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Abstract

Accurate control of the temperature of the workpiece is crucial when carrying out thermal processing of steel. Effective heat transfer coefficient for
water cooling of hot rolled steel was calibrated using spray nozzles with different amounts of water flux. Austenitic stainless steel was chosen for
the studies in order to avoid the release of latent heat, which would affect the result in the case of carbon steels. Three different measurement sites
acquired with thermocouples were used, namely in the middle and at the quarter distance from both top and bottom surfaces. The heat transfer
coefficient was fitted to the experimental data using a computational model, which calculated the time-dependent temperature distribution within
the steel slab. The model was validated by altering the experimental exposure time to the water spray and compared the model prediction to the
observed result. The calibrated model provides the capability to design and carry out cooling routes in thermomechanical processing of steel in
practice.
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1. Introduction

Mechanical properties of a steel product arise from
the material microstructure, which is created during
thermomechanical processing and cooling. In the industrial
production of steel strips and plates, the procedure consists of
hot rolling of the material at austenitic state and subsequent
cooling with water nozzles to achieve desired cooling rate,
holding at air temperature and coiling at desired temperature
[1]. Different ferritic phases (polygonal ferrite, pearlite, bainite
and martensite) form during the cooling stage. The relative
amounts of the different ferritic phases, as well as the prior
austenite grain structure and possible carbon-enriched residual
austenite, govern the mechanical properties of the steel product
at room temperature.

In order to simulate the formation of the microstructure
during cooling accurately, computational models have been
created [2], and they have been fully coupled to heat conduction
and transfer models [3],[4]. For precise simulation, designing
and controlling the water cooling and heat transfer between
the cooling water and the steel must be calibrated carefully. In

this article we present results of a study focused on calibration
of the heat transfer coefficient for water spray cooling of steel
on an actual laboratory scale cooling line. Once the model has
been accurately calibrated, it can be used in designing the water
cooling, as described in [5].

Nomenclature

x Position inside of the steel in thickness direction
t Time
T Temperature
Ts Surface temperature
k Heat conductivity
ρ Density
c Specific heat capacity
h Heat transfer coefficient
Text External temperature
L Thickness of the steel strip/plate
w Water flux
f Fitted water flux dependent function
ξ1 Function describing water cooling
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aMaterials and Mechanical Engineering, Centre for Advanced Steels Research, University of Oulu, P.O. Box 8000, FI-90014, University of Oulu, Finland

* Corresponding author. Tel.: +358294482148. E-mail address: sampo.uusikallio@oulu.fi

Abstract

Accurate control of the temperature of the workpiece is crucial when carrying out thermal processing of steel. Effective heat transfer coefficient for
water cooling of hot rolled steel was calibrated using spray nozzles with different amounts of water flux. Austenitic stainless steel was chosen for
the studies in order to avoid the release of latent heat, which would affect the result in the case of carbon steels. Three different measurement sites
acquired with thermocouples were used, namely in the middle and at the quarter distance from both top and bottom surfaces. The heat transfer
coefficient was fitted to the experimental data using a computational model, which calculated the time-dependent temperature distribution within
the steel slab. The model was validated by altering the experimental exposure time to the water spray and compared the model prediction to the
observed result. The calibrated model provides the capability to design and carry out cooling routes in thermomechanical processing of steel in
practice.

c© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 18th International Conference Metal Forming 2020 Project.

Keywords: Heat transfer coefficient ; Spray Cooling ; Austenitic stainless steel ; Thermomechanical processing

1. Introduction

Mechanical properties of a steel product arise from
the material microstructure, which is created during
thermomechanical processing and cooling. In the industrial
production of steel strips and plates, the procedure consists of
hot rolling of the material at austenitic state and subsequent
cooling with water nozzles to achieve desired cooling rate,
holding at air temperature and coiling at desired temperature
[1]. Different ferritic phases (polygonal ferrite, pearlite, bainite
and martensite) form during the cooling stage. The relative
amounts of the different ferritic phases, as well as the prior
austenite grain structure and possible carbon-enriched residual
austenite, govern the mechanical properties of the steel product
at room temperature.

In order to simulate the formation of the microstructure
during cooling accurately, computational models have been
created [2], and they have been fully coupled to heat conduction
and transfer models [3],[4]. For precise simulation, designing
and controlling the water cooling and heat transfer between
the cooling water and the steel must be calibrated carefully. In

this article we present results of a study focused on calibration
of the heat transfer coefficient for water spray cooling of steel
on an actual laboratory scale cooling line. Once the model has
been accurately calibrated, it can be used in designing the water
cooling, as described in [5].

Nomenclature

x Position inside of the steel in thickness direction
t Time
T Temperature
Ts Surface temperature
k Heat conductivity
ρ Density
c Specific heat capacity
h Heat transfer coefficient
Text External temperature
L Thickness of the steel strip/plate
w Water flux
f Fitted water flux dependent function
ξ1 Function describing water cooling

2351-9789 c© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 18th International Conference Metal Forming 2020 Project.

18th International Conference Metal Forming 2020

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2020.08.088&domain=pdf


 Sampo Uusikallio  et al. / Procedia Manufacturing 50 (2020) 488–491 489
Author / Procedia Manufacturing 00 (2019) 000–000 2

ξ2 Function describing water cooling
Ta Parameter for water cooling, 273 K
Tb Parameter for water cooling, 573 K
Tc Parameter for water cooling, 973 K
σ Stefan-Boltzmann coefficient
ε Emissivity
hc Fitted parameter to describe air cooling

2. Experimental

Material for the study was received in partly hot-rolled
condition from Outokumpu Stainless (Tornio, Finland). The
chemical composition of the steel, determined using an ARL
4460 optical emission spectrometer and an ARL 9800 XP
X-ray spectrometer is listed in Table 1. Austenitic stainless
steel 1.4307 was chosen for the studies in order to avoid the
release of latent heat. Two primary passes initiated at 1100◦C
were made to 207 mm thick ingots with total reduction of 50 %
giving thickness of 104 mm. The ingots were then water cut into
dimensions of 300 mm x 40 mm through the thickness of 104
mm and rotated 90 degrees about its longitudinal axis giving 40
mm the new thickness before proceeding.

Table 1. Chemical composition [wt. %] (Balance Fe.)

Material C Mn Cr Ni Mo N

1.4307 0.019 1.57 18.26 8.07 0.36 0.045

Thermocouples were installed to the ingot in three different
measurement sites, namely in the middle and at the quarter
distance from both top and bottom surfaces 130 mm apart in
order to measure temperature alteration throughout the steel
during cooling. After that, hot-rolling at 1100◦C with total
reduction of 50 % was carried out to secure thermocouples
giving final thickness of 20 mm, final width of 104.5 mm and
final length of 500 mm after cutting. Total number of five
passes were carried out, namely with reduction of 13 % each
at average. The last pass was executed at temperature of 880◦C.
Hot-rolled slabs were reheated to 1100◦C and then positioned
to chain-driven roller table. Five different water flux values
were acquired as the slab was cooled down using four identical
spray nozzles put adjoining position located adverse both over
and under the slab, as seen in Fig. (1). The slab was operated
forwards backwards and forwards on the roller table in the
following manner: 2.15 seconds of spray cooling throughout
the slab and 3.25 seconds of air cooling on both ends of the
roller table without the slab being exposed to any water spray.

3. Theory

Since the heat is mainly conducted towards upper and lower
surface during the water cooling, the heat conduction inside
of the steel slab is calculated by numerically solving the

one dimensional heat equation, (1), with using explicit finite
difference method

d
dt

T (x, t) = κ
d2

dx2 T (x, t) (1)

where κ = k
ρc . The heat transfer boundary conditions were

defined at the top and bottom surfaces, i.e. the temperature
dependent heat transfer coefficient h(T ) was defined at each
time instant, corresponding to water or air cooling condition,
and the temperature gradient d

dx T (x, t) = h(Ts)(Ts −Text)/k was
then set at the top and the bottom boundaries, x = 0 and x = L,
at each time instant.

When the surface is subjected to water shower, the heat
transfer coefficient is calculated using Eq. (2) [6]

h(Ts) = f (w)ξ1((Ts − Ta) − ξ2(Ts − Tc))−2.455 (2)

where

ξ1 = 1 − 1

1 + exp
(

Ts−Tb
40

) , ξ2 = 1 − 1

1 + exp
(

Ts−Tc
10

) (3)

and Ta = 273K, Tb = 573K, and Tc = 973K. The water flux w
dependent function f (w) was fitted to the experimental results.
Since the gravity affects the water spray and the water falls off
from the bottom surface, a separate function f (w) was fitted to
the top and bottom surface, denoted as ft(w) and fb(w).

When the surface position was outside of the water shower,
the heat transfer coefficient was calculated using Eq. (4)

h(Ts) = σε(Ts
3 + TextTs

2 + Text
2Ts + T 3

ext) + hc (4)

where σ is the Stefan-Boltzmann coefficient, ε emissivity,
and hc a fitted parameter which describes air cooling. The
simulation parameters, which were not fitted, are given in Table
2.

Table 2. The simulation parameters which were used in all of the simulations.

k [J/m2 s K] ρ [kg/m3] c [J/kg K]
25.6 7560 502

Text [K] (water) Text [K] (air) L [m]
285 294 0.020

ε

0.7

4. Results & Discussion

The values of the fitted function f (w) in Eq. (2) for both
the upper and lower water sprays are shown in Fig. (2) a). The
corresponding values for the heat transfer coefficient h(Ts) are
shown in Fig. (2) b) for Ts = 1008 oC.

While the equation (2) described well the heat transfer
between the water spray and the steel surface at higher
temperatures, at lower temperatures it was found that the
experimental cooling was more effective than the prediction
given by the equation.

2
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Fig. 1. Schematic setup. A) Data logger; B) Three thermocouples in three different depths; C) Workpiece ; D) Four water spray nozzles; E) Roller table

Fig. 2. a) The fitted function f (w). b) The heat transfer coefficient calculated using Eq. (2) for water nozzles above of steel slab (red) and below (blue) for Ts = 1008
oC. The filled markers show linear trend, as shown by the fitted lines. The hollow markers are describe quantities corresponding the smallest water flux, and do not
follow the linear trend.

The difference between cooling effectiveness between
higher and lower temperatures can be explained with the
following factors: At higher temperatures, the water is
immediately evaporated from the steel surface until the
Leidenfrost effect takes place, as known. At lower temperatures,
the water stays on the steel surface and continues boiling even
when the steel slab is not under direct exposure of water spray
thus lowering the temperature further. In addition to that, wet
rolls of the roller table reduce the temperature of the steel slab
as well. To consider this action, we set an effective value for the
heat transfer coefficient when the surface temperature is below
certain low temperature limit. The fitted effective heat transfer
coefficients and the low temperature limits are given in Table 3.

The comparison of the simulated versus experimental
temperatures for a test used in calibration with water flux value
of 9.4 l/m2s and slab speed value of 0.31 m/s is shown in Fig. 3
a). To verify the model functioning, we carried out validation
tests, where the steel slab was moving at a slower speed,
namely 0.12 m/s. Validation test results were then compared to

simulation results performed at the same speed. A comparison
of the test with slower slab speed and water flux value of 11.7
l/m2s is shown in Fig. 3 b). During validation test, inaccuracies
of thermocouples produced some noise to a certain degree as
their protective cord initiated wear. The validation result shows
that the fitted model has a predictive capability to the extent that
it can applied usefully to design water cooling schedules.

Table 3. To consider the water boiling on the slab and the rolls the heat transfer
coefficient was set at constant value (htc up and down, for upper and lower
surfaces) when the surface temperature was below low temperature limit.

w [l/m2s] low temp limit [K] htc up [W/m2 K] htc down [W/m2 K]

4.5 620 1000 500
6.8 700 1300 500
9.4 600 2000 500
11.7 600 2000 500
14.1 600 2000 500

3
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Fig. 3. a) The data used in calibration of the model compared to the calibrated simulation results using 0.31 m/s slab speed with water flux value of 9.4 l/m2s b)
To validate the model we compared the model results to experimental results for a slab moving at 0.12 m/s applying 11.7 l/m2s as water flux value. Some noise is
present at the experimental data.

5. Conclusions

Heat transfer coefficient describing water cooling of hot
steel slab was determined at different slab surface temperatures.
While the values obtained for the fitting function f (w) were
same order of magnitude as in the corresponding original
function presented in [6], which has been fitted to other water
sprays. However, the values obtained in the current study for the
water sprays used in the experiments described in this article
were much higher for higher water fluxes (> 9 l/m2s). The
difference illustrates the importance of calibration of the heat
transfer coefficient used in the numerical model in order to
provide accurate estimates for cooling path design. After the
calibration, the computational model is very useful in designing
water cooling of steel for achieving the desired cooling path in
practice combining both air and water spray cooling utilizing
different water flux amounts. For the smallest water flux there
is clear deviation from the linear trend, which was used for
fitting the function f (w) for higher water fluxes, as shown by
the datapoints described by the hollow markers in Fig. 2.
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