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1. Introduction

Run-out-table (ROT) cooling in hot rolling mills is one 
of the key components of the thermomechanical control 
process.1) In ROT cooling, the desired material structures 
are manufactured by the rapid cooling of hot steel plates 
from approximately 900°C to a predetermined coiling tem-
perature using water jet impingement. Figure 1 shows a 
schematic of the temperature history of a hot steel plate dur-
ing water jet cooling.2) Initially, the temperature of the solid 
is far above the boiling temperature of the liquid. The steel 
is cooled softly at high temperatures of the solid because a 
stable vapor layer is formed between the water and steel. 
Such a boiling mode is called film boiling. As the cooling 
proceeds, the vapor film becomes thin and unstable. Direct 
contact between the water and solid occurs locally as well 
as temporally; that is, transition boiling occurs in the range 
between the points called the minimum heat flux (MHF) and 
critical heat flux (CHF). The boiling mode soon shifts to 
strong nucleate boiling where numerous vapor bubbles are 
generated at the liquid/solid interface instead of the vapor 
film. The heat removal rate is very large in the transition or 
strong nucleate boiling regime. Thereafter, the temperature 
variation of the solid reduces because the boiling becomes 
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weak.
In ROT cooling, when the coiling temperature of the solid 

is present in the transition or strong nucleate boiling regime, 
precise temperature control of the solid is difficult because 
of a large temperature variation of the solid. Accurate heat 
transfer data in these boiling regimes are required to satisfy 
engineering demands. Many experimental works have been 
undertaken concerning the boiling heat transfer involving 
impinging water jets.3,4) Many of these studies were con-
ducted considering single-jet impingement onto a stationary 
solid. However, in actual ROT cooling, pipe laminar array 
jets impact onto a moving hot steel plate. It is considered 
that the moving hot solid and the flow interaction due to 

Fig. 1. Schematic of cooling curve of hot steel by water jet 
impingement.
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multiple-jet impingement produce complicated hydrody-
namic behavior of water and heat transfer characteristics. 
However, these factors cannot be analyzed by performing 
experiments involving single-jet impingement onto a sta-
tionary solid.

Some studies have analyzed single-jet impingement onto 
a moving hot solid.5–7) In addition, Ishigai et al.,8) Sakhuja et 
al.,9) Monde et al.,10) and Haraguchi and Hariki11) examined 
multiple pipe laminar jets impinging onto a stationary hot 
steel plate. Recently, Vakili and Gadala12) investigated boil-
ing heat transfer on a hot moving plate, caused by multiple 
impinging water jets in rows. They found that the moving 
velocity of steel sheets, the spacing of nozzles, and the num-
ber of jets had some influence on the heat transfer rates in 
jet impingement zones. However, fundamental knowledge 
of the hydrodynamics of a coolant and heat transfer char-
acteristics in such a situation is lacking. The motivation of 
the present study was to resolve these issues by means of 
laboratory-scale experiments.

The objective of the present study was to investigate the 
heat transfer characteristics of multiple pipe laminar water 
jets impinging onto a moving hot steel sheet by means of 
laboratory-scale experiments. Two or three identical jets 
were arranged in a line in the width direction of the mov-
ing sheet. The spacing between jets and the temperature of 
the solid were considered as the main parameters and were 
systematically varied. The initial temperature of the solid 
was varied from 300 to 500°C.

In the experiments, the flow structure of the coolant was 
observed by flash photography and the temperature profile 
of the moving solid was measured by infrared thermogra-
phy.13,14) The heat transfer characteristics were evaluated 
by solving an inverse heat conduction problem by a finite 
volume method, using the measured temperature profile 
as boundary conditions. The effects of the aforementioned 
parameters on the hydrodynamics and heat transfer process 
were discussed in detail from different engineering perspec-
tives.

2. Experimental Procedure

Figure 2 shows a schematic diagram of the experimental 
apparatus. Because the experimental setup was very simi-
lar to that used in our previous studies13,14) except for the 
arrangement of pipe nozzles and their auxiliary pipelines, 
the setup is briefly explained here. Two or three identical 
pipe nozzles with an inner diameter D =  5 mm and a pipe 
length of 500 mm were manufactured. The nozzles were 
aligned in a straight line at regular intervals in the direction 
of the plate width. Distilled water at approximately 17°C 
was used as the test coolant. Circular jets were produced 
vertically downward from the pipe nozzles at a mean veloc-
ity of V0 =  0.8 m/s. The nozzle-to-plate spacing, H, was set 
40 mm. The spacing between two successive nozzle centers, 
dn, was set to 8, 12, or 16 mm.

A 60-mm-wide, 220-mm-long, and 0.3-mm-thick stain-
less steel (SUS430) sheet was used as the test sheet. It was 
firmly mounted on a linear motor actuator through thermal 
insulators. The underside of the sheet was coated with a thin 
layer of black body paint with an emissivity of ε =  0.94 to 
ensure the accurate measurement of temperature by infrared 

thermography. A K-type thermocouple with a wire diameter 
of 0.3 mm was spot-welded on the underside of the sheet to 
measure the local temperature and calibrate the temperature 
measurement obtained by infrared thermography.

The test sheet was initially placed upstream of the test 
section and was electrically heated to a preset temperature 
(300–500°C) using a DC power supply. Then, the linear 
motor actuator was activated to move the test sheet into the 
test section at a moving velocity, Vs, of 1.5 m/s. The pipe 
laminar jets impacted the test sheet, and water film flows 
spread along the sheet surface. After the film flows appeared 
to become stable, images of the flows were captured by flash 
photography using a digital camera and flashlight. In addi-
tion, an infrared camera captured the thermal images of the 
rear surface of the sheet at a resolution of 320 ×  240 pixels.

To evaluate the local temperature profile as well as 
the heat flux on the top surface, the inverse heat conduc-
tion problem was solved numerically using the measured 
temperature profile on the underside. The heat conduction 
equation inside the sheet in the three-dimensional Cartesian 
coordinate system is given as follows, assuming that the 
temperature profile, T, is steady in the coordinate system 
fixed in space:
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where ρp, cp, and λp represent the material properties of 
stainless steel (SUS430) and Vs denotes the moving velocity 
of the sheet. The coordinates (x,y,z) are taken in the direc-
tions of the length (x), width (y), and thickness (z). The 
temperature dependence of the thermophysical properties of 

Fig. 2. Schematic of experimental apparatus.
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stainless steel is taken into account. More information on the 
data reduction method and experimental method is available 
in our previous papers.13,14)

3. Results and Discussion

3.1. Results for Two-jet Impingement
First, two-jet impingement was studied to understand 

the basic hydrodynamics and heat transfer characteristics 
involved in the flow interaction phenomena between jets. 
Figure 3 shows photographs of the film flows formed by the 
impingement of two water jets. The initial temperature of 
the solid, Ts, is varied as 300, 400, and 500°C. The nozzle 
spacing, dn, is set to 12 and 16 mm. A pair of thin water 
films is formed and spreads along the solid surface around 
the jet impact points. The flow is roughly line-symmetrical 
with respect to the centerline between the two jets. As 
expected, the width of the liquid film is larger for the larger 
nozzle spacing. In all the cases, liquid swelling appears at 
the centerline because of flow interaction. For convenience, 
the liquid swelling is hereafter called the vertical liquid film.

At Ts =  300°C, strong nucleate boiling is seen. Because 
the flashlight is scattered by many boiling vapor bubbles and 
numerous minute droplets formed by bubble bursting on the 
free liquid surface, the water film on the solid looks cloudy. 
The region covered by the water film at this temperature is 
smaller than those at Ts =  400 and 500°C because boiling 
vapor bubbles adhering to the solid produce a large resist-
ing force to radially spreading water. In addition, some 
viscous wall friction force occurs between the liquid and 
solid because of the local direct contact between the liquid 
and solid. At 400 and 500°C, the water film is transparent. 
Vapor films instead of bubbles are probably formed on the 
solid surface. The liquid films at these temperatures spread 
more widely than that at 300°C.

Figure 4 shows the thermal images on the rear surface 
under various experimental conditions. The black spot in 
each image represents the center point between two jet 
impact points. The initial steel temperature, Ts, is varied 
from 300 to 500°C, and the distance between two nozzles, 

dn, is chosen as 8, 12, and 16 mm. The range of the color 
key is 180°C in each image. For example, in the case of Ts = 
400°C, the color key ranges from 220 to 400°C. A pair of 
low-temperature zones elongated in the moving direction is 
formed in all the cases. The temperature reduction is large 
for Ts =  300 and 350°C and small for higher temperatures. 
In addition, relatively high-temperature areas are present in 
between a pair of cooling zones. These areas correspond to 
the vertical water film regions shown in Fig. 3. This means 
that the vertical liquid film has only minor influence on the 
cooling of test sheets.

The measured temperature profile on the rear surface 
is not the same as that on the cooled (wet) surface. When 
temperature reduction occurs in the jet impact regions, the 
reduction reflects on the rear surface with a certain time 
delay because of heat conduction. During the delay, the steel 
sheet travels some distance. Consequently, the temperature 
reduction appears not beneath the jet impact points but 
in the downstream region on the rear surface. Therefore, 
inverse heat conduction analysis is needed in the present 
study.

Figure 5 shows the heat flux distributions on the cooled 
surface estimated by the inverse heat conduction analysis. 
The experimental conditions are the same as those consid-
ered in Fig. 4. In addition, the range of the color key is the 
same in all the cases. Heat flux profiles are roughly line-
symmetrical with respect to the centerline between the two 
jets. A pair of high heat flux regions is seen in the jet impact 
regions, and a relatively low heat flux region is present in 
between this pair. At Ts =  300 and 350°C, the heat flux in 
the jet impact regions is high owing to strong nucleate boil-
ing. At Ts =  450 and 500°C, the heat flux is smaller than 
that at Ts =  300 and 350°C because the vapor bubbles/
films with small thermal conductivity prevent direct contact 
between the water and solid. At Ts =  450°C, the area of the 
high heat flux regions is smaller than that at Ts =  400 and 
500°C, suggesting that the former temperature is close to the 
MHF point (see also Fig. 1). In addition, the nozzle spacing, 
dn, influences the shape of the high heat flux areas in the jet 
impact regions. The size of these areas in the width direction 
is reduced as the nozzle spacing decreases, indicating that 
the total amount of heat removal depends on dn.

3.2. Results for Three-jet Impingement
Figure 6 shows the photographed flow fields under the 

conditions Ts =  500°C and dn =  8, 12, and 16 mm. Three 
flow regions—two side flow regions and one center flow 
region—are divided by two vertical water films formed 
between two successive jets. In the side flow regions, the 
film flow is confined by one vertical film on one side and can 
spread widely on the other side. The flow structure is very 
similar to that for two-jet impingement. The center flow is 
confined by a pair of vertical liquid films on both the sides 
and cannot spread in the width direction. Consequently, the 
width of the center film flow is apparently smaller than those 
of the side flows. In addition, the width in the center flow 
region decreases as the nozzle spacing decreases.

Figure 7 shows the thermal images on the rear surface of 
the solid for different temperatures of the solid (300–500°C) 
and nozzle spacing (dn =  8, 12, and 16 mm). The black spot 
in each image represents the impact point of the center jet. 

Fig. 3. Water film flow formed by impingement of two circular 
jets.
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In all the cases, three low-temperature areas elongated in the 
moving direction are present. The local temperature reduc-
tion in the test sheet is large at Ts =  300 and 350°C and 
small at higher temperatures. The effects of the temperature 
of the solid on the temperature profile in the case of three-
jet impingement are similar to that in the case of two-jet 
impingement (Fig. 4).

Two relatively high-temperature areas are seen in 
between the two successive low-temperature areas. These 

Fig. 5. Heat flux distributions for two-jet impingement calculated 
by performing inverse heat conduction analysis.

Fig. 4. Measured temperature profiles on rear surface of solid for 
two-jet impingement under various conditions.

Fig. 8. Calculated heat flux distributions for three-jet impinge-
ment.

Fig. 7. Measured temperature profiles on rear surface of solid for 
three-jet impingement.

Fig. 6. Water film flow formed by impingement of three jets for Ts = 
500°C and dn =  8, 12, and 16 mm.
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high-temperature areas coincide with the region of the verti-
cal water films. The width of the cooling zone, C, attribut-
able to the center jet is defined as shown in Fig. 7. This 
width is roughly the same as the nozzle spacing. For dn = 
8 mm and Ts =  400–500°C, the width of the cooling zone 
attributable to the center jet is distinctly smaller than those 
of the two side jet regions.

The experiments for dn =  8 mm and Ts =  300 or 350°C 
were unsuccessful. As large temperature variations occur 
inside the solid during jet impingement, the resultant local 
thermal stress occasionally causes unwanted local buckling 
of the sheet. This effect is frequently observed when a large 
heat removal rate is imposed. As shown in the results for 
two-jet impingement for dn =  8 mm and Ts =  300 or 350°C 
in Fig. 4, very large temperature variations are seen in the jet 
impact regions. In the case of three-jet impingement, very 
large local thermal stress is induced, resulting in unwanted 
local buckling of the sheet.

In our previous work,14) the heat transfer characteristics 
of single-jet impingement were studied by varying the jet 
velocity, initial temperature of the solid, and velocity of 
the moving sheet. It was found that the heat removal rate 
increased as the water flow rate increased and/or the sheet 
velocity decreased. In the present work, we scheduled 
experiments for multiple-jet impingement under condi-
tions similar to those used in the previous work. However, 
the experiments failed because local buckling of the sheet 
occurred much more frequently than in the cases of single-
jet impingement. Consequently, the jet velocity was fixed 
to 0.8 m/s and the sheet velocity was set to 1.5 m/s in the 
present study.

Figure 8 shows the distributions of the local heat flux 
on the cooled surface. The experimental conditions are the 
same as those considered in Fig. 7. Three high heat flux 
regions are observed in each heat flux profile. The maximum 
heat fluxes in each region are roughly comparable, but the 
shapes of the high heat flux regions are different. The heat 
flux profiles in the side flow regions are similar to those for 
two-jet impingement (Fig. 5). In the center flow region, the 
high heat flux area is reduced in the width direction. This 
trend is more apparent for a small nozzle spacing.

3.3. Heat Transfer Characteristics in Center Flow 
Region for Three-jet Impingement

In actual ROT cooling, pipe laminar jets are aligned in 
a straight line in the width direction. The flow formed by 
the impingement of each jet is confined by two neighboring 
jets on both the sides. Such a confined flow does not form 
in two-jet impingement but forms in the center flow region 
in three-jet impingement. From an industrial viewpoint, the 
heat transfer characteristics in the center film region are very 
important and are hence discussed in this subsection.

Figure 9 shows the temperature distribution on the rear 
surface in the width direction 20 mm downstream from 
the jet impact points for Ts =  500°C and dn =  8 and 16 
mm. Note that y =  0 mm denotes a line passing through 
the impact point of the center jet in the moving direction 
of the sheet. As expected, three valleys and two peaks are 
observed in the temperature profile. Here, we focus on the 
temperature variation in the center flow region between the 
two peaks, indicated by the distance C in the figure. As 

already explained, the distance C is almost equal to the noz-
zle spacing. In the center region, the range of temperature 
variation, ΔTC, which is defined in the figure, is distinctly 
smaller for a smaller C. Similar results are obtained for other 
temperatures of the solid. In actual ROT cooling, a uniform 
temperature profile of the solid in the width direction is 
preferable to produce high-quality steel sheets. Accordingly, 
a small nozzle spacing is desirable.

Next, the heat removal in the center jet region is discussed 
quantitatively. Because the areas having relatively high heat 
flux are dependent on the nozzle spacing (Fig. 8), the fol-
lowing equation is introduced:

 Q qdS S d y d q qC
S

n n threshold= − ≤ ≤ ≥∫ :
1

2

1

2
and  ... (2)

Here, Qc is a total heat removal amount calculated by the 
integration of the local heat flux, q, in the jet impact region, 
S, where the local heat flux is equal to or larger than a thresh-
old value, qthreshold, in the range − dn/2 ≤ y ≤ dn/2. The value 
qthreshold is introduced so as to ignore small heat flux regions 
where small amounts of cooling water is present or thick 
vapor films cover the solid surface. The total heat removal 
amount as well as the area of S varies absolutely depend-
ing on the choice of qthreshold. These parameters increase as 
qthreshold decreases. Because there is no theoretical method to 
determine an appropriate value of qthreshold, three values are 
chosen: 1 ×  105, 5 ×  105, and 1 ×  106 W/m2.

Figure 10 shows the total heat removal amount attribut-
able to the center jet when qthreshold is set to 1 ×  105 W/m2. 
The total heat removal amount QC is high at 300 or 350°C 
and sharply reduces at 400°C. In addition, QC decreases as 

Fig. 9. Temperature distribution on rear surface 20 mm down-
stream of jet impact point in width direction for Ts = 
500°C.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



ISIJ International, Vol. 56 (2016), No. 11

© 2016 ISIJ2021

the nozzle spacing decreases. This is mainly because the 
width of the center film flow reduces. Similar results are 
obtained for the other threshold values (5 ×  105 and 1 × 
106 W/m2).

The results in Figs. 9 and 10 indicate that employing a 
small nozzle spacing is useful for obtaining small tempera-
ture variations of the solid in the width direction. On the 
other hand, employing a small nozzle spacing leads to an 
increase in the number of nozzles in the cooling equipment, 
and consequently, the total heat removal amount per pipe 
laminar jet becomes small. As a result, a large amount of 
water is needed to achieve the desired heat reduction.

4. Conclusions

In this study, the boiling heat transfer characteristics 
on a hot plate cooled by multiple pipe laminar jets are 
investigated experimentally. The initial sheet temperature, 
number of jets, and distance between nozzles are varied in 
the experiments. The main results obtained in this study are 
summarized below:

(1) In the case of two-jet impingement, flow interaction 
is observed in the region between the two jet impact points. 
The formation of a vertical liquid film is one of the charac-
teristic features of the flow interaction, but the film formation 
does not promote heat removal. The flow and temperature 
profiles of the solid are roughly line-symmetrical with 
respect to the centerline between the two jets. The heat flux 

is strongly dependent on the temperature of the steel sheet. 
In addition, the nozzle spacing affects the shape of the high 
heat flux regions.

(2) For three-jet impingement, two types of flow 
regions are observed: two side jet regions and one center 
jet region. In the side jet regions, the flow mechanics are 
similar to those for two-jet impingement. In the center jet 
region, the flow is confined by two vertical liquid films on 
both the sides. The cooling width of the center jet region 
corresponds to the nozzle spacing. In the center jet region, 
the temperature variation of the solid in the width direction 
becomes small for a small nozzle spacing. This result sug-
gests that moderately uniform cooling can be achieved in 
actual ROT cooling if a small nozzle spacing is employed. 
However, the total heat removal amount per pipe laminar jet 
reduces, and hence, the amount of cooling water required 
increases.
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