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Abstract

An experimental work is carried to study the characteristics of heat transfer and wetting front during quenching high temperature cylindrical
block by water jet at atmospheric pressure. The surface temperature and heat flux are estimated by applying a two-dimensional inverse
solution. The movements of both wetting front and transition boiling region over the heated block surface were observed using a high
speed video camera. The surface temperature and heat flux over the whole surface during quenching could be estimated well. The surfac
temperature, the position and the time at eththe maximum heat flux occurs are obtainkdas been found that the maximum heat flux
occurs neither in the wigng front, nor in the transitio boiling region but in the fily wetted region. It has also been found that the maximum
heat flux dose not start at the same time when the jet water strikes the heated block, but it starts when the surface temperature decreases tc
value less than 17CC.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction However, due to heat decay in the fuel element, the cladding
surface temperature increases above the rewetting tempera-
It is important to understand the characteristics of heat ture which leads to a stable vapor blanket that prevents the
transfer and the wetting front during quenching of a high immediate return to liquid—solid contact. Rewetting is the
temperature solid with an impinging liquid jet. In many ap- re-establishment return of liquid contact with a hot cladding
plications that use water taol high temperature surfaces, surface and, thereby, bringing it to an acceptable tempera-
surface heat flux and tempeuae rapidly change with the  ture. Several experimental and analytical investigations [7,8]
wetting front during quenching. Such applications include have been conducted to understand film boiling heat transfer
industrial processes which involve strip steel on a run-out of water jets impinging on high temperature flat plates with
table [1], continuous casting [2,3], and forging [4]. For ex- a focus on the jet stagnation zone and to control the sur-
ample, the product quality from manufacturing processes de-face temperature. Filipovic et al. [9] studied the regimes of
pends on thermal response of material to the cooling meth-poiling for quenching phenomena by using nickel-plate cop-
ods that are employed during manufacturing. The product per, which was preheated to an initial temperature exceed-
quality does only include physicdlmensions, but also me-  ing 700°C and, subsequently, quenched with a parallel water
chanical properties. Another application is the safe opera-wall jet. They found that the front was at the leading edge of
tion of water-cooled nuclear reactors; it is necessary to pre- 3 transition boiling zone and was approximately coincident
dict accurately the rate of heat removal from fuel elements \yith |ocation of the maximum heat flux. The location of the
during a loss of coolant accident (LOCA) [5,6]. To prevent maximum heat flux at the hot surface during quenching is
the cladding from overheating and to reestablish convection very important for understanding the behavior of quenching
wet-wall cooling, water is injected in the hot reactor core. phenomena. Most of the researchers [9-13] have found that
the maximum heat flux occurred at the location of the wet-
~* Corresponding author, Fax: +952-28-8587. ting front position. Other researcher [14,15] found that the
E-mail addressmonde@me.saga-u.ac.jp (M. Monde). maximum heat flux occurs where nucleate boiling occurs.
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Nomenclature

a thermal diffusivity ................... fas~1 rw position for wetting front................ mm

f(z,y,&) function for approximating temperatureson  r, position for maximum heat flux.......... mm
planes = ¢, inside solid rs position for stop boiling region........... mnj

GE.’)’}(’") coefficientin Eq. (2) t tMe e sec

ngfz,n) coefficient in Eq. (3) T _m_e_asured temperature

' heat transfer Coefﬁcient’ Tim initial temperature ofblock.............. °C

=qu/ (T = Tiiq) - vvvvvnnnnnn kwm?Z2.cc—1 Tiig liquid temperature ... °C

hmax maximum heat transfer Tsat saturated temperature .................. °C
coefficient ................... kwsh—2.cC~1 ATsup liquid subcooling Tsat— Tiig) -+« « v v vvvnve °C

hyg heat transfer coefficieqtredicted in steady state T, surface temperature .................... °C
condition ... .....iiiii kwh—2.cCc™1 Tk surface temperature at maximum heat fluxC

Jo(r), J1(r) Bessel function uj jetvelocity.........ovviiiiiiii. sl

k thermal conductivity z1,z2  the distance of thermocouples location from the

I length inr direction of a cylindrical coordinate hotsurface...........covvvvveeeennnnn... mm

I length inz direction of a cylindrical coordinate z-coordinate distance ................... mm

m; eigenvalue (root offy(m ;) = 0)

N degree of approximate polynomial Greek symbols

N; degree of eigenvalue y non-dimensional distance indirection,=r/I,

PJS’Q coefficient derived from measured temperature 8y vapor layer thickness

gmax  Mmaximum heatflux................ MWi—2 e non-dimensional distance mdirection,=z/1;,

qw surface heat flux .................. M2 bw non-dimensional surface temperatue?’/ Tint

r FAGIUS .o v e mm T non-dimensional times ar/ 12

" position for maximum heat transfer T non-dimensional time lag
coefficient . ...........coooviiiiiiiii, mm Py non-dimensional surface heat flux

Theoretical and experimental studies are still needed sinceof liquid on the surface allowed us to better understand the
the wetting process involves a large number of sub-processegjuenching phenomena.

that are themselves complicated and very difficult to investi- ~ The main objectives of the present research are to:

gate. In addition, during the quench the surface temperature

and heat flux sharply changes with the wetting front. In the (1) determine the surface temperature and heat flux by ap-
most of researches, the surface temperatures were not esti-  plying two-dimensional inverse solution during quench-
mated with high accuracy from the measured temperaturesin  ing,

the solid. The solution method for two-dimensional inverse (2) measure the size and position of the boiling region and
heat conduction problems, IHCP, which was recently devel- the wetting front which moves with time,

oped by Monde et al. [16], makes it possible to successfully (3) find the position at which the maximum heat flux occurs,
estimate surface temperatuand heat flux from the mea- and

sured temperatures in the solid. Monde et al. [16] determined (4) determine the value of theidace temperature at which
the surface temperature ahdat flux analytically for a ho- the maximum heat flux occurs.

mogeneous rectangular body, and could predict them well

over the whole surface with an error less than a few percent.

Hammad et al. [17] applied the same analytical solution of 2. Experimental setup

Monde et al. [16] to determine the surface temperature and

heat flux for a cylindrical body and obtained good results. In  The experimental apparatus, as shown in Fig. 1, consists
this current research we used the same method to determinef four major parts:

the surface temperature and heat flux during the quenching

of a cylindrical block. The temperatures at different points (a) heated block capsule;

inside the high temperature body were measured and, at thgb) liquid circulation system;

same time, a high speed video camera observed the propafc) data acquisition system; and

gation of the wetting front and boiling region flow over the (d) high-speed video camera.

hot surface. The estimated surface heat condition, which is

based on the measured temperatures inside the heated body, Referringto Fig. 1, the experiental procedure is accom-

in conjunction with the observation made to the movement plished as follows:
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Table 1
Experimental conditions

Material of block Initial temperature  Liquid subcooling  Jet velocity

Tint [°C] ATsyp[°C] uj !
Copper 250
Brass 300 5 3
Steel 20 5
50 10
80 15

front over the heated block surface at the same time the 16
thermocouples measure the temperatures inside the heated
block. Table 1 shows the different conditions investigated in
the experiments.

The values in Table 1 are only representatives, i.e., the
initial temperature of 300C corresponds to the range 299 to
305°C, while the initial temperature of 25€ corresponds
to the range 249 to 25%. The subcooling of 5, 20, 50 and
80°C involve an uncertainty of-2°C and—1°C. The jet
velocities of 3, 5, 10 and 15 1 L involve an uncertainty of
+02msL.

In this paper we will focus on one condition only that is
summarized as: the material is brass, the initial temperature
is Tint = 300°C, the jet velocity isu; =5 m-s~1, and the
subcooling isATsyp = 50°C. For the sake of comparison
we will present the data of other conditions when necessary.

Fig. 1. Schematic of the experimentsgtup: (1) Tested block; (2) Block
holder; (3) Liquid tank; (4) Heater; (5) Cooling jacket; (6) Pump; (7) Auxil- Heated block. The heated block is of cylindrical shape
iary heater; (8) Regulating valve; (Jhermocouple; (10) Nozzle; (11) Dif-  with 94 mm diameter and 59 mm height. In order to make it
;eéerl‘itf?;'r_p(rle;)st'\;g éiﬁ\)/e?é?f"gg "'Ctzmeﬁgr((lf%';‘? Eos’céig)v?g’e'?ggm easy to fix the thermocouples inside the heated block, a part
era‘;j(lS),Spot light: (19) Nityrogen ﬁydepr; (2(’)) Levelggauge; (21) Glass of_ |t_was removed; but it has no effect on the heat transfer
frame; (22) Vessel; (23) Cooling water; (24) Rotary shuitter. within a region ofr < 30 mm. The 16 thermocouples (CA-
type, 1 mm diameter) are located at two different distances
from the heated surface block; 2.1 mm and 5 mm. At each
The water container (3) is filled with distilled water up distance, eight thermocouples are inserted in the drill-made
to a certain level which is observed by the level gauge channels, with 1 mm diameter, inside the block in the
(20). Water fills all the pipelines up to the pump inlet. direction until being embedded in the center of the cylinder
The regenerative pump (6), then, pumps the water so thatplock. To protect the boiling surface from oxidation, the
it exits out of the nozzle (10). The position of the nozzle block surface was coated with a thin layer of gold, 16 um,
is fixed by an adjustable device in such a way that the which has an excellent oxidation resistance characteristic
water jet (10) can strike exactly at the center of the block and also a good thermal conductivityz 317 Wm—1.K 1,
(1). A shutter (24) is mounted in front of the nozzle to The surface roughness is 0.2-0.4 pm. Hence, the effect of
prevent water from striking the block (1) prematurely and surface roughness on film boiling can be neglected. Fig. 2
to maintain a constant water temperature by forcing it to shows the assembly of the block, where it is mounted in
run within a closed loop system. The desired temperature ofa block holder and is heatday an electrical sheath heater
the water is obtained by controlling the main heater (4) and with 0.94 kW capacity, that is wrapped around the block
auxiliary heater (7). The initial temperature of the block (1) circumference. For thermally insulating the block and to
is achieved by an electrical heater that is mounted aroundkeep a uniform heat flux at the surfaces, two auxiliary
the block. The velocity of the water jet is regulated by a heaters are used; one of them is of band type, 0.65 kW, and
regulating valve (8). Nitrogen gas is fed around the heated is placed around the block circumference, while the second
surface block by opening the cylinder valve (19) to remove is of slot type, 0.5 kW, and is placed in the four groves in the
oxygen away from the heated surface and, consequently,upper part of the block as illustrated in Fig. 2.
prevent oxidization from taking place. When all the desired
experimental conditions are fulfilled then the shutter (24) is Data acquisition system.A data acquisition system was
removed and the water jet strikes the center of the heatedused to record the measuredngeratures in the block. The
block. The high speed video camera (17) records the wettingthermocouples are scanned sequentially at 0.05 sec intervals,
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Fig. 2. Schematic of assembling block heater placement: (1) Tested block;
(2) Thermocouples; (3) Sheath heatet) Band type heater; (5) Slot type
heater; (6) Glass wool; (7) Block td#r; (8) Nozzle; (9) Rotary shutter;

1 T — o
(10) Hot surface; (11) Glass window; (12) High speed video camera. Fig. 3. Measured temperature datagit=2.1 mm (Brass i = 300°C,

ATsp=50°C,u; =5ms™1).
with 8.0 ms needed to read all of the thermocouples
using 16-bit resolution with an analog-digital converter. The
duration of the total data acquisition period depends on
parameters such as the impingement velogitysubcooled
temperature,ATsyp, block initial temperatureZiy;, and

type of block material. The uncertainty in the temperature h I he denth ; h ;
measurements is0.1°C, while the uncertainty in the ermocouples at the depth = 2.1 mm from the surface.

placement of the thermocouples is estimated te-Be. mm For the convenience of the calculation procedure additional

The time lag for the response of the thermocouples is points were interpolated between the measured points by im-
estimated to be less than 0.1 sec. plementing the smooth Splines method, so that the number

of reference points was increased from 8 to 29. The same
Visual observation. The quenching of the heated surface procedure was followed for the measured temperature at the
was recorded using a high-speed video camera. This cam-depthzz =5 mm. Then we inserted the measured temper-
era is capable of recording pictures with a resolution of atures _after mterpo_latmn farach distance in the following
572 x 434 pixels and has a maximum frame rate of 12400 aPProximate equation:
framessecond?!. The video images were divided into pic- N;
tures for short intervals of time to allow us to measure the f — .
observed wetting front and transition boiling positions. The " 120 ! P
error in this measurement #0.18 mm.

ture and heat flux by implementing two-dimensional inverse
solution method [17] is explained briefly as follows: first,

the experimental parameters should be converted to non-
dimensional ones in order to perform the analysis. Fig. 3
shows the variation of the measured temperature by the 8

N Pj(';c) (T —Tk/?
— " T(k/2+1)
atn=1,2 (1)

The coefficientsP% were then determined from the mea-
3. Analysisof experimental data sured temperatures using the least mean square method. The

. obtained values on”k) were then inserted into Eq. (1) to
Because the direct measurent of the surface tempera-  get the corresponding reproduced temperature curves for the
ture usually becomes impossible during quenching, the In- two depths to check the applicability of these coefficients.
verse Heat Conduction Problem (IHCP) technique is used By comparing the measuredntperature with the repro-

to determine surface temeure and heat flux from mea-  gyced temperature a good agreement is obtained which in-
sured temperature inside a body. In this paper we used Wo-gjcates thatp") are reliable and therefore, can be used in
dimensional inverse solution method [16,17] ofa cylindrical o cajculation of the surface condition. The following Egs.
coordinator which was already developed to determine sur- 5y 4nq (3) are used to calculate the surface temperature and
face conditions in non-dimensional form. The mathematical oo+ flux respectively:

analysis of this case is based that the circumference of

the cylinder is thermally insulated, so that no heat transfer Nj N 1y (T— r¥)t/2
takes place with the surrounding, while the upper and lower 6y (7, y) = Z Z G(.é UNAL LA, Jo(mjy)
. . ‘ J: re¢/2+4+1)
surface are not insulated. Therefore, two measured points at j=0e=—1
two different depths from the surface are needed to estimate N N )2
surface condition by applying two-dimensional inverse so- _ Z Z G@D . (el P Somjy)  (2)

lution. The procedure for calculating the surface tempera- Pt e+
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WA w2z (@—t)? ir
Gy )= Y HGP Lt Jo(m; [
=2 2 N Ty Y
j_N_ v 3L Maximum heat flux,
i Ny
2y (T—-1)
_E 2 gev T2 o 3
j=0f=——1 PET(/2+ 1) om;y) - (3)

whereJo(m jy) is the Bessel functions ; is the eigenvalue

and G and H}”,:’") are constants. The symbe} is

the time lag which is the time needed for a temperature to
be monitored at the measuring point. It can be determined
by setting erf¢y,/2,/7f) = min(6), where miro) is a
minimum readable division of measured temperature. There
are two reasons that allow us to adopt the form of half
polynomial series of time: (1) the general solution of heat
conduction possesses the item of root of time and (2)
the one-dimensional IHCP, which uses the form of half
polynomial series of time in temperature approximation, has Wetting front position,
achieved success. More details about Egs. (1), (2), and (3) r,

can be found in the work of Hammad et al. [17].

Fig. 4. Surface heat flux graph (Brasg,; = 300°C, ATgyp= 50°C,
uj=5ms1).

4. Resultsand discussion
Surface Temperature at

The number of the measured temperatures in the solid 320
is numerically verified to be eight enough for Egs. (2) and
(3) to estimate the surface temperature and heat flux with
satisfactory accuracy [16,17]. Figs. 4 and 5 show the surface 240 f
temperature estimated using.E2) and the surface heat flux

estimated using Eg. (3), respectively. As we see, the surface 5 160 F
temperature and heat flux seem physically reasonable, where =k
heat flux and temperature decrease smoothly over the hot

surface during quenching. In Fig. 4, the track of the 50;
maximum surface heat flugnay, is shown by a solid line on ‘
the heat flux surface plane orhigh it decreases gradually 0k
with time and position. In Fig. 5, the surface temperature ©

at gmax is shown by a solid line on the temperature surface 3,
plane, on which its value falls in the range of 140-168
On ther —t plane in Figs. 4 and 5, the positions of maximum
heat flux,r,, and the observed wetting fromt,, are shown a <
by a solid line and dashed line, respectively. The positigns
andr,, are very close during the cooling of the hot surface. In
addition, the positiom, appears after the surface is wetted,
since it is following the positiory,,.

~$

Fig. 5. Surface temperature graph (BraBg; = 300°C, ATgyp= 50°C,
- —5ms1
uj=5ms").

rw, the heat transfer changes from film boiling to nucleate
Flow situation. During the quench, the flow situation atthe boiling that is its region corresponds to transition boiling.
time,r = 2.7 sec for example, is observed as shown in Fig. 6 At the same selected time gisurface temperaturg,,, heat
where the wetting front spreads towards the circumferenceflux, ¢,,, and heat transfer coefficierit, are also calculated
with time. From the image in Fig. 6 we can recognize from Egs. (2) and (3). For a comparison of transient heat
three different regimes in the flow situation: the first is no transfer coefficient, the steadiate heat transfer coefficient
splashed droplets, the second is splashed droplets generater single-phase flowg,, is calculated from the correlation
by strong vapor ejection, and the third is disappearance ofproposed by Liu et al. [18]. By combining the observed
the droplets, that is the apparently dry area. The boundariesmage and the surface conditions as shown in Fig. 6, we
of the three regimes can be identified at the locations of can determine the values @f,, ¢, and . at the positions
and r,, based on the observation. The positionrgf can ry andrg, and then the positiom,, at which the maximum
be called the wetting front. In the region betwegnand heat flux, gmax Occurs, can be determined. The position
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Boiling region

rq Fg Iw
wl' J« Wetting front
i — 48%o0
. u °%° 5 % o«— Droplet
! A 040
U; o

¢ [MWm’]

w
i
1

Fig. 6. The positions, , ry andr,, at specific time = 2.7 sec) on the flow
boiling aspect and the values @f,, T,,,  andh; for each position (Brass,
Tint = 300°C, ATgyp=50°C,u; =5 ms™1).

rq is not located within the transient boiling region and
appears in the range of < ry. The temperaturdl,, at
rq is significantly greater than ¢hsaturated temperature
at atmospheric pressure whidndicates that a thin layer
of bubbles is formed on the surface betwegnand r;.
The bubbles in this thin layer quickly condense when they
emerge within the single phase flow, which may make the
layer difficult to be observed. The intersection point between
h and kg curves can show the position of the single phase
flow region on the surface.

The positions;ry, rs, r, and the positionr, which
corresponds to the maximum heat transfer coeffichgni
are plotted against time as shown in Fig. 7. The transition
boiling region between,, andr; are increased over the hot
surface during quenching. This means that the bulk liquid
temperature increases in the flow direction. At the beginning,
the water jet strikes the hot surface and thgnand r
suddenly expand, while, andr;, occur after certain periods
of time. For example, at the position=5 mm, r,, andr;
first take place and then, occurs after 1.4 sec whils,
occurs after 2.3 sec as shown in Fig. 7.

Surface heat flux and temperaturerig. 8 shows the surface

heat flux and surface temperature at different selectedthe beginning, and then continues decreasing gradually as
shown in Fig. 8.

positions with time, where swua€e heat flux increases until
reaching a maximum value ¢h decreases with time for

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

30 T T T T T T

Transition boiling region
25

Dry region

20

r [mm]

15

10

time [sec]

Fig. 7. Positions ofrg, ry, rs and ry, according to the time (Brass,
Tint = 300°C, ATsyp=50°C,u; =5 ms™1).

35 T T T T

-
160

120

80

0 5

15
time [sec]

Fig. 8. Surface heat flux and surface temperature as a function of time

(Brass,Tint = 300°C, ATgyp=50°C,u; =5ms™1).

The values of surface heat flux and temperature,at

each position. The surface temperature decreases sharply a, andr, are shown in Fig. 8. The transient boiling region
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rs andry, for different selected times moves with position,
and this movement is accompied with decreasing,, and
increasingy,,. The transition boiling region occurs far from
the position of maximum heat flux occurrence whega

1.0 sec, while wherr = 8.0 sec the maximum heat flux
and transition boiling region occur at the same position.
The maximum heat flux depends largely on the surface
temperature, while the leading edge of transition boiling
depends on the surface temperature in addition to other
parameters such as jet velocity and liquid temperature.

Heat transfer coefficient. The heat transfer coefficients
are calculated from the surface heat flyy,, and surface
temperature [, ash = qu/(Tw — Tiig). It is found that

h increases sharply at the beginning so that it reaches a
maximum value,himax, and then decreases very slightly
to reach a constant value. The maximum heat transfer
coefficient,hmax, Occurs at a time after the occurrence of
gmax- In a single phase heat transfer region, heat transfer
coefficienth takes constant values.

280

240

200 Wetting mechanism.It is of special interest to understand

the heat transfer mechanisand flow situation of the
water jet in relation to the hot surface during wetting front
movement. Based on, firstly, the liquid flow situation over
the hot surface observed by the high speed video camera,
: and secondly, the heat transfer rates at the surface which
80 R T S . | . are estimated from the inverse solution, we could build
5 10 15 20 25 30 an image about the structure of the area between the hot
r [mm] surface and the water jet. According to the observation of the
flow situation, the wetting front hardly goes forward until
about 4.2 sec after the jet impingement and is limited in
the impinging zone. At = 4.2 sec, the surface temperature,
surface heat flux and heat transfer coefficient are obtained
occurred between the two positiong and ry, where it as shown in Fig. 10(a). This heat flux is less than=
increases with increasing $ace heat flux and decreasing 0.326 MW.:m~2 which is too small at large superheat of
surface temperature during wetting front movement from (T, — Tsa) = 175°C to make nucleate boiling possible.
position to position with time as shown in Fig. 8. The Therefore, the heat transfer takes place in film boiling in
transient boiling region starts with film boiling which is  which a vapor layer prevents the liquid from contacting
characterized by a high tempéaree difference between the the heated surface. Under this condition, the vapor layer
surface and the subcooled water, and is accompanied withthickness$,, can be assumed from heat conduction in the
generating a large number of small size droplets. Thesevapor layer to be approximately 10 pm. We can adopt an
droplets become larger in size and their number decreasesmage of the flow condition as shown in Fig. 10(a). After
during film boiling progress over the heated surface. In Fig. 8 1 = 4.2 sec, the flow aspect dramatically changes so that the
we can see thajmax occurs when the surface temperature wetting front starts going forward. We obtained the surface
becomes less than 168, while imax occurs when the  heat flux, surface temperature and heat transfer coefficient at
surface temperature is between 120-1@0From this figure t =5 sec when the wetting front slightly moves forward.
we can conclude thajmax does not occur at the same time At this time, the heat flux igquickly increased to reach
that the jet water strikes the heated block, but it occurs about 2.1 MWm~2 at 7, = 210°C which is large enough
whenT,, decreases to a value in the range of 140168  to produce the vapor by nucleaboiling. Fig. 10(b) shows
Fig. 9 shows the surface heat flux and surface temperaturethat the heat flux in a range from to r,, is smaller than the
as functions of position for different selected times. At maximum heat flux. As a result, this region seems to be not
0.1 sec there is not much change in surface temperatureperfectly wetted by liquid. It means that film and nucleate
and heat flux, while at 1.0 sec the surface temperatureboiling coexist, thus, it is called transition boiling region. In
decreases and the surface heat flux increases for the samthe central region of < r,, the surface is fully wetted which
position. In Fig. 9, the transition boiling region between indicates that it is responsible for the maximum heat flux

w

T [°C]

160

120

Fig. 9. Surface heat flux and surface temperature as a function of position
(Brass,Tint = 300°C, ATgyp=50°C,u; =5ms1).
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Fig. 10. A model based on flow aspect and measured surface conditions (Bass300°C, ATgyp=50°C,u; =3 ms1, (a)r = 4.2 sec, (by =5 sec).

occurrence. We finally propose an image of a flow situation
as shown in Fig. 10(b), where it continuously shiftsrin
direction with time.

Maximum surface heat flux.The maximum surface heat
flux moved from one position to another while its value
decreased during propagation of the wetted area over the ho

This maximum heat fluxgmax occurs whenr,, decreases

to a value less than 17 in all the conditions as we saw

in Fig. 8. Fig. 11 shows the behavior gfax as a function

of the position,, for the three materials and the two initial
temperatures of 250 and 300 at a subcooling oA Tsyp=
80°C and a jet velocity of¢; = 10 ms~1. We can see in
this figure that the type of material affecjgmax values in

a way that the heat removed from copper is greater than_

with the help of the thermal conductivity which takes the

—
3]

£

surface from the stagnation zone towards the circumference.

max

N

2

—
T

>»

pd 4

>p»

>»

>»

O D> b

300°C  250°C T,
] | ] Steel
e} ) Brass
A A Copper

AT,,=80°C

u= 10 m/s

10

r [mm]

30

Fig. 11. Effect of material and initial temperature on the maximum surface
those removed from brass and steel. This can be justifiedneat flux.

highest value for copper followed by brass, where steel hasof the maximum heat flux condition is also delayed. At the
the lowest value. The difference in thermal conductivity is stagnation zone a thick vapor layer is established because
the low ATgyp liquid evaporates once it strikes the high
that the initial temperature does not have much effect on surface temperature and the low jet velocity, does not
feed sufficient liquid to wet the surface. After a period of
time T,, decreases to the value at whighax occurs.

Fig. 13 shows the difference between the surface temper-
ature at which the maximumelat flux occurs and the satu-
rated temperature7{; — Tsa9, as a function ofjmax for the
300°C, u; = 10 ms~! and two
reason is that the film boiling region in the leading edge different subcoolingATsyp= 20 and 50C. In Fig. 13 we
can see that the maximum heat flux occurs wWHen-{ Tsay
surface wetting is greatly delayed and hence the appearancelecreases to the range of 35 to°Thfor brass, and to the

reflected in different rates indat transfer. Fig. 11 also shows

gmax values.

Fig. 12 shows the time at whichnax 0ccurs as a function
of u; for the copper block ali; = 300°C, andr = 8 mm,
for the different subcoolingA Tsyp = 80, 50, 20 and 3C.
From this figure we find thajmax at low ATsypand lowu ;
needs a longer time than at high7sy, and highu ;. The

appears earlier for lowh Tsypand lowy ;, which means that

copper and brass dint =
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Fig. 13. The relation between maximum surface heat flux and surface
temperature.

range 35 to 60C for copper. The difference in the slope
between the two lines shows that the thermal properties of
the material have an effect dij value. Fig. 13 also shows
that the maximum heat flux dezases with decreasing sur-
face temperaturel)*, during wetting front movement over
the hot surface. The data of the other conditions shows al-
most the same behavior of that illustrated in Fig. 13.

Based on the current study, the characteristics of quench-

ing phenomenon becomes more clear than before by observ-

ing the liquid behavior over the hot surface using high speed
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the location of the maximum hetatinsfer coefficient on the
surface could be determined. There still a need to go in deep
to clarify the above analyzed characteristics, and we hope to
handle this issue in future work.

5. Conclusions

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

(2) Inreverse to what have been found by many researchers,

we could prove that the aximum heat flux occurs

neither in the wetting front, nor in the boiling region.

Maximum surface heat flumax, does not start at the

same time that the jet water strikes the heated block;

it is observed to start when surface temperatdig,

decreases to a value less than 120

The time that is needed to start the maximum heat flux

over the heated surface is longer at a condition of low

subcooling and low jet velocity than at a condition of
high subcooling and high jet velocity.

®3)

(4)
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