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A method of optimum temperature determination in a contact reactor for
the oxidation of sulfur dioxide, produced by burning hydrogen sulfide, to sulfur
trioxide is described. On the basis of the equation of reaction rate and material
balance, some general relationships between the temperatures in reactor and
furnace for H,S burning and other quantities (concentration, gas flow, air
temperature, and degree of conversion) have been derived. These relationships
are founded on plant experiments and have been linearized. The coefficients of
linear relations have been determined by regression analysis. The method may
be used for optimum control of sulfuric acid production or other chemical
productions.

OnucaH METOJ ONpEJeNieHUs] ONTHMAalbHbIX TEMNEpPATyp B KOHTAaKTHOM
peaxkTope st OKUCIIEHHUS AIBYOKHCH CEPbI, OJy4aeMOi CXXUTaHHEM CEPOBOJIO-
popa, B TPEXOKHCh cepbl. Micxons U3 ypaBHEHHMs CKOPOCTH XHMHMYECKOH peak-
UMM M MaTepualbHOro 6anaHca, BbIBEEHbI OOLIME COOTHOLIEHMSI MEXAY
TeMrepaTypaMHi B PeakToOpe M B Medd Ans cxkuranus H,S, KOHUEHTpauuew,
MOTOKOM ra3sa, TEMNEPATYpOH BO3[lyXa U CTENEHbI0 KOHBEpCHH. COOTBETCTBY-
IOILME COOTHOLIEHUS! ObIIM HalIeHbl HA OCHOBAaHWM NMPOU3BOJICTBEHHbIX H3Me-
peHMi ¥ IpeBpallieHbl B TMHelHble (pyHKUUH. K0oaddHuueHTh NpsMbIX ObLIH
onpefesieHbl IpY MOMCLUM KOPPEJSLMOHHO! CBA3H. METON MOXHO HCIOJb30-
BaTh IS ONTHMMAJILHOTO YIPAaBJIEHUS NPOM3BOACTBOM CEPHOW KHCIOTBI HMIIM
APYrMX XMMHYECKHUX MPOU3BOJCTB.

The waste gas from crude oil processing is used for the production of sulfuric
acid. Hydrogen sulfide is oxidized in a furnace to give sulfur dioxide which is led
through a contact reactor where it is oxidized on contact substance to yield sulfur
trioxide..On passing through the first, second, and third layer of catalyst, the gas is
cooled to the required temperature by introducing cold air (Fig. 1).

Theoretical

In this case a mathematical model must be set up for the process of SO, oxidation
(Fig. 1). For varying and non-controlled quantities C,, w, and T.; (concentration
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Fig. I. Block diagram for SO, production from gas containing H,S.
I. Burning furnace for H,S ; 2. steam generator; 3. contact reactor.

of gaseous H,S, amount of H,S fed into furnace, and air temperature, respectively)
it is necessary to find out such values of T,, T,, T;, and T, (temperatures of gas
corresponding to the inlet into the first, second, and third layer of catalyst and
temperature in furnace) that X, i.e. the degree of conversion, is maximum.

The mathematical description of the i-th layer of catalyst with air feed (Fig. 1)
assumes the following form [1]

X
i

dx (1)

[ aT*P, ( X ) 1-0.5aX

273 kT \X.— X/ b—-0.5aX
Xii
The process proceeds in the layer adiabatically and the temperature changes
linearly with the degree of conversion

T — Tiizl(Xi!_Xii) (2)

The meaning of individual symbols is as follows: T* — absolute temperature [K],
P, — atmospheric pressure, P — pressure in a layer of catalyst, T; — initial
temperature of a layer of catalyst [°C], T; — final temperature of a layer of catalyst
[°C], A — change in the degree of conversion AX = 1 under adiabatic conditions, X
— initial degree of oxidation in a layer of catalyst, X; — final degree of oxidation in
a layer of catalyst, 7 = V,/ V, — fictitious contact time [s], 2 — initial content of SO,
in gas mixture [volume fraction], b — initial content of O, in gas mixture [volume
fraction], V. — volume of catalyst [m’], V, — volume flow of gas mixture passing
through catalyst referred to normal conditions [m® s7'], k =k, e ® — rate
constant. For equilibrium it holds [1]
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where P is the gas pressure at catalyst [Torr] and K. is equilibrium constant
~ (temperature function) [Torr™**]. The degree of conversion does not change
between layers

Xif::X(i+l)i ) (3)

If cold air is introduced between layers, the temperature of reaction mixture
changes according to the equation
V*

T(iu) i=Tut V (Tif_ Tair) (4)
i+l

Simultaneously, the composition of reaction mixture changes according to the
following equations

Vv,
ai+l_Vi+lai (5)
\4 ’
b,~+,=0.21—‘-/_ (0.21-5b)) (6)

The individual symbols denote : T,, — temperature of cold air [K], V; — volume
flow of reaction mixture in the i-th layer referred to normal conditions, V.,
— volume flow of reaction mixture in the (i + 1)-th layer after introduction of cold
air referred to normal conditions, the sign (*) signifies that the volume flow is
referred to normal conditions.

If a real contact reactor is investigated, the amount of catalyst in layers and the
volume flow of reaction mixture through the i-th layer per unit time are known.

Thus, the contact time in the i-th layer may be determined from the expression

ri#%f,: (7)

where O, V;, and & are the volume of contact substance in the i-th layer [m’],
volume flow of reaction mixture passing through the i-th layer referred to normal
conditions [m® s™'], and effectivity factor [2], respectively. If we calculate 7; from
eqn (7), we are able to determine the final degree of conversion in the i-th layer X
[3] by means of eqn (1) and tables for the preset values of a;, b;, T, and X.
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For overall contact time it may be written
r=>.% (i=1,2,..,m) (8)
i=1

It is obvious from eqns (1), (2), and (7) that T, a,, b,, and V, predominantly
influence the degree of conversion in the first layer while the degree of conversion
in each subsequent layer is affected by the initial temperature of reaction mixture in
front of the layer which is given by eqn (4) and depends on the amount and
temperature of the air let in.

In view of the material and heat balance of a furnace for burning H.S, it may be
proved that the content of O, in gas is governed by the equation

b=21(l—L)—{M+[I.S—O.IOS<I i)]}a 9)

100 . 100

where C, is the content of H.S in gas [%] and d is the content of H,O in air [%]. On
the other hand, the content of SO, in gas is given by the following equation

a= To~ T (10)
T;'__&+LL+ 167.3
C 200 -

where T,, T, and T, are temperatures of gas in burning zone of furnace, air, and
gaseous H,S, respectively [°C].

It ensues from eqns (9) and (10) that the temperature in burning zone of furnace
can principally characterize the composition of the gas flowing into the first layer of
contact substance.

Practical

All quantities operative in the processes involving SO, transformations may be divided
into: a) controlled, b) non-controlled (actuating quantities or disturbance quantities).

The investigation of the effect of these quantities on the oxidation of SO, may be carried
out, provided the mathematical description of this process is available, by the method of
finding the optimum in a mathematical model of this process with successive transmission of
the optimum from model to real object. '

The Box—Wilson method was used for finding the optimum in the model.

According to eqns (1), (2), (9), and (10), the variables Ty, T,, T,, and T, belong among
controlled quantities whereas the variables C,, w, and T,, are nom-controlled quantities
according to eqns (1), (7), (9), and (10).

Table 1 contains the values of Ty, T,, T,, T,, C,, w, and T,, which were obtained in
a plant producing sulfuric acid by wet catalysis. At the same time, the values of controlled
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and non-controlled quantities as well as the values of T., a, and b are presented. As obvious
from Table 1, the investigated region represents a relatively small portion of response
surface, which enables us to describe the dependence of the degree of conversion on
controlled parameters by the following linear relationship

Xzf(TFv T,,T,, T (11)

The linear character of regression equations for four controlled parameters allows to use
the matrix for scheduling experiments of the type 2%, i.e. 2*'; g being the number of
variables.

The aim of further work was to detect the effect of non-controlled parameters on
controlled parameters which may be represented by the linear relationship

L=1(Ci,w,Ta) - (12)
(i=F,1,2,3)

Table 1

Average values of controlled and non-controlled parameters in the period of one month

Basic value Interval of U.pp_er Lf)w.er
Parameters . limit limit
0 fluctuations
+1 -1
Controlled parameters
Tr [°C] 920 80 © 1000 840
T, [K] 717 15 732 702
T> [K] 781 20 801 761
Ts [K] 765 15 780 750
Non-controlled parameters
(disturbances)
C, [% volume] 90 7 97 83
w [m*s™'] 0.047 0.013 0.06 0.034
Tair [K] 295 10 305 285
T. [°C] 30 S 35 25
a [% SO, 5.9 0.1 6.0 5.8
b [% O,] 11.05 0.15 11.2 10.9
For limitation
1. Controlled parameters
Te=1000°C T:=840°C T-=801 K T-=761 K
T,= 732K T,2702 K T:=780 K =750 K
2. Non-controlled parameters
G= 97 = 83
w= 0.06 w = 0.034
T, =305 T, =285
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Similarly, the matrix for experiment scheduling, used for non-controlled parameters, may
be represented by a form of the 2°7' type. The coefficients in eqns (11) and (12) were
determined from the following equation [3]

_u=1
b = — (13)

where u, N, i, and Z,, stand for experiment number, number of the experiments performed,
index denoting variable parameter, and code-character in scheduling matrices, respectively.

While the non-controlled parameters are preset by each line of scheduling matrix, the
scheduling matrix for the controlled parameters was set up on a digital computer MINSK 22
(Department of Computers, Slovak Technical University, Bratislava). The results of these
calculations are given in Table 2.

If we use the data of Table 2 and eqn (13), we obtain the equations giving the dependence
of the degree of conversion on controlled quantities for all four experiments expressed in
terms of the matrix for non-controlled parameters

X,=a,+b,Te+c,T,+d,T,+e,T,

X,=a,+b,Te+c,T,+d, T, +e,T,
X,=a,+b.Te+c;T,+d, T, +e,T, (14a)
X,:a,+b,rg+c4Tl+d4T2+e,T,
The coefficients of eqns (14) were calculated on a computer MINSK 22
X,=0.769025—0.3787499 T+ 0.022875 T, +0.02287499 T,+ 0.024625 T,

X,=0.88540—0.02550 T+ 0.01600 T,+0.01324999 T,+ 0.01224999 T,
(14b)
X.,=0.77365—0.03874999 T.+0.02350 T, +0.02225 T,+ 0.2449999 T,

X,=0.875525-0.02762499 T.+0.17375 T,+0.014375 T,+ 0.01387499 T,
Table 2

Results of the scheduling matrix for controlled parameters and fixed non-controlled parameters preset by
the values of each line in the experiment scheduling matrix [1]

u 1 2 3 4

/| 0.7989 0.9029 0.8029 0.8949
2 0.7079 0.8499 0.7129 0.8369
3 0.7048 0.8409 0.7069 0.8269
4 0.7129 0.8459 0.7169 N 0.8329
5 0.8309 0.9309 0.8369 0.9239
6 0.8299 0.9219 0.8359 0.9159
7 0.8329 0.9199 0.8369 0.9139
8 0.7338 0.8709 0.7399 0.8589
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The conversion may be expressed as a function of controlled and non-controlled
parameters as follows

X=(A,+B,T,+C,T,+D,T,+E,T,))+(A,+B,T.+ C,T, + D,T, + E,T;) C, +

+(A;+B,T:+C,T,+ D, T,+E,T,) w+ (A, +B,T.+ C,T,+ D,T,+ E,T,) T

air

(15a)
The coefficients of eqns (/5) were calculated on a computer MINSK 22
X =0.82590—0.0324374 T.+0.0199375 T, + 0.0181875 T,+0.0188125 T, +
+(0.00131249 +0.00074999 T+ 0.00050 T, —0.000125 T,—
—0.00037499 T;) C,+(—0.0556249 — 0.00587499 T+ 0.00325 T, +0.00437499 T, —
—0.00575 T;) w +(0.00362499 + 0.0003125 T; —0.00018749 T, —
—0.0004375 T,—0.0004375 T5) T, (15b)

Results and discussion

The calculation was carried out according to the mathematical model of the
process of SO, oxidation described by eqns (15) on a computer MINSK 22. The
course of X calculated from eqns (I—10) as well as the course of X calculated
from eqns (/5) on a digital computer MINSK 22 and on an analogue computer
AP-3 is presented in Fig. 2.

Fig. 3 shows the course of conversion X ..., Xana, and X, for a process executed
in a plant where the proposed method of optimum control as well as a comparison
of the model accuracy with reality was tested. X ... is the conversion measured by
the Reich method in unit operation, X, is the conversion calculated by analytical
procedure from eqns (I—10), and X, is the conversion calculated on the basis of
linear model according to eqns (/5). Furthermore, the course of optimal conversion
X calculated from the linear model of process is depicted in Fig. 3. It appears that
the model of process according to eqns (15) is relatively accurate in comparison
with reality and the optimum process control enables us to raise the conversion by
about 2.5%.

Optimum control of chemical technological systems with
model coefficient correction

The model coefficients vary owing to the change in catalyst characteristics. If we
want to calculate the optimum values, we must respect this change (Fig. 4).
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Fig. 2. Course of the degree of conversion (X, — calculated with digital computer; X, — calculated by
analytical method ; X, — calculated with analogue computer).
Input parameters are given in [3] and have been measured in plant operation.
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Fig. 3. Course of the degree of conversion (X,... — conversion obtained in plant operation; X,

— conversion calculated from eqns (/—10) analytically : X,,, — conversion calculated on the basis of

linear model for non-optimum control; X, — optimum conversion calculated on the basis of linear
model for optimum control).

Chem. zvesti 32 (2) 276-286 (1978) 283



D. CHMURNY

Cqlw 1

measured
quantities
ZAT
1
_.l . 1:_
1Y = AT Sy
T,Lq mi m?'sl
|Xm- XC|=A1
original CF
C,
Y ]
Fal— eqn (15b)
T1 —_— ._J
b e
e
b Sa—
4
—
{ 4,< FemaxiX X )l Jap=maxXesX |
Y

Fig. 4. Block diagram illustrating the optimum control of chemical technological processes with the
correction of model coefficients.
1. Burning furnace for H,S; 2. steam generator ; 3. contact reactor ; CF — criterion function.

Consider the mathematical model of a process described by the equation
X=HTe, T\, T,, T3, T4, T5, C,, w, T.ir) (16)

During a selected time interval we measure n values of each variable and
substitute the resulting average value
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Fig. 4 (Continued)

2 Zi=LZin

i=1

S =

koeﬂicients

into eqn (16). Since the model coefficients are dependent on time, the average
value X, will not be likely equal to the calculated value X|..

If the difference

|X1m_X1c|=Al

is smaller than the highest acceptable deviation

6, =max | X,n— X,

we may use the original criterion function for the calculation of optimum values.
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Provided A, >, we must calculate new coefficients. According to the method of
multiple linear regression, we shall search for the minimum values of the following
expression

E;=> [X;i—(ao+aiTe+a,T,+a;To+a;sTs+asT,+
i=1

+asTs+ a,C, + asw + a,T.))]* = min

From the condition of minimum

3E
day;

(k=0,1,2,...,8), (i=1,2,..,8)

=0

we obtain normal equations for the calculation of new mathematical model
coefficients and thus, we can substitute the model with new coefficients into
criterion.

These coefficients should satisfy the following condition
A, <9,
The calculation must be continued until the validity of this condition is achieved

A,>0,
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