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a b s t r a c t

Boiling heat transfer of subcooled water jet impingement on highly superheated plate is investigated
with heat transfer analysis and high-definition flow visualization. The stainless steel plate initially heated
up to 900 �C by an induction heating is quenched with the water temperature of 15 �C. The surface tem-
perature and heat flux are estimated by solving 2-D inverse heat conduction problem. The temporal visu-
alization during quench subcooled-jet impingement boiling is synchronized with the heat transfer
measurement in the corresponding surface temperature and heat flux. Spread of the subcooled jet over
the horizontal plate shows a quasi-steady regime where the wetting front spreads linearly with time.
The time for onset of the quasi-steady regime can be explained by a quasi-steady time. The front sepa-
rates the single-phase/collapsed-bubble region from the outside region which is dry if not for the imping-
ing droplets ejected from the front. As the front expands, the surface experiences a sequence of single-
phase, collapsed-bubble, wetting front evaporation and ejected-droplet evaporation cooling. The fraction
of water ejected from the front increases linearly with time (reaches over 10%) and is also predicted.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In material processing, the quenching processes strongly con-
trol the phase transformation, grain size distribution and thermal
stresses of metallic work pieces. Water jet impingement has been
widely used for its rapid and intensive cooling capacity [1–5].
The surface morphology, structure and composition of the
quenched steel are also characterized by the initial heating and
then the cooling rate during quenching process. However the fun-
damental studies of this cooling process are rather sparse due to
complexity of its transient, heterogeneous boiling modes, in partic-
ular for subcooled jets. The boiling heat transfer is also affected by
the dimensions and thermal properties of the quenched material
(metallic). So, a thorough understanding of boiling heat transfer,
including the hydrodynamic of the jet impingement, is required
for predicting the characteristics and the qualitative improvement
in material. Here we aim at providing further insights into the jet
quench boiling and Fig. 1 gives a schematic of the subcooled circu-
lar free-surface jet flowing over a highly superheated surface,
showing three different regions, namely the wet, wetting front,
and dry region. Furthermore, at the stagnation point shortly after
cooling commences, and under high local heat flux (cooling rate),
evaporation is suppressed, and single-phase convection cooling
continues there. At larger radial locations, the surface temperature
is in high and due to the subcooled jet, the region of collapsed-
bubble boiling prevails. Further outward, the dry region is reached
with an active droplet spouting evaporation front. The otherwise
dry region is not cooled by landing of these droplets which evapo-
rate with intensity depending on the local landing site surface
superheat.

A review of prior experimental investigations into the charac-
teristics of jet impingement quenching is given by Wolf et al. [6],
covering the hydrodynamics of the jet flow, various boiling
regimes, and key jet-surface parameters. But, few experiments
regarding rapid cooling on a high-temperature surface over
500 �C were investigated due to complicated coupled boiling heat
transfer in highly unsteady cooling. The visual observation reveals
formation of ‘‘dark zone” (contrast by glowing high superheat
region) beneath the jet (Karwa et al. [7]) with the surface temper-
ature there under 500 �C with the peripheral boundary of this zone
called the wetting front. The liquid deflection was observed outside
of wetting front due to surface tension and shear forces. These
splashed droplet velocity is governed by jet velocity. Hall et al.
[8] and Ishigai et al. [9] reported that film boiling was not observed
in the stagnation region with highly subcooled jet, even though an

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2017.05.081&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.05.081
mailto:jungho@kimm.re.kr
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.05.081
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

A area, m2

Dn diameter of circular nozzle, m
Ln height position of nozzle, m
q heat flux, W/m2

r radial distance from stagnation point, m
Rdo wetting front radius, m
ReD nozzle Reynolds number
R sum of squared function
T temperature, �C
u velocity, m/s

Greek letters
a thermal diffusivity, m2/s
b fraction of liquid undergoing phase change

l viscosity, Pa s
q density, kg m�3

sqs quasi-steady time, s

Subscripts and superscripts
n nozzle
ini initial
qs quasi-steady
sat saturation
sc subcooling
sur surface
sh superheat

Fig. 1. Axisymmetric schematic of spreading of subcooled water circular jet over a superheated horizontal plate, showing the geometric parameters, flow regimes, and plate
transient conduction.
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initial temperature reaches about 1000 �C. They concluded that a
direct contact between the coolant and surface in the stagnation
region occurred without any noticeable period of film boiling. At
the stagnation point, minimum heat flux of film boiling decreased
with increasing nozzle diameter and increased with jet velocity
and subcooling. Monde and his co-workers [10–14] have studied
a jet impingement boiling heat transfer on different metal surfaces
like as copper, brass and carbon steel with relatively low initial
temperature (under 500 �C). Woodfield et al. [10] investigated
the flow behavior and quenching sound with a high-speed video
camera and microphone. They suggested that flow phenomenon
can be changed depending on the initial temperature, and the
changed flow pattern was accompanied by different boiling sound.
Hasan et al. [14] developed a mechanistic model to describe the
homogeneous nucleate boiling of jet impingement by applying
the concept of 1-D semi-infinite heat conduction. Toghraie et al.
[15,16] performed numerical analysis about the subcooled jet boil-
ing on hot surface with 800 �C. Volume of fluid method was
adopted to track the evolving free-surface between two or more
fluids. They numerically confirmed that the increase of jet velocity
and subcooled temperature caused an improving in cooling rate
and high rewetting temperature. Existence of maximum heat flux
(qmax) in quench boiling is experimentally by Mozumder et al.
[17] and Hammad et al. [18] and they found that qmax occurs in
the nucleate boiling region or boundary between the nucleate boil-
ing and transition boiling region. They also reported that the
boundary is in the fully-wetted region and its location varies with
the surface wetting conditions. However, boiling heat transfer
characteristics with very high superheat and larger plate surface
area are clearly investigated by their theoretical analysis.

The object of this study is to investigate using high-resolution
imaging and analyse the hydrodynamics of round, subcooled
(80 �C subcooling) water jet (jet Reynolds number of 15,000)
quench boiling of large stainless-steel plate area under very high
initial temperature (900 �C). We use the axisymmetric inverse heat
conduction problem (IHCP) to determine the transient plate tem-
perature distribution, and predict the transient surface heat flux
distribution. We explain the various boiling regions (spatial) and
regimes (temporal), including the presence of a quasi-steady cool-
ing behavior.
2. Experiment and methods

2.1. Experiment

The experimental setup is schematically shown in Fig. 2, and
the components are heat flux gauge, flow loop and data acquisition
system (DAQ). The flow loop consists of water reservoir, pump,
electromagnetic flowmeter, water chamber and the jet nozzle.
The water coolant temperature is maintained with 20 �C (±0.5 �C)
with a constant-temperature reservoir composed of insulated
stainless-steel tank of 700 liter, electric heater of 10 kW, and chiller
for water temperature control. The coolant of water can be deliv-



Fig. 2. Schematic of the jet quench boiling experiment and its components.
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ered by a pump (CRN 1-15, Grundfos) which has nearly total head
of 100 m. The water flow rate was directly measured by an electro-
magnetic flowmeter (GF630A/LF600, Toshiba). During the experi-
ments, the water flow rate was consistently kept constant as
determined from an electromagnetic flowmeter connected in the
flow loop. The water chamber with jet nozzle is mounted
100 mm above the flat plate center with axisymmetric circular
nozzle. The center of the nozzle is carefully aligned to the center
of the heated flat plate with a laser pointed guide. The distance
between the nozzle and the surface of the heated surface is fixed
at 100 mm. The inner diameter of the nozzle is 3 mm and its length
is 100 mm. The water flow rate is 0.14 m3/h, corresponding to Rey-
nolds number (ReD) of 15,000. The measurement uncertainty is
within 0.7%, for the volumetric flow rate measurement.

The test flat plate and its embedded thermocouples used as the
high-temperature heat flux gauge are shown in Fig. 3. The test
assembly consists of flat plate, induction heating system, porous
ceramic insulators and the thermocouples. An image of the heat
flux gauge is shown in Fig. 3(a), and the plate is made of
stainless-steel ANSI 304 which avoids phase-transformation heat
generation encountered in most of carbon steels. The 304
stainless-steel is well known for its chemical inertness at elevated
temperature and does not go through solid–solid phase transfor-
mation that can exert noticeable amount of heat and distract tem-
perature reading during water quenching process. The flat plate is
rectangular, length 300 mm, width 200 mm and thickness of
20 mm, with twenty-two 1 ± 0.1 mm diameter holes drilled accu-
rately through electric discharge machining (EDM). 22 K-type ther-
mocouples (KMTXL-040G-6, OMEGA) with 1 mm thick are
installed inside the test flat plate as shown in Fig. 3(b). Nineteen
holes have depth of 19 mm and are radially 15 mm apart. Three
holes have depth of 5, 10 and 15 mm respectively and are located
near the plate center. The thermocouples are placed in these holes
and precisely spot welded. A calibration on thermocouples is care-
fully performed with platinum resistance thermometer and the
uncertainty of the thermocouples is found to be within 0.1 �C.
Temperature is measured and recorded with high-speed data
acquisition system (EX1032A, VTI Instruments Co.) with sampling
rate of 10 data/s. The side and bottom of the plate are thermally
insulated with porous ceramic insulators.

Induction heating is used to heat the plate up to 900 �C above
austenite temperature. Induction heating suited for noncontact
heating is applied using rectangular-shaped coil specially manufac-
tured for uniform heating. The rectangular-shaped coil unit with
tube diameter is 9.4 mm is placed above the plate. When high-
frequency of 19 kHz current is applied to the coil, eddy current is
generated on the surface of the plate by Faraday’s law. So the joule
heating is the product of electrical resistance of the material and
square of the induced current. During the induction heating process,
as the eddy current generation is uniformly distributed in the plate,
and its temperature maintains at 1000 �C within 5 �C across the
plate. By using the induction heating method, the plate electrically
heated up to 1000 �Cwithin 20 min. An ultra-high-definition (UHD)
video camera is used to visualize the complex boiling phenomena
on the heated flat plate during the water jet quenching. The UHD
camera is also synchronized to the data acquisition system which
is to measure temperatures inside the flat plate.

2.2. Inverse heat conduction analysis

To quantify the boiling heat transfer characteristics, the surface
thermal characteristics such as temperature and heat flux are
required and without disturbing the jet flow on the surface, we
adopt the numerical method of estimating the local heat transfer
characteristics using the plate internal temperature distribution
(from thermocouples). The inverse heat conduction method of
Twomey [19] and Beck et al. [20] is used and the flow chart is
shown in Fig. 4 for obtaining the axisymmetric temperature distri-
bution. The measured data is converted and imported into the cal-
culation nodes of axisymmetric IHCP domain with the initial
temperature known. The unknown temperature at each position
is calculated by interpolation. The unknown boundary condition
(heat flux) is initially assumed and the temperature distribution
is updated using the calculated temperature by the direct problem.



Fig. 3. (a) Image of the stainless-steel plate and the locations of the thermocouples, (b) Schematic of the thermocouple-holes for measuring temperature.

Fig. 4. Flow chart of axisymmetric inverse heat conduction for determining the
plate transient surface temperature and heat flux distributions based on internally
measured transient temperatures.
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In direct problem, the information of assumed boundary condition
feeds into the temperature distribution. Because the IHCP is extre-
mely sensitive to the measurement errors, the concept of sensitiv-
ity coefficient (f) is adopted to improve the experimental design.
The sensitivity coefficient is defined as the first derivative of a
dependent variable, such as the temperature, with respect to the
unknown heat flux. The mathematic formulation of the sensitivity
coefficient is expressed as

dTk;iðr; z; tÞ ¼ dT�
k;iðr; z; tÞ þ

@T�
k;iðr; z; tÞ
@qk

����
qk¼q�

k

ðqk � q�
kÞ þ � � �

� dT�
k;iðr; z; tÞ þ fk;iðqk � q�

kÞ
ð1Þ

where ⁄ indicates former time iteration and subscripts k and i pre-
sent the time and position. The calculated data is applied to sum of
the squared functions (R) to search for an optimal boundary condi-
tion by minimizing the R. The difference between measured and
calculated temperature is

R ¼
XN

i¼1

Tm
k;iðr; z; tÞ � Tc

k;iðr; z; tÞ
h i

ð2Þ

where N is the total number of measurement points. The compar-
ison of measured temperature (Tm) at 1 mm from the surface and
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calculated temperature (Tc) at the surface are shown in Fig. 5(a)-(b).
The dotted lines represent the measured temperature and the solid
lines denote the calculated temperature from the IHCP. The graphs
show good agreement, with a maximum error less than 4%.
3. Results and discussion

3.1. Flow visualization and cooling regions

Fig. 6 shows sequence of images of jet quench boiling and dur-
ing early stage (short elapsed time), Fig. 6(a)–(d), the cooled region
(black) grows as a circular around the stagnation point. There is
also droplet ejection which is ejected at the wetting front. In
Fig. 6(d) there are three distinct regions, namely, wetted, wetting
front, and dry region and these are also shown in Fig. 7(a). The cov-
ered the black spot area and its inner portion is single-phase con-
vection while the outer portion is subcooled (collapsed bubble)
Fig. 5. Comparison between the measured and predicted (inverse heat conduction) plate
at surface.
boiling. In the dry region, the ejected droplets land (impinge) and
evaporate under high surface superheat (Leidenfrost effect). The
droplet hovers over the surface without physical contact and
quickly ejected to outside of the specimen. The wetting front
region is defined as the intermediate part between the wetted
region and dry region. With increase in elapsed time in Fig. 6(e)–
(i), the radius of black region grows but the front speed decreases
due to the area expansion and there appears to be a hydraulic jump
is formed as seen in Fig. 7(b). This radius of hydraulic jump
depends on the initial jet flow velocity and the surface roughness
which occurs when water flow is hindered. As shown in the
Fig. 6(e)–(i), the wetting front region becomes larger with violent
boiling. But, it should be noted that the surface of wetting front
region remained unwetted like as the film boiling in pool boiling.

Above-mentioned visualization results are well synchronized
with a quantitative analysis of IHCP result. Fig. 5(b) shows the tran-
sient temperature distribution at various radial locations along
elapsed time. The slope of each graph closely associates with the
temperature distributions at several radial locations: (a) 1 mm below surface and (b)



Fig. 6. Snapshot images of spreading jet, for several elapsed times, showing the wetting front, liquid eject (droplets), and eventual cooling of the plate (fading out red color).
The progressively increasing central single-phase and the collapsed-bubble regions are also observed. The radial location is shown at the bottom of each snapshot. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Snapshot image comparison at two elapsed times, with marking of the various regions. (a) Plate has significant superheat, and (b) plate is significantly cooled with
large subcooled single-phase inner region. The spread of the wetting front is linear with time. The fraction liquid eject from the front remains constant with time, but the front
perimeter increases so the droplet are more spread.
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local boiling regime at specific time. The temperature distribution
of r/Dn = 0 shows rapid gradient in early time (<0.8 s), and, after
that, its slope becomes gradual and almost flat after 60 s. Since
the coolant directly impinges on the stagnation point, the surface
is wetted in very short time and the nucleate boiling immediately
occurs [8,9]. Therefore, the film boiling regime could not be
observed in the graph of r/Dn = 0, ±5. The nucleate boiling results
in the sharp temperature drop but disappears going through the
transition boiling. After that, the single-phase convection accom-
panying gradual temperature drop is followed. Comparing to the
slopes of r/Dn = 0 and ±5, the temperature profile of outside zone
(±10 � r/Dn � ± 40) shows three steps: a slow grade in early stage,
a steep grade in middle stage and a modest gradient until final
stage. Each step of slope is categorized as a film boiling, a nucleate
boiling and single-phase convection, respectively.

The specific boiling regimes are specified in more detail with
the local heat flux distribution at various radial locations against
the local surface superheat of Fig. 8. The heat flux distribution
shows almost zero at beginning stage in the Fig. 8(a). But Karwa
et al. [7] and Akmal et al. [21] suggested that the time response
of the thermocouple can lead the additional delay on the time
required to reach the maximum heat flux (qmax). Considering the
limitation of measurement technique, we can assume that the qmax

of the r/Dn = 0 appears almost at the initial jet impingement
quench as marked with dotted red line. Whereas one of qmax

appears in Fig. 8(a), the Fig. 8(b) and (c) show two and three of
peaks, separately. Each of peak value is originated from the distinct
boiling heat transfer regime. The sole peak in radial position of r/
Dn = 0, ±5 in Fig. 8(a) shows high value of qmax that reaches 6.4
and 3.2 MW/m2. The temperature where the nucleate boiling
occurs relates with the value of qmax. These high values come from
the nucleate boiling occurs in short time right after jet impinge-
ment. On the other hand, the first peak in radial position of r/
Dn = ± 10, ±15 and ±20 is originated from the air and droplet cool-
ing. When the radius of wetting area is smaller than each of radial
position, the surface is unwetted and the surface temperature is
gradually decrease until 850 �C as shown in Fig. 5(b). After the sur-
face wetting, the nucleate boiling regime starts with heat flux
increasing and shows the second maximum peak with qmax. The
value of qmax of Fig. 8(b) is smaller than that in Fig. 8(a) due to



Fig. 8. Variations of the transient local surface flux with respect to local surface superheat at various radial locations: (a) inner, (b) middle, and (c) outer regions. Note that two
set of data are shown for each radial location (one each side) to confirm presence of symmetry. The inner region is least affected by cooling with the ejected droplets, so has
experiences rather steady cooling, while the outer region is substantially cooled by droplets before the front arrives.
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the lower starting temperature of nucleate boiling. The more outer
radial position of r/Dn = ± 25, ±30, ±35 and ±40 shows three bends
of curves. Like as Fig. 8(b), the first curve located in right side
comes from the air and droplet cooling, and the third curve in left
side presents the nucleate and transition boiling regime. The sec-
ond curve in middle part is caused by the residual water at wetting
front region. Fig. 9 shows local heat flux at r/Dn = ± 30, ±40 with
respect to the surface temperature and elapsed time, separately,
shows the boiling phenomenon of second curve more specifically.
The starting temperature and time of second curve of r/Dn = ± 30 in
Fig. 9(a) is relatively higher than that of r/Dn = ± 40 in Fig. 9 (c). It is
due to the outer side is cooled in more time with droplet cooling.
After starting residual water cooling, Fig. 9(b) is for larger elapsed
time compared to Fig. 9(d). The residual water with stagnant flow
motion causes the film boiling phenomenon in pool boiling and the
magnitude of heat flux in wetting front region is almost same with
the droplet cooling in wetting region. This confirms nucleate boil-
ing does not occur at the wetting front.

3.2. Quasi-steady regime

Figs. 10 and 11 show the synchronization of boiling visualiza-
tion with the surface temperature, heat flux and heat transfer coef-
ficient along the wetting radius with specific time. The orange
Fig. 9. (a) Variations of local surface heat flux distribution with respect to the local su
coefficient with respect to time, at locations r/Dn = ± 30. (c) and (d), same but for r/Dn =
colored vertical means the position of qmax calculated by IHCP at
specific time. At the start of quenching in Fig. 10(a), the qmax and
maximum heat transfer coefficient locates at the stagnation point.
And the starting temperature of nucleate boiling is almost same
with the initial temperature of 900 �C. It confirms again that the
film boiling does not occur at the stagnation point. At the wetting
radius of Rdo/Dn = ± 5 in Fig. 10(b), the temperature at the stagna-
tion point decreases near 250 �C and shows sharp gradient along
radial position. The nucleate boiling site with qmax positions at
the inner of wetting radius has relatively low value than that of
Fig. 10(a). After that, the qmax position of Fig. 10(c) and (d) shows
almost accords with the boundary of wetted region. This result
indicates that the nucleate boiling occurs in very early time where
the jet flow is directly impinged. But after the short time, the sur-
face wetting is the key of distinguishing the position of nucleate
boiling site. This tendency is continuously observed in more
elapsed time of Fig. 11. In Fig. 11(a)–(c), the position of qmax is com-
pletely identical with the wetting radius. But at the outer radial
position of Rdo/Dn = ± 35 in Fig. 11(d), the nucleate boiling with
qmax locates slightly out boundary of wetted region. It can be
regarded as due to the long duration of residual water cooling.
Moreover, it is also confirmed again that the nucleate boiling tem-
perature which is overlapped with vertical line decreases and the
magnitude of qmax decreases with the same rate. However the
rface superheat and (b) variations of the local surface heat flux and heat transfer
± 40. Various cooling regime encountered are also shown.



Fig. 10. Snapshot image combined with the radial distributions of the surface heat flux and heat transfer coefficient at wetting front radii Rdo/Dn (a) ±0, (b) ±5, (c) ±10, and (d)
±15. The elapsed time is chosen accordingly to reveal the regimes.
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decrease of qmax over time becomes rapidly smaller after the speci-
fic time of 24 s as shown in Fig. 10(c).

From above-results, it can be seen that the distinct tendency
comes to existence from the comparison of boiling visualization
with thermal distribution data by IHCP. After a specific time, the
position of qmax is approximately identical to that of wetting
radius. We assume that not only the temperature distribution of
surface but also the inner temperature of specimen can associate
with the boiling phenomenon. Fig. 12 shows the sequence of inner
temperature contour sliced at stagnation point. The (r, z) = (0, 0)
point denotes the stagnation point. As the boiling heat transfer
occurs at surface, the conduction heat transfer in depth direction
occurs at the same time. The heat transfer rate going through the
top surface is composed of complex interaction between the inter-
nal energy of surface and the conduction heat transfer from inside
of specimen. Therefore, the thickness of specimen and thermal



Fig. 11. Same as Fig. 10, but for Rdo/Dn (a) ±20, (b) ±25, (c) ±30, and (d) ±35. The elapsed time is also chosen accordingly to reveal the regimes.
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properties for conduction are deeply involved with the duration
time of boiling heat transfer mode. As the thickness of specimen
is thicker, the duration of each boiling mode can be longer. As
shown in Fig. 12(c), the cooling of bottom surface starts in progress
at 24 s. After that, the synchronization results of Figs. 10 and 11
show distinct quasi-steady characteristics like as the position of
qmax and its value, and which time means the quasi-steady time
(sqs).
3.3. Wetting front propagation

Fig. 13 shows the 3-D graph of surface heat transfer character-
istic with surface heat flux, temperature and elapsed time. The dif-
ference of qmax at r/Dn = 0 and 5 before the quasi-steady time
shows larger value, but that of after the quasi-steady time shows
very little change. This might be explained by two possible causes.
First, the overall temperature of surface decreases as the time



Fig. 12. Variations of the inverse-conduction predicted temperature distribution within the plate at several elapsed times. The onset of the quasi-steady behavior is marked
by the quasi-steady time reaching the back of the plate.

Fig. 13. Three-dimensional presentation of the simultaneous variations of the surface heat flux, surface temperature, and the elapsed time of (a) 0–24 (i.e., sqs), and (b) 24–
200 s, at several radial locations. The quasi-steady regime is noted with a similarity of the cooling behavior at various locations.
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passes. The qmax highly relates with the starting temperature of
nucleate boiling. But the nucleate boiling at a radially outward
position occurs at lower starting temperature as mentioned previ-
ous section. Second, the temperature gradient at outward position
in depth direction becomes larger as time passes as shown in
Fig. 12(d)–(i). The larger temperature gradient causes larger con-
duction heat transfer rate in depth direction. As a result, the low
starting temperature of nucleate boiling can lower the heat trans-
fer rate, but the conduction heat transfer in depth direction is rel-
atively high at the outward position. Therefore, the qmax at several
outward positions can be remained in similar value.

The quasi-steady regime is well presented in the graph of
Fig. 14 which shows the radius of wetting front and position of
qmax against the elapsed time. In early stage before the quasi-



Fig. 14. Variation of the wetting front location with respect time, showing the
quasi-steady regime where Rdo increases linearly with time. The position of the
maximum heat flux at specific time is also marked.
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steady time, the radius of wetting front shows exponential increase
and the qmax occurs inside of wetted region. After the time sqs, the
both lines shows the linear increase and a good agreement
between the radius of wetting front and position of qmax. These
results are already visually and quantitatively verified in Figs. 10
and 11.
Fig. 15. (a) Variations of the fraction of liquid ejected at wetting front and
evaporating as droplets in the dry region against the elapsed time and (b) variations
of the fraction of liquid ejected at wetting front with the value of maximum heat
flux along the radial position.
3.4. Fraction of liquid ejected at propagating front

In addition to the single-phase and subcooled boiling heat
transfer, the droplets ejected at the front land on in the otherwise
region and evaporate, resulting in significant cooling in that region.
The fraction of liquid ejected is estimated as the evaporation frac-
tion (b). The local (discrete locations) surface heat flux hqii from the
axisymmetric inverse heat conduction analysis is used to obtain
the total, instantaneous heat flow rate

Q ¼
Xn

i¼1

p R2
iþ1 � R2

i

� �
hqii ð3Þ

where n is the number of surface segment sections and Ri is their
radial locations from the center. The water jet flow is assumed to
reach saturation temperature before ejection, so the fraction of liq-
uid ejected and undergoing phase change can be expressed as the
following equations,

Xn

i¼1

p R2
iþ1 � R2

i

� �
hqii ¼ bqlp

D2
n

4
unDhlg

)b ¼
Pn

i¼1p R2
iþ1 � R2

i

� �
hqii

qlp
D2
n
4 unDhlg

ð4Þ

If we neglect evaporation at the wetting front, this would be the
fraction of the ejected front (so it is rather overestimated). Fig. 15
(a) shows the fraction of liquid undergoing phase change b as a
function of the elapse time. Once the quasi-steady state is reached
sqs, this fraction shows the linear shapes of graph. And the fraction
of liquid b also shows the linear increase along the radial position
and reaches over 10% of the liquid flowing out the nozzle as shown
in Fig. 15(b). These ejected droplets land on the otherwise dry
region and turn to be evaporated.
4. Conclusions

With high-resolution imaging and inverse heat conduction
analysis we explore very high initial superheat and large surface
area features of quench jet impingement boiling and explain the
presence of (i) single-phase, (ii) collapsed-bubble (subcooled boil-
ing), (iii) wetting front with ejecting droplets, and (iv) evaporating-
droplets cooling regions on the plate. In the wetted region which
covers the first three, the high heat flux is the largest. The wetting
(or wet) front experiences violent nearly saturated nucleate boiling
with high pressure bubbles erupting and causing ejection of dro-
plets toward the dry region. The droplet-evaporation region is also
very effective in cooling the plate. Heat conduction within the
metallic plate is critical, with cooling spreading both laterally
and through the plate. This is demonstrated through the 3-D graph
of the measured surface heat flux and temperature at various radial
locations versus time, and the predicted axisymmetric transient
temperature distribution within the plate. A quasi-steady behavior
prevails with the effect of thickness and thermal properties of
specimen, where the radial wetting front location increases lin-
early with time. Liquid is ejected as droplets at the wetting front,
and the analysis shows once the quasi-steady state is reach, the
fraction of liquid ejected increases linearly with time and reaches
over 10% of the liquid flowing out the nozzle. These ejected dro-
plets land on the otherwise dry region and evaporate, which the
evaporation rate depends on the local surface superheat at their
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landing location. This evaporation cooling is very important in
quench jet impingement cooling, as it substantially reduces the
local surface temperature before the wetting front reaches it (i.e.,
precooling).

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgement

This work was supported by the Korea Institute of Energy Tech-
nology Evaluation and Planning (KETEP) grant funded by the Min-
istry of Trade, Industry & Energy, Korea (Grant No.
20142010102910) and the National Research Council of Science
and Technology (NST) grant funded by the Ministry of Science,
ICT and Future Planning, Korea (Grant No. KIMM-NK203B).

References

[1] S. Vakili, M.S. Gadala, Boiling heat transfer of multiple impinging jets on a hot
moving plate, Heat Transf. Eng. 34 (2013) 580–595.

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

[3] 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 Transf. Eng. 36 (2015) 1037–1045.

[4] J. Lee, S. Sohn, J. Park, Visual observation of circular water jet impingement
boiling on stationary hot steel plate, J. Heat Transfer. 137 (2015) 80911.

[5] J. Lee, S. Sohn, S.G. Lee, Boiling visualization of two adjacent impinging jets on
hot steel plate, J. Heat Transfer. 138 (2016) 20909.

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

[7] 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.
[8] D.E. Hall, F.P. Incropera, R. Viskanta, Jet impingement boiling from a circular
free-surface jet during quenching: Part 1—single-phase jet, J. Heat Transfer.
123 (2001) 901–910.

[9] S. Ishigai, S. Nakanishi, T. Ochi, Boiling heat transfer for plane water jet
impinging on a hot surface, in: Proceedings of the Sixth International Heat
Transfer Conference, Toronto, Ont., Canada, August 1978.

[10] P.L. Woodfield, M. Monde, A.K. Mozumder, Observations of high temperature
impinging-jet boiling phenomena, Int. J. Heat Mass Transf. 48 (2005) 2032–
2041.

[11] H. Matsueda, M. Monde, S. Matsuda, Characteristics of transient heat transfer
during quenching of a vertical hot surface with a falling liquid film, Heat
Transf. - Asian Res. 36 (2007) 345–360.

[12] M.A. Islam, M. Monde, P.L. Woodfield, Y. Mitsutake, Jet impingement
quenching phenomena for hot surfaces well above the limiting temperature
for solid-liquid contact, Int. J. Heat Mass Transf. 51 (2008) 1226–1237.

[13] P.L. Woodfield, A.K. Mozumder, M. Monde, On the size of the boiling region in
jet impingement quenching, Int. J. Heat Mass Transf. 52 (2009) 460–465.

[14] M.N. Hasan, M. Monde, Y. Mitsutake, Homogeneous nucleation boiling during
jet impingement quench of hot surfaces above thermodynamic limiting
temperature, Int. J. Heat Mass Transf. 54 (2011) 2837–2843.

[15] M. Zarringhalam, A. Karimipour, D. Toghraie, Experimental study of the effect
of solid volume fraction and Reynolds number on heat transfer coefficient and
pressure drop of CuO – Water nanofluid, Exp. Therm. Fluid Sci. 76 (2016) 342–
351.

[16] D. Toghraie, Numerical thermal analysis of water’s boiling heat transfer based
on a turbulent jet impingement on heated surface, Phys. E Low-Dimensional
Syst. Nanostruct. 84 (2016) 454–465.

[17] A.K. Mozumder, M. Monde, P.L. Woodfield, M.A. Islam, Maximum heat flux in
relation to quenching of a high temperature surface with liquid jet
impingement, Int. J. Heat Mass Transf. 49 (2006) 2877–2888.

[18] J. Hammad, Y. Mitsutake, M. Monde, Movement of maximum heat flux and
wetting front during quenching of hot cylindrical block, Int. J. Therm. Sci. 43
(2004) 743–752.

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

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

[21] M. Akmal, A.M.T. Omar, M.S. Hamed, Experimental investigation of
propagation of wetting front on curved surfaces exposed to an impinging
water jet, Int. J. Microstruct. Mater. Prop. 3 (4–5) (2008) 654–681.

http://refhub.elsevier.com/S0017-9310(17)30060-1/h0005
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0005
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0010
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0010
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0015
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0015
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0015
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0020
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0020
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0025
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0025
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0030
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0030
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0035
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0035
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0035
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0040
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0040
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0040
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0050
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0050
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0050
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0055
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0055
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0055
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0060
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0060
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0060
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0065
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0065
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0070
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0070
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0070
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0075
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0075
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0075
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0075
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0080
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0080
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0080
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0085
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0085
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0085
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0090
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0090
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0090
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0095
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0095
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0095
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0100
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0100
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0100
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0105
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0105
http://refhub.elsevier.com/S0017-9310(17)30060-1/h0105

	Quasi-steady front in quench subcooled-jet impingement boiling: Experiment and analysis
	1 Introduction
	2 Experiment and methods
	2.1 Experiment
	2.2 Inverse heat conduction analysis

	3 Results and discussion
	3.1 Flow visualization and cooling regions
	3.2 Quasi-steady regime
	3.3 Wetting front propagation
	3.4 Fraction of liquid ejected at propagating front

	4 Conclusions
	Conflict of interest
	Acknowledgement
	References


