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ABSTRACT

For over five decades, enhancement in pool boiling heat transfer has been achieved by altering
the surface wetting, wickability, roughness, nucleation site density and providing separate
liquid/vapor pathways. In this work, a new enhancement mechanism based on the early-
evaporation of the microlayer is discovered and validated. The microlayer is a thin liquid film
present at the base of a vapor bubble. Presence of micro-ridges on the silicon-dioxide surface
partitions the microlayer and disconnects it from bulk liquid causing it to evaporate sooner, thus
leading to increase in bubble growth rate, heat transfer, departure frequency and critical heat flux
(CHF). Compared to a plain surface, ~120% enhancement in CHF is obtained with only ~18%
increase in surface area. A CHF enhancement map is developed based on ridge height and
spacing, resulting in three regions of full, partial and no enhancement. The new mechanism is
validated by comparing the growth rate of a laser created vapor bubble on ridge-structured
surface and plain surface, and the corresponding prediction of CHF enhancement is found to be
in good agreement with experimental boiling data. This discovery opens up a new field of CHF
enhancement and can be coupled with existing techniques to further push the limits of boiling

heat transfer.
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Introduction

2

Boiling has been widely used in industry " * as it utilizes the high latent heat of

vaporization of liquid to transfer large amounts of heat over a small surface area. However, there
exists an inherent operating limit in boiling known as the critical heat flux (CHF) *. CHF occurs
when the rate of vapor generation on the surface is greater than its removal rate, leading to a
sudden increase in the surface temperature which can be potentially damaging. With the
development of small-scale fabrication techniques, micro/nano scale structured surfaces *° have
been used in the past decade to enhance CHF or to maintain film boiling without transition to

nucleation boiling for low surface temperature.’ These increases have normally been attributed to

7,8,9 10,11, 12,13

increase in nucleation site density , improved surface wettability or wicking effect

15,16,17,18,19

14 separate pathways for liquid and vapor flows , and increased surface roughness *°.

A very important aspect of boiling, or any phase-change related process, is the
microlayer. In a vapor bubble, the microlayer is a thin liquid film present at the base of the

bubble in the three-phase contact line region (Figs. 1-bl and 1-b2) where the liquid-vapor

21,22

interface meets the solid surface . The dynamics of the microlayer and contact line region

dictate bubble growth and departure, and can provide valuable fundamental insights into the

boiling phenomenon. Optical visualization and measurement of the microlayer has been recently

23,24, 25,26,27,28

achieved by a few researchers in various settings of nucleate boiling , steady state

30, 31, 32 33, 34, 35, 36

vapor bubble *°, constrained vapor bubble , and droplets with water as the test

liquid. The microlayer thickness was found to be of the order of micron.



Hypothesis

In this work, we report a new CHF enhancement mechanism based on early-evaporation
of microlayer using micro-structured ridge surfaces (Fig. 1a). The hypothesis stems from the fact
that on a plain surface (Fig. 1-bl), the microlayer evaporates, becomes thinner (#=¢,) and forms
the three-phase contact line along with the dry spot (=¢;). The contact line (and the microlayer)
further recedes and then advances as the bubble grows and departs, respectively. Thus, if
evaporation of the microlayer can be achieved sooner than on a plain surface, the vapor
generated from it will lead to an increase in bubble growth rate. Simultaneously, the increase in
growth rate will also lead to an early formation of a larger dry spot resulting in a larger area of
evaporating region at the three-phase contact line and increased heat transfer at the bubble base.
These factors will increase departure frequency, and therefore enhance CHF. Ridge-shaped
micro structure geometry is used as it can (1) partition the microlayer into independent water
slabs between the ridges (e.g. compared to micropillars where the microlayer may still from
around the pillars and not segregate), and (2) disconnect the partitioned microlayer from bulk
liquid. The partitioning of the microlayer leads to an increase in its energy, thus causing it to
evaporate due to the higher surface temperatures; this phenomenon was shown earlier in
molecular simulations where a stable thin-film evaporated when ridges were introduced onto the

surface *’.

The ridge height and spacing are key parameters in determining the level of CHF
enhancement (Figs. 1-b3, b4, b5). Three scenarios can arise: 1) full enhancement (Type I and III
Ridges) — complete early-evaporation of microlayer with ridges of small or large height and
spacing, 2) partial enhancement (Type II Ridges) — partial early-evaporation of microlayer with

ridges of small height and larger spacing, and 3) no enhancement — ridge height is smaller than
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microlayer thickness and no partitioning occurs. Compared to Type I and III Ridges, only a part
of microlayer region dries out in Type II Ridges due to ridges (red region) while the other part
(green region) dries out due to original evaporation as on a plain surface; the bubble growth rate
is increased, but not as much as Type I and III Ridges, resulting in partially enhanced CHF.
Further, due to the microlayer curvature, the required ridge height for full enhancement is

expected to increase with increase in ridge spacing (Type I vs. Type III ridges).
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Figure 1: Fabricated ridges and mechanism of microlayer evaporation for boiling heat transfer

enhancement. (al) Optical microscope image of top view of the fabricated ridges near the edge of the
sample. (a2) SEM image of top view of ridges. (a3-a8) SEM image of side view of various rectangular
and trapezoid shaped fabricated ridges with corresponding geometry (H=height of a ridge, S=spacing
between ridges, W=width of a ridge). (b) Mechanism of early-evaporation of microlayer by partitioning
and disconnecting it from bulk liquid, as well as the effect of ridge dimensions on boiling enhancement.
As a vapor bubble grows (bl), the microlayer present at its base decreases in thickness. (b2) Microlayer
evolution on a plain surface. (b3) Type I ridge-structured surface with small ridge height and spacing
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facilitates early-evaporation of microlayer and leads to full enhancement in boiling critical heat flux
(CHF). With increase in ridge spacing while keeping the same small ridge height, Type II ridge-structured
surface is obtained (b4) where the microlayer does not immediately disconnect from bulk liquid and only
part of microlayer evaporates earlier than on a plain surface, thus resulting in partial CHF enhancement.
(b4) Increasing ridge height for larger ridge spacing, the microlayer can be again partitioned and

disconnected from the bulk, leading to Type III ridge-structured surfaces and full CHF enhancement.

Experimental Methods

Sample Fabrication. Based on the above hypothesis, silicon dioxide (SiO,) ridges with
varying height and spacing were fabricated, and are listed in Table 1. The samples can be divided
into four categories based on ridge spacing: 5 um, 9 um, 20 pm, and 48 pm. The ridge height
varies between 1.2 um to 4.4 pum. These large ridge spacing are chosen so that capillary or
wicking effect due to the ridges is negligible; wicking experiments were conducted to confirm
this claim (please refer to supporting information). Two ridge shapes are fabricated: rectangular
and trapezoidal. Figures 1-al and 1-a2 show optical and SEM image, respectively, of the top-
view of ridges, and Figs. 1-a2 through 1-a6 show SEM images of side-view of ridges. Samples
of size 2 cm X 2 cm, with uniform ridges on the top surface were prepared for boiling

experiments. Please refer to supporting information for sample fabrication method.

Boiling Experiments. In the boiling experiments, a 2 cm x 2 cm sample was attached on
top of a holder and immersed in a pool of deionized (DI) water. Before each experiment, the DI
water was degassed by boiling it for over an hour using the immersion heater. During the
experiments, the pool of DI water was maintained at saturation conditions between 97 and
100°C. Boiling on the sample was achieved by passing direct current through the ITO heater

deposited on the back of the sample. The temperature of the heater was measured by a T-type



thermocouple attached to it. CHF was defined as the heat flux when a slight increase in the
power supplied caused a sudden and dramatic increase of the heater temperature. The actual
boiling area, used for CHF determination, was estimated to account for lateral heat conduction in
the sample, and was found to be larger than the heater area. Please refer to supporting

information for detail of boiling setup and experiments, heat loss analysis and CHF

determination.
Table 1: Geometry and shape of various fabricated ridges
Height H Width W Spacing S
Roughness Shape

(jum) (jum) (jum)
S #1 1.06 0.59 4.89 1.39 Rectangle
S#2 1.53 0.55 5.00 1.55 Rectangle
S #3 1.52 4.17 5.81 1.30 Trapezoid
S #4 2.44 1.00 9.09 1.48 Rectangle
S#5 3.38 0.97 8.99 1.68 Rectangle
S #6 1.17 1.13 23.62 1.09 Rectangle
S #7 1.59 4.24 20.86 1.13 Trapezoid
S #8 3.41 0.86 23.80 1.28 Rectangle
S #9 4.38 3.46 21.53 1.35 Trapezoid
S #10 1.18 1.17 48.29 1.05 Rectangle
S #11 1.52 4.51 45.27 1.06 Trapezoid
S#12 3.40 1.08 48.03 1.14 Rectangle
S #13 4.33 3.35 45.89 1.18 Trapezoid




Results and Discussion

Experimental results of boiling curves for ridges with spacing of 5 and 9 pm, 20 um, and
48 um are shown in Figs. 2a, 2b, and 2c respectively. The highest CHF was achieved for S #1 as
177.8 £ 0.90 W/em® and S #13 as 177.0 + 1.14 W/em?, i.e. a ~120% enhancement with only 40%
and 18% increase in surface area respectively. If considering the actual wetting area, an 86%
CHF enhancement over a plain surface was attained by S #13 (150.5 + 0.98 W/cm?), which is
one of the highest reported values in literature '> ' 17: 20- 38, 39 40.41.42.43. 44 i 5f) 70y and

Maroo ¥

extended an analytical model (Equation 1) to predict the CHF due to additional
evaporation of liquid film at the bubble base, and estimated the average film thickness
evaporated as ~900 nm for pool boiling on SiO, surface. This is also defined as the critical height

(H¢r) of microstructures required to achieve CHF enhancement on SiO, surface. The same model

is used in this work to identify samples which correspond to Type I, II or III ridges:

Qenr = Cr ™ 222 No - [DF (Fou )] Eq. (1)

where Cr is the constant which accounts for the difference between quenching heat flux and
critical heat flux and equals 1.35 **; k; is liquid thermal conductivity; @; is liquid thermal
diffusivity; N, is nucleation density; D, is bubble departure diameter; f,, is bubble departure
frequency; f,,,; is additional evaporation factor which is related to the film thickness, ridge

spacing and width, and the bubble volume (please refer to supporting information for details).

In Figs. 2a-c, blue dotted line represents the prediction from Equation 1 while the dark
green dashed line represents CHF value of plain SiO, surface, which is 80.9 + 0.39 W/cm®.

Figure 2a shows effect of ridge shape on CHF enhancement. Although CHF is much lower with
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trapezoidal ridges (S #3, 109.1 + 1.14 W/cm?) compared to same height rectangular ridges (S #2,
177.1 £ 0.94 W/cm?), these values are in good agreement with the prediction from Equation 1.
The difference originates from ratio of ridge space to width (S/(S+W)), which is 0.582 and 0.900
for trapezoidal and rectangular ridges, respectively, thus implying that the trapezoidal ridges

have less volume of microlayer to evaporate due to larger ridge width.
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Figure 2: Boiling experiment results, analysis and comparison with analytical model. Boiling curves for
ridge-structured surface with ridge spacing of (a) 5 um and 9 um, (b) 20 pum, and (c) 48 pum. Full
enhancement is achieved only when ridge height reaches a certain full enhancement height (Hy). Partial
enhancement is obtained with samples where the ridge height is between critical height (H.;) and Hg. Full
enhancement CHF prediction from equation 1, along with CHF on a plain surface, are shown in the
boiling curves. (d) Full CHF enhancement is shown to be dependent on the ratio of ridge spacing to pitch,
(S/(S+W)), as this determines the volume of microlayer available for early-evaporation; prediction from
equation 1 is compared to experimental data within a 10% error range. () The ratio of ridge height to Hy

determines the percentage of full enhancement that can be obtained as predicted by equation 4 and



compared to experimental data. (f) Comparison of CHF enhancement of the present work with literature
based on wetted area over CHF on a plain surface. This new mechanism of early evaporation of
microlayer allows the height of structures to be smaller, thus resulting in one of the highest such reported

enhancements in literature.

The boiling curve results also show that CHF enhancement depends on the coupled effect
of ridge height and spacing, as described earlier in Fig. 1b. Small ridge height and spacing (S #2,
Type I Ridges) as well as large height and spacing (S #13, Type III ridges) lead to full
enhancement. Samples with relatively small ridge height and large spacing (e.g., S #4, 8, and 12;
Type II Ridges) resulted in partial enhancement. Thus, with increased ridge spacing, the height
of ridges (Hy) to achieve full CHF enhancement increases. For ridges with height between H.,
and Hy, partial enhancements in CHF were observed. The enhancements can thus be divided into
three regions depending on ridge height and spacing: region I as full enhancement region (H >
Hy), region II with partial enhancement (H,, < H < Hy), and region III as no enhancement region
(H < Hg). In order to develop a predictive model, a dimensionless enhancement variable #
(Equation 2) is defined as ratio of experimental CHF (CHF,,,) to predicted CHF (CHF,;54¢1)
from the analytical model of Equation 1. Full enhancement is achieved when # = 1, while # < 1
indicates partial enhancement and its value represents the fraction of full enhancement that has

been achieved.

_ CHFexp
= CHFmoder Eq. (2)
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In region I, the full CHF enhancement is determined by the ratio of ridge spacing and
pitch (S/(S+W)) according to Equation 1, which specifies the quantity of liquid between ridges.
Figure 2d shows good agreement between experimental results and those predicted from
Equation 1 for full CHF enhancement, with the maximum error less than 10%. However, CHF
enhancement in region II is dependent on the ratio of ridge height (H) to Hy, which determines
the percentage of full enhancement that can be achieved (Hy is also dependent on ridge spacing).
Figure 2e shows that # is proportional to the ratio of H to Hg, and is deduced into Equation 3. The
error between experimental results and Equation 3 is less than 10% for region II.

0.2811 + 0.501 for H, < H < Hp

n= Hy Eq. (3)
1 for H> Hf

Region III is no enhancement region and CHF in this region is similar to plain surface.
Thus, the CHF enhancement achieved by ridge-structured surfaces can now be predicted using
Equation 4. Based on surface roughness (ratio of wetting area to projected area), the CHF
enhancement from the wetted area is among the highest reported for structured surfaces in the

literature (Fig. 2f).

27Tkl(Tw - Tsat) .

ngF =n¢( \/—
Ta,;

Ny - [DE(VFrefs)] Eq. (4)

The ridge height and spacing determine whether full, partial or no CHF enhancement is
attained. Further, full enhancement occurs when the ridge height is greater than Hy, and larger
spacing requires higher Hy due to microlayer’s curvature. The relation between Hf and S is
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obtained from regression curve function of experimental data (Equation 5). Figure 3 shows the
enhancement map based on ridge height and spacing, depicting the three regions along with the
experimental data from the samples tested which fall correctly into their respective regions.

Thus, Figure 3 along with equations 3, 4 and 5 can be used to design ridge-based structures to

achieve a desired CHF.

Hf = 2.9(S — 5)010%° for S>5 Eq. (5)

T T T T T "
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Figure 3: Enhancement map depicting three regions of full, partial or no enhancement depending on ridge
spacing S and ridge height H. For a specified S, full enhancement can be reached if H > Hg; partial
enhancement is achieved if H., < H < Hg; and no enhancement occurs if H < H,,. This map serves as a

guide for designing ridge-based structures to obtain a desired CHF.

The maximum height of ridge for full CHF enhancement, Hy, was ~4.3 um. This is
consistent with literature > where the thickness of outermost microlayer is reported to be ~3 pm.
The lower value in the literature may be due to Indium Tin Oxide (ITO) being used as the boiling

surface. The interaction of water with ITO is weaker than SiO,, as the drop contact angle is ~65°
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which is larger than that on SiO; surface (30°~40°). Thus, a thicker microlayer can be expected
on Si0O, surface requiring higher ridge height as reported in this work; this comparison provides
a rudimentary qualitative validation to the hypothesis on early-evaporation of microlayer for

CHF enhancement.

Experimental Validation of Hypothesis

In order to verify the hypothesis with independent experimental data, the growth rate of a
vapor bubble is measured on a ridge-structured surface (Figs. 4a and 4b) and a plain surface
(Figs. 4c and 4d). As mentioned earlier, the early evaporation of the microlayer is expected to
increase bubble growth rate and thus the bubble departure frequency leading to CHF
enhancement. A vapor bubble was created using laser heating * to measure the volume growth
rate (please refer to supporting information for sample fabrication and experimental setup). A
high speed camera was used to record the bubble growth process under illumination of white
halogen lamp (Figs. 4a and 4c) and coherent HeNe 632 nm laser (Figs. 4b and 4d). The
illumination is incident from the top while the camera is located underneath the sample (Fig. 4¢);
thus, the images are the bottom view of the bubble which consists of 1) a dark annulus due to
multiple reflection and refraction of light occurring over liquid-vapor interfaces in that region,
and 2) a brighter center region as the light has to pass through only the bubble’s top liquid-vapor
interface. Fringe patterns were observed in bubble base region due to the interference induced by
top and bottom surfaces of microlayer '****. Assuming bubble shape as partial sphere 2% *®*7,

the bubble volume can be expressed as:
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V= g(ﬁ)3 _Th (3 (%)2 + hz) Eq. (6)

6 2

_ Dba _ [(Pba)? _ (Dop)? - , -
where h = . . , Dyp 1s the bubble base diameter, and D, is the outer

2

bubble diameter.
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Figure 4: Independent experimental validation of the mechanism of early-evaporation of microlayer for
CHF enhancement. Growth of laser created bubble on ridge-structured surface (a, b) and plain surface (c,
d) with 100x magnification under white-light illumination (a, ¢) and corresponding images under HeNe
laser illumination (b, d). Scale bar is all figures is 50 um. (e) Illustration of bottom view of the bubble
showing a dark annulus where the illumination has to pass through multiple interfaces. (f) Comparison of
bubble growth rate on ridge-structured surface and plain surface. The bubble grows ~5.25 times faster on
ridge-structured surface and the corresponding prediction of CHF increase is in very good agreement with

experimental pool boiling data from Fig. 2a.

Figure 4-f shows the bubble volume change over time on ridge structured and plain
surfaces. The bubble growth rate V is obtained from the slope of the linear regression curve, and
is found to be ~5.25 times faster on the ridge-structured surface than on the plain surface.
According to Mikic’s model *®, the bubble growth rate depends on liquid property and wall
temperature, which are the similar in both cases as the liquid pool conditions and laser heat flux

are the same, and hence liquid and thermal conditions are not significant contributing factors.
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Thus, the growth rate difference is due to the early evaporation of microlayer on the ridge-
structured surface, where the thickness of the microlayer determines the quantity of water in
microlayer that evaporates, as well as the enhanced bubble growth rate. Further, the thickness of
the microlayer does not change significantly with variation in incident heat flux and temperature;

23,25

as per literature , the maximum thickness of microlayer is ~3 pm for variation of average

heat flux from ~5 W/cm? to ~20 W/cm? and bulk temperature from ~78°C to ~97°C.

In order to do a quantitative validation of the hypothesis, CHF is proportional to the
square root of bubble departure frequency (Eq. 1), which is determined by bubble growth time
and waiting period time. Bubble growth time is affected by additional evaporation of microlayer
since it facilitates bubble growth, but it does not influence waiting period. The waiting period
can be assumed to be similar for both types of surfaces as the ridge-surface does not provide any
liquid wicking. Thus, the ratio of CHF on these surfaces can be expressed as (please see

supporting information for derivation):

q;HF,ridges — X/(l - X) +1
qCHF.plain X/(l - X) + Vb,plain/Vb,ridge

Eq. (7)

where, (X = tyaitpiain/ trotalplain )s I'/b,n-dge and Vb,plam are the bubble growth rates on the
ridge-structured surface and plain surface respectively (here, Vy riage/Vp piain= 5.25 from our
experimental data), tg,ow piain@nd tyait prain are time bubble growth and wait times on a plain
surface. Although these validation experiments were conducted in water at room temperature,

saturated nucleate boiling correlations can be used for subcooled conditions with reasonable

accuracy (please see supporting information). Typically, the growth time is a large fraction of the
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total bubble ebullition time in most cases. ** Thus, for a range of bubble growth time varying
from 85% to 99% of the total time, the CHF on ridge-structured surface will be enhanced by 1.80
to 2.24 times that on a plain surface. This enhancement is in very good agreement with the CHF
increase of 2.19 times obtained in pool boiling experiments for the same dimension of ridge-
structured surface (Fig. 2a). Thus, this independent verification validates the hypothesis that
CHF in pool boiling can be enhanced by early evaporation of microlayer, and also presents a

new mechanism for CHF enhancement.
Conclusion

We report the discovery of a new mechanism for CHF enhancement in pool boiling. The
mechanism is based on the early-evaporation of the microlayer which is achieved by fabricating
micro-ridges on the surface causing the microlayer to partition and disconnect from bulk liquid.
The partitioned microlayer film evaporates leading to bubble growth rate increase and CHF
enhancement. A ~120% enhancement is attained with only ~18% increase in surface area. A
parametric study is performed by varying the ridge height, spacing, width and shape, and three
enhancement regions based on ridge spacing and height are identified: full, partial, and no
enhancement. Ridge spacing determines the required full enhancement height, i.e. larger spacing
requires higher ridge height, and a corresponding enhancement map was developed. An
independent validation of the mechanism was performed where the growth rate of a laser created
bubble was measured on ridge and plain surfaces. The resulting CHF enhancement prediction
was found to be in very good agreement with that measured in pool boiling experiments. Thus,
this new mechanism can be combined with other existing enhancement mechanisms to further

enhance CHF in pool boiling heat transfer.
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SUPPORTING INFORMATION

Fabrication and sample preparation for pool boiling experiments, pool boiling experimental
methodology, corrected boiling area and heat loss from sample, wicking experiment on ridge-
surfaces, additional evaporation factor, sample fabrication for bubble growth rate measurement,
experimental setup and methodology for hypothesis validation, ratio of CHF on ridge-surface
and plain-surface, comparison of subcooled validation experiments and saturated boiling
experiments, contact angle on ridge samples, CHF prediction by surface-roughness model and
comparison to experimental results, and bubble growth for laser heated bubble are discussed in

detail. This material is available free of charge via the Internet at http://pubs.acs.org.
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