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Abstract

An experimental work is carried to study the characteristics of heat transfer and wetting front during quenching high temperature c
block by water jet at atmospheric pressure. The surface temperature and heat flux are estimated by applying a two-dimensio
solution. The movements of both wetting front and transition boiling region over the heated block surface were observed usin
speed video camera. The surface temperature and heat flux over the whole surface during quenching could be estimated well.
temperature, the position and the time at which the maximum heat flux occurs are obtained.It has been found that the maximum heat fl
occurs neither in the wetting front, nor in the transition boiling region but in the fully wetted region. It has also been found that the maxim
heat flux dose not start at the same time when the jet water strikes the heated block, but it starts when the surface temperature de
value less than 170◦C.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

It is important to understand the characteristics of h
transfer and the wetting front during quenching of a h
temperature solid with an impinging liquid jet. In many a
plications that use water to cool high temperature surface
surface heat flux and temperature rapidly change with th
wetting front during quenching. Such applications inclu
industrial processes which involve strip steel on a run-
table [1], continuous casting [2,3], and forging [4]. For e
ample, the product quality from manufacturing processes
pends on thermal response of material to the cooling m
ods that are employed during manufacturing. The prod
quality does only include physicaldimensions, but also me
chanical properties. Another application is the safe op
tion of water-cooled nuclear reactors; it is necessary to
dict accurately the rate of heat removal from fuel eleme
during a loss of coolant accident (LOCA) [5,6]. To preve
the cladding from overheating and to reestablish convec
wet-wall cooling, water is injected in the hot reactor co

* Corresponding author. Fax: +952-28-8587.
E-mail address:monde@me.saga-u.ac.jp (M. Monde).
1290-0729/$ – see front matter 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2004.02.014
However, due to heat decay in the fuel element, the clad
surface temperature increases above the rewetting tem
ture which leads to a stable vapor blanket that prevents
immediate return to liquid–solid contact. Rewetting is
re-establishment return of liquid contact with a hot cladd
surface and, thereby, bringing it to an acceptable temp
ture. Several experimental and analytical investigations [
have been conducted to understand film boiling heat tran
of water jets impinging on high temperature flat plates w
a focus on the jet stagnation zone and to control the
face temperature. Filipovic et al. [9] studied the regimes
boiling for quenching phenomena by using nickel-plate c
per, which was preheated to an initial temperature exc
ing 700◦C and, subsequently, quenched with a parallel w
wall jet. They found that the front was at the leading edge
a transition boiling zone and was approximately coincid
with location of the maximum heat flux. The location of t
maximum heat flux at the hot surface during quenchin
very important for understanding the behavior of quench
phenomena. Most of the researchers [9–13] have found
the maximum heat flux occurred at the location of the w
ting front position. Other researcher [14,15] found that
maximum heat flux occurs where nucleate boiling occ
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Nomenclature

a thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1

f (τ, γ, ζn) function for approximating temperatures on
planeζ = ζn inside solid

G
(m,n)
j,k coefficient in Eq. (2)

H
(m,n)
j,k coefficient in Eq. (3)

h heat transfer coefficient,
= qw/(Tw − Tliq) . . . . . . . . . . . . . . kW·m2·◦C−1

hmax maximum heat transfer
coefficient . . . . . . . . . . . . . . . . . . . kW·m−2·◦C−1

hs heat transfer coefficientpredicted in steady state
condition . . . . . . . . . . . . . . . . . . . . kW·m−2·◦C−1

J0(r), J1(r) Bessel function
k thermal conductivity
lr length inr direction of a cylindrical coordinate
lz length inz direction of a cylindrical coordinate
mj eigenvalue (root ofJ1(mj ) = 0)
N degree of approximate polynomial
Nj degree of eigenvalue

P
(n)
j,k coefficient derived from measured temperature

qmax maximum heat flux . . . . . . . . . . . . . . . . MW·m−2

qw surface heat flux . . . . . . . . . . . . . . . . . . MW·m−2

r radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
rh position for maximum heat transfer

coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm

rw position for wetting front . . . . . . . . . . . . . . . . mm
rq position for maximum heat flux . . . . . . . . . . mm
rs position for stop boiling region. . . . . . . . . . . mm
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sec
T measured temperature
Tint initial temperature of block . . . . . . . . . . . . . . .◦C
Tliq liquid temperature . . . . . . . . . . . . . . . . . . . . . . .◦C
Tsat saturated temperature . . . . . . . . . . . . . . . . . . . .◦C
�Tsub liquid subcooling (Tsat− Tliq) . . . . . . . . . . . . . ◦C
Tw surface temperature . . . . . . . . . . . . . . . . . . . . . .◦C
T ∗

w surface temperature at maximum heat flux .◦C
uj jet velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

z1, z2 the distance of thermocouples location from the
hot surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm

z z-coordinate distance . . . . . . . . . . . . . . . . . . . mm

Greek symbols

γ non-dimensional distance inr-direction,= r/ lr
δv vapor layer thickness
ζ non-dimensional distance inz-direction,= z/lz
θw non-dimensional surface temperature,= T/Tint

τ non-dimensional time,= at/ l2r
τ ∗
n non-dimensional time lag

Φw non-dimensional surface heat flux
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Theoretical and experimental studies are still needed s
the wetting process involves a large number of sub-proce
that are themselves complicated and very difficult to inve
gate. In addition, during the quench the surface tempera
and heat flux sharply changes with the wetting front. In
most of researches, the surface temperatures were no
mated with high accuracy from the measured temperatur
the solid. The solution method for two-dimensional inve
heat conduction problems, IHCP, which was recently de
oped by Monde et al. [16], makes it possible to successf
estimate surface temperature and heat flux from the mea
sured temperatures in the solid. Monde et al. [16] determ
the surface temperature andheat flux analytically for a ho
mogeneous rectangular body, and could predict them
over the whole surface with an error less than a few perc
Hammad et al. [17] applied the same analytical solution
Monde et al. [16] to determine the surface temperature
heat flux for a cylindrical body and obtained good results
this current research we used the same method to deter
the surface temperature and heat flux during the quenc
of a cylindrical block. The temperatures at different poi
inside the high temperature body were measured and, a
same time, a high speed video camera observed the p
gation of the wetting front and boiling region flow over t
hot surface. The estimated surface heat condition, whic
based on the measured temperatures inside the heated
in conjunction with the observation made to the movem
s

i-

e

-

y,

of liquid on the surface allowed us to better understand
quenching phenomena.

The main objectives of the present research are to:

(1) determine the surface temperature and heat flux by
plying two-dimensional inverse solution during quenc
ing,

(2) measure the size and position of the boiling region
the wetting front which moves with time,

(3) find the position at which the maximum heat flux occu
and

(4) determine the value of the surface temperature at whic
the maximum heat flux occurs.

2. Experimental setup

The experimental apparatus, as shown in Fig. 1, con
of four major parts:

(a) heated block capsule;
(b) liquid circulation system;
(c) data acquisition system; and
(d) high-speed video camera.

Referring to Fig. 1, the experimental procedure is accom
plished as follows:
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Fig. 1. Schematic of the experimentalsetup: (1) Tested block; (2) Bloc
holder; (3) Liquid tank; (4) Heater; (5) Cooling jacket; (6) Pump; (7) Aux
iary heater; (8) Regulating valve; (9)Thermocouple; (10) Nozzle; (11) Dif
ferentail pressure; (12) Dynamic starin meter; (13) Ice box; (14) Voltage
amplifier; (15) A/D converter; (16) Computer; (17) High-speed video ca
era; (18) Spot light; (19) Nitrogen cylinder; (20) Level gauge; (21) Glas
frame; (22) Vessel; (23) Cooling water; (24) Rotary shutter.

The water container (3) is filled with distilled water u
to a certain level which is observed by the level gau
(20). Water fills all the pipelines up to the pump inl
The regenerative pump (6), then, pumps the water so
it exits out of the nozzle (10). The position of the noz
is fixed by an adjustable device in such a way that
water jet (10) can strike exactly at the center of the bl
(1). A shutter (24) is mounted in front of the nozzle
prevent water from striking the block (1) prematurely a
to maintain a constant water temperature by forcing i
run within a closed loop system. The desired temperatur
the water is obtained by controlling the main heater (4)
auxiliary heater (7). The initial temperature of the block
is achieved by an electrical heater that is mounted aro
the block. The velocity of the water jet is regulated by
regulating valve (8). Nitrogen gas is fed around the hea
surface block by opening the cylinder valve (19) to rem
oxygen away from the heated surface and, conseque
prevent oxidization from taking place. When all the desi
experimental conditions are fulfilled then the shutter (24
removed and the water jet strikes the center of the he
block. The high speed video camera (17) records the we
,

Table 1
Experimental conditions

Material of block Initial temperature Liquid subcooling Jet velocit
Tint [◦C] �Tsub [◦C] uj [m·s−1]

Copper 250
Brass 300 5 3
Steel 20 5

50 10
80 15

front over the heated block surface at the same time th
thermocouples measure the temperatures inside the h
block. Table 1 shows the different conditions investigate
the experiments.

The values in Table 1 are only representatives, i.e.,
initial temperature of 300◦C corresponds to the range 299
305◦C, while the initial temperature of 250◦C corresponds
to the range 249 to 255◦C. The subcooling of 5, 20, 50 an
80◦C involve an uncertainty of+2 ◦C and−1 ◦C. The jet
velocities of 3, 5, 10 and 15 m·s−1 involve an uncertainty o
±0.2 m·s−1.

In this paper we will focus on one condition only that
summarized as: the material is brass, the initial tempera
is Tint = 300◦C, the jet velocity isuj = 5 m·s−1, and the
subcooling is�Tsub = 50◦C. For the sake of compariso
we will present the data of other conditions when necess

Heated block. The heated block is of cylindrical shap
with 94 mm diameter and 59 mm height. In order to mak
easy to fix the thermocouples inside the heated block, a
of it was removed; but it has no effect on the heat tran
within a region ofr � 30 mm. The 16 thermocouples (CA
type, 1 mm diameter) are located at two different distan
from the heated surface block; 2.1 mm and 5 mm. At e
distance, eight thermocouples are inserted in the drill-m
channels, with 1 mm diameter, inside the block in ther-
direction until being embedded in the center of the cylin
block. To protect the boiling surface from oxidation, t
block surface was coated with a thin layer of gold, 16 µ
which has an excellent oxidation resistance character
and also a good thermal conductivity;k ≈ 317 W·m−1·K−1.
The surface roughness is 0.2–0.4 µm. Hence, the effe
surface roughness on film boiling can be neglected. Fi
shows the assembly of the block, where it is mounted
a block holder and is heatedby an electrical sheath heat
with 0.94 kW capacity, that is wrapped around the blo
circumference. For thermally insulating the block and
keep a uniform heat flux at the surfaces, two auxili
heaters are used; one of them is of band type, 0.65 kW,
is placed around the block circumference, while the sec
is of slot type, 0.5 kW, and is placed in the four groves in
upper part of the block as illustrated in Fig. 2.

Data acquisition system.A data acquisition system wa
used to record the measured temperatures in the block. Th
thermocouples are scanned sequentially at 0.05 sec inte
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Fig. 2. Schematic of assembling block heater placement: (1) Tested b
(2) Thermocouples; (3) Sheath heater; (4) Band type heater; (5) Slot typ
heater; (6) Glass wool; (7) Block holder; (8) Nozzle; (9) Rotary shutte
(10) Hot surface; (11) Glass window; (12) High speed video camera.

with 8.0 ms needed to read all of the thermocoup
using 16-bit resolution with an analog-digital converter. T
duration of the total data acquisition period depends
parameters such as the impingement velocity,uj , subcooled
temperature,�Tsub, block initial temperature,Tint, and
type of block material. The uncertainty in the temperat
measurements is±0.1 ◦C, while the uncertainty in the
placement of the thermocouples is estimated to be±0.1 mm.
The time lag for the response of the thermocouple
estimated to be less than 0.1 sec.

Visual observation. The quenching of the heated surfa
was recorded using a high-speed video camera. This c
era is capable of recording pictures with a resolution
572× 434 pixels and has a maximum frame rate of 124
frames·second−1. The video images were divided into pi
tures for short intervals of time to allow us to measure
observed wetting front and transition boiling positions. T
error in this measurement is±0.18 mm.

3. Analysis of experimental data

Because the direct measurement of the surface tempera
ture usually becomes impossible during quenching, the
verse Heat Conduction Problem (IHCP) technique is u
to determine surface temperature and heat flux from mea
sured temperature inside a body. In this paper we used
dimensional inverse solution method [16,17] of a cylindri
coordinator which was already developed to determine
face conditions in non-dimensional form. The mathemat
analysis of this case is basedon that the circumference o
the cylinder is thermally insulated, so that no heat tran
takes place with the surrounding, while the upper and lo
surface are not insulated. Therefore, two measured poin
two different depths from the surface are needed to estim
surface condition by applying two-dimensional inverse
lution. The procedure for calculating the surface temp
-

t

Fig. 3. Measured temperature data atz1 = 2.1 mm (Brass,Tint = 300◦C,
�Tsub= 50◦C, uj = 5 m·s−1).

ture and heat flux by implementing two-dimensional inve
solution method [17] is explained briefly as follows: fir
the experimental parameters should be converted to
dimensional ones in order to perform the analysis. Fig
shows the variation of the measured temperature by t
thermocouples at the depthz1 = 2.1 mm from the surface
For the convenience of the calculation procedure additio
points were interpolated between the measured points by
plementing the smooth Splines method, so that the num
of reference points was increased from 8 to 29. The s
procedure was followed for the measured temperature a
depthz2 = 5 mm. Then we inserted the measured temp
atures after interpolation foreach distance in the followin
approximate equation:

f (τ, γ, ζn) =
Nj∑

j=0

J0(mjγ ) ·
N∑

k=0

P
(n)
j,k · (τ − τ ∗

n )k/2

Γ (k/2+ 1)

atn = 1,2 (1)

The coefficientsP (n)
j,k were then determined from the me

sured temperatures using the least mean square method
obtained values ofP (n)

j,k were then inserted into Eq. (1) t
get the corresponding reproduced temperature curves fo
two depths to check the applicability of these coefficie
By comparing the measured temperature with the repro
duced temperature a good agreement is obtained whic
dicates thatP (n)

j,k are reliable and therefore, can be used
the calculation of the surface condition. The following E
(2) and (3) are used to calculate the surface temperature
heat flux, respectively:

θw(τ, γ ) =
Nj∑

j=0

N∑

	=−1

G
(1,2)
j,	 · (τ − τ ∗

1 )	/2

Γ (	/2+ 1)
· J0(mjγ )

−
Nj∑ N∑

G
(2,1)
j,	 · (τ − τ ∗

2 )	/2

Γ (	/2+ 1)
· J0(mjγ ) (2)
j=0 	=−1
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Φw(τ, γ ) =
Nj∑

j=0

N∑

	=−1

H
(1,2)
j,	 · (τ − τ ∗

1 )	/2

Γ (	/2+ 1)
· J0(mjγ )

−
Nj∑

j=0

N∑

	=−1

H
(2,1)
j,	 · (τ − τ ∗

2 )	/2

Γ (	/2+ 1)
· J0(mjγ ) (3)

whereJ0(mjγ ) is the Bessel function,mj is the eigenvalue

and G
(m,n)
j,k and H

(m,n)
j,k are constants. The symbolτ ∗

n is
the time lag which is the time needed for a temperatur
be monitored at the measuring point. It can be determ
by setting erfc(γn/2

√
τ ∗
n ) = min(θ), where min(θ) is a

minimum readable division of measured temperature. Th
are two reasons that allow us to adopt the form of h
polynomial series of time: (1) the general solution of h
conduction possesses the item of root of time and
the one-dimensional IHCP, which uses the form of h
polynomial series of time in temperature approximation,
achieved success. More details about Eqs. (1), (2), an
can be found in the work of Hammad et al. [17].

4. Results and discussion

The number of the measured temperatures in the s
is numerically verified to be eight enough for Eqs. (2) a
(3) to estimate the surface temperature and heat flux
satisfactory accuracy [16,17]. Figs. 4 and 5 show the sur
temperature estimated using Eq. (2) and the surface heat flu
estimated using Eq. (3), respectively. As we see, the sur
temperature and heat flux seem physically reasonable, w
heat flux and temperature decrease smoothly over the
surface during quenching. In Fig. 4, the track of t
maximum surface heat flux,qmax, is shown by a solid line on
the heat flux surface plane on which it decreases gradual
with time and position. In Fig. 5, the surface temperat
at qmax is shown by a solid line on the temperature surf
plane, on which its value falls in the range of 140–168◦C.
On ther − t plane in Figs. 4 and 5, the positions of maximu
heat flux,rq , and the observed wetting front,rw , are shown
by a solid line and dashed line, respectively. The positionrq
andrw are very close during the cooling of the hot surface
addition, the positionrq appears after the surface is wette
since it is following the position,rw .

Flow situation. During the quench, the flow situation at th
time, t = 2.7 sec for example, is observed as shown in Fi
where the wetting front spreads towards the circumfere
with time. From the image in Fig. 6 we can recogn
three different regimes in the flow situation: the first is
splashed droplets, the second is splashed droplets gene
by strong vapor ejection, and the third is disappearanc
the droplets, that is the apparently dry area. The bound
of the three regimes can be identified at the locations ors
and rw based on the observation. The position ofrw can
be called the wetting front. In the region betweenrs and
)

e
t

d

Fig. 4. Surface heat flux graph (Brass,Tint = 300◦C, �Tsub = 50◦C,
uj = 5 m·s−1).

Fig. 5. Surface temperature graph (Brass,Tint = 300◦C, �Tsub= 50◦C,
uj = 5 m·s−1).

rw, the heat transfer changes from film boiling to nucle
boiling that is its region corresponds to transition boilin
At the same selected time, the surface temperature,Tw, heat
flux, qw, and heat transfer coefficient,h, are also calculate
from Eqs. (2) and (3). For a comparison of transient h
transfer coefficient, the steady state heat transfer coefficien
for single-phase flow,hs , is calculated from the correlatio
proposed by Liu et al. [18]. By combining the observ
image and the surface conditions as shown in Fig. 6,
can determine the values ofTw,qw andh at the positions
rw andrs , and then the position,rq , at which the maximum
heat flux, qmax occurs, can be determined. The posit
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Fig. 6. The positionsrq , rs andrw at specific time (t = 2.7 sec) on the flow
boiling aspect and the values ofqw , Tw , h andhs for each position (Brass
Tint = 300◦C, �Tsub= 50◦C, uj = 5 m·s−1).

rq is not located within the transient boiling region a
appears in the range ofr < rs . The temperatureTw at
rq is significantly greater than the saturated temperatu
at atmospheric pressure which indicates that a thin laye
of bubbles is formed on the surface betweenrq and rs .
The bubbles in this thin layer quickly condense when t
emerge within the single phase flow, which may make
layer difficult to be observed. The intersection point betw
h andhs curves can show the position of the single ph
flow region on the surface.

The positions;rw , rs , rq and the positionrh which
corresponds to the maximum heat transfer coefficienthmax
are plotted against time as shown in Fig. 7. The transi
boiling region betweenrw andrs are increased over the h
surface during quenching. This means that the bulk liq
temperature increases in the flow direction. At the beginn
the water jet strikes the hot surface and thenrw and rs
suddenly expand, whilerq andrh occur after certain period
of time. For example, at the positionr = 5 mm, rw andrs
first take place and thenrq occurs after 1.4 sec whilerh
occurs after 2.3 sec as shown in Fig. 7.

Surface heat flux and temperature.Fig. 8 shows the surfac
heat flux and surface temperature at different sele
positions with time, where surface heat flux increases un
reaching a maximum value then decreases with time fo
each position. The surface temperature decreases shar
 t

Fig. 7. Positions ofrq , rh, rs and rw according to the time (Brass
Tint = 300◦C, �Tsub= 50◦C, uj = 5 m·s−1).

Fig. 8. Surface heat flux and surface temperature as a function of
(Brass,Tint = 300◦C, �Tsub= 50◦C, uj = 5 m·s−1).

the beginning, and then continues decreasing gradual
shown in Fig. 8.

The values of surface heat flux and temperature atrw ,
rs andrh are shown in Fig. 8. The transient boiling regi
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Fig. 9. Surface heat flux and surface temperature as a function of po
(Brass,Tint = 300◦C, �Tsub= 50◦C, uj = 5 m·s−1).

occurred between the two positionsrw and rs , where it
increases with increasing surface heat flux and decreasin
surface temperature during wetting front movement fr
position to position with time as shown in Fig. 8. T
transient boiling region starts with film boiling which
characterized by a high temperature difference between th
surface and the subcooled water, and is accompanied
generating a large number of small size droplets. Th
droplets become larger in size and their number decre
during film boiling progress over the heated surface. In Fi
we can see thatqmax occurs when the surface temperatu
becomes less than 168◦C, while hmax occurs when the
surface temperature is between 120–140◦C. From this figure
we can conclude thatqmax does not occur at the same tim
that the jet water strikes the heated block, but it occ
whenTw decreases to a value in the range of 140–168◦C.
Fig. 9 shows the surface heat flux and surface tempera
as functions of position for different selected times.
0.1 sec there is not much change in surface tempera
and heat flux, while at 1.0 sec the surface tempera
decreases and the surface heat flux increases for the
position. In Fig. 9, the transition boiling region betwe
s

e

rs andrw for different selected times moves with positio
and this movement is accompanied with decreasingTw and
increasingqw. The transition boiling region occurs far fro
the position of maximum heat flux occurrence whent =
1.0 sec, while whent = 8.0 sec the maximum heat flu
and transition boiling region occur at the same positi
The maximum heat flux depends largely on the surf
temperature, while the leading edge of transition boil
depends on the surface temperature in addition to o
parameters such as jet velocity and liquid temperature.

Heat transfer coefficient. The heat transfer coefficien
are calculated from the surface heat flux,qw, and surface
temperature,Tw, as h = qw/(Tw − Tliq). It is found that
h increases sharply at the beginning so that it reach
maximum value,hmax, and then decreases very sligh
to reach a constant value. The maximum heat tran
coefficient,hmax, occurs at a time after the occurrence
qmax. In a single phase heat transfer region, heat tran
coefficienth takes constant values.

Wetting mechanism.It is of special interest to understan
the heat transfer mechanism and flow situation of the
water jet in relation to the hot surface during wetting fro
movement. Based on, firstly, the liquid flow situation ov
the hot surface observed by the high speed video cam
and secondly, the heat transfer rates at the surface w
are estimated from the inverse solution, we could bu
an image about the structure of the area between the
surface and the water jet. According to the observation o
flow situation, the wetting front hardly goes forward un
about 4.2 sec after the jet impingement and is limited
the impinging zone. Att = 4.2 sec, the surface temperatu
surface heat flux and heat transfer coefficient are obta
as shown in Fig. 10(a). This heat flux is less thanqw =
0.326 MW·m−2 which is too small at large superheat
(Tw − Tsat) = 175◦C to make nucleate boiling possibl
Therefore, the heat transfer takes place in film boiling
which a vapor layer prevents the liquid from contact
the heated surface. Under this condition, the vapor la
thickness,δv , can be assumed from heat conduction in
vapor layer to be approximately≈ 10 µm. We can adopt a
image of the flow condition as shown in Fig. 10(a). Af
t = 4.2 sec, the flow aspect dramatically changes so tha
wetting front starts going forward. We obtained the surf
heat flux, surface temperature and heat transfer coefficie
t = 5 sec when the wetting front slightly moves forwa
At this time, the heat flux isquickly increased to reac
about 2.1 MW·m−2 at Tw = 210◦C which is large enough
to produce the vapor by nucleate boiling. Fig. 10(b) shows
that the heat flux in a range fromrs to rw is smaller than the
maximum heat flux. As a result, this region seems to be
perfectly wetted by liquid. It means that film and nucle
boiling coexist, thus, it is called transition boiling region.
the central region ofr < rs , the surface is fully wetted whic
indicates that it is responsible for the maximum heat fl
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Fig. 10. A model based on flow aspect and measured surface conditions (Brass,Tint = 300◦C, �Tsub= 50◦C, uj = 3 m·s−1, (a) t = 4.2 sec, (b)t = 5 sec).
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occurrence. We finally propose an image of a flow situa
as shown in Fig. 10(b), where it continuously shifts inr-
direction with time.

Maximum surface heat flux.The maximum surface hea
flux moved from one position to another while its val
decreased during propagation of the wetted area over th
surface from the stagnation zone towards the circumfere
This maximum heat flux,qmax occurs whenTw decreases
to a value less than 170◦C in all the conditions as we sa
in Fig. 8. Fig. 11 shows the behavior ofqmax as a function
of the position,r, for the three materials and the two initi
temperatures of 250 and 300◦C at a subcooling of�Tsub=
80◦C and a jet velocity ofuj = 10 m·s−1. We can see in
this figure that the type of material affectsqmax values in
a way that the heat removed from copper is greater
those removed from brass and steel. This can be just
with the help of the thermal conductivity which takes t
highest value for copper followed by brass, where steel
the lowest value. The difference in thermal conductivity
reflected in different rates in heat transfer. Fig. 11 also show
that the initial temperature does not have much effec
qmax values.

Fig. 12 shows the time at whichqmax occurs as a function
of uj for the copper block atTint = 300◦C, andr = 8 mm,
for the different subcooling,�Tsub = 80, 50, 20 and 5◦C.
From this figure we find thatqmax at low �Tsub and lowuj

needs a longer time than at high�Tsub and highuj . The
reason is that the film boiling region in the leading ed
appears earlier for low�Tsub and lowuj , which means tha
surface wetting is greatly delayed and hence the appear
t
.

e

Fig. 11. Effect of material and initial temperature on the maximum sur
heat flux.

of the maximum heat flux condition is also delayed. At
stagnation zone a thick vapor layer is established bec
the low �Tsub liquid evaporates once it strikes the hi
surface temperature and the low jet velocity,uj , does not
feed sufficient liquid to wet the surface. After a period
timeTw decreases to the value at whichqmax occurs.

Fig. 13 shows the difference between the surface tem
ature at which the maximum heat flux occurs and the sat
rated temperature, (T ∗

w − Tsat), as a function ofqmax for the
copper and brass atTint = 300◦C, uj = 10 m·s−1 and two
different subcooling�Tsub = 20 and 50◦C. In Fig. 13 we
can see that the maximum heat flux occurs when (T ∗

w −Tsat)

decreases to the range of 35 to 75◦C for brass, and to th



J. Hammad et al. / International Journal of Thermal Sciences 43 (2004) 743–752 751

rface

e
s of
s
r-
r

s al-

nch-
serv
eed
rface
two
ave
that
est-
the

s
o-

and

e
eep
e to

ysi-
wo-

hers,
s

e
ck;

flux
low
of

al
teel

hing

e
uous

lu-
nt 7

oc.

eng.
t 84

ter
ass

jet
ass

ena
and

lm

hing
453.

m-
84)

od

ing
er,
Fig. 12. Time at which maximum surface heat flux occurs.

Fig. 13. The relation between maximum surface heat flux and su
temperature.

range 35 to 60◦C for copper. The difference in the slop
between the two lines shows that the thermal propertie
the material have an effect onT ∗

w value. Fig. 13 also show
that the maximum heat flux decreases with decreasing su
face temperature,T ∗

w , during wetting front movement ove
the hot surface. The data of the other conditions show
most the same behavior of that illustrated in Fig. 13.

Based on the current study, the characteristics of que
ing phenomenon becomes more clear than before by ob
ing the liquid behavior over the hot surface using high sp
video camera and, at the same time, estimating the su
temperature and heat flux from the solid side by using
dimensional inverse solution method. In reverse to what h
been found by many researchers [9–15], we could prove
the maximum heat flux occurs in the wetted area. Inter
ingly, we found that the maximum heat flux occurs when
surface temperate decreases to a value less than 170◦C for
all carried experiments. Heat transfer coefficient, which ha
gained weak attention by otherresearchers especially in tw
phase flow process, was calculated during the quenching
-

the location of the maximum heattransfer coefficient on th
surface could be determined. There still a need to go in d
to clarify the above analyzed characteristics, and we hop
handle this issue in future work.

5. Conclusions

(1) The surface temperature and heat flux seem ph
cally reasonable over the whole surface using the t
dimensional inverse heat conduction solution.

(2) In reverse to what have been found by many researc
we could prove that the maximum heat flux occur
neither in the wetting front, nor in the boiling region.

(3) Maximum surface heat flux,qmax, does not start at th
same time that the jet water strikes the heated blo
it is observed to start when surface temperature,Tw,
decreases to a value less than 170◦C.

(4) The time that is needed to start the maximum heat
over the heated surface is longer at a condition of
subcooling and low jet velocity than at a condition
high subcooling and high jet velocity.
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