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Abstract

Experiments were conducted to understand the phenomena that happen just after a subcooled free-surface circular water jet impinges
on a high temperature surface. A 2 mm-water-jet of 5-80 K subcooling and 3-15 m/s velocity was impinged on the flat surface of a cylin-
drical steel/brass block that was preheated to 500-600 °C. The transient temperature data were recorded and used to predict the surface
temperature by an inverse heat conduction technique. A high-speed video camera was also employed to capture the flow condition. It is
found that for a certain period of time the surface temperature remains well above the thermodynamic limiting temperature that allows
stable solid-liquid contact. What happens during this period and what makes the surface temperature drop to the limiting temperature
are important questions whose possible answers are given in this article. The cooling curves at the center of the impinging surface for
different experimental conditions are also explained in relation with the limiting temperature and three characteristic regions having

different types of flow patterns are identified.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Jet impingement quenching has a high cooling potential
(more than 10 MW/m?) and is a very effective means of
cooling. It is very important in LOCA analysis, steel man-
ufacturing, metallurgy, microelectronic device making and
thermal management processes. It may be useful in eluci-
dating poorly understood phenomena such as Leidenfrost
and homogeneous nucleation. A comprehensive review of
jet impingement boiling was made by Wolf et al. [1]. They
observed that in contrast to research on nucleate boiling
and critical heat flux, there is a scarcity of concrete studies
relating to jet impingement for the film boiling and transi-
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tion regimes. Monde et al. [2] also surveyed a great many
experimental studies on jet impingement quenching and
made a comprehensive summary.

Heating a surface, that is submerged in a liquid pool,
above the saturation temperature may give rise to heteroge-
neous nucleation or homogeneous nucleation of bubbles at
the interface between the liquid and the solid. Even though
the homogeneous nucleation of vapor has been studied
extensively and has a rather long history of investigation,
there is much not yet understood. Conventional homoge-
neous nucleation theory suggests that the homogeneous
nucleation is likely to occur at the solid surface where the
liquid is quickly and highly superheated. Skripov [3] and
Asai [4] mentioned about spontaneous nucleation due to
thermal motions of liquid molecules (homogeneous nucle-
ation) under extremely high heat flux pulse heating cases.
Andrews and O’Horo [5] observed bubble formation by
homogeneous nucleation on or near the heater surface
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Nomenclature

specific heat (J/kg K)

jet diameter (mm)

heat flux (MW/m?)

radial position (mm)

time (s)

resident time (s)

temperature (°C)

solid-liquid interface temperature (°C)
0 block initial temperature (°C)
critical temperature (°C)
maximum solid temperature that allows stable
solid-liquid contact (°C)
Tiea Leidenfrost temperature (°C)
Tsat saturation temperature of liquid (°C)
Tspin  temperature at the liquid spinodal (°C)

NENNS TS A

Tmax

Tshn spontaneous homogeneous nucleation tempera-

ture (°C)
Ty thermodynamic limit of superheat of liquid (°C)
TS, surface temperature at * (°C)
u jet velocity (m/s)
ATgpw  liquid subcooling = (T, — T7) (K)
AT, surface or wall superheat = (T — Tsa() (K)
A thermal conductivity (W/m K)
o density (kg/m?)
Subscripts
g gas or vapor
1 liquid
s solid
w wall or surface

during the heating transient. They reported the occurrence
of homogeneous nucleation away from the surface which
would seem to contradict the expectation that homoge-
neous nucleation, if it occurs, will take place first at the sur-
face itself where the liquid is superheated the most. Carey
et al. [6] argued that for this observation [5] to be correct,
there would have to be a mechanism that suppresses homo-
geneous nucleation very near the wall, or makes it more
likely some distance away from it. One possibility they
pointed out is that force interactions between molecules
of the liquid and molecules in the solid surface are affecting
the state of the fluid in a way that modifies the intrinsic sta-
bility limit. Gerweck and Yadigaroglu [7] developed an
analytical model of the effects of attractive forces on the
equation of state of the fluid. They used a thermodynamic
analysis to assemble an equation of state by combining a
repulsive force interaction model for a hard sphere fluid
with attractive force models for interactions between the
fluid molecules and solid surface molecules. Their analysis
is cast in terms of an inverse characteristic length and con-
cluded that the length scale is of the order of a molecular
diameter, but no specific values were provided. Carey and
Wembhoff [6] started from the interesting insight of Ger-
weck and Yadigaroglu [7] and developed a thermodynamic
model stating that near-wall effects on nucleation and boil-
ing are confined to the region within a few nanometers of
the surface where pressure and spinodal temperature (7pin)
are extremely high. This implies that during transient heat-
ing, the homogeneous nucleation seems to occur first at a
location slightly away from the solid surface free from
near-wall effects. It is to be noted that at the wall-unaf-
fected region, the bulk liquid can give rise to homogeneous
nucleation of bubbles near the spinodal limit (7, Which
may otherwise be called Ty noting that this temperature
corresponds to the thermodynamic limiting superheat).
Ohtake and Koizumi [8] studied the mechanism of
vapor-film collapse at the wall temperature above the spin-

odal limit (7y,). They pointed out that local solid surface
temperature at the position of solid-liquid contact could
never exceed the Ty, or the spontaneous homogeneous
nucleation temperature (7g,,) even if the vapor-film col-
lapse occurred at a high wall-superheat. They also reported
the effects of a local-cold spot on both the minimum-heat-
flux (MHF) temperature and the way in which the vapor
film would collapse. From the abovementioned survey, it
seems that Tys, Tshn, T1eia and MHF-point temperature
in relation with phase-change may demonstrate a physical
phenomenon (homogeneous nucleation or Leidenfrost
behavior) yet to be addressed clearly.

Jet impingement cooling of a hot surface may also give
rise the heterogeneous and homogeneous nucleation of
bubbles, which is yet to be explored. A number of interest-
ing phenomena have been reported for jet impingement
quenching. Piggott et al. [9] reported a delay to the move-
ment of the wetting front during quenching heated rods
from an initial temperature of 700 °C with a subcooled
water jet. The quench began with quiet film boiling and
then a white patch around 5 mm in diameter appeared
beneath the jet. The liquid film then broke into tiny drop-
lets in a spray pattern, which was followed by an oscillating
liquid sheet that lifted from the surface of the rod. Finally,
the wetting front moved forward over the heated surface.
Some more recent works include Hammad et al. [10,11],
Woodfield et al. [12], Mozumder et al. [13,14]. These recent
studies have been performed by quenching a cylindrical
block of initial temperature ranging from 250 to 400 °C.
These studies emphasized on flow visualization, surface
temperature, surface heat flux, cooling curves, boiling
curves, resident time (wetting delay) and boiling sound.

Film boiling region is common at the early stages of jet
impingement quenching of high temperature surfaces. Ishi-
gai et al. [15] observed no solid-liquid contact in the film
boiling region. The beginning of the contact is often under-
stood to coincide with the minimum heat flux point. Many



1228 M.A. Islam et al. | International Journal of Heat and Mass Transfer 51 (2008) 1226-1237

studies have been done by assuming a continuous vapor
film existing between the liquid and hot surface throughout
the film boiling region. Some studies have shown that brief
random contacts between the liquid and the surface occur
in some portions of this region [16]. Chang and Witte
[16] argued that the vapor film might appear to be quite
continuous to the naked eye, but small contacts become
longer and more numerous as the wall superheat
approaches that at minimum heat flux. The liquid-solid
contacts contribute to the average heat transfer rate during
this stage of film boiling, eventually leading to the so-called
minimum heat flux. They reported random solid-liquid
contacts during flow film boiling measured with a surface
micro-thermocouple probe. Hatta et al. [17] conducted jet
quenching experiments of stainless steel plate initially
heated to 900 °C and concluded that direct solid-liquid
contact occurred without any noticeable period of film
boiling in spite of the high temperature. Cokmez-Tuzla
et al. [18] utilized a special rapid-response probe to detect
and record potential liquid contacts during post-CHF flow
boiling.

From the above mentioned studies it is clear that jet
impingement quenching phenomena in the high tempera-
ture context are not well understood. Moreover, the nature
of solid-liquid contact during quenching very hot surfaces
is not known completely. In the present study these issues
are addressed during jet impingement quenching of high
temperature block having initial temperature from 450 to
600 °C. Steel and brass blocks are quenched by a 2 mm cir-
cular free surface water jet of velocity 3—15 m/s and of sub-
cooling 5-50 K. High-speed video images are captured
during quenching and are analyzed together with cooling
curves with a view to having some information on the
phase-change phenomena and heat transfer at the very
beginning of the jet impingement.

2. Experiment

Fig. 1a shows the basic setup for the quench experiment,
which is the same as used by Mozumder et al. [13,14]. The
key components of the apparatus were a heated cylindrical
test piece, a water jet, a number of electrical heaters and a
spring-loaded shutter. The cylindrical test piece was steel or
brass and had a diameter of 94 mm and a height of 59 mm.
The test surface was polished and plated with a 5 um layer
of gold to reduce oxidation effects. After gold plating the
surface roughness was measured to be about 7 um for brass
and about 18 um for steel. The water jet issued from a
2 mm diameter nozzle located 45 mm away from the test
surface. Three electrical heaters were used to heat the solid
having a combined power of about 2.1 kW. Sixteen Chro-
mel-alumel type thermocouples in two depths beneath the
surface were embedded within the solid to record the ther-
mal history as the block cooled. Eight of the thermocouples
were located at a depth 1.9 mm from the surface and the
other 8 were 5 mm from the surface. Radial positions of
the thermocouples are 0, 5, 10, 16, 22, 28, 34 and 40 mm
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Fig. la. A schematic of the experimental setup.

from the center of the test surface with a maximum of
0.5 mm error. The thermocouples were connected to a
multi-channel amplifier and then to a personal computer
to store the readings during quenching. Readings were
taken at a frequency of 10-20 Hz, which was as fast as
could be justified given the response of the sensors and still
slow compared with the 8 ms required by the AD card to
scan all 16 channels. The entire experimental test section
shown in Fig. 1b was enclosed in a nitrogen atmosphere
as an additional measure to reduce oxidation. However,
in order to take clear photographs it was necessary to open
the door allowing some oxygen to enter the system.

The experimental procedure was to first fill the liquid
tank with around 20 L of distilled water. The test surface
then was wiped and cleaned with acetone. The block and
the water were heated to the desired initial temperatures
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Fig. 1b. Detail of the test block.
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while continuously pumping the water though a closed
loop cycle with the shutter closed. When the thermocouples
indicated that solid had reached the required temperature,
the heaters were switched off. Due to rapid heating, there
was a small temperature gradient in the solid, which caused
the temperature near the surface to continue to rise from 3
to 4 °C above the intended initial condition after the power
to the heaters was disconnected. During the next 3—4 min,
the temperature gradients in the solid evened out and the
solid began to cool slowly and uniformly at about 0.1 K/
s. When it had cooled to the desired initial condition, the
shutter shown in Fig. la was opened allowing the jet to
strike the surface. At the same time a high-speed video
camera of 10,000 frames per second was employed to cap-
ture the flow patterns.

3. Results and discussion

A high-speed video camera captured images of boiling
and flow phenomena at the early stages of jet impingement
quenching of the test block mentioned in the previous sec-
tion. The embedded thermocouples also recorded tempera-
ture response during quenching. The temperature
responses were then used by the inverse heat conduction
method of Monde et al. [19]in order to predict surface tem-
perature and heat flux. The video images are first analyzed
in this section. The cooling curves at the center for different
experimental conditions are presented subsequently with a
view to understanding the quench phenomena and finding
characteristic regions.

3.1. Video observation

A sequence of video clips at the early stages (from 3 ms
to 3 s) during quenching of a steel block (7, = 500 °C) by
a 5m/s — 80 °C water jet is included in Fig. 2(a). Soon after
jet impingement, a circular shiny (mirror like) liquid sheet
was observed at the center of the block as shown up to
30 ms (for some other experimental conditions this phe-
nomenon persisted for several seconds). During this period,
the flow was very calm and quiet and no boiling sound was
heard by an unaided ear. It seems that the jet hardly made
contact with the surface at this stage. At the start there may
be a brief solid-liquid contact at the center where bubbles
form, coalesce and make the jet slide over the hot surface
resulting in a flat sheet. When the size of the shiny sheet
reaches its limit, numerous tiny liquid droplets form at its
fringe as shown in the figure for 30 ms. A little later
(around 200 ms), the above mentioned shiny liquid sheet
started disappearing and the jet contacted the surface
directly. Boiling might have occurred due to heterogeneous
and/or homogeneous bubble nucleation and some liquid
was found to be splashed away at an angle from the surface
as shown in Fig. 2(a) at 200 ms and 500 ms. More rigorous
contact was evident after 500 ms and a growing wet patch
formed at the center. The liquid was deflected more as time
progressed because of the possible interaction between the
jet and the bubbles generated in the wetted area.

Fig. 2(b) exhibits a completely different sequence of
video images during 3 ms to 4 s of quenching of a brass
block initially heated to 550 °C by a 5m/s — 50 °C jet.
Within 30 ms, the flow was found explosive and noisy

10mm

Fig. 2. Video clips during quenching of steel and brass blocks by 5 m/s jet: (a) 500 °C-steel quenched by 80 °C jet, (b) 550 °C-brass quenched by 50 °C jet.
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where splashed liquid moved away in all possible direc-
tions. During 200-300 ms, oscillating sheet flow was
observed. After about 500 ms a nearly stable sheet flow
was evident. Unlike the flow for steel as shown in
Fig. 2(a), no wet patch was found in the early stages of
quenching. It took about 170s to form a growing wet
patch and to have a flow pattern the same as shown in
Fig. 2(a) for 500 ms. It should be mentioned finally that
the time duration until the wet patch starts growing
strongly depends on the quenched material and thermal-
hydraulic condition of the jet.

3.2. Flow patterns

Based on the video images during quenching steel and
brass blocks, different flow patterns of the types from pho-
tos A to F have been identified as depicted in Fig. 3. The
characteristics of the flow patterns are explained below.

Type A: Highly chaotic two-phase flow occurs as soon as
the water jet is impinged on a hot brass surface. Tiny bub-
bles may be formed during brief instants of solid-liquid
contact. Resultant of the forces exerted by tiny bubbles
splashes the liquid in all possible directions. The steel sur-
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face does not show this type of pattern clearly. The higher
value of the thermal parameter, pcl, of the block material
and the higher surface temperature may in part be respon-
sible for this type of flow pattern. Both heterogeneous and
homogeneous bubble nucleations are considered possible
at this stage.

Type B: Stable film boiling occurs on the steel surface as
soon as the jet strikes it. This is quiet. At start there may be
a brief solid-liquid contact at the center where bubbles
form, coalesce and make the jet slide over it resulting in
a flat liquid sheet. Or some pre-existing hot air at the sur-
face and vapor formed at the top surface of the impinging
jet play an important role in making the jet slide over to
have a shape as shown. The study of free surface liquid
sheets by Shoji [20] may be referred here for more informa-
tion. As shown in Fig. 3 (type B), at a radius of about
10 mm, the sheet breaks into droplets that move outwards
at angles of 5-10° from the surface. Brass blocks do not
generally exhibit this, but some of the first quench experi-
ments on brass blocks where gold plating was in good
condition showed this pattern. The lower value of the ther-
mal parameter, pcA, of the block material, good surface
condition and higher block temperature may in part be
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Fig. 3. Flow patterns identified from video observation.
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responsible for this type of flow pattern. Both heteroge-
neous and homogeneous bubble nucleation may also be
considered possible at this stage.

Type C: As time passes on, the surface temperature goes
down because of the heat transfer and two-phase phenom-
ena mentioned for type A or B. A little longer solid-liquid
contact makes a small wet patch surrounding which a con-
siderable number of isolated bubbles form that compels the
jet to be directed outward with splashed liquid droplets as
shown. For this type of flow pattern, the angle between sur-
face and the line of splashed droplets varies from 10° to
15°. This flow pattern is common for both steel and brass
surfaces. For steel this follows type B, while for brass it
occurs after type A in most of the cases. Heat transfer by
transition boiling (originated by both homogeneous and
heterogeneous nucleation) may be possible for a brief per-
iod of time at this stage.

Type D: This is a conical sheet flow pattern observed
after C-type. It is a delicate flow pattern occurring under
favorable thermal-hydraulic conditions. Solid temperature,
liquid flow rate, its subcooling and surface tension seem to
play important roles on its formation. It seems that a small
wet patch (larger than that for the type C) remains in con-
tact with the surface for a considerable period of time at
the center and helps produce more bubbles that deflect
the jet further from the impinging surface and make an
angle of about 15-20°. The hydrodynamic pressure of the
impinging jet does not allow vapor to splash the thick liquid
at the fringe of the wet patch. Rather the vapor forms a
stream and escapes along the solid surface. The resultant
of the forces exerted by the jet and the escaping vapor helps
form this flow pattern having a conical liquid sheet. For the
cases where jet velocity is low and jet subcooling is high, this
flow is almost always common. Transition boiling (origi-
nated by both homogeneous and heterogeneous nucleation)
may be the possible mode of heat transfer at this stage.

Oscillations between D and C type flow patterns were
observed during quenching of high temperature surfaces
considered in this study. Woodfield et al. [12] also found
and explained these phenomena during jet quenching brass
block initially heated to 300 °C. They also presented the
statistics of the sheet flow appearance. They mentioned
that the maximum cycle took a little over one second and
the average frequency of the cycle was 2.88 Hz.

Type E: As the surface temperature decreases with time,
the wet patch grows more having a size larger than about
double of the jet diameter and stagnates for a certain time,
helps generate more and more bubbles near its fringe. At
the fringe of the wet patch, the jet hydrodynamic pressure
almost disappears and also the liquid film thickness
becomes thin. These allow the vapor stream to break the
conical liquid sheet (which is present in Type D) into
splashed droplets that are more steeply deflected from the
surface. On the formation of this flow pattern a sharp
change in boiling sound was heard indicating that the
wet patch is about to move along the radial direction.
The angle between the surface and the splashed droplets

increases a little more (20-25°). Both fully developed nucle-
ate boiling and transition boiling are established near the
region where the splashed droplets are generated.

Type F: As the surface temperature of the wet patch and
its outskirts goes down further, the wet patch starts growing
along the radial direction. The angle between the surface
and the splashed liquid again increases further having values
ranging from 25° to 40° and it approaches to nearly 90° as
the wet patch reaches the circumference. This type of flow
pattern is characterized by the presence of different modes
of heat transfer, viz. developing nucleate boiling in the wet
patch, fully developed nucleate boiling at the fringe of the
wet patch and transition boiling near the wetting front. Sin-
gle phase convection is also possible for the cases where jet
wets nearly the whole area of the impinging surface.

Neither steel nor brass exhibited all the abovementioned
flow patterns during jet quenching. For steel B, C, E and F
types of flow patterns were common, while for brass
quenching A, C, D, E and F types of flow patterns were
observed. It is worth mentioning that the surface finish
and its aging play an important role in exhibiting the differ-
ent types of flow pattern as explained above. Furthermore,
the gold plating on the impinging surface was found partly
washed away after every experimental run. Therefore, a
poor repeatability of the duration and appearance of the
flow patterns for a given initial temperature, jet velocity
and subcooling was found in this experiment.

3.3. Boiling characteristics

During jet quenching, the modes of heat transfer can be
well understood with the help of a boiling curve that shows
the heat flux distribution with wall superheat. Fig. 4 shows
a typical boiling curve at a radial position of 5 mm during
quenching a 500 °C steel block by an 80 °C — 5 m/s — 2 mm
water jet. The heat flux increases with wall superheat,
reaches the maximum of 2.76 MW/m? when wall superheat
is about 127.3 K, and then decreases until wall superheat
becomes 474 K after which a sharp increase in heat flux
is evident. Interpreting this result from a classical view
point, the nucleate boiling regime may be considered with
wall superheats between 10 and 127.3 K, the transition
boiling regime with wall superheat between 127.3 and
474 K and the film boiling regime with wall superheat
beyond 474 K which is commonly considered as minimum
film boiling point (MFB) or Leidenfrost point (LFP). The
nucleate boiling prediction by Rohsenow [21] for pool boil-
ing is shown in this figure to understand the similar boiling
phenomena during jet quenching. To transfer the same
amount of heat in the nucleate boiling regime having wall
superheat more than 25 K, the surface temperature remains
higher for jet impingement boiling compared to pool boil-
ing. In other words, the heat transfer rate is lower for jet
quenching at a certain wall superheat more than 25 K com-
pared to pool boiling. This contradicts with the classical
heat transfer character of steady-state pool boiling
and forced convection boiling. This discrepancy may be
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Fig. 4. A typical boiling curve at »r = 5 mm (steel block of Ty = 500 °C
quenched by 80 °C — 5 m/s jet).

attributed to the complex hydrodynamics of jet and tran-
sient nature of heat transfer in the present study. Again,
the nucleate boiling prediction by Wolf et al. [22], as also
shown in Fig. 4, during plane jet impingement quenching
shows good agreement with steady pool boiling, but devi-
ates much from present jet quench character.

The value of gu.x in jet quenching is much lower than
the critical heat flux (¢.) for steady-state jet impingement
boiling predicted by Monde et al. [23] as shown in Fig. 4.
The reason why the value of ¢« is lower than the Monde
et al. prediction is mainly because of the heat transfer lim-
itation caused by thermal properties of the block quenched
as mentioned by Mozumder et al. [14]. The minimum film
boiling heat flux (gppp) for the experimental conditions is
about 0.43 MW/m? whereas it is about 1.66 MW/m? as
predicted by Ishigai et al. [15]. It is worth mentioning that
the prediction of Ishigai et al. [15] is a correlation devel-
oped for jet velocity less than 5 m/s.

It may be useful to note that the surface temperature
during at the early stages of jet quenching remains high
enough to exhibit film boiling for all the experimental con-
ditions in the present study. But the boiling curves do not
always show up the film boiling regime. This may be
because of inaccuracy of the heat flux prediction resulting
from the slow response of the thermocouples. It may also
be useful to mention that brief random solid-liquid con-
tacts are still possible at the early stages where stable film
boiling is expected [16].

3.4. Cooling curves

Fig. 5 shows the variations of surface temperature, heat
flux and cooling rate at a radial position of r = 5 mm dur-
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during

ing quenching the 500 °C steel block by an 80 °C — 5 m/s
jet. It is worth mentioning that the cooling rate considered
here is based on the temperature measured by the thermo-
couples of response time close to 0.1 s. Therefore, average
values over a period of this order for both temperature
and cooling rate should be understood in the present con-
text. If it could be possible to record surface temperature
changes during a couple of microseconds at the beginning
by an ultra-fast response temperature probe, which is per-
haps not available yet, the cooling rate for jet impingement
might be found to exceed the heating rate investigated hith-
erto in understanding spontaneous nucleation and vapor
explosion. If one looks into liquid side when it suddenly
contacts a hot solid, the heating rate takes an infinite value
at the instant of contact.

It is found from Fig. 5 that the average cooling rate is as
high as 60 °C/s at the very beginning of jet impingement
due to initial transients [13], drops to 22 °C/s due to film
boiling within 0.5 s and again enhanced to 124 °C/s after
1.9 s due to vigorous nucleate boiling. The possible heat
transfer modes are film boiling, transition boiling and fully
developed nucleate boiling as quenching proceeds from the
beginning of jet impingement to 3.1s (where ¢max
occurred). The surface heat flux reaches its maximum of
Gmax = 2.76 MW/m? while the cooling rate becomes maxi-
mum (124 °C/s) 1.9 s after the jet first impinged on the sur-
face. For uniform cooling of a lumped solid the maximum
heat flux and maximum cooling rate should occur simulta-
neously. However, the present circumstance involves steep
temperature gradients in a two-dimensional solid. The 1.2 s



M.A. Islam et al. | International Journal of Heat and Mass Transfer 51 (2008) 1226-1237 1233

500 w\ T
450 [ \
' )(r,z)=(o, 1.9)
400 T =374°C
O 350 = =
S j
° i T =3555°C| 1
g Lo t .= 800ms ‘__xi_’____’“_a‘__._ — _. ]
£ 300 —N\ ‘
£ r <
[ 4
g- ’ Ttls= 312°C \\-
O 250
= }
200 | ]
150 L Predicted Surface Temp —
r at r=0.0mm i
0.0 0.5 1.0 1.5 2.0 25 3.0
time (s)

Fig. 6. Cooling curve during quenching of a 500 °C-steel block by 80 °C —
5 m/s jet.

time gap can be attributed to strong heat conduction to the
cooler central region before occurrence of the maximum
heat flux on the surface at the radial position shown in
Fig. 5.

Fig. 6 exhibits changes of solid temperature with time at
the center and at different depths of a 500 °C steel block
during quenching by a 80 °C — 5 m/s water jet. The upper
two solid curves are the temperature responses within the
steel block at the depths of 1.9 mm and 5 mm beneath
the impinging surface, while the lowest one is the surface
temperature predicted by the inverse heat conduction solu-
tion [19]. The different horizontal lines represent some lim-
iting temperatures. The dashed line is the critical
temperature 7, of water, while the dash-dot-dash line
shows the thermodynamic limit of liquid superheat 7' sug-
gested by Lienhard [24] for the quench condition given in
Fig. 6. Carey [25] also suggested the value for Ty to be
306 °C on the basis of kinetic homogeneous nucleation the-
ory. The solid horizontal line is the limiting surface temper-
ature Ty, that allows stable solid-liquid contact during
quenching. Considering the thermodynamic limiting tem-
perature (spinodal limit) 7} as the interface temperature,
Eq. (1) can be used to calculate the maximum solid temper-
ature Tp,.x by presuming jet impingement on a solid surface
as a two-semi-infinite-body contact problem [26]:

Tmax*Tllsi

(pc;“)l (1)
Ty — T

(pc;")s,

where ‘p’, ‘¢’ and ‘2’ are, respectively, the density, specific
heat and thermal conductivity and the subscripts 1" and
‘s’ stand for liquid and solid, respectively.
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Fig. 7. Effect of Ty during quenching steel blocks by 80 °C — 5 m/s jet.

It is learned from Fig. 6 that the surface temperatures
were well above the T, = 355.5 °C just after jet impinge-
ment having no sustainable solid-liquid contact and
became equal to T,.. at about ¢, =800 ms beyond
which the surface cooled below this limiting temperature
maintaining well solid-liquid contact during the quench.
Neither video observations nor measured solid tempera-
tures can tell us exactly what is happening within 7, after
the quench. It is speculated that film boiling with intermit-
tent wet and dry phenomena may be dominating heat
transfer mode at this stage of quenching. A conceptual
explanation of the early stages where the surface tempera-
ture is above the T, will be presented in Section 3.6.

The time ¢,,,x When surface temperature becomes equal
to Thmax strongly depends on the experimental conditions.
The higher the initial block temperature, the greater is
the value of 7., as depicted in Fig. 7 which exhibits the
changes of surface temperature at the center during
quenching of a steel block (initially heated to 500-600 °C)
by a 80 °C — 5 m/s water jet. The video images at (Tpax,
Imax) €ncircled as 1, 2 and 3 in the figure are all of C type
given in Fig. 3. While flow patterns at #,,, having a
temperature higher than T, (for the cases of encircled
4 and 5) are found oscillating between C and D. Again,
the higher the jet velocity and subcooling, the lower is
the value of 7,,,«. The higher cooling potential for higher
jet velocity and subcooling makes #,,,,, smaller.

Fig. 8 compares the cooling phenomena at the center of
brass and steel blocks for identical quench conditions of
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Fig. 8. Comparison of cooling curves of steel and brass blocks initially
heated to 550 °C and quenched by 80 °C — 5 m/s water jet.

Tvo = 550 °C, T;=80°C, u = 5m/s. Two horizontal lines
in Fig. 8 show the Ty.x for steel and brass. The surface
of the steel block quickly cooled down to 200 °C by 3s
after jet impingement while the surface temperature for
brass is well above 400 °C within this time as shown in
Fig. 8. It is worth mentioning that the amount of heat
transfer for brass was much more than that for steel for
the same quench condition even though the surface temper-
ature for brass is higher. This indicates that the steel block
was cooled locally near the surface while a greater volume
of the brass block was cooled during the same time period.
In other words, the steel block was skin-cooled down to
much lower temperature as mentioned above. The thermal
properties (p,c,4) of the block play an important role in
this regard.

The surface temperature crosses the Ty, line after 1.3 s
for the steel block as shown in Fig. 8 while for brass it does
the same after 171 s (not shown). Two video images added
here exhibit the flow patterns 1.3 s after jet impingement
when the surface temperature of steel equals to 7p,.x. The
images suggest that the jet made a sustainable contact with
the steel surface and that it exploded violently in contact
with the brass surface whose temperature is well above
the limiting temperature 7Tpqay.

Fig. 9 is a cooling curve giving some more information
of the quench phenomena of a 550 °C-brass block when
a 50 °C — 5 m/s water jet was impinged on it. This shows
that the surface was cooled down to Ty, in 1.2s, from
Tmax to T5, in 98.8 s and from T3, to 150 °C in next 15s.
The T, is the surface temperature when a stagnant wet
patch at the center starts growing and ¢* is the time at
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Fig. 9. Characteristics of 550 °C-brass block quenched by 50 °C — 5 m/s
jet.

T . Therefore, the cooling may be characterized by the fas-
ter rate in the early region, the slowest in the middle region
and again faster in a brief region followed by a slower rate
when the surface temperature is below 130 °C as depicted
in Fig. 9. The respective heat transfer modes are unstable
film boiling with oscillating wet and dry phenomena, stable
film boiling, transition boiling extending to vigorous nucle-
ate boiling and single phase convection. Two video images
shown in Fig. 9 display the flow situation at the transitions:
one at (fmax, I max) having conical sheet flow of liquid (Type
D) and the other beyond the transition at (¢+*, 7},) having a
growing wet patch with vigorous nucleate boiling at the
fringe (Type E).

3.5. Characteristic regions

On the basis of cooling rate and its transitions at Ty,
and T, three different characteristic regions are tentatively
identified as shown in Fig. 10. The characteristics of these
three regions are explained below:

Region I This is the cooling region that happens in the
very early stages of quench between 0 (start) and .«
during which the surface temperature remains more
than or equal to T, Unstable film boiling/explosive
boiling may be the heat transfer mode; some brief
solid-liquid contacts make the surface cool down to
the interface temperature 7" and explosive vaporization
of liquid makes the surface dry again. The flow pattern
changes from type A to type C with time for brass in this
region, while for steel the changes in flow pattern from
type B to type C are observed as quenching progressed.
The flow pattern of the type D is observed for a few
cases of steel and brass where surface temperature seems
to be pretty close to Tiax.
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Region II' This is the quench period between f,,, and *
during which the surface temperature remains within the
range from T, to 7, maintaining a stable contact with
the impinging jet in a certain region at the center. At the
surrounding of this well wetted central region, there
forms an annular region that becomes repetitively wet
and dry and experiences transition boiling. Therefore,
the extent of wetting oscillates at a certain frequency
and the jet stands still making a stagnant wet patch until
the surface cools down to T3, at which the central wet
patch starts growing quickly. As shown in Fig. 10, the
surface is cooled slowly in this region due to limited wet-
ted area. The flow patterns are found oscillating between
types C and D in this region with a decreasing frequency
of oscillation. This region ends up with exhibiting E type
of flow pattern when the surface is cooled down to T7,.
Region III: 1t starts after " when the surface is cooled
quickly such that the surface temperature drops much
from the T,. This region starts with transition boiling
and ends up with nucleate boiling. The stagnation wet
patch at the center starts growing at the very beginning
of this region. More stable solid-liquid contact and
favorable heat transfer rates from the surface make the
wetting move forward in this region. The maximum heat
flux occurs during this period [14]. The flow pattern in
this region is type E at the start and type F at the end.

3.6. Cooling phenomena at the early stages

Neither video observation nor temperature history
during jet impingement quenching of a high temperature

surface help find a clue in understanding the phenomena
that happen at the early stages. Even though the surface
temperature during the early stages is well above the ther-
modynamic limiting temperature (7,.x) that allows solid—
liquid contact [8], the jet impacts the surface by the hydro-
dynamic forces and bounces immediately because of possi-
ble vapor formation during the brief contact making the
surface dry again. Some amount of heat is transferred dur-
ing these events of wet and dry which may continue at dif-
ferent frequencies until the surface temperature becomes
equal to a certain temperature such as T,.x and a sustain-
able solid-liquid contact may be established.

Fig. 11 demonstrates a concept of how the surface tem-
perature may change with the above mentioned wet and
dry phenomena within first few of microseconds of jet
impingement quenching. The dark solid line in Fig. 11 is
the possible change in solid surface temperature during first
two cycles of wet and dry events in the early stages of
quenching. Other solid horizontal lines drawn in the figure
are Typo, Tmax> T1is and 7;. The upper dashed line is the aver-
age temperature that may be predicted by the inverse heat
conduction solution [19] using the thermocouple readings.
The dotted line is the possible variation of liquid surface
temperature during brief wet and dry events at the early
stages. The first cycle of wet and dry (a-b-c-d) may be
explained as follows:

(1) a-b: The surface instantaneously assumes the inter-
face temperature 7" as the liquid comes in contact
with it. Both solid surface and liquid are considered
as one-dimensional semi-infinite bodies at this stage
and the Fourier heat conduction solution by Carslaw
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Fig. 11. Possible temperature oscillation in Region I.
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and Jaeger [26] can be used to calculate the value of
T using Eq. (2):

_ (Pd)l
-\ (ped), @

To — T
™ —-T

(2) b—c: Solid-liquid contact may be maintained for less
than a microsecond and heat is transferred to the
liquid by conduction. The surface temperature at this
brief contact may be assumed constant as shown. It is
interesting to note that liquid is considered to be in
liquid state at 7" which well above thermodynamic
limit of liquid superheat, T'y. It is thought that liquid
molecules come in contact with the surface at this
stage and the conducted heat is stored in the mole-
cules at a depth of a few nanometers. The stored heat
makes enough molecules excited to give rise homoge-
neous bubble nucleation/explosive boiling whose
mechanism is not clearly understood yet.

(3) c—d: Liquid molecules are momentarily transformed
into vapor molecules due to possible homogeneous
nucleation/vapor explosion and make the solid sur-
face dry as the vapor molecules prevent the jet from
making any contact with the solid surface until those
escape or condense to liquid again. The temperature
of the solid surface is recovered as shown because
of heat conduction from the region far from the sur-
face. The liquid is also cooled and the generated
vapor is condensed quickly because of fresh supply
from the jet. The jet comes in contact with the surface
again to repeat the cycle of wet and dry.

During the events mentioned above, the surface gets wet
and dry alternately with a certain frequency not ascertained
yet. These events repeat with increasing period of solid—
liquid contact as the surface cools. In other words, the
average surface temperature decreases as the time passes
on and the above events take relatively longer time to
repeat. Therefore, the period of the cycle becomes longer.
An accurate prediction of the change of surface tempera-
ture and its frequency may help predict surface heat flux
correctly. This could eventually tell us about the type of
boiling occurring at the early stages.

While the pattern shown in Fig. 11 is speculative, there is
some evidence that a similar kind of phenomenon has been
observed by others during transition boiling. Cokmez-Tuzla
et al. [18] conducted an analysis for the quantitative charac-
teristics of liquid-wall contacts in the vicinity of quench
fronts for flow boiling, with emphasis on the time fraction
of contacts. In order to detect and record potential liquid
contacts in the vicinity of an advancing quench front, a spe-
cial rapid-response contact probe was utilized whose
response time was determined to be better than 0.1 ms to
sense 99% of any sudden temperature change. The sampling
frequency of the probe was 16,000 data points per second.
They observed that the surface temperature initially stayed
at high superheats decreased gradually with intermittent
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Fig. 12. Contact probe signal collected by Cokmez-Tuzla et al. [18].

sudden drops and recoveries. Fig. 12 exhibits a magnified
view of a single event of contact maintained for about
15 ms. The faster cooling of the surface between points G
and I as shown in Fig. 12 is because of the liquid in contact
with the wall and can be approximated by a suitable function
of 12 to have an estimate of the surface heat flux on this
basis of heat conduction analysis. For a brief contact of
liquid for 15 ms, the surface heat flux can be calculated as
3.5 MW/m? by considering the contact probe to be a semi-
infinite solid. This value of heat flux is much less than that
can be calculated considering the phenomena at the Region
I during jet impingement as explained above for Fig. 10. This
type of observation and surface temperature change of Cok-
mez-Tuzla et al. [18] are common in the transition boiling
region where liquid contacts solid surface for a couple of mil-
liseconds and above as in the cases of Region II and Region
III mentioned in Fig. 10. In the present early stage consider-
ation (Region I of Fig. 10), the solid-liquid contact may be
maintained for less than a microsecond as shown in Fig. 11
from b to ¢ and so forth.

One obvious weakness with the model in Fig. 11 from b
to c is that the assumption of the sudden contact of two-
semi-infinite bodies leads to an infinite heat flux, which is
not possible due to the fact that liquid is made up of mol-
ecules requiring a finite amount of heat for phase-change.
Therefore, we expect that in the future studies the ultimate
limit to maximum heat flux based on molecular dynamics
will also play an important role. In such a case, the inter-
face temperature 7" calculated by Eq. (2) may be taken
as temperature boundary and the maximum value of the
maximum heat flux predicted by Gambill and Lienhard
[27] may be taken as heat flux boundary. Solving the model
for a couple of microseconds can give the temperature dis-
tribution in several nanometer depth of the liquid in con-
tact and a clue in better understanding the boiling
mechanism at the early stages may be obtained. Further
investigation regarding this mechanism is indispensable.

4. Conclusions

Jet impingement quenching phenomena of hot surfaces
near 600 °C by video observation and surface temperature
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history have been presented in this paper. The outcomes of
this study can be enumerated below:

1. The jet impingement quenching came up with different
types of flow patterns depending on the surface temper-
ature and material. Each of flow patterns has distinct
hydrodynamic and boiling character.

2. The thermodynamic limit of liquid superheat Ty tells
about the maximum temperature 7),,, that permits sta-
ble solid-liquid contact during quenching. The tempera-
ture 7% at the resident time ¢ delineates the
commencement of wetting movement and the onset of
rapid cooling.

3. Three different characteristic cooling regions are identi-
fied during jet impingement quenching on the basis of
cooling rate and its transition at T},,x and 7T7,. The tem-
perature measurements and video observation and their
subsequent analysis are not enough in understanding the
flow and boiling phenomena during the early cooling
region of jet impingement.

4. At the early cooling region where the surface tempera-
ture is above Th.x, the jet impacts the surface by the
hydrodynamic forces and bounces immediately because
of possible vapor formation by homogeneous nucle-
ation/explosive boiling during the brief contact and
the impinging surface gets dry again. The possible cool-
ing phenomena at early stages of jet impingement
quenching are illustrated and explained considering
appropriate changes in surface temperature during wet
and dry events.
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