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Temperature distribution in the reactor furnace is mainly operated by gas blowing from
multiple tuyeres and material charge distribution. The objective of our research is obtain
the optimal profile of gas flow to control temperature distribution in the reactor furnace in
the shortest possible time. We formulated the optimization problem to reduce deviation of

temperature distribution from its desired one in the reactor furnace. Based on the formu­
lation, gas blow conditions are optimized by a sequential quadratic prog:ramming method

to realize the desired temperature distribution. The validity of the method was checked

through numerical experiments.

1 Introduction

Reactor furnaces such as a blast furnace are playing

vital roles in the industrial systems. However, phenom­
ena inside of the furnace is complex and operation of
reactor furnace is a form that still depends on experi~

ence and intuition of skilled operators.

Since various changing factors, such as a flow of gas,

a chemical reaction, burn-through and anastomoses of
iron ore and movement of a filling, are entangled intri­
cately, the inside of reactor furnace has been a black
box till now.

Meanwhile, stable furnace operations and low cost

operation are expected in the actual work front. More­
over, automated operations are needed as decrementa­

tion of skilled operators and difficulty in finding 5UC-
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cessors.
In this research, we pursue the construction of con­

trol system for the reactor furnace. In other words,
the problem is matching temperature distribution in

reactor furnace to desired temperature distribution by
blmving in multiple tuyeres as boundary conditions.

First, the simulator for gas flow and temperature

distribution in the furnace was developed, which used
control factors as boundary conditions. This simulator

is made of simplified model that enables consideration
of heat transfer phenomena in reactor furnace.

And a sequential quadratic programming method is

used to control temperature distribution in a reactor
furnace. In tllis research, the control system which is

adapted the sequential quadratic programming method
and reactor furnace model was constructed. Temper­

ature distribution in a reactor furnace was iteratively
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2.2.1 Gas Flow Model

2.2 Mathematical Models [1][2]

(3)

(2)
1- < p

12 =1.75--­
c:3 D p

c: : Fractional void volume. p: Density of gas

Il. : Absolute viscosity of gas
D p : Diameter of material particle

(1 - <)2 Il.
II = 150 3 D2'

< P

2.2.2 Temperature Model

ViThere, V is velocity of gas flow. p is pressure, Re is

Reynolds number, !J and 12 are coefficients of Ergun

equation.

In gas flow, heat is conveyed with movement of fluid.
In other words, when fluid flow is rapid, a lot of heat
is conveyed along the direction. Since the same con­

dition holds for the inside of reactor furnace, gas flow

from tuyeres reveals much effect on the dispersion of

heat. Here, the mathematical model to find the gas
flow distribution is explained.

Ergun equation accompanying flow stress is adopted
as the equation to find the gas flow distribution. This
is described in equation (1) [3J.

av 1
7jt=-2Vp-(!J+12IVI)V+ Rel>V (1)

We think of gas and solid layer to find the results
of inner temperature distribution in reactor furnace.

Equation to find the gas temperature distribution in
reactor furnace is described by equation (3)

reaction with this carbon monoxide and pig-irom accu­
mulates in a blast furnace bottom. On the other hand,
blasts of hot air blown from tuyeres is discharged from
the blast furnace npper part.

E~~~~~Ingredient

In the following, the reactor furnace model will be
constructed assuming a blast furnace in steel works.
Besides, brief description of phenomena in the blast

furnace and the construction of mathematical descrip­
tion will be stated.

2 Reactor Furnace Model

When pig-iron is made from the iron ore, the furnace

called blast furnace is used. Diagrammic illustration of
blast furnace is shown in Fig. 1.

calclilated by this model. In the iteration, gas vol~

ume of Ilext iteration was decided by the sequential
quadratic programming method. Temperature distri­
bution in a reactor furnace was controlled by means of

these iterated calculations.

On one hand, there is a issue when it is difficult to

measure temperatures wholewhere in a reactor furnace.
Because of the above situation, we examined about the
control system limiting the number of instrumentations
for measuring temperature.

Pig iron ....

2.1 Temperature Distribution in Blast
Furnace

(4)

Fig. 1: Diagrammic Illustration of Blast Furnace

The height of blast furnace is about 40 meters and
the diameter of it is about 20 meters. Moreover, iron

ores and Cokes are charged by turns in it. Because
blasts of hot air of about 1200 degrees (e) are blown
from tuyeres equipped along the side of a blast fur­

nace bottom, cokes burns and carbon monoxide is gen­

erated. Iron ores is reduced in about 8 hours by the

Where, Tg is gas temperature, Ts is solid temperature,
Ag is gas tbermal conductivity and h is heat transfer

coefficient between gas and solid. Eq. (3) is made or
described based on the relation for heat conduction

adding heat advection in the first term of right-hand
side and the heat transfer between solid and gas in the
third term of right-hand side respectively.

Equation for the solid temperature distribution in

reactor furnace is described by equation (4)

aT, ()at = A,l>T, + k . Q + h Tg - T,
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o.oo-------~Where, As is solid thermal conductivity. Q is heat of
raw material by reaction and k is reactivity coefficient.

Eq. (4) is made based on equation of heat conduction,
too. Moreover, Eq. (4) is additively made the heat of

raw material in the second term of right-hand side and
the heat transfer between solid and gas in the third

term of right-hand side respectively.

2.2.3 Parameters for Equations

Fig. 3: reactivity coefficient Fig. 4: reactivity coefficient
of fine~grained materials of grainy materials

H No material

Fig. 2: Material Charge Condition

R : Gas constant. E: Activity energy

Q, (3, I : constant

Outlet zone

jj+1 t '----,

i+1
i~ll++++----j

1

l-cnf;;~r'F:r
1

21 nodes

x axis of the model is width direction and y axis is

height direction respectively. In a real furnace, since
the height is twice of the diameter, x direction has 12
nodes and y direction has 21 nodes. Moreover, material

charge nodes consist of 14 nodes. There are 4 tuyeres

in the bottom of this model and a discharge equipment
of gas flow in the top of portion.

~+-- 12 nodes----+i

Fig. 5: Two-dimensional Model

This paper uses Macro-Model that calculates two­

dimensional macro gas flow and temperature distribu­

tion using control factors, such as gas blow and mate­
rial charge as the boundary conditions of calculation.

Nodes assignment for two-dimensional model is shown

in Fig. 5.

3 Numerical Simulation of Tem­
perature Distribution

3.1 Two-dimensional Model [7]

(5)

(6)

Generally, reaction of raw material starts with high
temperature therefore reactivity coefficient k is enlarged

in high temperature. However, iron ores in raw mate­
rial are dissolved at abont 1300 to 1400 degrees (C) and

it is reduced to pig-iron. This reactivity coefficient k

fine-grained and grainy materials will be decreased af­

ter reduction and its characteristics are shown in Fig. 3,

Fig. 4 respectively [4][5][6].

k = -'::"'exp (-~) '{3Vk'
Dp R' Tg

1
k' = :-1-+-e-x-p{c,(""Y;-g---=1-=70"'0")'h'}

~H
)

In reactor furnace, raw materials are filled to the
height of two-thirds of furnace's height. The central
part of reactor furnace is filled with fine-grained mate~

rials to eased the reaction. And outside part of reactor
furnace is filled with grainy materials. Material charge

condition is shown in Fig. 2.

Fig. 3 shows the characteristics for reactivity coefficient

of fine-grained materials. On the other hand, Fig. 4
shows reactivity coefficient of grainy materials.

3.2 Solution Procedure for Simulation

Temperature distribution in reactor furnace is calcu­
lated by solving gas flow equation, gas temperature

equation and solid temperature equation simultane­
ously. In this paper, finite-difference approximation
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method is used to calculate of gas flow and temperature

distribution. Flow chart of the calculation is shown in
Fig. 6.

Gas flow calculation

V n +1

Fig. 8: Gas Flow
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Fig. 7: Pressure

Distribution
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Solid temperature calculation
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Fig. 6: Flow Chart of Calculation

Fig. 10: Solid Temperature
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The calculation is started using control factors, vol­

ume of gas flow, temperature of gas flow, material dis­
tribution in furnace, as initial conditions or bound­

ary conditions. The gas flow calculation is solved by
MAC method [8J. Gas flow and pressure distribution
are found by the gas flow calculation. Next, gas tem­

perature distribution is found by the gas temperature
calculation and solid temperature distribution is found

by the solid temperature calculation. These calcula­

tiOllS are continued until the convergence condition is

fulfilled. The convergence condition is described in
equation (7). As shown here, when the difference of

temperature between adjacent iterations becomes less
than the time interval of iterations, the convergence is

considered to be attained.

3.3 Numerical Simulation Fig. 11: Time Characteristics of Gas Temperature

Temperature distribution in reactor furnace is calcu­
lated by the method stated above. Gas volume of all

tuyeres is set at 2 units and gas temperature is set at
1200 degrees (C).

In the following, simulation results are shown. In

Fig. 7, the pressure distribution is shown, and in Fig. 8,

the gas volume distribution is shown. In Fig. 9, the gas

temperature distribution is shown and in Fig. 10, the

solid temperature distribution is shown.

The gas pressure decreases at the height where raw
materials are charged. And it is constant at the va­

cant area without charged materials. The gas flows

from tuyeres in the bottom to a discharge equipment

in the top. The gas temperature is high in the center
of reactor furnace, and is gradually decreased in the

direction to furnace wall. The solid temperature state
is closely similar to the gas temperature. However, the

solid temperature is slightly higher than that of the

gas. Further, time characteristics of the gas tempera­

ture is shown in Fig. 11. In early time, gas temperature

increases rapidly. Subsequently, it increases gradually.

FinallYl it becomes static state.
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gas volumes. Constraints are defined by equation (9).

4.2 Control Algorithm

21 12

I' = a, L L (Td(i,j) ~ T~(i,j))2
i=1 j=1

+ a2 max{I":;-' - "~I - a3, O} (8)

(9)

subject to

C~h(U) = U max - u~ ~ 0

C~h(U) = u~ - Umin 2: a

The sequential quadratic programming (SQP) method
is used to decide gas volumes. SQP method is one of

the effective methods for nonlinear programing prob­
lem. The dynamic optimization algorithm for temper­

ature distribution in reactor furnace by SQP method
is shown in Fig. 13.

Td : Desired temperature distribution}
u : Decision variables} h: Inlet zones 1---4

U max : Upper limit, l: Interval

'ltmin : Lower limit, aI, a2, a3: Constant
Here} value of coefficient a1 is set at 10-4 .

Td : Desired
temperature

Fig. 12: Control System for Temperature Distribution

Material

4 Control of Temperature Dis­
tribution [9]

Temperature distribution in reactor furnace is con­
trolled by gas volume of tuyeres. In this paper} tem­
peratuTe control system consists of furnace model and

sequential quadratic programming method. The struc­
ture of the control system is shown in Fig. 12.

To begin with, temperature distribution in reactor
furnace at a certain time is compared with the de­

sired temperature distribution. Then) gas volume of

next interval is decided by the temperature differences.

Further, the reactor furnace simulation by applied gas

volume is executed, and temperature distribution of
next interval is calculated. TernpeTature distribution
in reactor furnace is modified by these iterative calcu­

lations.

Start

Initial value U
Initial dildribution

Update of decirion variable
by SQP me~hod

Simulation of
temperature distribulion

'-;---:-::-<C Convergence
1=1+1 No

4.1 Control Method
End

Here} the problem matching temperature distribu­
tion in reactor furnace to desired temperature distri­

bution is formulated as an optimization problem.

Decision variables are gas volumes in inlet zones ~1

to ~4. Since the reactor furnace is operated for many
hours} gas volume is changed for some duration of plu­

ral iterations. Since the purpose of this research is to

match temperature distribution in reactor furnace to

that of desired temperature distribution} the objective
function is defined by equation (8). Eq. 8 is the sum

of square value of temperature difference in all nodes

and the constraints for gas volume variations. In this
problem} constraints are the upper and lower limit of

Fig. 13: Flow chart of control

To begin with, initial values of gas volume} gas flow}
each temperature distributions and material charge con­

dition are set. Then gas volume for next interval is de­
cided by SQP method. Decided gas volume is operated

to the reactor furnace to estimate temperature distri­

bution in reactor furnace. Estimated result compared

with desired temperature distribution. When the dif­

ference between them becomes smaller than one per­

cent, the calculation is finished. Till the convergence
condition is fulfilled, this procedure is iterated.



10 Kazuhiw Ishimaru et a!' MEtvl.fAC.ENG.OKA.UNJ. Vo1.38. Nos.l&2

1O'!cO---;c2----c'----c6,--~8 --coIO,--.J

iteration

~ I~ ~-=-:~~=.'~.~_~~~-=-~~-=-'=-~~

j 10' §~C"'~~~':;:-;~~~~::=:~==2
].10° ~T-~~"" ~::
o ~~=~=~ ------------

Fig. 17: Transition of Objective Function

Fig. 15: Desired

Temperature Distribution
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Fig. 14: Initial
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4.3 Numerical Experiment

Control of temperature distribution in reactor fur~

nace is calculated by the method shown in Fig. 13. Ini­

tial temperature distribution is shown in Fig. 14, and
desired temperature distribution is shown in Fig. 15.

all tuyeres become about 2 units. The objective func­

tion decreases at every iterations. When gases blow
as shown in Fig. 16, temperature distribution in the
reactor furnace gets close to desired temperature dis­

tribution. Temperature difference between desired and

optimized temperature distribution is 12 degree (C) at

the maximum.

Next, it is considered how lomg it takes time to
the achievement of desired temperature distribution.

When gas volumes are kept a constant, number of it­

erations is shown in Fig. 20.

Temperature distribution in reactor furnace is con­
trolled to attain the desired temperature distribution

by adding the operation of gas volumes of each tuyeres
to initial temperature distribution.

In the following, simulation results are shown. In
Fig. 16, the transitions of control variables are shown
and in Fig. 17, the transition of objective function is

shown. In Fig. 18, Optimized temperature distribu­

tion is shown. In Fig. 19, temperature distribution be­
tween desired and optimized temperature distribution

is shown.

\iVhen the transition of decision variables is seen,

gases of enormous volume are blown from all tuyeres in
early time. Then, tuyere 1 and 4 decrease slightly and
tnyere 2 and 3 decrease sharply. Finally, gas volumes of

2~681012

width {unit]

Fig. 18: Optimized
Temperature Distribution

Fig. 19: Temperature
Difference
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Number of iterations to the achievement of desired
temperature distribution is reduced to 50 percents by

dynamic operation.

Fig. 20: Calculated Iteration
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Fig. 16: Transition of Decision Variables
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5 Arrangement of Instrumenta­
tion

• :gas flow meter
• :pressure meter
• : thermometer

In actual blast furnace, it is impossible to measure

temperature everywhere in reactor furnace except outer
side of it. Since the central part of reactor furnace is at

high temperature and pressure, it is difficult to mea­
sure temperature in the center, and only temperatures
of outer side of reactor furnace can be actually mea­

sured. Because of the above situation, the problem is
the construction of the control system using limited

number of instrumentations. The structure of control

system is shown in Fig. 21.

•
z:U: + Ii}:.' Controller-

Model
"'>nr Y~ Estimation

Y and

.6u:
,
~

+ Optimization
", - y

Furnace varlalles

~

Fig. 21: Control System of Reactor Furnace

This control system is usable for the actual reactor
furnace. Total blowing gas volume is set to constant,

and outputs of reactor furnace are temperature, pres­
sure and gas flow observable only by limited instru­

mentation points. Temperature distribution in reactor
furnace is to be estimated and optimized from these

limited data. The sequential quadratic programming

method is used in the control system in the same way

as used in chapter 4.

5.1 Design of InstrUlllentation

Instrumentations are set up along the outside of re­
actor furnace. These are shown in Fig. 22. Thermome­

ters and pressure meters are set up at the inner side

wall of reactor furnace, and gas flow meters are set up

at the top of reactor furnace.
Measured values in reactor furnace are compared

with corresponding values by the simulation. Since
temperature of all nodes is known in simulation, tem­

perature distribution in reactor furnace is estimated

by knowing differences of these values. And then, gas
volume of tuyeres can be determined.

Here, this problem is formulated in the following.

stock line

Fig. 22: Instrumentations

Decision variables are gas volumes in inlet zones ~1 to

tt4. When these values are decided) temperature dis­

tribution in reactor furnace can be solved. Objective
function is defined by equation (10), and differences of

temperature, pressure and gas flow from instrumenta­
tions values are reduced. In this problem, constraints

are the upper and lower limit of gas volume and the

equation for total quantity of gas. These constraints
are written by equation (11).

f' = at I.:(Td - Tg)2 + a p I.:(Pd _ p)2
=,

subject to

Cih(U) = U max - u~ 2 a
C~h(U) = uh - Um;n 2: 0 (11)
, () , , , , C

C3h U = 1.£1 + U2 + U3 + U 4 =

Td : Temperatures of model, Pd: Pressures of model

Tg : Temperatures of furnace. P: Pressures of furnace
V d : Gas flows of model, V: Gas flows of furnace

at,. at, at: Weighting factors
71Lt : Instrumentations of temperature
m p : Instrumentations of pressure

71Lv : Instrumentations of gas flow
u : Decision variables, h: Inlet zones 1........ 4

U max : Upper limit, I: Interval

Umin : Lower limit, C: Constant

5.2 Numerical Experiment

Control of temperature distribution in reactor fur­

nace is calculated by the method shown in Fig. 2l.

Initial temperature distribution in reactor furnace is
shown in Fig. 23) initial gas flow distribution is shown
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in Fig. 24 and initial pressure temperature is shown in
Fig. 25.
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Gas Flow Distribution

Fig. 30: Optimized Pressure Distribution
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Fig. 28: Optimized

Temperature Distribution
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Fig. 23: Initial

Temperature Distribution
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Fig. 25: Initial Pressure Distribution

In the following, simulation results are shown. In
Fig. 26, the transition of decision variables is shown

and in Fig. 27, the transition of objective function is
shown. In Fig. 28, optimized temperature distribution
is shown and in Fig. 29, optimized gas flow distribution

is shO\vn. In Fig. 30, optimized pressure distribution is
shown.

When the transition of decision variables is seen, gas
volume of tuyere 1 and 3 are small and tuyere 2 and 4

are large in early iteration. Then, gas volume of tuyere

2 decreases slightly and gas volume of tuyere 3 rises

gradually. Finally, gas volumes of all tuyeres become
about 2 units. And total gas volume is kept a constant.

The objective function decreases at every iterations.
When gases blow as shown in Fig. 26, temperature, gas
flow and pressure distribution in the reactor furnace are

estimated.
When temperature distribution in reactor furnace is

measured in all nodes, the estimated temperature dis­

tribution is compared with it. The error between ac­

tual and estimated temperature distribution is shown
in Fig. 31.
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Table. 1: Measured Value of Final State

1 2 3 4 5 6 7 8 9 10
T(mr) 1195.1 975.2 765.2 561.6 1154.9 899.3 723.3 545.8 738.1 728.3
P(mp ) 0.167 0.137 0.109 0.103 0.167 0.137 0.109 0.103 - -

V(mv ) (0.109,0.356) (-0.109,0.356) - - - - - - - -

Table. 2; Initial Value of Instrumentations

1 2 3 4 5 6 7 8 9 10

T(mt) 1217.5 977.1 747.7 544.2 1139.7 877.2 706.9 530.0 715.2 706.5

P(mp ) 0.113 0.094 0.075 0.070 0.113 0.093 0.075 0.070 - -

V(m v ) (0.081,0.280) (-0.080,0.280) - - - - - - - -

P3 H 19 TlOT 7 t:t~~:Lf:f:···jl=t::j

peratures along the wall of left hand side decreased.

On the contrary that alomg right hand side has been
increased.

(Tabl" J) r=--,-=""'"
Measured Value of Final State

T70x ?6

T6-. ?5

I(F,g.22) Initial Value (Table 2).. ffimm'"VIV2
, • 8P4.

2~~

• r 10~ ~ 12
height [unit] o· ...............--:;~ 8 10

2width [writ]

Fig. 31: Error of Temperature

The error between actual and estimated temperature

distribution is less than 1 percent. Consequently, tem­

perature distribution in reactor furnace is estimated by

the control system.
Additionally} since the average temperature differ­

ence is expressed on iterations, equation (12) is defined.

Fig. 32; Error of Temperature

Value of l' is shown in Fig. 27. Since value of l'
decreases, it finds that estimated temperature distri­

bution is matching with temperature distribution in
reactor furnace.

Descriptions above are summarized in Fig. 32. The

components in Fig. 32 are Fig. 13, Fig. 22} Fig. 28}
Fig. 27 and Table 1, 2. Table 1 shows measured values

at initial state. Table 2 shows measured values at final
state.

At initial state, heat balance was shifted to left hand

side and desired heat balance is centralized. To at­

tain the desired distribution furnace center of heat was

moved to right hand side. As the r€Sule, measured tem-

In this paper} the model of reactor furnace consists of
gas flow, gas temperature and solid temperature calcu­

lation are described. And gas temperature} solid tem­

perature} gas flow and pressure distribution in reac­
tor furnace are calculated using this model. Moreover}
the control system in order to adjust to temperature

distribution of reactor furnace is studied using the se­
quential quadratic programming method. After opera­

tion of the conroI, temperature distribution in reactor
furnace is matching with desired temperature distribu­

tion. "Vhen gas volume is adjusted dynamically, neces­

sary time until temperature distribution in reactor fur­

nace is controlled to desired temperature distribution

is reduced 50 percent. AdditionallYl when the num-

1'=
1 21 12

252 L L(Td(i,j) - TJ(i,j))2
i=l j=1

(12) 6 Conclusion
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ber of instrumentations is limited} the control system
accompanied with estimation function of inner temper­
ature distribution is constructed. Temperature distri­
bution in reactor furnace is made sure by simulation.
However} optimization of the location of instrumenta­
tions has not been examined yet. Further} examination
about this will be made in the future.

Also} the construction of control system considered
the production of pig-iron is the important issue in the
future.
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