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A METHOD OF CONTROLLING A EYDROFORMYLATION REACTION

The present in§ention relates to a method of
controlling production ratio of normal aldehyde and
iscaldehyde of a formed product by controlling the
partial pressure of CO in a reaction system, in a
hydrbformylation reaction wherein an oxo gas containing
hydrogen and carbon monoxide (CO) and an olefin.

A process has conventionally been adopted wherein an
aldehyde containing normal aldehyde and isoaldehyde is
formed by a hydroformylation reaction of which raw
material is an oxo gas and an olefin. 1In thié process, a
;e;hod has been known wherein the production ratios of
normél aldehyde and isocaldehyde (hereinafter production
ratio of aldehyde) is controlled to desired values, by
controlling the paxtiél pressure qf CO in a recycled gas
by adjusting the partial pressure (concentrétion) of CO
in the oxo gas.

Figure 1 sths a system diagram as an outline diagram
of a general process wherein the hydroformylation

reaction is berformed.' In Figﬁre 1, the system is
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provided with a hydrofdrmylation reactor 1 and a
gas/liquid separator 2. The reactor 1 is supplied with
raw materials and a catalyst respectively from an olefin
supply line 11, an oxo gas supply line 12 and a catalyst

supply line 14. A gaseous recycled gas separated at the

~gas/liquid separator 2 is again returned to the reactor 1

through a recycled gas supply line 13, and an aldehyde is

produced by reaction with an olefin which is a raw
material. The produced aldehyde is withdrawn from an
aldehyde product withdrawing line 15. A discharge
control valve 9 which is set to preﬁent the accumulation
of inert gas components such as methane, is
intermittently operated to purge a portion of the
recycled gas. |

A target value of the partial pressure of CO in the
recycled gas is providgd in correlation to a desired

production ratio of aldehyde. A control of the partial

pressure of CO in the oxo gas which is a raw material is

performed for controlling the partial pressure of CO in

the recycled gas based on the target value. A control of

a supplied feed hydrogen rate is performed by, for

instance, a PID (proportion, integration and

differentiation) control devicé, since the control of the

~ partial pressure of CO is possible by adjusting the feed

hydrogen rate which is introduced into the oxo gas

- through a hydrogen supply line 16.

The production ratio of aldehyde is often changed in
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accordance with the demand.of product. In such a case,
the target value of the partial pressure of CO in the
reqycled gas is newly determined based on the new
production ratio of aldehyde. The feed hydrogen rate is
newly determined based on the target value, and the
determined feed hydrogen rate is used as a set value for
the PID controllér; Normally, the setting out of the
target value of the partial pressure of CO is carried out
by an operator, and-thereafter, the feed hydrogen amount
is PID-controlled such that the rate agrees with the set
value, based on the target wvalue. |

Further, a method is disclosed in a Soviet Patent
SU1555323, wherein the YLEld of n-butyl aldehyde is
promoted by changing ratlos of hydrogen and carbon
monoxide in an oxo gas entering into a reactor, in
accordance with carbon monoxide in a gas effluented from
the reactor, with respect to a method of contrqlling an
one-path type hydroformylation process of propylene which
is different from the above-mentioned gas recycled type
process. |
| In the above Soviet patent, a ratio of H,/CO in the
supplied oxo gas is changed by controlling a flow rate of
a gas adding to the oxo gas, whose hajor component is
carbon monoxide.

There have been following ﬁroblems in the
conventional method of controlling a.hydroformylation

reaction wherein the feed hydrogen amount is controlled,
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or in the method of the -Soviet patent SU1555323 wherein
the feed carbon monoxide amount is conﬁrolled.

@® The time constant of the process is large in the
hydroformylation‘reaction, and the partial pressure of CO
in the recycled gas significantly fluctuates by the |
change of the composition of the feed gas. Accordingly,
it is necessary to chénge the set value in many stages,
when the set value of the feed-hydrogen aﬁount or feed
carbon_monoxide amount is determined, which is a burden
for the operator.

@ Due to the above reason, there causes an individual
difference in the operafional'results depending on the

skill of the operator, in changing the set value of the

-feed hydrogen amount or the feed carbon monoxide amount,

and the process is apt to be unstable when the set value.

'is changed.

® The control of the partial pressure of CO becomes
especially unstable when the production amount per unit
time (production rate) of aldehyde is changed, since the
process characteristic is changed.

@ In case ﬁherein much of components other than
hydrogen and carbon_mdnoxide are contained in the raw
material gas, for instance, when the partiallpressures of
olefin (propylene), paraffin (propane) or other inert gas
are elevated, it.is difficult to control the partial

pressure of CO in the recycled gas in a desired range,

only through the control of the feed hydrogen amount or
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the feed carbon monoxide amount.

In view of the problems in the conventional method of
controlling a hydroformylation reaction, it is an object
of the present invention to provide a method of
controlling a hydroformylation reaction wherein the
control of the partial pressure of CO in the reactor is
facilitated, and accordingly, the production ratio of
aldehyde can easily be controlled tola desired value.

According to an aspect of the present invention,
there is provided a method for controlling a
hydroformylation reaction-for producing an aldehyde by
subjecting an olefin, a feed oxo gas containing hydrogen
and carbon monoxide, and a recycled gas withdrawn from
the reactor and returned to the reactor, to a
hydroformylation reaction in the reactor in the presence
of a catalyst, which comprises:

setting out a target value for the partial pressure
of carbon monoxide in the reaction system.to control the
hydroformylation reaction;

detecting the partial pressure of carbon monoxide
¢orresponding to the target valué; and

comparing the detected partial pressure o: carbon
'monoxide with the target value to adjust a flow rate of a
discharged gas discharged from the recycled gas; or

comparing the detected partial pfessure of carbon

monoxide with the target value to aajust a flow rate of

the feed oxo gas.
. Sheet Has Been Replaced
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It is possible to produce aldehyde in a desired '
production ratio under this construction. It is possible
to prevent the concentration of CO in the reactor from
significantly flucﬁuating, when the target value of tﬁe
partial pressure of CO is changed, by adopting the above
construction. |

In a preferable embodiment of this invention, the
detection of carbon monoxide is performed by detecting
the partial pressure of carbon monoxide in the recycled
gas which is returned to the reactor.

Further, in another preferable embodiment, the
detection of the partial pressure of carbon monoxide is
performed by detecting the partial pressure of carbon
monoxide of the oxo gas wherein the recycled gas which is
returned to the reactor jqins with the feed oxo gas which
is supplied to the reactor.

According to another aspect of the present invention,
there is provided a method for controlling a
hydroformylation reaction according to the former aspect
further comprisings

storing in a computer a process model for simulating
the hydroformylation reaction which is provided with a
predetermined signal trahsfer function having an input of
the operational amount to adjﬁst the.flow rate of the
discharged gas or the feed 6xo gas and an output of a

calculated value of the partial pressure of carbon

monoxide;
This Sheet Has Been Replaced
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successively selecting an input series comprising a

plurality of inputs which are successively generated at

every predetermined cycle; |

successively calculating a future output series based
on the output of the process model;

selecting an output series among the calculated
future output series wherein a difference between the
future output series and the predetermined future target
value is small; and

setting out the operational ampunf based on the input

series corresponding to the selected one of the output

. series.

In a preferable embodiment, the selection one of the
output series from some output series is performed, for
instance, in accordance with the method of least squares.

According to the above preferable embodiments, a

stable control of process can be performed irrespective

of the skill of an operator for operating the change.

In the above preferable embodiments, the signals
relating to the flow rate and fhe.composition of gas to
be discharged are detected, the coefficient of the signal
transfer function can be provided based on at least the
signals relating to the flow rate and the compositioﬁ of
the discharged gas. By adopting such a constitution, a

large variation of the partial pressure of CO in the

. reactor can be restrained and a stable control is made
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possible.

Further, in the present invention, the signals
concerning the flow rate and the composition of the feed
oxo gas are further detected, and the operational amount
is determined further based on the signals relating to
the detected flow rate and composition. By adopting this
construction, the concentration of CO can be controlled
in a desired range, irrespective 6f a large variation of
the composition of the feed oxo gas.

In the drawings:

Figure 1 is a system diagram showing a construction
of a system performing a control method of a
hydroformylation reaction in the conventional example and
the first embodiment of this invention; |

Figures 2 shows a graph for explaining the control of
this invention;

Figures 3 and 4 are systém diagrams showing the
control method of a hydroformylation reaction of the
second embodiment of this inventioﬁ;

Figure 5 is a graph shqwing a control result provided
by the control methods of the first and the second
embodiments of this invention;

Figure 6 is a graph showing a control result provided
by the Example.3 of this invention;

Figure 7 is a graph showing a control result provided
by the Example 4 of this invention;

Figure 8 is a graph showing a control result provided
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by the Example 5 of this invention;

Figure 9 is a graph showing a control result provided
by the Example 6 of this invention;

Figure 10 is a graph showing a control result
provided by the Comparative Example 1;

Figure 11 is a graph showing a control result
provided by the Comparative Example 2;

Figure 12 is a graph showing a control result
provided by the Comparative Example 3; and

Figure 13 is a graph showing a control result
provided b& the Comparative Example 4.

In this invention, the olefin which is used as a raw
material of a hydroformylation reaction is not
particularly restricted, so far as it is an organic
compound provided at least with one olefinic double bond
in the mélecule. For instance, ethylene, propylene,
butene, butadiene, pentene; hexeﬁe, hexadiene, octene,
octadiene, decene, hexadecene, octadecene and the like
are pointed out.

In this invention, as a catalYét, a Group VIII metal
complex, or a complex soluble in a solution containing an
organic compound which includes at least one metal
selected from the group consisting of iron, cobalt,
nickel, ruthenium,_rhodium; palladium, osmium, iridium
and platinum, and further includes a ligand such as an

organophbsphorus compound, for instance, a phosphine such

as triarylphosphine or a phosphate or the like.
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It is not indispensable to use a solvent for reaction
in performing a hydroformylation reaction. However, if
necessary, it is possible to use a solvent inert to the
hydroformylation reaction. As preferable specific
examples of solvents, an a:ométic hydrocarbon compound
such as toluene, xylene or dodecylbenzene and the like,
.ketones such as acetone, diethyl ketone, methyl ethyl
ketone, ethers such as tetrahydrofuraﬁ, dioxane and the
like, esters such as ethyl acetate, di-n—-octylphthalate
and the like, are pointed out.

As a mixture gas of hydrogen and carbon monoxide

'subjected to the reaction, an oxo gas or a water gas is

used. In this specification, these are summerizingly
called "oxo gas'.

As the reaction condition of the-hydroformylation
reaction process, conventiohally adopted conditions can
be used. For instance, the reaction tempefature is
selected in a range of room temperature through 200°C,

preferably 50°C through 150°C. The reaction pressure is

- selected from a range of an ordinary pressure through 200

atmospheric pressure, preferably 5 through 100
atmospheric pressure, especially preferably, 5 through 50

atmospheric pressure. The molar ratio of hydrogen to

'Carbon monoxide (H,/CO) is normally selected from a range

of 10/1 through 1/10, preferably, 1/1 through 6/1. As

the reaction system of the hydroformylation reaction, a

continuous system which is performed in an agitation type

- This Sheet Has Been Replaced
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reaction vessel or a bubble tower type reaction vessel,
can be adopted. However, it is preferable to use the
agitation type reaction vessel.

In this invention, the partial pressure of CO in a-
reactor which is provided in correlation with a desired
production ratio of an aldehyde which is the reaction
product, is set as, for instance, a target value in a PID
control system, and the partial pressure of CO in the
reactor is controlled to the target value, by controlling
the discharged flow rate of the recycled gas withdrawn
from the reactor or the flow rate of the feed oxo gas
which is supplied to the reaction system, based on the
setting.

A detailed explanation will.further be given to
especially preferable embodiménts of this invention, as
follows. In these embodiments, in controlling the
hydroformylation reactor, various methods of firstly, a
CO model predictive control, secondly, a process gain
scheduling, and thirdly, a feed forward control, are
adopted.

l. CO model predictive control

First, before the control,.a process model having a
predetermined transfer function is stored in a computer
for the control. As the process model, for instance, a
system of time~lag of first order including a dead time,

is adopted. The transfer function G(s) of this model is

expressed by the following equation.

This Sheet Has Been Replaced
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G(s) = {K,/(1+T,-s)}-exp(-Ty*s) (1)
where K, is a process gain, Tpr @ time constant which is
a value provided by a past process response, T, a dead
time which is a value provided by a past process
s response, and s, a Laplacian operator.
Figure 2 is a graph for explaining the behavior of
control in the CO model prediction control. In Figure 2,
a target value_R of the partial pressure of CO at the
présent time t is stepwisely‘changed in accordance with
10 the change of the production ratio of aldehyde. The
operational amount to adjust the flow rate of the
discharged gas or the feed oxo gas which is necessary for
the control, is determined by the process model
predictive control, based on a deviation of the present
15 partial pressure of CO from the target value of the
partial pressure of CO. The procedure is as follows.
Step 1
A reference trajectory Yg having a smoother waveform
is calculated from the given target value R of the
20 partial pressure of CO. This is performed for avoiding a
situation wherein the system becomes unstable by the
rapid change of the target value. An example of the
reference trajectory yp is shown in Figure 2.
Step 2 |
25 An output prediction series (partial pressure of CO
of recycled gas) from a future time t+Lr to a time

t+(L+P)r, is expressed with r as a control period, and an
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input series of an input u (discharged flow rate or a
feed oxo gas rate) from the present time t to a time t+Mr
which is exemplified by a broken iine, as a parameter.
M, P and L are respectively a control horizon of the
operational amount, P, a coincidence horizon of an

agreement between an output and a target value, and L, a

. starting time point of the coincidence horizon of an

agreement betweeﬁﬁéﬁﬁbﬁtput and a target value, which are
determined in designing the control system.'

When yy(t+L) is.dete:mined to be a model prediction
value of the partial pressure of CO at the future time
t+Lr which is directly provided by the process model from
one input series, a model prediction series y, including
the prediction value is exp;essed as follows.

Yy = [yu(t+L), «.., yu(t+L+P-1)]1%

Further, when yp(t+L) is determined to an output
prediction value at the time t+Lr which is provided by a
correction of the model prediction value yy(t+L) of the
partial pressure of CO, an output prediction series (the
partial pressure of CO) ¥, between the future time t+L¢
and the time t+(L+P—1)r,-ihcludihg the output prediction
value, is Similarly expréSsed as foilqws.

p = lyp(t+l), ..., yl,(t:-r-i’.a-P—,l)]'r

A correction term.of the process model is provided
for obtaining the output prediction series Y, by
correcting the model prediction series Yy. In this case,

a difference between an actually measured value y(t) of

——————
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the partial pressure of CO at the present time ¢t, and the
output prediction value yy(t) at the present time which
is provided by the process model from the past data, is
determined to be the correctioh term.
5 ‘Series Y and Y,, for the above correction are defiﬁed
as follows.
= [y(t), ..., ¥(£)]
Yyo = [[yult)s «oer yult)]
The output prediction series ¥, is expressed as
10 follows by the above definition.
Yp = Y +¥-Yy, | (2)
where there is a following relationship between the model
prediction series Y, and a series Yk° inc1uding the
output prediction value y,(t) at the present time.
15 Yy = YyotAp-AUytAg-AU, (3.)
The model prediction series ¥, is provided based on the
above equation (3). When the model prediction series ¥y
is provided, the output_prediction series ¥, is provided
bésed on equation (2).
20 The second term on the right end side o£ eguation (3)
is a term for future prediction, and the third term is a
term for prediction based on the past data. A, in the

second term is a response series of the prediction model

gy

which is expressed as follows.
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a. e Lo, * ¢t LMt
Qrer , 8L , * ¢ o » 8 LaKe2
A’= - . . e o & o & e e » . .
5 '
Arer-1, Boepez, * * * *, B r_u.»

a, in the above equation is a step response series
determine by the transfer function, which is expressed as

10 follows.

a, =0 | (0<kz<T)
ay = Kp{l-exp(~(ke=T1)/Tp)} (Tygke)  (4)
a, = ag (s<k)

Further, AU, in the second term of egquation (3), is
15 an input series composed of input parameters from the
time t to the time t+M-1, that is, a series corresponding
to the discharged flow rate of the recycled gas or the
flow rate of the feed oxo gas at the respective times
during the above time interval. AUy is expressed as
20 follows by parameters Au(t) to Au(t+M-1l) showing the
discharged flow rate or the flow rate of the feed oxo gas
at the respective time.
AU, = [Au(t),Au(t+l), .., Au(t+M-1)]T
The term for future prediction of equation (3) is
25 calculated by the selection of the respective parameters.
A, and AU, in the third tefm on the right hand side

of equation (3) are respectively a process characteristic

'”wn-‘l'- A
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matrix, and an input series of operational amount, which
are expressed as follows.
Are1~81, Brez~&z, * * * * *, Br.s--ds-y
@1,2~34, @ie3=83, * * * ¢ *°, Bres — ads.,
A°= P ) [ 3 L] [ . n_c.o . - * ] . [ L3 . - . n L] a

@ rer~ 8y, Brerer— B2, * 0 *, Bressp-1—asay .

AU, = [Au(t-1), Au(t-2), ..., Au(T-s+1)]T

The third term of equatiqn (3) is provided by the above
A, and AU;.

As stated above, the procesé computer successively
selects the input series one by one and successively
input them to the process model, by selecting the
respéctive parameters of the input series AUy, in a
predetermined ordef. The correction is performed based
on equation (2) with respect to the model prediction
series ¥, which is successively provided from the output
of the process model, théreby successively providing the
output prediction series Y;.

Step 3 | |
An input series is célculated by using the method of

least squares, such that a difference between the future .

output prediction series Y, which is obtained based on

the process model in Step 2, and the values of the

reference trajectory yp which is obtained in Step 1, in a.
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time interval from the future time t+Lr to the time

5 t+(L+P)r, is minimized. That is, one output predictioﬁ
series is selected by the following eguation (5), which
provides one of the successively calculated output

5 prediction series Y,, which provides the nearest value to
the reference trajectory series that is prescribed.by the
reference trajectory yg.

Minimize ||y, - ¥.]|2 o (5)
where Y, is the reference trajectory series.
10 The reference trajectory series Y, can be provided,
for instance, by the following équation from the output
‘at the present time.
Y = A-F-y(t)+(I-A)-T
where A, I' and F are respectively, A: weight vector, P:.a
15 target value vector in a period wherein the agreement
between the output and the target value is intended, E:
unit matrix, which are expressed by the following
equations. In the following equations, « is a parameter
and 0<a<l, y(t) is the target value at the time t, and I

i 20 is a unit matrix. .-

; A=[a, a?, ... &F)"

g ' F = diagf{l, 1, ...,-llT

| T = [y(t+L), .., y(t+L+P-1)17

When the one.output prediction series Y, is provided

25 which can provide an output that is the nearest to the

future target value, as above, the'input series which

ar

provides the output prediction series is determined as a
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series of the operational amount to adjust the flow rate -
of the discharged gas or the feed oxo gas. The flow rate
of the discharged gas or the feed oxo gas is successively
selected based on the series of the operational amount.

2. Process gain scheduling

When the production rate of the hydroformylation
reactor is changed, the characteristic of process ohanges

in accordance thereto, wherein especially the change of

the process gain which is the coefficient Kp of the

transfer function.G(s) of equation 1 is conspicuous.
Accordingly, the process gain in the process model of
equation (1) is automatioally changed, to méintain a
stable control, when the production rate is changed.
This method is called gain soheduling. In this Example,
the gain scheduling is performed, as follows. |
When P, is defino& to be o total purging amount of
gas which is discharged from the discharge control valvé,
and Fg,, Foq and F;, respectively, a flow rate of ﬁ;, a |

flow rate of CO and a flow rate of an inert component in

the total discharging rate, the following equation is

established.

Fy = FgatFeo*Fy - {6) |
When-Aco, By, and Ai are respectively defined to be a
concentration of CO, a concentration of H, and a
concentratlon of the inert component in the discharged

gas, the following equation (7) is established from

equation (6).
is Sheet Has Been Refilaced
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Acg = Feo/F, = Feo/ (FyatFegtFs) (7)
When A, is totally differentiated, the following

equation (8) is provided.

OBey aAco.

dF¢q (8)

When equation (8) is substituted by equation (7), the
following equation (9) is established.

dAny = 1/P (~(Foo/Fy) *dFyy+ (Fgy/Fo+Fy /F,) -dFcg}  (9)

. Further, the following equations are established by the

definition. _
Aoy = Feo/Fy | (10)
Byy = Fpp/Fy (11)

The following equations (12) and (13) are establishéd in
equations (10) and (11) wherein a variaﬁion in
composition is ignored in comparison with a variation in
flow rate, since the composition of raw material gas and
the reaction temperature are maintained almost constant,
and the reaction is stabilized in a steady state.

dFy, = Ag,-dF, (12)

dFqq = Agg-dFy o (13)
When equatiqn (9) is substituted by equations (12) and

(13), the following equation are established.

dBog = (Aj-Aco/Fp)-dF, - (14)
" Accordingly, _
dRoo/dF, = A;-Aco/F, (15)

The left hand side of equation (15) is the change of the
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partial pressure of CO with respect to the change of a
unit rate of discharging, that is, the procéss gain Kp
defined by equation (1). Accordingly, the following
equation is established.

Kp = A;-Ago/F, - (16)

5
In case wherein the partial pressure of CO in the
reactor is controlled by controlling the feed oxo gas
g flow rate, since the composition of the raw material gas
3 and the reaction temperature'remain almost constant and
g 10 the reaction is stabilized, a reaction rate y remains |
g conétant in a'steady state, and the following equafioné
§ are established.
§ B, = 2y+F, - (17)
é where P, is the feed oxo gas rate.
L 1s dF, = 1/2dPg, (18)
dF, = 1/2dPq, - (19) -
' where Pﬁz is a flow rate of H, and Py, a flow rate of CO
in the feed oxo gas; sin¢e the composition of the raw
material oxo gas is as Hz/cb = 1, When the equation (9)
20 is substituted by equations (18) and (19), the following
equafions are established. _
- dpgg = 1/2Ft(1—2Aco)-drt' . {20)
From equation (17), ;
dp, = dF, _ (21)
25 Accordihgly, ?
; dBo/dP, = 1/2F (1~2Ac) (22)
The left hand side of equation (22)'is_the change of the {
This Sheet Has Been Replac i
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partial pressure df CO with respect to the change of a -
unit rate of feed oxo gas, that is, the process gain Kp
defined by equation (1l). Accordingly, Kp is expressed.by
the following equation (23). '
5 Kp = 1/2F (1-2A.q) | (23)

By changing the pfocess gain in accordance with
equation {16) or (23), the transfer function #ccurately
-expressing.the prdcesé response can be prOvided at eVery

occasion of the change.

10 Acdordingly, it is possible to perform the gain.
scheduling by obtaining the value of K, in accordance
with the equation (16) or (23), by sampling the process
data A;, A,y and F, from detecﬁion units at a constant
period, and by changing the value of gain Kp of the

15 Pprocess model; | |

3. The feed forward control

The partial pressure of CO in the reactor is
influenced by the change of ﬁhe composition in the feed
oxo gas. Therefore, to compensate the variation in the

20 concentration of CO in the feed o#o gas, a feéd forward
control is performed wherein the discharging flow rate u
or the flow rate of the féed éxO'gas F;, is controlled.
When C., is the partial pressure (concentration) of CO in
the recycledigas, and By, the concentration of CO in the

25' feed oxo gas, the.following equations (24) and (25) are

established by the mass balance around the reactor.

du/dt = (F;,/Ccq) *dBco/d; (24)

T

i
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Accordingly, when a variation is caused in the partial
pressure of CO, B, in the feed oxo gas, the variation of

CO is compensated by changing the purging flow rate u

_based on equation (24) or the flow rate of the feed oxo

gas F;, based on equation (25)

A further detailed explanatioﬁ will be given of the
présent in&ention in reference to the drawings. The
control method of the hydroformylation reaction.in the
first embodiment of this invention, is carried out in the
system, for instance, shown by the system diagram of
figure 1 which has been explained in the conventional
technology. A desired value of the partial pressure of

CO in the recycled gas is set as the target value in the

PID control device. The discharged flow rate of the

recycled gas withdrawn from the reactor 1 or the feed oxo
gas flow rate which is fed to the reactor 1 is controlled
based on the target value and a detected amount of the
concentration of CO in the recycled gas supply line 13.
The control of the discharged flow rate or the feed 6xo
gas flow rate is carried out by the control of the degree
of opening of the discharge control valve 9 or the feed
gas control wvalve 10, such that the concentration of CO
in the recycled gas agrees with the target value.

Figures 3 and 4 show system diagréms of a system for_
performing a second embodiment of the control method of a

hydroformylation reaction. 1In Figures 3 and 4, this

e e e L s T
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separator 2, a discharge control valve 9, an oxo gas feed
éontrol valve 10, pipings for respective routes and a
control unit 8, signal detecting units and operation
units are provided at predetermined positions, and are
connected to the control unit 8 through wirings for
control..

The reactof is connected with an.olefin supply line
11, an oxo gas supply line 12 for feéding ravw material,
and the oxo gas supply line 12 is connected with a
hydrogen gas supply line 16. The reactor 1 is further
connected with a catalyst supply line l4,lan aldehyde

product withdrawing line 15 for withdrawing an aldehyde

product, connection lines 17 and 18 between the reactor

and the gas/liquid sepafator 2, and a recycled gas supply
line 13 for ﬁithdrawing the recycled gas from the
gas/liquid separator 2 and for returning it to the
reactor 1. |

A recycled gas discharge control valve 9 is provided
on the side of the gés/liquid separator 2 of the recycled
gas supply line 13. A discharged gas composition

analysis meter 3 and a recycled gas discharge flow rate

meter 4 are installed on the exit side of the discharge

control valve 9.  PFurther, a CO analysis meter S5 is
installed at the recycled gas supply line 13, for
analyzing the concentration of CO in the recycled gas

which is supplied to the reactor 1. Further, a feed
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control valve 10 is installed at the oxo gas supply line

12, for controiling a flow rate of the oxo gas which is

fed to the reactor 1. . The oxo gas supply line 12 is

installed with a flow rate meter 6 for detecting a flow.
rate of oxo gas and a co analysis meter 7 for measuring
the composition of oxo gas.

The control unit 8 is a process computer which

.controls the hydrcformylaﬁion reaction system total

process, and is functionally composed of a data

memorizing unit 81 for memorizing once the detected data

-from each detecting unit, a feed forward (FF) cqhtrol

unit 82 for compensating the variation of the composition
of the feed oxo gas, a feedback (FB) control unit 83 for
controlling the concentration of CO in the recycled gas
in accordance with the target value, a model éalculating
unit 85 for calculating the process model, “a model 84
whérein the calculated model is stored, and a controller
86 or 87 for controlling’the discharged flow rate or the
feed oxo gas flow rate. The operator inputs the target
value m of the concentratibn of CO in the recycled gas to
the feedback control unit 83 in accordance with the |
necessity. It is possible that the control unit B.is
constructed as a DCS (distribution type computer system),
and it is possible that signals of the respective control
units is outputted as control signals of a DDC (direct
digital control).

In the system constructed as abové, the reactor 1 is

LT
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continuously supplied with olefin, oxo gas, recycled gas,

catalyst and hydrogen gas by supplying them in accordance
with the reaction condition, through the respective:
supply lines 11, 12, 13, 14 and 16. Normal aldehyde and
isoaldehyde are produced with desired ratios in the |
reactor 1, by reacting olefin and oxo gas by a
hydroformylation reaction under predetermined temperature

and pressure with the presence of the catalyst. The

- obtained aldehyde product is continuously withdrawn from

the lower portion of the reactor 1 through the aldehyde

product withdrawing line 15, as a l1qu1d component.

On the other hand, the gaseous component in the
reactor 1 is'withdrawn to'the'gas/liquid separator 2 from
the top portion of the reactor 1 through the line 17, and
a gas/liquid separation is performed in the gas/liquid
sepafator 2. The liquid pﬁase component in the
gas/liquid_separator 2 is again returned to the reactor 1

through a liquid return line 18, and the gaseous

component of gas phase is returned to the bottom portion

of the reactor 1l through the recycled gas supply line 13.

The variation in the composition of the feed oxo gas
can be compensated by an operational signal j from the
feed forward control unit 82. This feed forward control
is carried out based on equations (24) or (25) which is
calculated by the mass balance around the reactor 1. The
signal a of the concentratlon of CO in the oxo gas which

is detected by the CO/oxo gas analysis meter 7. the
_——————-—'——"'——-——_;————_——__
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which is detected by the CO/recycled gas analysis meter
5, and the signal b of the flow rate of the oxo gaé which
is detected by the oxo gas flow rate meter 6, are |
temporarily stored in a data memorizing unit 81, and are
outputted to the feed forward control unit 82 from the

data memorizing unit 81 as data e for the feed forward

'control. Based on the signal e, the feed forward control

unit 82 calculates the feed forward operaﬁional signal j.

Further, the target value of the concentration of CO
of the recycled gas whigh returns to the reactor 1, is
set to perform desired production ratic of normal
aldehyde and isocaldehyde. The control following the
target value can be performed by controlling the degree
of opening of the gas discharge control #alve'S or the
feed oxo gas control valve 10, based on a feedback
operational signal k. |

The calculation of the feedback operation signal k is
performed as follows. The signai ¢ of the concentration
of CO in the recycled gas which is detected by the
CO/recycled gés analysis meter 5, is temporarily stored
in the data memorizing unit 81. The feedbéck contiol
unit 83 is inputted with this signal as the data £ for

the feedback'control, at a constant period. The target

- value m of the partial pressure (concentration) of CO is

memorized in the feedback control unit 83.

The calculation of the process gain K, is carried out
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as follows. The signal n of the discharged gas

f27"

composition showing the component composition (CO and
inert component) in.the diécharged gas which is
transmitted from the discharged gas compositioﬁ analyéis
meter 3, and the discharged gas flow rate signal d which
is detected by the recycled gas discharge flow rate meter
4, are temporarily storéd in the data mEmoriziné unit 81.

The data h for calculating the process model is
inputted to the model calculating unit 85 at a constant
period, and unit 85 performs the calculation treatment of
equation (16) or (23) based on the data and calculates
the process gain. The calculated process gain is
transmitted tb the model 84 as an information i for
changing the process model, which is used for changing
the transfer function (equation (1)) of the process
model. The feedback_control unit 83 receives an
information g of the process model from the model 84, and
carries out the operational treatment based on equations
(2) through (5). The discharge flow rate of the recycied
gas or the flow rate of the feed oxo gas which minimizes
a difference between a predicted concentration of CO and
its target value m, can be provided as an operational
quantity k for the feedback control by this calculation
treatment.

The feed forwérd operational amount j and the

feedback operational amount k respectively calculated as

_above, are added at the discharging flow rate controller
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result is the set value thereof. The set value is
transmitted to the recycled gas discharge control valve 9
or the feed gas control valve 10 as an operational signal
¢ of the discharge flow rate or the feed flow rate for
controlling the degree oﬁ opening. IE is possible in
place of this constitution to provide either one of the
feed forhard operational quantity j 6r the feedback
operational quantity k to the discharge control valve as
an Qperational amount.
EXAMPLE

A further detailed explanation will be given to the
present invention by Examples and Cémparative Examples as
follows. However, this invention is not restricted to
the following Examples so.far as the gist thereof does
not exceeds the scope of the invention.
EXAMPLE 1

A reaction control was performed under the
construction of equipment of the system.diagram shown in
Figuie 1, and by the control method of hydroformylation
feaction of the first embodiment. The behavior of the
respective'signais in the control is shown as "SPC OFF"
on the left hand side of Figure 5. 1In this control, the
target value 21 of the concentration of CO and the feed
oxo gas flow rate 22 were Fixed td constant values. The
discharging flow rate 23 and the detected value 24 of the

concentration of CO in the recycled gas are respectively
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shown. The CO concentration 24 was well controlled in a
predetermined range without particularly causing big |
variations.
EXAMPLE 2

A reaction control was performed undér the
constitution of the system diagram shown in Figure 3, and
by the control method of hydroformylation reaction of the

second embodiment. The result provided by the control is

shown on the right hand side of'Figure 5 as "SPC ON". 1In

this control, firstly, the target value 21 of the
concentration of CO was changed, and successively, the
feed oxo gas flow rate 22 was stepwisely changed. As a
result, the discharging fldw rate 23.well followed the
change of the feed oxo gas flow rate 22, and the detected
value 24 of the concentration of CO well converged into a
predetermined :angé centering on the target value 21 of
the concentration of CO.
EXAMPLE 3

An investigation was performéd by a simulated

calculation with respect to the controllability of

- reaction in case wherein the supply rate of propylene was

increased by 10%, under the constitution of the system

diagram shown in Figure 1 and by using the control method -

of hydroformylation of the first embodiment. The suppiy

quantity of propylene was increased by 10% which took one

-hour, while maintaining the pressure (total pressure) in

the reactor to a predetermined pressure by :
“This Sheet Has Been Replaced
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controlling the supply quantity of the oxo gas, and the
control of fhg éoncentration of CO in the reactor was
performed by.controlling the purging flow amount such
that the CO concentration in the recycled gas was |
rendered.to the target value. As a result, as shown in

Figure 6, the reaction rate of propylene (PPY), the ratio

' of n-butyl aldehyde/isobutyl aldehyde (N/I) obtained by

the reactlon, the pressure (total pressure) of the
reactor, and the part1a1 pressure of CO in the reactor
were well controlled in predetermlned ranges.
EXAMPLE 4

An investigation was performed by a simulated
calculation with respect to the controllability of
reaction in case wherein the propane concentration in
propylene was increased from 2.5% to 5%, under the
constitution of the'system diagram shown in Figure 1, and "
by using the control method of a hydroformylation
reaction of the first embodiment. The propane
concentration in pfopylene was instantaneously increased
from 2.5% to 5%, while maintaining the pressure (total
pressure) in fhe.reactor'to a predetermined pressure by
controlling the supply amount of ﬁhe oxo gas, and the
control of the concentration of CO in the reactor was
performed by controlling the discharging flow rate such
that the CO concentration in the recycled gas was
rendéred to its target value.. As a result, as shown in

Figure 7, the reaction rate of propylene (PPY), the ratio
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of n-butyl aldehyde/isobutyl aldehyde (N/I) resulted by

the reaction, the pressure (total pressure) of the

| reactor, and the partial pressure of CO in the reactor,

were well controlled in predetermined ranges.
EXAMPLE 5
An investigation was preformed by a simulated

calculation on the controllability of reaction in case

"wherein the supply amount of propylene was increased by

10%, under the constitution of the system diagram shown
in Figure 1, and by using the method of controlling a
hydroformylation reaction of the first embodiment. The
Supply rate of propylene was increased by 10% which took
one hour, while maintaining the pressure (total pressure)
in the reactor to a predetermined pressure by controlling
the discharging flow rate, and the control of the CO
concentration in the reactor was performed by controlling
the supply rate of thé oxo gas such that the CO
concentration in the recycled gas was rendered to the
target value. As a résult, as shown in Pigure 8, the
reaction rate of propylene (PPY), the pressure (total
pressure) of the reactor, and the partial pressure of CO
in the reaétor'were well controlled in predetermined
ranges.
EXAMPLE 6

An investigation was performed by a simulated
calculation with respeét to the cht:ollabiiity_of

reaction in case wherein the concentration of propane in
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propflene was increased from 2.5% to 5%, under the
constitution of the system diagram shown in Figure 1, aﬁd
by using the control method of the hydroformylation
reaction of the first embodiment. The propane |
concentration in propylene was instantaneously increased
from 2.5% to 5%, while maintaining the pressure in the
reactor to a predetermined pressure by controlling the
discharging flow rate, and the control of the CO.
concentration in the reactor was performed by éontrolling
the supply quantity of the oxo gas such that the CO
concentration in the recycled gas was rendered to the
target value. |

As a result} as shown in Figure 9, the reaction rate
of propylene, the pressure (total pressure) of the
reactor, and the CO partial pressure in the reactor were
well controlled in predetermined ranges.
COMPARATIVE EXAMPLE 1

A control was performed similar to Example 3 except
that the discharging flow rate was constant. The
discharging flow fate was the same as an initial figure
in Example 3. As a result, as shown in Figurg 10, the
partial préssure_of co gradually decreased and the
reéction stopped. |
CCMPARATIVE EXAMPLE 2

A control-was performed similar to Example 5, exceapt
that the CO partial pressure in the reactor was not

maintaihed to a predetermined pressure by controlling the

. This Sheet Has Been Re laced
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- feed oxo gas rate while supplying the oxo gas in

cecrrespondence to the supply quantity of propylene. As a
result, as shown in Figure 11, the CO partial pressure in

the reactor could not converge to a range of a

- predetermined pressure, and therefore, the N/I ratio of

bﬁtyl aldehyde provided by the reaction could not be
maintained in a predetermined range. |
COMPARATIVE EXAMPLE 3

A conﬁrol was performed simiiar te Example 4 except
that the discharging was performed at a constant flow
rate, and discharging flow rate was the same as an.
initial figqre in E#ample 3, without controlling the
discharging flow rate of the recycled gas. As a result,
as shown in Figure 12, with an increase in the partial
preesure of propane in the reactor, the partial pressure
of CO gradually decreased, the reaction rate of p?opylene
decreased owing thereto, and the reaction stopped. |
COMPARATIVE EXAMPLE 4

A eentrol was performed similar to Example 6,'except
that the co_partial pressure in the reactor wes not

maintained to a predetermined pressure by controlling the

- feed oxo gas rate, while supplying the oxo gas in

correspondence with the supply.quantity of propylene. As
a result, as ehown_in Figure 13, the partial pressure of
CO in the reactor gradually increased and could not

converge into a predetermined range. Therefore, the N/I
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gradually decreased and could not be maintained in a
predetermined range.

As stated above, according to the present invention,

~a constitution is adopted wherein the concentration of-Cco

is controlled with a desired concentration of CO in the
reectiqn system as a target value, by centroliing a
discharging flow rate of a recycled gas withdrawn from
the reactor or a flow rate of the feed oxo gas which is
fed to the reactor. Therefore, the concentration of CO
in the reactor is not considerably fluctuated in the
change of the target value.of the concentration of CO,
and the operation is performed by only setting the target
value to the desired value, and the burden of an operator
is alleviated.

Further, when a constitution is adopted Whereih a
model prediction control is performed by storing a

process model having a predetermined transfer function in

a computer, even in case wherein the change of the target

value is especially rapidly performed, a stable control

" can be performed in correspondence with the change

without a considerable fluctuation of eontrol.
Therefore, a stable process control is especially
facilitated irrespective of an operator who performs the
ehange.-.

When a construction is adcpted wherein the
coefficients of the above transfer function are

successively changed by the data provided by the process,
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éven in case whereih the production rate is considerably
changed, a stable control can be continued in the
process, without special operation by an opefator;

Further, when a construction is adopted wherein a’
variation in the composition of the feed oxo gas is
compensated by changing the discharging flow rate or the
flow rate of the feed oxo gas based on a predetermined
function, the concentration of CO in the reactor can
easily be controlled in a desired range, irrespective of
a considerable variation or difference in the composition
of the feed oxo gas. Therefore, it is possible to

perform the production of aldehyde in a desired ratio.

This Sheet Has Been_.Reﬂlac'ed
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CLAIMS:

1. A method for controlling a hydroformylation reaction

for producing an aldehyde by subjecting an olefin, a feed
oxo gas containing hydrogen and carbon monoxide, and a -
recycled gas withdrawn from a reactor and returned to the
reactor, to a hydroformylation reaction in the reactor in
the preéence of a catalyst, which comprises:
| setting out a'target valué for the partial pressure
of carbon monoxide in the reaction system fo control the
hydroformylation reaction;

detecting the partial pressure of carbon monoxide
cdrresponding to the target value; and

-comparing the detected partial pressure of carbon

" monoxide with the target value to adjust a flow rate of a

discharged gas from the reactor; or

comparing the detected partial pressure of carbon
monoxide with the target value to adjust a flow rate of
the feed oxo gas. |

2. The method for contrblling a hydroformylation

‘reaction according to Claim 1, whereih detecting the

partial pressure of carbon monoxide is performed by

detecting the partial pressure of carbon monoxide in the

| recycled gas which is returned to the reactor.

3. The method for controlling a hydroformylation
reaction according to Claim 1 or Claim 2, wherein

detecting the partial pressure of carbon monoxide is

~ performed by.detecting the partial pressuré of carbon

A
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monoxide of the oxo gas which is formed by joining the
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recycled gas to be returned to the reactor and -a feed oxo
gas to be supplied to the reactor.
4. The methéd for controlling a hydroformylation
reaction according to Claim 1, 2 or 3, wherein the
operational amount to adjust the flow rate of the
discharged gas or the feed oxo gas is provided by a
deviation of the detected partial pressure of carbon
monoxide from the target wvalue.
5. The method for controlling a hydroformylation
reaction according to any one of Claims 1 to 4 further
éomprising:.

storing in a computer a pfocess model for simulating
the hydfoformylation reaction which is provided with a
predetermined signal transfer function having an inpgt of
the operatiénal amount to adjust the flow rate of the
discharged gas or the feed oxo gas and an output of a
calculated value of the partial pressure of carbon
monoxide; |

providing the process model with the input.by
successively selecting an input series comprising a
plurality of inputs which are successively generated at
every predetermined cycle; |

| successively calculating a future output series based

on the output of the process model;

selecting an output series among the calculated

future output series wherein a difference between the

YR
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future output series and the predetermined future targét
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value is small; and
setting out the operational amount based on the input
series corresponding to the selected oné of the outputiy
series. _
6. The method for controlling a hydroférmylation
reaction according to any one of Claims 1 to 5, wherein
Selecﬁing the one of the output series is pérfofmed in
accordance with the method of least squares.
7. The method for controlling a hydroformylation
reaction according to any one of Claims 1 to 6, wherein
coefficiénts of'the'sigﬁal'transfer function are
calculated by detecting signals relating to a flow rate
and a composition of the discharged gas and based on at
least the signais reiatiné_to a flow rate and a
composition of the discharged gas. |

8. The method for controlling a hydroformylation

reaction according to any one of Claims 1 to 7, wherein

the operational amount is determined by further detecting

signals relating to a flow rate and a composition of the
feed oxo gas and further based on the signals relating to

a flow rate and a composition of the feed oxo gas.

‘9. The method for controlling a hydroformylation

reaction according to any one of Claims 1 to 8, wherein
adjusting the flow rate of the discharged gas or the feed
oxo'gas is performed by PID-controlling a degree of

opening of the dischatrged gas or the feed oxo gas control
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valve based on the operational amount.
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