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Convective Heat Transfer Coefficient for High Pressure Water Jet
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The scale on the surface of hot rolled steel is removed by high pressure hydraulic descaling in a rolling
mill. If the impact pressure of the water jet is higher, the scale is removed well. However, the temperature
drop of the hot rolled steel is increased owing to the flow rate of the water jet. On this account, the temper-
ature distribution of the hot rolled steel should be analyzed during the process of the hydraulic descaling.
However, the analysis of the temperature distribution is difficult due to lack of the literatures on the convec-
tive heat transfer coefficient for the high pressure water jet. In the present study, the hydraulic descaling
system is manufactured and the impact pressure is deduced from the relationship between spray pressure
and spray height. And then the equation of the convective heat transfer coefficient is induced by the func-
tion of the impact pressure. The convective heat transfer coefficient is obtained from the experimental val-
ues by the hydraulic descaling system and the values calculated by numerical analysis. The equation of the
convective heat transfer coefficient will aid to establish the most suitable conditions for operations in the
rolling mill.

KEY WORDS: convective heat transfer coefficient; high pressure water jet; hydraulic descaling; impact pres-

sure; temperature distribution.

1. Introduction

The scale is formed on the surface of hot rolled steel by
its oxidation in a reheating furnace and is removed by the
high pressure hydraulic descaling in the rolling mill. The
machine of hydraulic descaling is called FSB (Finishing
Scale Breaker), and is established in the front of FM
(Finishing Mill). If the scale is not removed well, the rolled
steel product has a defect caused by embedded scale behind
the process of the FM. On this reason, the FSB plays an im-
portant part in the rolling mill."

Various mechanisms for the process by which the water
jet removes the scale have been postulated. These mecha-
nisms are divided into five ones which are steel-scale tem-
perature difference, thermal gradient within scale, mechani-
cal pressure, shear at interface, and explosive creation of
steam within cracks.” And the combined mechanisms re-
move the scale, which operate at the same time.

As the temperature of the water jet and the hot rolled
steel is fixed in a manufacturing process, the mechanisms
related to the temperature don’t leave much room for im-
provement. However, the mechanical pressure, that is, the
impact pressure is open to further discussion.”

Though the scale is removed well when the impact pres-
sure is increased, the temperature drop of the hot rolled
steel is increased owing to increasing the flow rate. As the
hot rolled steel should be kept at over A, transition temper-
ature for the hot rolling, we could not increase the impact
pressure extremely. On this account, the analysis of temper-
ature distribution is needed for the hot rolled steel with the
impact pressure during the process of the hydraulic descal-
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ing.

The convective heat transfer coefficient is necessary to
the analysis of temperature distribution. As the convective
heat transfer coefficient varies with the velocity of the fluid,
the type of flow, the geometry of the body, flow passage
area, the physical properties of the fluid, and so on, there is
a few literatures related to it.

One of the literatures presents the equation of the con-
vective heat transfer coefficient.” In this case, the equation
satisfies at below 1MPa, namely, at the low pressure.
Another paper shows the value of the convective heat trans-
fer coefficient at the high pressure.” The value is approxi-
mately 209300 W/m?°C. However this equation and this
value related to the convective heat transfer coefficient can-
not apply to the analysis of temperature distribution during
the process of the hydraulic descaling because we need the
convective heat transfer coefficient with the various condi-
tions.

In the present study, the hydraulic descaling system is
manufactured for obtaining the impact pressure and the
temperature variation of the hot rolled steel during the
process of the hydraulic descaling. The impact pressure is
deduced from the relationship between the spray pressure
and the spray height.

The equation of the convective heat transfer coefficient is
induced by the function of the impact pressure. The convec-
tive heat transfer coefficient is obtained from the experi-
mental values by the hydraulic descaling system and the
values calculated by the numerical analysis. The tempera-
ture distribution in the hot rolled steel is calculated by the
FDM (Finite Difference Method).
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2. The Hydraulic Descaling System

The hydraulic descaling system is manufactured as
shown in Fig. 1. The hydraulic descaling system consists of
six parts, namely, the reheating furnace, the water tank, the
plunger pump, the computer with A/D board, the control
panel, and the descaling simulator.

The specimen (hot rolled steel) is reheated at the reheat-
ing furnace. This furnace can hold up to 1400°C. The scale
is formed on the surface of specimen by its oxidation in the
reheating furnace. The water tank and the plunger pump
have a capacity of 2000/ and 300 barX 190 //min respec-
tively. Two plunger pumps supply the descaling simulator
with water. The control panel regulates the supply of water,
the velocity of a carriage, the spray height, and so on. The
computer with the A/D board (200 Hz, 16 bit resolution)
converts analogue signals to digital ones of the impact pres-
sure and the temperature respectively, and displays the data
in the monitor. The descaling simulator is the main part of
the hydraulic descaling system as shown in Fig. 2.

The carriage (1) loaded with the specimen (2) moves
from side to side. As the specimen is hot during the experi-
ment, the carriage is made of ceramic in a contact surface
with the specimen. When the impact pressure is measured,
the sensor of the impact pressure instead of the specimen is
laid on the carriage. The step motor (3) transfers power to
the carriage using the urethane belt and controls the veloci-
ty of the carriage. The maximum velocity of the carriage is
200 mpm (meter per min) and the maximum distance from
side to side is 3.5m. The dimensions of the specimen are
maximum 210mm (Width)X300mm (Length)X100 mm
(Thickness).

The high pressure water is supplied to the nozzle header
(4). And the nozzle header is controlled by the air cylinder
(5) and the rotational angle of it is up to 45° from side to
side respectively. In the rolling mill, the lead angle of 15° is
set in order to prevent the scale from entering in the rolling
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Fig. 1. The schematic diagram of the hydraulic descaling sys-
tem.
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Fig. 2. The schematic diagram of the descaling simulator.
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machine. The descaling simulator can also experiment on
this condition. The spray height, the distance between the
nozzle (6) and the specimen, is controlled by another air
cylinder (7).

3. The Experiment on the Impact Pressure

For measuring the impact pressure with the spray height
and the spray pressure, the sensor of the impact pressure is
laid on the carriage as shown in Fig. 3. The sensor of the
impact pressure is the type of load cell and the area of sens-
ing the impact force is 0.5 cm®. The moving velocity of the
sensor is 5mm/s, the cycle for data acquisition is 10 Hz.
That is, the data of impact force is obtained from the A/D
converter at 0.5 mm intervals in the direction of width, and
the impact force divided by the area of sensor gives the im-
pact pressure. This impact pressure is obtained on the as-
sumption that the impact force of the high pressure water
acts on the sensor in an equal distribution and the effective
impact force also acts on the area of sensor as a whole. In
the present experiment, the distributions of the impact pres-
sure are measured at 160, 180, 200, 250, and 300 bar in the
spray pressure respectively when the spray heights are 100,
120, 140, 160, and 180 mm respectively. That is, the num-
ber of experimental conditions is 25.

4. The Experiment on the Temperature Measurement

For measuring the temperature variation in the specimen
with time, the specimen set with a thermocouple is heated

Fig. 3. The schematic diagram of measuring instrument for the
impact pressure.

N
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Fig. 4. The schematic diagram of measuring instrument for the
temperature variation.
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in the reheating furnace of 1 200°C for 1 h or so. And then,
the specimen is laid on the carriage as shown in Fig. 4.
Figures 4(a) and 4(b) represent a front view and an end
view respectively.

The temperature variation is measured for the moving
specimen at the velocity of 60 mpm. The position of ther-
mocouple is the center of spray width and 3 mm in depth
from the top surface of the specimen. The dimensions of
the specimen used in the experiment are 150 mm (Width) X
200mm (Length)X25mm (Thickness). Definitions of the
width and the length of specimen are represented in Figs.
4(a) and 4(b) respectively.

5. The Numerical Analysis

The temperature distribution of the specimen through the
high pressure water jet is analyzed assuming that the tem-
perature variation in the direction of width is ignored and
the effect of the scale is also disregarded. That is, the tem-
perature distribution of the specimen is analyzed at the two
dimensional section of the specimen. Two dimensional,
time dependent heat conduction equation is expressed by

Eq. (1).
9T
o +—
5]

Where T is the temperature (°C), ¢ is the time (s), o
(=k/pc) and is the thermal diffusivity (m%/s). The thermal
conductivity (k), the density (p) and the specific heat (¢) of
the strip are 50 W/m °C, 7870kg/m’, and 875 J/kg°C, re-
spectively. So, the thermal diffusivity used in the calcula-
tion is 7.2608X10~°m?/s.

From the Eq. (1), an explicit finite difference equation
using forward differencing for the time derivative and cen-
tral differencing for the space derivative is Eq. (2).
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Where i is the time level, m is the grid point in the direc-
tion, » is the grid point in the y direction, A¢ is the time
step, Ax is the size of grid step in the x direction and Ay is
the size of grid step in the y direction.

The grids and the boundary conditions on the computa-
tional domain are shown in Fig. 5. The number of the grid
elements is 5000 (200X25) and the grid step is 0.001 m in

Convection
(Water Jet)

0.1

Convection
(Air)

Fig. 5. The grids and the boundary conditions.
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size and time step is 0.002 s. The values satisfy the Eq. (3)
of the stability condition.”
1
<_
2

aAt
+
(Ax)’
The following procedures and conditions are used in

order to calculate the temperature distribution of the speci-
men.

oAt
(Ayy

(1) The Heat Transfer before the Hydraulic Descaling

The temperature data obtained from the experiment on
the temperature measurement are utilized for calculating
the temperature distribution of the specimen. The convec-
tive heat transfer coefficient is determined when the numer-
ical results are in good agreement with the experimental
ones. And the gradient of temperature depends on the con-
vective heat transfer coefficient. At this process, the con-
vection boundary condition is considered on account of the
air only and the temperature of the air is 21.3°C.

(2) The Heat Transfer during the Hydraulic Descaling
When the specimen is passing through the high pressure
water jet, the numerical analysis of the heat transfer is ac-
complished with regard to the descaling time, the tempera-
ture drop, and so on. Where, the temperature of water is
20.1°C and the descaling time is calculated by the Eq. (4).

Where f, is the spraying time (s), /; is the spray thickness
(m) and v, is the velocity of moving specimen (m/s).

(3) The Heat Transfer after the Hydraulic Descaling

The convective heat transfer coefficient is determined
with regard to a restoring tendency of the temperature after
the hydraulic descaling. Where, the convection boundary
condition is considered by the air and the residual water.

6. The Results

6.1. The Results of the Experiment on the Impact

Pressure

The diameters of the spray nozzle (DNR type) used in
the experiment are 3.4 mm in the minor axis and 4.5 mm in
the major axis. And the spray angle and the flow rate are
28° and 118 /min at the 150 bar, respectively. The impact
pressures are measured with respect to the spray width.
When the spray pressure (P) is 250 bar and the spray height
(H) is 140 mm, the distribution of the impact pressure with
the spray width is shown in Fig. 6. As we are interested in
the variation of the impact pressure with the spray pressure
and the spray height, the representative impact pressure in
these conditions is regarded as one at the center of the spray
width. As a result, the contour plot for the representative
impact pressures using the experimental values is shown in
Fig. 7.

As the spray pressure is increased and the spray height is
decreased, the representative impact pressure is increased.
The variations of the impact pressure are shown in Fig. 8
when the spray heights are 100, 120, 140, 160, and 180 mm
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Fig. 6. The distribution of the impact pressure with the spray
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Fig. 8. The variations of the impact pressure with the spray pres-
sure.

respectively. The equations of the impact pressure are ob-
tained from the curved lines respectively in Fig. 8. If the
program is made as the flow chart in Fig. 9 using the equa-
tions of the impact pressure, the impact pressure is obtained
without difficulty in the extent of that the spray pressure is
between 160 and 300 bar and the spray height is between
100 and 180 mm. Where, as the linear interpolation method
is used in the program, there is somewhat a numerical error.
On the other hand, the impact pressure is calculated using
the program instead of the general expression that has the
independent variables of the spray pressure and the spray
height. And then the equation of the convective heat trans-
fer coefficient is obtained as the function of impact pres-
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Output
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Fig. 9. The flow chart for calculating impact pressure.

sure. As the impact pressure depends on the spray pressure
and the spray height, the equation of the convective heat
transfer coefficient also depends on the spray pressure and
the spray height.

If the different nozzle is selected for the descaling, there
is no necessity for measuring the relation between the spray
pressure and the impact pressure in Fig. 8 again. However,
as the convective heat transfer coefficient is the function of
impact pressure and the impact pressure also depends on
nozzle type and nozzle maker, the impact pressure should
be measured at the specific spray pressure and the specific
spray height.

6.2. The Comparison of the Experimental Results and

the Numerical Ones for the Temperature

The convective heat transfer coefficient is obtained from
the comparison of the experimental results and the numeri-
cal ones for the temperature variation as shown in Figs.
10-16. These figures represent the results of temperature
variation when the impact pressures are 4.82, 5.04, 5.75,
5.83, 6.94, 7.25, and 8.07 bar, respectively. On the other
hand, the impact pressures were measured in the 25 cases
with the spray pressure and the spray height. However, as
the convective heat transfer coefficient is the function of
only the impact pressure in the present study, we experi-
mented for the 7 cases among the 25 cases with the impact
pressure in the experiment on the temperature measure-
ment.

Here, the values of spray thickness are obtained from the
spray pattern observed on the lead plate. The high pressure
water jet is sprayed on the lead plate for Imin with respect
to the conditions of impact pressure. As a result of the test,
the values of spray thickness are approximately 6—8 mm
and the variations of these values are a little unlike the
spray width with respect to the spray height and the spray
pressure. The spraying time can be obtained from these re-
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Fig. 16. The temperature variation at /P=8.07 (bar).

sults and then the temperature distributions are calculated
for obtaining the convective heat transfer coefficients. And
the convective heat transfer coefficients are determined in
consideration for the temperature gradients and its track
with time.

As the hot specimen on the carriage is moved without the
effect of the water before the hydraulic descaling, the con-
vection boundary conditions are considered by the air only.
The effect of the high pressure water jet is considered dur-
ing the hydraulic descaling. The residual water affects the
temperature variation of the specimen after the hydraulic
descaling. Therefore the gradient of temperature after the
hydraulic descaling is steeper than that of temperature be-
fore the hydraulic descaling. In the water jet cooling by the
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Fig. 18. The temperature distribution at /=10.308 (s).

high pressure, the convective heat transfer coefficient is
greatly influenced by the velocity of the fluid. So, the con-
vective heat transfer coefficient can be regarded as a step
function because the velocity of the fluid in the water jet
cooling zone is very higher than that in the area outside the
water jet cooling zone.

The temperature distribution at the section of the speci-
men immediately after the hydraulic descaling is shown in
Fig. 17. The hydraulic descaling starts at =4 s and ends at
t=4.008 s, that is, the time required during the hydraulic
descaling is 0.008 s. The temperature at the top and center
of the specimen falls up to 600°C. Figure 18 shows the
temperature distribution at 6.3 s after the hydraulic descal-
ing is finished. That means the time required between the
hydraulic descaling and the hot rolling in the rolling mill.
The temperature at the top and center of the specimen is re-
stored up to 1000°C and above. This temperature repre-
sents over A, transition temperature for the hot rolling. The
temperature at the edge parts of specimen is lower as com-
pared with other parts because the area of the heat transfer
is large at the edge parts.

6.3. The Convective Heat Transfer Coefficient

The convective heat transfer coefficients with the impact
pressure are shown in Fig. 19. The convective heat transfer
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Fig. 19. The convective heat transfer coefficient with the impact
pressure.

coefficient is increased as the impact pressure is increased.
The impact pressure is increased as the spray pressure is in-
creased and the spray height is decreased. If the impact
pressure is increased, the flow rate is also increased, and the
heat flux by the convection is also increased.

The convective heat transfer coefficients for the high
pressure water jet are between 290000 and 420000
W/m?°C when the impact pressures are between 4.82 and
8.07bar. The general expression of the convective heat
transfer coefficient is Eq. (5).

h=(4.4265X1P+7.3670)x 10*

Where 7/ is the convective heat transfer coefficient
(W/m?°C) and IP is the impact pressure (bar). On the other
hand, the convective heat transfer coefficients are between
90 and 150 W/m?°C by the air and between 120 and
250 W/m? °C by the residual water and the air.

7. Conclusion

The scale is formed on the surface of the hot rolled steel
by its oxidation in the reheating furnace and is removed by
the high pressure water jet. If the impact pressure of the
water jet is increased so as to remove the scale well, the
temperature drop of the hot rolled steel may be increased
due to increasing the flow rate. However, the hot rolled steel
should be kept at over A, transition temperature. And so,
the analysis of the temperature distribution for the hot
rolled steel is required in order to satisfy these conditions.
The convective heat transfer coefficient is also needed for
the analysis of the temperature distribution. The convective
heat transfer coefficient can be obtained from the results of
the experiment and the numerical analysis.

Therefore the hydraulic descaling system was manufac-
tured in the present study. The program was made for the
purpose of obtaining the impact pressure with the spray
pressure and the spray height. The general expression of the
convective heat transfer coefficient was obtained in relation
to the impact pressure.

If the programs of the impact pressure are made for other
nozzles, the convective heat transfer coefficient can be ob-
tained without additional experiments on the temperature
measurement. Therefore the cost and the time of the experi-
ment can be saved. And the general equation of the convec-
tive heat transfer coefficient may be used in the analysis of
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the temperature distribution connected with nozzle. In addi-
tion, this equation will aid to establish the most suitable
conditions for operations in the rolling mill. In the present
study, we have not considered the effect of the scale, the
variations of the impact pressure in the direction of width
and the heat transfer in the three dimensional geometry. We
leave these topics for further study.
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