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C.3.1.2 Medium Cooling Capacity and Hot Cooling Water Inlet Temperature

The offline recipe is now compared to simulation results for a medium cooling
capacity of 4.5 kgs−1 and a hot cooling water temperature of 20 ◦C. This is the
same cooling capacity and cooling water temperature that was used to calculate the
offline recipe.

Figure C.22 shows the initiator consumption rate for each scenario. The optimal
monomer to initiator ratios are found to be 643.6, 639.8, and 615.9 for a clean,
average and dirty reactor, respectively. This ratios are all larger than the offline
recipe of 600.8 so initiator would be wasted if the offline recipe is used for any
of these conditions. However, for a dirty reactor, the initiator consumption is
indistinguishable from the offline recipe.
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Figure C.22: Comparison of the initiator consumption for a medium cooling capac-
ity and hot cooling water inlet temperature.

The reactor temperature profiles are plotted in Figure C.23. A clean and average
reactor have nearly identical reactor temperature profiles. The dirty reactor tem-
perature profile is similar to the offline recipe after about thirty minutes with some
minor differences. This is not surprising considering the simulation conditions are
nearly identical.
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Figure C.23: Comparison of the reactor temperature for a medium cooling capacity
and hot cooling water inlet temperature.

Figure C.24 illustrates the cooling water flow rates.
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Figure C.24: Comparison of the cooling water flow rate for a medium cooling
capacity and high cooling water inlet temperature.
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In this instance, the cooling water flow rates behave as expected with the dirty
reactor having the highest flow rate and the average reactor falling in between
the dirty and clean reactor flow rates. The dirty reactor has the lowest coefficient
of heat transfer meaning that more cooling water is required to remove the same
amount of heat than for a clean reactor.

The number average molecular weights throughout the batch are shown in Figure
C.25. All four simulations result in a final number average molecular weight within
the desired range. A clean reactor results in the best product quality.
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Figure C.25: Comparison of the number average molecular weight for a medium
cooling capacity and high cooling water inlet temperature.

For this scenario the batch times are as expected, with the shortest being for a clean
reactor and the longest being for a dirty reactor, as shown in Figure C.26. The clean
reactor has a batch time 1.2 minutes shorter than the offline recipe, which means
that 61 more batches could be run annually for each reactor. For a dirty reactor,
the batch would be terminated prematurely before an 80% conversion is reached,
resulting in a wasted batch since the product would be out of specification.
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Figure C.26: Comparison of the batch time for a medium cooling capacity and high
cooling water inlet temperature.

C.3.2 Low Cooling Capacity and High cooling water inlet Temper-
ature

The offline recipe is now compared to simulation results for a low cooling capacity
of 4.0 kgs−1 and a hot cooling water temperature of 20 ◦C. This is a lower cooling
capacity than used in the offline recipe but the same cooling water temperature.

Figure C.27 shows the initiator consumption rate for the different conditions. The
optimal monomer to initiator ratios for a clean, average, and dirty reactor are found
to be 714.9, 651.6, and 681.8, respectively. This ratios are all significantly higher
than the offline ratio and would result in a lot of wasted initiator if the offline recipe
were followed. As can be seen in the plots, the online simulations result in all the
initiator being consumed whereas the online recipe predicts leftover initiator.
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Figure C.27: Comparison of the initiator consumption for a low cooling capacity
and high cooling water inlet temperature.

The reactor temperature profiles are plotted in Figure C.28 and show that the online
simulations all result in a violation in the upper bound.
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Figure C.28: Comparison of the reactor temperature for a low cooling capacity and
high cooling water inlet temperature.
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In comparison, the offline recipe does not predict this. This suggests that the offline
recipe is not able to fully account for the limit on the system’s cooling capacity. This
is not surprising because the full predictions are done by the DRTO layer, which
is not constructed to determine the optimal cooling water flow rate. Therefore, the
DRTOs predictions for the required cooling water flow rate are not the best. This is
why the offline recipe does not predict a reactor temperature profile anywhere near
the online simulations.

The corresponding cooling water flow rates are shown in Figure C.29. All of the
online cooling water flow rates calculated in the NMPC level are actively constrained
at the beginning of the batch. The required cooling water flow rates calculated by
the DRTO all violate the upper limit; this suggests that for this cooling constraint
upper limit, the system has inadequate cooling to track the reactor temperature
profiles. This explains why the reactor temperature profiles for the simulated
results are so far from the optimal trajectory. The offline recipe again under predicts
the required cooling water flow rate.
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Figure C.29: Comparison of the cooling water flow rate for a low cooling capacity
and high cooling water inlet temperature.

Because the reactor temperature profiles deviate from the trajectory, the polymer
quality is outside the necessary range as shown in Figure C.30. The clean reactor
gives a polymer product 17.2% away from the desired value, with the average and
dirty reactors being even further away.
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Figure C.30: Comparison of the number average molecular weight for a low cooling
capacity and high cooling water inlet temperature.

In this case, the simulated batch times are nearly three to four times longer than
the offline recipe, as seen in Figure C.31.
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Figure C.31: Comparison of the offline recipe to the full control structure batch for
a low cooling capacity and high cooling water inlet temperature for three different
reactor conditions.
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This is caused by the reactor temperature deviation from the optimal trajectory.

These results show that these operating conditions are infeasible for this system. A
cooling limit of 4.0 kgs−1 is too tight to allow the system the required cooling water
for a cooling water inlet temperature of 20 ◦C. So regardless of the method of control
used here, the system will not produce the product. These simulations show the
system’s limitations and serve as a reminder of the importance of including safety
constraints in a controller.

C.3.2.1 Results Summary

The annual cost of initiator for the different scenarios is calculated here. First the
required mass of initiator from each simulation is found; this was an optimized
input value calculated by the DRTO layer when each simulation was run. This
values are summarized in Table C.1. The cost of initiator per batch is then calculated
assuming an initiator cost of 2.11$/kg. These values are summarized in Table C.2.
Next the number of batches that can be run per year are calculated based on the
batch time and the assumption that the plant operates 24/7 and 365 days a year.
These batch times are summarized in Table C.3 and the number of batches per year
are presented in Table C.4. Finally, the annual cost is calculated using these values,
which are shown in Table C.5.
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50
State prediction function, 37
Apparent initiator efficiency, 47
Initiator efficiency, 7, 44, 45, 47,

149
Feasible set, 17, 19, 20, 143

G
Measurement prediction function,

38
NMPC inequality setpoint

trajectories, 33
DRTO output constraints, 33
Kalman filter measurement

prediction function, 37

NMPC inequality input
constraints, 33

Measurement prediction function,
37

Measurement prediction model,
48

Gradient with respect to r, 21
Gradient, 20, 24, 143–145

H
NMPC equality setpoint

trajectories, 33
DRTO algebraic equations of the

prediction model, 33
Time dependent output model, 48
Kalman filter decision prediction

function, 37
Kalman filter decision prediction

function, 37
NMPC equality relations, 33
Hessian with respect to r, 22
Hessian, 20, 24, 144
Reaction enthalpy, 10, 11, 47,

150, 153

I
Initiator radical, 7
Chemical initiator, 7
Index of chemical components,

10, 11, 44–47, 153
Concentration of i, 10
Initiator concentration, 44, 45
Inequality constraints, 17, 21, 23,

143–145

J
Index, 17, 21, 143–145

K
Kalman gain matrix, 37, 38
Apparent propagation rate

constant, 47
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Termination by combination rate
constant, 45, 46, 150

Critical test variable, 46, 47
Decomposition of initiator rate

constant, 7, 44, 45, 149
Apparent termination rate

constant, 47
Rate constant frequency factor,

46
Monomer addition to initiator

radical rate constant, 7
Propagation rate constant, 8, 44,

45, 47, 48, 149
Maximum value of residual

diffusion termination rate
constant, 47, 150

Minimum value of residual
diffusion termination rate
constant, 47, 150

Residual diffusion termination
rate constant, 47

Second order reaction rate
constant, 10

Second order rate constant for
component i, 46

Segmental diffusion-controlled
termination rate constant,
46, 47

Moment order/discrete time step,
12, 13, 28, 30, 33, 36, 37

Test variable, 46, 47
Thermal initiation rate constant,

44, 45, 149
Transfer to chain transfer agent

rate constant, 8
Transfer to monomer rate

constant, 44, 45, 150
Translational diffusion-controlled

termination rate constant,
46, 47

L

Lagrangian, 21, 22, 24, 144
Gel effect tuning parameter, 47
Kth order moment of living chain,

12, 13
First order moment, living

chains, 13, 45, 52, 62, 82
Second order moment, living

chains, 13, 45, 52, 62, 82
Zeroth order moment, living

chains, 13, 44, 45, 48, 52, 62,
82

Optimal Lagrange multiplier of
constraint j, 21, 143

Lagrange multiplier for
constraint j, 144

Vector of optimal Lagrange
multiplier, 21, 22

Vector of Lagrange multipliers,
24, 144

M
Monomer radical, 41
Monomer molecule, 7, 41
Maximum mass flow rate of

cooling fluid, 64, 84, 97, 101,
134

Minimum mass flow rate of
cooling fluid, 52, 63, 64, 82,
84

Required mass flow rate of
cooling fluid, 82, 83

Mass flow rate of cooling fluid, 48,
52, 62, 63, 114, 154

Mass flow rate into reactor, 10, 11
Mass of cooling fluid, 48, 154
Content mass, 10, 11
Vessel mass, 10, 11, 47, 153
Molecular weight of monomer, 13,

46
First order moment, dead chains,

13, 45, 52, 62, 82
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Second order moment, dead
chains, 13, 45, 52, 62, 82

Zeroth order moment, dead
chains, 13, 45, 46, 52, 62, 82

Kth order moment, dead chains,
12, 13

Monomer concentration, 44, 45,
48

Desired number average
molecular weight, 52, 54, 82,
84

Final number average molecular
weight, 52, 82, 134

Measured number average
molecular weight, 52, 62, 82

Maximum number average
molecular weight, 54, 84

Minimum number average
molecular weight, 52, 54, 82,
84

Number average molecular
weight, 13, 52, 56, 62, 68, 78,
82, 97, 101, 105, 114, 119

Measured weight average
molecular weight, 52, 62, 82

Weight average molecular weight
at the onset of the
translational diffusion effect,
46

Weight average molecular weight,
13, 46, 47, 52, 62, 68, 78, 82,
97, 101, 105, 114, 119

N
Polymer chain length, 6, 12
Rate of change of initiator molar

mass, 44
Rate of change of monomer molar

mass, 44
Rate of change of pentane molar

mass, 44

Rate of change of molar mass of
component i, 10

Number of inputs, 33, 34
Number of outputs, 33
Number of output variables, 17,

23, 29, 145
Number of states, 33, 34
Number of variables, 23, 33, 143,

144
Prediction horizon, 28, 30, 32–34,

36
Molar flow rate of initiator, 44,

52, 82
Molar flow rate of monomer, 44,

52, 82
Molar flow of pentane, 44, 52, 82
Molar flow rate into reactor, 11
Molar flow rate of component i,

10, 44, 47, 153
Maximum molar mass of initiator

initial loaded, 54
Minimum molar mass of initiator

initial loaded, 52, 54
Molar mass of initiator initial

loaded, 51–53
Molar mass of initiator, 51, 52,

62, 82, 121
Molar mass of component i, 10,

11, 44, 45, 47, 153
Monomer molar mass, 45, 52, 62,

82
Pentane molar mass, 45, 52, 62,

82
Mass of polymer chains with

length , 12

P
Inactive polymer chain, 8
DRTO objective function, 32, 33
NMPC quadratic cost function,

32, 33
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N ×n-dimensional real
symmetric matrix, 23

Search direction at k, 24
Search direction, 24

Q
Time-variant quadratic state

weighting matrix at k+1, 29
Time-variant quadratic state

weighting matrix at k, 29
Heat transferred to surroundings,

10, 11
Cooling demand on jacket, 11, 56
Heat transferred to cooling

jacket, 10, 11
Added/removed heat, 10, 11
Penalty on deviation from

reference, 52, 53, 63, 82, 83
Real valued n-dimensional vector,

23

R
Radical polymer chain length 1, 7
Radical polymer chain, 8
Time-variant input weight

matrix, 29, 30
Decision variable, 16, 144
Density of initiator, 150
Density of monomer, styrene, 150
Density of polymer, polystyrene,

150
Density of pentane, 150
Density of water, 150
Gas constant, 46, 47, 150
Linear weights on output

constraint violations, 52, 53,
63, 83

Reaction rate of A, 10
Reaction rate of B, 10
Reaction rate of initiator, 44, 51
Reaction rate of monomer, 44
Reaction rate of propagation, 47,

48, 153

Reaction rate of component i, 10,
11

Vector of decision variables at
iterate k, 24

Vector of decision variables, xxiii,
17, 19–21, 23, 24, 29,
143–145

MPC tuning parameter, 30
Real numbers, 17, 22, 23, 29, 33,

143–145
Vector of linear weights on output

constraint violations, 29, 82
Optimal decision variables, 17,

19, 21, 22, 143
Vector of quadratic weights on

output constraint violations,
29

S
Slack variable weight, 52, 53, 63,

82, 83
Matrix of slack variable weights

at k, 29
Matrix of slack variable weights,

30
Domain, 143

T
Transfer agent molecule, 8
Maximum derivative of reactor

contents’ temperature, 54, 84
Minimum derivative of reactor

contents’ temperature, 52,
54, 82, 84

Derivative of reactor contents’
temperature, 51–53, 62,
81–83

Integration time step, 50
Sampling time, 50
Derivative of reactor temperature

with respect to time, 10
Derivative of generic integrator,

11
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Derivative of Reference reactor
temperature, 11

Glass transition temperature of
pentane, 45, 150

Glass transition temperature of i,
45

Glass transition temperature of
styrene, 45, 150

Glass transition temperature of
polystyrene, 45, 150

Generic integrator, 11
Ambient temperature, 47, 48
Desired reactor temperature, 63
Feed temperature, 47, 153
Initial reactor temperature, 52,

53, 57, 121, 134, 156
Maximum temperature of cooling

fluid at the inlet, 54, 64, 84
Minimum temperature of cooling

fluid at the inlet, 52, 54, 63,
64, 82, 84

Temperature of cooling fluid at
the inlet, 48, 52, 68, 78, 82,
105, 114, 134, 154

Measured jacket temperature, 52,
62, 82

Temperature of cooling fluid at
the outlet, 48, 154

Jacket temperature, 47, 48, 52,
62, 82, 153, 154

Maximum reactor temperature,
54, 64, 84

Minimum reactor temperature,
52, 54, 63, 64, 82, 84

Measured reactor temperature,
52, 62, 82

Reference temperature, 51, 150
Reactor temperature, 45–48, 52,

53, 62, 63, 82, 150, 153, 154
Maximum batch time, 54, 84
Minimum batch time, 52, 54, 82,

84

Batch time, 11, 51, 52, 68, 78, 81,
83, 97, 101, 105, 114, 119,
134

Time, 11, 42, 44, 144
Estimated parameters at k−1, 38
Predicted parameters at k, 38
Time invariant parameters, 36,

48
Updated parameter estimations,

38

U
Overall heat transfer coefficient,

cooling jacket, 47, 48, 153,
154

Overall heat transfer coefficient,
heat loss, 47, 48

Vector of NMPC input changes,
32

Input change rate at k, 29
Vector of time dependent inputs,

48
Vector of DRTO inputs, 32
Vector of NMPC inputs at k, 32,

33
Composite vector of steady state

inputs for each step of the
DRTO, 32

Vector of NMPC inputs, 32
Vector of initial inputs, 29
Vector of inputs at k, 29, 30
Vector of inputs, 16, 52, 62, 82

V
Critical free volume for cage

effect onset, 47, 150
Critical free volume for glass

effect onset, 47, 150
Free volume of mixture for

translational diffusion onset,
46

Free volume of pentane, 45, 46
Free volume of styrene, 45, 46
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Free volume of polystyrene, 45,
46

Total free volume, 46, 47
Molar volume of pentane, 45
Molar volume of component i, 45
Molar volume of styrene, 45
Molar volume of polystyrene, 45
Polymer phase volume, 10, 11,

44–47, 51, 153
Process noise covariance at k-1,

37
Mean process noise, 37, 38

W
Agitation work, 47, 48
Shaft work, 10, 11
Directions inside the linearized

feasible set, 143
Measurement noise covariance at

k, 37
Mean measurement noise at k,

37
Mean parameter noise at k-1, 38

X
Desired overall conversion, 54, 84
Overall conversion, 11, 47, 52, 56,

62, 82
Instantaneous conversion, 11
A priori state covariance, 37
Vector of predicted states at k−1,

37
A priori state estimate at k, 37,

38
Time dependent process model,

48, 50, 52, 63, 82
Vector of time dependent states,

48
Vector of DRTO states, 32
Vector of NMPC states at k+1,

32

Vector of NMPC states at k, 33
Vector of estimated states at

k+1, 30
Vector of estimated states at k,

37, 38
Vector of initial states, 29, 48, 50
Vector of reference states at k+1,

29
Vector of states at k+1, 29, 36, 50
Vector of states at k, 30, 50
Vector of states, 16, 52, 62, 82,

143

Y
A priori measurements, 37, 38
Vector of estimated

measurements, 36
Vector of plant measurements at

k, 36–38
Vector of plant measurements, 16
Vector of NMPC outputs at k, 33
Vector of NMPC outputs, 32
Composite vector of NMPC set

point trajectories, 32, 33
Vector of time-dependent

measurements, 52, 63, 82
Vector of measurements, 52, 62,

82, 143
Vector of time-dependent

estimated measurements, 48

Z
Vector of time-dependent outputs,

48, 52, 63, 82
Vector of outputs at k, 29
Vector of outputs, 16, 52, 62, 82
Vector of updated outputs at k,

37
Vector of predicted outputs at k,

37
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