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ABSTRACT

Liquid jet impingement is one of the most effective methods
for dissipating local hotpot heat fluxes in microelectronics.
Due to its normal incident flow-field, jet impingement cooling
can achieve heat transfer coefficients (HTCs) approaching
≈1 MW/m2·K due to its ability to thin the local thermal
boundary layer in the stagnation region. This experimental
study presents HTC data for water jet impingement cooling of
a laser heated Hafnium (Hf) thin-film on glass. A laser diode
induces local hotspots for either a steady- or pulsed-laser
operation mode. The hotspots have areas ranging within 0.04
mm2 to 0.2 mm2 and heat fluxes up to ≈3.5 MW/m2. A
submerged jet impingement configuration is pursued with an
inlet jet diameter of ∼1.2 mm, jet nozzle to hotspot/surface
distance of ∼3.2 mm, and the jet Reynolds Number of ∼2004.
The HTCs are measured using infrared (IR) thermometry
using a 1.5-5 µm spectral resolution FLIR camera. Also
investigated is the spatial dependence of the HTC relative to
the offset between jet/wall stagnation point and the center
of the local hotspot. For example, for impinging jets that
are co-aligned with the hotspot center, HTCs of ∼650
kW/m2·K and ∼470 kW/m2·K are measured for steady and
pulsed-modulated laser heating (respectively), whereas, for
offsets beyond ∼6 mm (x/D >5), the measured HTCs are
<100 kW/m2·K.

KEY WORDS: Hotspot Cooling, IR Thermography, Sub-
merged Jet Impingement

NOMENCLATURE

A Area, mm2

x Distance between jet center & hotspot, mm
D Diameter of the jet nozzle, mm
Re Reynolds number
H Jet nozzle to heated surface distance, mm
f Frequency, Hz
HTC, h Heat Transfer Coefficient, kW/m2-K
k Thermal conductivity, W/m-K
Cp Volumetric heat capacity, J/K-m3

t Time, s
Hf Hafnium
Q Heating rate, W
T Temperature, K
q Heat flux, MW/m2

R Reflectance
Nu Nusselt number

Greek symbols
δ Thermal penetration depth, nm
δth Thermal boundary layer thickness, nm

Subscripts
eqv Equivalent
HS Hotspot
water Water
mod Modulation
jet Jet

INTRODUCTION

Active cooling is a thermal management process where an
external device is used to enhance the cooling performance
(ideally, in real-time using sensor feedback and controls). Jet
impingement is an attractive thermal management technique
- especially for mitigating extreme heat fluxes from local
hotspots [1]–[16]. For example, according to an estimation by
Mitsuake et al. [16], future technologies will demand active
cooling methods that can mitigate heat fluxes of the order of
100 MW/m2. Submerged jet impingement is one of the most
promising methods to achieve such a goal. Coupled to this
goal, a detailed understanding of the heat transfer coefficient
(HTC) is arguably the most important metric for improving the
cooling performance. In result, over the last several decades,
research on predicting the HTC for various experimental
conditions has been of utmost importance [17]–[19]. One of
the key parameters for submerged jet impingement is the
mean jet velocity (or jet Reynolds number). An increase in
jet impingement velocity (or Reynolds number) results in an
increase in the HTC, where the highest HTCs are observed
within the stagnation zone (or at the edge of stagnation zone)
[1]. Another key important parameter is the separation distance
between the jet nozzle outlet and the heated wall surface H
(or the ratio of H/D, where D is the outlet diameter of the
submerged jet). It has been found that maximum HTCs are
achieved when H/D < 6 [1]. This is potentially due to that the
potential core of the jet coincides with the size of stagnation
zone. For H/D <6, we are unaware of published work that
provides analytic solution of the flow-field for a submerged jet,
which is a key motivator for the experimental studies discussed
herein. Moreover, while there has been many investigations
on jet impingement cooling, in most cases the studied heating
condition is that of a uniformly heated surface. This is contrary
to the optimal potential for jet impingement cooling, which is
for mitigating extreme hotspot heat fluxes.
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Figure. 1: Overview of the submerged 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 multiple 1-way flow valves. (c)
Schematic illustration of the fluid-cell for submerged jet impingement with an offset (x) between jet impingement axis and
the hotspot center. The hotspot is generated by laser heating the Hf thin-film (thickness: ≈100 nm) on an IR transparent glass
window. (d) IR image corresponding to laser heating the Hf/glass substrate with stagnant water in the fluid-cell - e.g., no jet
flow (Re ≈ 0) and q ≈ 1.4 MW/m2.

This study investigates the cooling performance (HTC)
of submerged water jet impingement in a hotspot heating
configuration. The key aspects investigated are (1) the role of
the heating frequency on the overall HTC and (2) the impact of
the offset between jet stagnation point and the hotspot center
on the HTC. In regards to the latter, HTC data is provided in
terms of the x/D ratio, where x is the offset distance between
the jet and hot-spot center, and D is the diameter of the jet
nozzle.

EXPERIMENTAL SETUP

Figure 1 illustrates the experimental setup used in this study.
Fig. 1a depicts how a diode laser is used to heat a Hafnium
(Hf) thin-film on an IR transparent glass window/substrate.
This Hf/glass sample was made by depositing 100 nm of
Hf on V-coated glass substrate via DC magnetron sputtering.
As illustrated in Figs. 1a-c, a submerged jet/coolant chamber

is created using an O-ring seal between the Hf thin-film and
another glass window. Jet input was directed through the center
of glass window, so that jet can impinge co-aligned with the
Hf surface normal. The coolant chamber has two jet/water
outlets via two syringe needles passing through the O-ring
seal. The diode laser source is of blue laser light (450 nm)
and is partially absorbed by the Hf thin-film (transmission
< 0.1%, reflection < 45%). A function generator is used to
control the modulation frequency of the diode laser heating
source. In this study, two different types of heating condition
were used: namely, ‘steady’ laser heating with a constant laser
output power of ∼350 mW or ‘pulsed’ laser heating with an
average laser output power of ∼350 mW. For example, for
the pulsed heating condition, the laser power is a square-wave
with a peak power of ∼700 mW modulated at frequencies of
either fmod ≈3, 20, or 75 Hz (duty cycle of 50%, for all pulsed
heating conditions). As shown in Fig. 1a, a focusing lens is
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Figure. 2: Spatiotemporal evolution of the hotspot surface temperature. (a) Temporal plots of the area-averaged hotspot
temperature rise (∆T = THS − Tjet) for both steady- and modulated-heating. The incident water/jet corresponds to a jet
Reynolds number of Re ≈ 2004 at an inlet temperature of 23.5±0.5 ◦C. (b) is the corresponding IR camera data of the hotspot
temperature distribution for a peak in the modulated heating cycle. (c) and (d) are the corresponding hotspot temperature
distributions for both modulated- and steady-heating (respectively) at t ≈ 140 ms, where t < 0ms corresponds to laser heat
source in the ‘off’ state.

used to control the area/size of local hotspot generated in Hf
thin-film after laser transmission through the glass substrate.
The laser power can be adjusted to control the hotspot heat
flux. For this study, the maximum (average) hotspot heat flux
was 3.5 MW/m2 (for both steady- and modulated-heating
settings) at the Hf/jet interface (i.e., the interface between
the submerged water jet and Hf thin-film hotspot created
by the 450 nm diode laser). We note that roughly 44% of
the diode laser light was reflected from the Hf/glass heater
sample. As shown in Fig. 1a, the remaining (reflected) laser
light is monitored by a photodetector. The response of the
photodetector provides in-situ monitoring of temporal heat
input, which is independent of spatiotemporal infrared (IR)
camera measurements.

A FLIR IR camera is used to capture the spatiotemporal
evolution of temperature profile of the Hf thin-film (spectral
sensitivity: 1.5-5 µm, frame rate: 603 frames-per-second (fps),
window size: 160 × 128 pixels, pixel size: ∼15.1 µm).
The data for each experiment was taken for ∼60 seconds.
The IR camera was calibrated using a K-type thermocouple

and the procedure outlined by the FLIR for estimating the
emissivity of the Hf thin-film and the transmissivity of glass
window/substrate [20]. The effective heating radius of laser
beam (and/or hotspot) was ∼126 µm and the thickness of Hf
thin-film was ∼100 nm. For this beam size over the ∼100 nm
thick Hf thin-film the thickness dependent temperature decay
is ∼0% [21]. Hence it can be assumed that both sides of Hf
thin film have the same temperature.

Figure 1b depicts the flow-loop setup based on a dual
syringe pump configuration. Two stainless steel piston syringes
are connected through a computer-controlled stepper stage.
If the stepper/translation stage is displaced in one direction,
then the water coolant is simultaneously displaced ‘out-of’ one
piston/syringe and ‘in-to’ the other piston/syringe. The set of
four one-way valves allow a forward jet operation regardless
of the pumping direction (or displacement direction of the
stepper/translation stage).

Figure 1c depicts the ‘offset’ between stagnation point of
the jet and the center of the hotspot. The distance between
the hotspot center and stagnation point is defined as x. We
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normalize this offset by the diameter of the jet nozzle - e.g.,
x/D, where D is the diameter of the jet nozzle. The distance
between the jet nozzle outlet and the Hf surface is H ≈ 3.175
mm, which corresponds to H/D ≈ 2.64.

Figure 1d is an example of the hotspot created by the diode
laser heating the Hf thin-film with a stagnant water pool in
the fluid chamber (i.e., for no jet impingement, Re = 0). The
red-spot (or red-ellipse) in this IR camera image is the hotspot.
In our temperature data/image analysis, the hotspot area was
segmented to monitor the spatiotemporal evolution with a
comparative understanding of the jet cooling performance
for different experimental conditions. For example, first, the
hotspot was focused on the hafnium surface with stagnant
water in the coolant fluid-cell (i.e., hotspot cooling by natural
convection only). Then, the canny edge detection method [22]
was used to segment the hotspot region-of-interest (ROI).
Then, this segmented hotspot ROI was used as a mask for all
subsequent IR image/data analysis, allowing us to keep track
of the temperature of the hotspot ROI area while cooling with
a submerged water jet (Re∼2004). Then, the spatiotemporal IR
temperature recordings over the hotspot area were converted
to an area-averaged hotspot temperature.

RESULTS & DISCUSSION
Figure 2a displays the temporal evolution of the hotspot

‘area-averaged’ temperature for both steady heating and mod-
ulated heating at 75 Hz at zero offset x/D = 0 from
t = 0 seconds (i.e., incident heating with a steady jet (Re =
2004)) to time t = 200 ms. The temperature rise corresponds
to difference between the area-averaged hotspot temperature
(THS) and the temperature of the incident water jet (Tjet).
The highlighted/indicated peak point ‘b’ at t = 134 ms in
Fig. 2a corresponds to a peak temperature rise for modulated
heating at fmod = 75 Hz (Fig. 2b provides a snapshot image
of the IR thermal map acquired at t = 134 ms). Whereas,
the highlighted points ‘c,d’ in Fig. 2a correspond to hotspot
temperatures for both modulated laser heating (75 Hz) and
steady laser heating at times t = 142 ms and t = 141 ms,
respectively. Figs. 2c and 2d are snapshot images of the IR
thermal map acquired at t = 142 ms (modulated heating - 75
Hz) and t = 141 ms (steady heating), respectively.

The temperature distribution shown in Fig. 2b (point ‘b’ in
Fig. 2a) shows how the impinging jet influences the hotspot
temperature, where heat is carried away from the hotspot
center by the jet’s anisotropic flow-field. This characteristic is
further exemplified with comparison to the hotspot temperature
distribution for a stagnant fluid (see, Fig. 1d relative to Fig.
2b). As depicted in Fig. 2d, a similar anisotropic flow-field
and heat transport characteristic is observed for the steady jet
impingement cooling configuration. Whereas, in Fig. 2c, the
temperature distribution is less anisotropic. We note that the
provided temperature distribution in Fig. 2c represents laser
heating near the start of the ‘On’ period of the pulse modu-
lation (point, ‘c’ in Fig. 2a). These results also indicate that
at the early stages of pulsed-heating process, the impinging
jet is not significantly dissipating heat to the nearby water

(or Hf thin-film surface) by forced convection. For example,
comparison between the temperature distributions in Figs. 2c
and 2d show that for the same corresponding temperature
rise (∆T ≈ 8.2 K), the steady-heating configuration provides
much more convective heat transfer than that for modulated-
heating at ∼75 Hz. This observation is emphasized further
by our increased HTC results for steady-heating relative to
modulated-heating with the same spatiotemporally-averaged
hotspot heat fluxes.

As stated previously, for comparison between these differ-
ent heating conditions, this study segments the hotspot ROI
relative to that of the stagnant water condition to generate
a consistent ROI mask for later calculation of the area-
averaged hotspot temperature. This process also helps resolve
the other data analysis bottleneck associated with how to
systematically distinguish between the modulated- and steady-
heating conditions. As shown in Fig. 2, the modulated-heating
configuration induces both spatially and temporally anisotropic
flow-fields throughout the jet cooling process due to the
‘on/off’ nature of the heating source. On the other hand,
for the steady-heating configuration, after a few milliseconds
only a ‘spatially’ anisotropic flow-field is observed. Because
of these observations, this study analyzes the area-averaged
hotspot temperature data (based on a stagnant water hotspot
mask) over many frames (≈ 603) or long times relative to
the heating period for our pulse-modulated heat source (e.g,
(t ≈ 1 s >> 1/f )). Such analysis, allows the modulated
temperature rise (∆T ) profiles (blue lines/data in Fig. 2a) to
appear analogous to the steady temperature rise profile (green
lines/data in Fig. 2a). Then, the time- and spatially-averaged
hotspot temperature data within t = 40 and 50 seconds can be
relatively compared in terms of an overall HTC - respective
to the different steady- or modulated-heating conditions. In
this regard, we define a spatiotemporally-averaged hotspot
temperature as Teqv . Then, a spatiotemporally-averaged HTC
can be calculated via applying Newtons’ law of cooling:

HTC =
q

∆Teqv
, (1)

where q is the hotspot heat flux and ∆Teqv = Teqv − Tjet is
the temperature difference between impinging water jet (Tjet)
and hotspot (Teqv). Based on the experimental configuration,
the wall heat flux follows as

q =
Q(1−R)

AHS
, (2)

where Q is the average power of the laser diode, R is the
reflectance of the Hf/glass surface and AHS is the area of
the hotspot mask. The corresponding dimensionless HTC or
Nusselt number (Nu) is defined as

Nu =
HTC ×D
kwater

, (3)
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where D is the jet diameter and kwater is the thermal conduc-
tivity of water/jet.

Figure. 3: Heat transfer coefficients measured as a function
of the offset ratio and heating condition. For both steady
and modulated heating (fmod ≈ 3, 20, and 75 Hz), the
average incident laser power was 350 mW, generating a
spatiotemporally-averaged hotspot heat flux of 3.5 MW/m2

heat flux.

Figure 3 presents the measured HTC (left axis) and Nu# (right
axis) results from this study within a 95% confidence interval.
Uncertainty in laser power measurements, reflectivity of Hf
surface, hotspot area, heated surface temperature, and inlet
water/jet temperature were considered while calculating this
95% confidence interval. For an offset ratio within of 0 ≤
x/D ≤0.83, the HTCs measured for steady- and modulated-
heating (fmod = 75 Hz) are ≈ 650 kW/m2·K and ≈ 495
kW/m2·K, respectively. As shown in Fig. 3, the HTC peaks
around the edge of the jet impingement zone (i.e., maximum
HTCs are observed for x/D ≈ 0.83. This corresponds to the
jet-impingement region where the flow-field acceleration is at
a maximum [23], [24]. Also, as shown in Fig. 3 for x > D, the
HTC steadily decreases with increases in the offset between
the jet stagnation point and the hotspot center. As expected,
away from the jet impingement region, the impact of jet’s
potential core diminishes; and, hence, the HTC decreases.
Also, away from jet impingement region, the thickness of the
hydraulic boundary layer starts to grow, which also contributes
to decreases in the HTC.

Another interesting result from this investigation is that the
HTC is less for modulated heating (relative to that for steady
heating). This HTC result in Figure 3 is also represented in the
IR temperature maps/images in Figs. 2c and 2d for x/D ≈ 0.
As shown, more flow-field convection is observed for steady-
heating (Fig. 2d) compared to that for modulated-heating
(Fig. 2c) - even though an equivalent hotspot temperature is
observed for both cases at t = 140 ms - see the corresponding

Figure. 4: Heat transfer coefficients measured as a function of
hotspot area. The data sets correspond to measurements for
steady heating at different hotspot heat fluxes.

‘c,d’ points in Fig. 2a. We note that the steady heating case
can be considered as modulated-heating at fmod ≈ ∞ Hz.
From this study, it can be inferred that the HTC is inversely
proportional to the heating-frequency (while keeping the same
average hotspot heating power). The thermal penetration depth
is also inversely proportional to the heating-frequency [25] -
e.g., the thermal penetration depth follows as,

δ =

√
k

πfmodCp
, (4)

where fmod is the modulation frequency of the heating source
and Cp and k are the volumetric heat capacity and the thermal
conductivity of the fluid coolant/jet. Given that the thermal
penetration (δ) scales proportionally with the thickness of the
thermal boundary layer (δth), the HTC is expected to scale
inversely with the thermal penetration depth (or directly with
the heating frequency) - i.e.,

HTC ∝ k

δ
∝

√
fmodkCp. (5)

Another important finding from this study is that rather
significant HTCs are observed even for hotspot offset ratios
within 2 < x/D < 3 (e.g., h > 100kW/m2·K, where
h| x

D∼3 ≈ 1
3h| xD<1). These HTCs are still rather high compared

to that from other cooling methods [26]. Thus, this result
supports the potential for a single jet to efficiently cool a
distribution of different potential hotspot locations (as long
as x/D < 5) or that precise jet alignment with a hotspot is
not a critical design metric.
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Figure 4 provides HTC data for the effects of the size of
the hotspot on the cooling efficiency. The blue square data
point represents the HTC measured for steady heating (q ≈
3.5MW/m2) in Figure 3 at x/D ≈ 0. Error bars for the other
data in Figure 4 are indicative of that of the blue-square data.
As shown, the HTC decreases with decreases in hot-spot area
(especially for higher hotspot heat fluxes). Additional studies
as a function of offset are required for further interpretation.

CONCLUSION

This study investigated the HTC for submerged jets cooling
local hotspots as a function of jet offset, heating frequency,
wall heat flux, and the area of the local hotspot. It was found
that the highest HTC can be expected with steady heating
conditions and for cooling within the stagnation zone (e.g.,
offset ratios within x/D < 1). Even with offsets beyond x ≈
3D, jet impingement cooling was highly efficient providing
HTCs beyond 100 kW/m2·K.
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