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Superhydrophobic (SH) surfaces possess desirable anti-fouling properties due to low wettability, but have
also been shown to reduce heat transfer to subcooled water in impinging jet scenarios. In this work,
superheated silicon substrates with varying wettability (hydrophilic or HPi, hydrophobic or HPo, SH) are
quenched by an impinging water jet, where the substrate temperature is above the saturation temper-
ature. Silicon wafers are either oxidized to create HPi surfaces, coated with Teflon to make the surface
HPo, or plasma-etched and coated to create the necessary micro-texture for SH conditions. All wafers
are integrated with an electric resistance heater and then heated to temperatures of 200-320 °C before
impingement with an axisymmetric room temperature water jet of varying specified flow rates yielding
jet Reynolds numbers between 6000 and 18,000. High-speed visual data is collected, showing how the
lamellar liquid contact region, limited by thermal breakup due to boiling, grows radially as the surface
cools to temperatures below saturation. This data is correlated to temperature data recorded on the back
side of the wafer using a thermal camera. Results of this study confirm previous conjecture that surface
wettability can alter maximum heat flux, which is quantified here for the described scenario by up to
40%, and can also affect jet thin film spreading by up to 50%. Increasing initial surface temperature de-
creases thin film spreading rate on all surfaces, and increases heat transfer on all but the SH surfaces.
Increasing Reynolds number yields an increase in heat flux, and affects both the thin film spreading rate
as well as the maximum radius of the thin film region.
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1. Introduction

Liquid jet impingement is utilized in many cooling applications
due to the highly convective thin film which occurs as the jet
spreads on the surface, providing significant heat transfer from a
surface [1]. This method of heat transfer finds application in metal
processing [2], piston cooling (with oil as the working fluid) [3],
gas turbine cooling [4], and emergency nuclear reactor cooling [5].
Other important applications for jet impingement include electron-
ics cooling, rocket launchpad cooling, and rocket nozzle or jet tur-
bine cooling. One common issue in many of these industrial appli-
cations is that the ability to transfer heat is reduced when fouling
occurs due to water evaporation on the heated surface which can
lead to an accumulation of trace chemical residuals [6]. Operations
are interrupted in order to clean these surfaces, which further in-
hibits production or performance.

Superhydrophobic (SH) surfaces are a potential solution for
the issue of fouling [7]. Water-repelling SH surfaces are manu-
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factured by altering surface geometry to provide micro- or nano-
scale roughness (as shown in Fig. 1a), and by changing the sur-
face chemistry to reduce surface energy, making it inherently hy-
drophobic. With this combination of surface modification, water
only contacts the highest points of the rough surface, and air gaps
are left beneath the liquid, reducing the aggregate adhesive force
and causing the water to bead up (interior static contact angle
greater than 150°). Such low adhesion between the water and sur-
face enables high droplet mobility. Water droplets will readily roll
from surfaces, improving anti-fouling properties as water will not
remain to evaporate on the surface after impingement.

Prior works addressing the use of SH surfaces in jet impinge-
ment cooling have emphasized steady-state hydrodynamics and
low temperature heat transfer, showing that increasing hydropho-
bicity leads to a smaller hydraulic breakup radius of the thin film
region [8] and reduced convective heat transfer [9]. Here, the use-
fulness of micropost-patterned (see Fig. 1a) SH surface implemen-
tation in transient jet impingement heat transfer situations at su-
perheated wall temperatures is explored.

A schematic illustration of the radial cross-section of an im-
pinging jet on a superheated surface is shown in Fig. 1b. After ini-


https://doi.org/10.1016/j.ijheatmasstransfer.2021.121056
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121056&domain=pdf
mailto:juliecrockett@byu.edu
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121056

D.J. Butterfield, B.D. Iverson, D. Maynes et al.

Nomenclature

a jet radius

Cp specific heat

k thermal conductivity
volume flow rate

q’ heat flux

r radial distance from stagnation point

Rep Reynolds number = Q/(va)

T temperature

t time

v velocity

) wafer thickness

€ emissivity

v kinematic viscosity

P density

H heater

J jet

S surface

si silicon

w water

tial impingement, the following regions exist (shown in Fig. 1b): a
center region of high stagnation pressure; a liquid lamellar region
or thin film where convective heat transfer is dominant; a boiling
front (ry) where phase-change heat transfer is dominant and thin
film spreading is restricted by high temperature differences; and a
droplet ejection region where droplets move outward, levitating on
a self-generated vapor layer.

Heat transfer behavior of impinging jets in single-phase con-
vection [10-14], nucleate boiling (vapor bubbles generated at the
heated surface), and transition and film boiling in steady-state con-
ditions have previously been investigated. Robidou et al. showed
experimentally that heat transfer improves markedly as the nucle-
ate boiling condition is reached and then diminishes when transi-
tion boiling conditions prevail [15]. Previous authors have experi-
mentally explored several parameters with relation to boiling jet
impingement heat transfer, such as increased heat transfer with
increased jet subcooling [2,16,17]. Increasing jet velocity has also
been shown repeatedly to promote higher heat transfer [18,19].
There is a negligible impact of jet length (nozzle-to-surface spac-
ing) for boiling scenarios [15], and spatial variation in the radial
direction shows decreasing heat flux further from the stagnation
point [20]. Others have explored theoretical models based on these
parameters, with similar general results [21-23]. A review of the
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literature regarding nucleate boiling during jet impingement has
been previously conducted [24].

Several studies have also investigated the transient effects of
quenching superheated metal surfaces. This has shown a depen-
dence on surface material properties [25], and introduces a sce-
nario where convective, nucleate, transient, and film boiling heat
transfer can all occur at various points and times across a surface.
Similar results to steady-state cases, in regards to increased sub-
cooling and higher flow rates leading to higher heat transfer, were
also observed for transient cases [26-28]. In these transient stud-
ies, several experimental techniques have been utilized in order to
acquire the time-dependent data necessary for heat transfer calcu-
lations, including the use of thermocouples [29-31] or by balanc-
ing the average heat removed with the supplied heat [32]. Both
of these techniques have limited spatial resolution of data acquisi-
tion, and newer methods such as using high-speed thermal cam-
eras have been shown to improve accuracy [33].

A single paper has been published regarding the impact SH
properties exert on the effectiveness of jet impingement heat
transfer [9]. In this work, Searle et al. created a model to pre-
dict the local Nusselt number for various spatial regions along the
surface for sub-critically heated surfaces and found that with in-
creasing surface cavity fraction (ratio of etched microfeature sur-
face area to total surface area), a lower heat transfer rate was ob-
served. Reduced heat transfer occurs because the air gaps formed
beneath the impinging liquid and between microstructures act as
an insulating layer to heat transfer. However, the work by Searle
et al. only dealt with single-phase forced convection, which is
not the primary mode of heat transfer at temperatures above
saturation.

Research focused on SH surfaces at temperatures above satura-
tion has been explored for droplet impingement scenarios. Clavijo
et al. found that the water vapor generated beneath the droplet
during impact could escape through the SH microstructures such
that there was little to no nucleate boiling on the SH surfaces [34].
Instead, film boiling and Leidenfrost behavior was observed over a
broad range of impact conditions [35]. Similar effects were also ob-
served in pool boiling experiments [36]. As surface temperature in-
creases above the fluid saturation temperature in jet impingement
quenching scenarios, a boiling region occurs that restricts spread-
ing of the liquid thin film. Due to local rapid phase change, wa-
ter droplets in this region begin to elevate above the surface due
to the local generation of vapor. Since there is very little attrac-
tion between water and SH surfaces initially, the Leidenfrost ef-
fect occurs more readily [37]. However, for microstructured sur-
faces that are natively hydrophilic, or superhydrophilic, Qiu and
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Fig. 1. (a) SEM image of post microstructures on a SH surface. (b) Radial cross-section view of a perpendicular impinging jet on a heated surface. An insert shows the
differential control volume used to calculate heat flux from the surface to the water up to the thin film front, ry.
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Fig. 2. Schematic of experimental apparatus.

Liu reported heat fluxes 30% higher due to the lower contact angle
and increased contact area [38]. These data confirm wettability and
microstructure have a significant effect on jet impingement heat
transfer in the superheated regime.

Potential trade-offs remain to be clarified between the desirable
anti-fouling properties of SH surfaces and reduced heat transfer
effectiveness of film boiling. Here, jet impingement experiments
are performed to compare boiling heat transfer during quench-
ing on superheated SH surfaces to that for hydrophilic (HPi) and
smooth hydrophobic (HPo) surfaces (no surface structuring). The
jet Reynolds number is defined as Rep = Q/(va) where Q is the
jet volumetric flow rate, v is the kinematic viscosity of water and
a is the jet radius. Influence of Re (6000 < Re< 18,000) and initial
surface temperature (200 °C < Ty < 320 °C) on the thermal trans-
port physics are explored. Results are presented showing that SH
conditions have a significant impact on cooling dynamics during
jet impingement if the surface is superheated, which was previ-
ously undiscovered. Further, SH surfaces can yield increases in thin
film spreading time by up to 170% and decreases in the maximum
heat flux by up to 70%, compared to behavior for a HPi surface.

2. Methodology

This section describes the experimental apparatus, data acqui-
sition, and data analysis techniques used in this study. The experi-
mental apparatus and methodology used to collect data was simi-
lar to that of Searle et al. [39] and are briefly summarized. Impor-
tant differences of operation due to transient behavior and much
higher surface temperatures are noted.

2.1. Experimental apparatus

There are three main components that comprise the experi-
mental apparatus: the surfaces and heating elements, the jet and
associated hardware, and the cameras. A schematic of the appara-
tus is shown in Fig. 2.

An oxidized silicon wafer with diameter of 100 mm and thick-
ness 525 4+ 5 pm was used for the standard (HPi) case. Using a dig-
ital goniometer, the static contact angle with water was measured
at nominally 55°. The back side of each surface was screen-printed
with a silver paste (ESL 599-E) to create an integrated electrical
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Fig. 3. Thermal camera image of temperature across the back side of a wafer. The
alternating red and yellow lines are caused by the resistance heater, and the darker
area shows the progression of the jet across the surface. White data-averaging radial
lines are also shown. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

resistance heater. The heater was designed to have a coverage area
with nominal diameter of 50 mm, providing 0.25 2 of resistance
through a series of thin traces nominally 0.5 mm thick (see hor-
izontal heated lines in Fig. 3). Leads were attached to the heater
using a conductive epoxy (Atom Adhesives AA-DUCT 2979) con-
necting it to a 20 V, 120 A maximum DC power supply (HP 6011A).
A thin layer of flat black coating (Rustoleum® 248,903) of known
emissivity (e = 0.97) was spray painted on the entire back of the
wafer, covering the heater and allowing for thermal imaging to de-
termine the temperature across the back side of the wafer over
time. This paint layer negligibly affected the temperature measure-
ment, which was confirmed by comparing the temperature reading
from the IR camera of the bottom of the surface with the temper-
ature reading from a thermocouple placed on the top surface. The
difference in the readings was nominally 1% of the IR camera mea-
sured temperature.

HPo surfaces were created by coating the top surface of an
oxidized silicon wafer with a thin layer (100 nm) of chromium
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via electron-beam evaporation followed by a thin layer (200 nm)
of natively hydrophobic DuPont™ Teflon® (commercial brand of
polytetrafluoroethylene, PTFE). Teflon was spin-coated onto the
surface at 1000 rpm for 20 s, resulting in static water contact an-
gles of 120°, as measured by a goniometer.

The SH surfaces were fabricated by first patterning surface fea-
tures onto the same type of silicon wafer used for HPi and HPo
surfaces using standard photolithography methods. A small, 6 mm
diameter circular “target” was left unpatterned at the center of the
wafer to prevent wetting in the jet stagnation region. After pat-
terning, wafers were etched using reactive ion etching (RIE) to cre-
ate microscale posts with a pitch of 16 um, diameter of 7 pm, and
depth of 25 pm (see Fig. 1a). This resulted in a cavity fraction of
nominally 85%. Etched silicon wafers were then rendered SH with
a Teflon coating and screen-printed with the integrated heater de-
scribed previously. SH surfaces that were fabricated for this study
exhibited a static contact angle of 155 4 4°.

To provide a fully developed impinging jet, a long (15 cm) stain-
less steel blunt-tip needle with inner radius r; = 1.275 mm was
placed nominally 5 cm above the wafer. Upstream the nozzle was
connected to a rotameter which was attached to a pressure tank
containing deionized water. This allowed for an adjustable jet flow
rate and controlled the jet Rep. The wafer was placed on a hol-
low, thin-walled stainless steel cylinder which inhibited conduc-
tion from the wafer due to its relatively low thermal conductivity
and thin supporting upper rim. The water emptied from the edges
of the wafer into a 3D-printed plastic collection container that also
supported the entire subsystem.

A thermal camera (FLIR® SC6100) recorded temporally varying
temperature data at a frame rate of nominally 200 Hz. The cam-
era resolution was 320 x 256 pixels over a viewing window of ap-
proximately 55 x 45 mm. Data was analyzed only over this view-
ing window as it was sufficient to examine the wafer area covered
by the heater. High-speed images were also taken with a Photron
Fastcam APX RS located above the wafer at an angle of about 40°
normal to the surface. The high-speed images were acquired at a
frame rate of 500 Hz with a spatial resolution of 1024 x 1024 pix-
els over a viewing window of nominally 70 x 70 mm. High speed-
images were primarily used to estimate the development of the
thin film front, r¢(t), which is defined as the location of thin film
breakup. This is estimated visually along the centerline of the im-
age and the two radial values are averaged resulting in an accuracy
of £0.3 mm for ry.

2.2. Data acquisition

Test surfaces were electrically heated until the maximum sur-
face temperature reached the prescribed value, after which jet flow
was initiated and an electronic trigger to both cameras was en-
abled. Values for initial surface temperature and jet Rep are given
in Table 1. Synchronized visual and temperature data was then col-
lected. A sample image of thermal data collected beneath a wafer
is shown in Fig. 3. The temperature signature of the thin film
heater is visible in the hottest regions as thin horizontal lines, but
its effect was accounted for as explained later. The region where
liquid is in contact with the surface is apparent by the significantly
lower temperature at the center. The edge of this region is nomi-

Table 1
Experimental parameters.

Parameter Units  Values Uncertainty
Surface Type - HPi, HPo, SH -

Static Contact Angle deg, 55,123,155 +4°

Initial Temperature °C 200, 280, 320 +3°C

Jet Rep - 6,12, 18 (x10%)  +0.5 x 103
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nally where the temperature gradient is highest, both spatially (the
highest transition in temperature in Fig. 3) as well as temporally,
and has been shown to be a good approximation for the thin film
spreading front [40]. Since the heater does not cover the entirety of
the wafer, there is an initial small variation of temperature across
the surface, with the highest values near the center, and lower
temperatures outside the heater radius.

2.3. Data analysis

Local heat flux from the wafer to the jet, q¢”, was also calcu-
lated as a function of radius, r, and time, t, by first averaging the
radial temperature data over 20 equally-spaced radial lines (shown
in Fig. 3), which helped reduce error (beyond 20 radial lines the
mean change in temperature is less than 1%). Then, q”(r,t) was
found by numerically solving the energy balance of Eq. (2) for a
local control volume as illustrated in Fig. 1b:

60 oT H aT

q'(rt) = T (’%ﬂ'ar) + j—rﬁ - 8,0ch (1)
where q” is the instantaneous local heat flux from the surface to
the fluid as a function of r and t. The first term on the right hand
side represents conjugate heat transfer through the wafer in the
radial direction, where § is the wafer thickness and k;; is the ther-
mal conductivity of silicon as a function of the measured local sur-
face temperature, T. The next term consists of the heater input, gy
divided by the heater coverage area, where ry is the radius of the
heater regions. The last term represents transient storage of energy
in the wafer and is a function of the silicon properties of density,
p. and specific heat, cp, as well as T and t. After experimentation,
it was determined that the heater input was at least two orders of
magnitude lower than the other terms and was therefore deemed
negligible during the initial quenching process (for times less than
1 s). Heat loss during impingement due to natural convection and
radiation on the back side of the wafer was also neglected as it
was orders of magnitude smaller than the other terms.

The measured T(r,t) was used to calculate gq”(r,t) by numeri-
cally solving Eq. (1). Attempting to evaluate the temporal and spa-
tial derivatives of T(r,t) necessary for Eq. (1) amplifies the mea-
surement error due to the spatial and temporal resolution. This
was mitigated by fitting lines to the data and estimating deriva-
tives from this line. Specifically, a quadratic fit to the temperature
data locally was generated using a sliding, seven-point range of
data through time. The derivative in time was then calculated from
this fit line and averaged with the corresponding calculations on
each of the 20 radial lines to mitigate effects of localized heating
due to the presence of heater lines. This value was then used as
dT/dt in Eq. (1). For the spatial derivative, groups of 31 sequen-
tial temperature readings along each radial line were fit to second-
order curves. Again, the local derivative from these curve fit was
averaged with the corresponding radial location from each of the
other 20 radial lines and the resulting value was used as dT/dr in
Eq. (1). After q”(r,t) was calculated, Fourier's 1D conduction law
(" ~ —ks;(Ts — T,)/8) was used to correct the top surface (T;) tem-
perature using the silicon thermal conductivity (kq;), local heat flux
(q¢"), and wafer thickness (§). An average of the top and bottom
temperatures was then used to recompute the local heat flux from
the heated wafer to the water.

The measured temperature data was also examined by comput-
ing the total energy transfer rate from the surface, E(t), as the thin
film spreads over time:

E() :/0[ /Or"m 2718 pey (T(r.£) — Ty)drde 2)

where ry;;,, is a standard radius over which integration is performed
for each case (set to be 20 mm as uncertainty increased beyond
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this point, and the full heater radius was not encompassed in the
viewing window) and T; represents the initial temperature of the
jet. The derivative of E(t) throughout time also provided an av-
erage heat transfer rate from the surface to the water across the
viewable area of the wafer (nominally 0 <r < 20 mm). The value
of E(t) computed from Eq. (2) was normalized, E(t) by the to-
tal initial thermal energy stored in the wafer over the same radial
extent (Eq. (2) with T(r,t) = Ty(r)) in order to compare surfaces
with varying initial temperature.

Potential sources of uncertainty impacting calculations include
temperature measurements, which have +£1.2% uncertainty based
on a 95% confidence interval in averaging as explained above and
+1% manufacturer-reported instrumentation error. There is also
some uncertainty in the wafer specific heat and thermal conduc-
tivity as functions of temperature, based off curve fits to measure-
ments of these properties. Error in spatial calibration and correla-
tion was between 40.6 and 1.1%. Performing a standard root-mean-
square propagation of error analysis of the contributing compo-
nents in Eq. (1) resulted in an uncertainty on the output heat
flux of < £5%. Table 1 presents experimental conditions that were
varied in this study and the typical uncertainties in the measured
values.

3. Results and discussion

Fig. 1 b illustrates jet impingement quenching of a surface,
where the jet rapidly transitions into a radially expanding liquid
thin film and concomitantly the surface cools rapidly. This behav-
ior was captured in the high-speed images shown in Fig. 4, which
will be discussed in detail below. Localized boiling occurs in the
vicinity of the thin film edge, and correspondingly the heat flux at-
tains a local maximum at this position (see corresponding data at
the bottom of Fig. 4). This section of the paper presents qualitative
and quantitative results that demonstrate the quenching behavior
is altered dramatically when the target surface is SH. Specifically,
the results show that the spreading speed of the expanding thin
film is notably slower on the SH surface. Further, the maximum
instantaneous thermal transport is smaller on the SH surface. As
a consequence of these two dynamics, the quenching time for the
SH surface is appreciably longer than for the smooth HPi or HPo
surfaces.

Initial surface temperature and jet Rep also influence the tran-
sient thermal transport between the surface and the water. The ef-
fects of these parameters was similar for all surface types, and in
general followed trends and orders of magnitude previously exam-
ined for HPi surfaces [26-28]. First we consider the hydrodynamics
of thin film spreading as a function of initial surface temperature,
jet Rep, and surface type, and quantify spreading times for each
scenario. Subsequently, the heat transfer rate is quantified from
the measured temperature data, following the approach discussed
above, for the same scenarios. Finally, qualitative observations re-
garding wetting of the surface microstructure during the transient
process are provided.

3.1. Hydrodynamics

Images depicting jet impingement at t = 0, 0.05, and 0.1 s after
the start of impingement are shown in Fig. 4 for the SH, HPo, and
HPi surfaces at the same initial temperature (To = T(t =0s,r =0
mm) = 320 °C) and for the same jet Rep (12,000). At t =0 s the
unpatterned center target region of the SH surface is clearly visible.
Unlike the SH surface, the HPi and HPo wafers had no microscale
roughness added and thus retain their original mirror-finish. The
light streaks in the background on these surfaces are reflections
of the surroundings. Also shown at the bottom of Fig. 4 are plots
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showing the local wafer temperature and heat flux for the SH sur-
face at the same three instants in time.

The thin film region, which forms after water contacts the sur-
face, is clearly seen at t = 0.05 and 0.1 s as the round, glassy region
in the center of the image surrounded by a spray of droplets lifting
off the surface as the water boils. As mentioned before, a boiling
region formed on all superheated wafers that were tested in this
study, but the impact on the spreading behavior varied with sur-
face type. Liquid water only contacts the surface in regions where
the wafer is cooled below a sustainable film boiling temperature.
An enhanced Leidenfrost effect was expected to occur with the
SH surfaces due to the non-wetting hydrophobic microstructure,
which allows a stable vapor layer to form beneath the liquid be-
tween the posts, as has been seen with pool boiling, microchannel
flow and droplet impingement research [34,36,37]. The images of
Fig. 4 reveal that the thin film region is smallest for the SH sur-
face compared to the other surfaces at the same time due to this
enhanced effect. The spreading rate of the thin film region impacts
heat transfer because it alters how rapidly water contacts and cools
a surface (more rapid spreading facilitates more rapid heat trans-
fer).

As shown in the images and the T(r,t) and q”(r,t) data shown
at the bottom of Fig. 4, the thin film front location measured with
high-speed imaging is at approximately the same radius as the
measured maximum local heat flux. Fig. 5 shows the normalized
instantaneous radial position of the thin film front (ry/a) deter-
mined from the high-speed images as well as the normalized loca-
tion of maximum heat flux (r4/a) for all three surfaces. The data of
Fig. 5 correspond to Ty =320 °C and Rep = 12,000, but all other
cases show similar trends. The instantaneous edge of the thin film,
selected from the high-speed images, is shown with hollow blue
markers (left axis) and the maximum heat flux location is shown
with solid red markers (right axis). Locations of the edge of the jet
radius and SH target radius are shown with blue and gray shading
for reference. Nucleate boiling, which typically demonstrates the
highest heat flux, occurs over a finite region, but the peak in heat
flux occurs at the center of this nucleate boiling region. The thin
film front forms slightly beyond this point radially as transition
boiling and film boiling begin to dominate. The maximum heat flux
location is thus always slightly smaller than the measured thin film
location, consistent with previous findings [41,42]. However, since
the two locations are very close, the location of maximum heat
flux is employed in subsequent comparisons presented here.

The thin film spreads most rapidly on the HPi surfaces and thus
for the same instant in time the initial interfacial contact between
the surface and the thin film is the greatest for this surface. In con-
trast, the spreading rate is slowest on the SH surface, due to the
enhanced Leidenfrost effect. Fig. 6 compares the measured time, ¢y,
for the thin film to spread 4, 8, and 12 jet radii from the stagnation
point for the three different surfaces. The left panel of the figure
shows results at Tp = 200, 280, and 320 °C (all at Rep = 12,000),
while the right panel shows results at Rep = 6000, 12,000, and
18,000 (all at Ty =280 °C). Shorter data bars indicate a shorter
time to reach the corresponding normalized location on the wafer,
or faster spreading and greater liquid contact. For all cases, the
fastest and slowest spreading occurred on the HPi and SH surfaces,
respectively. For example, at Tp =200 °C, ¢; for 12 jet radii was
63% lower for the HPi case compared to the SH surface. Indeed,
for all values of n (4, 8, and 12), t; was always largest on the SH
surface and this behavior was enhanced as Ty increased. This in-
crease in t; quantitatively supports the idea that SH surfaces gener-
ally enhance Leidenfrost conditions, delay thin film spreading and
suppress boiling. The net result should be an overall slower rate of
surface cooling. Results for the HPo surface show that for n = 4 and
8 the HPo and HPi surfaces yield similar ¢ values, although they
are always slightly greater for the HPo surface. At n = 12, however,
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Fig. 4. Images showing impingement at multiple times on the HPi (top), HPo (middle) and SH (bottom) surfaces with T, =320 °C and Rep = 12,000. Temperature and heat
flux as functions of time and radial position are also shown for the SH surface, with shaded regions indicating typical uncertainty.
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Fig. 5. Non-dimensional thin film radius (r;/a) and location of maximum local heat
flux (ry/a) as functions of time and surface type for T =320 °C and Rep = 12,000.

t; on the HPo surface showed greater deviation from the HPi data.
Comparing HPo surface behavior to that of SH surfaces shows that
adding surface roughness results in slower thin film spreading for
inherently hydrophobic surfaces.

The influence of jet Rep on ¢y is illustrated in Fig. 6b. In general,
increasing the inertia of the subcooled liquid yields faster cool-
ing and spreading, regardless of surface type. As Rep increases, ty
decreases, although this effect appears to diminish with increas-
ing Rep. Note that at Rep = 6000, the thin film never spreads
to 12 radii for any of the surfaces. Further, for the SH surface,
the film never even reaches 8 radii. This occurs because the film
breaks up into droplets at a point where the jet momentum is bal-
anced by the inward pull of surface tension on the film, which oc-
curs at smaller radial positions as Rep is decreased. This is visual-
ized in Fig. 7, where instantaneous images at times much greater
than 0.1 s are shown with Rep of 6000 and 12,000. At Rep =
12,000 the maximum spread radius is 2.6 times greater than for
the Rep = 6000 case. In this work the maximum thin film radius
was always greatest for the HPi surfaces and smallest for the SH
surfaces.
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(To = 280 °C).

Fig. 7. Maximum thin film spreading for the SH surface at (a) Rep = 6000 and (b) Rep = 12,000, with Ty = 280 °C.

3.2. Heat transfer

The temperature and heat flux data shown at the bottom of
Fig. 4 for the SH surface reveals the following important points.
First, the surface cools rapidly at the center of the wafer and q”
is @ maximum at t =0 s and r = 0 mm (stagnation point). Second,
with increasing time the surface cools and approaches the temper-
ature of the impinging jet in the thin film region, where q” also
decreases rapidly. The vertical dashed lines shown for t = 0.05 and
0.1 s mark the edge of the thin film region, which also corresponds
to the boiling front. This is shown in the high-speed images of
Fig. 4 as the white or lighter region where droplets are ejected
from the surface. The local heat flux is at a maximum value (for
t > 0 s) just inside the boiling or thin film front.

Surface temperature as a function of time and radial position
for the SH surface is shown in a 3-D plot in Fig. 8a for Rep
=12,000 and Ty =320 °C. As expected, the stagnation region
(r=0 mm) cools much more rapidly compared with outer radial
positions. Large temporal and spatial temperature gradients are ev-
ident as the surface rapidly cools due to the spreading thin film.
The higher surface temperature far from the stagnation point sug-
gests that droplet movement past the surface beyond the edge of
the thin film (shown in Fig. 4) exerts negligible influence on sur-
face cooling. Fig. 8b shows the instantaneous local heat flux for the

same conditions and parameters as Fig. 8a and shows more clearly
how the SH wafer cools. Thermal energy is transferred due to spa-
tial and temporal temperature gradients and the peaks in heat flux
correspond to the locations in Fig. 8a where the temperature gra-
dients are a maximum. Starting with the maximum heat flux at
r=0 mm and t =0 s, the peak heat flux decreases in magnitude
with increasing time due to the decreasing difference in surface
and jet temperatures. The peak heat flux also decreases with in-
creasing radial location as the thin film spreads and heats up, again
lowering the temperature difference.

Instantaneous heat flux for the HPo and HPi surfaces are shown
in Fig. 8c and d, respectively, for the same Rep and Ty. Similar over-
all trends exist for all surfaces. The initial heat flux is highest for
the HPi surface (d) and it cools more rapidly than do the SH (b) or
HPo (c) surfaces, as evidenced by the strong curvature in the heat
flux peak with increasing time. More quantitative heat flux data
will be compared for the three surfaces later in this section.

Fig. 9 provides the surface temperature and local heat flux as
functions of radial position for all surface types at three different
times: t = 0, 0.05, and 0.15 s. The curves shown represent temporal
slices of the 3-D plots shown in Fig. 8 and correspond to the same
experimental conditions. At t =0 s the surface temperature distri-
bution for all three surfaces is similar, however, the peak in local
heat flux for the SH case is 29% lower than for the HPi surface and
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Fig. 8. Surface temperature (T(r,t)) and heat flux (q”(r,t)) data at Ty =320 °C and Rep = 12,000. (a) Wafer surface temperature as a function of radius and time for the
SH surface. (b-d) Heat flux as a function of radius and time for the SH (b), HPo (c), and HPi (d) surfaces.

the jet spreads the slowest across it. There exists a negligible ra-
dial temperature gradient near the stagnation region at t = 0 s, al-
though large temporal temperature gradients exist at larger r that
differ significantly for the three surfaces.

Fig. 9 b again illustrates that while the thin films on the HPi
and HPo surfaces have spread to nearly the same radial location
(r=7-8 mm) by t =0.05 s, on the SH surface the thin film re-
mains confined to r < 4 mm. Consequently, there is a much smaller
area that has been cooled by the jet. By t = 0.15 s (panel c), much
of the surface has been cooled to subcritical temperatures, and the
peak local heat flux is greatly diminished for all surfaces.

To further connect the heat transfer behavior to the thin film
hydrodynamics, the total normalized energy transferred from the
wafer (E(t)) was computed using Eq. (2). Fig. 10a provides data
illustrating the differences in E(t) between surface types for the
two extreme Ty values considered and at Rep = 12,000. Initially,
significant thermal energy is transferred to the jet, indicated by
the steep slope of the E vs. t curve. The curve then begins to level
off as much of the surface has cooled and the temperature is no
longer changing significantly in time. This is concomitant with a
transition from latent to sensible energy transfer as the entire sur-
face cools, boiling ceases, and single-phase convection becomes the
dominant mode of heat transfer.

Due to high spatial temperature gradients, E(t) can exceed
unity at large t. Values of E(t) in excess of unity result because
of conjugate heat transfer as thermal energy is conducted through
the wafer from outside the ry;, region. This is especially true for
SH and HPo surfaces, where the thin film spreads more slowly (see
Fig. 6a). The slope of the E(t) curves corresponds to the initial nor-
malized heat transfer rate, which is relatively constant for a sig-
nificant portion of the total quenching time. Fig. 10a shows that
heat transfer is greater at Ty =200 °C than at Ty =320 °C for
all surface types, indicated by the steeper slopes for corresponding
lower-temperature cases, which will be quantified later. Fig. 10b

shows the differences in E(t) for the two extreme Rep cases con-
sidered (Ty = 280 °C). Although not shown, the Rep = 12,000 data
is nominally midway between the Rep = 6000 and 18,000 sce-
narios. Once again, the normalized energy transfer is initially high
(steep gradients). At low Rep, the E(t) curve changes gradually
with time. In contrast, at Rep = 18,000 it changes much more
abruptly due to the much faster quenching. As was mentioned pre-
viously, at Rep = 6000 the maximum radius where the thin film
breaks up into droplets is smaller than r;,,. A result of this is that
the initial thermal energy stored in the wafer is not completely re-
moved over the time frame explored. This is demonstrated by the
E(t) curves not reaching a value of unity in Fig. 10b.

The data of Fig. 10 also shows that surface type impacts heat
transfer significantly. At all Rep and Ty conditions tested, ther-
mal transport to the jet is slowest for the SH surface and most
rapid for HPi surface. At Rep = 12,000 (Fig. 10a), the HPo data lies
nearly halfway between the data for the SH and HPi surfaces. How-
ever, at Rep = 6000 (Fig. 10b), the behavior for the HPo surface is
more similar to the SH surface. In contrast, at higher values of Rep
(18,000), the energy transfer rates for the HPo and HPi surfaces are
similar.

The temporal derivative of E(t) provides an average rate of the
heat transfer throughout time over the area of the viewing win-
dow (0 <r < 20 mm). To quantify the qualitative results shown in
Fig. 10, initial rates of heat transfer were determined by evaluating
the temporal derivative of the first 0.05 to 0.3 s of E(t) data. The
gradient was determined for all cases over the time period where
the E(t) vs. t curves were linear. Shown in Fig. 11a is the initial
heat rate, gg, (in units of W) plotted as a function of Ty (horizontal
axis) for all surface types (denoted by marker shape) and at Rep
= 12,000. Similarly Fig. 11b provides the heat rate as a function
of jet Rep for all three surface types at Ty =280 °C. The general
behavior is discussed below with regard to Tp and Rep and this is
followed by an analysis of the influence of the surface type.
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at (a) t=0 s, (b) 0.05 s, and (c) 0.15 s for Ty =320 °C and Rep = 12,000. SH
surfaces clearly have the lowest initial heat flux values, and cool the slowest.

The initial heat transfer rate is influenced by competing effects
due to varying Ty, leading to the results shown in Fig. 11a. As Ty
increases, more initial energy is available to be transferred and
higher temperature differences between the jet and the wafer ex-
ist. However, elevated temperatures also result in slower thin film
spreading due to boiling at the edge of the thin film that inhibits
spreading. The combination of these two competing effects results
in heat transfer rates for the SH and HPo surfaces that vary only
modestly with Ty. However, for the HPi surface, at Ty = 200 °C the
heat transfer rate is more than three times higher than for other
initial temperatures. This occurs because the Leidenfrost point has
not been reached for this surface type and thus the thin film
spreads notably faster as the surface does not need to cool as much
in order for water to be in good contact over the entire thin film
region (see corresponding E(t) curve in Fig. 10a).

In contrast to the competing effects of Ty, increasing the jet Rep
increases the initial heat rate for all cases. This is illustrated in the
results of Fig. 11b. Increasing Rep always yields faster thin film
spreading (see Fig. 6b), which directly impacts the rate at which
heat is transferred from the surface to the wafer.

The data of Fig. 11a and b also reveals that surface type exer-
cises significant influence on the initial heat transfer rates. In gen-
eral, the heat transfer rate for the HPi surface is consistently higher
than that for the SH surface with corresponding experimental con-
ditions, which correlates to the steeper gradients seen in Fig. 10.
As noted above, at Ty = 200 °C and Rep = 12,000, the heat trans-
fer rate for the HPi surface is nominally three times greater than
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Fig. 10. Normalized thermal energy transferred as a function of time for varying
(a) Ty (Rep = 12,000) and (b) Rep (To = 280 °C).

for the HPo surface and approximately four times greater than for
the SH surface. At Tp =280 and 320 °C the respective heat rates
for the HPi surface are approximately 30 and 50% greater than for
the SH surface. These results support the idea that increased hy-
drophobicity preserves or enhances Leidenfrost behavior, even at
lower temperatures. The initial heat transfer rates for the HPo sur-
face yield values similar to those of SH surfaces at some condi-
tions, but closer to the HPi surface results for other conditions. At
Rep = 6000 and Ty = 280 °C the initial heat rate for the HPo and
SH surfaces are nominally the same and are approximately 40%
lower than for the HPi case. In contrast, at this same Ty at Rep =
18,000, the results for the HPo and HPi surfaces are nearly identi-
cal, although the heat rate for the SH surface is approximately 40%
lower. This transition in behavior is not entirely understood, but
it is likely caused by competing hydrodynamic and thermal effects
associated with each of the surface types. The SH and HPo surfaces
in general yield hydrodynamic behavior that tends to be more sim-
ilar than the HPi surface. However, the HPo and HPi surfaces are
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both smooth and do not have underlying cavities that inherently
reduce heat transfer and enhance Leidenfrost behavior.

The initial average heat rates discussed above provides insight
into differences in heat transfer behavior for the various surface
types, To, and Rep explored. However, local heat flux values also
add insight into the thermal transport from the surface to the
jet, as was shown in Figs. 8 and 9. At radial locations beyond
r~ 6 mm, the instantaneous maximum local heat flux on a sur-
face decreases uniformly as the peak moves outward radially with
increasing time. This is shown by the peaks in heat flux in Fig. 8b-
d. Because this local maximum heat flux varies with time and
occurs at different radial locations as the thin film spreads, here
we condense the data for simpler comparison and provide an-
other metric of heat transfer comparison between the three sur-
face types. To do this the maximum local heat flux values were
averaged over the time period that corresponds to when the peak
moved from r =6 to r =20 mm. These averaged maximum heat
flux values (qjn.x) are shown as functions of T in Fig. 12a at Rep =
12,000, with the three surface types delineated by different mark-
ers, similar to Fig. 11a. In contrast to the initial total heat rate

10

comparison, there is a definitive increase in §j,,, with increasing
Tp, showing strong dependence on the driving temperature differ-
ence. Fig. 12b shows ;. as a function of Rep at Ty =280 °C. A
general trend of increasing ., with increasing Rep is also ev-
ident, regardless of surface type, similar to the initial heat rate
data.

The data displayed in Fig. 12a and b clearly shows that /.,
for the HPi surface is always significantly higher than for the SH
surfaces. The largest difference can be seen at the lowest Rep,
where . is 263% higher for the HPi surface than for the SH sur-
face. The average difference for the other conditions is nominally
1.2 MW/m?, corresponding to values that are 50-80% higher on
the HPi surface. In fact, the flow rate for impingement on the SH
surface must be nearly triple that of HPi surfaces to reach approx-
imately the same §J,, value.

The values of §j,,. for the HPo surface show similar variabil-
ity as the initial heat rate values discussed above. At Rep = 6000,
max for the HPo and SH surfaces are similar. And, at the maximum
Rep and Ty values considered, ¢/, for the HPo and HPi surfaces

Imax
are nominally the same. As noted above, this changing dynamic is
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likely due to competing hydrodynamic and thermal characteristics
of the surfaces.

4. Conclusions

Jet impingement quenching of superheated smooth HPi (6 =
55°), smooth HPo (6 = 123°) and micropost-patterned SH (6 =
155°) surfaces was investigated. Initial surface temperature was
varied from Ty = 200 to 320 °C and jet Reynolds numbers of Rep
= 6000, 12,000, and 18,000 were explored. Typical jet quenching
behavior was observed for all cases, including the rapid formation
of a convective liquid thin film bounded by a region of vigorous
boiling and localized high heat flux. Conclusions about heat trans-
fer can be drawn based on the three parameters varied: Ty, jet Rep,
and surface type.

Results from this study show that for increasing Ty the spread-
ing of the jet thin film is impeded on all surface types. This is due
to rapid vaporization creating a barrier to liquid-surface contact
and yielding high localized heat transfer. However, the increased
temperature also increases the driving potential for heat transfer,
resulting in higher local heat fluxes. Increased driving temperature
difference and impeded thin film spreading result in competing in-
fluences on average heat transfer rate over the surface.

Increasing jet Rep adds fluid momentum that can overcome the
effects that impede thermal transport, leading to faster and farther
thin film spreading. This was reflected in the numerical heat trans-
fer comparisons of heat flux and heat rate, which both increased
an average of 200% for all surface types when jet Rep was in-
creased from 6000 to 18,000.

Finally, surface type was shown to have a large impact on jet
impingement heat transfer. The thin film spread more slowly on
the SH surfaces compared to HPi and HPo cases due to an en-
hanced Leidenfrost effect, which also lowered the heat transfer
rate. Quantitative comparisons between the SH and HPi surfaces
showed the former had up to 70% lower values of both averaged
maximum heat flux and initial total heat rate.
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