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Abstract

Maximum heat flux propagation characteristics during quenching of hot cylindrical blocks with initial temperature 250–600 �C have
been investigated experimentally using a subcooled water jet. When the wetted area starts moving towards the circumferential region, the
heat flux reaches its maximum value and the position of maximum heat flux follows the visible leading edge of the wetting front. If wet-
ting starts immediately after the jet strikes the surface, the velocity of this maximum heat flux point increases with the increase of jet
velocity and subcooling and decreases with the increase of block initial temperature. These trends are opposite if there is a long delay
before movement of the front.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Quenching is widely used for controlling the mechanical
and metallurgical properties of materials in the manufac-
turing industry and it is important for cooling of high
power electronic chips. Also, during a loss of coolant acci-
dent (LOCA) in a nuclear power plant, quenching can be
used as an effective cooling process. In spite of these impor-
tant applications, understanding of the field of quenching
and wetting front propagation is far from a mature science.

For jet impingement quenching of high temperature sur-
faces it has been found that when the liquid jet is first
impinged on the hot surface it does not spread over the
whole surface immediately [1–3]. Instead, it remains on a
small central region for a certain period of time (depending
on the experimental conditions) and splashes from this
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region before covering the entire surface. During the move-
ment, the front edge of the visible moving liquid on the sur-
face is described as the wetting front by Mozumder et al. [3]
and the same definition is used in the present study. After
the jet impingement and before the wetting front starts
moving (i.e. during the wetting delay period [4] or resident
time [1–3,5,6]), the combination of thermodynamic and
hydrodynamic conditions is not suitable for complete and
continuous wetting by the impinged liquid. A repeated
cycle of wetting, film boiling and rewetting has been spec-
ulated to occur during this time [1,2].

Experimental and analytical investigations of jet
quenching have been conducted by several other research-
ers [7–10] who observed many interesting phenomena
during quenching. The mechanism for wetting is very
important since the heat flux can be over an order of mag-
nitude greater once wetting starts. Gunnerson et al. [4] for
example, defined a criterion of rewetting as direct liquid–
solid contact and the establishment of a liquid–solid–vapor
triple interface. According to their investigation, rewetting
required a contact angle or triple interface to be reestab-
lished, and the liquid must recontact the solid substrate.
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Nomenclature

qmax maximum heat flux (MW/m2)
qw surface heat flux (MW/m2)
r position in the radial direction of the block

(mm)
r* radial position of wetting front up to resident

time (mm)
rq radial position of qmax (mm)
t time (counted from the impingment of jet) (s)
t* resident time (s)
Tb initial block temperature (�C)

Tw surface temperature (�C)
u jet velocity (m/s)
uq maximum heat flux (MaxHF) propagation

velocity (m/s)
z axial distance of the block measured from the

test surface (mm)

Greek symbols

DTsub liquid subcooling (K)
k thermal conductivity (W/mK)
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If the liquid–solid interface temperature attained upon
contact equals or exceeds a thermodynamic limiting super-
heat of the rewetting liquid, the liquid is repelled from the
hot surface and rewetting cannot occur. Many, if not most,
other studies also associate the conditions required for wet-
ting to start or the wetting front to move with an apparent
‘wetting temperature’. However the range of suggested
temperatures required for wetting is vast and ranges from
solid superheats less than 100 �C to temperatures even
beyond the critical temperature for the fluid for water
[10]. Exactly what decides this temperature or the balance
point conditions for deciding the wetting front velocity is
still an open question.

The wetting delay period is described as resident time by
Mozumder et al. [2]. This wetting delay period is also very
close to the time gap between the first striking of jet and the
time when the highest maximum heat flux occurs during
the quench. For example in [2] after elapsing of the wetting
delay period, the wetting front started moving and the sur-
face temperature dropped immediately, which was accom-
panied by a dramatic increase of surface heat flux.
Mozumder et al. [3] also investigated the characteristics
of maximum heat flux (MaxHF) during quenching. They
proposed a factor on the basis of material properties for
making a relation between maximum heat flux from tran-
sient quenching experiments and critical heat flux (CHF)
from steady state quenching experiments conducted by
Monde et al. [11].

Barnea et al. [12] conducted a theoretical and experi-
mental analysis of quenching propagation for a heated ver-
tical channel with subcooled water as the working fluid.
They noted that as the quench front progressed along the
flow channel; it removed heat from the hot surface by sev-
eral heat transfer mechanisms such as axial conduction and
radial convection and radiation to the coolant. They
noticed two types of flow regimes downstream of the
quench front. At high inlet velocities the dominant flow
regime was inverted annular flow where a liquid core flo-
wed at the centre of the channel surrounded by a vapor
annulus. At lower inlet flow rates an inverted slug flow
regime typically prevailed. In both cases, the two-phase
mixture downstream of the quench front acted as a precur-
sory heat sink, which gradually decreased the surface tem-
perature prior to quenching.

Filipovic et al. [13] conducted transient boiling experi-
ments with a preheated copper test specimen exposed to
a rectangular water wall jet on its top surface. They defined
quench front velocity as the velocity at which the front
sweeps along the hot surface. Their investigation revealed
that increased subcooling and flow velocity accelerated
propagation of the quench front. They attributed this to
intensifying the rate of energy removal in the wet portion
of the test specimen. They also found that higher initial test
specimen temperatures resulted in smaller wetting front
velocities. This can be understood in that increasing the
amount of energy stored in the specimen increases the time
needed to extract energy and, thus reduces the quench front
velocity. Another important phenomenon disclosed from
their investigation was that the quench front velocity
increased as the front propagated along the test specimen.
They explained this observation by noting that the speci-
men temperature in the precursory cooling zone ahead of
the wetting region decreases with time resulting in an
increased velocity of the front as it propagates along the
surface.

Hammad [5] conducted experiments with the same
experimental setup of the present study. The experiment
was performed for the blocks with initial temperature from
250 to 300 �C and the average wetting front velocity was
estimated on the basis of video images. Radial position
averaged wetting front velocities for short resident time
conditions were presented. The study showed that the aver-
age wetting front velocity increased with jet subcooling and
jet velocity and decreased with increase of block initial tem-
perature. It was also apparent that for short resident time
conditions, wetting front velocity was the maximum for
steel among three materials (copper, brass, steel) for the
same experimental conditions.

With the movement of the wetting front, the position of
maximum heat flux (MaxHF) also moves. Experimental
studies on the movement of the MaxHF position are
important for a clear understanding of quenching since
the highest heat transfer rate and maximum temperature
gradients occur in this region. For developing a theoretical



Table 1
Experimental conditions

Block material Initial temperature,
Tb (�C)

Jet velocity,
u (m/s)

Jet subcooling,
DTsub (K)

Steel (St),
Brass (Bs),
Copper (Cu)

250, 300, 350, 400, 450,
500, 550, 600 (St, Bs).

15, 10, 5, 3 80, 50, 20, 5

250, 300, 350, 400 (Cu)
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model of jet quenching, the MaxHF point and wetting
front propagation are prerequisites. The objectives of
the present study are to investigate the rate of movement
of MaxHF point in the radial direction and to search
for the parameters that dominate this propagation veloc-
ity. The surface thermal and hydrodynamic parameters
together with the block inside temperature distribution
and its effect on the MaxHF propagation velocity are also
analyzed in this study.
2. Experimental procedure and data analysis

The major components of the experimental setup are
shown in Fig. 1. At first a desired temperature of the
impinging liquid is obtained and then a pump (6) is used
for pumping it through a nozzle (11) of diameter 2 mm
which is located centrally at 44 mm from the test surface.
The jet velocity is estimated from differential pressure mea-
sured by a strain meter (16) which is attached at two points
on the flow line before the nozzle.

The test block (1) is uniformly heated up to the desired
temperature with three types of electrical heaters (15)
mounted on the top and around the block. Sixteen thermo-
couples (0.1 mm wire diameter and 1 mm sheath diameter,
type: CA) have been inserted at two different depths,
1.9 mm and 5 mm from the surface of the block which is
94 mm in diameter and 59 mm in height with cylindrical
shape. Eight thermocouples are inserted along the radial
direction at each depth. To protect the test surface from
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Fig. 1. Schematic diagram of the test apparatus. 1. Tested block, 2.
thermocouple wire, 3. high-speed video camera, 4. data acquisition system,
5. auxiliary heater, 6. pump, 7. cooler, 8. main heater, 9. level gauge, 10.
liquid tank, 11. nozzle, 12. rotary shutter, 13. nitrogen cylinder, 14.
thermocouple positions, 15. block heaters, 16. dynamic strain meter (for
measuring jet velocity).
oxidation, it was plated with a thin gold layer of 5 lm
thickness, which has a good oxidation resistance and ther-
mal conductivity; k � 317 W/mK. The roughness of the
surface is 5–18 lm. Nitrogen gas is charged on the test sur-
face during experiment from a cylinder (13) to maintain an
inert atmosphere for minimizing the oxidation effect of the
surface at elevated temperature. All the experiments are
conducted at atmospheric pressure. A high speed video
camera with a maximum resolution of 1280 � 1024 pixels
and a maximum rate of 10,000 frames/s was employed
for capturing the flow pattern during quenching. The ther-
mocouples’ signals are scanned by a data acquisition sys-
tem sequentially at 0.05 s intervals with 8.0 ms needed to
read all of the thermocouples using an analog–digital
(AD) converter with 16-bit resolution. The estimated time
lag of the response for the thermocouple is less than
0.1 s. The uncertainty for the placement of the thermocou-
ples is estimated to be ±0.1 mm and the uncertainty for the
measurement of temperature is ±0.1 �C. Full details of the
experimental apparatus are described elsewhere [6].

Before starting of the experiment, the liquid temperature
was controlled within ±1 �C and during the experiment it
was sometimes noticed ±2 �C variation from the initial
temperature. The jet velocity was controlled within a toler-
ance of ±0.1 m/s. The block initial temperature was main-
tained ±2 �C from the desired value. The experimental
ranges for different parameters are given in Table 1.

A two-dimensional inverse solution of heat conduction
was employed to estimate the surface parameters from
the thermocouple readings. The inverse solution was
adopted from Monde et al. [14], Hammad et al. [15] and
Woodfield et al. [16]. These references describe the detailed
mathematical derivation of the inverse solution and its esti-
mation accuracy.

3. Results and discussion

3.1. Thermal parameters and hydrodynamics on the surface

As mentioned above, when the liquid was first impinged
on the hot surface it remained at the small central region
for a certain period of time (from fraction of a second to
over 1000 s depending on the experimental conditions)
before covering the entire surface. This wetting delay
period is described as the resident time [2]. The radius, r*

of the small central region during the resident time is
not observed to be the same for all the materials
(r* = 5 ± 1 mm for copper, r* = 8 ± 3 mm for brass and
r* � 1 mm (=nozzle radius) for steel).
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It is important to clarify some further terms for discuss-
ing the present quenching phenomena. Fig. 2 exhibits a
video clip, surface temperature and heat flux distribution
during quenching of a 400 �C steel block by 50 K sub-
cooled liquid with 3 m/s jet. From Fig. 2 it is clear on the
basis of visual observation that the liquid covers up to
r = 18 mm in 4.8 s from the first impingement. This area
of radius 18 mm is described as ‘wet zone’. The outer dark
area inside the wet zone is designated as ‘boiling zone’
which is about 4 mm (r = 14–18 mm) after 4.8 s for this
particular experimental condition. The visible leading edge
of this dark area is termed as the wetting front. This dark
region is the most effective cooling zone. Due to nucleate
boiling and formation of many bubbles, the video clip
becomes darker in the boiling zone than in the other
remaining wet zone. The temperature gradient is very high
in this region and the MaxHF position also belongs to this
zone (at r = 15 mm) as shown in Fig. 2. The temperature at
the central wet region (r = 0–14 mm) is less than 125 �C
which indicates that the possible dominating mode of heat
transfer in this region is single-phase forced convection.

In Fig. 2, the region (r = 18–24 mm) immediate beyond
the wetting front appears dry but the temperature gradient
and the rate of heat transfer seem very high. The surpris-
ingly high heat flux in this region partly may be due to lim-
itations of the measuring technique. Due to inverse
solution settings, the heat flux in Fig. 2 should be inter-
preted as an average over a distance of about 5 mm. This
region has been marked as ‘precursory cooling zone’
(PCZ) as shown in Fig. 2. The term ‘precursory cooling
zone’ is also used by Filipovic et al. [13]. Notice that in
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Fig. 2. Hydrodynamic phenomena on the surface together with the
cooling curve and surface heat flux at t = 4.8 s (material: steel,
Tb = 400 �C, DTsub = 50 K, u = 3 m/s).
much of this region the surface temperature gradient is
almost constant and pretty well corresponds to the maxi-
mum radial temperature gradient. In the present study
the leading boundary of the PCZ is defined as the intersec-
tion point between a tangential line starting at the maxi-
mum radial temperature gradient position and another
tangent at the position of the minimum positive radial tem-
perature gradient ahead of the front at any instant in time
(as shown in Fig. 2). In Fig. 2 this boundary occurs at
about r = 24 mm. The definition has a convenient corre-
spondence to the apparent ‘elbow’ in the radial tempera-
ture profile. It can be understood that the liquid has not
yet covered this region and heat is conducted through the
solid from this precursory cooling zone (PCZ) towards
the inner high heat transfer boiling zone.

The most outer region (r = 24–47 mm) is designated as
the ‘unaffected zone’, where the surface temperature has
almost the value corresponding to the time when the wet-
ting front started moving. The heat transfer from this
region is by convection to the gas phase, by radiation
(which is almost negligible) and to a small extent by con-
duction to the supporting experimental apparatus. Most
of the surface belongs to this category before the wetting
front movement. It should be noted here that the example
shown in Fig. 2 is for a short resident time condition. In the
case of a long resident time, the surface temperature of the
‘unaffected zone’ actually drops down from its initial value
before the wetting front movement. This temperature drop
is due largely to conduction of heat towards the central
region where the jet is impinging during the resident time.
In this sense the whole solid is actually affected by the
quench phenomena but not by the high heat flux associated
with wetting. Therefore the ‘unaffected zone’ means here
the region unaffected by wetting occurring after the resi-
dent time and exists for any resident time during the wet-
ting front movement.

3.2. Maximum heat flux propagation

When the wetting front starts moving, the surface tem-
perature drops sharply, a consequence of which the surface
heat flux increases dramatically and heat flux reaches its
maximum value. The wetting front moves from the central
region towards the circumferential region and it leads the
MaxHF point by a certain radial position gap as shown
in Fig. 2. In Fig. 3a, both the history of the wetting front
position (from the video image) and the MaxHF position
are shown. Due to the limitation of the thermocouple
positioning and spacing it is difficult to resolve the maxi-
mum heat flux position and hence velocity correctly for
r < 5 mm. Therefore the results presented in Fig. 3a and
b and throughout this article are for radial positions
greater than 5 mm where the results are most accurate.

Fig. 3a demonstrates that the position of MaxHF
always lags the wetting front by a certain radial distance,
which is kept almost the same during the quench. It should
be noted here that the wetting front propagation and the
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MaxHF point propagation are different phenomena but
they are related and their velocity and trend in position
are very close. For all cases in the present study we have
found that the wetting front movement precedes the move-
ment of maximum heat flux position. The wetting front
position has been measured from the video images and
the MaxHF position has been estimated from the inverse
solution. The estimation of MaxHF position is easier and
it is possibly more important than the wetting front posi-
tion in terms of thermal stress and rapid cooling for prac-
tical applications. This is because the drastic surface
temperature drop and steep thermal gradients are closely
followed by and associated with the MaxHF point. For
these reasons, in the present study, more emphasis will be
given on the MaxHF propagation velocity (which is the
rate of movement of the position of maximum heat flux
with respect to time) than the wetting front velocity (which
is the velocity of the visible leading edge of the moving
liquid). The term ‘jet velocity’ represents the velocity of
impinged liquid jet which is completely different from the
MaxHF propagation velocity and wetting front velocity.
Just at the position of the visible edge of the wetting front
the probable mode of heat transfer is transition boiling
while at the position of maximum heat flux the mode is
nucleate boiling as reported by Mozumder et al. [3].

Fig. 3b also shows a typical heat flux distribution with
radial position for different times. The solid circle symbols
indicate the position of maximum heat flux at different
times. It is important to note here that the MaxHF value
decreases significantly with increasing radial position and
time. This has been found true for a wide range of condi-
tions [3].

To determine the MaxHF propagation velocity, the
MaxHF position data are fitted by the least-squares
method to a suitable polynomial and then the polynomial
equation is differentiated. Fig. 4a, for example, shows the
MaxHF propagation velocity as a function of radial posi-
tion. The MaxHF propagation velocity for most of the
cases in this study begins at a high value near the center,
which decreases slowly and then more rapidly at a radial
position of r = 11 ± 2 mm. The MaxHF propagation
velocity drops to an almost constant value around the
position r = 25 ± 5 mm and finally the MaxHF propaga-
tion velocity again increases sharply. The dotted circles in
Fig. 4a indicate these changing trends. The pattern is
typical (for most of the experimental conditions shown in
Table 1) and also can be observed in Fig. 3a for both the
visually observed wetting front and MaxHF point. A
possible mechanism for this behavior of the MaxHF
propagation velocity will be discussed below. Note here
that the attained minimum MaxHF propagation velocity
is often an order of magnitude smaller than the obtained
MaxHF propagation velocity near the center of the test
piece.

In the sections that follow we show that the bulk solid
temperature when the MaxHF point starts moving has a
major effect on the MaxHF propagation velocity. The jet
velocity and subcooling are shown to influence both the
MaxHF velocity and the resident time. Because of this dou-
ble effect, increasing the jet cooling potential does not
always have the expected effect of increasing the MaxHF
propagation velocity.

3.3. Block initial temperature and MaxHF propagation

velocity

Fig. 4a represents the variation of MaxHF propagation
velocity, uq with radial position for different block initial
temperatures. The effect is dramatic. With the increase of
block initial temperature MaxHF propagation velocity
decreases for a given radial position. Note that for all cases
in Fig. 4, the jet velocity and subcooling were the same.
This result is in contrast to maximum heat flux, which is
not so sensitive to the initial solid temperature for any
given radial position [3]. Also the surface temperature at
the maximum heat flux point for different radial positions
is shown in Fig. 4b. As can be seen, the surface temperature
at the MaxHF point is almost independent of the block ini-
tial temperature. With this in mind Fig. 4 leads to the
almost inescapable conclusion that solid temperature is
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important in the mechanism for wetting front propagation.
The MaxHF point moves slower if the initial solid temper-
ature is higher simply because for a similar surface heat flux
it must take longer to cool the surface ahead of the wetting
front. Nonetheless, it is still unclear what criteria or mech-
anism determines the temperature to which the surface
must cool.
There is another very important factor for consider-
ation, which is related to the initial block temperature. This
is the resident time. Note that in Fig. 4a for all cases wet-
ting started almost immediately after the jet impinged on
the surface. For all the experimental conditions, the surface
temperature when the wetting front starts moving is not
always the same as the initial solid temperature when the
jet first impinged on the surface. It entirely depends on
the resident time (or wetting delay period). If the resident
time is long, the surface temperature drops down during
the resident time and consequently the wetting front
encounters a lower solid temperature when it starts mov-
ing. Therefore, it is essential to note that the solid temper-
ature distribution when propagation of the MaxHF point
commences is more important than the actual initial
temperature when the jet first impinged on the surface.
Thus as will be shown below, we found that many puz-
zling trends in MaxHF propagation velocity could be
explained well by categorizing the data on the basis of
resident time.

The wetting delay period or resident time has been cat-
egorized in three groups; short resident time (less than 1 s),
moderate resident time (1–200 s) and long resident time
(higher than 200 s) [2]. In Fig. 5, three different regimes
of resident time have been presented to get an image for
the surface temperature (at r = 5 mm) with time. For differ-
ent resident times the temperature distribution on the sur-
face just at the time when the wetting front started moving
is different. For example, the temperature at t* = 987 s for
the long resident time curve (a) in Fig. 5 is about 190 �C.
This is over 200 �C lower than the initial temperature of
400 �C. At this time the bulk temperature for the solid is
also much lower than the initial temperature. In contrast,
for case (c) the wetting front starts moving in less than
one second and the bulk temperature for the solid and
hence most of the surface is still close to the initial temper-
ature of 250 �C. Note that for case (c) the subcooling is
greater than that for case (a) and the initial temperature
is lower. Therefore without considering the resident time,
we should expect that the propagation velocity would be
faster for case (c) than for (a). However Fig. 5 shows the
MaxHF propagation velocity is actually faster for case
(a). The reason is simply that the bulk temperature of the
solid is lower than 250 �C when the MaxHF point started
moving in case (a) in spite of the initial temperature of
400 �C when the jet first struck the surface.

A similar story appears comparing cases (a) and (b) in
Fig. 5. Both the subcooling and the velocity are higher
for case (b) than for case (a). Therefore we should expect
that case (b) could extract heat faster and hence have a fas-
ter propagation velocity for the MaxHF point. However,
Fig. 5 reveals that for radial positions less than 30 mm,
the moderate resident time case (b) has a much slower
MaxHF propagation velocity than case (a). This time it
is because the solid temperature is much higher for case
(b) when the MaxHF point started moving than for case
(a). The total time for the quench is of course much longer
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(b) Short resident time condition
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Fig. 6. Comparison of block inside temperature distribution for short and
long resident time conditions. (a) Material: copper, Tb = 400 �C,
DTsub = 5 K, u = 3 m/s, t* = 987 s. (b) Material: copper, Tb = 400 �C,
DTsub = 80 K, u = 15 m/s, t* < 1 s.
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for case (a) than for (b) as should be expected since the jet
velocity and subcooling are higher in case (b).

Note that the shape of the MaxHF propagation velocity
curve for case (b) is somewhat different to cases (a) and (c)
in Fig. 5. We have labeled curves with this character as
type-II while curves with the character of (a) and (c) as
type-I. Generally, type-II trends in the propagation veloc-
ity occurred for moderate resident times while either short
or long resident times corresponded to type-I.

It should be mentioned that it is an over simplification
to talk about the solid cooling to a ‘temperature’ during
the resident time since the temperature distribution is
two-dimensional. However, it is certain that for long resi-
dent times the whole test piece does cool before propaga-
tion of the MaxHF point. Fig. 6a shows the temperature
distribution in the solid about 3 s after resident time for
case (a) in Fig. 5. Even though the initial temperature
was 400 �C, quite clearly the whole test piece has cooled
to below 250 �C. At this moment the maximum heat flux
position is at r = 10 mm. From this point to the center,
the surface temperatures are less than 155 �C. For compar-
ison, a short resident time condition is given in Fig. 6b.
Again the maximum heat flux position is at 10 mm. Clearly
in Fig. 6b the bulk of the solid is still close to the initial
temperature of 400 �C. From this observation we also
expect that the size of the test piece will influence both
the resident time and the MaxHF propagation velocity.
3.4. Effect of jet velocity on MaxHF propagation velocity

The result in Fig. 4 suggests strongly that heat transfer is
a dominating mechanism for determining the propagation
velocity of the MaxHF point. We should expect that any
circumstances that result in stronger surface cooling will
also lead to a higher MaxHF propagation velocity.
However, as shown in Fig. 5, we must keep in mind that
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increasing the jet velocity or liquid subcooling invariably
leads to shorter resident times and hence a higher solid
temperature when the wetting front starts moving. The
effect of the higher solid temperature may be greater than
that due to increasing the heat flux so that the unexpected
effect occurs where for example increasing the jet velocity
can reduce the MaxHF propagation velocity if the resident
time is long.

In Fig. 7a and b, the variation of MaxHF propagation
velocity with radial position for different jet velocity has
been shown. Fig. 7a reveals that MaxHF propagation
velocity increases with jet velocity for the short resident
time conditions. For short resident time conditions (higher
jet velocity and higher subcooling conditions), the wetting
front starts moving immediately though most of the surface
temperature is high at that time. If the jet velocity is high,
the rate of heat extraction from the surface is high which
results in an increase of MaxHF propagation velocity. This
trend also continues up to the moderate resident time
regime. On the other hand, when the resident time is long
(smaller jet velocity and smaller subcooling conditions),
MaxHF propagation velocity decreases with the increase
of jet velocity (Fig. 7b). Within the long resident time
regime, increasing the jet velocity decreases the resident
time and hence the solid temperature is higher when move-
ment of the MaxHF point commences. Therefore the
MaxHF propagation velocity usually becomes slower when
the jet velocity is increased in the long resident time regime.

In Fig. 7b the data for u = 15 m/s shows an exception to
the above trend. Again this can be explained in terms of
heat transfer. While the higher jet velocity resulted in a
higher solid temperature in the unaffected zone when the
MaxHF point started movement, the effect of the higher
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Fig. 7. Effect of jet velocity on MaxHF propagation velocity. (a) Material:
copper, Tb = 250 �C, DTsub = 50 K (short resident time conditions). (b)
Material: copper, Tb = 400 �C, DTsub = 5 K (long resident time
conditions).
cooling ability of the 15 m/s jet was greater than the slow-
ing effect of the higher solid temperature. Thus the MaxHF
point moved faster for the case of u = 15 m/s than for
u = 10 m/s in Fig. 7b. Exceptions such as this exist for long
resident time data particularly when the resident time is
reduced to close to the moderate resident time regime.

3.5. Effect of subcooling on MaxHF propagation velocity

Among various parameters, subcooling is the most dom-
inating for the resident time [2]. Surface temperature, Tw

with time for different subcoolings has been shown in
Fig. 8, which also clearly represents the trend of cooling
curves for different resident times. The smallest subcooling
takes the longest resident time (t* = 987 s) and the surface
temperature at resident time is the lowest among all the
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Fig. 8. Effect of subcooling on MaxHF propagation velocity (material:
copper, Tb = 400 �C, u = 3 m/s). (a) DTsub = 5 K, (b) DTsub = 20 K, (c)
DTsub = 50 K, (d) DTsub = 80 K.
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conditions presented in Fig. 8. The variation of MaxHF
propagation velocity with radial position for different sub-
coolings has been also represented in Fig. 8. According to
Fig. 8, with the increase of jet subcooling the MaxHF prop-
agation velocity decreases for a particular radial position.
Except for (d), all the conditions in Fig. 8 belong to the
long resident time regime. Smaller subcooling takes a long
time for the wetting front to start movement and conse-
quently the overall surface cooling takes place during this
time, which resulted in faster propagation of MaxHF posi-
tion. For this reason, higher MaxHF propagation velocity
is obtained if the subcooling is lower for the long resident
time regime. For the short and moderate resident time
regimes, the trend is the opposite because the surface tem-
perature in the unaffected zone when the wetting front
starts moving is close to the initial temperature of the
block.

3.6. Material effect on MaxHF propagation velocity

Fig. 9 represents the variation of MaxHF propagation
velocity for three different materials copper, brass and steel.
The data in Fig. 9 are from the same experimental condi-
tions (Tb = 400 �C, DTsub = 80 K, u = 15 m/s) with three
different materials and belong to the short resident time
regime. The MaxHF propagation velocity for steel is the
highest and copper has the lowest value. Due to higher con-
ductivity of copper (k = 381 W/mK), it can transfer heat
with a higher rate but the conductivity of steel is very small
(k = 37 W/mK) which is responsible for poorer conduction
of heat towards the boiling region. The conductivity of
brass (k = 112 W/mK) is in between these two materials
4 10 50
1

10

20

Copper
Brass
Steel

M
H

F
 p

ro
pa

ga
tio

n 
ve

lo
ci

ty
, u

q (
m

m
/s

)

Radial position, rq (mm)

M
ax

H
F

 

Fig. 9. Comparison of MaxHF propagation velocity for three different
materials (short resident time conditions, Tb = 400 �C, DTsub = 80 K,
u = 15 m/s).
and this order (copper–brass–steel) in relation to MaxHF
propagation velocity is apparent in Fig. 9. For steel, the
solid is not able to supply heat to the surface like copper
or brass so a local region on the surface is easily cooled
and the MaxHF point can propagate quickly. In contrast
copper can supply heat quickly to the surface and the tem-
perature and surface heat flux remain high so the MaxHF
propagation velocity is lower.

In direct contrast to Fig. 9, in the case of long resident
time conditions for copper, MaxHF propagation velocity
is the highest for copper among all the materials for
the same experimental conditions. The mechanism again
relates to the temperature distribution when the MaxHF
point started moving. A higher conductivity and thus a
longer wetting delay for copper contribute to an overall
cooling of the block prior to movement, which ultimately
results in the fastest MaxHF propagation velocity among
three materials.

3.7. Mechanism of MaxHF point propagation

There are many factors which may possibly influence the
MaxHF propagation velocity. Some researchers place
emphasis on surface wettability, hydrodynamics and the
roughness or condition of the surface. However, if we
assume the surface did not age much between our experi-
ments, Fig. 4 demonstrates that with all such factors held
constant, the surface temperature of the solid ranges from
175 �C to 140 �C. Therefore it is clear from this figure and
the above observations that thermal effects form a domi-
nating mechanism for propagation of the maximum heat
flux point. This does not rule out the possibility of other
mechanisms playing a role but it demonstrates the impor-
tance of calculating the temperature distribution within
the solid and surface heat flux if one wishes to develop a
suitable model.

Among those who stress the importance of temperature
and heat transfer in wetting of high temperature solids,
there is an argument as to which is more important, surface
temperature or surface heat flux. Unfortunately the present
results cannot resolve this issue because the MaxHF point
is not the wetting front. Wetting starts ahead of the
MaxHF point within the transition boiling region as shown
in Figs. 2 and 3. It is difficult to define exactly where wet-
ting starts and to measure the heat flux at a precise position
where the surface heat flux changes rapidly. Future
research may give us a more complete picture of the instan-
taneous heat flux and other conditions in the vicinity of the
wetted region. Nevertheless we consider it is too simplistic
to assume that wetting occurs at a particular surface tem-
perature. The present results show a range of surface tem-
peratures rather than a constant value. This is consistent
with the classical boiling curve where the heat flux in nucle-
ate boiling increases steeply within a relatively short range
of temperatures.

Leaving this argument for the moment, it is worthwhile
observing that heat flux and thermal considerations can
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help explain the mechanism for the trend in MaxHF prop-
agation velocity with radial position shown in Fig. 3a. Note
that in Fig. 3b the heat flux decreases with radial position.
Near the center of the test piece the MaxHF propagation
velocity is high as a result of the high heat flux. The
MaxHF propagation velocity then decreases as the heat
flux decreases. While this is occurring the precursory cool-
ing zone continuously enlarges lowering the surface tem-
perature ahead of the MaxHF point. The reduction in
surface temperature tends to cause an acceleration of the
MaxHF point movement since less heat needs to be
removed to cool the surface. Finally the MaxHF position
accelerates even more rapidly as the PCZ reaches to the cir-
cumference of the test piece. In this region the finite solid
can no longer supply heat to maintain a high surface
temperature.

4. Conclusions

Due to involvement of many parameters, the maximum
heat flux (MaxHF) propagation characteristics become a
complicated phenomenon. More investigation is indispens-
able to have a clear picture for this important feature of
quenching. A mathematical model and correlation have
yet to be derived. The fundamental understandings at the
moment are summarized as below:

1. The wetting front position is always followed by the
position of MaxHF during quenching.

2. On the basis of the resident time MaxHF propagation
velocity can be categorized well. For the case of long res-
ident time, the whole block gets a cooling effect before
the wetting front starts moving which favors higher
MaxHF propagation velocity. The opposite is true for
the short resident time.

3. MaxHF propagation velocity increases with increasing
jet velocity and subcooling and decreases with increasing
block initial temperature for a particular radial position
in the case of short resident time. This trend is opposite
when the experimental conditions are within the long
resident time category.

4. MaxHF propagation velocity sequentially increases
from copper, brass and steel for the same experimental
conditions for short resident times. The trend is opposite
for long resident time conditions (although no long res-
ident time data for steel up to the initial block tempera-
ture 400 �C appeared in the present study), which
reflects the effect of material thermal properties on
MaxHF propagation velocity.

5. To develop a suitable model to correlate the data in the
present article, two questions need to be addressed.
Firstly; ‘What triggers the MaxHF point to start moving
in the radial direction?’ Secondly; ‘What conditions are
satisfied at the MaxHF point as it moves across the sur-
face?’ The precise mechanism for the radial propagation
of the maximum heat flux point has not yet been clari-
fied. The present study did not consider the effect of
the surface condition or wettability. However, a consis-
tent pattern emerged by discussing the MaxHF propa-
gation velocity purely in terms of thermal and heat
transfer considerations.
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