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The cooling homogeneity is one of the most important factors that must be considered in the design of cooling sections for the
hot rolling of thin sheets. Inhomogeneous cooling can lead to undesirable thermal distortion. The cooling homogeneity is
mainly influenced by the water distribution of the cooling section. And so, one way to measure the cooling homogeneity is to
measure the impact-pressure distribution of the cooling section. Another way is to measure the surface-temperature distribution
of a steel sample during the cooling process. There are two ways to measure the surface temperature and the temperature field:
the contact and non-contact measurements. The contact measurement can be performed with thermocouples and the non-contact
method is an optical measurement like the one using an infrared scanner. Each of these methods has their advantages and
disadvantages. Their comparison was made during an experimental measurement of the cooling of a stainless steel sheet using
full-cone water nozzles and a special linear pneumatic sprayer.
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Homogenost ohlajanja je med najpomembnej$imi dejavniki, ki ga je treba upostevati pri nac¢rtovanju ohlajevalnega podrocja pri
vro¢em valjanju tankih ploc¢evin. Nehomogeno ohlajanje lahko povzroc¢i nezeleno toplotno izkrivljanje. Homogenost ohlajanja
je predvsem odvisna od razporeditve vode v obmocju ohlajanja. Ena od moZnosti merjenja homogenosti ohlajanja je merjenje
razporeditve tlaka udarca v obmocju ohlajanja. Druga moznost je merjenje razporeditve temperature na povrsini vzorca iz jekla
med postopkom ohlajanja. Obstajata dva nacina za merjenje temperature povrsine in temperaturnega polja: kontaktno in
nekontaktno. Kontaktno merjenje se lahko izvr§i s termoelementi, nekontaktno pa z opticno meritvijo, kot je na primer
infrardece vrsti¢no tipalo. Vsaka od teh metod ima svoje prednosti in slabosti. IzvrSena je bila eksperimentalna primerjava
merjenja ohlajanja plocevine iz nerjavnega jekla v obmocju vodnih Sob in s posebnim linearnim pnevmatskim brizgalnikom.
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1 INTRODUCTION

The intensive cooling of thin sheets during hot rolling
or heat treatment is mainly conducted with water. Cool-
ing with water provides high cooling rates compared to
gas cooling, but these can be associated with undesirable
problems of the homogeneity of cooling. Inhomoge-
neous cooling can lead to non-homogeneous material
properties and also to thermal distortion. The cooling
homogeneity is one of the most important factors that
must be considered in the design of water-cooling
sections for the hot rolling or the heat treatment of thin
sheets.

Cooling hot surfaces with water is associated with
different regimes of boiling. The film-boiling regime
occurs when the surface temperature is higher than the
Leidenfrost temperature! (Figure 1). The surface is
covered with a vapor layer which protects the surface
and lowers the cooling intensity during the film-boiling
regime. When the surface temperature drops below the
Leidenfrost temperature, the vapor layer is broken and
the transient and nucleate boiling regime occurs, which
is characterized by high cooling intensities. A large inho-
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mogeneity of the surface-temperature distribution can
mostly be observed when the temperature of one part of
the cooled surface is below the Leidenfrost temperature
and another is above the Leidenfrost temperature. This is
well demonstrated in Figure 1. The temperature record
at time 71 corresponds to the heat-transfer coefficient
HTC T1. This heat-transfer coefficient has a Leidenfrost
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Figure 1: Simulation of the cooling process
Slika 1: Simulacija postopka ohlajanja
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Furnace

Figure 2: Experimental apparatus for measuring cooling homogeneity
with thermocouples and an infrared scanner

Slika 2: Eksperimentalna naprava za merjenje homogenosti ohlajanja
s termoelementi in infrarde¢im vrsti¢nim tipalom

temperature of approximately 500 °C. And so the
intensive cooling caused by the breaking up of the vapor
layer starts at a time of 44 s. The distribution of the
heat-transfer coefficient HTC T2 has a Leidenfrost
temperature of 450 °C. This temperature relates to the
start of a rapid decrease in temperature 72 at a time of 50
s. This is why the difference in the temperature is almost
300 °C between 50 s and 60 s although the difference
between the heat-transfer coefficients is small, especially
for the surface temperatures higher than 500 °C.

The best way of measuring the cooling inhomoge-
neity during the cooling of thin sheets is to do it in the
plant. However, because this method is very expensive,
laboratory experimental methods simulating the plant
conditions should be taken into account. With the
reported technique we simulated a cooling process
involving a small sheet, and measured the distribution of
surface temperatures during the cooling process either
with the contact method using thermocouples or the
non-contact method using an infrared scanner. As the
cooling intensity is mainly influenced by the water distri-
bution and impact velocity?? the cooling homogeneity
can be evaluated by measuring the impact-pressure
distribution of the cooling section. The experimental
methods for the measurement of the cooling inhomo-
geneity are described below.

2 EXPERIMENT
2.1 Measurement of spray-cooling homogeneity

An experimental study was performed to compare
three different methods of measuring the cooling homo-
geneity. The homogeneity of cooling was measured
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during the cooling process with thermocouples and an
infrared scanner. The cooling homogeneity was also
investigated during cold tests when the impact pressure
was measured.

The experiments for this comparison were conducted
with three different nozzle configurations, which pro-
vided three different levels of cooling homogeneity.

The configuration with a very good cooling homoge-
neity (Configuration 1) was composed of a row of full-
cone nozzles. The distance between the full-cone nozzles
was 80 mm and the distance from the nozzle orifices to
the test sheet was 250 mm. The water pressure was 130
kPa. The spray angle was 60 ° and the water impinge-
ment density in the impact area was 12.07 kg m=2 s\
Configuration 2 was a configuration with a medium
cooling homogeneity and Configuration 3 provided very
inhomogeneous cooling. Configurations 2 and 3 were
composed of a special linear pneumatic spray box which
is well described in*.

The distance between the nozzle orifice and the test
sheet was 250 mm and the spray angle was 60 °. The
water pressure was 130 kPa for Configuration 2 and 600
kPa for Configuration 3. The air pressure was 8.5 kPa for
Configuration 2 and 10.5 kPa for Configuration 3.

The water impingement density was 9.76 kg m= s™!
for Configuration 2 and 20.64 kg m~s! for Configura-
tion 3.

One way to measure the temperature is using the
thermocouples welded onto the rear side of the test sheet
which, with the help of inverse methods, determines the
surface temperatures. The other method uses an infrared
scanner for a direct measurement of the surface tempera-
tures during the cooling process. The apparatus for
measuring the temperatures using an infrared scanner
and thermocouples is shown in Figure 2. Details of the
experimental apparatus and the experimental set-up are
described in°®. Hot tests were conducted with the
austenitic stainless-steel sheets with a thickness of 2 mm,
a height of 300 mm and a width of 320 mm. A test sheet
was heated in a furnace with a protective atmosphere at a
temperature of 950 °C. After the heating, the test sheet
moved down with a velocity of 3 m s™! and passed
through the cooling section. Then it moved up through
the cooling section and stopped for 1.5 s above the
cooling section. During this time the infrared scanner
measured the surface temperature. Then the test sheet
moved down and repeated the previous steps until it was
cooled to a temperature of 200 °C. During the experi-
ment, the temperature of the sheet was measured with
five type-K thermocouples with a frequency of 320 Hz.
The thermocouples were welded onto the rear side of the
test sheet. One thermocouple was welded in the center of
the test sheet and the distance between the thermo-
couples was 20 mm (for more details see reference?).
The distance between the infrared scanner and test sheet
was 1500 mm. The frequency of the measurement was
36 Hz and the resolution was 1024 points per line.
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Figure 3: Water distribution for Configuration 1
Slika 3: Razporeditev vode pri postavitvi 1

Impact-pressure tests were conducted with a pressure
sensor with a diameter of 12 mm and during the test the
impact pressure was measured on the whole area that
was influenced by the spraying nozzles, with a step of 10
mm in the direction of the X-axis and 20 mm in the
direction of the Y-axis.

3 RESULTS AND DISCUSSION
3.1 Thermocouples

The use of thermocouples for measuring the cooling
homogeneity has some restrictions. Thermocouples can
be placed only in a finite number of positions. So, it is
necessary to know the positions, in which inhomogeneity
can be expected. The water distribution can serve as the
first source of information about the expected cooling
homogeneity. An example of the computed water distri-
bution is shown in Figure 3. The information about the
water distribution is necessary when deciding where to
place the thermocouples. The thermocouples were
installed in positions of 0 mm and 40 mm (Figure 3) for
Configuration 1. The position of 40 mm corresponds to
the position with the highest water impingement density
and the position of 0 mm is the position with the lowest
water impingement density. The measured temperatures
are shown in Figure 4. The temperatures are almost the
same for the positions of 0 mm and 40 mm. The surface
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Figure 4: Measured temperatures for Configuration 1

Slika 4: Izmerjene temperature pri postavitvi 1
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Figure 5: Heat-transfer coefficient for Configuration 1
Slika 5: Koeficient prehoda toplote pri postavitvi 1

temperatures and the heat-transfer coefficients can be
computed at these positions using inverse methods.”
The computed dependence of the heat-transfer coeffi-
cient on the surface temperature is shown in Figure 5.
The dependence of the heat-transfer coefficient on the
surface temperature also shows a very good homogeneity
of the cooling, obviously for the surface temperatures
higher than 600 °C.

3.2 Infrared scanner

Although the measurement with an infrared scanner
provides information about the surface temperature of
the overall surface area, and these measured tempera-
tures can be directly used for the evaluation of the cool-
ing homogeneity, this method of measuring the cooling
homogeneity needs a more complicated experimental
set-up. The precision of the non-contact measurement is
not as good as in the case of thermocouples. There are
several factors that have a considerable influence on the
quality of measurement. One of them is emissivity.
Information about emissivity is necessary for obtaining
surface temperatures. Emissivity depends on the proper-
ties of the surface (material, temperature, presence of
oxides and others) and the surface properties change dur-
ing the cooling process. If a sheet is heated in a protec-
tive atmosphere and removed from the furnace, its sur-
face is like a mirror and the emissivity is lower than
during the cooling process due to different surface tem-
peratures and the presence of scales on the surface. The
scales on the surface enhance the emissivity. Uneven
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Figure 6: Surface temperatures at given times for Configuration 2
Slika 6: Temperature povrSine pri danih Casih pri postavitvi 2
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Figure 7: Comparison of the surface temperatures measured with the
infrared scanner (lines) and with the thermocouples (marks: ¢, B, A
and @)

Slika 7: Primerjava temperature na povrsini, izmerjene z infrarde¢im
vrsti¢nim tipalom (polna ¢rta) in izmerjene s termoelementi (oznake:
¢ H AinO)

scale coverage of the surface is a problem and can lead
to errors in the measurement of the surface temperatures
and an incorrect conclusion regarding the cooling
homogeneity.

The temperature that is measured can also be influ-
enced by the presence of water droplets and vapor in the
air between the sheet and the infrared scanner. The water
remaining on the sheet and the radiation from the
surroundings also prevent the measured temperatures
from reflecting the reality. The presence of vapor and
water droplets in the air or a water layer on the surface
can smooth a low temperature inhomogeneity or cause
the measured temperatures to be lower or higher than the
real temperatures. The radiation from the surroundings
can cause the temperatures measured in some positions
to be higher than in reality. All the above factors should
be considered during the measurement preparation to
obtain realistic results. An example of the temperatures
measured with the infrared scanner is shown in Figure 6.
The position of 0 mm was in the center of the test sheet
with a width of 320 mm and the temperatures were
measured in the centerline of the test sheet. The
temperature was also measured with five thermocouples
during the cooling process and the comparison is shown
in Figure 7. The thermocouples were welded on at the
positions of (40, —20, 0, 20 and 40) mm. The surface
temperatures that were measured with the thermocouples
and computed with an inverse task were slightly lower
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Figure 8: Impact-pressure distribution for Configuration 2
Slika 8: Razporeditev dinami¢nega tlaka pri postavitvi 2
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Figure 9: Comparison of the impact pressure with the measured sur-
face temperatures for Configuration 2

Slika 9: Primerjava dinamicnega tlaka pri izmerjeni temperaturi
povrsine pri postavitvi 2

than the temperatures measured with the infrared
scanner. There is only one big difference between the
temperatures measured with the infrared scanner and
those measured with the thermocouples. It is found in the
position of 40 mm at a time of 52 s. The difference is
approximately 120 °C. It can be explained with the water
layer on the surface in this position. The homogeneity of
cooling is almost the same with both methods.

3.3 Impact pressure

The measurement of the impact pressure is an
indirect method for measuring the cooling homogeneity
because the real surface temperature is not measured
during the cooling process. An example of the measured
impact-pressure distribution is shown in Figure 8. Its
average value over the width of the spray configuration
(Y-axis) of Configuration 2 is compared with the surface
temperatures measured for this configuration with the
infrared scanner in Figure 9.

Although the impact-pressure distribution looks
inhomogeneous, the surface temperatures at the times of
12 s and 25 s look homogeneous except at the position of
80 mm. This is why the surface temperatures are higher
than the Leidenfrost temperature and the vapor layer
protects the surface and only a significant inhomogeneity
of the impact pressure is observed during the real
cooling. This was confirmed during the experiment with
Configuration 3 (Figure 10). The surface temperatures
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Figure 10: Comparison of the impact pressure with the surface-tem-
perature distribution for Configuration 3

Slika 10: Primerjava dinamic¢nega tlaka z razporeditvijo temperature
pri postavitvi 3
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after the second pass through the cooling section (pass 2)
fit well with the impact-pressure distribution (Imp. 2)
only at the position of 80 mm. When the surface tempe-
rature is lower than the Leidenfrost temperature (pass 9)
almost every increase or decrease in the impact pressure
is reflected in the surface-temperature distribution.

4 CONCLUSIONS

The thermocouples provided accurate and reliable
information about the cooling homogeneity, though only
in a finite number of positions. The benefit of the
infrared scanner was that the cooling homogeneity was
measured on all the surface area; but to obtain accurate
values of the measurement, a demanding measurement
preparation was necessary. The homogeneity of the
impact-pressure distribution corresponded with the
homogeneity of the measured surface temperatures only
for the surface temperatures below the Leidenfrost
temperature. During the test with a hot test plate, a large
inhomogeneity of the impact pressure was observed only
for the surface temperatures higher than the Leidenfrost
temperature.
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