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The model of the installation
for hot galvanizing
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Abstract.

The mathematical model of the installation is offered for the hot zinc-plating, as an object
of adjusting of temperature of external wall of corps of bath. An algorithm for computation
of parameters on the set mode is developed. Computation of coefficients of mathematical
model 1is executed. Possibility of research of influence on dynamic descriptions of the
control object and a few revolting influences and structural parameters is got. Transitional
descriptions are got.

Keywords:
mathematical model
zinc-plating

object of adjusting
dynamic descriptions

This work 1s distributed under the terms of the Creative
Commons Attribution-ShareAlike 4.0 International License 3 2 1
(https-//creativecommons.org/licenses/by—sa/4.0/)
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Introduction. One of the first and important stages in
the construction of automatic control systems (ACS) 1is
obtaining a mathematical model that describes the behavior of
the control object (CO).

The use of mathematical dependencies allows you to conduct
design work on the development of the ACS at the stage of
development of the CO. Knowledge of the dependence of the
properties of the CO on the structural characteristics can be
used for some changes in the design of the object in order to
improve its properties as an CO. This approach allows you to
select the law of operation of the automatic regulator and
calculate the parameters of the adjustment of the regulator.
It is especially important that there is an opportunity to
conduct research on the operation of CO and ACS when
simulating emergency situations, which are dangerous to
conduct at a real facility.

Nowadays, microprocessor control systems are becoming
more and more widespread, and the use of adaptive systems,
which use mathematical models of CO, is becoming a real
problem. The wuse o0f mathematical models of CO in the
development of ACS 1is beneficial from an economic point of
view. The relevance of using mathematical models is confirmed
by the fact that more and more works are devoted to their
development and use [1,2,3].

The purpose of the work. The development of such
mathematical dependencies that allow obtaining curves of
transient processes of parameters characterizing the course
of the technological process of hot-dip galvanizing,
performing comparative studies of the influence of disturbing
and regulating actions and design parameters on the dynamic
properties of the bath as an OR, investigating the nature of
transient processes when changing the energy supply from the
heater, when galvanizing products are immersed in a bath, the
influence of the mass and surface area of products and other
disturbing actions.

Presentation of the main material. When performing the
mathematical description, it is assumed that the coefficients
of heat transfer and heat output do not change when the
temperature changes and are assumed to be equal to their value
at the average value of the temperature in the steady state.

To compile a mathematical description, we used the heat

This work is distributed under the terms of the Creative
3 2 2 Commons Attribution-ShareAlike 4.0 International License
(https.//creativecommons.org/licenses/by—sa/4.0/).
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balance equation for individual areas participating in the
thermal process in the stationary mode:

Q. =0y Q3=0; (1)
Q: =05+ Q5 Qs =0,

where Qi, Q2, Q3, Q4, Qs Qs — the amount of heat (or 1its
consumption) supplied (removed) according to the zinc melt;
spent from the bath; which 1is diverted from the heating
elements,; which is supplied from the heating elements to the
lining and the outer wall of the bath,; which is lost to the
environment in the stationary mode.

The equations of system components (1) have the following
form:

Q,=0Q7;+Qs+ Qg+ Q0+ 011+ Q12 (2)

where Q;, Qs, Qo, Qio, Qi1, Qiz — the amount of heat at steady
state, which is spent, respectively, on heating products and
equipment when Iimmersed in molten zinc; which is 1lost by
radiation from the surface of the zinc melt,; which is consumed
by convection from the surface of the zinc melt,; due to short
circuits,; through the foundation surface; on losses with the
alr mixture above the bath surface.

Heat transferred from the inner surface of the bath wall
to the zinc melt:

Ql = (tco - tzo)Fc/(5c//1c + Sz/lz)r (3)

where t.,, t,, — the temperature of the outer surface of the
wall and the zinc melt in the stationary mode, respectively;
F. — area of the wall covered with zinc; 6., S, — the thickness
of the bath wall and the layer of molten zinc; A,, Ac. — thermal
conductivity of zinc melt and steel wall.

It should be noted that the heater elements are installed
on all four walls of the bath stove, and in the places that

This work 1s distributed under the terms of the Creative
Commons Attribution-ShareAlike 4.0 International License 3 2 8
(https-//creativecommons.org/licenses/by—sa/4.0/).
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are located closer to the corners of the bath, the heating is
more 1intense, which complicates the calculations and 1is
planned to be investigated at further stages. In the work,
when calculating the heating of zinc, it is conventionally
accepted that the heaters are installed only on two opposite
walls, which have a total length equal to the perimeter of
the bath. Under these assumptions, the plane Fdz of the mirror
of the molten zinc and the amount of heat transferred are
conserved.

The form of equation (3) for determining the heat supplied
from the wall of the bath to molten zinc within the framework
of metallurgical engineering is formulated in the form of
heat conduction equations. Molten metals have high thermal
conductivity and provide high convective thermal conductivity
at low speeds due to the value of the thermal conductivity
coefficient, which minimizes the resistance of the boundary
layer.

The heat transfer from the heater to the outer wall Q;
and to the lining Q; is calculated as that which passes through
radiation. The amount of heat transferred from the heater to
the outer wall of the bath is equal to:

Qs = kco(sp[(THo/loo)4 — (T.,/100)*]F,, (4)

where k=1,16 - coefficient that takes into account heat 1loss
[6]; co=5,67 W/(m? K?) - absolute black body transmittance
coefficient; §3=efl+s£1—], — the transmittance coefficient
from the heater to the outer wall is given; ¢;, €2 — the degree
of blackness of the heater and the outer wall, respectively;
Two, Teo — heater and wall temperature, respectively.

The heat supplied to the lining from the heater is equal
to:

Qs = kcoep1 [(Too/100)* — (T, /100)*]F, (5)

where &,; =¢el+e'—1 - the transmittance coefficient from the
heater to the liner is given,; €3 - the degree of blackness of
the inner wall of the 1lining; Ff - the plane of the inner
surface of the lining that is heated.

This work is distributed under the terms of the Creative
3 2 4 Commons Attribution-ShareAlike 4.0 International License
(https.//creativecommons.org/licenses/by—sa/4.0/).
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Heat emitted from the lining to the environment:

_ (tfo_tno)an
Q6 - 6Sh+5d|80b| 1 ! (6)

Ash Ad Aob  @xob

where Osn, &4, Oob, Ash, A4, 2Aop — thickness and thermal
conductivity of fireclay and diatomite linings and cladding,
respectively,; oxop— coefficient of heat transfer from the

cladding to the environment,; Fg — the plane of the outer
surface of the lining.

To determine the effect on the temperature of the zinc
melt of the heat consumption Q; supplied to the product, the
formula was used:

Q%zCB'mB'(tgo_tkl)o)l (7)
where tb , tl - the temperature of the zinc melt and the product
before galvanizing; Cgzm, - heat capacity and mass of the
product.

In all other cases, the calculations were carried out
according to the heat transfer equation from molten zinc to
the product immersed in zinc:

2 _ Fp(tzo—tio)
Q7 = S0/ 7 (8)
where Fp, — surface area of the product, which depends on the

shape and size of the product; tj,— temperature of the surface
of the product on the thickness 0,001..0,005 m; Sy, A4, - area
and thermal conductivity of the material of the product.

The use of the surface temperature of the product is
explained by the fact that the quality of the galvanizing
process depends on the value of this temperature.

Heat supply from the outer wall of the bath to zinc:

_ (tco_tuo)FC
ch.o - 50//16_'_5“//1“/ (9)
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where 8,A, — thickness and thermal conductivity of the wall;
SywAy — thickness and thermal conductivity of the zinc layer
between the wall and the product.

In the non-stationary regime, dependencies (1) are
violated, which leads to a change in time of the corresponding
temperatures in each section. The dynamics equations in the
absolute deviations of the variables have the following form:

(Comg + Cy(mf + my) + Coome, + Clom,.,,) (d4t,/dr) =
=A4Q.; — A0z — AQuyrp — AQuous — AQus — AQros . cyis
CopMy,y(dAt./dr) = AQ... — AQ.,;
Cum,,(dAt,/dt) = 4Q, — 4Q.., — 4Q..p7 (10)
(Cymy + Cemogy) (dAty/dT) = AQy — AQy aorcs
CBmB(dAtB/dT) = AQLLBZ

where At,, At., At,, Aty, Aty - absolute deviations of
temperatures from their values at steady state; C - heat
capacity of the corresponding areas; AQ; — absolute deviations
of heat.

Components of the right part of system (9) are functional
nonlinear dependencies of variables:

AQL[B]. = fl(Atu'AtB’AmB); AQL[BZ = fZ(AturAtB);
AQBMTp = f3 (AtI_I’AtHaBK); AQKOHB = f4(AtI_VAtHaBK);
AQuanx = f5(Aty Atyan) i AQus = fo(Atuani);
AQHOB . CyM = f7 (AtHOB .CcyMm’ AtHaBK’ AmHOB .cyM); ( 11 )
AQHC = f8(AtH'Atc); AQCLL = f9(AtulAtc);
AQy = f10(4PR,); AQH@ = fll(AtH'Atd)) .

System (10) after linearization of dependencies (11) and
taking into account only the effects of regulating APy
(changes in heater power) and disturbing Amy; (immersion in
molten zinc of the product) actions, in the operational view
for absolute deviations of variables, looks like this:
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T,(dAt,/dt) + Aty = K1 AP, — K, At — K 3 Aty ;
T.(dAt./dt) + At, = K., At, — K, At ;
Tp(dAty/dT) + Aty = Ky Aty (12)
T,(dAt,/dT) + At = K, At, — K, At, — K, 54my,;
T,(dAt,/dr) + At, = KAty

where Ty = Ay/By; T. = A./B.; Ty = Ay/By; Ty=Ay/By; Ty = Ay/By — time
constants, respectively, of the heater, bath walls, lining,
bath with zinc and products; K,;; K.,; K.,5; K.;; Koo K7 Kyp7
K.,,; K,3; Ky — transmission coefficients on the corresponding
input.

The calculation of time constants and coefficients of
system (11) is performed according to the following
dependencies:

Ay = Cmy + Cy(my +my) + Cmy + Coome; Ay = Cymy;
Ay = Comy + Ccmgy i Ay = Cymy;

3] a 0 BUT 0 KOHB
Bu=<_ ch+ QE2+Q p+Q );

at, oty at, at,
_ anu _ aQHC . _ aQHC aQH@ .
B. = dt. at. B, = Aty T at,
Q).
0Quanc _ 9Qu Qs B B, (0Qs2/0t5) (0Qq1/0my)
By = aty atf; BT ath; K= éu Ky = ;u ;
80,../dty 8Q, /0t
K., = QQc/0), — (o/on),
B, B,
_ (0Q,/0R)
Ko =g
H
K =(8an/atc).K =(8Qﬂ(b/atq)).
H2 —BH 1 Ru3 —BH ’K :(6Q¢/6tH)_K :(aQBz/atu)
ot By P By ’

According to the system of equations (12), a structural
diagram of the bath was developed as a function of the
temperature t. of the outer wall of the bath. The structural

diagram showing only two (main) input actions - the
controlling AP, and one of the disturbing ones - Amy; is shown
in Fig. 1.
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Figure 1

Analysis of the obtained results. In the paper, it 1is
customary to compare the deviation of all temperatures
relative to the temperature t,, = 460°C, which is maintained
during galvanizing.

Basic values of heater power AP, = 105 kW, mass of products
Amy = 2000 kg. Data for calculations were selected from
[4-8]. Numerical data and consumption of bath heat from paper
[8].

Temperatures: zinc melt during galvanizing 4600 C9,
products entering galvanizing (50-80) C9 environment in the
room 200C%, =zinc melting 4200CO.

To calculate the coefficients of the system (12), it 1is
necessary to first determine the values of the variables at
the set mode.

In fig. 2 shows the curves of transient processes of
heating the bath from a cold state.

In fig. 3 shows the curves of transient temperature
processes when products are immersed in a bath.

It can be seen from the figures that the time of transient
processes in all variables is close. This is explained by the
mutual dependence of all areas presented in the model. When
the wvalue of the time constant of the area decreases, the
parameter corresponding to it changes at a higher speed and
by a larger amount, and then a slower transition process
occurs, where the temperatures change at a low speed due to
mutual influence through the feedback of more inertial areas
to less inertial areas.
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The introduction of non-zero initial conditions

correspond to preheating. If the products are immersed in the
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bath, the change in temperature depends on the preliminary
heating and on the power given by the heaters. The largest
decrease in temperatures is when the heaters are turned off,
the smallest is when the power of the heaters more closely
matches the loading of the bath with products. In fig. 3 shows
transient processes when the bath is fully loaded, and the
power of the heaters 1is less than the maximum and that
required to maintain 4600 C°. The temperature of the products
rises to the value of the temperature of the zinc melt and
then changes according to the same law as the temperature of
the melt. Quantitative changes can be seen from fig. 2, 3.

Conclusions:

1. The proposed mathematical model allows obtaining the
dynamic characteristics of the Dbath as an object of
temperature regulation of the outer wall, zinc melt, lining
and product.

2. It was possible to develop systems for automatic
regulation of bath technological processes both at the early
stages of design work and in parallel with work on a full-
scale object, especially when studying work in emergency
situations.

3. The influence of controlling and disturbing actions on
the nature of transient processes has been established.

4. It is possible to refine the model based on natural
experiments. The refined mathematical model can be used to
improve the properties of the bath as an object of regulation
by introducing the necessary structural changes.
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