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Enhancement resulting from interaction of two adjacent jets impinging on largely superheated stainless-
steel plate (900 �C, initial induction heating) is recorded and analyzed with inverse-conduction analysis
and high-definition visualization. Subcooled water jets (20 �C, 1 atm, Reynolds number 1.5 � 104) with
varying jet separation distance W (up to 30 nozzle diameters of Dn) show that the spreading liquid wet-
ting fronts merge and the heat transfer coefficient increases substantially in the merged region, which
follows an elapsed time of isolated-jet behavior. This enhancement is presented as the time-dependent
two-jet cooling effectiveness with a peak of 1.6 (60% enhancement) for W/Dn = 10 at t = 3 s, followed
by decay. This enhancement decreases with increasing Dn, but overlapping jets create some enhancement
for all jet separations. In the interaction region, the plate undergoes rapid temperature drop (by lateral
conduction toward the jet centers), reaching large cooling rate of 600 K/s.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction Experiments on liquid-jet cooling have been used to verify the-
Impinging jets are used in material processing for high heat and
mass fluxes and heat transfer coefficient exceeding 10 kW/m2 K
under boiling and applications include thermal treatments [1–3],
internal combustion engines [4], and thermal control of high-
heat-flux electronic devices [5]. In steel production, desirable
mechanical and metallurgical properties require accurate temper-
ature control and the use of single and multiple liquid jets, as
reviewed by Wolf et al. [6]. When the highly superheated surface
is quenched with impinging jet, three boiling modes (film, nucle-
ate, single-phase convection) occur depending on location with
respect to the stagnation point (r = 0) as presented in Fig. 1 for sur-
face temperature as a function of elapsed time for single jet, at dif-
ferent radial positions [7]. Far from the stagnation point (r/Dn = 10)
in Fig. 1(a), primarily vapor surface convection and radiation dom-
inate at high surface temperatures, i.e., film boiling. Later, the sur-
face is wetted and the nucleate boiling begins accompanying high
heat transfer and large temperature gradient, i.e., rapid cooling.
Finally, single-phase liquid surface convection occurs. Closer to
stagnation point (r/Dn = 5) in Fig. 1(b), the film boiling ends sooner,
followed by nucleate boiling and reduced surface temperature. So,
closer to the stagnation point, the subcooled jet quickly cools that
region, making the film boiling regime very short lived.
oretical predictions and to characterize boiling phenomena intract-
able analytically, and include control factors such as jet Reynolds
number, coolant temperature (subcooling), and nozzle configura-
tion and distance to surface. Copeland [8] and Ruch and Holman
[9] experiments used impinging on a downward-facing, super-
heated surface and observed fully-developed nucleate boiling
regime independent of jet impingement velocity (0.79–6.8 m/s),
but depending on the wall superheat. Monde and Okuma [10]
using saturated R-113 observed the heat flux affected by the
impingement velocity, the amount of heat extracted from the sur-
face is approximately equal to the latent heat required to com-
pletely evaporate the supplied liquid. However, they did not
address about the boiling mechanisms. Copeland [8], Monde and
Katto [11], and Nonn et al. [12] investigated the subcooling effect
and observed the fully-developed nucleate boiling and Nonn
et al. [12] observed that moderate subcooling affects the nucleate
boiling heat flux. The nozzle configuration effects [8,9,11,13] show
fully-developed nucleate boiling was not affected by the jet diam-
eter. Other control experiments include multiple jets, wall rough-
ness, jet pulsation/splattering, and surface motion. But,
experiments on the hydrodynamic characteristics of axisymmetric
jets are fewer yet recently performed thorough investigation of the
boiling mechanism under extreme superheat surface aimed at
rapid cooling [7,14–19].

Here, following our previous investigation of single-jet, sub-
cooled quench boiling under extreme superheat [7], and noting
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Nomenclature

A area, m2

cp thermal capacity, J/kg K
Dn diameter of circular nozzle, m
k thermal conductivity, W/m K
Ln height position of nozzle, m
Nu Nusselt number
q heat flux, W/m2

hqi average heat flux, W/m2

r radial location, m
rw wetting radius, m
Rdo radius of wetting front, m
Re Reynolds number
t time, s
T temperature, �C
u jet velocity, m/s
hui average jet velocity, m/s

W width between two jet nozzles
z location from surface, m

Greek letters
l viscosity, Pa s
D difference
q density, kg m�3

g effectiveness

Subscripts and superscripts
n nozzle
sub subcooled temperature
sur surface temperature
1 jet adiabatic temperature
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that in practice multiple jets are used for rapid cooling, we provide
further insights into the single and two-jet quench boiling phe-
nomena and discuss the related hydrodynamics. The flow and boil-
ing visualization and inverse heat conduction are used to
characterize the two-jet interactions under the same conditions
as our previous single-phase results [DTsub = 80 �C, T(x, r, t = 0) =
900 �C and ReD = 1.5 � 104].
Fig. 1. Variations of the surface local surface temperature during subcooled quench
jet boiling under extreme superheat for single water jet at dimensionless radial
location (a) r/Dn = 10, and (b) 5 (normalized with the nozzle diameter), from [7].
2. Experiment and methods

The experimental apparatus is schematically shown in Fig. 2
and is nearly identical to our previous work [7], and includes heat
flux gauge, flow loop, data acquisition system (DAQ), and high-
resolution camera. The flow loop consists of constant water tem-
perature circulator, pump, electromagnetic flowmeter, water
chamber, and jet nozzles. The jet water temperature is maintained
at 20 ± 0.5 �C, with circulator with an insulated stainless-steel tank
of 700 L, electric heater of 10 kW, and chiller. The cooling water is
pumped (CRN 1–15, Grundfos) and flow rate is measured by elec-
tromagnetic flowmeter (GF630A/LF600, Toshiba) with a measure-
ment accuracy of ±0.5%. The water flow rate of each jet is set to
0.14 m3/hr corresponding to Reynolds number (ReD) of 15,000.
The water chamber and jets (circular cross section, 3 mm inner
diameter and 100 mm length) are mounted above the center of
heated plate with a separation distance of 100 mm. The distance
between the two jets is varied between 100 and 300 mm, in 100
mm increments. The jet flow conditions and comparison with the
single jet [7], are listed in Table 1.

An image of the heat flux gauge and its schematic design of
thermocouple holes are shown in Fig. 3(a). The flat plate is rectan-
gular with 300 mm long, 200 mm wide and 20 mm thick, and
made of stainless steel ANSI 304 (8% Ni, 18% Cr, <0.08% C). The
304 stainless steel is known for its chemical inertness and does
not go through solid-solid phase transformation that can exert
noticeable amount of heat and distract temperature reading during
quenching process. To measure the temperature in real-time, the
twenty-two of holes are drilled with 1 ± 0.1 mm diameter from
bottom surface with electric discharge machining (EDM). Nineteen
of themwith 19 mm depth (1 mm offset from top surface) are radi-
ally positioned in 15 mm apart. The rest three are in the plate cen-
ter with depth of 5, 10, and 15 mm. The calibrated thermocouples
(KMTXL-0404G-6 OMEGA�) with 1 mm thick are inserted inside
the holes and fixed with spot welding. Temperature data are
acquired by a data acquisition system (EX1032A, VTI Instruments
Co.) with sampling rate of 10 data/s.

Fig. 3(b) shows the image of heat flux gauge assembly with
induction heating system. Induction heating is widely known in
domestic appliances for its cleanness, high effectiveness, non-
contact heating and faster heating process. The test assembly con-
sists of flat plate, induction heating coil, porous ceramic insulators
and the thermocouples. The rectangular-shaped coil with 9.4 mm
of tube diameter is placed above the plate. The high-frequency cur-



Fig. 2. Schematic of the experimental setup of two interacting jets impingement cooling of extreme superheat stainless steel plate.

Table 1
Conditions for the current two-jet and the previous [7] single-jet subcooled quench boiling.

Nj Dn (mm) ReD huin (m/s) huin An (m3/s) S/Dn

Single jet [7] 3 15,000 5.0 0.14 1
Two interacting jets 3 15,000 5.0 0.28 10, 20, 30

Fig. 3. (a) Image of the stainless steel flat plate and schematic of the locations of the thermocouples, (b) apparatus for induction heating device with heat flux gauge assembly.

Fig. 4. Schematic of two interacting water circular jets over a superheated horizontal plate.
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Fig. 5. Isothermal flow visualization of two interacting jets for three jet separation distances (W/Dn), (a) 10, (b) 20 and (c) 30, showing side, bottom, and diagonal views.

Fig. 6. Snapshot images of quench boiling forW/Dn = 30, at three elapsed times. The
three boiling regions are also labeled.
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rent (19 kHz) is applied and controlled by induction heat device
(controller and heating head). The uniformly distributed eddy cur-
rent heated up the plate from room temperature of 20–1000 �C
within 20 min. During the induction heating process, the plate is
thermally insulated with porous ceramic insulator at the side
and bottom and with glass fibers at the top surface with glass
fibers.

To quantify the boiling heat transfer characteristics, the surface
temperature and heat flux are required and we use inverse heat
conduction problem (IHCP), Twomey [20] and Beck et al. [21], for
their numerical estimation using the recorded (thermocouples)
plate internal temperature distribution [7]. The local heat transfer
coefficient h(t) uses the surface temperature T(0, r, tn), surface heat
flux (q), and the jet adiabatic temperature T1

hðtnÞ ¼ qcðtnÞ
0:5 Tcð0; r; tnÞ þ Tcð0; r; tn�1Þ½ � � T1

ð1Þ

where Tcð0; r; tnÞ is the estimated temperature at time (tn), and h is
generally more accurate when evaluated at tn�1/2. The local Nusselt
number is

NuD ¼ hDn

k
ð2Þ

where Dn is the nozzle exit diameter defined as the hydraulic diam-
eter and k is the thermal conductivity of water. This is averaged
over the plate surface area as



Fig. 7. Snapshot images for the three jet separation distances at three elapsed times of (a) 12, (b) 50 and (c) 150 s.
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Fig. 8. Snapshot images combined with the radial distributions of the surface heat flux, heat transfer coefficient and surface temperature forW/Dn = 10 at elapsed times of (a)
4.5, (b) 20, (c) 50 and (d) 100 s.
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hNuDi ¼ hhniDn

k
¼ Dn

k

Z
A
hðtÞ ½Tð0; r; tÞ � T1� dA

½hTð0; tÞi � T1�A ð3Þ
3. Results and discussion

3.1. Flow and boiling visualization of two interacting jets

Fig. 4 shows the two interacting jets with each jet having a stag-
nation point and spreading radially and overlapping at the plate
center with strong influence on the local boiling heat transfer
there, depending on the jet separation distance. The parameters
are also defined in Fig. 4. The flow visualization (snapshots) with
high-resolution video camera, without heat transfer (isothermal)
is shown in Fig. 5, for three different dimensionless jet separations
(W/Dn) showing ejected droplets from the interaction region with
smaller separation. The side, bottom, and diagonal views of the
two interacting jets and surface are presented in Fig. 5. A strong
interference of wall jet between the two interacting jets is
observed at W/Dn = 10, which exhibits a shape of vertical fountain
and more scattered water droplets.

Fig. 6 shows the snapshot of quench boiling for W/Dn = 30 at
three typical elapsed times. The three distinct regions, namely,
merged (overlapped or inner), wetting front, and dry are marked,
and their characteristics are discussed in [7]. In jet impingement
Fig. 9. Snapshot images combined with the radial distributions of the surface heat flux, h
20, (c) 50 and (d) 100 s.
on isothermal surface shown in Fig. 5(c), the water continues to
spread radially, and the spreading radius depends on the jet Rey-
nolds number. In the non-isothermal case, the spreading radius
at an elapsed time is limited to the wetting front, and this wetting
radius progression with the elapsed time is shown in Fig. 6(a)–(c),
which include isolated jet as well interaction between the jets. The
wetting of the inner region differs from that of the outside region,
due to the flow interaction between the two interacting jets. The
inner region has a coherent water flow along the pass line which
is formed at the center of plate due to the flow interaction as
shown in Fig. 5.

Fig. 7 compares the snapshots of the three jet separations, at
three elapsed times after cooling, and for short elapsed time. The
small wetted regions (gray) and each jet flow are rather isolated
as shown in Fig. 7(a1)–(c1). The droplets are ejected from each
jet over a short projection distance and are reaching the dry region.
The single-phase convective flow predominates in the wetted
region. After 50 s, the jets are overlapped in Fig. 7(a2) and (b2),
but as Fig. 7(c2) for W/Dn = 30 the jet are still isolated and instead
the ejected droplets overlap to form a continuous liquid bead at the
common border of the two jets. After 150 s, the overlap of wetted
region is complete for all three jet separations, and water is accu-
mulated in the inner region. As the wetting radius increases, the
speed of wetting front decreases and the droplets ejected from
eat transfer coefficient and temperature for W/Dn = 20 at elapsed times of (a) 4.5, (b)
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the wetting front drift outward, coalesce and hover over the
surface.

3.2. Boiling heat transfer of two interacting jets

Fig. 8 shows the synchronization of boiling visualization com-
bined with the radial distributions of the surface heat flux and heat
transfer coefficient ofW/Dn = 10 at various elapsed times of 4.5, 20,
50, and 100 s, respectively. The red, blue and yellow line represents
the heat flux, the heat transfer coefficient and the surface temper-
ature, respectively. In all graphs, the peaks of the heat flux q (red
line) are always consistent with the boundary of wetting front.
The wetting front marks the nucleate boiling regime (and high heat
flux), and this is consistent with the previous single-jet experi-
ments [7]. Fig. 8(a) shows the two jets overlap after an elapsed
time of 4.5 s, and note the location of wetting front marked with
distance from each jet center equal to Rdo/Dn = ±10. The heat trans-
fer coefficient h (blue line) at the center is larger than that at Rdo/Dn

= ±10. However, the surface temperature (yellow line) shows the
opposite trend compared to the heat transfer coefficient. This indi-
cates the interacting flows enhance the heat transfer in between
the two jets. After 20 s, the surface temperature becomes uniform
in wetted region, as shown in Fig. 8(b).

After 50 s, h has multiple peaks, Fig. 8(c) and (d), with two peaks
around the wetting fronts due to the nucleate boiling regime, and
Fig. 10. Snapshot images combined with the radial distributions of the surface heat flux, h
34, (c) 42 and (d) 50 s.
other peaks are around the stagnation points. The q at the stagna-
tion point is lower than that at the wetting front, with the rela-
tively high value at the stagnation point (even though the
surface temperature is the lowest there). The lowest temperature
is always shown at the stagnation point where high h occurs
consistently.

While the overlapping wetting occurs earlier at W/Dn = 10 as
shown in Figs. 8 and 9 exhibits this overlapping wetting occurs
later and its change is more pronounced at W/Dn = 20. In Fig. 9
(a), the four peaks in q (red line) are due to the four wetting fronts
(nucleate boiling), and then as the inner wetting fronts merge, the
number of peaks reduces to three in Fig. 9(b). After this, Fig. 9(c)
and (d), show two peaks at that the wetting fronts. Figs. 8(c) and
(d) and 9(c) and (d) show the largest peaks in h occurs at the stag-
nation points (not the nuclear boiling locations).

For W/Dn = 30, the results are divided into Figs. 10 and 11, due
to larger elapsed time covered and various related transitions. As
for W/Dn = 20, the four h peaks occur early in Fig. 10(a) and later
six peaks appear in Fig. 10(c) and (d) with transition shown in
Fig. 10(b). These peaks are due to the wetting fronts and the stag-
nation points, and the six peaks continue until the overlapping
occurs at 62 s (due to its largeW/Dn) shown in Fig. 11(a). Therefore,
the surface temperature of the center remains still high until 50 s
of Fig. 10(d) and sharply decreases after the merging as shown in
Fig. 11(a).
eat transfer coefficient and temperature forW/Dn = 30 at elapsed times of (a) 15, (b)



Fig. 11. Snapshot images combined with the radial distributions of the surface heat flux, heat transfer coefficient and temperature forW/Dn = 30 at elapsed times of (a) 62, (b)
80, (c) 100 and (d) 150 s.

Fig. 12. Time-resolved surface temperature distributions (various radial locations) for W/Dn (a) 10, (b) 20, (c) 30 and (d) single jet (very large separation). The thick red line
represents the center location on the plate.
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Before the merge, the interacting flows show an interesting
phenomenon. In the early stages, the water droplets detached from
wetting front meet and combine with each other. The combined
droplets are rapidly ejected to the outside of the plate across the
center traverse line. The size of separated droplet becomes to grow
and grow, and then some bigger combined droplets are formed as
shown in Fig. 10(a)–(c). After 50 s, the combined droplets become a
continuous interaction flow. That locates along the center line and
keeps the center surface cool continuously without getting wet
until the moment of merging. Thus, the center surface is relatively
cooler and faster to wet than the outer equidistant positions of two
jet Rdo/Dn = ±30, which is the same distance from the jets (in the
opposite direction). After 80 s, the width of the merged flow
increases and finally combines with peripheral wetted region at
time of 150 s in Fig. 11(d). The interacting flow has a special effect
on the boiling heat transfer in the larger jet-to-jet distance.

Fig. 12 shows the radial variation of the time-resolved surface
temperature distribution for W/Dn = 10, 20, 30 and single jet (large
separation), with the thick red line representing the center location
on the plate. The red lines in Fig. 12(a), (b) and (c) can be compared
with the locations r/Dn of ±10, ±20 and ±30, respectively, and in
Fig. 12(a) the red line shows a steep local temperature (dT/dt) drop
compared with r/Dn = ±10 and also in Fig. 12(b) and (c) compared
with r/Dn = ±20, and ±30. There is a noticeable change in the sur-
face temperature, especially in the nucleate boiling regime, which
is identified in the q distribution compared with the surface tem-
Fig. 13. Variations of the local surface heat flux distributions as a function of temperatu
center location on the plate.
perature in Fig. 11. The near vertical drop in the surface tempera-
ture as shown in Fig. 12 is highly attributed to the nucleate boiling
regime which corresponds to the peak in Fig. 11. As the jet separa-
tion distance becomes larger, the peak in q (red) curves occurs at
lower temperatures as shown in Fig. 13. The cooling enhancement
at the center grows due to the jet interaction, especially noted in
Fig. 13(c), and these peaks occur at surface temperature of about
250 �C. This indicates that the interacting jets continuously cool
the center surface, but the center surface wetting is delayed due
to the radial momentum.

Fig. 14(a) and (b) show the time evolutions of the constant tem-
perature contours within the plate which are predicted by the IHCP
solution. The larger temperature gradient occurs around the stag-
nation point and results in a largest conduction heat transfer rate.
As the jet separation decreases, the heat transfer is enhanced due
to enhanced flow interactions. The conduction occurs along the
radial and axial direction, and the radial spread is less pronounced
with smaller separation. This suggests an optimal separation dis-
tance for jet interactions (discussed next). The blue and green show
the most affected regions.

Variations of the dimensionless wetting front location with
respect time are shown in Fig. 15, for different jet separations. It
is confirmed that the quasi-steady regime observed for the single
jet [7] also occurs with the two jets. The elapsed time to reach
the same distance is shortened (marked by Dtwet) due to cooling
enhancement.
re for W/Dn (a) 10, (b) 20, (c) 30 and (d) single jet. The thick red line represents the



Fig. 14. Time evolutions of constant temperature contours within the plate predicted by the inverse heat conduction problem (IHCP) solution for elapsed times of (a) 50 and
(b) 100 s, and for various jet separations.
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3.3. Heat transfer enhancement by two interacting jets

The local (radial) heat transfer enhancement (h) of the two
interacting jets along the jet separation distance is compared with
the single jet results [7] (indicating infinite separation), and Fig. 16
shows the results for W/Dn = 10 at elapsed time of 50 s. The area
under the blue curve (two jets) is larger than that under the red
curve (single jet). Three peaks for single jet are for the stagnation
point and the two wetting fronts. The four peaks for two jets are
for two stagnation points and two wetting fronts. The cooling is
enhanced with the two jets (same Reynolds number) and in order
to quantify this enhancement for optimal jet separations.

To make comparison between single and two-jet heat transfer
performance, we use radial integration for the area under the heat
transfer coefficient radial distribution. Figs. 16 and 17 show the
regions of enhancement as well as degradation (for W/Dn = 10
and t = 3, 10, 30 and 50 s). The blue and red areas are for the two
and single jet. The radial integrals for the single jet (A1j) and two
jet (A2j) are

A1j ¼ 1
2

Z Rdo

�Rdo

hðrÞ2prdr ð4Þ
A2j ¼ 1
2
ð1� aÞ

Z Rdo

�Rdo

hðrÞ2prdr ð5Þ

where a is for area fraction outside the circle of diameter 2Rdo where
the liquid has not reached (from the images). Since the liquid flow



Fig. 15. Variation of the dimensionless wetting front location Rdo/Dn with respect
time, for different jet separations, showing the quasi-steady regime marked by the
Rdo increasing linearly with time.

Fig. 16. Comparison of boiling visualization and the local distributions of the heat
transfer coefficient between (a) single and (b) two interacting jets for W/Dn = 10 at
elapsed time of 50 s.

Fig. 17. Heat transfer coefficient enhancement of the two interacting jets and its
effectiveness (g2j) compared with the single jet, for W/Dn = 10 at t = (a) 3, (b) 10 and
(c) 30 s.

Fig. 18. Variations of two-jet effectiveness enhancement g2j as a function of time,
for W/Dn = 10, 20 and 30. The maximum effectiveness is for W/Dn = 10 at t = 3 s.
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rate for the two jets is twice that of a single jet (Table 1), the two-jet
effectiveness (g2j) is defined as

g2j ¼
A2j

2A1j
ð6Þ

Fig. 18 shows the variation of effectiveness with time, for W/Dn

= 10, 20 and 30. The peak appears in early elapsed time followed by
decay. This high effectiveness is suitable for rapid quenching and/
or cooling in a great number of industrial applications. The maxi-
mum effectiveness is 1.6, 1.3 and 1.2 for W/Dn = 10, 20 and 30.
Among these, the maximum enhancement occurs for W/Dn = 10
at t = 3 s and lasts longest, up to 27 s. So, the number of jets and
the separation distance can be optimized based on the plate size.

Fig. 19 shows the time variations of the average heat flux in the
inner and outer regions (also marked in the figure), for the three



Fig. 19. Comparison of time variations of the average heat flux in the inner and outer regions of the two interacting jets along the respect time, for the three jet separations (a)
W/Dn = 10, (b) 20 and (c) 30.

Fig. 20. Variations of the cooling rate for two interacting jets at the stagnation point
and at the plate center with respect to time for W/Dn = 10, 20, 30 and for single jet
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separation distances. The red curves (inner regions) for all cases are
than that of blue (outer) until the jets merge (marked by vertical
line) of each case, thereafter, opposite tends are found. The inter-
acting jets have positive effects on quenching the superheated sur-
face. The decrease in heat flux after the surface wetting is due to
the low surface temperature of the inner region.

Comparison of the variations in the local cooling rate dT/dtwith
respect to time is presented in Fig. 20. The dashed lines represent
jet stagnation point locations and the solid lines are for the plate
center. The peaks in the dashed lines for all cases occur very early.
This confirms that the nucleate boiling regime occurring in at very
short elapsed time is very effective in quench cooling at the stag-
nation points. The peaks of solid line of the plate center correspond
to lower cooling rates compared with the stagnation point and
occur at larger elapsed times. The farther is the jet position from
the plate center, the further is the wetting-front arrival delay
(but less effective cooling occurs with the landing droplets ejected
from the wetting front).
(very large separation).
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4. Conclusions

This two-jet experimental study complements understanding
the quench (extreme superheat) boiling heat transfer of water jet
impingement based on our previous single-jet study [7]. The addi-
tional parameter is the separation distance between the jets which
affects the dynamical flow interactions in the inner region of the
two jets. The other conditions are same as single jet impingement
to allow for comparison and heat transfer enhancement. The com-
plex boiling regimes of the intensive cooling are characterized
using synchronized visualization (high-resolution video) and
numerical inverse heat conduction method. These results show
the intensity of interactions grows as the jet separation becomes
smaller. In quenching with two interacting jets, the interacting
flow is observed at the center of the plate, affecting the boiling heat
transfer. The faster spread of the wetting front is observed in the
merged region and the heat transfer coefficient increases signifi-
cantly. The enhancement of the two interacting jets is compared
with that of the single jet by defining and quantifying the jet inter-
action efficiency. A peak cooling effectiveness enhancement of 1.6
(60 enhancement) is achieved for W/Dn = 10 at t = 3 s. From these
results, both the number of jets and their separation distance can
be optimized for best quenching performance.

Conflict of interest statement

The authors declared that there is no conflict of interest.

Acknowledgement

This work was supported by the National Research Council of
Science and Technology (NST) grant funded by the Ministry of
Science and ICT, Korea (Grant No. KIMM-NK212B). MK is thankful
for support by the US National Science Foundation (Thermal Trans-
port and Processes, CBET16235720).

References

[1] F.C. Kohing, Waterwall: water cooling systems, Iron Steel Eng. 62 (1985) 30–
36.
[2] S.J. Chen, J. Kothar, Temperature distribution and heat transfer of a moving
strip cooled by a water jet, ASME Paper (1988) 88-WA.

[3] R. Viskanta, F.P. Incropera, Quenching with liquid jet impingement, Heat Mass
Transfer Mater. Process. (1990) 455–476.

[4] M. Kiryu, Development of oil-cooled 750 cc motorcycle engine, Automob.
Technol. 40 (1986) 1154–1158.

[5] H. Yamamoto, Y. Udagawa, M. Suzuki, Cooling system for FACOM M-780 large
scale computer, in: Proceedings of the International Symposium on Cooling
Technology for Electronic Equipment, 1987, 701–714.

[6] D.H. Wolf, F.P. Incropera, R. Viskanta, Jet impingement boiling, Adv. Heat
Transfer 23 (1993) 1–132.

[7] S.G. Lee, M. Kaviany, C.-J. Kim, J. Lee, Quasi-steady front in quench subcooled-
jet impingement boiling: experiment and analysis, Int. J. Heat Mass Transf. 113
(2017) 622–634.

[8] R.J. Copeland, Boiling heat transfer to a water jet impinging on a flat surface,
Ph.D. Thesis, Southern Methodist University, Dallas, 1970.

[9] M.A. Ruch, J.P. Holman, Boiling heat transfer to a Freon-113 jet impinging
upward onto a flat, heated surface, Int. J. Heat Mass Transf. 18 (1975) 51–60.

[10] M. Monde, Y. Okuma, Critical heat flux in saturated forced convective boiling
on a heated disk with an impinging jet-CHF in L-regime, Int. J. Heat Mass
Transf. 28 (1985) 547–552.

[11] M. Monde, Y. Katto, Burnout in a high heat-flux boiling system with an
impinging jet, Int. J. Heat Mass Transf. 21 (1978) 295–305.

[12] T. Nonn, Z. Dagan, L.M. Jiji, Jet impingement flow boiling of a mixture of FC-72
and FC-87 liquids on a simulated electronic chip, in: Proceedings of the 1989
National Heat Transfer Conference-Heat Transfer in Electronics, vol. 111, 1989,
pp. 121–128.

[13] M. Katsuta, T. Kurose, A study on boiling heat transfer in thin liquid film: 2nd
report, as for the critical heat flux of nucleate boiling, Trans. JSME B 47 (1981)
1849–1860.

[14] D. Toghraie, Numerical thermal analysis of water’s boiling heat transfer based
on a turbulent jet impingement on heated surface, Physica E 84 (2016) 454–
465.

[15] N. Karwa, T. Gambaryan-Roisman, P. Stephan, C. Tropea, Experimental
investigation of circular free-surface jet impingement quenching: transient
hydrodynamics and heat transfer, Exp. Therm Fluid Sci. 35 (2011) 1435–1443.

[16] N. Karwa, L. Schmidt, P. Stephan, Hydrodynamics of quenching with impinging
free-surface jet, Int. J. Heat Mass Transf. 55 (2012) 3677–3685.

[17] T. Kim, D.-W. Oh, K.H. Do, J.M. Park, J. Lee, Effect of initial temperature of a
cylindrical steel block on heat transfer characteristics of staggered array jets
during water jet quenching, Heat Transfer Eng. 36 (2015) 1037–1045.

[18] J. Lee, S.G. Lee, Simultaneous boiling visualization and heat transfer
measurement of two adjacent water impinging jets, J. Heat Transfer 138
(2016) 80904.

[19] J. Lee, S.G. Lee, J. Kim, Visual onset of nucleate boiling in water spray cooling on
hot steel plate, J. Heat Transfer 139 (2017) 20912.

[20] S. Twomey, The application of numerical filtering for the solution of integral
equations encountered in indirect sensing measurements, J. Franklin Inst. 279
(1965) 95–109.

[21] J.V. Beak, B. Blackwell, C.R. St. Clair, Inverse Heat Conduction, Wiley, New York,
1985.

http://refhub.elsevier.com/S0017-9310(18)31066-4/h0005
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0005
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0015
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0015
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0020
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0020
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0030
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0030
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0035
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0035
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0035
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0045
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0045
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0050
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0050
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0050
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0055
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0055
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0065
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0065
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0065
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0070
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0070
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0070
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0075
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0075
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0075
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0080
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0080
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0085
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0085
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0085
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0090
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0090
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0090
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0095
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0095
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0100
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0100
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0100
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0105
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0105
http://refhub.elsevier.com/S0017-9310(18)31066-4/h0105

	Quench subcooled-jet impingement boiling: Two interacting-jet enhancement
	1 Introduction
	2 Experiment and methods
	3 Results and discussion
	3.1 Flow and boiling visualization of two interacting jets
	3.2 Boiling heat transfer of two interacting jets
	3.3 Heat transfer enhancement by two interacting jets

	4 Conclusions
	Conflict of interest statement
	Acknowledgement
	References


