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Temperature is an important parameter affecting the micro-structure of slab and
an important guarantee to improve the performance index of metallurgical prod-
ucts. However, the temperature level is affected by the heat transfer coefficient.
Taking laminar cooling as an example, a method for calculating the heat transfer
coefficient of a system with periodic characteristics is proposed in this study. First-
ly, it was assumed that the distribution of heat transfer coefficient is a piecewise
function composed of positive half wave of sine function and line function. The
calculation methods of characteristic parameters, through structural parameters
and operating parameters, in three cases of “separation”, “adjacent” and “inter-
section” are given. Secondly, heat transfer model of slab was established. Surface
temperature and center temperature distribution of slab were compared with the
test results. The relative errors of surface and center temperature were 2.46% and
1.33%, respectively, which verified the accuracy of this method. Finally, the cou-
pling relationship between the characteristic parameters in the heat transfer coef-
ficient distribution function is obtained by calculation. Compared with the methods
presented in the literature, this method reduces the number of unknown parameters
while ensuring the accuracy of the model, and gives guidance on how to change
the slab temperature and improve product performance by adjusting the structure
and operating parameters.

Key words: heat transfer coefficient, periodic cooling, positive half wave,
characteristic parameters, coupling relationships

Introduction

With energy shortage and environmental load increasing, energy conservation and
emission reduction and sustainable development have become global obligations and responsi-
bilities [1-4]. Iron and steel industry has attracted extensive attention [5], which is high energy
consumption [6, 7] and high emission [8-10]. Energy consumption of iron and steel industry
accounts for 10-15% of the total energy consumption in the world, and the CO, emission ac-
counts for about 7% of the total anthropogenic CO, emission [11]. In China, the total energy
consumption of iron and steel industry was 609.34 Mtce (millionn coal equivalent), which ac-
counted for about 20.18% of the total industrial energy consumption in 2018 landing at the top.
Moreover, the iron and steel industry has been facing serious overcapacity [12, 13]. According
to the statistics of World Steel Association, the global crude steel capacity utilization rate was
69.0% in 2016. Meanwhile, China’s crude steel capacity utilization was 74% during this period
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[14]. Because of the aforementioned reasons, it is necessary to further develop products with
high value-added and high quality due to survival and development of iron and steel enterprises
[15-17]. This means that the temperature field of metal materials, which affects the processabil-
ity of final products, become an important research content. The main processes of changing
slab temperature in casting rolling system include dephosphorization, laminar cooling, cooling
between rolling mill, ezc. which have obvious periodic characteristics. Laminar cooling system
(LCS) is a typical among them.

The LCS is the main way to realize slab rapid cooling in hot rolling strips [18-21].
In this process, slab cooling is divided into two areas, one is air cooling, and the other is water
cooling. In the air cooling, convection and radiation are the main heat transfer modes, which
occur between the slab surface and the air. In the water cooling, convection is the main heat
transfer mode, which can be divided into two regions (impinging zone and non-impinging
zone) after the cooling water impinges on the slab surface [22]. In impinging zone, single-phase
forced convection is the main heat transfer mode. Obviously, the slab surface temperature de-
creases rapidly due to the strong heat exchange between slab surface and cooling water. How-
ever, the slab internal temperature is still high due to time limitation of heat transfer process.
Therefore, there will be a large temperature gradient between surface and inside of the slab. In
non-impinging zone, boiling heat transfer is the main heat transfer mode. Quite evidently, heat
transfer process is weakened between slab surface and cooling water in non-impinging zone.

During the cooling process, the micro-structure of the metal formed by the decom-
position and precipitation of austenite is closely related to the temperature distribution, level
and gradient [20, 23]. While heat transfer boundary directly affect and determine the tempera-
ture distribution. Consequently, it is important to study on the heat transfer coefficient (HTC)
distribution pattern. However, it is difficult to be estimated by simple methods [24, 25], due to
the heat transfer mechanism of hot rolling strips in the LCS is complex. Presently, the methods
to obtain the HTC mainly include: experimental method, empirical method, semi empirical
method.

Experimental method is to obtain the HTC by inverse heat transfer algorithm based
on the measured slab temperature field data. Some scholars [26-29] designed experiment plat-
forms for analyzing the effects of different water flows, water temperature, nozzle interval,
nozzle height, etc. on cooling rate. Then, the conjugate method was used to establish the inverse
heat conduction problem model to achieve the cooling surface temperature, HTC and other
parameters, as well as the boundary conditions. The HTC distribution obtained by this method
reflects the comprehensive results of structural parameters and operating parameters. It cannot
give guidance to change the temperature field of slab by adjusting the structure or operating
parameters.

Empirical formula method refers to the complete expression of the HTC obtained
from literature, which is often used in numerical calculation [30-33]. Yi et al. [23] established
the 2-D slab heat transfer model, in which HTC was achieved by empirical formula from litera-
ture. The number of cooling water header groups and the water flux of each header group were
taken as control variables to adjust the temperature distribution of the strip. Jiang [34] obtained
the strip temperature trends for various strip thicknesses and ultra-fast cooling rates by numer-
ical calculation method. Re-reddening temperature, temperature deviation between surface and
center, and boundary-layer position changing law were also obtained. Meanwhile, the HTC
has been achieved by empirical formula. Empirical formula has certain applicable conditions.
When the calculation conditions exceed the applicable range, the calculation accuracy of the
model will be affected.
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The semi empirical formula method refers to the general expression of the HTC ob-
tained from literature, and the coefficient is modified according to the historical data of the re-
search object. Yu [35] used back propagation neural work combined with mathematical model
to work out the HTC of LCS of hot continuous rolling in water cooled region. The standard
deviation between the predicted and measured coiling temperature reduce 22.84%. Xie [36]
optimized the parameters of air/water cooling models by regressing the data gathering in situ,
and satisfactory effect was obtained. The coiling temperature can be controlled within £15 °C.
Compared with the empirical formula method, the semi empirical method increases the calcu-
lation accuracy of the slab temperature field model, and the slab temperature field can be ad-
justed by changing the parameters according to the influencing factors contained in the formula.
However, the problem of this kind of method is that when there are many unknown parameters
contained in the formula, the accuracy after fitting will be affected.

In these studies, different research methods are used to obtain the HTC. However,
there is one thing in common, that is they have no in-depth analysis of the common character-
istics of the HTC in periodic cooling process. Characteristic parameters of periodic function
reflect the common characteristics of a kind of process, not just one. In this study, a method for
obtaining the HTC of periodic cooling process is presented. Novelty of the method is mainly
reflected in: first, the distribution form of HTC is given first through process analysis, which is
a piecewise function composed of half wave sine and linear function; Secondly, characteristic
parameters in the piecewise function can be calculated by structural parameters or operating
parameters, which reduces the unknowns in the empirical formula. Thirdly, the obtained HTS
distribution function can provide guidance for adjusting the slab temperature by changing the
slab structure or operating parameters. Although less operating parameters are involved, it pro-
vides a way to change slab micro-structure and improve product quality. The method presented
by this study not only simplifies the solving process, but also provides a general method to
calculate the HTC for the production process which have the same characteristics.

Methodologies
Heat transfer model of slab

It is assumed that the temperature along the width direction of the slab is evenly.
Meanwhile, because of large width-to-thickness ratio of the slab, the heat transfer between the
external environment and the slab upper and lower surfaces are considered, while the sides of
the slab are considered to be adiabatic.

The differential equation of heat conduction in slab is established [37]:

pe, 2 280, 2, 0
or oOx\' ox) oy\ oy
where x, y [m] are the co-ordinate along slab width and height, p [kgm™] — the slab density,
A [Wm'°C'] — the slab thermal conductivity, and ¢, [kJkg '°C'] — the slab heat capacity.

Then, the slab thermal conductivity should be corrected according to temperature.
Meanwhile, the slab heat capacity should also be corrected according to temperature. The cor-
rection methods are shown in [38].

The initial conditions:

T(x,y)=T. (0<x<b; O0<y<H) 2

where T, [°C] is the slab initial temperature, b [m] — the slab width, and A [m] — the slab thick-
ness.
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The boundary condition is the third kind of heat transfer:

8T(y,z') B B
TIFHC— h(T,-T,) (3)

where 4, [Wm?°C'] is the HTC in the LCS, T, [°C] — the surface temperature of the slab,
and T7; [°C] — the cooling medium temperature of the LCS. It is the air temperature in the air
cooling, while it is the water temperature in the water cooling.

It should be noted that the slab conduction governing differential equation is discret-
ized by the finite volume method, and the additional source term method is adopted in treatment
of boundary condition. Then, alternative direction implicit iteration has been applied to calcu-
late slab temperature field.

-1

Acquisition of the HTC in LCS
Distribution function of the HTC

The LCS area can be divided into several local regions, which centered on each row
of nozzles. Additionally, the cooling water is sprayed downward at an angle through row of
nozzles in each local region. According to the spray shape of cooling water, the HTC of slab
surface can be assumed as a sinusoidal function or line function in each local region. Then, the
relative position of sinusoidal function between adjacent local regions is affected by the nozzle
spacing and slab running speed. There are three possible states

Firstly, the relevant variable should be introduced. The B [m] is the nozzle spacing,
v.[ms™'] is th slab running speed, ¢. [s] is the quarter period of sine curve, and ¢, [s] is the time
interval between two adjacent sinusoids:

— Disjoint

Disjoint will be happened when ¢, < B/A2v.). Therefore, HTC can be expressed as a
combination of sinusoidal and linear functions, as shown in fig. 1. Take n™ local region as an
example, the HTC:

2n—-3)B
hc,n,L %<TS[(2n_3)¢c+(n_l)¢0:|
hepw=1hns [(20=3)g. +(n-1)g, |<z<[2n-D)g, +(n-Dgp,] (4)
2n-1

h, & [(Zn—l)(oc+(n—1)(p0]<rs{(2n—l)(pc +%%}
. _ . where &, [Wm?2°C'] is the HTC in n™
) EThe o= ”] [ U310 } [The (n+ ”] local region, ., [Wm?2°C'] — the HTC

B row nozzle row nozzle row nozzle R . .

J J in section (1) (fig. 1) of n™ local region,
AN [ AN hc,n’L = han, L,co + han’L,ma hc,nL,co are the
// \ : // \ HTC in section (1) of n™ local region,
. | \ : | \ hc,n’L,co = 2-15(]:11»1,L - 7;)1/47 hc’n’L,m_ the I'adi-
| \‘_ Py & '1 \‘_ ation HTC in section (1) of n® local region,
:_ @ @ ! @ | : hc,n’L,m: 0-8[(7:4;»1,L + 273) + (7; + 273)] [(Tw’n’L
: . L LDy +273) + (T; + 273)], o — the black-body
U The(n-1" The n" ' The(n+1)" ! radiation constant, 5.67-10° W/(m?K*), ¢ —
local region local region local region the lab surface emissivity, TWL [OC] — the

Figure 1. The distribution of HTC in Disjoint state slab surface temperature of n local region
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in left, A,z [Wm2°C")] — the HTC in section (3) of n" local region. The computing method of
the .,  is the same as A.,;. The A,,, [Wm2°C"] is the HTC in section (2) of n™ local region,
Reps=Asin(w {7—[(2n—3)p. + (n—1) p]}). The A, [Wm=°C™)] is the amplitude of sinusoidal
function and w, [rads™] — the angular frequency of sinusoidal function.
— Adjacent

Adjacent will be happened when ¢. = B/(2v,.). Therefore, HTC can be expressed as a
sinusoidal functions, as shown in fig. 2. Take n™ local region as an example yet, the HTC:

h.,=A, sin{a)‘, [r—(2n -3)@]}, (2n-3)p, < <(2n-1)0p, (5)

— Cross
Cross will be happened when ¢. = B/(2v.). Therefore, HTC can be expressed as a sinu-
soidal functions, as shown in fig. 3. Take n" local region as an example yet, the HTC:

h.,=A. sin(a)c {r—[(Zn -3)p,—(n —1)%]})

{(2”’—3)%—M%}r{(zn_gg_(2”_1)%} (6)

2 2
In short, the HTC is composed of sinusoidal or linear functions along the direction
A
1 (The (n-1)" The n” The (n+1)" The (n-1)" The n” The (n+1)"
h. row nozzle row nozzle row nozzle . row nozzle row nozzle row nozzle
|
/o . /oD
\ | \
/ Lo\
.. \ \ ..
/ T \
[ £ I
t g ! } >
1 1 ! 1 1 T: T
The (n-1)" The n® The (n+1)" The (n-1)" The n* The (n+1)"
local region local region local region local region  local region  local region
Figure 2. The distribution of HTC in Figure 3. The distribution of HTC
Adjacent state in Cross state

of slab movement. The heat transfer intensity in linear function region is much weaker than
in sinusoidal function region. Therefore, sinusoidal function region will be discussed in the
following section.

A th
The characteristic parameters of H
the distribution function of the HTC

The characteristic parameters of sinusoidal
function include 4., o, and ¢., as shown in egs. (4)-
(6). Next, how to obtain these characteristic param-
eters from structural parameters, operating parame-
ters and experimental data is described:

— The calculation of w,

Take the n™ row nozzle as an example, as
shown in fig. 4, the w. can be calculated through
structural parameters of the LCS and slab running
speed (operating parameter).

RN

e ——————

Figure 4. The sinusoidal function
wavelength of the n'" row nozzle
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The relevant parameters in fig. 4 are described v. [ms™'] is the slab running speed,
S — the spray angle of the n™ row nozzle, [0, L/2] — the actual water cooling length with sinu-
soidal function (solid line) in the n™ row nozzle, [L./2, L.] — the virtual water cooling length
with sinusoidal function (dotted line) in the n™ row nozzle, [0, L.] — full water cooling length
with sinusoidal function in the n" row nozzle, and L, [m] — the full water cooling length with
sinusoidal function in the n row nozzle.

Generally, the sinusoidal function curve in the range of [0, L./4] is approximately a
straight line. Then 7. can be calculated:

L. 4H t
oL 4. tanp
v

(7
where 7. is the sinusoidal period when slab passes through the range of [0, L.] at the speed v.
[ms™].
— The calculation of ¢, and ¢.
The ¢, and ¢, determine the initial phase of sinusoidal function. The ¢, is a quarter of
the period of the sine function. The calculation formula:

T, H, tanf
¢c - 4 - Vc (8)
Then, the value of ¢, depends on the relative position of ¢, and ¢..
Disjoint:
B-2H_ tan 8 B
f/’o=—=2(——%] 9)
2 2v,
Adjacent:
P =0 (10)
Cross:
2H tan f—-B B
® :v—:2[¢"_2_J (11)

—  The calculation of 4,

The amplitude, 4., of sinusoidal function is affected by nozzle height, flow velocity
and spray angle. However, the quantitative relationship between 4. and these structural pa-
rameters is ambiguous. Consequently, test data and structure dimension data of the experiment
platform can be fully utilized. More concretely, the appropriate 4. can be achieved through
comparing slab temperature field test data with the heat transfer model calculation data. Essen-
tially, it is an optimization process.

Objective function of optimization:

minZn:(x,. —x!) (12)

where n is the number of detected data points, x; — the i moment temperature calculated by heat
transfer model, and x/ — the /" moment temperature detected by experiment platform.
Constraint equation:

4,50 (13)
Thus, the aforementioned parameters, w., @, ¢., and 4., have been calculated. Then,
the HTC of any relative relation can be achieved.
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Method validation ! !

According to egs. (4)-(6), the character-
istic parameters of HTC mainly include: angu-
lar frequency of sinusoidal function, @, initial

Nozzle

phase, ¢, and ¢., and sine amplitude, 4. The &
LCS platform, which can validate the effective- 8
ness of method, have been established in this L

study.

The slab size, structure size and slab run-
ning speed used in the experiment are shown
in fig. 5. The length of the cooling zone in the AL
experimental platform is 2160 mm. O) / / / / / / /CO

The surface temperature (ST) and center
temperature (CT) are measured at the position
of 1 mm and 13 mm away from the surface,
respectively. Three points are selected for ST measurement and two points are selected for CT
measurement. The positions of the ST measuring points are determined by average dividing
the width after removing 5 mm of the front and rear edges, respectively. The positions of the
CT measuring points are determined by average dividing the width. During the experiment, the
thermocouple was welded in the test position by drilling, and then filled with refractory mud.

Cold experiment on nozzle spray angle has been carried out. The experimental results
show that nozzle spray angle, f = n/12. Therefore, w., po, and ¢. can be calculated. Position
relationship between nozzles can be considered as Disjoint. The H. distribution in the water
cooling area is shown in fig. 6.

The ST and CT of slab obtained by model and experiment are shown in fig. 7

/
|
\

.

Drive chain—> v.=2 m/mm

Figure 5. Parameters in the experiment
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Figure 6. The HTC distribution along Figure 7. The ST and CT of the slab

the cooling direction

For ST of the slab, the relative error between the measured value and the model cal-
culation value is 2.46%. For CT of the slab, the relative error between the measured value and
the model calculation value is 1.33%. It can be concluded that the method to obtain the HTC
proposed in this study is feasible.

Co-ordination among the characteristic parameters of HTC

The method to obtain the HTC of laminar cooling is given in the previous of this study,
and the accuracy of this method is verified by experiments. Then there is another problem that is
most concerned in practical engineering. Metal material cooling process is often to control the
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end temperature to meet the next technological setting requirements. In order to satisfy the end
temperature, there will be a variety of cooling schemes, which are shown that the characteristic
parameters of HTC changes co-operatively in the heat transfer problem. Therefore, this study
makes a more in-depth analysis based on the previous experimental model.

The characteristic parameters of HTC include sine amplitude, angular frequency (or
sine period) and initial phase. The size of the sine initial phase is limited with the position of
the nozzle. So the sine initial phase and the sine period are correlation variables. The actual
independent characteristic parameters are sine amplitude and sine period. Period is affected
by the nozzle height and the slab running speed, as shown in eq. (7). In order to analyze the
problem conveniently, the slab running speed is converted into the cooling time, which can be
solved by the cooling zone length divided by the cooling speed. Therefore, the analysis of the
characteristic parameters of the HTC mainly includes co-ordination among the nozzle height,
sine amplitude and cooling time of the HTC.

In order to obtain the co-ordination, an optimization model of the slab was estab-
lished. Objective function can be expressed:

min(,, —1,,) (14)
where ¢, [°C] is coiling temperature calculated by model and ., [°C] — the arget cooling tem-
perature of the slab.

The decision variables in the optimization function are the slab running speed (or the
nozzle height) and amplitude according to different research contents.
Constraints:

T €(Tpins> T ) (15)

H. >0 (16)
where 7,,;, and 7,,,, [min] are the minimum and maximum cooling time of a certain type of steel
in normal production.

The optimization model is solved by sequential quadratic programming algorithm.
The solving process is realized by the fmincon function of MATLAB.

This study takes the heat transfer model, which is established on the aforementioned
method for experimental platform, to introduce the co-ordination among the nozzle height, sine
amplitude and cooling time of HTC.

The range of the slab running speed is 1~5 m/min in the experiment. The length
of the cooling zone in the experimental platform is 2160 mm. So the cooling time range is
25.90~129.60 seconds. The range of the nozzle height is 365~565 mm. In previous-mentioned
range, 0.1 second and 20 mm are taken as the steps of cooling time and nozzle height, respec-
tively to carry out optimization calculations. The sine amplitudes in certain conditions are ob-
tained, respectively. The function relationship among the nozzle height, the sine amplitude and
the cooling time can be obtained:

4, =-180.34+12188.17¢ "7 g7 (17)

The functional relationship between sine amplitude and period can be obtained by
taking eqs. (7)-(17) as:
A4 =-180.34+7147.36T "7 (18)
Conclusions

In this study, the distribution of HTC along the running direction of slab is character-
ized. The characteristic parameters can be calculated by structural parameters or operating pa-
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rameters, which reduces the unknowns in the empirical formula. While ensuring the calculation

accuracy of the model, the methods of changing the temperature field through the adjustment of

operating parameters and structural parameters are given. This provides a way for changing the
micro-structure of slab and improving product quality. Specifically, the following conclusions
can be drawn.

e Distribution of the HTC is a piecewise function composed of positive half wave of sine
function and line function. The general distribution forms of HTC in Disjoint, Adjacent and
Cross are obtained

® The characteristic parameters of the HTC include sine period, initial phase and sine ampli-
tude, whereas the initial phase is affected by the period. Their values can be calculated by
structural parameters, operating parameters and experimental data.

® The method to obtain the HTC has been verified by experiment platform. For slab ST, the
relative error between the measured value and the model calculation value is 2.46%. For slab
CT, the relative error between the measured value and the model calculation value is 1.33%.
Therefore, the calculation method of HTC fully meets the accuracy requirements in LCS area.

e Based on the HTC distribution obtained by this study, the co-ordination relationship among
the sine amplitude, nozzle height and cooling time are obtained.
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