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ABSTRACT
Jet impingement can be particularly effective for removing

high heat fluxes from local hotspots. Two-phase jet
impingement cooling combines the advantages of both
the nucleate boiling heat transfer with the single-phase
sensible cooling. This study investigates two-phase confined
jet impingement cooling of local, laser-generated hotspots
in a 100 nm thick Hafnium (Hf) thin film on glass. The
jet/nozzle diameter is ∼1.2 mm and the normal distance
between the nozzle outlet and the heated surface is ∼3.2
mm. The jet coolants studied are FC 72, Novec 7200, and
Ethanol with jet nozzle outlet Reynolds numbers ranging
from 250 to 5000. The hotspot area is ∼0.06 mm2 and the
applied hotspot-to-jet heat fluxes range from 20 W/cm2 to
350 W/cm2. This heat flux range facilitates studies of both
the single-phase and two-phase heat transport mechanisms
for heat fluxes up to critical heat flux (CHF). The temporal
evolution of the temperature distribution of the laser-heated
surface is measured using infrared (IR) thermometry. This
study focuses on the stagnation point heat transfer - i.e.,
the jet potential core is co-aligned with the hotspot center.
For ethanol, the CHF is ∼315 W/cm2 at Re ∼ 1338 with a
corresponding heat transfer coefficient of h ∼ 102 kW/m2·K.
For FC 72, the CHF is ∼94 W/cm2 at Re ∼ 5000 with a
corresponding h ∼ 56 kW/m2·K. And for Novec 7200, the
CHF is ∼108 W/cm2 at Re ∼ 4600 with a corresponding
h ∼ 50 kW/m2·K.
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NOMENCLATURE
A Area, mm2

D Diameter of the jet nozzle, mm
Re Reynolds number
H Jet nozzle to heated surface distance, mm
HTC, h Heat transfer coefficient, kW/m2·K
k Thermal conductivity, W/m·K
Cp Volumetric heat capacity, J/K·m3

P Laser Power, W
T Temperature, K
q′′ Heat flux, W/cm2

R Reflectance

Greek symbols

σ Absorbance

Subscripts
FS Fused Silica
HS Hotspot
f Fluid
jet Jet
Hf Hafnium
th Thermal
net Net
eff Effective

INTRODUCTION

Currently, heat removal from microelectronic devices is
a critical challenge that severely impacts the reliability and
durability of the devices. Micro-electronic devices are getting
smaller, faster, and providing more functions. This trend is
leading to more heat flux generation. Additionally, in some
cases, the heat flux distribution is not uniform within the
device. That leads to extremely high heat flux zones, i.e.,
hotspots, which are much higher than the average heat flux of
the device. Failure to remove the heat flux from these hotspots
will lead to significant temperature rise and the eventual failure
of the device. According to Mitsutake et al., future devices will
require active cooling methods that can remove heat flux of
the order of 100 MW/m2 [1].

For high heat flux removal, liquid cooling is more suit-
able compared to traditional air cooling. Liquid has higher
thermal conductivity and higher heat capacity. As a result,
liquid cooling has higher effusivity, resulting in a higher heat
transfer coefficient. There has been significant research interest
in novel liquid-based convective and phase change cooling
methods. Some of these cooling methods include single-
phase jet impingement [2], two-phase jet impingement or jet
impingement boiling [3], heat pipes [4], thermosyphons [5],
immersion cooling [6], micro-channel flow [7], spray cooling
[8], pool boiling [9], flow boiling [9], etc.

This work studies the high heat flux cooling method called
confined jet impingement cooling. Fig. 1 depicts the flow-field
of this confined jet cooling configuration that is applicable for
both single-phase and two-phase heat removal in the stagnation
zone. This study compares the cooling performance at the
stagnation point with multiple coolants (e.g., Ethanol, FC
72, and Novec 7200) and hotspot heat fluxes generated at
the stagnation point by a diode laser. In general, this study
disseminates the cooling performance in terms of both the



Fig. 1: Confined jet impingement cooling.

hotspot-to-fluid heat flux (q′′) and the heat transfer coefficient
(h).

The heat transfer coefficient (HTC) is one of the most
critical cooling performance metrics for convective cooling
methods. HTC is a function of the flow field, cooling device
geometry, thermo-fluid properties of the coolant, and the
thermal properties of the heated surface. The HTC is defined as
heat flux removal per unit temperature rise. Hence, the higher
the HTC, the better the cooling method is at maintaining
the device temperature within the desired setpoint temperature
range during steady or transient heat load conditions.

It is critical to understand the flow field to understand the
factors impacting the cooling performance of jet impingement
cooling. As illustrated in Fig. 1, after the jet exits the nozzle,
a shear layer is formed between the jet and the ambient fluid.
Inside this turbulent shear layer is the high-pressure potential
core [2]. In the jet flow field, a central part keeps a constant
velocity, the same as the velocity at the nozzle outlet. This
irrotational part is again the potential core of the jet [10]. Due
to the continuous spreading/growth of the shear layer, at a
given distance from the jet nozzle, the potential core ceases to
exist, and the centerline velocity starts to decrease. This region
is called the jet development region. Then, the jet velocity
gains a Gaussian profile, and the flow field becomes self-
similar. This region is the fully developed jet [2]. The length-
scales of the free jet, potential core, and shear layer regions are
typically correlated with the ratio between the nozzle height
and nozzle diameter (H/D). The shear layer continues to grow
as the jet approaches the stagnation zone, generating flow-
field instabilities, eddies, and vortex structures. Such vortices
are not depicted in Fig.1; however, the vortices interact with
surrounding fluid and cause a reduction in the velocity of the
jet. This interaction can also effectively increase the flow rate
that the heated surface surfaces ‘sees’ by drawing fluid from
the environment. This is defined as the entrainment flow [11],
[12].

The potential core typically exists within a distance of 3-4
jet nozzle diameters. After the jet hits the surface, it loses its
axial velocity. As a result, the static pressure rises suddenly.
The region of the surface, where the jet impinges, is defined

as the stagnation zone. Surrounding the stagnation zone region
is the acceleration region - i.e., the flow-field region where the
flow direction begins to transition from normal to the surface
to parallel to the surface. Lastly, the radial region is where
the fluid velocity is parallel to the surface. This region is also
called the wall jet region. The velocity profile in this region
is comparable to the flat plate boundary-layer profile, but this
region has two distinct shear layers — one with the plate and
the other with the ambient fluid at the top. Moreover, due to
these two shear layers, turbulence in a wall jet is much higher
than that of the boundary layer flow. Like the free jet region,
the wall jet region also gains a self-similar profile at large
radial distances from the stagnation zone [12].

Over the last several decades, research on predicting the
HTC for various experimental conditions has been of utmost
importance [1], [2], [13]–[29], [29]–[32]. One of the key
parameters for submerged/confined jet impingement is the
separation distance between the jet nozzle outlet and the heated
wall surface H (or the ratio of H/D). The HTC decreases
when the H/D < 2 as the jet does not have enough space
to become fully developed. It has been found that maximum
HTCs are achieved when H/D ≤ 5, when the H/D > 6, the
HTC decreases significantly [2]. Another critical parameter
for confined jet impingement is the mean jet velocity (or
jet Reynolds number, Re). An increase in jet impingement
velocity (or jet Reynolds number) results in an increase in the
HTC. The HTC is found to be the highest within the stagnation
zone. The peak or maximum HTC is either at the stagnation
point or the edge of the stagnation zone. Webb et al. [33],
and Zuckerman et al. [2] have compiled local HTC profiles in
the radial direction. Generally, the HTC gradually decreases
as the radial distance from the stagnation increases.

One of the most effective ways to gain greater cooling
performance is through introducing phase change (liquid-to-
vapor) in jet flow. The point at a jet impingement boiling curve,
where the jet flow transitions from single phase to two-phase is
defined as the onset of nucleate boiling. The nucleate boiling
regime is defined by the two-phase heat transfer process where
small vapor bubbles are created that quickly detach themselves
from the heated surface; thus, enhancing the overall rate of
heat transfer. The upper limit of this regime is the Critical
Heat Flux (CHF). Beyond this point, heat transfer performance
drops, and the boiling curve falls into the transition boiling
regime. In this regime, unstable vapor blankets form and
collapse, accompanied by intermittent wetting of the surface.
Hence, it is crucial to know the onset boiling heat flux and the
CHF to keep the boiling curve in the nucleate boiling regime
and achieve the highest heat transfer performance.

CHF occurs due to the slower liquid supply rate to the
heated surface compared to the vapor production rate. Katto
and Kunihiro [34] were among the first to suggest that the
impinging liquid jet can increase the fluid supply to the heater
and increase the CHF. Most studies indicate that with increas-
ing jet velocity, the CHF will increase [34]–[36]. Faster jet
velocity helps pierce the vapor layer and provides continuous
liquid supply to the heated surface. This results in the widening



Fig. 2: Overview of the two-phase confined jet impingement setup for cooling local hotspots generated by a focused diode laser.
(a) Laser heating schematic emphasizing the in-situ IR thermometry method and laser power monitoring with a photodetector.
(b) Schematic of the jet impingement flow-loop using a dual syringe pump configuration and four one-way flow valves. (c)
Schematic illustration of hotspot segmentation from the IR image of hotspot, and the tracking of the hotspot center temperature
and area-averaged temperature. (d) Temporal evolution of the averaged hotspot temperature after the initiation of laser diode
heating at t = 0 seconds.

of the nucleate boiling regime. However, according to some
studies [35], [37], this CHF increment is only significant at
lower velocities, while at higher jet velocities, the increment in
CHF is not prominent. Another critical parameter that impacts
the CHF greatly is jet subcooling. Subcooling is defined as
the difference between the jet temperature at the nozzle outlet
and the coolant boiling point. Subcooling typically increases
the CHF [38]–[40]. Due to subcooling, the vapor bubbles are
absorbed in bulk fluid via sensible heat transfer to the bulk
fluid. As a result, subcooling helps reduce the void fraction
and increases the rate of sensible heat transfer [3].

While all of the aforementioned parameters affecting the
CHF have been extensively studied, almost all these studies
focus on either the constant surface temperature or constant
heat flux configurations with the heated surface region being
much greater than the width of the stagnation zone. This
study focuses on the highly localized, micro-scale hotspot
heat removal process by two-phase jet impingement cooling

at the stagnation point, where the jet and the hotspot are co-
aligned and hotspot size (DHS) is small in comparison to the
jet nozzle diameter (or width of the stagnation zone) - i.e.,
DHS/D ≈ 0.23. Dielectric liquids Novec 7200 (made by 3M
Inc.), FC 72, and Ethanol were chosen as the jet coolants.
The boiling onset and the CHF are studied as a function of
inlet jet velocity (or jet Reynolds number). The jet Reynolds
number from the nozzle outlet is varied from Re≈ 250 to Re≈
5000. Heat transfer data is also provided with these different
fluids for the confined, stagnant fluid condition (i.e., Re≈ 0).
The heat transfer performance data for these different coolants
are disseminated using traditional cooling performance curves,
facilitating subsequent use of the CHF, incipient, nucleate
boiling results by the heat transfer community in other two-
phase, hotspot cooling architectures.

EXPERIMENTAL SETUP
This confined jet impingement cooling study uses a simple

confined jet chamber based on an O-ring seal between two



fused silica (FS) glass windows. One of the glass windows is
coated with a thin film Hafnium (Hf). This Hf thin film coating
acts as both the heater and thermometer of the experimental
setup. The Hf-glass window was fabricated by depositing
∼100 nm of Hf on an Infrared (IR) transparent FS glass
window via DC magnetron sputtering. A diode laser locally
heats the Hf thin-film and creates the hotspot heat source,
as depicted in Fig. 2a. The jet coolant is issued through the
center of the glass window by a syringe needle, such that the
jet creates a normal angle of incidence while impinging on
the Hf thin-film. Additionally, two syringe needles, passing
through the O-ring seal, function as the outlets for the spent
flow. For this study, H/D is kept constant at a value of ≈
2.64, where the nozzle outlet to heated surface distance is
H ≈ 3.175 mm and D ≈ 1.2 mm. The later sections describe
the hotspot heating in detail.

Fig. 2a presents the hotspot generation by heating with
a focused diode laser, the cooling of the hotspot by the
impinging confined jet, and the subsequent spatiotemporal
temperature measurement of the Hf thin film using the IR
camera schematically. A blue laser (450 nm), partially ab-
sorbed by the Hf thin film (R ∼ 45 %, transmission < 0.1
%), creates the hotspot. The hotspot size in the Hf thin film is
maintained to be ∼ 0.06 mm2 (0.138 mm in radius) with the
help of a focusing lens. A LED current-voltage driver is used
to control the laser power. The reflected laser light from the
Hf thin film is captured by a photo-detector, where the output
voltage of the photo-detector is monitored by an oscilloscope,
as represented in Fig. 2a. The response of the photo-detector
allows in-situ temporal heat input monitoring.

A jet flow-loop configuration with a dual syringe pump
cools the hotspot, as depicted in Fig. 2b. A computer-
controlled stepper stage is connected with two stainless steel
piston syringes. When the stepper stage moves in one direc-
tion, the coolant is simultaneously displaced out of one piston
syringe and into the other piston syringe. The combination of
four one-way valves provides a continuous jet flow regardless
of the piston pumping direction. The later section describes
the spatiotemporal temperature evolution monitoring in more
detail.

A FLIR IR camera (spectral sensitivity: 1.5 - 5 µm, pixel
size ∼ 14.42 µm, window size: 160 × 128, and frame rate:
603 frames per second) is used to capture the spatiotemporal
temperature of the hotspot. A K-type thermocouple is used
to calibrate the IR camera. The accuracy of the IR camera
temperature is within ± 0.2− 0.6 K when the temperature is
below 40 ◦C, whereas the uncertainty increases to ± 1− 2 K
when the temperature is above 45 ◦C. The emissivity of the
Hf thin film and the transmissivity of the IR transparent FS
window were measured by following the procedure outlined
by FLIR [41].

As the heating condition is for a local, micro-scale hotspot,
the captured IR frames need post-processing to extract the
hotspot temperature. Fig. 2c presents how the IR images are
processed to extract the spatiotemporal temperature evolution.
The hotspot depicted in the upper left in Fig. 2c corresponds

to laser diode heating of a stagnant coolant pool inside the
chamber (i.e., no impinging jet (Re≈ 0) and a low laser
power to avoid incipient or nucleate boiling over the hotspot).
The subsequent series of hotspot images corresponds to laser
diode heating at near critical heat fluxes with an impinging jet
(Re≈ 5000). The Hf thin-film is assumed to have a thickness-
independent hotspot temperature since the Hf thin-film is only
∼100 nm in thickness. However, the in-plane temperature
distribution in Hf thin-film is highly nonuniform (as depicted
in Fig. 2c). At low laser powers (or wall heat fluxes) the
temperature profile follows a gaussian distribution, whereas
at higher laser powers (or wall heat fluxes) the temperature
profile follows a top-hat distribution with some quadrant-
heating characteristics due to the quadrant-design of the laser
diode source.

For spatiotemporal analysis of hotspot temperature (Fig.2c),
we use both the Canny edge detection method [42] and
the floodfill method to segment the hotspot region-of-interest
(ROI). A binary mask is multiplied with acquired IR camera
images; thus, extracting the temporal temperature information
within the hotspot. Then, the area average of the hotspot
temperature for each frame is calculated, which provides
the temporal trends of the area-averaged (or ROI-averaged)
hotspot temperature. For example, Fig. 2d shows the temporal
plot of the hotspot area-averaged temperature and hotspot
center temperature based on an applied hotspot-to-jet heat flux
of 91.2 W/cm2, at Re = 5000 for Novec 7100 coolant [43].
Fig. 2d also shows how the temperature initially overshoots
after the laser heating is initiated (i.e., the dramatic hotspot
temperature excursion after the heat flux is applied at t =
0 seconds). Then, the average hotspot temperature gradually
decreases (with rapid millisecond temperature fluctuations)
before becoming ‘steady’. The boxed region in Fig. 2d depicts
the time interval where the temporal temperature approximates
a steady-state profile. All the temperature data presented in this
study corresponds to this steady-state time interval regime.
Also, the inlet jet coolant temperatures for all the confined jet
impingement experiments were Tjet ∼ 22− 23 ◦C.

RESULTS & DISCUSSION

Accurate measurement of the wall heat flux removed by
the coolant and the heat transfer coefficient requires an un-
derstanding of the conjugate heat transfer in the Hf-coated
glass substrate. While the Hf film is ∼100 nm thick, there
is substantial in-plane thermal conduction. The area-averaged
hotspot heat flux in the Hf thin-film heater q′′net can be defined
as:

q′′net =
Pσ

AHS
, (1)

where P is the laser power output, σ = 1−R is the amount of
absorbed laser light, R is the reflectance of the Hf thin film,
and AHS is the hotspot area. Since the applied heat flux on
the Hf thin film is removed by the fluid, Hf thin-film, and the
FS glass substrate, the relation among the applied heat flux,



Fig. 3: Single and two-phase jet impingement cooling data
for Ethanol with jet nozzle Reynolds numbers ranging from
Re∼0 (i.e., a stagnant, confined pool) to Re∼1338. (a) Wall
heat flux verses the temperature rise at the hotspot center. (b)
Wall heat flux verses the ROI-averaged, hotspot temperature
rise. (c) Hotspot area-averaged HTC verses the wall heat flux
(134≲ Re ≲1338).

the heat flux removed by the fluid, and the heat flux removed
by the glass substrate can be expressed as:

q′′net = q′′f + q′′FS, (2)

where q′′FS is the heat flux removed by the glass window and q′′f
is the heat flux removed by the coolant. q′′f can be calculated
using the following equation:

q′′f = q′′net

(
eeffth,f

eeffth,f + eeffth,FS

)
, (3)

where eth,f and eth,FS are the effective thermal effusivities
of the fluid and the glass substrate, respectively. The thermal
effusivities are defined as:

eth,f =
√
kefff Cp,f

eth,FS =
√
keffFSCp,FS

, (4)

where Cp,f and Cp,FS are the volumetric heat capacities of the
fluid/coolant, and the glass substrate, respectively, and kefff and
keffFS are the effective thermal conductivities of the fluid and
the glass substrate, respectively. The transient heat transfer
from the laser-induced disc source of heat in the Hf thin-film
of constant heat flux (q′′f ) is anisotropic [44]. Therefore, the
effective thermal conductivities of the fluid and glass substrates
can account for the in-plane conduction in the Hf thin-film via

kefff = k
1/3
f k

2/3
Hf

keffFS = k
1/3
FS k

2/3
Hf

, (5)

where kf , kFS, and kHf are the thermal conductivities of
the fluid coolant, the glass substrate, and the Hf thin-film,
respectively [43]. These expressions for the effective thermal
conductivities predict the spatiotemporal hotspot temperatures
for both jets and stagnant fluids (e.g., air, Ethanol.) with both
modulated (periodic) and steady heating by the laser very
accurately. Detailed discussion about these expressions can be
found in previous publication by the authors [43].

The area-averaged heat transfer coefficient (h) can be ex-
pressed as:

h =
q′′f
∆T

, (6)

where ∆T is the difference between the coolant temperature
(Tjet) and the time-averaged hotspot area-averaged tempera-
ture (TROI). As stated previously, this study presents the cool-
ing performance of the two-phase confined jet impingement
by evaluating the steady period.

Fig. 3 provides experimental data for single and two-phase
confined jet impingement cooling with ethanol for a wide
range of different jet nozzle Reynolds numbers. The heat
transfer data is plotted in terms of the wall-to-jet heat flux,
the hotspot center temperature rise, the area-averaged hotspot
temperature rise, and the area-averaged, hotspot heat transfer
coefficient. Fig. 3a and Fig. 3b present the hotspot center
temperature rise and the ROI averaged temperature rise at the
steady time interval. In Figs. 3a and 3b, experimental error
bars are only provided at selected Reynolds number values that



correspond to (i) five data points with the highest uncertainties
and (ii) two data points with the lowest uncertainties. The un-
certainty in laser power output measurements, the reflectivity
of the Hf surface, hotspot area, inlet jet temperature, and the
fluctuations in heated surface temperature were all considered
while calculating 95% confidence intervals. The flow-field is
initially single-phase at the lower wall heat fluxes, where the
fluctuations in hotspot wall temperature are the result of the
motion of the eddies present in the jet flow-field. At higher heat
fluxes, when the flow is in the two-phase regime, the boiling
events further increase fluctuations in the hotspot temperature.

At high heat fluxes, the hotspot center temperature fluctu-
ations are of the order of 40-60 ◦C, and the ROI average
temperature fluctuation is of the order of 30-40 ◦C. These
high fluctuations in temperature occur due to the dry-out and
subsequent wetting of the hotspot region at heat fluxes over a
critical heat flux. Hence, to avoid these extreme temperature
rise/fluctuations and potential device failure from the high-
temperature rise and thermal fatigue, the CHF needs to be
mapped in terms of the jet Reynolds number. Fig. 3a and
3b show that the same temperature can be maintained at a
lower Reynolds number by introducing nucleate boiling in jet
cooling. Therefore, this study also maps the onset of nucleate
boiling in terms of the jet Reynolds number.

In order to extract the limits of the nucleate boiling regime
and compare among the experiments systematically, this study
defines those limits or the transitional heat fluxes. In some
cases, when the hotspot center temperature approaches the
boiling point of the coolant, the HTC (q′′/∆T ) increases or
∂2q′′

∂T 2 becomes positive. This point is defined as the transitional
heat flux for the onset of nucleate boiling. On the other
hand, in some cases, the temperature rises above the boiling
point before overshooting to a lower temperature, and the
boiling initiates. The point at which the hotspot temperature
overshoots to a lower temperature is defined as transitional
heat flux for incipient boiling. According to Zhou et al., the
liquid wetting angle is greater than the effective cone angle of
the nucleation cavities, and the liquid can not fill those cavities.
Boiling occurs once the vapor embryos obtain sufficient energy
to nucleate and separate from the nucleation cavities [15].
On the other hand, as illustrated in Fig. 3c, CHF is defined
as the point where the nucleate boiling HTC reaches a local
maximum (or when ∂h/∂q′′ < 0).

Fig. 4 overviews the extracted stagnation point transitional
heat flux data for (a) Novec 7200, (b) Ethanol, and (c) FC 72
coolants as a function of jet Reynolds number. The boiling
onset and the CHF are defined as the transitional heat fluxes.
Overall, for all of the coolants, greater jet velocity/Reynolds
number extends the nucleate boiling regime. The CHF and
boiling onset increase rapidly with the increasing jet velocity
when the flow is laminar. For Ethanol, the CHF increases
from ∼132 W/cm2 to ∼290 W/cm2 for a small increment
in Reynolds number from 0 to ∼268. When the flow ap-
proaches the transitional/turbulent flow regime, the rate of the
transitional heat flux increment decreases. Nonetheless, the
CHF and the boiling onset increase with the greater Reynolds

Fig. 4: Transitional heat flux data at the stagnation point for
two-phase, confined jet impingement cooling using (a) Novec
7200, (b) Ethanol, and (c) FC 72 coolants. The heat transfer
data are based on both the hotspot area-averaged wall-to-
coolant heat flux and the area-averaged hotspot temperature
rise (0 ≲ Re ≲ 5000).

number, and the nucleate boiling regime becomes wider.
Previous a publication by the authors presented that for Novec



7100, the incipient boiling occurs at lower Reynolds number
(laminar regime) and the onset of nucleate boiling occurs at
higher Reynolds number (transitional/turbulent regime) [43].
However, the current study with the three different coolants has
shown that this trend is not valid for all the coolants. Further
investigations with different coolants and hotspot sizes are
needed to gain a theoretical understanding of this seemingly
irregular pattern of the incipient boiling occurrence.

CONCLUSION

This study investigated the stagnation point cooling per-
formance for confined two-phase jet impingement cooling
of local hotspots as a function of both the wall-to-jet heat
flux and the jet Reynolds number. FC 72, Novec 7200, and
Ethanol were used as coolants. The key transitional heat fluxes
measured in this work include the incipient boiling, nucleate
boiling, and critical heat flux. All these transitional heat fluxes
were observed to increase in magnitude with corresponding
increases the jet velocity (or jet Reynolds number), where the
heat flux regime for the onset nucleate boiling also broadened
in width with the increasing jet velocity. In the laminar flow
regime, for Novec 7200 and Ethanol, a small increment jet
Reynolds number (∆Re≤ 1000) resulted in nearly a ∼100%
enhancement in CHF (i.e., a CHF enhancement relative to the
stagnant/confined pool CHF for Re≈ 0). This key result sup-
ports that hotspot cooling with two-phase jet impingement can
dramatically enhance the nucleate boiling heat transfer regime
with relatively small jet impingement velocities; thus, enabling
high heat flux removal from hotspots with Re< 500. Moreover,
with impinging ethanol jets, a CHF of ∼315 W/cm2 was
recorded at Re ∼ 1338 with a corresponding maximum heat
transfer coefficient of h ≈ 102 kW/m2·K. Finally, while the
observed onsets for incipient and nucleate boiling were shown
to be directly proportional to the inlet jet velocity, the relation
between the jet velocity and the incipient boiling occurrence
remains difficult to predict. Further investigations with larger
hotspots are also needed (e.g., 0.2≤ DHS/D ≤ 3) to confirm
that similar cooling performances can be achieved with larger
hotspots (or greater overall heat loads at comparable hotspot
heat fluxes).
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