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Abstract

A high-speed video camera and microphone were used to capture the flow behavior and boiling sound of a free-sur-

face water jet impinging on a high temperature surface during quench cooling. It was found that depending on the

superheat of the surface considerably different flow patterns appeared. For cases where the initial surface temperature

was above about 300 �C an almost explosive pattern appeared. This was in contrast to slightly lower temperatures

where a liquid sheet flow structure was apparent. The change in phenomena was accompanied by a sudden change

in the boiling sound and an increase in the heat transfer rate.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the boiling literature it is common to relate and

interpret observed phenomena for different flow situa-

tions in the light of classical results from pool boiling

experiments. While this approach provides a very useful

structure for understanding boiling, due to the complex

nature and diversity of situations in which boiling occurs

we cannot expect that every case will fit the mold ex-

actly. For quench cooling of a high temperature solid
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using an impinging jet, a unique set of circumstances

arises that has been found to not always produce a

one-to-one correspondence with the pool boiling data.

The basic boiling modes: nucleate boiling, transition

boiling and film boiling occur and usually can be identi-

fied for impinging jets [1]. However, the boundaries of

the regimes are typically shifted to significantly greater

superheats, moving the boiling modes that involve direct

liquid/solid contact closer to the critical temperature for

the fluid. Significantly higher heat fluxes occur and dur-

ing the quench, the system experiences different boiling

modes at different times and sometimes simultaneously

at different spatial positions. Due to the complexity

and transient nature of the problem, the flow behavior

and mechanism for phase change during quenching

from high temperatures is not well defined at present.

A number of unusual phenomena have been reported

for quench cooling by impinging jets. Ishigai et al. [2]
ed.
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Nomenclature

a thermal diffusivity

C constant defined by Eq. (4)

C0 coefficient for eigen function (j = 0)

Cj coefficient for eigen function

cp specific heat capacity of liquid

d diameter of jet

D diameter of apparent liquid/solid contact re-

gion

F1 function defined by Eq. (A.6d)

F2 function defined by Eq. (A.6e)

F3 function defined by Eq. (A.6f)

F4 function defined by Eq. (A.6g)

G analytical solution for temperature change

with constant heat flux boundary condition

H height of the cylinder

hfg latent heat of vaporization

Ja Jacob number

k index for summation

mj eigen value

q heat flux

q0 heat flux beneath jet for 0 < t < t*

q�0 heat flux beneath jet for t >t*

q1 heat flux for r > r0
r radial position

r0 radial position for step change in heat flux

R radius of cylinder

t Time

t* time at which heat flux changes

T temperature

T0 initial temperature of solid

Tliq liquid temperature

uj jet velocity

z axial position

Greek symbols

DTsub liquid subcooling

DTsat solid superheat

k thermal conductivity

q density

r surface tension

Subscripts

j corresponding to the jth eigen value

l liquid

v vapor

c critical heat flux

co critical heat flux for saturation temperature
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performed experiments with a planar, subcooled, free-

surface water jet impinging on a surface with an initial

temperature of approximately 1000 �C. They found that

a region of almost constant heat flux appeared in the

transition regime for liquid subcoolings greater than

DTsub = 15 K. This �shoulder� in the transition regime

also was reported by Auracher and Marquardt [3] and

Robidou et al. [4] in steady-state experiments. Their data

showed that the effect occurred in the stagnation region

of a 1 · 9 mm planar water jet for a jet velocity of 0.8

m/s and a subcooling of 16 K at atmospheric pressure.

In the parallel flow region of the jet, the shoulder did

not appear in the boiling curve. In addition, for the stag-

nation zone their boiling curves showed two minimum

heat flux points. One was at a superheat of about DTsat =

90 K and the other at a superheat of DTsat = 360 K. This

is a radical departure from the classical boiling curve.

Hammad and Monde [5,6] investigated the move-

ment of the wetting front during quench cooling of a

94 mm diameter high temperature cylindrical block

using an impinging jet. They simultaneously recorded

the temperature distribution in the solid and the position

of the wetting front with a high-speed video camera.

Using a two-dimensional inverse heat transfer solution

[7], they calculated the instantaneous temperature distri-

bution and heat flux based on the temperatures mea-
sured within the solid. They found that for high

temperatures there was a significant delay before move-

ment of the wetting front across the hot surface. For a

copper test piece, in some cases the delay lasted for

about 30 min and then suddenly the liquid front moved

across the surface. The delay was found to increase for

lower jet velocities and higher liquid temperatures.

Piggott et al. [8] also reported a delay to the move-

ment of the wetting front. In addition, they observed a

number of completely different flow patterns during

quenching of 6.3–25.3 mm diameter heated rods from

an initial temperature of 700 �C with a subcooled water

jet. During their experiment a constant power supply to

the heater was maintained. The most dramatic phenom-

ena occurred for the case where the outermost layer of

the heated rod was a 1 mm thick gold tube. 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 droplets 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.

Liu and Wang [9] carried out an experimental inves-

tigation to measure heat transfer to an impinging jet

during film boiling on a high temperature plate. They
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Fig. 1. Schematic of experimental test section.
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reported a significant increase in the heat flux with liquid

subcooling and heat fluxes in the range from 0.2 to

2 MW/m2 for film boiling. These figures are over an

order of magnitude greater than film boiling at the min-

imum heat flux condition for pool boiling which reflects

the heat transfer enhancement of impinging jets. The so-

lid superheats reported for the minimum heat flux con-

dition in their experiments were as high as

DTsat = 700 K for a liquid subcooling of DTsub = 45 K,

which is a similar order of magnitude of those deter-

mined by Ishigai et al. [2]. Hall et al. [10] pointed out

that if the reported surface superheat is accurate in the

experiments by Ishigai et al. then the minimum heat flux

condition for these special circumstances cannot corre-

spond to a re-wetting phenomenon since the fluid tem-

perature at the interface will be greater than the

critical temperature for water.

Hatta et al. [11] considered quench cooling of a

10 mm thick stainless steel plate from an initial temper-

ature of around 900 �C using a subcooled laminar water

jet (DTsub = 80 K). Visual observations indicated an al-

most instantaneous drop in surface temperature to

below 500 �C since the metal color in a small circle

beneath the jet changed from glowing red to black

immediately when the jet contacted the surface. From

this they concluded that direct liquid solid contact oc-

curred without any noticeable period of film boiling in

spite of the high temperature.

Presently our understanding of the nature of the

phase change phenomena and characteristics of heat

transfer for impinging jets in the high temperature con-

text is limited. A comprehensive review of jet impinge-

ment 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 stud-

ies relating to jet impingement for the film boiling

and transition regimes. They also pointed out that the

most significant factor limiting theoretical studies

for film and transition boiling is the uncertainty in

the surface boundary condition. Further research in

this field is of great practical value since, for example,

in the metallurgical industry, for steel products the

initial temperature for quench cooling is typically

around 800 �C and 400–500 �C for light aluminum al-

loys [12].

The purpose of the present article is to report on

some observed flow phenomena, which occurred in a

jet impingement quench cooling experiment for solid

temperatures in the vicinity of the homogeneous nucle-

ation temperature for the liquid.
2. Experiment

Fig. 1 shows the basic setup for the quench cooling

experiment. 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 cylin-

drical test piece was copper or brass and had a diameter

of 94 mm and a height 59 mm. The test surface was pol-

ished and plated with a 16 lm layer of gold to reduce

oxidation effects. The surface roughness was 0.2–

0.4 lm. The liquid jet issued from a nozzle 2 mm in

diameter located 45 mm from the test surface. Three

electrical heaters were used to heat the solid having a

combined power of about 2.1 kW.

Sixteen thermocouples were embedded within the

solid to record the thermal history as the block cooled.

The thermocouples were high quality chromel/alumel

type with the hot junction enclosed in a 1 mm diameter

sheath. The thermocouple response time was experimen-

tally verified to be around 0.1 s. Eight of the thermocou-

ples were located at a depth 2.1 mm from the surface

and the other 8 were 5 mm from the surface. The closest

thermocouple to the center of the test surface was at a

radial location of 4 mm from the center and a depth of

5 mm. The hot junctions were inserted in holes that were

drilled parallel to the test surface and perpendicular to

the radial line of measurement [6]. This minimized the

depth positioning error and the symmetry of the flow

pattern demonstrated that the effect of holes on the

quench behavior was small. The thermocouples were

connected to a multi-channel amplifier and then to a

personal computer to store the readings during the

quench. Readings were taken at a frequency of 20 per

second, which was more than adequate for the present

purpose 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. 1

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.
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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

while continuously pumping the water though a closed

loop cycle with the shutter closed. When the thermocou-

ples indicated that solid had reached the required tem-

perature, 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 a few �C above the intended initial con-

dition after the power to the heaters was disconnected.

During the next 3 or 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.

1 was opened allowing the jet to strike the surface. At

the same time a high-speed video camera was employed

to capture the flow pattern and a microphone to record

the sound after impact.
3. Results

3.1. Video images of phenomenon

Fig. 2 shows the flow behavior for eight different

initial temperatures. The images are for 4 ms after the

jet impacted with the surface. The base material was

copper; the liquid temperature was 80 �C and the jet

velocity, 3 m/s. For reference purposes, Fig. 2(a) shows

the flow pattern for an initial solid temperature of

104 �C. For the given surface, the superheat of 4 K

was not enough for the onset of nucleation boiling so

the effect shown is purely that of hydrodynamics. The

radial position of the liquid front in Fig. 2(a) is about

10.5 mm from the center suggesting an average speed

of the liquid of 2.6 m/s. Thus the average velocity of

the fluid decreased only about 10% during the first

10 mm.

Fig. 2(b) gives the result for an initial temperature of

150 �C. In this case the effects of boiling are clearly evi-

dent. The liquid film is lifted from the surface and breaks

into droplets. Fig. 2(c) and (d) is more chaotic than Fig.

2(b) suggesting a stronger influence of nucleation boiling

on the flow pattern as the superheat increased. In con-

trast with Fig. 2(c) and (d), Fig. 2(e) and (f) shows a sur-

prisingly calm and regular flow pattern. For these cases

the initial solid temperature was 261 �C and 300 �C. The
flow pattern for Fig. 2(e) and (f) can be described as a

shallow conical sheet of liquid that finally breaks into

droplets around 8 mm from the center. The dark shadow

about 5 mm from the center in Fig. 2(f) suggests some

boiling activity is occurring although it is not sufficiently

vigorous to rupture the liquid sheet. For higher initial

solid temperatures 325 �C and 378 �C, the flow pattern
changes again. In Fig. 2(g) and (h), the jet is disinte-

grated into thousands of tiny droplets in an almost

explosive pattern. This is completely different to the re-

sult shown in Fig. 2(e) and (f).

The results shown in Fig. 2 are for different experi-

ments beginning at different initial temperatures. Similar

flow patterns to those shown in Fig. 2 could be observed

as the solid cooled in a single experiment beginning from

350 �C. The clearest photographs could be taken during

the first few milliseconds of the quench because the pres-

ence of many liquid droplets obstructed the view of the

camera at later times.

For a brass test piece with the same jet velocity and

subcooling as shown for copper in Fig. 2, the same

explosive pattern, Fig. 2(g) and (h), could not be ob-

served even for initial solid temperatures as high as

400 �C. However, a liquid sheet pattern similar to Fig.

2(f) did appear for temperatures below 300 �C. More-

over, the flow structure oscillated back and forth be-

tween two patterns over a period of about 10 s during

the quench. Fig. 3 shows the two patterns observed in

the case of a brass test piece during quenching from an

initial temperature of 300 �C. The flow pattern in Fig.

3(a) is for a time of 4.001 s after the jet struck the sur-

face. The same pattern, as in Fig. 3(a), was observed

whenever the sheet disappeared and also continuously

for solid temperatures well above 300 �C in other exper-

iments. In some cases the droplets were seen to depart

from the surface in regular rings with a frequency of

around 1000 rings per second.

Fig. 3(b) shows the typical sheet pattern observed

during the quench for brass. The sheet structure in

Fig. 3(b) has a radius of 12–15 mm, which is larger than

the case for copper shown in Fig. 2(f). Another interest-

ing feature is the angle at which droplets depart from the

surface. It has been noted by other researchers that this

angle changes during the quench [10,14]. From Fig. 3 it

is clear that the angle between the hot surface and the

path of the droplets is significantly greater when the

sheet is present than when it is absent.

Fig. 4 illustrates how the flow structure swapped

back and forth between the two cases shown in Fig. 3

during the first 12 s of the quench. Immediately after

the jet struck the surface there was a period of about

1.2 s where there was no sheet pattern. This was fol-

lowed by the appearance and then disappearance of

the sheet. The period of time when the sheet was present

gradually became longer until the sheet remained contin-

uously after about 11 s. Piggott et al. [8] reported a

similar oscillating liquid sheet phenomenon during jet-

impingement quenching of an 18 mm diameter heated

rod. In their case the liquid sheet remained intact during

the oscillation with dramatic changes in the angle be-

tween the sheet and the hot surface.

Table 1 summarizes the statistics for the case shown

in Fig. 4. The shortest period with the sheet was 4 ms



Fig. 2. Video images taken 4 ms after the jet struck the surface (copper, Tliq = 80 �C, uj = 3 m/s).
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and without the sheet was 22 ms. The maximum cycle

took a little over one second and the average frequency

of the cycle was 2.88 Hz. These time scales are large

compared with the ratio djet/vjet = 0.67 ms which is great-

er than the largest possible turbulence time scale. Thus it
appears reasonable to conclude that the oscillating phe-

nomenon shown in Fig. 4 and Table 1 is the result of

longer thermal time lags on the solid side arising from

changes in the heat flux and boiling conditions for which

the sheet flow structure can appear.



Fig. 3. Two flow patterns observed during quench of the brass

test piece from 300 �C: (a) no sheet (t = 4.001 s) and (b) with

sheet (t = 4.047 s).
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3.2. Audible sounds during quench

As already indicated, during the quench a number of

changes could be observed both visually and audibly.
Fig. 5 summarizes how the phenomena changed. Ini-

tially there was a noisy period where the flow pattern

had the appearance of either Fig. 2(h) or Fig. 3(a). Fol-

lowing this the flow pattern changed to that shown in

Fig. 3(b) and in some cases near the change over point

there was an oscillating behavior between the two flow

patterns as was illustrated in Fig. 4. During the time that

the sheet structure was present the boiling sound became

very quiet (Fig. 5B). After this the sheet disappeared and

the wetting front moved forward over the surface. For

this period the splattering boiling sound was again

apparent (Fig. 5C). Finally as the surface of the test

piece cooled to near the saturation point the boiling

stopped and experiment became quiet (Fig. 5D).

The four regimes described in Fig. 5 are clearly dem-

onstrated in Fig. 6, which shows the signal from the

microphone during the quench. This case is for a copper

test piece, a jet velocity of 3 m/s and a liquid temperature

of 49 �C. During the first 120 s in Fig. 6, a sharp splat-

tering sound could be heard, which corresponds to re-

gion A in Fig. 5. During the next 100 s the sheet flow

pattern was present and the amplitude of the sound sig-

nal is small (region B). The wetting front began to move

at around 200 s (region C) and finally convection heat

transfer dominated by 300 s (region D).

Also included in Fig. 6 is the cooling history recorded

by a thermocouple located 4 mm from the center and

5 mm from the surface of the block. It is interesting to

note that the sudden change in the recorded sound

and flow phenomena occurred when the metal tempera-

ture was around 280 �C, which is of the order of the

homogeneous nucleation temperature for water at one

atmospheric pressure [13].
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3.3. Cooling curves and heat transfer rate

It is also apparent in Fig. 6 that there is a change in

slope of the cooling curve after the point where the

sound changed. In some cases the change in slope is

more distinct as is for the case shown in Fig. 7. To ob-

tain an approximate estimate of the heat flux before

and after the change from region A to region B in Fig.

5, a two-dimensional analytical solution for the cylinder

was employed (see Appendix A). It was assumed that the

boundary heat flux profile was a �top-hat� shape, which
remained constant during region A and then a step

change in the profile occurred at the time when the phe-

nomenon changed. In an iterative procedure, the magni-
time (s)
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Fig. 7. Cooling curves during quench for copper block
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tudes of the heat flux in the center of the top-hat profile

before and after the change were chosen so that pre-

dicted temperatures within the solid best matched the

temperatures measured by the thermocouples. The accu-

racy of this kind of approach to the inverse heat conduc-

tion problem depends on how well the assumed profile

shape approximates the actual heat flux distribution.

In the present case, the chosen profile has some justifica-

tion since good agreement between thermocouple read-

ings and the analytical solution could be obtained.

The smaller radius of the top-hat profile, r0, was

taken to be 5 mm, which corresponds to the apparent

radius of the contact region for the jet from visual obser-

vations. The heat flux in the brim section of the top-hat

profile, q1, was taken to be 18 kW/m2, to account for

losses due to radiation and conduction of heat into the

experimental apparatus through the supports for the

block. This value was chosen since it gave the experi-

mentally determined cooling rate of the block under

ambient conditions while the jet was switched off.

Fig. 7 compares the thermocouple readings with tem-

peratures estimated using the analytical solution assum-

ing that the heat flux beneath the jet based on a radius of

5 mm was 3.7 MW/m2 before the change in phenomenon

and then 8.0 MW/m2 after 180 s. The agreement with the

measured results is quite good up until the wetting front

began to move forward at around 250 s. This indicates

that the simplified model analytical solution is a reason-

able approximation to the actual situation within the

time and space resolutions that can be detected using

the present experimental apparatus. Thus we may con-

clude that for the given conditions in Fig. 7, the heat flux

for the sheet flow pattern was about double that of the

flow pattern without the sheet based on a radius of

5 mm.

It should be noted that in the center region the above

heat flux estimate is an average in both time and space

due to the thermal inertia of the solid. High frequency

modes are rapidly smoothed with depth from the surface

and thus the thermocouples are unable to detect the

rapid fluctuations in the temperature of the surface,

which occur during transition boiling. The value of

8.0 MW/m2 for the sheet flow pattern is an averaged

value which may correspond to the shoulder in the boil-

ing curve reported by Ishigai et al. [2] for superheats

higher than the critical heat flux point.

It is interesting to compare the experimentally deter-

mined heat fluxes with an estimate for the critical heat

flux. Eq. (1) shows a well-known relation developed by

Monde [15] for critical heat flux of a jet at the liquid sat-

uration temperature.

qco
qvhfguj

¼ 0:221
ql

qv

� �0:645
2r

qlu
2
j D�dð Þ

 !0:343

1þD=dð Þ�0:364

ð1Þ
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The effect of liquid subcooling is accounted for using the

following relation.

qc
qco

¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4CJa

p

2
ð2Þ

Where Ja is the Jacob number defined by Eq. (3) and C

is given by Eq. (4).

Ja ¼ cp DT sub

hfg

ql

qv

ð3Þ

C ¼ 0:95 d=Dð Þ2 1þ d=Dð Þ0:364

ql=qvð Þ0:43 2r=qlu
2
j D� dð Þ

� �0:343 ð4Þ

Using Eqs. (1)–(4), the critical heat flux for the condi-

tions given in Fig. 7 is 15.8 MW/m2. Here D is taken

to be the diameter of the apparent contact region for

the jet (10 mm) rather than the diameter of the heater.

It is clear that the heat fluxes estimated for the regions

with and without the sheet flow pattern in Fig. 7

(3.7 MW/m2 and 8 MW/m2) are smaller than the esti-

mated critical heat flux but have the same order of mag-

nitude. This finding is very important to understanding

the phenomena since it indicates that the boiling mode

during the first 200 s of Figs. 6 and 7 is not well de-

scribed by pure film boiling but rather it is somewhere

between film boiling and the critical heat flux point.

The fact that the heat fluxes are lower than the esti-

mated critical heat flux can be explained if we under-

stand transition boiling to represent rapid cycles of

contact and separation of the liquid and solid. During

periods of contact at high temperatures, the heat flux

may correspond to or be greater than the critical heat

flux value, but if averaged over a cycle of contact and

separation, the effective heat flux is lower. At higher

temperatures the heat flux during contact will be higher

but also the separation period will be longer resulting in

a smaller average heat flux.
4. Discussion and possible explanation for observed

phenomena

One of the most interesting results in the present

investigation is the appearance and disappearance of

the sheet flow pattern as the solid cooled. A similar phe-

nomenon with a thin sheet of liquid lifting from the sur-

face was also reported by Piggott et al. [8] and Hall et al.

[10]. As was suggested, such lifted sheet phenomena are

most likely the result of rapid vapor generation near the

point where the liquid film lifts from the surface. The

sheet then breaks into droplets further downstream

due to surface tension. It may be possible that the flow

pattern was different at higher temperatures due to tran-

sition boiling in the stagnation zone that changed to

continuous contact nucleation boiling and then single-

phase convection as the surface cooled [10].
Another factor that may contribute to explaining

why the sheet flow pattern was not observed at temper-

atures greater than 300 �C in the present experiment is

related to the superheat limit for the fluid. For water at

atmospheric pressure the homogeneous nucleation tem-

perature has been estimated to be in the range from

260 �C to 312 �C [13]. The change in flow structure oc-

curred for an initial solid temperature above 300 �C for

copper in Fig. 2 and at a slightly lower temperature for

brass. The change in sound and slope of the cooling

curve also occurred for solid temperatures in the vicin-

ity of the homogeneous nucleation temperature as

shown in Fig. 6. In Fig. 7, the best-fit analytical solu-

tion gave a surface temperature of 255þ10�30
�C at the cen-

ter and 270 ± 10 �C at r = 5 mm for t = 180 s. If we

assume that direct solid–liquid contact sometimes oc-

curs at these temperatures then the interface tempera-

ture between the liquid and the solid will be of the

order of magnitude necessary for homogeneous nucle-

ation. This could explain why an explosive pattern ap-

peared in Fig. 2(h) but not in Fig. 2(f). At higher

temperatures during the brief instants of contact, a

combination of homogeneous and heterogeneous nucle-

ation may have occurred. At lower temperatures, only

heterogeneous nucleation boiling occurred, which was

not violent enough to rupture the liquid sheet. For ini-

tial temperatures lower than 200 �C conditions had

been met for the liquid to continuously wet the surface

and for the front to move forward so the flow pattern

was again different.

A further important issue raised by the present study

is how to interpret the observed phenomena in relation

to the Leidenfrost point from the classical boiling curve.

The Leidenfrost point is alternatively defined in the liter-

ature as the minimum heat flux condition or the point at

which surface wetting starts or the point above which

wetting does not occur. In the present experiment, the

point at which surface wetting starts across the surface

is at about 250 s in Fig. 7, which is after the sheet pattern

had finished. However, the heat flux just before this time

was estimated to be 8.0 MW/m2, which seems too high

for film boiling [9] and is certainly not the minimum heat

flux condition in the present experiment.

Another possible choice for the Leidenfrost point is

the changing point for where the sheet flow structure

first appeared at around 180 s in Fig. 7. There was a sud-

den increase in heat flux at this point, which suggests

that it could mark the change from stable film to transi-

tion boiling. However, if this hypothesis is correct, then

contrary to expectation, we have a situation where stable

film boiling was noisy while transition boiling was quiet.

Other researchers [2,8,14] have suggested that evidence

for stable film boiling is that there is no obvious boiling

sound. This seems logical since the boiling sound is

probably the result of rapid nucleation boiling during

brief instants of transient contact.
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Therefore in the present experiment, either the

Leidenfrost point does not have a clear meaning or the

Leidenfrost point is at a higher temperature than the ini-

tial solid temperature of 350 �C. This certainly would be

consistent with the results of Ishigai et al. [2] and Liu

and Wang [9] who suggested Leidenfrost points at super-

heats as high as DTsat = 800 K (slot jet, DTsub = 35 K)

and DTsat = 700 K (circular jet, DTsub = 45 K) respec-

tively for impinging water jets. The important conse-

quence of this conclusion is that the observed

phenomena in the present experiment (Figs. 2(e–h), 3

and 5(A) and (B)) are then classified as transition boiling

phenomena in terms of the classical boiling curve. In

other words, for solid temperatures in the range from

250 �C to 350 �C the surface was subjected to repeating

cycles of wet and dry and stable film boiling could not be

confirmed. This is very interesting since the regularity

and duration of the observed phenomena indicates that

transition boiling does not always proceed in chaotic or

erratic manner. In fact, if the Leidenfrost point is signif-

icantly higher than the initial temperature of 350 �C,
then the present work has confirmed the existence of dis-

tinctly different, stable transition boiling phenomena for

impinging jets.
kR
5. Conclusions

From the present experimental investigation the fol-

lowing conclusions can be drawn.

1. Unexpected boiling phenomena were observed dur-

ing quench cooling of a cylindrical block of metal

using an impinging jet of water.

2. The observed flow phenomenon changed depending

on the initial temperature of the solid.

3. The change in flow pattern was accompanied by a

change in boiling sound.

4. In the vicinity of a solid temperature of 300 �C, two
distinctly different flow patterns could be observed.

5. The liquid sheet flow pattern corresponded to a

greater heat flux and thus a faster cooling rate of

the solid.

6. For a certain set of conditions the jet flow was found

to oscillate between the two flow patterns—one with

a sheet and one without a sheet. The frequency of the

oscillation suggested a thermal effect accompanied by

a change in boiling mode rather than a hydrody-

namic effect or a fluctuation due to turbulence.

7. The high temperature phenomena observed as shown

in Figs. 3 and 4 can be classified as transition boiling

phenomena.

8. The meaning of the Leidenfrost point is a little

unclear in the context of quench cooling by imping-

ing jets both in the literature and in the present

experiment.
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Appendix A. Analytical solution for a finite cylinder with

a step change in the heat flux boundary condition

The governing equation for heat conduction is given

in Eq. (A.1).

1

a
oT
ot

¼ 1

r
o

or
r
oT
or

� �
þ o2T

oz2
ðA:1Þ

The boundary conditions are specified in Eqs. (A.2a)–

(A.2e).

q ¼ �k
oT
oz

¼ q0 z ¼ 0; r < r0; t < t�ð Þ ðA:2aÞ

q ¼ �k
oT
oz

¼ q�0 z ¼ 0; r < r0; t > t�ð Þ ðA:2bÞ

q ¼ �k
oT
oz

¼ q1 ðz ¼ 0; r > r0Þ ðA:2cÞ

oT
oz

¼ 0 ðz ¼ HÞ ðA:2dÞ

oT
or

¼ 0 ðr ¼ R; 0Þ ðA:2eÞ

The initial condition is a uniform temperature distribu-

tion as given in Eq. (A.3)

T r; z; 0ð Þ ¼ T 0 ðA:3Þ

The analytical solution to the problem specified in Eqs.

(A.1)–(A.3) was derived using Laplace and Hankel

transforms. The temperature at any point within the

solid (r,z) is given as a function of time, t, in Eqs.

(A.4) and (A.5).

T ðr; z; tÞ ¼ T 0 þ G q0; r; z; tð Þ t < t�ð Þ ðA:4Þ

T ðr; z; tÞ ¼ T 0 þ G q0; r; z; tð Þ � G q0; r; z; t � t�ð Þð Þ
þ G q�0; r; z; t � t�ð Þ

� �
t > t�ð Þ ðA:5Þ

where the function G is defined in Eqs. (A.6a)–(A.6g).

G q0; r; z; tð Þ ¼ C0 F 1 � F 2ð Þ

þ
X1
j¼1

J 0 mj
r
R

	 

Cj F 3 � F 4ð Þ

	 

ðA:6aÞ

C0 ¼
H q0 � q1ð Þr20 þ q1R

2
� �

2
ðA:6bÞ
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Cj ¼
2H q0 � q1ð Þr0J 1 mj

r0
R

� �
kmjJ 20 mj

� �
R

ðA:6cÞ

F 1 ¼
at

H 2
þ 1

2
1� z

H

	 
2
� 1

6
ðA:6dÞ

F 2 ¼
X1
k¼1

�1ð Þk 2 cos kp 1� z=Hð Þð Þe� kpð Þ2at=H2

kpð Þ2

 !

ðA:6eÞ

F 3 ¼
R cosh mj

H
R 1� z

H

� �� �
Hmj sinh mj

H
R

� � � R2e
�m2

j
at
R2

H 2m2
j

ðA:6fÞ

F 4 ¼
X1
k¼1

�1ð Þk 2R
2 cos kp 1� z=Hð Þð Þe� m2

jþ kpR=Hð Þ2ð Þat=R2

H 2 m2
j þ kpR=Hð Þ2

	 

0
@

1
A

ðA:6gÞ

In Eq. (A.6) mj is the j th root of Eq. (A.7).

J 1 mj

� �
¼ 0 ðA:7Þ
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