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Abstract

Experimental investigation has been conducted for quenching of hot cylindrical blocks made of copper, brass and steel with initial
block temperature 250–400 �C by a subcooled water jet of diameter of 2 mm. The subcooling was from 5 to 80 K and the jet velocity
was from 3 to 15 m/s. After impingement, the jet stagnates for a certain period of time in a small region near the centre and then the
wetting front starts moving outwards. During this movement, when the surface temperature at the wetting front drops to 120–
200 �C, the surface heat flux reaches its maximum value due to forced convection nucleation boiling. The maximum heat flux is a strong
function of the position on the hot surface, jet velocity, block material properties and jet subcooling. A new correlation for maximum
heat flux is proposed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Jet impingement quenching is used widely in industry.
At present, mainly two interest groups are dealing with
the research and development of jet quenching. One group
is interested to use the knowledge of quenching for con-
trolling the mechanical and metallurgical properties of
industrial products. They also use this knowledge for
controlling high temperature in manufacturing industries.
The other interest group uses jet impingement quench cool-
ing to prevent overheating. For the purpose of emergency
core cooling of nuclear reactor, water jets are impinged
on the hot fuel element and the heat flux is the vital para-
meter at that time. Impinging jet cooling is also in use for
removal of heat from electronic chips.

Quenching can be defined as a heat transfer process in
which extremely rapid cooling results from bringing a high
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temperature solid into sudden contact with a lower temper-
ature fluid. Studies of jet impingement quenching have
been performed by a number of researchers [1–4] who gave
attention to heat flux, temperature, and the flow field by
flow visualization. Some other researchers [5,6] have
focused on the phenomena that occurred during quenching
of a hot surface.

Knowledge of the maximum heat flux and its position is
of great importance since the maximum heat flux usually
corresponds to the maximum temperature gradient in the
solid and therefore the largest thermal stress. In addition
the maximum cooling rate is directly connected to the max-
imum heat flux. Thus to be able to predict and ultimately
control the maximum heat flux during quenching is a key
goal for boiling research.

In the present article we have decided to use the term
‘maximum heat flux’ rather than ‘critical heat flux’
(CHF) since there may be a difference between the critical
heat flux appearing in steady-state experiments and the
maximum heat flux arising in quench cooling experiments.
There is a wealth of literature relating to steady-state
critical heat flux [7] but in contrast relatively fewer
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Nomenclature

a thermal diffusivity (m2/s)
c specific heat (kJ/kg K)
d diameter of liquid jet (mm)
D diameter of heated surface (mm)
hfg latent heat of evaporation (J/kg)
Ja Jacob number = (ql/qg)(clDTsub/hfg)
qc critical heat flux of subcooled liquid jet (MW/

m2)
qco critical heat flux of saturated liquid jet (MW/m2)
qmax maximum heat flux (MW/m2)
qw surface heat flux (MW/m2)
r position in the radial direction of the block

(mm)
rq radial position at qmax (mm)
t time (counted from the impingment of jet) (s)
T measured temperature (�C)

Tb block initial temperature (�C)
Tliq liquid temperature (�C)
Tsat saturated temperature of liquid (�C)
Tw surface temperature (�C)
u jet velocity (m/s)

Greek symbols

DTsub liquid subcooling (K)
k thermal conductivity (W/mK)
q density (kg/m3)
r surface tension (N/m)

Subscripts

g gas (vapor)
l liquid
s solid
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publications are available for insight into maximum heat
flux during transient quenching [8–16].

Barnea and Elias [9] conducted experiments and per-
formed a theoretical study of flow and heat transfer
regimes during quenching of a heated vertical channel.
They observed that the quench front was in the transi-
tion-boiling region, which stretched between the dry
and wet segments of the surface. Dua and Tien [10]
performed an experimental study on rewetting of a
copper tube by a falling film of liquid nitrogen. They
observed that the maximum heat flux in rewetting
occurred at the location of the wet front and its magni-
tude was comparable to the average of the maximum
and the minimum heat fluxes of nucleate and film pool
boiling.

Filipovic et al. [11] performed transient boiling experi-
ments using a large preheated test specimen exposed to a
water wall jet on its top surface. They reported that during
much of the quenching process, conditions on the test sur-
face were characterized by propagation of a quench front
in the direction of flow along the surface. Heat transfer
occurred by nucleate boiling or single-phase convection
upstream of the front, while film boiling existed in a precur-
sory region downstream of the front. The front itself was at
the leading edge of a transition-boiling zone, which was
approximately coincident with location of maximum heat
flux. They also found that the location of the maximum
heat flux on the surface moved downstream with increasing
time and its value decreased with time. Kumagai and
Suzuki [12] also conducted a transient cooling experiment
of a hot metal slab but with an impinging plane jet. They
observed that local surface temperature fell rapidly when
the temperature at that point reached the temperature cor-
responding to the high heat flux region of transition
boiling.
Hall et al. [13] performed an experimental study of boil-
ing heat transfer during quenching of a cylindrical copper
disk by a subcooled, circular, free-surface water jet. Their
study reveals that quenching measurements encompass
three distinct boiling regimes; nucleate boiling in the
impingement zone, the upper limit of nucleate boiling
(maximum heat flux for the entire surface) and transition
boiling which is characterized by minimum film boiling
heat flux and the temperatures for the radial flow region.
They correlated the radial distributions of maximum heat
flux data with relations developed by others researchers
from steady-state experiments for radial flow region.

Hammad et al. [14] conducted experiments for investi-
gating the heat transfer characteristics and wetting front
during quenching of a high temperature cylindrical block
by water jet at atmospheric pressure. Ochi et al. [16] also
experimentally investigated transient heat transfer using
circular water jet impingement. Their test piece was a flat
plate. They observed that heat flux at the stagnation point
(in the central region) was higher than those at further
radial positions. In the stagnation region the heat flux
increases with water subcooling and with jet velocity
divided by the nozzle diameter. Their observation revealed
that the velocity of the rewetting front increases with nozzle
diameter, jet velocity and water subcooling.

In quenching experiments on large test pieces a phenom-
enon termed ‘wetting front’ [14], ‘quench front’ [9] or ‘wet-
front’ [10] has been observed. It is a little difficult to unam-
biguously define what the ‘wetting front’ is. The wetting
front phenomenon should not be thought of as a single
point or line but the entire transition boiling region should
be understood to be a part of the wetting front. However,
for convenience of discussion, in the present article the wet-
ting front is defined as follows. In all of our experiments, a
black region at the outer zone of the moving liquid was



Table 1
Experimental conditions of the present study

Block
material

Initial temperature,
Tb [�C]

Jet velocity,
u [m/s]

Jet sub-cooling,
DTsub [K]

Copper, Brass,
Steel

400, 350, 300, 250 15, 10, 5, 3 80, 50, 20, 5
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observed on the basis of the video images. The wetting
front is defined as the visible outer edge of this black region
in the present study. Most of the time, an inner edge of this
black region is also visible as shown in the Fig. 3. A com-
plete thermal and hydrodynamic criterion for this moving
wetting front has not yet been clarified.

The position and magnitude of maximum heat flux are
among the important criteria for understanding the
quenching phenomena. The aims of the present study are
to investigate the parameters that control the position of
maximum heat flux and to predict its magnitude as a func-
tion of experimental parameters. The parameters like initial
block temperature, jet velocity, liquid subcooling and block
material properties are considered predominantly in this
study. Correlations for maximum heat flux are also pro-
posed in this study.

2. Experimental apparatus and procedure

The major components of the experimental set-up for
the present study are a cylindrical block, a data acquisition
system, a fluid flow system and a high-speed video camera.
The test block (1) as shown in the Fig. 1 is uniformly
heated to the desired initial temperature by using three
types of electrical heaters (16) mounted on the top and
around the block. The velocity of the liquid jet is adjusted
by a regulating valve. To protect the test surface from
oxidation, an inert atmosphere is maintained by feeding
nitrogen gas from a cylinder (14). The whole experiment
is conducted at atmospheric pressure. The liquid tank
(11) is filled with distilled water at first up to the same level
for each experiment, which is ensured by viewing through
the level gauge (10). A pump (7) located at the bottom of
the set-up is used for pumping the distilled water through
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Fig. 1. Schematic diagram of the experimental set-up: (1) Tested block; (2)
Thermocouple wire; (3) High-speed video camera; (4) Microphone; (5)
Data acquisition system; (6) Auxiliary heater; (7) Pump; (8) Cooler, (9)
Main heater; (10) Level gauge; (11) Liquid tank; (12) Nozzle; (13) Rotary
shutter; (14) Nitrogen cylinder; (15) Thermocouple positions; (16) Block
heater.
a nozzle (12) of diameter 2 mm, which is set centrally
44 mm from the test surface. A shutter (13) is mounted in
front of the nozzle to prevent water from striking the block
(1) prematurely and to maintain a constant water temper-
ature by forcing it to run within a closed loop system.
The desired temperature of the water is obtained by con-
trolling the main heater (9), auxiliary heater (6) or cooled
by a cooler (8). A dynamic strain meter is attached at
two points of the flow line before the nozzle for measuring
differential pressure from which jet velocity is calculated
and this velocity is adjusted by a regulating valve.

After fulfilling the desired experimental conditions, the
shutter is opened so that the water jet strikes on the centre
of the heated surface. A high-speed video camera (3) is
employed to capture the video images of flow pattern dur-
ing quenching and simultaneously a microphone (4) is used
to measure the noise level. Sixteen thermocouples (15) mea-
sure the temperatures inside the heated block with the help
of the data acquisition system (5).

Table 1 shows all the experimental conditions employed
in the present study. During the experiment, ±2 �C devia-
tion from the desired initial block temperature was
allowed. The accuracy of the jet velocity was ±0.1 m/s.
Before starting the experiment, the initial temperature of
the liquid could be controlled to within 1 �C from the set
point. But for long cooling experimental conditions, during
the experimental run, it was difficult to maintain the initial
liquid temperature. It was noticed sometimes ±2 �C varia-
tion from the initial temperature of the liquid.

2.1. Heated block

The heated block is 94 mm in diameter and 59 mm in
height with cylindrical shape. For inserting the thermocou-
ples, a small section of the block was made removable [15]
but no cuts were made through the test surface itself. The
effect of this cutting is limited to one corner of the block
in an area having radius more than 30 mm, it is found from
video observation that there is a departure from symmetry
in the expanding of the wetting front. For this reason, all
data reported in this study are for radial positions less than
30 mm where the results may be considered axisymmetric.
Sixteen thermocouples (CA-type, 1 mm sheath diameter
and 0.1 mm wire diameter) are located at two different
depths, 2.1 mm and 5 mm from the surface as described
elsewhere [15]. Eight thermocouples are inserted along
the radial direction at each depth. For the depth 2.1 mm,
the eight thermocouples are located sequentially with a
5 mm interval and starting from a radial position 6.5 mm.
For the depth 5.0 mm, the other eight thermocouples start
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from radial position 4 mm and are sequentially spaced with
the same interval of 5 mm. For maintaining an inert atmo-
sphere (to protect the heated test surface from oxidation),
the surface was plated with a thin layer of gold with
16 lm thickness, which has an excellent oxidation resis-
tance and also a good thermal conductivity; k � 317
W/mK. After conducting a huge number of experiments
with same block, a portion of the gold layer removed away
from the test surface. No significant difference on qmax

value was observed due to this small change of the surface
coating. The surface roughness is 0.2–0.4 lm. The block is
mainly heated with a 0.94 kW coil heater mounted around
it. For maintaining a uniform heat flux from the test
surface two auxiliary heaters are used; one of them is of
band type, 0.65 kW, and is set around the block circumfer-
ence, while the second is of slot type, 0.5 kW, and is placed
in the four groves in the upper part of the block.

2.2. Data acquisition system

The data acquisition system scanned the signal from the
thermocouples 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 uncer-
tainty for the measurement of the temperature is ±0.1 �C,
while the uncertainty in the placement of the thermo-
couples is estimated to be ±0.1 mm. The estimated time
lag for the response of the thermocouple is less than 0.1 s.

2.3. Visual observation system

A high-speed video camera with a maximum resolution
of 1280 · 1024 pixels and a maximum rate of 10,000 frame/
s was employed during quenching. From individual frames
of the video images, the flow pattern, the wetting front
movement and the splattering of liquid droplets were
analyzed.

2.4. Analysis of the experimental data

Temperatures were measured beneath the hot surface
inside the block on which jet was impinged. These temper-
atures were then used to estimate the surface temperature
and surface heat flux because it was impossible to measure
the surface temperature directly during quenching. A two-
dimensional inverse solution for heat conduction adopted
from Monde et al. [17] and Hammad et al. [18] was applied
for estimating the surface parameters based on the mea-
sured temperature. Temperature was measured at eight dif-
ferent locations for each particular depth inside block. To
improve the space resolution of the calculation procedure
[19] additional points were interpolated between the mea-
sured points taking into account time and space trends in
the data, so that the number of reference points was
increased from 8 to 29. Some improvements to implemen-
tation of the inverse calculation procedure suggested by
Woodfield et al. [19] were incorporated also. The procedure
for estimation of surface temperature and surface heat flux
from inverse solution has been described in Appendix A. It
is worth mentioning here that the values of material ther-
mal properties such as density, specific heat and conductiv-
ity used in the inverse solution have been taken at 250 �C.
The experimental range for initial block temperature used
in the present study is 250–400 �C as given in Table 1.
No significant changes due to material properties are
expected within this temperature range.

In the present work the closest thermocouple to the cen-
terline of the test piece was at a radial position of 4 mm.
Thus only results for a radial position greater than about
5 mm are reported in this study.

3. Results and discussion

3.1. Cooling curve and heat flux

An example of the surface temperature and heat flux dis-
tributions with time and radial position estimated from the
inverse solution is presented in Fig. 2. For many condi-
tions, after the jet first strikes the hot surface, the wetting
region stays for a while in a small region near the center
before wetting the entire surface. This wetting delay has
been defined as the resident time by Mozumder et al. [20]
where cooling curves have been categorized in three types:
long resident time, moderate resident time and short resi-
dent time. Fig. 2 is a representative plot of short resident
time conditions where the wetting front starts moving
almost immediately after the first striking of the jet.

The cooling curve in Fig. 2 shows that the temperature
close to the center of the test piece drops from 400 to
100 �C within 2 s after the jet first strikes. During this time,
the heat flux increases drastically and reaches its maximum
value. It takes about 10 s for the outer radial positions to
come to the temperature 100 �C. The peak in the heat flux
curve moves outwards in the radial direction as the liquid
wets the surface. After 10 s, there is almost no variation
of radial temperature distribution and the overall surface
temperature of the block comes to around 80 �C. Finally
the surface temperature drops gradually and slowly.

Focusing on the beginning of the cooling curve, it is
notable that the surface temperature nearer the center drops
by as much as 300 �C during the first few seconds. This sud-
den drop is partly due to a localized transient heat conduc-
tion response on the contact of the solid and water to the
large step change in heat flux when the jet strikes the surface
[20]. However, for the case shown in Fig. 2, the drop is more
than this initial transient effect since as the temperature
falls, the heat flux near the center simultaneously increases
resulting in the very large change in surface temperature.

The key feature of the heat flux distribution in Fig. 2 is
the moving of the maximum heat flux point. The rapid
drop in temperature evident in the cooling curves is a direct
result of the movement of the maximum heat flux point.
For the experimental condition shown in the Fig. 2, the
heat flux is much less than 1 MW/m2 before the movement
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of the wetting front. When the wetting front starts moving,
the heat flux 5 mm from the center reaches about 7.5 MW/
m2. This kind of trend was observed for many of the exper-
iment conditions for this study. Generally the heat flux
after the wetting front begins moving was found to be in
the range of 5–60 times higher than before movement espe-
cially for slow cooling conditions (low sub-cooling and
smaller jet velocity conditions). It should be mentioned
here that the heat flux before the movement of the wetting
front is much smaller than that after the movement which
may be due to repetition of wet and dry on the hot surface
before the wetting front movement. The heat flux during
the wetting time would be equal to that when the wetting
front just moves. It is interesting that the magnitude of
the peak heat flux decreases with increasing radial position.

3.2. Maximum heat flux in boiling curve

Quench cooling is particularly a complex phenomenon
because different boiling modes occur simultaneously at
different spatial positions relative to the wetting front.
For this reason, it is useful to discuss the heat flux distribu-
tion with reference to corresponding boiling curves.

Fig. 3 represents the surface temperature and heat flux
distribution in the radial direction along with a video image
captured during the wetting front movement. The surface
temperature, heat flux and the wetting front position are
for 4.3 s after the first impingement of the jet. The picture
can be divided into three regions: (a) no visible boiling
(r = 0–12 mm), (b) vigorous boiling heat transfer (r = 12–
18 mm) and (c) dry region (r = 18–45 mm). The region
with no visible boiling activity is most likely single phase
convection near the center with the onset to nucleation
boiling beginning a little upstream of the vigorous boiling
region in the zone marked (2).

The maximum heat flux point in the boiling curve tradi-
tionally represents the boundary between nucleation boil-
ing and transition boiling. In Fig. 3 the maximum heat
flux point appears at a radial position of 13.6 mm
(�14 mm), which is just inside the vigorous boiling region.
As mentioned above, the region with r = 10–12 mm
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belongs to the no visible boiling region but since the surface
temperature is very high it is expected that nucleate boiling
occurs but bubbles collapse quickly due to the high sub-
cooling and consequently no vigorous boiling is observed.
Thus in terms of the different modes of heat transfer the
image in Fig. 3 may be interpreted as (i) single phase con-
vection (0–10 mm) (ii) nucleation boiling (10–14 mm), (iii)
transition boiling (14–18 mm) and (iv) single phase convec-
tion to vapor phase plus radiation (18–47 mm).

The surface temperatures and heat fluxes determined
from the inverse solution are consistent with this interpre-
tation. In the single phase convection region the surface
temperature is close to the saturation point. For example
at the position marked (3) in Fig. 3 the superheat is about
5 K, which is reasonable for single phase forced convection
heat transfer. At the point (2) the surface superheat has
increased to 18 K and heat flux increases monotonically
with radial position towards the maximum, which is con-
sistent with nucleation boiling in subcooled forced con-
vection. At the maximum heat flux point, the surface
superheat is 41 K. This again is higher than typical values
for saturated nucleate pool boiling but reasonable for jet
impingement with a subcooled liquid. In the dry region
the surface temperature climbs rapidly from about 250 �C
to the block initial temperature of 400 �C and the heat flux
becomes very small.

Since the wetting front moves outwards in the radial
direction each point on the surface will experience different
boiling modes at different times depending on its position
relative to the wetting front. This is apparent in Fig. 4
where cooling curves for individual points on the surface
are plotted as boiling curves. The curves can be divided
into four regions: single-phase convection, nucleation boil-
ing, transition boiling and film boiling. The maximum heat
flux serves as the boundary between nucleation boiling and
transition boiling. It may be observed from Fig. 4 that for
each boiling mode, the heat flux is generally greater for
smaller radial positions. This may be due to a greater heat
transfer enhancement from forced convection closer to the
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impingement zone and a tendency for the coolant temper-
ature to rise with increasing radial position.

The most important finding from the Fig. 4 is the sur-
face temperature when the maximum heat flux occurs
(i.e. Tw at qmax). When the maximum heat flux happens
the surface temperature is 150–180 �C (for r = 8–30 mm
according to this figure where Tb = 400 �C, DTsub = 80 K,
u = 15 m/s). This temperature is always within a certain
range for any radial position and any experimental condi-
tion. It is found that for most of the conditions (shown in
the Table 1), the range of the surface temperature when the
maximum heat flux occurs is (120–200) �C. It is also found
from the present study that the Tw at qmax increases with
the increase of liquid sub-cooling which is a general trend
of boiling but still this change of Tw always falls within
the range of 120–200 �C. Temperatures within this range
are higher than the surface temperature required for satu-
rated nucleate boiling in pool boiling.

3.3. Movement of maximum heat flux point

The mechanism for triggering the movement of the wet-
ting front has still not been clarified [20]. Nevertheless, in
general it is found that the commencement of the move-
ment of the wetting front corresponds approximately to
the appearance of the moving peak in the heat flux curve.
For some conditions the maximum heat flux seems to
appear slightly after the first visible observation of wetting
front movement, but for the case in Fig. 2 these events are
almost simultaneous.

The commencement of movement of the wetting front is
also accompanied by visible and audible changes in the
flow phenomena. Generally the boiling sound becomes
loudest as the wetting front begins moving and liquid drop-
lets are splashed away from the surface at a steep angle.
Much vapor is generated due to rapid phase change associ-
ated with the maximum heat flux condition and the sound
results from nucleate and transition boiling. These phe-
nomena continue as the maximum heat flux point moves
across the surface.

The mechanism that determines the speed of the wetting
front also has not been clarified yet but it is likely that both
heat flux and surface temperature play direct or indirect
roles. To draw an analogy from steady state CHF experi-
ments, CHF has been considered a boiling crisis where
the ‘dry out’ point begins to occur at the outer edge of
the heater [7]. In the present experiment we have a situation
that appears similar where the boiling reaches a crisis point
(maximum heat flux) just upstream of the wetting front.
Beyond the wetting front the heater surface seems to be
dry. Thus we may expect that in quenching experiments,
rapid generation of vapor associated with the maximum
heat flux will play an important role in the hydrodynamics
to determine the movement or the position of the wetting
front.

From the thermal perspective, the maximum heat flux
also makes a direct contribution to the thermal conditions
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of the surface ahead of the wetting front. Heat is trans-
ferred in the negative radial direction through the solid to
the high heat flux zone. Thus the rate at which the solid
surface is cooled in front of the wetting zone is a function
of the solid thermal properties and the heat flux distribu-
tion within the wetted region. This is an important consid-
eration since Fig. 4 indicates that the changes in boiling
modes are connected to similar surface superheats for dif-
ferent radial positions.

Whatever the precise mechanism, it is likely that the wet-
ting front shifts its position to keep a balance between the
rate at which the solid side supplies heat and some hydro-
dynamic limitations of the liquid side to extract heat. The
balance point itself may be due to a combination of hydro-
dynamic and thermal effects.

3.4. Effect of radial position on maximum heat flux

Fig. 5(a) compares a well-known relation for critical
heat flux (CHF), qc developed by Monde et al. [21] with
present results for the maximum heat flux, qmax as a func-
tion of radial position. In this figure the heavy solid line (qc)
should be compared with the data having the symbols of
circles (both solid and hollow). Two different characteris-
tics as shown in the Fig. 5(a) is presented by region: I
(rq = 5–11 mm) with hollow symbols and region: II
(rq = 11–25 mm) with solid symbols. For a radial position
less than about 11 mm (denoted as region I), the maximum
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to the CHF equation result, qc.
heat flux decreases gradually with increasing rq. In the
region II, qmax also decreases more rapidly and the slope
of this curve on the log-log plot is similar to that of the
Monde prediction [21]. This suggests that there may be a
connection between the mechanism for deciding the maxi-
mum heat flux in the present experiments and the CHF for
steady-state experiments.

Wolf et al. [7] suggested that the decrease in CHF with
increasing heater size is the result of poorer convection heat
transfer further from the impingement region of the jet.
However, from a different angle, Monde [22] was able to
explain the decrease in CHF with heater diameter in terms
of an overall heat balance and a hydrodynamic stability
model by Haramura and Katto [23]. If the diameter (D)
of the heater is large in comparison to the diameter of
the jet, the relation derived by Monde [22] suggests the
critical heat flux will be approximately proportional to
D�2/3 for saturated conditions. This is in accord with
much experimental data for saturated impinging jet CHF.
Monde [21] extended the flow model to account for jet sub-
cooling showing that the subcooled CHF is an even stron-
ger function of the heater diameter since the liquid becomes
heated towards the saturation point as it flows in the radial
direction. As shown in Fig. 5(a) the maximum heat flux in
the present study is approximately proportional to (rq)�1 in
the region II.

A general observation for the present quenching exper-
iment is that the vigorous boiling region increases in area
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=80K
=50K
=20K
=5K

00°C
50K)

=80K, u=10m/s)

ition, rq (mm)
4 10 30

, copper
, brass
, steel

qc (ΔTsub = 50K, u=10m/s)

Radial position, rq (mm)

(c)

Region:II

Region:I

Region:II
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= 10 m/s). The solid symbols indicate Region II where the trend is similar
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as the wetting front moves outward in the radial direction.
This is the result of the greater circumference and also an
increasing width of the boiling region. The effect is evident
in Fig. 2 where the heat flux distribution near the peak
becomes broader and flatter as the peak moves outward
in the radial direction. Thus a balance between supply of
coolant and increasing available surface area is certainly
a possible explanation for the decrease in maximum heat
flux with increasing radial position shown in Fig. 5(a)–(c).

It is a little difficult to explain the change in character of
the curves at around rq = 11 mm (the border of regions I
and II) in Fig. 5(a). All data in the figure are from the
parallel flow region of the jet since this region starts around
2 jet diameters downstream of the stagnation point [7].
However, it is worth noting that this changing point in
Fig. 5(a)–(c) corresponds approximately to the point where
the developing boundary layer will reach the free surface if
the flow is assumed laminar [24].

3.5. Effect of initial block temperature

on maximum heat flux

Generally it is found that the effect of the initial block
temperature on maximum heat flux is small. A comparison
of the right half solid upward triangles with the hollow and
full solid upward triangles in Fig. 5(b) is a typical example
of the effect. The half solid triangles are for an initial tem-
perature of 300 �C while the hollow and full solid triangles
are for an initial temperature of 400 �C. For both cases, the
subcooling and velocity are 50 K and 10 m/s respectively.
In this particular case the largest differences appear at the
smaller radial position where the heat flux is slightly higher
for the higher initial temperature.

The main effect of the initial block temperature is on the
time it takes to reach the maximum heat flux. This is con-
sistent with the observation that the maximum heat flux
usually occurs when the surface temperature is in the range
120–200 �C. A higher initial temperature means it takes
longer time for the block to cool down to bring the surface
temperature within this range.

While there may be a weak correlation between the ini-
tial temperature and maximum heat flux, in the correlation
proposed in the present study we have assumed that qmax is
independent of Tb.

3.6. Effect of block material on maximum heat flux

One of the most surprising findings in the present study
is the effect of the solid material on the maximum heat flux.
This is in contrast to critical heat flux for steady experi-
ment, which has been found to be independent of the hea-
ter material. Fig. 5(c) gives a typical example of the effect of
block material on the maximum heat flux. The data are for
an initial temperature of 400 �C, a subcooling of 50 K and
a jet velocity of 10 m/s. All three materials were given the
same surface treatment and were plated with gold. It
should be noted, however, that in spite of precautions,
some oxidation and surface aging could be observed on
each of the surfaces after many experiments. Nonetheless
it is expected that the effects shown reflect the influence
of the thermal properties of the bulk material rather than
the surface condition or properties of oxidation.

Among three materials, copper shows the highest value
of maximum heat flux, which is more than two times that
of steel whose value is the minimum. Copper, brass and steel
show a similar trend up to the radial position r = 15 mm. In
the region r = 15–25 mm the trend of maximum heat flux
with radial position is similar for copper and brass. How-
ever, for steel the maximum heat flux rises to reach a local
peak at rq = 20 mm and then falls again. This peculiarity
for steel was observed for all experimental conditions.

Differences in thermal conductivity of the block material
may be the key factor responsible for the higher maximum
heat flux for copper than steel or brass. Copper has a ther-
mal conductivity, k of about 380 W/mK, which is over
three times that of brass (k = 112 W/mK) and ten times
that of steel (k = 37.8 W/mK). The basic trend is that the
maximum heat flux increases with increasing thermal con-
ductivity (or diffusivity) but not in direct proportion as may
be deduced from Fig. 5(c).

In terms of the temperature distribution within the solid,
quenching results in localized cooling near the surface for
steel in contrast to copper/brass where the entire heated
test piece quickly feels the effect of the maximum heat flux
on the surface. It may be that this difference is partly
responsible for the peculiar effect of radial position on qmax

for steel. From video images it could be observed that after
the wetting front starts moving in the radial direction it
proceeds to the circumference without any further delay
at any position for copper and brass. In the case of steel,
however, at around the radial position 15–20 mm, the wet-
ting front movement appears to suddenly become slower
and then after almost stopping, the wetting velocity gradu-
ally increases and the front reaches to the end of the test
piece. This behavior seems to suggest a hydrodynamic
effect that perhaps was not obvious in the cases of copper
and brass due to the strong influence of vigorous boiling
on the flow behavior both upstream and downstream of
the maximum heat flux point.

From Fig. 5(c) it is clear that brass and steel have closely
comparable magnitude of maximum heat flux value but the
nature of the change in maximum heat flux with radial
position is most similar between copper and brass. For this
reason we have not included the data for steel in the pres-
ent proposed correlation for qmax together with copper and
brass.

3.7. Effect of jet velocity on maximum heat flux

The variation of qmax with jet velocity has been pre-
sented in Fig. 6 for three different radial positions. Effect
of velocity on qmax has been also shown in Fig. 5(a). Max-
imum heat flux increases gradually with increasing jet
velocity. The jet velocity directly affects the flow rate of
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Fig. 6. Variation of maximum heat flux with jet velocity for different
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coolant to the test surface and has a strong bearing on con-
vection heat transfer and the fluid hydrodynamics. If the
flow model proposed by Monde [21] is applicable in the
vicinity of the maximum heat flux point then the velocity
directly affects the flow rate of coolant to the film of liquid
on the surface. For V-regime (the regime where jet velocity
is very important for critical heat flux) steady-state CHF,
Monde [22] found that the critical heat flux is proportional
to u1/3 for saturated jets and the correlation proposed by
Monde [21] suggests that the exponent should increase with
greater subcooling. In the Fig. 6, a comparison also has
been made between maximum heat flux and critical heat
flux with the variation of jet velocity. The symbol of solid
upper triangle is for qc at radial position of 17.8 mm and
the hollow triangle is for qmax at the same radial position.
A similar trend of qc and qmax with the variation of jet
velocity has been observed from this figure.
3.8. Effect of subcooling on maximum heat flux

Fig. 5(b) also represents the variation of maximum heat
flux with radial position for different subcoolings. With the
increase of subcooling the maximum heat flux increases sig-
nificantly. For reference, the estimated critical heat flux, qc

(for DTsub = 80 K, u = 10 m/s) is also included in Fig. 5(b).
Fig. 7 represents the variation of qmax with DTsub for

three different radial positions which are within the region
II. Here qmax increases with subcooling. Higher subcooling
increases the thermal potential between the solid and the
impinged liquid which results in higher qmax. A similar
trend has been observed for all experimental conditions.
Comparison of qmax (hollow upward triangle) and qc (solid
upward triangle) with the variation of subcoolings for
a particular radial position (r = 17.8 mm) has been also
shown in the Fig. 7. One important finding from this figure
is that the maximum heat flux has similar trend of critical
heat flux with subcoolings.

3.9. Causes for difference between critical and

maximum heat flux

As shown in the Fig. 5(a–c) the value of maximum heat
flux, qmax is always smaller than the critical heat flux, qc for
any radial position. The rate of decrease of qmax with radial
position is similar with that of qc in the region rq = 11–
25 mm. In this region the difference between qc and qmax is
smaller than the region with smaller radial position. Many
factors may be responsible for making this difference.

However, an important clue can be found in Fig. 5(c). In
this figure, for the same jet velocity and subcooling the
maximum heat flux is quite different depending on the solid
material. This demonstrates that in contrast to critical heat
flux, the thermal properties of solid material have a signif-
icant effect on the maximum heat flux during quenching. In
particular the material with lower thermal conductivity
have a lower maximum heat flux and the results for copper
are closest to qc. This is strong evidence that the thermal
properties of the material place a limit on the maximum
attainable heat flux during quenching. In other words there
is a limit to the maximum rate at which the solid side can
supply its stored heat to the surface. This limit is not pres-
ent for steady-state CHF experiments where in contrast an
external source or direct heating provides a constant supply
of heat to the heater surface.
3.10. Influence of limitations of the inverse solution

procedure

It should be mentioned that it is a little difficult to alter-
natively explain the large difference between the result for
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copper and steel in Fig. 5(c) by a diminishing accuracy for
the inverse solution comparing copper and steel. Fig. 3
includes the actual measured temperature at a depth of
2.1 mm. From this figure it can be seen that the sensors
detected about 65% of the change from initial temperature
at the surface. For copper under similar conditions the sen-
sors at the first depth detected over 80% of the change in
surface temperature. This change is much larger than the
noise in the thermocouple reading, which was estimated
to be less than 0.1 K. For the cases in Figs. 3 and 5(c) the
velocity of the qmax point in the region II was about 2 to
4 mm/s for all materials. It is considered that this is slow
enough so that the thermocouple response time is not a sig-
nificant problem in this region. Also the penetration depth
of the thermal wave is great enough to be detected easily
by the sensors for all materials. Under similar conditions,
numerical simulations [19] suggest the inverse solution
should be quite accurate for all these materials.

The inverse solution result itself should be interpreted as
an average over time and space. The time resolution cannot
be greater than the response time of the sensors (about
0.1 s) or the time required for a thermal wave to penetrate
to a depth of 5.0 mm (0.2 s for steel and 0.02 s for copper).
The space resolution for the inverse solution is also limited
to about 6.0 mm. Therefore the results for maximum heat
flux are best understood as an average in space over about
6.0 mm.

According to Woodfield et al. [19] when the width of the
high heat flux region is smaller than the pitch between the
positions of two consecutive thermocouples, the inverse
solution under-predicts the qmax value. This may help to
explain why in the central region, less than about
rq = 11 mm, qmax was determined to even further from qc.
Near the central area the boiling region is narrow and as
the wetting front moves outwards it becomes wider [14].
The boiling region in the central area (r = 10 mm) is about
2 mm wide and this value at r = 25 mm is about 5.5 mm
(Brass, Tb = 300 �C, DTsub = 50 K, u = 5 m/s). The dis-
tance between two thermocouples beneath the test surface
of the present study is approximately 5 mm. Therefore, near
the center, as the width of the maximum heat flux region is
smaller than pitch between consecutive thermocouples, the
maximum heat flux in the central region is estimated to be
lower than the actual value. This increases the difference
between qmax and qc. On the other hand, further from the
centre, the boiling region (the region of maximum heat flux)
is wider than that of thermocouples gap which prevents the
under prediction of qmax from the inverse solution. For this
reason, qmax is more accurate for greater radial positions.

Furthermore, the response of thermocouples might play
a role for under predicting the value of qmax in the region I.
The drop of temperatures with time is higher in smaller
radial position than that of larger radial position. The ther-
mocouples might not cope with this faster drop of temper-
ature which results in decrease of accuracy of maximum
heat flux estimation in smaller radial position. The wetting
front velocity in the region I is much higher than that of the
region II. This higher velocity might be responsible for
under predicting the qmax value. But due to slow wetting
front velocity this has not happened in the region II. The
developed correlation and the focus of study in the present
investigation belong to the region II and the estimation
accuracy of the parameters in this region is high from all
points of view.
3.11. Correlation for maximum heat flux

As discussed earlier, during quenching the solid material
cannot supply enough heat to the liquid which has the con-
sequence that qmax is always smaller than qc. qmax in the
present study is the maximum heat flux from transient
experiments and qc is the critical heat flux from steady state
experiments conducted by Monde et al. [21]. In well
designed steady state experiments due to the external
power source the solid material can supply heat to the sur-
face as if the solid conductivity is infinite. Therefore, it may
be assumed that if it would possible to conduct transient
experiments with material having infinite conductivity,
then the qmax and qc values should be close together. On
the basis of this interpretation, a correlation of qmax is
proposed in this study starting from the following critical
heat flux correlation developed by Monde et al. [21] for
subcooled impinging jets at steady state conditions:

qc

qco

¼ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4CJa
p

2
ð1Þ

qco

qghfgu
¼ 0:221ðql=qgÞ

0:645 2r
qlu2ðD�dÞ

� �0:343

ð1þD=dÞ�0:364 ð2Þ

C¼ 0:95ðd=DÞ2ð1þD=dÞ0:364

ðql=qgÞ
0:43 2r=qlu2ðD�dÞ½ �0:343

ð3Þ

where, D = 2rq for the present study.
In the present investigation, experimentation has been

conducted for three material copper, brass and steel. Due
to different characteristics of steel as discussed in the Sec-
tion 3.6, it is not included together with copper and brass
in the proposed correlation. Furthermore, Fig. 5(a)–(c)
reveal that qmax data can be categorized into two regions,
region I (rq = 5–11 mm) and region II (rq = 11–25 mm).
The trend of region II is similar with that of qc.

Fig. 5(a)–(c) highlight the similarity between qc and qmax

as a function of rq. It is also found that qmax shows the
same trend as qc expressed by Eqs. (1)–(3) when plotted
as a function of jet velocity, u, and jet subcooling, DTsub.
In all cases qmax is smaller than qc by a factor which differs
depending on the solid material properties. Therefore we
propose that the key difference between qmax in transient
experiments and qc in steady state experiments can be
accounted for by a correction involving thermal properties
of material. Here, the steady state condition is replaced by
a combination of material thermal properties

ffiffiffiffiffiffiffiffi
qck
p

which
plays an important role in transient heat transfer when
two semi infinite bodies suddenly comes into contact. In



Fig. 9. Comparison of qmax data for steel with the proposed correlation
(for region II).
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addition, from the previous discussion it is desirable that
qmax approaches qc as the thermal conductivity of the solid
approaches infinity. On the basis of this interpretation a
relation between qmax and qc is proposed by Eq. (4).

qmax

qc

¼ 1� 5:5

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qckð Þl
qckð Þs

s
ð4Þ

The coefficient 5.5 in Eq. (4) has been estimated using
least mean squares method from the data of qmax of the
present experiment. Eq. (4) is valid in the region II.
Fig. 8 represents the agreement between the data for qmax

of copper and brass and the correlation. Most of the data
is within ±30% of the proposed correlation. The few data
points that fall outside of this range (inside the dotted area)
mostly correspond to conditions where the wetting front
starts moving almost immediately after the jet first strikes
the surface. In general, when the jet velocity and jet sub-
cooling are high the data trends to be more scattered, but
even in such cases most of the data is within the ±30%
range. The scatter in Fig. 8 may be due partly to the time
response of the thermocouples during very rapid cooling.

The block initial temperature, Tb in some cases was
found to have a weak influence on qmax which was not
included in the proposed correlation. Therefore, Tb may
contribute to the scattering of data. Also, the proposed
correlation in the present study has been initiated from
the correlation of critical heat flux, qc of Monde et al.
[21] which itself has ±20% scattering [25].

In Fig. 9, the proposed correlation is compared with
data for steel. The scattering is very high which might be
Fig. 8. Comparison of qmax data for copper and brass with the proposed
correlation (for region II).
due to the different characteristics of steel relative to copper
and brass as described in the Section 3.8. Future study
should clarify the behavior of qmax for steel and the qmax

in region I for copper and brass.

4. Conclusions

In the present study emphasis has been given to find out
the parameters that govern maximum heat flux during
quenching. With the combination of key parameters a cor-
relation for maximum heat flux has been proposed. At
present the fundamental accomplishments from this study
are summarized as:

1. The maximum heat flux always occurs during the move-
ment of the wetting front. During this movement the
position of the maximum heat flux also moves from
the center towards the circumference. During this radial
movement, the maximum heat flux is found to occur
within the visible boiling region for any experimental
condition.

2. Stable nucleate boiling is established at the position of
maximum heat flux.

3. Maximum heat flux, qmax is a strong function of jet
velocity and thermal properties of block material. It is
also a moderate function of jet subcooling. qmax is a
weaker function of the block initial temperature, Tb.
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4. The maximum heat flux in the region II for copper and
brass can be predicted with an accuracy of ±30% by Eq.
(4) together with Eq. (1).
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Appendix A

The inverse solution procedure is implemented by fitting
the thermocouple readings to equations in the form of
Eq. (A.1) for each depth using a least-squares method to
determine the coefficients P ðnÞj;k .

f ðs; c; fnÞ ¼
XNj

j¼0

J 0ðmjcÞ �
XN

k¼0

P ðnÞj;k � sk=2

Cðk=2þ 1Þ at n ¼ 1; 2

ðA:1Þ
where, f(s,c,fn) is temperature variation function on plane
f = fn beneath the surface The unsteady heat conduction
equation and Eq. (A.1) are transformed to the Laplace
domain and then solved. Using an approximate inverse
Laplace transform procedure the solutions for the surface
temperature and heat flux are obtained explicitly in the
form of Eqs. (A.2) and (A.3) respectively.

hwðs; cÞ ¼
XNj

j¼0

XN

‘¼�1

Gð1;2Þj;‘ �
s‘=2

Cð‘=2þ 1Þ � J 0ðmjcÞ

�
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XN

‘¼�1

Gð2;1Þj;‘ �
s‘=2

Cð‘=2þ 1Þ � J 0ðmjcÞ ðA:2Þ

Uwðs; cÞ ¼
XNj
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XN

‘¼�1

H ð1;2Þj;‘ �
s‘=2

Cð‘=2þ 1Þ � J 0ðmjcÞ

�
XNj

j¼0

XN

‘¼�1

H ð2;1Þj;‘ �
s‘=2

Cð‘=2þ 1Þ � J 0ðmjcÞ ðA:3Þ

where, J0 is Bessel function, s is non-dimensional time, f is
non-dimensional distance in axial direction, c is non-dimen-
sional distance in radial direction of the block and mj is
eigen value. The coefficients Gðm;nÞj;l and H ðm;nÞj;l , the mathe-
matical derivation and practical implementation of the
inverse solution have been discussed in details in [17–19].
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