width
0.3 mm and depth 0.5, 1
mm fabricated by
selective laser melting.
The fins were hollow
with hexagonal holes on
the top and side walls to
create porous wall.

Low conductivity porous
polymer fixture
fabricated by additive

Fins with inclination angle 45° and
height 1.2 mm
1.22 3.4 1.4 5.7

The porous channels
1.17 0.84 1.16 61

SLM Q-shape channels
1.67 1.24  1.69 35.8

Pin-fins with the shortest height
1.42 1.13 1.3 26

The surface with fins height 1 mm
4.55 1.96 2.7 27.8

Cavity size 4.3 x 4.3 mm and height 2
mm
1.71 1.32 1.15 24.4
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Table 4 (continued)

Author

Surface microstructure CHF, Enhancement ATcpr[K]
MW/ Factors, [-]
mz] -
HTC CHF

manufacturing. The
texture consisted of
square cavities and was
attached to the copper
surface by plastic screw.
Effect of cavity size and
height.

(iii)

channels [67], channels of Q-shape cross section cut in sintered
copper plate [15], channels of Q-shape cross section made by
selective laser melting (produces porous structure) [68], pattern
of square micro-pin-fins using powder injection molding (create
porous structure) [69], parallel channels with hollow fins and
holes on the top and side walls made by selective laser melting
[24], and porous polymer fixture fabricated by additive
manufacturing [70]. The highest achieved CHF value was 6.5
MW,/m? for a microchannel surface (diameter 8 mm) with sin-
tered copper plate on top of the channels given by Zhang et al.
[67]. However, the wall superheat at this heat flux value is 53.5
K. Additionally, the HTC enhanced by 220 %. The authors [67]
tested another surface but with smaller test section diameter (6
mm) and reported superior enhancement in CHF, which reached
8.06 MW/m?. However, the wall superheat at this value was 250
K, which is far from being practical. The second highest CHF
value was 4.55 MW/m? at 27.8 K superheat for a surface con-
sisting of parallel channels with hollow fins and hexagonal holes
on the top and side walls designed by Wu et al. [24] and fabri-
cated using selective laser melting. This surface enhanced the
HTC by 96 %, i.e. the slope of the boiling curve is low. The third
highest CHF was 4.2 MW/m? at 9 K superheat for parallel
microchannels with sintered copper particles applied to the
channels walls only given by Jaikumar and Kandlikar [14]. Also,
this surface achieved superior enhancements in HTC, which was
up to 2230 %. The surfaces studied by [15,68-70] performed
poorly or similarly to the simply roughened surfaces discussed in
section 3. Thus, it can be concluded that the best surface in terms
of CHF and HTC was the one given by Jaikumar and Kandlikar
[14].

The review of the above studies indicated that three studies re-
ported very high CHF values compared to the other studies. The
evaluation of the enhanced surfaces in this section will be based
on superheat up to 25 K so that results can also be applicable for
electronics cooling. The microchannels structure (width 0.3 mm,
depth 0.4 mm) with only coating the channels walls with sintered
copper particles suggested by Jaikumar and Kandlikar [14]
exhibited the best heat transfer performance among all studies
with CHF value of 4.2 MW/m? at 2 K superheat, i.e. more than
300 % enhancements in CHF and 2200 % enhancement in HTC.
The second highest CHF value was reported by Zhang et al. [67]
which was 4.1 MW/m? at 25 K superheat for parallel channels
with sintered copper plate on top of the channels. The CHF was
similar to Jaikumar and Kandlikar but the superheat was signif-
icantly larger. The third study was by Wu et al. [24] for parallel
channels with hexagonal holes along the fins and the top and side
walls. It achieved 4.1 MW/m? at 25.8 K superheat which is nearly
similar to Zhang et al. [67]. These enhancements may be due to
the large surface area of the microchannels.

Surface Coating: Figs. 7 and 8 compare the boiling curve for saturated
boiling of water on coated copper surfaces along with the SEM images in
each study. These studies are summarized in Table 5 along with the CHF
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Fig. 5. Saturated boiling of water on copper surfaces with fins structures (with or without porous layer).

value and the enhancement factors for the best performing surface. The
following points can be concluded from these studies:

(i) Different techniques were tested by a number of researchers
[5,16,25,71], which include the self-assembly method in which
the coating material is dispersed in a liquid to create a nanofluid
then the coating is deposited to the surface by boiling the pre-
pared nano-fluid. Some other researchers coated the surface by
sintering copper particles [13], cold sprayed copper-diamond
composite particles [22], using copper particles in a binding
paste [72] and electron-beam vapour deposition [17] in which
the coating material is vaporized using the electron-beam. Other
techniques are the dip-coating or sol-gel [73,74], in which the
substrate is immersed in a solution that contains the coating
material, and supersonic spraying technique [75]. Another group
of researchers [18-21,76,77] deposited the coating using elec-
trochemical deposition and their results for the best performing
surface is plotted in Fig. 8.

(ii) Some researchers tested surfaces with modulated porous struc-
ture (porous pillars/channels) and compared with surfaces of flat
porous layer. The modulated structure was assumed to help
regulate the liquid supply to the surface and segregate the liquid
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and vapour pathways which increases the CHF. Khan et al. [5]
tested a surface coated with CuO nanoparticles (25-50 nm), a
surface coated with modulated (v-shaped channels) copper par-
ticles (0.2 mm) and a surface with hybrid coating (modulated
sintered particles coated with CuO nanoparticles). It was found
that, compared to the plain surface, the nanocoated surface
achieved 81.6 % enhancement in CHF and 130 % enhancement in
HTC with CHF value of 1.5 MW/m? at 40 K superheat while the
surface with modulated porous particles achieved 50.6 %
enhancement in CHF and 45 % in HTC with CHF value of 1.2
MW/m? at 39 K. It means that the modulated porous structure did
not add significant enhancements although their principle idea
was to regulate the vapour and liquid pathways and thus increase
the CHF. The performance gets worse with the hybrid coating,
where the boiling curve was shifted to the right of the plain
surface. Rioux et al. [13] tested a combination of nano and micro
structure. The nanostructure was created by acid etching and the
microstructure was created by sintered copper particles. They
tested five scenarios: (i) etched surface, (ii) sintered copper layer
(1 mm thick, particle size 0.5 mm), (iii) modulated sintered
copper particles on top of a 1 mm thick sintered layer (cylindrical
pillars 4 mm diameter and 3 mm height), (iv) acid etched surface
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Fig. 6. Saturated boiling of water on copper surfaces with fin structure created by non-machining techniques.

coated with sintered layer of copper particles, and (v) acid etched
surface coated with modulated sintered particles. It was found
that the surface with nanostructure (etched surface) alone ach-
ieved 28 % enhancement in the CHF compared to the plain sur-
face, while the surface with sintered layer enhanced the CHF by
100 %. The surface with modulated structure enhanced the CHF
by 170 % compared to the plain surface. It can be concluded that
the best performing surface is the one with hybrid structure
(etched nanostructure and modulated sintered particles) with
enhancement factors in CHF and HTC are 3.1 and 5.9, respec-
tively. This structure achieved a CHF value of 3.78 MW/m? at
21.3 K superheat.

Some researchers such as Souza et al. [16] reported that the
coating can result in deterioration of the heat transfer perfor-
mance compared to the plain surface. They coated the surface
with aluminum oxide and this deterioration was attributed to the
additional thermal resistance of the coating and filling of the
cavities with the nanoparticles which reduces the original cavity
size. Some other researchers, Mao et al. [25], found that the
boiling curve of the coated surface was the same as the uncoated
surface except that the CHF of the coated surface was higher, i.e.
the boiling curves are coincident with the coated surface extends
to higher CHF value. They coated the surface with graphene oxide
nanoparticles (0.8 pm thickness). The enhancement factors in
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CHF and HTC were 1.77 and 1.3 respectively with CHF value of
2.14 MW/m? at 24 K superheat. Note that the area under the
curve (HTC versus heat flux) that is used to calculate the heat-flux
averaged HTC is larger in case of the coated surface compared to
the plain surface.

Few researchers tested the surface aging, which may affect the
performance of the enhanced surfaces. Mo et al. [77] tested
surfaces with a porous honeycomb structure created by electro-
chemical deposition (pore size 60-120 um and thickness
120-180 pum). They conducted the test several times and reported
that the performance gets better with time after the surface
oxidized compared to the first run. The enhancement factors of
this oxidized surface were 1.15 for the CHF and 4.9 for the HTC.
The review of the studies summarized in Table 4 indicated that a
wide range of coating material was tested: sintered copper par-
ticles, graphene, graphene oxide, aluminum oxide, aluminum
silver oxide, copper oxide, silver nanowires, composite coating of
copper and aluminum oxide, copper-titanium oxide composite
coating and copper nanowires. The highest CHF values were 3.78
MW,/m? at 21.3 K superheat by Rioux et al. [13] for acid etched
surface with modulated sintered copper particles and 3.1 MW/m?
at 25 K superheat by Mori et al. [71] for a surface coated with
TiOz and commercial honeycomb porous plate. At lower degree
of superheat, Rishi et al. [18] reported 2.9 MW/m? at 14 K for
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Fig. 7. Saturate boiling of water on coated copper surfaces.

graphene nanoplatelets-copper coating, Chen and Li [20] gave microstructure. The description of these studies is summarized in
2.46 MW/m? at 17 K superheat for a grooved surface with Cu Table 6. The concluding remarks from these studies are as follows:
nanowires. Also, the surface coated with copper oxide by Patel

et al. [74] achieved 2.4 MW/m? at 12 K superheat. (i) Some researchers enhanced the surface using random micro-
structure of either carbon nanotubes (CNTs) [31,78] or femto-

2.3.3. FC-72 on silicon substrates second laser processing [32,79]. Ujereh et al. [31] coated the
Fig. 9 depicts the boiling curve for saturated and subcooled boiling of surface with CNTs of diameter 50 nm and length range 20-30 pm
FC-72 on enhanced silicon substrates along with pictures for the tested and tested uniform coating versus non-uniform coating (coating

12
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Fig. 8. Saturated boiling of water on copper surfaces enhanced by electrochemical deposition.

applied only at small squares or circles). It was found that the
uniformly coated surface achieved the best performance
compared to the non-uniform coated surfaces. The enhancement
factors in HTC and CHF of the uniformly coated surface were 1.54
and 4.64, respectively with a CHF value of 0.172 MW/m? at 11.8
K. This enhancement was attributed to the increased lateral
thermal conductivity induced by the carbon nanotubes, increased
surface area, improved capillary flow in the lateral direction and
the increased number of nucleation sites. Ahn et al. [78] studied
the effect of the CNTs length (9 and 25 pm) in a uniformly coated
surface. It was found that the effect of the nanotube’s length was
insignificant and the CHF value of the coated surface was 53 kW/
m? at 86 K wall superheat (very high superheat). This gives
enhancement factors of 1.4 for both the CHF and the HTC. They
attributed the low CHF value and enhancements in HTC,
compared to Ujereh et al. [31], to the method of synthesizing the
CNTs. This reason may not be appropriate because the CHF value
of the uncoated plain surface in their study was also much lower
(48 kW/m? at 87 K superheat) compared to Ujereh et al. [31]
(CHF of plain surface was 111 kW/m? at 34 K). Liu et al. [32]
enhanced the surface by femtosecond laser processing conducted
in the x and y directions and studied the effect of the pitch
(30-800 um) and depth (peak-to-valley 35-101 um). It was found
that the boiling curve of the processed surfaces was nearly ver-
tical up to a heat flux value of about 0.15 MW,/m? after which the
slope of the curve decreased significantly up to the CHF. Among
the examined surfaces, the surface with processing pitch 200 um
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and peak-to-valley 101 um exhibited the best performance. The
enhancement factors of this surface were 1.9 and 3.95 for CHF
and HTC, respectively with a CHF value of 0.31 MW/m? at 38 K
superheat. They attributed this enhancement to the increased
number of nucleation sites and enhancements in the liquid supply
through the smooth unprocessed strips. Liu et al. [79] extended
the work reported in [32] to include the effect of subcooling
(1-35 K). It was found that the CHF increases with increasing
subcooling where the highest value was 0.54 MW/m? at 21 K
superheat and 35 K subcooling. The enhancement factors at 35 K
were 2.1 and 3.1 for CHF and HTC, respectively. Additionally, the
effect of subcooling on the boiling curve was insignificant for heat
fluxes below the CHF.

(i) Another group of researchers [33-35,80,81] adopted the premise
that heat transfer can be enhanced by improving the capillary
flow in the lateral direction and leaving plain areas to help the
liquid supply to the surface and segregate the liquid and vapour
pathways. Thus, they fabricated micro-pin-fins structure using
deep reactive ion etching and tested several configurations, e.g.
uniform fins distribution versus non-uniform distribution. Zhou
et al. [33] designed five surfaces with aligned square micro-pin-
fins, which were distributed in a complex way according to
what is called “fractal dimension”, see the picture in Fig. 9. The
first surface has one finned square area (6.99 x 6.99 mm) at the
middle and the second has four finned square areas of size 3.51 x
3.51 mm (one area at each corner). Each finned square area in the
second surface was split into four areas progressively with area
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Table 5
Saturated boiling of water on coated copper surfaces.
Author Surface microstructure and CHF, Enhancement ATcur
preparation [MW/ Factors, [-]
m?]
HTC CHF
Jun et al. Copper particles (25 pum) Coating thickness 225 pm
[72] mixed with a binding past 2.1 9.8 2 8
of thickness 50-280 pm —
effect of coating thickness
MacNamara A mixture of diamond and Diamond-copper coating
et al. [22] copper of coating thickness 1.6 254 1.34 7
0.4 mm
Khan et al. Surfaces uniformly coated Uniformly nano-coated surface
[5] with CuO nanoparticles 1.42 2.1 1.75 40
(25-50 nm), sintered
modulated (V-shape)
copper particles, hybrid
coating (Cu modulated
structure and deposited Cu
nano-particles)
Rioux et al. Acid etched surface, Hybrid structure of acid etching and
[13] surface with uniform modulated sintered copper particles
sintered copper layer (0.5 3.78 5.9 3.1 21.3
mm diameter and 1 mm
thickness), surface with
modulated sintered
particles (uniform layer 1
mm thick on top of which
there are sintered
cylindrical pillars of 4 mm
diameter and 3 mm height,
hybrid structure (etching
and sintering).
Souza et al. Smooth and rough surfaces ~ Smooth coated surface
[16] coated with aluminium 0.74 0.96  0.94 17
oxide
Mo etal. [25]  Graphene oxide Graphene oxide nanocoating
nanocoating of thickness 2.14 1.3 1.77 24

Kumar et al.
[17]

Gajghateetal.
[73]

Patel et al.
[74]

Joetal. [75]

Mori et al.
[71]

Gupta and
Misra [21]

Gupta and
Misra [76]

Chen and Li
[20]

0.8 ym

Surface coated with
aluminium-silver oxide of
thickness 0.18 and 0.26
um.

Surface coated with
graphene of thickness
97-400 nm.

Surface coated with copper
oxide of thickness 200 and
400 nm

Surface coated with silver
nanowires with thickness
35-255 nm

Surface coated with
titanium oxide
nanoparticles and on top of
the surface there is a
commercial honeycomb
plate of pore size 1.4 x 1.4
mm and 1 mm thickness.
Test section diameter was
10, 30, 50 mm.

Surface coated with
copper-aluminium
composite nano-coating
with coating thickness
13-45 pm.

Surface coated with
copper-titanium oxide
composite nano-coating
with coating thickness up
t062 pm.

Surface with micro grooves
of width 0.262 mm, depth
0.518 mm and pitch 0.5, 1
and 4 mm (similar to
square pin fins) coated with

Surface with coating thickness 0.26
pm
- 1.3 - -

Surface with coating thickness 400
nm

- 1.36 - -
Surface with coating thickness 400
nm

- 1.9 - -
Surface with coating thickness 144
nm

0.65 3.4 3.5 76
Coated surface of diameter 10 mm
and honeycomb plate

3.1 145 2 24.7

Surface with coating thickness 45

pm

1.85 4.7 1.7 9.9

Surface with coating thickness 62
pm
2 33

1.8 14.1

Grooves of pitch 0.5 coated with
copper nano wires of height 25 um
2.64 2.2 2.2 16.8
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Table 5 (continued)

Author Surface microstructure and CHF, Enhancement ATcur

preparation [MW/ Factors, [-]
m2]
HTC CHF

copper nanowires of height
5, 15, 25 um.

Rishi et al. Surface coated with Surface with 2 % graphene

[18] graphene nanoplatelets- concentration

cupper porous coating. The  2.86 2.9 2.3 14.2
concentration of the
graphene nanoplatelets
ranged from 0.25 to 2.5%.

Gheitagyetal.  Nanostructure created by Dendritic structure created at

[19] electrochemical deposition electrolyte temperature 60 °C

— effect of electrolyte 1.25 3.1 1.47 7.4
temperature

Mo etal. [77]  Honeycomb porous Surface with por size gradient
structure created by 1.03 4.9 1.15 7.2
electrochemical
deposition. Uniform pore
size of 60 and 120 pm and a

surface with pore size that
increases from the centre
towards the outer edges of
the surface (from 60 to 120
um).

size shrinking to 1.77 x 1.77 mm, 0.87 x 0.87 mm, and 0.45 X
0.45 mm in the third, fourth and fifth surface, respectively. They
also included in the comparison a surface with uniformly
distributed fins. It was found that the boiling curve of the surface
with uniformly distributed fins exhibited the best heat transfer
performance with nearly vertical slope. This surface enhanced
the CHF by 66.9 % in saturated boiling and 121.6 % at 35 K
subcooling. The enhancement factors in saturated boiling were
1.67 and 2.8 for CHF and HTC respectively, with CHF value 0.26
MW,/m? at 19 K superheat. The enhancement factors in subcooled
boiling (35 K) were 2.26 and 4.16 for CHF and HTC respectively,
with CHF value of 0.48 MW/m? at 15 K superheat. It can be
concluded that the non-uniform pattern distribution did not
create additional enhancement compared to the uniformly
distributed pattern. It is worth mentioning that they reported that
the non-uniform distribution achieved significant enhancement
compared to the uniform structure. However, inspecting their
results, one can see that the difference in CHF between the uni-
form and non-uniform distribution was less than 10 % for satu-
rated boiling. Duan et al. [34] tested five surfaces enhanced with
aligned cylindrical micro-pin-fins of fixed height 120 um but
different fin diameter. The fins were uniformly distributed in the
first three surfaces; fin diameter 25 ym (surface 1), 50 um (surface
2), and 100 um (surface 3). In the other two surfaces, the fins
were distributed only at rectangular areas (non-uniform distri-
bution) with mixed fin diameter (combination of the 25, 50 and
100 um diameter). They concluded that surfaces with nonuniform
fins distribution of mixed diameters show excellent heat transfer
performance compared to the fins with uniform distribution.
However, their data indicates that the surface with uniform fin
distribution of fin diameter 50 um exhibited the best heat transfer
performance. The boiling curve of this surface was nearly similar
to that with non-uniform distribution. The only difference was
that the CHF value of the non-uniform distribution was slightly
higher (6 % difference). In saturated boiling and the uniformly
distributed fins, the enhancement factors in CHF and HTC were
1.74 and 2.46, respectively with CHF value of 0.271 MW/m? at
25.3 K superheat. This CHF value was nearly the same regardless
of the fin distribution pattern. In subcooled boiling (25 K), the
enhancement factors in CHF and HTC were 2.3 and 5.9 with CHF
value of 0.51 MW/m? at 19.9 K superheat. The enhancement in
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Fig. 9. Saturated and subcooled boiling of FC-72 on enhanced silicon substrates.

saturated boiling was attributed to the enhancement in surface
area and increased number of nucleation sites. The reduction in
CHF in saturated boiling compared to sub-cooled boiling was
attributed to the larger bubble departure size and thus the larger
chance of coalescence in saturated boiling. This reduces the
liquid supply to replenish the surface. Lei et al. [35] conducted a
work similar to Duan et al. [34] using mixed diameters of cylin-
drical micro-pin-fins but distributed at circular areas. In each
circular area, the fins were distributed radially with a blank area
at the middle and the fin diameter increased in the radial direc-
tion. They varied the number of the finned areas and the size of
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the blank circle at the center of each large circle (0.2 to 1.8 mm),
see the picture in Fig. 9. It was found that the surface that has a
combination of circles with blank diameter ranging from 0.2 to
1.8 mm exhibited the best performance. In saturated boiling, this
surface achieved enhancement factors in CHF and HTC of 1.65
and 2.6, respectively with CHF value of 0.26 MW/m? and 26.5 K
superheat. In subcooled boiling (35 K), the enhancement factors
were 2 and 1.6, respectively with CHF value of 0.53 MW/m? at
20.8 K superheat. Kong et al. [80] designed surfaces with square
micro-pin-fins distributed in parallel strips compared to surfaces
with the fins distributed at square areas. It was found that the
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Table 6
FC-72 on silicon substrates.
Author Surface microstructure CHF, Enhancement ATcnr[K]
MW/ Factors, [-]
m?]
HTC CHF
Ujereh Multi-walls carbon Fully coated surface, saturated boiling
et al. nanotubes of diameter 50 0.17 4.6 1.5 11.8
[31] nm and length 20-30 um.
Fully coating, grid pattern
coating of pitch 5 mm, and
coating on 2D array of
circular areas of diameter
0.25 mm and pitch 1 mm
Ahnetal.  Fully coated surface with Nanotube length does not have
[78] multi-walls carbon significant effect, saturated boiling
nanotubes of diameter 0.053 1.4 1.4 86
8-15 nm and length 9 and
25 pm.
Liu et al. Femtosecond laser Laser spacing 200 ym and peak to valley
[32] processing in x and y 101 um
directions with spacing 0.31 395 1.9 38
30-800 um between the
laser beams and roughness
peak to valley 35-101 pm
Liu et al. The same structure as [95] Sub-cooling 35 K
[79] but at sub-cooling 1-35 K 0.54 3.1 2.04 20.7
Kong Surfaces with micro-pin- Surface with fins distributed at square
et al. fins (30 x 30 x 60 pym and areas separated by 0.3 mm at 35 K sub-
[80] 60 pm pitch) in different cooling
configurations at sub- 0.52 3.8 2.3 8.2
cooling 15-35 K. Surface
fully finned, surface with
fins distributed at parallel
strips (width 0.7 and 1.4
mm) separated by smooth
un-finned strips of width
0.3 and 0.5 mm, surface
with fins distributed at
square areas (0.7 x 0.7 mm
and 1.4 x 1.4 mm)
separated by smooth strips
of width 0.3 and 0.3 mm.
Zhou Surfaces with micro-pin- Uniformly distributed fins on the whole
et al. fins (30 x 30 x 60 um and surface
[33] 60 um pitch) distributed at Saturated
square areas on the surface 0.26 283 1.7 19
compared to uniformly 35 K sub-cooling
distributed fins on the 0.48 416  2.26 15
whole surface. They tested
wide range of finned area
size and the smooth spacing
between each finned area.
The sub-cooling ranged
from 0 to 25 K
Caoetal.  Surfaces with micro-pin- Surface with aligned fins at selective
[81] fins (30 x 30 x 60 pm and square areas and coated with FeMn
60 pm pitch) uniformly oxide at 35 K sub-cooling
distributed with staggered 0.56 2.9 2.2 12.5
arrangement and other
surfaces with fins aligned
and distributed at selective
square areas on the surface.
The effect of nanocoating
(FeMn oxide) was studied
and sub-cooling was 15-35
K.
Duan Uniformly distributed Uniform fin distribution with fin
et al. cylindrical micro-pin fins of ~ diameter 50 ym
[34] fixed height 120 pm and Saturated
diameter 25, 50, 100 pm 0.271 2.46 1.74 25.3
(three surfaces). Two 25 K sub-cooling
surfaces with fins 0.51 5.9 2.3 19.9

distributed at selective
rectangular areas with
mixed fin diameter (fin
diameter decreases from
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Table 6 (continued)

Author Surface microstructure CHF, Enhancement ATchrlK]
[MW/ Factors, [-]
mz]
HTC CHF
the centre of each rectangle
towards the sides).
Lei et al. Cylindrical micro-pin finsof A surface with combination of circular
[35] fixed height 120 pm finned areas at selective locations on the
distributed at selective surface
circular areas on the surface ~ Saturated
with a blank circular areaat  0.26 2.6 1.65 26.5
the middle (diameter 35 K sub-cooling
0.2-1.8 mm). The fin 0.53 2 1.6 20.8

diameter increased in the
radial direction (diameter
range 25-255 um).
saturated and subcooled
boiling up to 35 K.

performance of the surface with finned square areas was slightly
better than that of parallel strips. The CHF value of the surface
with square finned areas was 0.52 MW/ m?at 8.2K superheat and
35 K subcooling (they did not study saturate boiling). This surface
achieved enhancement factors in CHF and HTC of 2.3 and 3.8,
respectively. Cao et al. [81] studied the effect of coating the fins
with FeMn oxide nanoparticles. They tested square micro-pin-fins
(with and without coating) in two different configurations: uni-
form distribution in staggered arrangement and non-uniform
distribution (at square areas) in aligned arrangement. It was
found that the aligned fins in non-uniform pattern (square areas)
with coating the whole surface achieved the best performance.
The enhancement factors of this surface were 2.2 and 2.9 for CHF
and HTC, respectively. The CHF value was 0.56 MW/m? at 12.5 K
superheat and 35 K sub-cooling (they did not study saturated
boiling).

It can be concluded from the above studies that, even with these
complex arrangements of fin structure, the CHF value of FC-72 on silicon
substrates is about 0.3 MW/m? in saturated boiling and 0.5 MW/m? in
sub-cooled boiling (35 K). The surfaces enhanced with femtosecond
laser processing, which may be a fast process compared to the
complexity of deep reactive ion etching, gave similar enhancements. In
saturated boiling, the enhancement in the HTC was in the range of
160-360 % and the CHF in the range of 50-90 %. In sub-cooled boiling
the HTC was enhanced by 100-490 % and the CHF by 60-130 %.

2.3.4.

FC-72 on copper substrates

Fig. 10 compares the boiling curve for saturated boiling of FC-72 on
enhanced copper substrates from seven different studies, while Table 7
summarizes the CHF value and the enhancement factors. The adopted
enhancement approaches are summarized as follows:

@

Macro pin-fin structure versus sintered porous layer: Yu and Lu
[36] fabricated rectangular pin—fin array using electric discharge
machining. The best performing surface was the one with the
largest heat transfer area. The enhancement factors in CHF and
HTC were 5.4 and 4.9 respectively with CHF value of 0.97 MW/
m? at 34 K superheat. Sarangi et al. [38,82,83] investigated heat
transfer enhancement using sintered copper particles. They
studied the effect of particle morphology [82] (spherical, irreg-
ular, dendritic shapes), particle diameter [83] and porosity [38].
In all studies, the coating thickness was four times the particle
diameter. It was found by [82] that the particle morphology did
not have significant effect on CHF. The HTC was nearly inde-
pendent of heat flux for the spherical particles, while it increased
to a peak value after which it decreased with heat flux for the
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Fig. 10. Saturated boiling of FC-72 on enhanced copper surface.

irregular and dendrite shape particles. The decrease in HTC after
a certain intermediate heat flux value was attributed to the trap of
vapour inside the structure due to the smaller pore size. The
surface with irregular shape particles exhibited the highest HTC
with enhancement factors in CHF and HTC of 2 and 36.1,
respectively with CHF value 0.225 MW/m? at 2.9 K superheat.
The enhancement was attributed by [82] to the smaller pore size
and tortuous rough structure of the irregular particles, which
increased number of active nucleation sites and surface area.
Regarding the effect of particle diameter, Sarangi et al. [83]
found that the surface with sintered copper particles of size 45 —
53 pm exhibited the highest CHF and HTC and the enhancement
factors in CHF and HTC were 0.95 and 11.4, respectively with
CHF value of 0.105 MW/m? and 2.6 K superheat. Sarangi et al.
[38] reported on the effect of porosity stating that a surface with
irregular shape particles of porosity 66 % exhibited the best heat
transfer performance. The enhancement factors in CHF and HTC
are 2 and 23.8, respectively with CHF value found to be 0.224

17

MW,/m? at 2.6 K superheat. It can be concluded that the sintered
copper particles could achieve CHF of 0.22 MW/m? (100 %
enhancement) with significant enhancements in the HTC (3510
%). It is interesting to note that this CHF value is nearly similar to
that reported early in the previous section for saturated boiling of
FC-72 on silicon substrates, although the substrate material and
surface structure were different. The huge CHF value, 0.97 MW/
m? reported by Yu and Lu [36] seems to be arising from the large
surface area with the macro-pin—fin structure.

(i) Surface coating: Udaya Kumar et al. [39,84] coated the surface

either with copper or silver nanowires [39] and graphene/CNTs
[84]. It was found by [39] that the effect of nanowire material
was insignificant. The enhancement factors in CHF and HTC were
1.36, and 2.6 with CHF value of 0.229 MW/m? at 19.5 K super-
heat. Changing the coating to hybrid graphene/CNTs, Udaya
Kumar et al. [84] found that the enhancement factors in CHF and
HTC were 1.4 and 2.6 with CHF value of 0.25 MW/m? at 20 K
superheat. Cao et al. [85] tested a porous structure created by
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Table 7
Boiling performance of FC-72 on copper substrates.
Author Surface microstructure and CHF, Enhancement ATer[K]
preparation [MW/ Factors, [-]
m?]
HTC CHF
YuandLu  Rectangular pin—fin array Fins of height 4 mm and pitch 0.5 mm
[36] of height 0.5-4 mm, pitch 0.96 4.9 5.4 33.6
0.5-2 mm and fin width 1
mm
Sarangi Sintered copper particles of ~ Particles of irregular shape
et al. different morphology 0.225 36.1 2 2.9
[82] (spherical, irregular and
dendritic)-particle
diameter 90-106 pm and
thickness 360-424 ym
Sarangi Sintered copper particles — Particle size 45-53 pm
et al. effect of particle diameter 0.11 11.4 095 2.6
[83] 45-1000 pm and compared
between sintered and free
particles sitting on the
surface
Sarangi Sintered copper particles of  Irregular shape with porosity 66 %
et al. diameter 90-106 pm of 0.224 23.8 2 2.6
[38] spherical and irregular
shape — effect of porosity
40-80 %
Udaya Surface coated with metal Nanowire pitch 360 um-no effect for
Kumar nanowires (Cu versus Ag) wire material
[39] with fixed wire diameter 0.23 2.6 136 19.5
0.2 pm, height 19-25 um
and pitch 260, 320, 360 pm.
Udaya Surface coated with hybrid Graphene/carbon nanotube coating
Kumar graphene-carbon nanotube 0.25 2.6 1.4 20
[84] coating
Cao et al. Surface enhanced with The surface with the highest Ra = 17
[85] porous structure created by  pm
electrochemical deposition 0.27 6.73 154 25

(porosity 0-60.8 %, Ra =
0.09-17 pm)

electrochemical deposition technique that resulted in surfaces
with Ra value in the range of 0.09 — 17 um and porosity up to 60.8
%. It was observed that the boiling curve shifts to the left with
increasing surface roughness. Thus, the enhancement factors for
the rough surface (Ra = 17 um) were 1.54 and 6.73 in CHF and
HTC, respectively compared to the plain surface with CHF value
of 0.27 MW/m? at 25 K superheat.

It can be concluded, from these studies and from section 4.3.3 for FC-
72 on silicon substrates, that the CHF value of FC-72 did not change
significantly with the surface microstructure and substrate material. It
was in the range 0.25 — 0.3 MW/m? for silicon and copper. The highest
enhancements in HTC were achieved with porous structures, e.g. 3510
% in case of sintered copper particles and 573 % in case of electro-
chemical treatment.

3. Discussion

There are large number of research papers on heat transfer
enhancement using surface modifications. The review in this paper
presented studies for two fluids — water and FC-72 — and two materials —
silicon and copper - in order to help elucidate the enhancement mech-
anism(s) and quantify the changes in the heat transfer rates and critical
heat flux. The following paragraphs summarizes our observations.

There is a need for a standard definition to what is called a “smooth
surface” which was considered as the reference surface in each study.
Indeed, there is a wide scatter in the microstructure of the smooth sur-
face from one study to another, which results in different CHF values.
For example, the reference surface by Wu et al. [24] achieved 1.7 MW/
m? for water on copper while Khan et al. [5] reported only 0.77 MW,/m?.
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Thus, inferring the performance of enhanced surfaces using percent
enhancement (or enhancement factor) will be misleading to conclude on
the best microstructure for a boiling surface, unless there is an agreed,
unified definition to the “smooth surface”.

The criterion of inferring the CHF should be unified among re-
searchers because it is subjective. Most researchers detect the CHF from
the sudden rise in surface temperature. However, they did not agree on
the extent of this temperature rise. Some researchers allow sudden
temperature rise of 10 K, some others allow 20 K and other researchers
may allow even much higher values. Additionally, in some cases,
researcher force the experimental system to reach very high superheat
values. For example, Ahn et al. [79] recorded the CHF at 86 K superheat
for water while Zhang et al. [67] recorded CHF at 250 K superheat. This
will result in a wide scatter in the performance of existing CHF predic-
tive equations, in addition to being impractical.

Although pool boiling test rigs are nearly the same in all studies,
there is a need for validating the experimental system. Some researchers
tested thin copper discs (about 3 mm thick) with thin film heater
attached to the back side. In this case, the heat flux was calculated from
the effective power divided by area. Another group of researchers used
copper block (one piece) of which the top surface was the boiling surface
and the heat flux was calculated from the measured temperature
gradient. A third group designed the test section as a thin disk attached
to the top surface of a big copper block which has vertical thermocouples
for heat flux measurements. In this case, some people ignored the
thermal contact resistance, while some others considered this resistance.
To avoid these issues, system validation is required. Many researchers
did not report on system validation while some others validated the
system using the Rohsenow [57] pool boiling correlation for a smooth
surface. In some cases, the results did not agree with the correlation and
the reason could be either the surface microstructure or the experi-
mental setup. Because pool boiling correlations are affected significantly
by the surface microstructure, the present authors recommend that
validation should be conducted in single-phase, using single phase
natural convection correlations.

Nearly, in all studies, the structured surfaces were fabricated in a
random manner. In other words, the recommended heterogeneous
nucleation theories were not adopted in the surface design. Also, the test
surfaces were analyzed through the SEM images or roughness profile
without specifying the cavity geometrical parameters (depth and width).
In most cases, the average roughness (Ra) was used as a surface
parameter, which is not related directly to the nucleation theories. In
fact, there is a need for the research community to agree on the defini-
tion of a cavity. The heterogeneous nucleation theories are referring to
conical cavities (conical crevices). Surface protrusions, surface scratches
and valleys (very common on enhanced surfaces) are not of that shape, i.
e. not conical. There is also the need to consider and define cavities and
their shapes in porous structures. This also poses the question of the
relative importance in pool boiling of roughness parameters or surface
porosity.

The analysis above and the results of past work clearly indicates that
surfaces with uniform hydrophobic/superhydrophobic surfaces are not
recommended as boiling heat transfer surfaces due to the extremely low
CHF. In hydrophobic surfaces, boiling starts at extremely low superheat
which enhances the HTC significantly at very low heat fluxes. However,
with increasing heat flux the slope of the boiling curve decreases
significantly due to the fact that bubble size is extremely larger in hy-
drophobic surfaces with extremely large dry contact area, i.e. no liquid
wetting underneath the bubble. This triggers the CHF early.

The research community agrees on the fact that any change in the
surface microstructure may enhance the heat transfer rate and CHF by a
certain amount. However, the discrepancy occurs when researcher try to
quantify the enhancement. Some researchers use the word “superior” to
report enhancements in the order of 15 — 30 %. Therefore, the research
community should agree on the ranking criterion of the performance of
enhanced surfaces. The current authors suggest three classes for ranking
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the enhancement techniques:

Class A. The enhancement techniques achieve enhancement factors
less than or similar to the machined rough surfaces (intrinsic roughness
due to machining). In this case, these enhancement techniques will not
be economic and should not be recommended for industry.

Class B. The enhancement factors are greater than those of the
roughened surfaces and less than 5.

Class C. The enhancement factors are greater than 5 and, in that
case, they may be called “superior surfaces”.

Additionally, the present authors recommend a standard method and
specifications for a rough surface to be agreed as a benchmark in this
ranking criterion.

In this study we have examined two fluids representing extremely
high wetting (low surface tension) and less wetting (high surface ten-
sion), namely FC-72 and water on two different surfaces, i.e. silicon and
copper, covering experimental and industrially relevant past work. For
saturated boiling of water on roughened copper surfaces, the enhance-
ment factors of CHF and HTC ranged from 1.1 to 2 and 1.7 to 2.8,
respectively. The highest CHF for saturated boiling of water on rough-
ened copper and aluminum surfaces were 1.7 and 2.15 MW/m?
respectively. For dielectric liquids (FC-72, FC-77, HFE-7000, HFE-7100)
the enhancement values ranged from 1.4 to 1.5 and 2.2 to 3.9, respec-
tively for saturated boiling on roughened metallic surfaces (brass, cop-
per and aluminum). The CHF value was about 0.3 MW/m? for HFEs and
about 0.2 MW/m? for FCs.

For saturated boiling of water on plain silicon substrates, the CHF is
about 1 MW/m? while it is about 0.16 MW/m? for FC-72. For enhanced
silicon substrates, the enhancement factors in CHF and HTC ranged from
1.15t0 2.7 and 1.6 to 3.7, respectively. The highest enhancement factors
were achieved with the structure suggested by Yao et al. [10] which is
parallel microchannels with silicon nanowires on the channel walls. The
second-best surface structure was the one suggested by Liu et al. [8]
which is micro-pins at selective areas and fully coated with SiOy. The
third best surface was the one suggested by Kwak et al. [11], parallel
channels coated with SiO,. For saturated boiling of FC-72 on enhanced
silicon substrates, the enhancement factors of CHF and HTC were
1.5-1.9 and 2.5-4.6, respectively. The CHF ranged from 0.17 to 0.3
MW,/m?. The best performing surfaces were the one proposed by Ujereh
et al. [31], which was a surface coated with multi-walls carbon nano-
tubes, followed by the surface treated by femtosecond laser suggested by
Liu et al. [32]. For sub-cooled boiling of FC-72 on enhanced silicon
substrates, the enhancement factors of CHF and HTC ranged from 2 to
2.3 and 1.6 to 5.9, respectively. The best performing structure was the
one suggested by Duan et al. [34] which was cylindrical micro-pin-fins
of a mixed fin diameter. The second-best surface was the one proposed
by Zhou et al. [33] which was a square micro-pin-fins. All studied agreed
on that the CHF value was about 0.55 MW/m2 for sub-cooled boiling of
FC-72 on silicon substrates.

For saturated boiling of water on enhanced copper substrates, the
best performing structure was the one recommended by Jaikumar and
Kandlikar [14], which achieved CHF value of 4.2 MW,/m? at 2 K su-
perheat. This microstructure consisted of parallel microchannels with
sintered copper particles on the channel walls. The above CHF value was
also achieved by Zhang et al. [67] using sintered copper plate on top of
parallel microchannels and Wu et al. [24] using parallel channels with
holes in the separating walls fabricated by selective laser melting.
However, the wall superheat was significantly higher (about 25 K)
compared to Jaikumar and Kandlikar. For saturated boiling of FC-72 on
enhanced copper surfaces, the enhancement factors in CHF and HTC
ranged from 1 to 5.4 and 2.6 to 36, respectively. The best performing
surface was the one with pin-fins cut by WEDM and reported by Yu and
Lu [36]. The CHF value with this structure reached about 1 MW/m? at
34 K superheat. In all other studies the CHF ranged from 0.1 to 0.27
MW,/m? and the lowest wall superheat (highest enhancements in HTC)
occurred with the sintered copper layer in the studies by Sarangi et al.
[38,82,83].
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This study revealed that the different enhancement mechanisms,
assumed (not validated) by researchers, can be classified as follows, see
Fig. 11:

1. The increase of the number of active nucleation sites induced by the
modified surface texture (Fig. 11b).

2. The enhancement of capillary wicking induced by the porous
microstructure, as seen in Fig. 11c.

3. Segregation of the liquid and vapour pathways. This was conducted
by: (a) mixed wettability, which enhances the liquid supply to the
surface and thus increases the CHF. This was carried out by selec-
tively coating a hydrophilic surface with hydrophobic spots as
illustrated in Fig. 11d. In this approach, bubbles nucleate at low wall
superheat at the hydrophobic spots and suppresses nucleation from
the surrounding hydrophilic areas due to the local lateral cooling
induced by nucleation at the hydrophobic spots. Accordingly, the
triple contact line did not spread beyond the hydrophobic spots and
thus lateral bubble coalescence diminishes, which creates space for
liquid to replenish the surface. With this pattern, the bubble size can
be controlled. (b) modulated porous structure as seen in Fig. 11e and
11f. In Fig. 11e, the surface is coated with a porous layer on top of
which vertical mountain shapes are created. The bubbles nucleate
from the flat porous areas while the liquid replenishment occurs
through the vertical porous elements through capillary wicking. In
Fig. 11f, micro-pin-fins were created at selective areas on the surface.
In this approach, bubbles nucleate on top of the fins and the capillary
liquid supply occurs through the un-finned areas. (c) attachment of
plastic fixture with a certain pattern (Fig. 11g). The walls of the
fixture are porous and because it has low thermal conductivity,
nucleation is limited to the metallic surface and liquid replenishment
occurs through the porous walls. (d) parallel microchannels with
coated fins (Fig. 11h). In this mechanism, bubbles nucleate from the
porous fin tip and the liquid falls down and impinge the channel
bottom resulting in enhancements in heat transfer rate.

4. Enhancement in surface wettability and surface area. It is commonly
agreed that hydrophobic surfaces have very low CHF but very high
heat transfer rate at low heat fluxes. Increasing the surface wetta-
bility increases the CHF.

Conclusions

In this paper we reviewed and discussed the performance of water
and FC-72 on smooth, rough and enhanced copper and silicon sub-
strates. The major conclusions of this work are given below:

1. The mechanism of increasing the slope of the boiling curve, for small
size boiling surfaces (about 10 x 10 mm), depends on the type of
fluid. Nearly, all researchers attributed it to the increased number of
active nucleation sites, which may be correct only for dielectric lig-
uids with small bubble departure diameter. For liquids with large
bubble departure diameter such as water, few nucleation sites can be
active and cover the whole surface. The large bubble size could
suppress nucleation in the region of bubble influence. Thus, the in-
crease in the slope is due to the increase in the evaporation rate with
the increase in heat flux. Thus, water may not be affected by the
surface microstructure, except only at boiling incipience (very low
heat fluxes), especially when the size of boiling surface is small. This
point needs further experimental studies for validation.

2. There is a large discrepancy among researchers on the performance
of the reference surface although the fluid and substrate material
were the same. This may affect the enhancement factors calculated
for the enhanced surfaces.

3. The current authors recommend that the research community should
adopt a standard definition to what is called a “smooth surface” and
unify the method of surface preparation, in order to assess properly
and record the enhancement in the HTC and the CHF. Additionally, it
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Fig. 11. Heat transfer enhancement mechanisms suggest by researchers in the literature.

is better to test two reference surfaces (smooth and rough, the latter 6. The CHF value of FC-72 on enhanced copper and silicon substrate

made of a cheap, readily available manufacturing method) in order was about 0.3 MW/m? for saturated boiling and 0.5 MW/m? for

to conclude on the performance of enhanced surfaces. Applying this subcooled boiling.

criterion, one can see that several enhancement techniques produce

surfaces that perform similar or even worse than the intrinsic rough Declaration of Competing Interest
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