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ABSTRACT: Flow boiling and evaporation in tubes and channels
occur in a wide variety of energy systems, such as refrigeration, air
conditioning, power generation, electronics cooling, distillation,
and purification. In this work, we demonstrate remarkably
increased heat transfer coefficients of 270% during refrigerant
flow boiling in scalable microstructured (∼40 μm), industrial-scale
(∼1 m long) aluminum (Al) tubes, when compared to smooth
unstructured Al tubes. To achieve scalable nanomanufacturing, we
create highly conformal and durable structured surfaces by relying
on hydrochloric acid Al etching. Flow boiling tests were conducted
in 6.35 mm diameter Al tubes using R134a refrigerant as the
working fluid. To benchmark our approach and to elucidate the
effect of the structure length scale, we also fabricated ultrascalable boehmite (AlO(OH)) nanostructured (∼300 nm) Al tubes,
showing that etched microscale features are necessary and key to enhancement. Durability tests conducted using a 28 day long
continual flow boiling experiment demonstrated negligible degradation of the etched surfaces. The scalable and cost-effective
techniques used to create these durable, etched-Al microstructures may significantly reduce manufacturing cost when contrasted
with current enhancement approaches such as extrusion, drawing, and welding.
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■ INTRODUCTION

Flow boiling is ubiquitous to a variety of industrial sectors such
as thermal management of electronics,1 purification,2 distil-
lation,3 chemical synthesis,4 desalination,5 thermoelectric
power generation,6,7 refrigeration,8−10 and cryogenics11 since
it offers the dual advantage of near-isothermal operation and
ultraefficient energy transfer. Although the flow boiling heat
transfer coefficient, a characteristic measure of the efficiency of
heat transfer, is higher when compared to other modes of
thermal exchange such as single phase flow,12 many researchers
and engineers have looked for methods to further enhance the
heat transfer coefficient via surface macro-, micro-, and
nanostructuring or decreased channel diameter (i.e., micro-
channels).13 For example, the transition of wide band gap
semiconductor devices made from gallium nitride (GaN) and
silicon carbide (SiC) from lab-scale to industrial platforms,14,15

coupled with thermal limitations placed on silicon (Si)
processor densification,16,17 has recently renewed the push to
develop technologies that are able to safely and reliably transfer
ever-higher heat transfer rates.18,19 To achieve enhancement,
past work has developed silicon nanowires and silicon
micropillars as a platform technology capable of increasing
boiling heat transfer in microchannels with water as the
working fluid. For example, the inclusion of silicon nanowires

in silicon microchannel heat sinks causes the early onset of
nucleate flow boiling, dampens wall temperature oscillations,
and increases the heat transfer coefficient for water at moderate
mass fluxes. These properties are the result of the large number
of nucleation cavities, the superhydrophilic nature of the
nanowires, and the ability to maintain a stable liquid film.20

Similar mechanisms of heat transfer enhancement have also
been demonstrated with silicon micropillar arrays in micro-
channels.21 In addition to water, nanowire-covered micro-
channels also exhibit improved performance with alternative
low-surface tension working fluids such as dielectrics.22,23 Flow
boiling enhancements for low-surface tension fluids have also
been demonstrated utilizing refrigerants24−26 and surface-
altering techniques.27,28 Surface modifications with coatings
such as pHEMA,29,30 porous structures,31 nanocomposites,32

and carbon nanotubes33,34 have all demonstrated enhanced
heat transfer coefficients by up to 180% with a pressure drop
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penalty up to 20%. Instead of surface modifications, flow
boiling instabilities such as temperature and pressure drop
fluctuations can also be addressed with inlet restrictors,
wherein the cross-sectional area at the channel inlet is
reduced.35 If such surface and geometry modifications are
employed while maintaining a low pressure drop, they can lead
to highly compact and efficient systems ideal for high-power-
density applications.
While structured microchannels can significantly improve

heat transfer coefficients, the requirement of flow splitting
between multiple small-diameter channels to maintain
reasonable pressure drops increases the complexity and
introduces the potential for flow maldistribution. Furthermore,
the majority of surface structuring techniques developed over
the past decade to enhance flow boiling are difficult or
impossible to scale,21 not characterized in terms of durability,36

difficult to manufacture on typical heat exchanger materials,33

or have been typically studied with fluids such as water or
dielectric fluids at ambient pressure.37 Limited research exists
in developing ultrascalable technologies to augment two-phase
flow heat transfer in conventional millimetric-scale channels
relevant to the majority of energy systems.
In this study, an ultrascalable, superhydrophilic, cost-

effective, simple, and highly durable surface structuring
technique for Al substrates using crystallographic hydrochloric
acid (HCl) etching is demonstrated.38,39 The crystallographic
etching technique to develop structures has three main
advantages. First, the structure length scale for etched Al is
larger than the majority of considered structures in the past,
enabling greater structure strength and resilience to external
forces such as shear and abrasion when compared to fragile
nanostructures. Second, crystallographic etching of Al results in
an all-Al structured surface that is intricately connected to the
Al substrate with no additional oxide layer or interface. This

results in the elimination of interfacial stresses and failure
modes such as delamination, interfacial cracking, and
blistering.40 Finally, common oxidation methods to enhance
heat transfer are sensitive to the chemistry of the working
fluid.41 Slight acidity in the working fluid can result in the
reduction of the structures and failure of the enhancement. To
examine the role of the structure length scale on the flow
boiling performance, we compare our samples to well-
developed nanoscale hydrophilic structures (boehmite). We
quantify the flow boiling performance in a custom-built
experimental facility with a hydrofluorocarbon refrigerant
1,1,1,2-tetrafluoroethane (R134a) as the working fluid. The
results demonstrate enhanced flow boiling thermal perform-
ance in microstructured conventional 1 m long Al tubes.
Nanostructures are conclusively shown to have a negligible
effect on the flow boiling performance. Experiments carried out
over a range of heat flux and mass flux conditions revealed heat
transfer coefficient enhancement up to 270% for etched
surfaces when compared to plain Al tubes with similar pressure
drop characteristics. To demonstrate the scalability of our
approach and ability to coat complex internal features with
ease, we demonstrate conformal Al etching of commercially
available 9.5 mm (3/8″) diameter low-fin tubing, indicating
potential enhancements approaching more complex and
expensive modification techniques such as extrusion, drawing,
and welding. Additionally, we performed a continual 28 day
flow boiling test to investigate preliminary structure durability,
demonstrating negligible change in heat transfer performance
over the entire test duration.

■ RESULTS AND DISCUSSION
Surface Characterization. The baseline tubes in these

experiments are commercially available 1/4″ plain Al tubes
with outer diameters of Dout = 6.35 mm, inner diameters of Din

Figure 1. Schematic showing the fabrication procedure developed for (I) microstructured etched Al and (II) nanostructured boehmite. Cleaning
procedure adopted for both methods remains the same and is shown in the preprocessing step.
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= 3.048 mm, and lengths of L = 90 ± 0.1 cm. The test-section
length was chosen for two reasons: (1) to demonstrate the
scalability of the technique for micro-/nanostructure fabrica-
tion on the internal surfaces of long tubes and (2) to enable
the transition from fully single-phase liquid flow to fully single-
phase vapor flow inside a single test section. While numerous
definitions exist for the classification of channels as micro/
mini/conventional,42,43 we classify our tubes as conventional,44

with two distinct structure length scales: microscale Al (∼40
μm) and nanoscale Al (∼300 nm).
The cleaning procedure used for fabricating both tube

samples was identical. The tube was first dipped in acetone for
5 min to remove organic materials and then was cleaned with
ethanol, isopropanol, and deionized (DI) water in succession
(see Section S1 for fabrication details). The HCl-etching
process on the internal surface of the tube is shown in Figure
1I. A 1 in. diameter stainless-steel (SS) tube was used as a
container with one end closed with a rubber stopper. The SS
tube was filled with 500 mL of 2 M HCl. The Al tube was
wrapped with 1 mm thick Kapton tape to maintain a smooth
outer surface and was then placed in the HCl solution and left
for 15 min. The inner diameter of the etched tube changes by
0.13 mm, and this tube was finally cleaned with DI water and
isopropanol to remove any residue, and the internal surface
was dried in air. To create internal boehmite nanostructures
(Figure 1II), the SS tube is first filled with DI water. This
solution is heated by a rope heater wound around the tube, and
the solution temperature was monitored with a T-type
thermocouple. Once the temperature reaches 90 °C, the

Kapton-wrapped aluminum tube is immersed in the DI water
for about 60 min. The heater is controlled to keep the solution
temperature between 90 and 100 °C for the duration of the
soaking process. The resulting needle-like nanostructured
aluminum tube is then removed and dried with a nitrogen
stream.45

Figure 2 shows the scanning electron microscopy (SEM),
focused ion beam milling (FIB), atomic force microscopy
(AFM), and X-ray photoelectron spectroscopy (XPS) analysis
of the two fabricated micro/nanostructured surfaces. The
etched surface displays two length scales: (1) an ∼5 μm
structure length observed through FIB and (2) an ∼40 μm
peak to valley height observed through 3-D optical
profilometry. The larger length scale is a result of etching
along the aluminum grain boundaries. The etched structures
also exhibited the largest cavity sizes (5 μm), while the
boehmite structures have much smaller pores (∼45 nm) due to
their dense interconnected layout as deduced through SEM
images. For the Al samples, Figure 2G,H shows the wideband
XPS spectra of Al 2p and O 1s with the expected binding
energy revealing the presence of Al and O on the sample
surface. The insets of Figure 2G,H illustrate the high-resolution
XPS spectra showing the presence of only aluminum oxide on
the boehmite surface and both aluminum oxide (native) and Al
metal on the etched Al surface. For additional details regarding
surface characterization, see Section S3.

Comparative Analysis of Microstructured and Nano-
structured Surfaces. The heat transfer performance for the
fabricated structures is quantified by measuring the heat

Figure 2. SEM of (A) etched Al and (B) boehmite, along with the corresponding FIB milling images identifying the height of each roughness
feature as (C) 5 μm for etched Al and (D) 100 nm for boehmite. Roughness profiles for (E) etched Al determined using confocal microscopy, and
(F) boehmite structures using AFM. XPS spectra confirmed material composition for (G) etched Al and (H) boehmite.
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transfer coefficient across the test section of interest (fabricated
structured tubes and a plain tube as a control), in a custom
flow boiling experimental facility (Figure 3A,B). While the
majority of past flow boiling work on structured surfaces has
focused on water, we characterize refrigerant boiling because of
its prevalence in a wide variety of applications where water is
inappropriate to use. The refrigerant used for testing was
R134a, which is a nontoxic, noncorrosive, and nonflammable
alternative to chlorofluorocarbons and hydrochlorofluorocar-
bons widely used in the automotive, aerospace, pharmaceutical,
and manufacturing industry. Prior to flow boiling experiments,
the facility was vacuumed to avoid contamination of the
working fluid with air. The mass flux was varied between 100
and 300 kg/(m2·s), and the heat flux was adjusted to cover
two-phase vapor qualities, the ratio of the mass of vapor to
total mass of saturated mixture, from 0 to 1. The mass flux
range studied enabled us to traverse multiple flow regimes,
which is critical to develop an understanding of the heat
transfer performance for both nucleate and convective flow

boiling regimes. The local wall temperature was measured at
six locations along the test section by one surface-mounted
thermocouple attached to the top and another thermocouple
attached at the bottom of the tube at each location. These
measurements were used to determine the local heat transfer
coefficients, and the mean of these values was reported as the
average heat transfer coefficient across the test section. A
needle valve was used to mitigate flow boiling instabilities
across the test section, while the pressure drop across the test
section was recorded using a differential pressure transducer to
quantify changes in the required pumping power. Finally, the
refrigerant was routed through a glass tube placed 3.8 cm
beyond the exit of the test section, and the flow regimes were
recorded with a Phantom High-Speed Camera at 5000 frames
per second. For further details on the experimental test section,
procedure, data reduction, and uncertainty analysis, please
refer to Sections S4 and S5.
Nucleate boiling and convective boiling are the two major

mechanisms that exist during flow boiling.46 In the nucleate

Figure 3. (A) Schematic and (B) photograph of the experimental flow boiling facility showing key instrumentation used to measure temperature
(T) and pressure (P). (C) Experimental average heat transfer coefficient (h̅) as a function of heat flux (q″) for R134a flow boiling at mass flux (G)
of (I) 102 kg/(m2·s), (II) 203 kg/(m2·s), and (III) 306 kg/(m2·s). The saturation temperatures for (I)−(III) were Tsat = 30 °C. Error for h̅ has
been represented by the shaded region. Error bars for plain and boehmite tubes are smaller than the symbols; however, the shaded region between
two data points represents the uncertainty. For further experimental details and uncertainty analysis, see Sections S4 and S5.
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boiling regime, the heat transfer coefficient is the primary
function of the heat flux, with an increasing number of
nucleation sites being activated on an increase in supplied heat.
However, the heat transfer coefficient is nearly independent of
the heat flux in the convective boiling regime. Figure 3C shows
the measured average heat transfer coefficients across the
length of the test section (h̅) as a function of wall heat flux
(q″). For all tested mass fluxes, flow boiling heat transfer
enhancement was observed for the porous etched Al tube, with
a significant increase in h̅ as a function of q″ pointing toward
nucleate boiling dominance across the test section. A
maximum increase of 270% for heat transfer coefficient was
attained at the highest mass flux case of G = 300 kg/(m2·s)
(Figure 3CIII). A strong correlation between heat flux and heat
transfer coefficients at a specified mass flux along with a
negligible effect of mass flux on heat transfer coefficients at a
specified heat flux (Figure 3CI−III) implies nucleate boiling
dominance for the microstructured etched Al surface. A similar
negligible mass flux effect is observed for the plain Al and
boehmite tubes; however, the effect of heat flux is at a
significantly lower scale when compared to the etched tube.
Thus, while nucleate boiling dominance is exhibited through
flow boiling tests with the three surfaces, the microstructured
etched surface demonstrates the greatest nucleate boiling
effect.
To gain an understanding of the enhancement mechanisms,

local properties were analyzed near the entrance (Figure 4A)

and exit of the test section. Figure 4B shows the local heat
transfer coefficients (hloc) at the location closest to the tube
inlet as a function of the local vapor quality (x), which was
varied by increasing the applied heat flux at a constant mass
flux G. Significantly higher heat transfer coefficients are
demonstrated for the microstructured Al etched tubes at all
tested mass flux values. This is attributed to a dominance of
nucleate boiling, an increase in the number of active nucleation
sites, and an increase in the bubble departure frequency.
To model the nucleation site density, we used a formulation

based on parameters such as degree of subcooling, wall
superheat, and apparent contact angle.47 Our analysis found
the length scale of active nucleation sites to range between 0.08
and 12 μm (see Section S8). The increase in local heat transfer
coefficients by 10 times for the etched Al tube at the highest
mass flux (Figure 4BIII) is attributed to the higher density of
microcavities in the desired range (∼5 μm diameter), with
boiling being sustained at lower wall superheats. The same
mechanism of enhancement applies to the lower mass fluxes as
well. An increase in heat flux leads to the activation of more
nucleation sites, resulting in the higher heat transfer
coefficients as observed in Figure 4BI−III for all examined
surfaces and for all mass flux values. When compared to the
plain Al tube, nanostructured boehmite surfaces also showed
an improvement due to the increase in nucleation sites, but the
enhancement was well below the enhancement obtained with
the microstructured etched Al surface. The lack of substantial

Figure 4. (A) Schematic of test-section showing the location of first thermocouple. (B) Experimentally measured local heat transfer coefficients
(hloc) as a function of vapor quality (x) at mass flux (I) G = 102 kg/(m2·s), (II) G = 203 kg/(m2·s), and (III) G = 306 kg/(m2·s). Measurement
uncertainty is represented by the shaded region. Error bars for plain and boehmite tubes are smaller than the symbols; however, the shaded region
between two data points represents the uncertainty. (C) Heat flux (q″) of the microstructured etched Al tube and plain Al tube as a function of wall
superheat (Tw − Tsat) at mass flux G = 102 kg/(m2·s). Error for heat flux (q″) is smaller than the symbol and has not been shown for clarity. (D)
Flow regime map identifying transition vapor qualities for isolated bubble (XIB), coalescing bubble (XCB), and annular flow (XA), at heat flux q″ = 5
kW/m2. (E) Schematic of the enhanced nucleation phenomena attributed to increased nucleation site density. Schematics are not to scale.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00524
ACS Appl. Nano Mater. 2021, 4, 6648−6658

6652

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00524/suppl_file/an1c00524_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00524?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00524?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00524?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00524?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00524?rel=cite-as&ref=PDF&jav=VoR


enhancement is attributed to the smaller cavity size of the
boehmite surface (∼45 nm) in comparison to the etched Al
surface (Figure 2). Care must be taken to optimize the cavity
size for the working fluid of interest as there exists a maximum
cavity diameter for heterogeneous nucleation, beyond which
nucleation is suppressed. The nucleation suppression occurs
due to subcooled liquid flooding on surfaces with cavities that
are too large, which leads to the suppression of vapor
entrapment in the pores. The effect of flooding is even more
detrimental for low surface tension fluids such as R134a, the
working fluid under consideration here, due to the smaller
volume of gas entrapment when compared with high surface
tension fluids such as water.48 The cavity depth also plays an
important role in nucleation. The deeper cavities on the etched
Al surface in comparison to the boehmite surface (40 μm vs
300 nm) enables greater vapor entrapment in the pores, further
enhancing heat transfer. Therefore, the combined effects of
increased cavity diameter and depth of the microstructured Al
etched surface lead to significantly enhanced flow boiling near
the test-section inlet.
The dominance of nucleate boiling near the entrance of the

etched tubes can be seen via analysis of the boiling curve in
Figure 4C. Beginning at ∼0 °C, the wall superheat varies
linearly with heat flux for the plain tube, implying convective
boiling dominance due to the independence of heat transfer
coefficient on heat flux. However, a nonlinear trend is observed
for the microstructured etched surface, implying a transition

from the convective to the nucleate boiling regime.49 Similar
nonlinear trends for the microstructured Al surface hold for
high mass fluxes.
Flow patterns have previously been shown to affect heat

transfer coefficient values, and numerous flow regime maps
exist to identify local regimes and threshold criteria for
transition between flow regimes.50,51 As shown in Figure 4D,
an appropriate flow regime map (see Section S9) was chosen
to identify the regime near the entrance of the test section.52,53

Nucleation and the resulting bubbles formed drive the thermal
performance in this region of high heat transfer enhancement
at low vapor qualities (x < 0.1). Concentrating on the bubble
characteristics (Figure 4E), an increase in the rate at which
bubbles depart from the surface, known as the bubble
departure frequency ( f),54 contributes to an increase in heat
transfer during nucleate boiling. The duration of bubble
growth is dependent on the time required for the bubble to
reach departure diameter size, and therefore, the departure
frequency is inversely proportional to bubble departure
diameter (Dd). The departure diameter is in turn related to
the wettability of the surface and the magnitude of drag force
assisting bubble departure during flow. The bubble departure
diameter Dd of the high roughness Al etched surface decreases
with contact angle (θ ∼ 0°) (see Section S10) since

θ σ ρ ρ∼ [ − ]D g/ ( )d l v
1/2, where θ is the apparent receding

contact angle as measured between the liquid−vapor interface
and solid−liquid interface, σ is the working fluid liquid−vapor

Figure 5. (A) Schematic of the test section showing the location of the last thermocouple. (B) Experimentally measured local heat transfer
coefficient (hloc) as a function of vapor quality (x) at a mass flux of (I) G = 102 kg/(m2·s), (II) G = 203 kg/(m2·s), and (III) G = 306 kg/(m2·s).
Error for hloc has been represented by the shaded regions. Error bars for plain and boehmite tubes are smaller than the symbols; however, the
shaded region between two data points represents the uncertainty. (C) Flow regime visualization recorded at test-section exit displaying a lower
liquid film thickness for the microstructured etched Al tube in the stratified wavy regime (CI) at q″ = 9 kW/m2 and an annular flow regime at q″ =
43 kW/m2 (CII).
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surface tension, g is the gravitational constant, and ρ1 and ρv
are the working fluid liquid and vapor densities, respec-
tively.55,56 In addition, the drag and inertia forces during flow
balance the capillary force (Fc), which is the force keeping the
bubble attached to the wall. The capillary force (

π θ=F D sinc d ) reduces with increased wetting associated
with etched surfaces and therefore enables bubbles to depart
the surface at smaller diameters and results in higher heat
transfer coefficients. With regard to the average heat transfer
coefficient, plain and boehmite surfaces showed similar
behavior with the exception of the highest mass flux case (G
= 300 kg/(m2·s)), where the boehmite tube exhibited a slightly
better performance, showing a 17% increase in h̅ (Figure
3CIII).
While the greater performance enhancement toward the

beginning of the test section is attributed to enhanced
nucleation characteristics, a large portion of the test section
is in the coalescing bubble/annular flow regime. Because of the
suppression of nucleate boiling at higher vapor qualities, the
degree of heat transfer enhancement toward the end of the test
section (Figure 5A) for the microstructured etched Al surface
is of a significantly lower magnitude when compared to that
observed toward the beginning of the test section. As an
example, the local heat transfer coefficient is 3 times higher
than that for the plain surface at the highest mass flux case
(Figure 5BIII). To better understand the mechanism of heat
transfer in this regime, the heat transfer and flow regime
characteristics (Figure 5B,C, respectively) were examined near
the test-section exit. At low mass flux (G = 100 kg/(m2·s))
where phase velocities are low, stratified flow was observed at
the exit of the test section where both liquid and vapor are
separated into two distinct regions with the liquid occupying
the bottom of the tube due to gravity (Figure 5CI). At higher
mass flux (G > 200 kg/(m2·s)), an increase in the vapor flow
rate results in annular flow where liquid wets the tube around
the periphery of the tube wall with a central vapor core (Figure
5CII).
A high-speed video comparison of annular flow regimes for

plain and microstructured surfaces indicates an increase in the
turbulence for the etched surface, attributed to an increase in
cavity distribution (see Section S11 and Video S1). Enhanced
turbulence results in improved vapor removal from the heated
surface as well as increased mixing of cold liquid from the bulk
toward the heated surface,57 both of which contribute to
improved heat transfer. In addition, the flow regime character-
istics also depend on the nondimensional capillary number,
which represents the ratio of the viscous force to the surface
tension force. The plain tube has an approximately 6% higher
capillary number when compared to the structured tubes;
hence, the plain tube should have a thicker film. This was
confirmed for the stratified flow regimes using the recorded
visualization images. Thinner films lead to a lower conduction
resistance across the liquid, resulting in higher heat transfer
coefficients for the etched tube toward the end of the test
section. Thus, while the heat transfer enhancement is lower
near the end of the test section, the etched tube still shows
benefit due to the significant increase in turbulence in annular
flow and marginal reduction in liquid film thickness in stratified
flow.
Because of the sudden increase in the wall temperature

associated at high vapor qualities, dry-out is another important
parameter that needs to be considered. Partial dry-out is
defined as the region in which intermittent wetting and

rewetting of fluid in the periphery of the tube wall occurs and
is found to occur at a vapor quality of approximately 0.9. This
value increases with increasing mass flux for both structured
and unstructured tubes due to an increase in the amount of
heat that needs to be supplied to reach the specified vapor
quality. While prior studies have reported enhancements in
dry-out completion with water as the working fluid,58 no
significant improvement in partial dry-out was observed in this
study, primarily due to the low liquid−vapor surface tension
working fluid being considered (σ = 8 mN/m for R134a when
compared to σ = 72 mN/m for water at room temperature).
While many prior studies focused on flow boiling enhance-

ment have not reported pressure drop,20,37 it is important to
consider since it gives a measure of the pumping cost and
changes in the saturation temperature associated with the
observed enhancements. Figure 6A shows the comparison of
pressure drop across the test section for the micro-/
nanostructured tubes with the unstructured plain Al tube.
The pressure drops across all the tubes increased with heat flux
because of the higher vapor qualities present. As expected, the
two-phase pressure drop for the microstructured Al tube is
close to 10% higher due to the largest features and highest
roughness among the tested surfaces. To quantify the
advantageous nature of the fabricated etched Al surface, an
enhancement factor, which incorporates the average heat
transfer enhancement and total pressure drop, is used and
defined as ϕe.f. = (h̅structured/h̅plain)/(ΔPstructured/ΔPplain).59 The
enhancement factor is always greater than 2 and peaks at ϕe.f. =
3.15 (Figure 6B), indicating that the detrimental impact of a
pressure drop increase is offset by a higher increase in heat
transfer coefficients.

Enhanced Durability and Microstructuring of En-
hanced Surfaces. Prolonged sustainability of previously
designed micro-/nanostructures for flow boiling enhancement
remains a concern.60 To demonstrate the applicability of the
internal microstructured etched Al surface for commercial flow
boiling applications, we examined a preliminary durability
study of the surface by conducting daily 8 h long two-phase
heat transfer experiments for a total of 28 days. The
microstructures formed on the surface of aluminum are
through crystallographic chemical etching of the base metal.
Because of the absence of a significant oxide layer, shear stress
is minimized at the metal-oxide interface when subjected to
flow. This in turn results in highly stable structures, as
confirmed through steady experimental heat transfer coefficient
results over time (Figure 6C). The proven structural integrity
of the microstructured etched surface points to their possible
use for longer time periods typically encountered in industrial
applications. In contrast, the presence of an oxide layer in the
fabricated boehmite structures can make these surfaces prone
to wear during flow and thermal cycling, primarily due to the
thermal expansion coefficient mismatch between the oxide
layer and base metal. Thus, in addition to advantages
highlighted earlier with regards to thermal performance,
chemically etched microstructures can also lead to favorable
mechanical properties during two-phase flow. It must also be
noted that since there is no specialized equipment requirement
for the structure fabrication methods described in this study,
the preparation cost is mainly related to the chemical reagent
cost. The estimated lab-scale manufacturing cost for etched Al
tube reduces to as low as $7/m2, which is lower than the
majority of alternate structure fabrication methods described in
the literature such as sintering, nanowire growth, and
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nanoparticle deposition. Figure 6D demonstrates SEM images
after application of the developed etching fabrication
procedure for four additional aluminum gradesAl 1100, Al
3003, Al 5052, and Al 7075. The formation of microstructures
similar to Al 6061 demonstrates the applicability of the process
to a wide variety of commercially available aluminum grades.
Improvement in thermal performance attributed to an

increase in surface area, and earlier flow regime transitions
have been previously demonstrated in extruded axial and
helical grooved tubes.61 While such methods are inherently
associated with significantly higher manufacturing costs,
microstructuring these tubes can lead to improved heat
transfer performance when compared to off-the-shelf alter-

natives. To examine the applicability of our fabrication
procedure to such tubes as well as to demonstrate the highly
conformal nature of Al etching, we etch existing axial grooved
tubes (Figure 6E,F). SEM analysis (Figure 6G−I) demon-
strated that Al microstructuring occurred at both the valley and
the peak of grooves, thereby demonstrating conformal coating
on more expensive and intricate internal features.
Although demonstrated here as a candidate for enhancing

flow boiling in metallic tubes prevalent in many realistic
systems, additional work is needed on multiple fronts to
further enhance the penetration of crystallographic etching to
real-life applications. Future work dedicated to flow boiling
tests in enhanced tubes that are subsequently microstructured

Figure 6. (A) Pressure drop comparison between a microstructured etched Al tube, nanostructured boehmite tube, and a plain tube at a mass flux
G = 306 kg/(m2·s). (B) Enhancement factor (ϕe.f. = (h̅structured/h̅plain)/(ΔPstructured/ΔPplain)) for etched Al tube. (C) Measured heat transfer
coefficient (h̅) as a function of time over a period of 28 days, showing negligible change and indicating structure durability. Insets showing similar
SEM images before and after flow boiling tests confirm structure durability. (D) SEM images showing microstructure formation on various
industrial Al grades. (E) Zoomed-in view of a sectioned 9.5 mm diameter etched extruded Al grooved tube. (F) Optical isometric view of the tube.
(G) Peak, (H) peak−valley−peak, and (I) valley of the enhanced tube showing conformality of the Al etching.
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can help examine heat transfer enhancement and the possibility
of reduction in manufacturing costs associated with drawn and
welded tubes. In addition, thermal performance of such
microstructures with working fluids possessing differing
thermophysical properties such as zeotropic refrigerant blends
and low global warming potential refrigerants need to be
studied. Furthermore, the presence of compressor oil in the
majority of vapor compression systems for lubrication
purposes justifies examining heat transfer effects in etched
tubing at different oil in circulation ratios. While such flow
boiling enhancements in the refrigerant side of a heat
exchanger are noteworthy, more work also needs to be done
in analyzing the overall system level performance during heat
exchange with secondary working fluids such as ethylene glycol
or air. The overall heat transfer impact is expected to be lower
due to the added resistances brought forth by the secondary
fluids. From a structure length-scale standpoint, the inves-
tigation of optimum length scales required to delay dry-out
during refrigerant flow boiling is an area that could benefit the
research community. From a manufacturing standpoint, future
work devoted to structure integrity after tube expansion to
attach fins is warranted due to the heavy use of refrigerant flow
boiling in evaporators having air-side heat transfer. In addition,
more work needs to be dedicated to durability studies for a
range of mass flux and structure length scales. Finally, the
effects of structured flow boiling performance with alternate
working fluids, tube orientations, varying channel diameters,
and varying inlet test conditions as well as in the presence of
particulate fouling present possible future avenues for inquest.

■ CONCLUSIONS

In summary, a simple, ultrascalable, cost-effective, and durable
method for flow boiling enhancement in arbitrarily shaped and
long, conventional Al tubes with refrigerant as the working
fluid has been developed. Flow boiling heat transfer experi-
ments were performed in structured tubes, ranging from the
micrometer to nanometer scale in feature height and cavity size
and compared with plain tubes. A significant increase in the
average heat transfer coefficient is reported for the micro-
structured etched tubes owing to an increase in nucleation
cavities of the desirable size range, enhanced turbulence at
higher mass flux cases, and a thinner liquid film in the stratified
and annular flow regimes. While these microstructures do
exhibit an increased pressure drop, enhancement factors
greater than 2 underlines the much greater heat transfer
improvement when compared to the added pumping cost. To
examine commercial applicability, a 28-day durability study
was performed with etched Al tubes demonstrating steady heat
transfer results with negligible performance impact. Finally, to
demonstrate the coating method in existing industrially
relevant tubes and to measure coating conformality, we apply
the etching approach on commercial low-finned Al tubing with
exceptional results.

■ METHODS
Experimental Facility. The schematic and photograph of the

experimental setup are shown in Figure 3A,B, respectively. A variable
frequency gear pump is used for circulating the refrigerant through the
flow loop, regulating the mass flux in the test section. The mass flow
rate is measured with a Coriolis flowmeter, placed at the exit of the
pump. The flow then passes through a preheater to control the inlet
conditions into the test section, which is maintained at 1−2 °C below
the saturation temperature. The preheater consists of a 500 W rope

heater wound around a 1.8 m long copper tube with a 6.023 mm
inner diameter. The heat added to the flow in the preheater is
controlled with a variac power supply. The refrigerant is then routed
to the test section, details of which can be found in Section S4. After
the test section, the saturated refrigerant passes through a brazed plate
heat exchanger coupled to an ethylene glycol chiller and is fully
condensed, so it can safely be returned to the pump. The refrigerant
temperature and pressure are measured in a variety of locations
throughout the flow loop to define thermodynamic states. Resistance
temperature detectors are used to measure the test section inlet and
outlet temperatures, and calibrated T-type thermocouples are used for
all other measurements in the loop. The system pressure is regulated
with a piston cylinder and continually measured with piezoresistive
pressure transducers. The entire facility is insulated to minimize heat
loss to the ambient. All data were recorded at steady state using a
National Instruments Data Acquisition System with LabVIEW.
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