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Experimental investigations of jet impingement quenching for three different cylindrical blocks made of
copper, brass and steel have been conducted with block initial temperature from 250 to 600 �C. Visible
observations during the quench show that the wetted area can be divided into two regions – a central
region with no apparent boiling and the outer annular region where the liquid boils vigorously. The width
of the boiling region is of interest since there is a coupling between high heat transfer rates and the
observed boiling pattern. Boiling width increases with material conductivity and decreases with jet sub-
cooling and velocity. Boiling width is also influenced by the initial temperature of the solid.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Quenching by jet impingement is one of the most effective cool-
ing processes used in industry. It has important applications in
metallurgy and emergency cooling systems for nuclear reactors.
The quenching phenomenon itself progresses in a number of stages
[1–3]. Shortly after the jet first impinges on the surface, a small
wetted patch appears which may not change in size for a consider-
able period of time. Then suddenly the wetted area starts to en-
large until the entire surface becomes covered with liquid.
Previously the authors of this paper developed an empirical corre-
lation for the resident time [1], which is defined as the time from
when the jet first impinged on the surface to when the wetted
patch began to grow quickly. Based on Monde et al.’s relation for
critical heat flux [4], Mozumder et al. [2] also developed a relation
for the maximum heat flux during jet impingement quenching.
Concerning the propagation velocity of the maximum heat flux
point during growth of the wetted region, Mozumder et al. [3] con-
sidered the effects of liquid subcooling, jet velocity, initial solid
temperature and solid material.

These studies have contributed towards our understanding of
quenching with the view to developing models for jet impinge-
ment quenching. The present study provides a continuation on this
theme but with the focus being on the size of the boiling region
within the wetted area. The size of the boiling region is important
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because the heat flux tends to be higher in this region and we
should expect a strong coupling between the surface temperatures,
heat flux and boiling phenomena occurring on the surface. Another
important consideration is that the accuracy of the method used to
measure the maximum heat flux in the previous studies [1,2] may
diminish if the boiling region becomes too narrow due to space
resolution issues with the inverse solution [5]. The present paper
offers insight into why for some conditions the data reported in
[1,2] and showed considerable scatter.

Investigation of jet impingement quenching also has been per-
formed by a number of other researchers and scientists [6–12].
Filipovic et al. [10] conducted transient boiling experiments using
a large, preheated test specimen exposed to a water wall jet on its
top surface. They observed a ‘bell’ shaped transition boiling zone of
several centimeters long at the leading area of the moving quench
front. Their study reported that the location of maximum heat flux
was coincident with the leading edge of this bell shaped zone. They
found that the width of the bell shaped zone elongated as the rear
end of the boiling surface was approached. According to their
study, that behavior was due to a decrease in the downstream sur-
face temperature caused by film boiling heat transfer in the precur-
sory zone downstream of the moving front. They described the
width of the bell shaped zone as the gap which is physically
bounded by temperatures corresponding to the critical heat flux,
TCHF and rewetting temperature, TR. They reported that with
increasing time during quenching, the temperature gradient de-
creases and the width of the ‘bell’ shaped transition boiling region
increases. Upstream of the critical heat flux (CHF) location, nucle-
ate boiling occurs, and in regions where the surface temperature is
lower than the saturation temperature, conditions are character-
ized by single-phase forced convection.
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Nomenclature

dTw/dr surface radial temperature gradient (�C/mm)
qw surface heat flux (MW/m2)
rs radial position at which boiling appears to stop (mm)
t time (counted from the impingement of jet) (s)
t* resident time at which wetting front starts moving (s)

Tb initial block temperature (�C)
Tw surface temperature (�C)
DTsub liquid subcooling (K)
u jet velocity (m/s)
W width of the boiling region (mm)
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Fig. 1. Schematic diagram of the experimental set-up. 1 – tested block, 2 –
thermocouple positions, 3 – nitrogen gas valve, 4 – high-speed video camera, 5 –
level gauge, 6 – main heater, 7 – dynamic strain meter (for measuring jet velocity),
8 – data acquisition system, 9 – thermocouple wire, 10 – block heaters, 11 – nozzle,
12 – rotary shutter, 13 – liquid tank, 14 – cooler, 15 – pump, and 16 – auxiliary
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Definitions for the surface rewetting have been given by some
researchers. Dua and Tien [11] performed experimental study for
rewetting of a copper tube by a falling film of liquid nitrogen.
According to their definition, surface rewetting refers to the estab-
lishing of liquid contact with a solid surface whose initial temper-
ature is higher than the sputtering temperature, the temperature
up to which a surface may wet. They observed that the rewetting
temperature at the wet front corresponds to neither of the two
temperatures at which the maximum (or critical) or the minimum
heat fluxes of the pool boiling exist. The rewetting temperature in-
stead lies in the region of transition boiling which is indicative of
the state of boiling at the location of the wet front.

Lienhard et al. [12] investigated splattering and heat transfer for
un-submerged, circular, fully turbulent impinging liquid jets. They
observed that splattering occurs within a narrow radial band,
rather than being distributed at all radii in the liquid sheet. The re-
gion where vigorous boiling occurs is the most effective cooling
zone among the entire heat transfer area on the hot surface. With
the movement of the wetting front (i.e. the visible leading edge of
the moving liquid over the surface), this most effective cooling
zone also moves to the circumference region. The main objectives
of this paper are to investigate the characteristics of the visible
width for the vigorous boiling region and the temperature distribu-
tion of this region. The dominating parameters for the expansion of
the boiling region such as jet velocity, jet subcooling, solid initial
temperature and solid material properties are also explored.
heater.
2. Experiment

2.1. Experimental set-up

The desired temperature for the liquid is first obtained by heat-
ing with electric heaters (6 and 16) as shown in Fig. 1 or by cooling
with a cooler (14). The test section (1) is heated with three electric
heaters (10) mounted on the top and around the block. The test
section is of cylindrical shape with 94 mm diameter and 59 mm
height. Sixteen thermocouples (0.1 mm wire diameter and 1 mm
sheath diameter of CA type) have been inserted at two different
depths (eight at each depth), 1.9 mm and 5 mm from the surface
of the block. For protecting the test surface from oxidation, it
was plated with a thin gold layer of 5 lm thickness, which has a
good oxidation resistance and thermal conductivity of 317 W/
mK. The surface roughness is 5–18 lm. Nitrogen gas is charged
on the test surface during the experiment to maintain an inert
atmosphere for minimizing the oxidation effect of the surface at
elevated temperatures. When all the desired conditions of the
experiment are obtained, the liquid is allowed to impinge on the
test surface through a 2 mm diameter nozzle (11) which is cen-
trally located 44 mm from the test surface. Jet velocity is estimated
from differential pressure measured by a strain meter (7) which is
attached at two points on the flow line before the nozzle. All the
experiments are conducted at atmospheric pressure. A high-speed
video camera (4) with a maximum resolution of 1280 � 1024 pix-
els and a maximum rate of 10,000 frames/s was employed for cap-
turing the visual phenomena on the test surface during quenching.
The estimated time lag of the thermocouple response is less than
0.1 s. The thermocouples’ signals are scanned by a data acquisition
system (8) sequentially at 0.05 s intervals. The uncertainty for the
placement of the thermocouples is estimated to be ±0.1 mm and
the uncertainty for the measurement of temperature is ±0.1 �C.
At the beginning of the experiment, the liquid temperature was
controlled within ±1 �C and for some conditions where the dura-
tion of the experiment was long it was sometimes noticed ±2 �C
variation from the initial temperature. The uncertainty of the jet
velocity was ±0.1 m/s. The block initial temperature was main-
tained ±2 �C from the desired value. A detailed description of the
experimental apparatus is given elsewhere [13].

2.2. Data analysis

The purpose of inserting thermocouples is to estimate the sur-
face temperature and heat flux. However, it is very difficult to mea-
sure directly the surface thermal parameters by thermocouples.
The thermocouples are inserted beneath the test surface and they
are used to estimate the surface temperature and heat flux with
the help of an inverse solution to the heat conduction problem.
The inverse solution was adopted from Monde et al. [14] and
Woodfield et al. [5]. The detailed mathematical derivation of the
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inverse solution and its estimation accuracy are described in these
references.

3. Results and discussion

3.1. Effect of radial position on boiling width

Fig. 2 represents the variation of the width of the boiling region
with radial position for three different times (713.5 s, 717.1 s and
720.8 s from when the jet first impinged on the surface). Radial
temperature and heat flux distribution are also shown in this fig-
ure. For each of the cases, the wetted area can be divided into
two regions – a shiny region near the center and a dark region of
vigorous boiling. Quite clearly the width of the boiling region in-
creases in size as the wetting front progresses towards the circum-
ference of the test piece. A similar observation was made by
Hammad et al. [13].

It is interesting to notice the relationship between the surface
temperature and the size of the boiling zone in each of the cases
in Fig. 2. A general observation is that a steeper maximum radial
temperature gradient corresponds to a narrower boiling region.
For example, for the case where rs = 8.5 mm, the maximum tem-
perature gradient is 8.4 �C/mm and the boiling width is 21.7 mm.
In the second frame where rs = 11.6 mm, the maximum tempera-
ture gradient has decreased to 5.5 �C/mm and the boiling width
W=15.7mm r =8.5mm

W=21.7mm r =11.6mm

W=30.2mm r =15mm
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Fig. 2. Variation of boiling width together with heat flux distribution during we
has increased to 15.7 mm. This inverse relationship is depicted
graphically at the bottom of the figure. A similar general qualita-
tive correspondence between the radial temperature gradient
and the width of the boiling region could be observed for most
cases considered in this study. The physical reason for this correla-
tion between the radial temperature gradient and the width of the
boiling region may simply be that if the radial temperature gradi-
ent is large then the range of temperatures where boiling is likely
occupies a smaller radial width on the surface. The trend is only
qualitative because the surface temperature is not the only factor
that influences the presence or absence of vigorous boiling.

Also notice that the outer boundary to the visible boiling region
in Fig. 2 is not simply a constant temperature. For the case where
rs = 8.5 mm, the temperature at the wetting front is about 220 �C
while for the case with the wetting front nearer the circumference
(rs = 15 mm), the surface temperature is about 160 �C. The reason
for this variation in the apparent Leidenfrost temperature with ra-
dial position is not clear and should be the subject of further stud-
ies. The surface temperature of about 125 �C at the position where
boiling is observed to stop, rs, is reasonably consistent among the
three cases. Some further observations from Fig. 2 concern the heat
flux distribution. The maximum heat flux point for all three cases is
within the boiling region. However, towards the outer edge of the
boiling region the heat flux is surprisingly low, particularly for
20 < r < 24 mm in the case where rs = 8.5 mm. This suggests a
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region where film boiling effects may be dominating. However,
this feature was not observed for many other flow conditions
where the jet velocity and subcooling were greater than the exam-
ple in Fig. 2.

It is also worth pointing out that the heat flux in the shiny re-
gion near the center is quite high in spite of the fact that vigorous
boiling cannot be observed. The region is shiny because the surface
of the liquid is smooth and light from the halogen lamp used to
illuminate the surface is reflected well. Vigorous boiling causes
the surface to ripple so that the light is scattered and the region ap-
pears dark to the camera. The shiny central region with no appar-
ent boiling in Fig. 2 is not completely unexpected. An important
characteristic of two-phase flows is that if the convection heat
transfer contribution is large enough, then sufficient heat can be
removed to suppress the phase change. Monde et al. [4] also
observed a single-phase region in subcooled critical heat flux
experiments using a heater which maintained a constant heat flux
over the whole surface. Consistent with their findings, the present
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Fig. 3. Variation of boiling width with subcooli
results show that the absence of visible boiling does not necessar-
ily mean the heat flux is low.

3.2. Effect of liquid subcooling and jet velocity

Fig. 3 represents the effect of subcooling on the width of the
boiling region with four different video clips where the corre-
sponding surface temperature distributions are also depicted. The
radial temperature gradient within the visible boiling region for
each condition is also given. All of the cases have been selected
so that the radial position where the boiling appears to stop, rs,
is always at 20 mm. Clearly, the boiling width decreases sharply
with subcooling especially when the subcooling values are smaller,
whereas the boiling width drops gradually when the liquid subco-
oling is high. The correspondence between the boiling width and
the radial surface temperature gradient is not quite as clear in
Fig. 3 when compared with Fig. 2. However, it is interesting that
the temperature at the point of rs changes significantly with the
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decrease in subcooling. For the subcooling case of 80 K, the tem-
perature at rs is about 170 �C while for a subcooling of 5 K it is only
about 120 �C. It is quite probable that the boiling does not actually
stop at 170 �C but rather the strong subcooling results in the for-
mation and collapse of tiny bubbles that cannot be observed with
the present visualization system. Iida et al. [15] observed such tiny
bubbles on a micro-heater with a microscope.

Increasing the jet velocity had a very similar effect to increasing
the subcooling so for the sake of conciseness no figure is shown.
The similarity of the effect of increasing subcooling and increasing
velocity indicates that the greater cooling potential of the jet is
responsible for the steep radial temperature gradients and nar-
rower boiling region. Mozumder et al.[1] already pointed out that
a parameter, uDTsub, plays an important role in determining the
characteristics of resident time and surface temperature at the res-
ident time.

3.3. Effect of initial block temperature

The effect of the initial block temperature on the size of the
boiling zone was not as dramatic as the effects of liquid subcooling
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Fig. 4. Effect of material on boiling width
and jet velocity. Therefore, we have not included a figure in this
communication. Nonetheless, it is interesting that if the resident
time was long (as in the case of a high initial temperature) then
the boiling width tended to be greater for the same jet velocity
and subcooling.

3.4. Effect of material

Fig. 4 compares the flow pattern observed for three different
materials, copper, brass and steel where the jet temperature and
velocity are constant. Quite clearly material properties have a large
effect on the quenching phenomenon. For the same value of rs, the
boiling width for copper is 20 mm while for steel it is only 6.1 mm.
Without doubt this is related to the fact that the thermal conduc-
tivity for copper is about three times that of brass and about 10
times that of steel. The higher thermal conductivity results in a
tendency to even out steep temperature gradients. Thus, the max-
imum radial temperature gradient in Fig. 4 is 2.0 �C/mm for copper
and 9.8 �C/mm for steel. Again there is a very clear inverse correla-
tion between the boiling width and the radial temperature gradi-
ent. Another interesting feature of Fig. 4 is that the flow pattern
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for steel is quite different to that of brass or copper. In the case of
steel, large droplets of liquid are issuing from the edge of the wet-
ted region, while in the cases of copper and brass small droplets are
issuing from many different radial positions within the boiling re-
gion. The differences in the observed boiling phenomena among
the materials are also related to the ability of the solid to supply
heat to the boiling region. Since steel has a thermal conductivity
of about one-tenth that of copper, localized surface cooling occurs
more readily on the steel surface than on the copper surface under
conditions of high heat flux. Finally, it may be worth mentioning
that heat flux transferred from a semi-finite solid is proportional
to

ffiffiffiffiffiffiffiffi
qck

p
.

3.5. Effect of boiling width on accuracy of heat flux estimation

In our previous studies [1,2], we observed that if the jet velocity
or subcooling was high, the radial position is low or if the material
was steel rather than copper then the scatter in the data for resi-
dent time and maximum heat flux was invariably great. From the
results shown above, all of these conditions correspond to a narrow
boiling width. It may be reasonable to suppose that space resolu-
tion issues for our measuring system, which includes the inverse
solution technique, contribute to the scatter when the phenome-
non on the surface changes abruptly. Fig. 5 gives results from a
simulation used to verify the inverse solution for the present appli-
cation. An analytical solution for a moving heat sink of constant
width and a heat flux of 5 MW/m2 was used to generate tempera-
ture readings for similar positions in the solid to the thermocou-
ples used in the experiment. The inverse solution was then
applied and comparison with the exact result for the maximum
heat flux could then be made. Fig. 5 gives the result for different
sink widths. Quite clearly, the inverse solution gives reasonable
estimates if the width of the sink is 10 mm or greater but an under-
estimate if it is smaller. From this, we expect that if the width of
the boiling region is too much less than 10 mm, we will likely have
space resolution issues with our data for maximum heat flux. Not-
ing Fig. 4, this problem is of particular concern for steel and may
contribute towards explaining why we were unable to arrive at a
satisfactory correlation for the steel data in our previous reports
[1,2].
4. Conclusions

Jet impingement quenching is a complicated phenomenon. This
paper contributes some background information regarding the
width of the vigorous boiling region. At the moment the funda-
mental accomplishments are as follows:

1. When the value of the bulk temperature and the radial tempera-
ture gradient of the solid are high, the width of the boiling region
shrinks. Smaller bulk temperature and smaller radial tempera-
ture gradient favors further expansion of the boiling width.

2. Boiling width decreases with increasing jet subcooling and
velocity when the other remaining experimental conditions
are same.

3. Among three materials, copper, brass and steel, relatively more
local cooling takes place for steel due to its smaller conductivity
which results in narrower width of the boiling region.

4. Space resolution of the maximum heat flux will be a problem if
the width of the boiling region is small.
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