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Abstract  
 
 
 This project set out to control the sizes of crystals grown in a batch crystallizer using a 
technique called the Design of Dynamic Experiments (DoDE). This approach, in which a crystal 
growth model is not needed, designs experiments where the decision variable changes 
systematically over time and, ultimately, leads to the calculation of an optimal decision variable. 
For this project, the decision variable was chosen to be the cooling rate of the crystallizer and the 
solute was chosen to be potassium dihydrogen phosphate (KDP). In order to carry out these 
experiments, hardware and software modifications were first made to a preexisting crystallizer. 
These included the installation of a new impeller and the alteration of the crystallizer temperature 
setpoint program so that it could follow the cooling rates calculated by the DoDE design. In 
addition, the control scheme of the crystallizer, which consisted of both model predictive control 
(MPC) and PI control, was tested and changed to produce more accurate temperature control.  
 Before the DoDE experiments were performed, an image analysis algorithm was 
developed using MATLAB’s image processing toolbox. This was able to analyze images of 
crystals taken under a microscope and produce distributions of the crystals’ areas, aspect ratios, 
lengths, and volumes. Four DoDE experiments were then performed and the crystals obtained 
were analyzed using this algorithm. While only crystal growth (crystallization of preexisting 
crystals) was desired, a great deal of secondary nucleation, in which new crystals form from 
existing ones, was observed. Thus, the focus of this project narrowed to trying to limit the extent 
of secondary nucleation. 
 Following the DoDE methodology, a response surface model was fitted to the 
experimental data from the four experiments. After a constrained optimization was performed on 
this model, the optimal cooling profile (i.e. the one that minimized the extent of secondary 
nucleation) was determined. While there was a great deal of statistical uncertainty in this 
optimum, a final experiment revealed that this profile did indeed slightly reduce the extent of 
secondary nucleation. Thus, while future experiments will have to be run in order to determine 
the reproducibility of these results, the promise of the DoDE approach was shown. 
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Chapter 1: Introduction 
 
 
1.1 Goal 
 
 The goal of this project was to use the technique Design of Dynamic Experiments 
(DoDE) to run experiments in a batch crystallizer to discover the operating conditions under 
which one achieves an optimal particle size distribution of the product crystals. The novelty of 
the DoDE approach is that an accurate crystal growth model is not needed to find this optimal, 
but instead it can be found using a small number of time-varied controlled experiments, thus 
saving both time and resources. The crystallizer used in this project was outfitted with a precise 
temperature control algorithm designed by Gene Bunin as part of a Senior Honors Thesis at 
Tufts University in 2007 (Bunin, 2007). This algorithm, called Model Predictive Control (MPC), 
had to be modified for this project in order to run the experiments designed by DoDE. The 
crystals obtained from the experiments were photographed using a Nikon microscope and the 
distribution of the particle sizes was found using the MATLAB image processing toolbox. 
 
1.2 Motivation for Research 
 
 Crystallization is an important unit operation in many industries including specialty 
chemicals and pharmaceuticals. When the product is of high value with tight restrictions on the 
physical characteristics of the crystals, crystallizations are usually carried out in a batch format. 
One of the most important of these characteristics is the particle size distribution of the crystals. 
The size and shape of a crystal affects not only the quality of the final chemical or 
pharmaceutical product, but also the operation of downstream processes such as filtration, 
washing, drying, and packaging (Yang et al., 2006). Crystals can range in shape from the 
undesirable needle-like to a more desirable cubic shape, which is easier for downstream 
processes to handle and, for pharmaceuticals, has increased efficacy in the body. Obviously, not 
all crystals in a single batch will have the exact same size, but it is desirable that the distribution 
of their sizes is as narrow as possible. Thus, controlling the size and shape is of utmost 
importance when running crystallizations and is examined in this project. 
 However, to control the size and shape of the crystals, one must either have an accurate 
model for crystal growth and supersaturation or run a series of experiments to find the optimal 
operating conditions to achieve the desired size and shape. Since the former is a very intricate 
and time-consuming task, the later will be attempted here. These experiments that must be run 
cannot be designed arbitrarily, but rather will be designed by the new Design of Dynamic 
Experiments technique (Georgakis, 2009). One parameter of the crystallization process, the 
temperature cooling profile, will be systematically changed according to the DoDE approach. 
Using the results from these experiments, an optimal cooling profile will be calculated. Another 
experiment will be run with this optimal cooling profile to see if it indeed produces optimal 
results. In this way, the applicability of the DoDE technique to batch crystallizations will be 
verified.   
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1.3 Background 
 
1.3.1 Crystallization 
 
 Crystallization occurs when a solid precipitates out of a solution to form crystals. There 
are a few different ways this can be accomplished, including evaporative crystallization, anti-
solvent addition, and cooling crystallization. The last type, which is the one used in this project, 
takes advantage of the fact that the saturation level of the solute varies with temperature. For 
most solutes, the slope of the solubility curve (also called the saturation curve) is positive, 
meaning that as temperature is increased, so is the solubility of the solution. Thus, solutions at 
higher temperatures can hold more of the solute than solutions at lower temperatures. If a 
solution at a high temperature is cooled, the solution will reach the solubility curve and 
eventually crystals will start to from. This is the basic premise of cooling crystallization.  
 Referring to Figure 1-1, a plot of concentration versus temperature for a solution has 
three distinct regions. In the unsaturated region, to the right of the solubility line, any additional 
crystals added will dissolve, further increasing the concentration of the solution. This will 
continue until the concentration reaches the solubility line at the solution’s temperature. Any 
additional crystals added will not dissolve into solution. If an unsaturated solution at a given 
temperature is cooled so that it crosses the solubility line, crystallization is possible. However, 
crystallization in the metastable zone is not a spontaneous process and will not occur without the 
presence of other crystals. For this reason, seed crystals must be introduced into the system. Seed 
crystals, which have a known particle size distribution, can create two types of crystallization in 
the metastable zone. The first is crystal growth, in which the existing seeds grow by extracting 
the solute out of solution. This drives the solute concentration down and, along with the 
decreasing temperature, keeps the solution close to the solubility line. This type of crystallization 
is desired because controlling the size of the crystals is the easiest.  
 

 
Figure 1-1: Typical concentration versus time curve 

 
The second type of crystallization that occurs in the metastable zone is called secondary 

nucleation. In secondary nucleation, which occurs when the system moves close to the 
supersolubility line, new crystals form from the existing seeds. Controlling the size of the 
crystals is hard because new crystals can form at any time. Secondary nucleation is not a 
spontaneous process. Spontaneous crystallization (i.e. without any prior crystals present), called 
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Unsaturated 

Supersolubility 
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primary nucleation, will occur if the temperature is decreased so that the solution crosses over 
into the supersaturated region. Like secondary nucleation, controlling crystal sizes is hard and 
both types of nucleation are to be avoided.  

The compound used in this experiment is potassium dihydrogen phosphate (H2KPO4), or 
KDP, purchased from the Alfa Aesar company at 98% purity. Although it is not used in the 
pharmaceutical industry, KDP is well research because of its use in high energy lasers. This, 
along with the fact that it has a tetragonal crystal structure, makes it an ideal crystal to study. 
Figure 1-2 shows the solubility and supersolubility curves for KDP (Shangfeng et al., 1999; 
IUPAC, vol. 3). The goal of this project will be to operate close to the solubility line so that only 
crystal growth occurs and all nucleation is avoided. To do this, a precise temperature control 
scheme is necessary. 
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Figure 1-2: Concentration versus time curve for KDP 

 
1.3.2 Model Predictive Control 
 
 As mentioned in the last section, precise temperature control is needed to maintain crystal 
growth. This will be accomplished by a model predictive control (MPC) algorithm designed by 
Gene Bunin for his 2007 Senior Honors Thesis “Model Predictive Control of Temperature in a 
Crystallizer: A Path to Automated Crystal Growth and Dissolution” (Bunin, 2007). In essence, 
MPC uses an accurate dynamic model of the process, along with current measurements, to 
predict future values of the outputs. Using these predictions and measurements, the necessary 
future changes to the inputs can be calculated (Seborg et al., 2004). For this project, there is only 
a single output (y), the crystallizer temperature, and a single input (υ), the inlet temperature of 
the coolant mixture. For single-input, single-output processes, the model predictive controller 
can be defined by Equation 1-1. 
 

( ) ( ) ( ) ( )11 ++∆+=+ kdkAkyky p υ                                               (1-1) 
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 In this equation, yp(k+1) is the predicted output value at time k+1, y(k) is the predicted 
output with no further control action, A is vector of step response coefficients, ∆υ(k) is the 
change in input (i.e. the setpoint for the temperature of the coolant mixture), and d(k+1) is a 
disturbance model that predicts the effect of disturbances. Vector A was derived by Bunin using 
a heat transfer ordinary differential equation model of the crystallizer. A quadratic dynamic 
matrix control (QDMC) method is used to find the optimal coolant temperature setpoint (∆υ(k)) 
so that the difference between the predicted output and the setpoint of the prediction horizon 
(how far into the future the model predicts) is minimal (Bunin, 2007).  
 
1.3.3 Design of Dynamic Experiments 
 

The Design of Dynamic Experiments methodology for batch processes was developed by 
Georgakis in an effort to optimize batch processes (Georgakis, 2009). What follows is taken 
from the ADCHE paper. As mentioned earlier, DoDE is useful because a precise model of the 
system is not needed to determine the optimal particle size distribution. Also, unlike the 
commonly used Design of Experiments (DoE), DoDE designs experiments in which the decision 
variable (in this case the crystallizer cooling rate) changes systematically over time. After the 
experimental data is obtained, a response surface model is estimated and, using constrained 
optimization, the optimal operating condition (i.e. the cooling rate) is found (Georgakis, 2009). 
  According to the DoDE approach, the decision variable (u(τ)), in this case the cooling 
rate, is a function of the dimensionless time τ = t/tb (tb is the batch time) according to Equation 1-
2: 
 

( ) ( ) ( )ττφτ wUuaUuu
N

i
ii ∆+=⎟

⎠

⎞
⎜
⎝

⎛
∆+= ∑

=
0

1
0                                      (1-2) 

 
In this equation, ai are the unknown expansion coefficients, φi are a set of basis-functions 

used to describe the decision variable, and u0 and ∆U are defined in Equation 1-3. The coded 
variable, w(τ), is defined so that it varies between +1 and -1 and represents the dynamic factor of 
the experiments. N is usually reduced to a small value, sacrificing a minimal amount of accuracy 
for simplicity. 
 

( ) ( ) 2/2/ minmaxminmax
0 uuUuuu −=∆+=                                   (1-3) 

 
The basis functions chosen are the shifted Legendre polynomials which are orthogonal in 

the interval (0, 1). The first three are: 
 

( ) ( )
( ) ( )
( ) ( ) 2

23

12

01

661

21
1

ττττφ

τττφ
ττφ

+−==

−==
==

P

P
P

                                              (1-4) 

 
The experiments are now determined by systematically choosing values for a1, a2, 

a3…that will define different cooling profiles, u(τ). For instance, setting N=2 in Equation 1-2 
means that only Po and P1 will be used. In addition, each set of experiments has a certain number 
of “levels” of the decision variable. These correspond to the number of constant values of the 
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decision variable to be used. For a “level 2” experiment, the two values of the decision variable 
would be umax and umin. For a “level 3” experiment, the three values of the decision variable 
would be umax, umin, and u0 (the average of umax and umin). In total, if a level 2 experiment is done 
with N=2, there will be 22 = 4 experiments. To find the values of the Legendre coefficients, a1 
and a2, the original DoE methodology is used. Since a1 and a2 both vary from +1 to -1, the 
combinations of a1 and a2 are chosen according to Figure 1-3. That is, the minimum and 
maximum values of a1 and a2 are matched up into all four possible combinations. 

 

 
Figure 1-3: Original DoE method used to find the values of a1 and a2 for DoDE 
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However, when the coded variable is calculated, its value sometimes falls outside of its 

required range (+1 to -1) (Georgakis, 2009). For instance, if (a1,a2) = (1,1), then w(τ) is: 
 

( ) ( ) ( ) ( ) τττττ 22211111201 −=−×+×=×+×= PaPaw  
 

Since this does not fall into the required range, the values of a1 and a2 are reduced but 
their relative magnitudes remain constant. Thus, the four combinations of a1 and a2 are now: 
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A diagram of the coded variable as a function of the dimensionless time is shown in 

Figure 1-4.  
 



Application of DoDE in a Batch Crystallizer 

 11

 
Figure 1-4: The 22 = 4 DoDE experiments 

 
In this project only 22 experiments will be performed. However, the software will be set 

up so that N=3 experiments can be run in which the third Legendre polynomial (P2) will be used. 
In this case 23=8 experiments will be run in which the quadratic dependence in time will be 
investigated. Because of this quadratic dependence, the variations of the coded variable in time 
will look as they do in Figure 1-5.  

 

 
Figure 1-5: The 23 = 8 DoDE experiments 

 
 After the experiments are run, the performance index of the product crystals must be 
determined. For this project, the performance index will be calculated from the particle size 
distributions of the four 22 DoDE experiments. The performance index (J) can be modeled by a 
set of constants (bi, bij, bijk…) and the expansion coefficients (ai, aj, ak…) according to Equation 
1-7. 
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 The appropriate number of terms to use in the above model must be determined based 
upon the complexity of the system and the number of experiments performed. This equation, 
called the response surface model, relates J to the different values of ai. With the performance 
index calculated from each experiment, a linear regression algorithm is used to find the 
coefficients bi, bij, bijk… Then, the covariance and p-values of the coefficients are determined to 
see if any of the terms of Equation 1-7 are insignificant. If one is, then it should be deleted and 
the regression should be run again.  
 Finally, constrained optimization is used to find the values of ai that optimize (either 
minimize or maximize) J. Constraints are needed because the coded variable (Equation 1-4) must 
be between 1 and -1. The optimal ai values determine the optimal function u(τ), that, for this 
project, is the optimal cooling rate of the crystallizer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Application of DoDE in a Batch Crystallizer 

 13

Chapter 2: Setup of Crystallizer 
 
 
2.1 Overview of Existing Crystallizer 
 
 The crystallizer used in this project was designed by Bunin and the following is a 
summary of his description (Bunin, 2007). A diagram of the system is shown in Figure 2-1. The 
crystallizer itself is a 3 L jacketed glass vessel from Wilmad-LabGlass. The original one used by 
Bunin broke during an initial testing run due to the check valve on the outlet being stuck. This 
was replaced with an identical copy and it was assumed that any properties (heat transfer, mass 
transfer, etc.) of the initial vessel developed by Bunin were the same for this one. An Applikon, 
ADI 1012 agitator motor is located on top of the reaction vessel and can spin a stirring shaft 
inside the reactor anywhere from 0 to 1250 RPM. Originally, two 2.5” diameter, 45° pitched 
impellers were attached to this shaft (located 2.5” and 5” from the bottom of the vessel). These 
were later removed (see Section 2.3). As can be seen from the diagram, cold water from the hood 
and hot water from a bath are mixed before entering the crystallizer jacket. After leaving the 
crystallizer, the water returns to the bath where it is heated from a steam source. 
 
 

 
Figure 2-1: Piping and instrumentation diagram of the crystallizer (see Appendix A for abbreviations; solid lines 

indicate coolant piping; dashed lines indicate controls) 
  

As shown in Figure 2-1, there are sensors to measure temperature, flow and pressure. 
Eight Omega® GTMQSS-125GG type-T thermocouples are used to measure temperature in the 
hot water stream, the cold water stream, the mixture inlet stream, the mixture outlet stream, the 
hot water bath, the ambient room air, and both the front and the back of the crystallizer. There 
are also three McMillan Co.104 Flo-Sen® flow meters; one on the hot stream, one on the cold 
stream, and one on the mixture inlet stream. In addition, there is a USG 0-30psi pressure gage on 
the cold stream and a USG 0-100psi pressure gage on the mixture outlet stream. During 
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operation, the pressure gage on the cold stream was routinely checked to make sure it did not 
exceed 15 psi, which would create a pressure buildup inside the crystallizer and possibly cause it 
to break. According to LabGlass, the pressure limit on the vessel is 20 psi. Moreover, this had 
been upheld by Bunin as he cracked a vessel when the pressure surpassed this limit (Bunin, 
2007). Since the cold stream came right out of the hood, variations in the flowrate did occur. If 
the pressure was seen to be nearing 15 psi (which happened to be a relatively rare occurrence), 
the cold water knob on the hood was turned down. All of these sensors, with the exception of the 
two pressure indicators, are wired to the unit’s power supply board and PC. 

There are also five types of valves in the system. A 3/8” B&K® 150WSP ball valve 
(marked “HV” in the figure) could be opened to flush out the steam coming in from the hood 
into a drain. This was done before every run to get out any excess water that may have been 
trapped in the piping. Once only steam came out, this hand valve was closed. The steam would 
then proceed through an Omega® SV241 solenoid valve into the bath. This valve was regulated 
by the control system so that it was completely open all the time to allow steam into the bath 
unless the temperature of the bath exceeded 85°C, as measured by the thermocouple. Swagelok® 
SS-56S6 one way-valves are present on the hot and cold streams as well as the mixture outlet 
stream to prevent back-flow. Also, in the case that a large pressure does build up inside the 
crystallizer, a Swagelok® SS-4MG-MH pressure relief valve, located on the mixture outlet 
stream, would alleviate it. Lastly, two Omega® PV 516-B proportional valves control the flow 
of the hot and cold streams. These valves are connected to the control scheme so that they know 
when and by how much to open or close. 

The hot water bath is a NESLAB® EX-220 Non-Refrigerated Bath/Circulator that acts as 
a siphon pump to pump the hot water into the system where its mixes with the cold water. Since 
the cold water comes out of the hood, the knob controlling its flowrate was turned to the same 
approximate position at the beginning of each run, except if the pressure spiked as explained 
above. All of the mixed hot and cold water returns to the hot bath where it is reheated by the 
steam. An overflow outlet on the bath leads to a drain in case the water level rises too high.  

All of the wiring for the thermocouples, flow meters, proportional valves, and the 
solenoid valve run to a power supply board located to the left of the crystallizer. This board, and 
thus all of the control elements, can be turned on and off by a single switch. The agitator motor is 
connected to a speed controller located on top of the power board and must be turned on 
separately. In addition, the hot water bath is plugged into another outlet and must also be turned 
on separately. The data from the power board is relayed to the PC next to it. There, the computer 
program LabVIEW is used to control the crystallizer. LabVIEW contains the user interface in 
which the inputs of the experiment are specified, as well as the program code that instructs the 
crystallizer based upon these inputs. Also in this program code there is an imbedded MATLAB 
function that is called upon when the user specifies that MPC action is to take place.  

A diagram of the control scheme for the crystallizer is shown in Figure 2-2. The scheme 
has a model predictive controller, followed by cascade control with two master and two slave 
controllers. The master and slave controllers are all PI controllers. First, the user inputs the total 
mixture flowrate (‘Fmix SP’) and the setpoint trajectory of the crystallizer (‘Tcryst SP’) through 
the LabVIEW user interface. The MPC portion of the control scheme is the first to act. It takes 
the specified crystallizer setpoint, along with the average of the two thermocouple readings from 
the crystallizer, and calculates the setpoint of the coolant mixture inlet flow (‘Tmix SP’). This 
setpoint is passed on to the first master controller (Temperature Controller – ‘TC’), which also 
reads the mixture inlet temperature from the thermocouple. This PI controller calculates the hot 
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fraction setpoint (‘HF SP’); the fraction of the coolant that should be from the hot flow. This is 
passed on to the decoupler (‘DC’). The decoupler also receives the total flow setpoint (‘TF SP’) 
from the other master controller (Total Flow Controller – ‘TFC’).  

 

 
Figure 2-2: Schematic of crystallizer control scheme (see Appendix A for abbreviations; solid lines indicate coolant 

piping; dashed lines indicate controls) 
 
This decoupler is based upon the results of an interaction analysis performed by Bunin 

(Bunin, 2007; Seborg et al., 2004). First, it was shown that the hot and cold flowrates do not 
interfere with each other to a noticeable degree. This means that adjusting the flowrate of one 
stream does not change the flowrate of the other stream. Secondly, it was shown that changing 
the hot fraction setpoint without changing the total flow setpoint changes only the temperature of 
the mixture but not the flow and, conversely, changing only the total flow setpoint but not the hot 
fraction setpoint changes only the flow and not the temperature. Based upon these findings, the 
decoupler computes setpoints for both the hot (‘Fhot SP’) and the cold (‘Fcold SP’) streams. 
These setpoints are taken by the two slave controllers (Flow Controller 1 – ‘FC1’ and Flow 
Controller 2 – ‘FC2’) to calculate how open to set the control valves. In summary, the user inputs 
the desired crystallizer temperature and mixture flowrate and the operation of the hot and cold 
control valves is automatically calculated to reach these inputs.  

A picture of the entire crystallizer setup, shown schematically in Figure 2-1, is shown in 
Figure 2-3. A close-up of the crystallizer reactor vessel is shown in Figure 2-4 and a picture of 
the power supply board through which all of the wiring runs in shown in Figure 2.5.  
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Figure 2-3: Picture of crystallizer with hot water bath on the right, two control valves (blue boxes), agitator (sticking 

out of top of reactor), and coolant piping 
 

 
Figure 2-4: Reactor vessel with modified impeller (see Section 2.3). The coolant inlet can be seen on the bottom 
right of the crystallizer, while the outlet is on the top left.  The probe in the front of the reactor is one of the two 

crystallizer thermocouples (the other is hidden by the agitator shaft), while the five smaller probes in the back right 
are unused. 
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Figure 2-5: Power supply board with agitator controller on top (crystallizer is in hood directly to the right, while the 

PC used to run LabVIEW is directly to the left) 
 
2.2 Relocating Check Valve  
 
 In accordance with Figure 2-1 above, the check valve on the mixture outlet line is after 
the pressure relief valve. However, originally these two elements were switched so that the 
pressure relief valve was downstream. This led to a disastrous outcome when the check valve 
jammed. When the unit was turned on and water started flowing through the system, pressure 
was building up inside the reactor’s coolant jacket. It could not escape through the relief valve 
since it was past the stuck check valve and the reactor vessel exploded. After the vessel was 
replaced with an identical one, the relief valve was moved in front of the check valve as is shown 
in Figure 2-1.  
 
2.3 Replacement of Agitator 
 
 As mentioned in Section 2-1, two 2.5” diameter impellers each with four 45° pitched 
blades were attached to the agitator shaft, located 2.5” and 5” from the bottom of the vessel. 
However, when a preliminary crystallization was run to test the effectiveness of the entire 
system, these impellers were determined to be inadequate. As the crystals grew, the impellers 
were not doing a good job of suspending them. As a result, the bigger particles settled to the 
bottom and when samples were taken from the middle of the vessel, only small particles showed 
up on the subsequent microscope pictures. In addition, the big particles on the bottom would stop 
growing and instead would agglomerate together. Both of these impellers were originally 
replaced by a single three-blade marine propeller that produced axial, or “pump-down” flow. 
Axial flow generates downward currents that are parallel with the axis of the impeller shaft.  
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While this did give more homogeneous mixing, the pump-down action was breaking the 
crystals against the bottom of the crystallizer. Since it was impossible to get accurate particle size 
distributions with broken crystals, this agitator also had to be replaced. One of the original 
impellers was modified by extending each blade by one inch, thus making the total diameter 
4.5”, Figure 2-6. When the preliminary crystallization was run, 2 L of KDP solution was put into 
the crystallizer. However, because of the mixing issues, for subsequent crystallizations only 1.2 
L was to be used. For this reason, only one impeller was needed. To locate it 1.5 in from the 
bottom of the reactor vessel, a custom made shaft extender and shaft sleeve were attached to the 
end of the original agitator shaft. The modified impeller was fastened to the end of this extender 
and proved to give more homogeneous mixing with minimal breakage of crystals. 

 

 
Figure 2-6: Close-up of reactor with modified impeller attached 1.5” from the bottom and 1.2 L of water. 

 
2.4 Determination of Crystallization Recipe 
 

As described in the Background section, seeding a crystallizer is the best way to control 
crystal sizes. In fact, it has been shown that the more crystals added the more growth dominates 
over secondary nucleation (Doki et al., 1999) and seeding, in general, reduces the variance of the 
size distribution of the product crystals (Qu at al., 2004). However, in order for the growing 
crystals to be of similar size, the seeds that they grow from must also be of similar size. As done 
by Yang et al., purchased crystals were filtered in sieves with sizes 150 µm and 250 µm. The 
seeds were taken from the middle of these sieves so that their sizes were between 150 µm and 
250 µm. The amount of seeds to be added can vary and is defined as the seed loading (LS): 
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In this equation MS is the mass of seeds to add for a seed loading of LS and Mtb is the 

maximum theoretical yield of the crystallization (or the difference between the mass of solute 
soluble at the initial temperature and the mass soluble at the final temperature). Tahti et al. found 
an optimal seed loading of 1%, while Yang et al. found an optimal of 6%. Others have used seed 
loadings from 0.5% to 10%, so an initial seed loading of 3% was used for this project. While this 
value could be an experimental parameter, such testing is beyond the scope of this project and 
3% was used for all of the experiments. 

It was decided that the initial saturation temperature of the crystallization would be 50°C, 
but first the crystallizer would be heated to 52°C and kept there so that all of the original crystals 
could dissolve. A small degree of supersaturation was needed before the seeds were added, and 
therefore they were not put in the system until 48°C. After linearly decreasing from 52°C to 
48°C in a predefined amount of time, the DoDE temperature profiles were started and 
crystallization began. Figure 2-7 shows the three steps described here for KDP: dissolving of 
original crystals (1), linear decreasing of temperature before crystallization (2), and 
crystallization by seeding (3). This is the ideal path of the crystallization experiments. However, 
since no control over the concentration is possible in the current crystallizer, the actual 
concentration trajectory of the experiments will not be known.  
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Figure 2-7: Three steps of the crystallization of KDP (described above) 

 
2.5 Determination of Temperature Cooling Profiles 
 
 For this project, the 22 = 4 DoDE experiments were performed in which the decision 
variable, u(τ), was the cooling rate of the crystallizer. In Equation 1-2, N was set to two and it 
was assumed that ∆U would have different values for P0 and P1. The reason this was done was 
because when the cooling profiles were graphed for just one value of ∆U, they did not appear too 
different. It was thought that with very similar cooling profiles the differences in the crystal’s 
particle size distributions would be indiscernible.  Thus, Equation 1-2 becomes:   
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( ) ( ) ( ) 2121010 UPaUPauu ∆+∆+= τττ                                             (2-2) 
  

Therefore, the four experiments of the 22 = 4 DoDE design have cooling rates designated 
by Equation 2-2 with the four combinations of a1 and a2 shown in Equation 1-6. In order to find 
u0, ∆U1, and ∆U2 it was first necessary to find values for umax and umin. These are the maximum 
and minimum cooling rates that will be initially allowed in the system. The maximum cooling 
rate is the fastest rate the solution can be cooled without the undesirable primary nucleation 
occurring. The minimum cooling rate is the slowest rate that will still produce appreciable crystal 
growth in a reasonable amount of time. Based upon the literature, common values for these rates 
are: umax = 0.25 °C/min and umin = 0.1°C/min (Yang et al., 2006; Doki at al., 1999; Louhi-
Kultanen et al., 2006). From these, u0 and ∆U1 can be calculated.  
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In order for the subsequent cooling profiles to be dissimilar enough that the product 

crystals will be noticeably different, ∆U2 was set to 2.5* ∆U1 = 0.1875 °C/min. This was a first 
approximation and one that could be changed if future tests are completed. In order to obtain the 
temperature profiles from the cooling rates, the cooling rate must be integrated and then 
subtracted from the initial temperature.  
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As described in the previous section, the initial temperature (T0) of the experiments is 

48°C. Also, for time constraints, the middle batch time for an experiment with a constant cooling 
rate equal to u0, would be set to 90 minutes. From this, the final temperature of the crystallization 
can be found: 
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With the initial (48°C) and final (32.25°C) crystallization temperatures set, the batch 

times for the four 22 = 4 DoDE reactions can be found.  
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As can be seen, when P1(t/tb) is integrated from 0 to tb, its value is zero and it has no 
effect on the batch time. This is true for any of the Legendre polynomials, except P0, due to their 
orthogonal property. Thus, the value of a2, a3… plus the choice of ∆U2 has no effect on the batch 
time. From Equation 2-4, the batch time for (a1, a2) = (0.5, 0.5) and (0.5, -0.5) is 74.1 minutes 
and the batch time for (a1, a2) = (-0.5, 0.5) and (-0.5, -0.5) is 114.5 minutes. With all of the 
constants in Equation 2-3 now known, along with T0 and Tf, the four temperature profiles can be 
graphed. 
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Figure 2-8: Crystallization profiles for the 22 = 4 DoDE experiments 

 
2.6 Development of Crystallizer Temperature Setpoint in LabVIEW 
 
 In the original MPC code by Bunin, the crystallizer temperature setpoint was designed 
only for an infinite sequence of increasing and decreasing ramps. The only two setpoint inputs on 
the LabVIEW user interface were the time and temperature of the ramp. Thus, if the user 
inputted a 15°C ramp in 20 minutes, the crystallizer setpoint sent to the MPC was simply an 
infinite sequence of 15°C up in 20 minutes and then 15°C down in 20 minutes. Obviously, this 
could not achieve the temperature profiles shown in Figure 2-8. Hence, the setpoint definition 
part of the MPC code was taken out and replaced with a new one that calculates the temperature 
profiles above given input values for a1 and a2. On the LabVIEW user interface, inputs for a1, a2, 
and a3 (for possible future experiments utilizing the third Legendre polynomial) were added so 
that, given values for these coefficients, LabVIEW could calculate the cooling profiles. 
 The crystallization recipe states that the crystallizer temperature should stay constant at 
52°C so that all of the original crystals could dissolve. The crystallizer was brought up from its 
original temperature to 52°C at a rate of 1°C/min. The time spent at this temperature was 
included as an input (called tss – time at steady state – in the program). Also, the time spent 
linearly decreasing from 52°C to 48°C (after all of the crystals were visually observed to have 
dissolved), was added as an input to LabVIEW  and called tcr – time of constant ramp – in the 
program. In addition, the temperature setpoint was written so that, after the profiles shown in 
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Figure 2-8 were completed, the crystallizer would be maintained at its final temperature 
(32.25°C) for 60 minutes. Thus, the overall crystallizer temperature setpoint consisted of five 
stages: bringing the crystallizer up to 52°C from its original temperature, maintaining 52°C for 
the inputted amount of time, linearly decreasing to 48°C in the inputted amount of time, 
following the temperature profile called for by the inputted values of a1, a2, and a3, and then 
holding constant at the final temperature of 32.25°C for 60 minutes. The complete temperature 
profiles used, assuming an original temperature of 45°C, are shown in Figure 2-9.  
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Figure 2-9: Complete temperature profiles for the 22 = 4 DoDE experiments with a starting temperature of 45°C, a tss 

of 60 min, and a tcr of 40 min. (note: all four profiles overlap until 48C) 
 

Three inputs were kept from the original LabVIEW interface designed by Bunin: “Set 
Mixture Flow”, “Initial Mixture Temperature”, and “Control Frequency”. “Set Mixture Flow” is 
a setpoint for the mixture flowrate and wasn’t changed from a value of 1.8 L/min for any of the 
experiments. “Initial Mixture Temperature” is a setpoint for the coolant inlet temperature that the 
cascade control scheme was to achieve before MPC action was turned on. “Control Frequency” 
set how often the MPC would take action once it was activated. Its default value was 1 minute 
and this was not changed as it had been found that changing it did not lead to better control 
(Bunin, 2007). Figure 2-10 shows the LabVIEW user interface.  
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Figure 2-10: LabVIEW user interface with inputs for set mixture flow, initial mixture temperature, a1, a2, a3, time at 

steady state, time of constant ramp, and control frequency. All flows and temperatures are displayed and the 
crystallizer temperature is graphed versus time.  The box in the upper right shows an error if something is wrong 

with the code. 
 
2.7 Changes to MPC Code 
 
 A few changes were made to the LabVIEW MPC code that Bunin developed. First, 
Bunin used a step disturbance model for his zigzag temperature profiles. This disturbance model, 
or output bias, was updated at each point and is used in MPC to predict future values (see 
Equation 1-1). The step disturbance that he used assumed that the unmeasured disturbances were 
constant and this model worked well for his temperature profiles. However, after initial 
experimental testing with this model, it was changed to a ramp disturbance model. This model, in 
which the disturbance increases over time, gave better results than the step disturbance model.  
 Another change was made to the maximum difference between two successive setpoints 
(‘Tmix SP’ in Figure 2-2) used as a constraint by the MPC. Bunin had set this value to be 63, the 
difference between the maximum temperature of the hot water bath (83°C) and the minimum 
temperature of the cold water supply (20°C). However, this led to drastic setpoint changes that 
the slave controllers could not attain within the one minute before the next MPC action was 
called. It was hypothesized that the setpoint for the mixture temperature should not need to be 
changed more or less than 2°C from the previous setpoint, and this was changed in the code. 
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Chapter 3: Testing of Crystallizer Control Scheme 
 
 
2.1 Retuning of PI Controllers 
 
  After initial setpoint tracking experiments, it was decided that the four PI controllers 
should be retuned because the hot and cold flows were not responding to the setpoints as well as 
had been expected. This was accomplished through the Ziegler-Nichols method. In this method, 
each controller is tuned separately with the integral time constant set to a very large value so that 
there is essentially no integral control action. The proportional constant (K) is set to a small 
value and then gradually increased. At some point, the controlled variable, in this case the 
flowrate, will oscillate with a constant amplitude around the setpoint. These oscillations will 
neither reduce down to the setpoint, nor oscillate out of control. The value of the proportional 
constant that produces this constant oscillation is called the ultimate gain, Kcu, and the period of 
the sustained oscillations is called the ultimate period, Pu (Seborg et al., 2004). The following 
relations can be used to find values for Kc and τI to be used in the PI controllers: 
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                                                              (3-1) 

 
 This method was done first for both the hot and cold flow controllers separately. For the 
hot controller set at a flow of 1.2 L/min, sustained oscillations occurred when the gain was 4.25 
as can be seen from Figure 3-1. The ultimate period from the graph was about 6 seconds, 
although this was an approximate value due to the fact that the controller only acted every three 
seconds. From Equation 3-1, the controller gain and integral time were calculated to be 1.91 and 
5 seconds, respectively. The same was done for the cold flow, again with a setpoint of 1.2 L/min. 
The ultimate gain at which constant oscillations occurred was 3.7, shown in Figure 3-2. Again, 
due to the fact that flow readings were taken every three seconds, the ultimate period was 
approximated to be 6 seconds. From Equation 3-1, the controller gain and integral time for the 
cold flow controller were calculated to be 1.67 and 5 seconds, respectively.  

In order to test these tunings, a simple step test was used in which the flow setpoint was 
stepped from 1 L/min to 1.5 L/min to see how well the controllers tracked the setpoint. Once the 
Ziegler-Nichols parameters were used, they were gradually changed to see if better tracking was 
possible. For the hot flow controller, the best setpoint tracking occurred when Kc=1.76 and τI=5 
seconds (Figure 3-3). For the cold flow controller, the best setpoint tracking occurred when 
Kc=1.69 and τI=5 seconds. This can be seen in Figure 3-4 and theses PI parameters were kept for 
future experiments. 
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Z-N Tuning of Hot Flow Controller (Kcu=4.25)
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Figure 3-1: Ziegler-Nichols tuning of hot flow controller (Kcu=4.25) 

 
 
 
 

Z-N Tuning of Cold Flow Contoller (Kcu=3.7)
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Figure 3-2: Ziegler-Nichols tuning of cold flow controller (Kcu=3.7) 
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Hot Flow Setpoint Tracking (Kc=1.76, τi=5 sec)
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Figure 3-3: Hot flow setpoint tracking with new PI parameters 

 

Cold Flow Setpoint Tracking (Kc=1.69, τi=5 sec)
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Figure 3-4: Cold flow setpoint tracking with new PI parameters 

 
From Figures 3-3 and 3-4, one can see that the measured flows seem to be a little 

“jumpy;” that is, even for a constant setpoint, the measured flow is not constant. In order to see if 
this occurred because of erratic control action or just noisy flow measurements, a constant 
current was sent to each controller and the flow was measured, Figures 3-5 and 3-6. For 10 mA, 
the average cold flow was 1.50 L/min and the average deviations (i.e. the ‘noise’) from this value 
were 0.016 L/min. As for the hot flow, the average was 0.57 L/min and the noise was calculated 
to be 0.012 L/min. These noise values could not be reduced since they were inherent to the 
valves and flow meters being used. They do, however, explain the bumpiness of the flow 
readings in Figures 3-3 and 3-4.   
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Cold Flow Noise Measurement (constant 10 mA)
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Figure 3-5: Cold flow noise testing 

 
Hot Flow Noise Measurement (constant 10 mA)
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Figure 3-6: Hot flow noise testing 

 
The two master controllers were tuned in the same manner as the two slave controllers, 

except that the slave controllers were brought online using the PI parameters found above. The 
mixture temperature controller was tuned first with the total flow controller taken offline. With a 
mixture temperature setpoint of 45°C, the controller gain was increased from an initial value of 
0.01 to 0.03, at which value constant oscillations occurred (Figure 3-7). The ultimate period that 
corresponds to the ultimate gain of 0.03 is approximately 20 seconds from Figure 3-7. Using 
Equation 3-1, the proportional gain and integral time were calculated to be 0.0135 and 16.7 
seconds, respectively. However, when a setpoint tracking exercise was carried out with the 
temperature setpoint increased from 45°C to 52°C, this value of τI turned out to be too 
aggressive. The integral time was increased until 800 seconds, which gave much better control. 
In addition, the value for Kc was decreased from 0.0135 to 0.01.  
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Mixture Temperature Tuning (Kcu=0.03)
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Figure 3-7: Ziegler-Nichols tuning of mixture temperature controller (Kcu=0.03) 

 

Mixture Temp Setpoint Tracking (Kc=0.01, τi=800 sec)
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Figure 3-8: Mixture temperature setpoint tracking with new PI parameters 

 
Finally, the total flow controller was tuned at a mixture flow setpoint of 1.2 L/min. The 

ultimate gain that produced constant oscillations was 2.25 and the corresponding ultimate period 
was approximately 10 seconds (Figure 3-9). Using the Ziegler-Nichols correlations, the 
proportional gain and integral time were calculated to be 1.01 and 8.3 seconds, respectively. 
When a step response test was done with the total flow setpoint changing from 1 L/min to 1.5 
L/min, the integral time had to be increased to 25 seconds to give better control (Figure 3-10). 
Table 3-1 shows the PI parameters for the two slave and two master controllers.  
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Figure 3-9: Ziegler-Nichols tuning of total flow controller (Kcu=2.25) 
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Figure 3-10: Total flow setpoint tracking with new PI parameters 

 
Table 3-1: Summary of PI parameters for the four retuned controllers 

Controller Proportional Gain 
(Kc) 

Integral Time 
 (τI, sec) 

Hot Flow 1.76 5 
Cold Flow 1.69 5 

Mixture Temperature 0.01 800 
Mixture Total Flow 1.01 25 

 
2.1 Testing of MPC and PI Setpoint Tracking 
 
 With the MPC code modified and the PI controllers retuned, the performance of the 
crystallizer was tested by changing certain features of the LabVIEW scheme. The crystallizer 
was filled with 1.2L of water without any crystals present because this was only going to be 
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temperature testing and no crystallizations would be occurring. It was assumed that the presence 
of the crystals would not have a noticeable effect on the temperature performance of the system. 
First, the program was run as it was with the new MPC code and the new PI parameters. The 
profile run was (a1, a2) = (0.5, 0.5) with the time at 52°C set to 40 min (tss=40) and the time of 
constant decreasing temperature ramp set to 20 min (tcr=20). As can be seen from Figure 3-11, 
the crystallizer temperature follows the setpoint relatively well except for an initial lag and minor 
oscillations throughout the rest of the profile. The average error between the setpoint and the 
actual crystallizer temperature is 0.35°C/reading. The error for the crystallization portion, from 
48°C to 32.25°C, is actually lower, at only 0.194°C/reading. Interestingly, the oscillations are 
actually bigger for the constant setpoint at 52°C than the curved profile from 48°C to 32.25°C.  
 To reduce the error but, more importantly, the constant oscillations, a few factors of the 
LabVIEW scheme were changed. According to Bunin, the main tuning parameters of an MPC 
controller are the output and input weights, yw and uw, respectively, which are used to determine 
how much of an effect the inputs and outputs have on the objective function (Bunin, 2007). For 
this tuning, the input weight (uw), which was originally set to 0.1 was increased to see if it 
produced better control. It was increased to 0.3 and 0.5 and the same test run was done as in 
Figure 3-11. From Figures 3-12 and 3-13, the increased weights seem to help the initial ramp up 
to 52°C but after that they do not look significantly improved from Figure 3-11. This was 
confirmed when average errors of 0.369°C/reading and 0.338°C/reading were calculated for 
uw=0.3 and uw=0.5, respectively. Thus, a weight of 0.1 was retained for future testing and 
experiments. This result was also reached by Bunin (Bunin, 2007).  
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Figure 3-11: Initial crystallizer temperature setpoint tracking 
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Figure 3-12: Crystallizer temperature setpoint tracking with uw = 0.3 
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Figure 3-13: Crystallizer temperature setpoint tracking with uw = 0.5 

 
 While the MPC was activated only every minute, the PI controllers were activated every 
three seconds. This means that new hot and cold flow setpoints were calculated every three 
seconds, even though a new mixture temperature setpoint was calculated every minute. It was 
hypothesized that the frequency of the PI controllers was attributing to the small, but frequent, 
oscillations seen in the temperature tracking. The sample time of the PI controllers was changed 
to 5 and 10 seconds to test this theory. In addition, the flow meters, which used to average 100 
readings taken every 3 seconds, were changed so that they took 200 readings every 5 or 10 
seconds, depending on the sample time. It was thought that this would reduce oscillations and 
noise in the flow readings. The setpoint was also changed so that the time at steady state was 25 
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min for sample time = 5 sec or 45 min for sample time = 10 sec and the time of constant ramp 
was set to 15 min. As can be seen from Figures 3-14 and 3-15, the setpoint tracking was much 
worse than Figure 3-11, especially during the crystallization portion (48°C to 32.25°C). The 
average errors were 0.715°C/reading and 0.686°C/reading for sample times of 5 and 10 seconds, 
respectively. Because of these findings, the sample time was kept at 3 seconds and the average 
flow readings were returned to 100.  
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Figure 3-14: Crystallizer temperature setpoint tracking with a 5 second sample time and a flow average of 200 
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Figure 3-15: Crystallizer temperature setpoint tracking with a 10 second sample time and a flow average of 200 

 
 As a last effort to improved upon the control action, the disturbance model, which had 
been changed to a ramp disturbance (see Section 2-7), was changed back to a step disturbance. 
This did not provide an improvement over the setpoint tracking of Figure 3-11. It had a hard time 
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maintaining a constant temperature of 52°C and was constantly over the setpoint during the 
crystallization profile. The average error was calculated to be 0.431°C/reading. Since none of 
these efforts outlined in this section provided any improved control action, all inputs were set 
back to their original values and the setpoint tracking of Figure 3-11 was deemed acceptable 
(with an average error of 0.35°C/reading).  
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Figure 3-16: Crystallizer temperature setpoint tracking with step disturbance 
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Chapter 4: Experimental Progress 
 
 
4.1 Image Analysis of Crystals 
 
 Before actual crystallizations could be run, an algorithm was developed to determine 
particle size and shape distributions of the crystals from pictures taken by the microscope. These 
two distributions were found through the particles’ area, which measures size, and the particles’ 
aspect ratio, which measures the shape. The aspect ratio is defined as the ratio of the length of a 
crystal to its width, R = rL/rw (see Figure 4-1). The more needle-like the crystals, the bigger the 
aspect ratios will be. The algorithm to find the areas and aspect ratios was developed in 
MATLAB using the Image Processing Toolbox and is a multi-step process that converts the 
pictures taken by the microscope into an image that identifies each individual crystal. From this 
image the areas and aspect ratios of each crystal can be found. From these two distributions, two 
more distributions were calculated: the length of the crystal (rL in Figure 4-1) and the volume of 
the crystal. The length of the crystal was found by assuming the area of the crystal to be equal to 
rL*rW.   
 

( ) ( )( )

( ) ( )
( )R

Arr
rRRatioAspect

ARrrrAArea

W
W

L

LWL

=⇒=

=⇒×=
                           (4-1) 

 
From Figure 4-1, the depth of the crystal is equal to the width (rW), so the volume of a 

crystal is: 
 

( ) 2
WL rrVVolume ×=                                                     (4-2) 

 

 
Figure 4-1: Outline of KDP crystal showing the length (rL) and width (rW) 
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The following are the steps used to find the particle area, aspect ratio, length, and volume 
distributions using the following seed crystal image as an example. 
 

 
Figure 4-2: Image of seeds crystals found using microscope (the scale bar on the top left of the image is 100 µm) 

 
1) The original image (Figure 4-2) is read from its file and converted to a grayscale image 

(Figure 4-3, top left). This is done in MATLAB by removing the hue and saturation qualities 
of the image but keeping its luminance. 

 
2) In order to convert the grayscale image to a binary image, a threshold must be calculated 

which separates pixels as either foreground or background. This is accomplished through 
Otsu’s method, which determines the threshold by minimizing the variance of both the 
foreground and background pixels (Sezgin & Sankur, 2004). Once this threshold is found, 
any pixels with luminance greater than it are assigned a value of 1 (white) and any pixels 
with luminance less than it are assigned a value of 0 (black) (Figure 4-3, top right). 

 
3) Because the crystals are translucent, the insides of the crystals are sometimes turned white 

when the image is converted to a binary one. This step involves filling-in these ‘holes,’ 
which is done by converting any background (white) pixels into foreground (black) pixels if 
they cannot be reached by filling in the background from the edge of the image (Figure 4-3, 
bottom left).  

 
4) Small objects in the image, such as foreign substances, broken crystals, and the scale bar are 

removed (Figure 4-3, bottom right). This is done by morphologically ‘opening’ the image 
and picking the size and shape of the objects to be removed. For these crystal images, the 
shape selected is a square that is 10 pixels wide, although this could be changed depending 
on the objects. MATLAB opens an image by first eroding it (pixel value changed to 
minimum value of all the pixels in its neighborhood) and then dilating it (pixel value changed 
to maximum value of all the pixels in its neighborhood). 
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Figure 4-3: Transformations of Figure 4-2 corresponding to steps #1-#4 

 
5) One of the hardest aspects of this image analysis is separating the images of crystals that 

touch each other. The first part of this process is performing a Euclidean distance transform, 
which calculates the distance between a pixel and the nearest nonzero (white) pixel. This 
pixel is then assigned the value of this distance, which corresponds to its intensity in a 
grayscale image (Figure 4-4, top left).  

 
6) The second part of the image segmentation process is performing a watershed transform on 

the distance transformed image produced in the last step. A watershed transform interprets 
bright areas of this image as “high” and dark areas as “low.” It then calculates the lines that 
separate the so-called “catchment basins” (see Figure 4-5). From the distance transform, the 
insides of objects are darker than their edges, thus forming catchment basins which are 
separated by a watershed line (Holden et al., 2008). Since the watershed transform identifies 
these lines, they can be subtracted from the image produced in step 4 so that no crystals touch 
each other (Figure 4-4, top right).   

 

Step #1 Step #2

Step #4Step #3 
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Figure 4-4: Transformations of Figure 4-2 corresponding to steps #5-7 

 

   
Figure 4-5: An example intensity image such as that produced in step #5 (right). Visualization showing the 

catchment basins and watershed line of this intensity image (left) 
 
7) Crystals that are not fully within the frame of the image cannot be evaluated for size and 

shape. Thus, these objects are deleted from the image by producing an image of only these 
objects (Figure 4-4, bottom left) and then subtracting this image from the image made by the 
last step (Figure 4-4, bottom right).  

 
8) By now, only full, individual crystals should remain in the image. These objects are now 

counted and labeled. In addition, they are graphed in different colors so that it is easier to 
visualize the separate crystals (Figure 4-6).  

 

Step #5 Step #6

Step #7
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Figure 4-6: Final product of image analysis showing all full crystals in different colors 

 
9) The area, in number of pixels, is calculated for each crystal. This is converted into µm2 by 

multiplying the number of pixels by 2.59. This number was calculated from the fact that the 
100 µm scale bar was measured to be 61.98 pixels long. Thus, the length of one side of a 
pixel is 100 µm/61.98 = 1.61 µm and the area of a pixel is (1.61 µm)2 = 2.59 µm2.  

 
10) The aspect ratio is calculated as the ratio of the major axis length to the minor axis length of 

the object. These axes are found in MATLAB by calculating the axes of an ellipse that has 
the same normalized second central moments as the object.  

 
11) The lengths and volumes of the crystals are found using the areas and aspect ratios found in 

steps #9-10 with Equations 4-1 and 4-2. 
 
12) Averages are taken of the areas, aspect ratios, lengths and volumes of all the crystals from all 

of the images. In addition, histograms can be calculated that will show the distribution of the 
sizes and shapes of the crystals. For the seeds crystals, the average size was 71,075 µm2, with 
a range of 14,140 µm2 – 162,090 µm2 and the distribution of these sizes is shown in Figure 4-
7. The average aspect ratio of the seeds crystals was 2.075, with a range of 1.056 – 4.375, 
and its distribution is shown in Figure 4-8. The lengths and volumes are shown in Figures 4-9 
and 4-10. In all of the following histograms, the last bin, labeled “More”, shows the 
frequency of crystals whose characteristic (areas, aspect ratio, etc.) is greater than the 
maximum bin. 
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Figure 4-7: Distribution of seed crystal areas (average = 71,075 µm2) 
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Figure 4-8: Distribution of seed crystal aspect ratios (average = 2.075) 
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Distribution of Seed Crystal Lengths
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Figure 4-9: Distribution of seed crystal lengths (average = 380 µm) 
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Figure 4-10: Distribution of seed crystal volumes (average = 13.6 x 106 µm3) 

 
 An alternate procedure was used for large crystals that could not fit in a single picture. 
For these crystals, multiple images were taken that, together, showed the entire crystal. Steps #2-
7 were omitted and, instead, the edges of the crystals were manually drawn onto the grayscale 
image one at a time. The selected region was then converted into a binary image and its area and 
axes were found. This was done for all of the images that the large crystal spanned. The area of 
the crystal was found by summing the areas of the parts of the crystal shown in the different 
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images. The aspect ratio was found by dividing the sum of the major axes from the different 
images by the average of the minor axes from the different images. The length and volume of the 
crystals were found in the same way as before.    
 
4.2 Crystallization Experiments 
 
 Finally, the four DoDE experiments, whose temperature profiles are shown in Figure 2-9, 
were run. A volume of 1.2 L was chosen for the crystallizer, so 1.2 L of DI water was added, 
along with the mass of KDP soluble in 1.2 L at 50°C. From Figure 1-2, this turned out to be 
407.5 g/L, or 489 g for 1.2 L. Following the recipe from Section 2.4, the mass of seeds needed, at 
a 3% seed loading, was calculated next. Since Tf was calculated to be 32.25°C in Section 2-5, the 
final crystal mass would be the amount of KDP soluble at 32.25°C, or 348.4 g, from Figure 1-2. 
Rearranging Equation 2-1: 
 

( ) ( )0.03 489 348.4 4.22S S th S Ti TfM L M L M M g g g= × = − = − =  
 
 Hence, 4.22g of seed crystals were measured out for each run from those that had been 
sieved so that their sizes were between 150 µm and 250 µm. With the KDP solution added to the 
crystallizer and the mass of seed crystals measured out, the inputs to the LabVIEW program (see 
Section 2-6 for an explanation of the inputs) were made. Once the program was run, fifteen or so 
minutes passed by before the model predictive control action was activated so that the hot water 
bath could settle at its steady state value of around 80°C. The agitator was set to spin at 220 
RPM, which provided mostly uniform mixing without major vortexing of the solution.  
  

 
Figure 4-11: Nikon Eclipse TE300 microscope used to take pictures of the crystal samples  
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After dissolution for 15 minutes at 52°C (tss), the temperature was linearly reduced to 
48°C in 40 minutes (tcr). At 48°C, the 4.22g of seed crystals were added and then each 
experiment followed its planned temperature profiles down to 32.25°C. Once the crystallizer 
reached this temperature, a 10-12 mL sample was drawn from the middle of the crystallizer using 
a pipette. The agitator was still on at this point so that the sample would be representative of the 
solution and so the larger crystals would not fall to the bottom. The sample was then quickly 
dispensed into a Pyrex 36060 fritted Buchner funnel with a porosity of 4-5.5 µm, that was 
attached to a vacuum flask which pulled all of the liquid through. After drying, the crystals were 
transferred to a Petri dish and brought to the Nikon Eclipse TE300 microscope. This microscope, 
which has a Hamamatsu C472-95 digital camera attachment, was used to take pictures of the 
crystals (Figure 4-11). The pictures were then modified in the program SimplePCI by adding 
contrast and a scale bar, which made the image analysis described in Section 4-1 easier.    

 
4.2.1 DoDE Experiment #1: a1 = a2 = 0.5 
 

For this crystallization, the initial mixture temperature had to be initially set to 65°C 
because the undissolved crystals had formed a solid block on the bottom of the crystallizer which 
had trapped the impeller. With the impeller unable to move, the crystals would have taken an 
inordinate amount of time to dissolve at the usual dissolution temperature of 52°C. Because of 
this, the crystallizer was heated beyond this temperature (to about 57°C) so that the crystal block 
would disintegrate and free the impeller for movement. Once this happened, the MPC control 
action was activated with the time at steady state (52°C) set to 15 minutes since most of the 
crystals had already dissolved at the higher temperature. The time of ramp decrease (52°C to 
48°C) was set to 40 minutes. 

 However, the setpoint program could not correctly calculate initial setpoints (those 
before the temperature profiles at 48°C) for initial temperatures greater than 52°C and is the 
reason for the large error seen in the beginning of Figure 4-12, which shows the setpoint tracking 
of the crystallizer throughout the entire experiment. This problem occurred because the program 
was set up to calculate only an increasing temperature trajectory from the initial temperature to 
52°C. Obviously, if the initial temperature was above 52°C, there would need to be a decreasing 
trajectory, which the program code originally could not compute. This discrepancy in the 
setpoint program was fixed before the next run. Nevertheless, the tracking of the crystallization 
profile, from 48°C to 32.25°C, was unaffected. Therefore, the initial error was deemed to have a 
negligible affect on the product crystals. In fact, the average error (difference between the actual 
crystallizer temperature and its setpoint) during the crystallization profile was only 0.308 
°C/reading. 

The product crystals were recovered at 32.25°C and it was immediately evident that there 
were both very large crystals and very small ones, even smaller than the seed crystals. An 
example of the crystals is shown in Figure 4-13, along with the output from the image analysis. 
The apparent large differences in crystal sizes were verified by the size and shape distributions, 
seen in Figures 4-14 to 4-17. This was the result of unwanted secondary nucleation. While the 
seed crystals did grow in size, nucleation was also occurring, producing all of the small crystals. 
While the sizes of the crystals varied considerably, they were consistently more needle-like than 
the seed crystals, with an average aspect ratio of 8.27, compared to 2.075 for the seeds. These 
results showing some large crystals produced by crystal growth and many small crystals 
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produced by secondary nucleation were seen throughout the experiments, as shown in the next 
few sections. 
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Figure 4-12: Temperature profile of crystallization run with a1 = a2 = 0.5 

 
 
 

 
Figure 4-13: Example of crystal picture (left) with subsequent image produced by MATLAB for analysis (right, 

small fragments that were not whole crystals were not considered for size and shape)  
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Figure 4-14: Distribution of crystal areas for experiment with a1 = a2 = 0.5 (average = 68,191 µm2) 
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Figure 4-15: Distribution of crystal aspect ratios for experiment with a1 = a2 = 0.5 (average = 8.27) 
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Figure 4-16: Distribution of crystal lengths for experiment with a1 = a2 = 0.5 (average = 584 µm) 
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Figure 4-17: Distribution of crystal volumes for experiment with a1 = a2 = 0.5 (average = 12.4*106 µm3) 

 
4.2.2 DoDE Experiment #2: a1 = 0.5, a2 = -0.5 
 

The second DoDE experiment was carried out in similar fashion as the first one, with the 
initial temperature being over 52°C so that the crystals would dissolve quicker. Time at steady 
state was set to 15 minutes, since most of the crystals had already dissolved, and time of the 
constant ramp was set at 40 minutes. The tracking of the crystallizer temperature to its setpoint is 



Application of DoDE in a Batch Crystallizer 

 46

shown in Figure 4-18. Again, the error at the beginning was large but during the crystallization 
portion of the experiment the error was only 0.23°C/reading. The product crystals appeared 
similar to the ones obtained in the first experiment. An example of a large crystal is seen in 
Figure 4-19. The distributions are shown in Figure 4-20 to 4-23. 
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Figure 4-18: Temperature profile of crystallization run with a1 = 0.5, a2 = -0.5 

 

 

 
Figure 4-19: Example of large crystal pictures (top) with subsequent images produced by MATLAB for analysis 

(bottom, area of crystal is the sum of the two areas, the aspect ratio is the sum of the two major axes divided by the 
average of the two minor axes)  
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Figure 4-20: Distribution of crystal areas for experiment with a1 = 0.5, a2 = -0.5 (average = 95,830 µm2) 
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Figure 4-21: Distribution of crystal aspect ratios for experiment with a1 = 0.5, a2 = -0.5 (average = 17.9) 
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Figure 4-22: Distribution of crystal lengths for experiment with a1 = 0.5, a2 = -0.5 (average = 981 µm) 
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Figure 4-23: Distribution of crystal volumes for experiment with a1 = 0.5, a2 = -0.5 (average = 17.9*106 µm3) 

 
4.2.3 DoDE Experiment #3: a1 = -0.5, a2 = 0.5 
 

The third DoDE experiment had a batch time of 114 minutes, longer than the 74 minute 
batch time of the first two experiments. Nevertheless, it was run in similar fashion, with a time 
interval at steady temperature (52°C) of 15 minutes and a time period of decreasing temperature 
ramp of 40 minutes. The average error of the crystallization portion of the profile was 
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0.202°C/reading, better than the errors of the two shorter experiments. A picture of the crystals is 
shown in Figure 4-25 and the distributions are shown in Figure 4-26 to 4-29. 
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Figure 4-24: Temperature profile of crystallization run with a1 = -0.5, a2 = 0.5 

 
 
 

 
Figure 4-25: Example of crystal picture (left) with subsequent image produced by MATLAB for analysis (right, 

small fragments that were not whole crystals were not considered for size and shape)  
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Figure 4-26: Distribution of crystal areas for experiment with a1 = -0.5, a2 = -0.5 (average = 80,412 µm2) 
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Figure 4-27: Distribution of crystal aspect ratios for experiment with a1 = -0.5, a2 = 0.5 (average = 10.3) 
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Figure 4-28: Distribution of crystal lengths for experiment with a1 = 0.5, a2 = -0.5 (average = 716 µm) 
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Figure 4-29: Distribution of crystal volumes for experiment with a1 = -0.5, a2 = 0.5 (average = 13.1*106 µm3) 

 
4.2.4 DoDE Experiment #4: a1 = a2 = -0.5 
 

The fourth DoDE experiment also had a batch time of 114 minutes. The duration of the 
constant temperature interval and that for the decreasing ramp were again set to 15 min and 40 
min, respectively. Also, like the other experiments, after an initial lag away from the setpoint, the 
crystallizer was able to catch up before it was seeded. The error for the crystallization profile was 
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the best for this experiment, only 0.20°C/reading. A picture of the crystals is shown in Figure 4-
31 and the distributions are shown in Figure 4-32 to 4-35. Also, a chart showing the average 
areas, aspect ratios, lengths, and volumes for the four experiments is shown in Table 4-1. 
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Figure 4-30: Temperature profile of crystallization run with a1 = a2 = -0.5 

 
 
 

 
Figure 4-31: Example of crystal picture (left) with subsequent image produced by MATLAB for analysis (right, 

small fragments that were not whole crystals were not considered for size and shape)  
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Figure 4-32: Distribution of crystal areas for experiment with a1 = a2 = -0.5 (average = 109,356 µm2) 
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Figure 4-33: Distribution of crystal aspect ratios for experiment with a1 = a2 = -0.5 (average = 10.1) 
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Figure 4-34: Distribution of crystal lengths for experiment with a1 = a2 = -0.5 (average = 802 µm) 
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Figure 4-35: Distribution of crystal volumes for experiment with a1 = a2 = -0.5 (average = 22.1*106 µm3) 

 
 
 
 
 



Application of DoDE in a Batch Crystallizer 

 55

 
Table 4-1: Summary of the results from the four DoDE experiments and seeds 

Experiment Area (µm2) Aspect Ratio Length (µm) Volume x 106 (µm3) 
Seeds 71,075 2.075 380 13.6 

#1 68,191 8.27 584 12.4 
#2 95,830 17.9 981 17.9 
#3 80,412 10.3 716 13.1 
#4 109,356 10.1 802 22.1 

 
4.3 Analysis of Results 
 

Just looking at the average areas and volumes of the crystals from the four experiments, they 
are not too different than the average area and volume of the seed crystals. Therefore, it doesn’t 
seem as if much crystallization has occurred. However, by looking at the distributions, it can be 
seen that this is far from the case. There are some crystals that are much bigger than both the rest 
of the crystals in the batch and the seed crystals themselves. Some of these crystals have an area 
of over 1,000,000 µm2 and a length of over 5,000 µm. These crystals, while few in number, are 
of such a huge size that they bring the averages of the entire samples up. It is evident that these 
crystals grew from the seeds by crystal growth, the desired form of crystallization.  

On the other hand, the majority of the crystals, with volumes around 200 µm2, are much 
smaller than the seeds. These crystals are the product of unwanted secondary nucleation. 
Originally, this project set out to control the size and shape of crystals produced by crystal 
growth from seeds. However, based upon the results from the four DoDE experiments, it is clear 
that controlling the amount of secondary nucleation is a more pressing concern. It would be futile 
to try to control the size and shape of the few large crystals with so many small crystals 
constantly forming.  

Therefore, it was decided that the performance index (J) of Equation 1-7 would measure the 
extent of secondary nucleation. Since crystal growth was no longer the focus of the optimization, 
length histograms from the four experiments were remade without the big crystals included 
(Figures 4-36 to 4-39). The performance index would be the length with the highest frequency, 
taken from the histograms. This was chosen because minimizing it would, in effect, be like 
reducing the most probable length of the secondary nucleation crystals. The smaller the most 
probable length of these crystals, the smaller the extent of secondary nucleation. These values for 
the four experiments are shown in the following table.  

 
Table 4-2: The performance indexes for the four DoDE experiments 

Experiment a1 a2 Length with Highest Frequency (µm) 
(Performance Index, J) 

#1 0.5 0.5 150 
#2 0.5 -0.5 400 
#3 -0.5 0.5 300 
#4 -0.5 -0.5 700 
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Figure 4-36: Distribution of small crystal lengths for experiment with a1 = a2 = 0.5  
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Figure 4-37: Distribution of small crystal lengths for experiment with a1 = 0.5, a2 = -0.5  
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Figure 4-38: Distribution of small crystal lengths for experiment with a1 = -0.5, a2 = 0.5  
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Figure 4-39: Distribution of small crystal lengths for experiment with a1 = a2 = -0.5  

 
 With the four values of the performance index calculated, the appropriate form of the 
response surface model (Equation 1-7, reprinted below) had to be chosen. First, a model with one 
interaction term (a1*a2) was tested (Equation 4-3). 
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( ) 21322110 aabababbuJ +++=                                              (4-3) 

 
 Linear regression was used to find values of the coefficients b0, b1, b2, and b3 that fit a1 
and a2 to the data (J). However, when a statistical analysis was performed on these coefficients, 
neither the covariance nor the p-values could be calculated. This indicated that at least one of the 
terms was not significant and the model had too many parameters. Therefore, the interaction 
term was taken away, leaving an equation with only three coefficients: 
 

( ) 22110 ababbuJ ++=                                                      (4-4) 
 

When regression was run with this model, it turned out that the numerical difficulty to 
calculate the covariance matrix and p-values was overcome. These statistics were calculated to 
be the following: 

 

562500
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1444.0
2048.0
0614.0

=− valuesp  

 
Since the covariance matrix is diagonal, it means that the coefficients are not influenced 

by one another, as would be expected from the fact that Equation 4-4 has no interaction term. 
The rule of thumb when analyzing p-values is that if they are greater than 0.05, the 
corresponding term in the model may be neglected. However, since all three p-values were over 
this limit, they were all kept, with the knowledge that the uncertainty in the results could be 
great. The values of the coefficients obtained were: [b0, b1, b2] = [387.5, -225, -325]. 
Optimization was run next to find out what values of a1 and a2 minimized J. The constraints used 
for this optimization included the fact that the coded variable must be between 1 and -1, or, in 
terms of a1 and a2: 
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                                                           (4-5) 

 
The other constraints are required because the temperature profile should not go above 

48°C or below 32.25°C. In other words, it should not have any local minima or maxima. For this 
condition to hold true, the change in temperature (dT/dt) must be less than or equal to zero at 
both the beginning (t = 0) and end of the batch (t = tb). The decision variable, u (Equation 2-2), is 
the cooling rate and is equal to –dT/dt, and, therefore, must be greater than or equal to zero. 
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When the values of the constants (u0 = 0.175 °C/minute, ∆U1 = 0.075 °C/minute, and ∆U2 = 
0.1875 °C/minute) are inserted, the constraints are: 
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 The optimization yielded a minimized performance index of J* = 67.4 µm, with optimum 
a1 and a2 values of (0.0486, 0.9514). To calculate the uncertainty of this optimum, the following 
equation was used: 
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In this equation, σ2

J is the square of the uncertainty of the optimum performance index, 
(∂J/∂b)* is the partial derivative of J(u) (Equation 4-4) with respect to b0, b1, and b2 at the optimal 
a1 and a2 values, and Cb is the covariance matrix calculated from the regression. For this 
experiment, the uncertainty was: 
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Therefore, the optimum performance index can be reported as J* = 67.4 ± 80.7 µm. 
Obviously, as had been shown by the p-values, this is not a very precise optimum. Nevertheless, 
the optimal a1 and a2 values, while also uncertain, should, in theory, define a cooling profile that 
will yield the smallest maximum probability crystal length. This profile is shown in Figure 4-40, 
with an initial crystallizer temperature of 60°C, a time at steady state of 15 minutes, and a time of 
constant ramp of 40 minutes.  

The crystallizer was run with this temperature profile in a similar fashion to the way the 
four previous experiments were run. The temperature of the crystallizer was initially set to 65°C 
so that enough crystals would dissolve to free the impeller for motion at 220 RPM. The time at 
steady state was set to 15 minutes and the time of constant ramp was set to 40 minutes. When the 
temperature reached 48°C, 4.22g of seed crystals were added. The temperature tracking of the 
crystallizer is shown in Figure 4-41. The crystallization proceeded until the temperature reached 
32.25°C, at which time a 10-12 mL sample was withdrawn from the middle of the crystallizer 
and poured into a vacuum funnel. The dried crystals were collected and, after pictures were taken 
of them under the microscope, the images were analyzed for area and aspect ratio (Figure 4-42). 
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The same procedure as above was used to find the crystal lengths and volumes. These four 
distributions are shown in Figures 4-43 to 4-46.  
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Figure 4-40: Optimum temperature profile calculated using DoDE: a1 = 0.0486, a2 = 0.9514  
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Figure 4-41: Temperature profile of crystallization run with a1 = 0.0486, a2 = 0.9514 
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Figure 4-42: Example of crystal picture (left) with subsequent image produced by MATLAB for analysis (right, 

small fragments that were not whole crystals were not considered for size and shape)  
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Figure 4-43: Distribution of crystal areas for experiment with a1 = 0.0486, a2 = 0.9514 (average = 46,515 µm3) 
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 Figure 4-44: Distribution of crystal aspect ratios for experiment with a1 = 0.0486, a2 = 0.9514 (average = 12.6) 
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Figure 4-45: Distribution of crystal lengths for experiment with a1 = 0.0486, a2 = 0.9514 (average = 654 µm) 
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Figure 4-46: Distribution of crystal volumes for experiment with a1 = 0.0486, a2 = 0.9514 (average = 4.3*106 µm3) 

 
 In order to see if this cooling profile did indeed produce optimal results, a distribution of 
small crystal lengths was made to see what length had the maximum probability. After the large 
crystals (those produced by crystal growth) were taken out, the distribution of crystals formed by 
secondary nucleation was calculated and is shown in Figure 4-47. 
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Figure 4-47: Distribution of small crystal lengths for experiment with a1 = 0.0486, a2 = 0.9514 
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 As can be seen from the figure, the length with the maximum probability is 150 µm. 
While it is not as low as the 67.4 µm predicted by the optimization, it is lower than the maximum 
probability length for the last three DoDE experiments and the same as the first one. In fact, 
almost a quarter of the small crystals from this experiment had lengths under 250 µm. Therefore, 
this optimum temperature profile did reduce the length of the small crystals or, in other words, 
the extent of secondary nucleation. This was the goal of the optimization explained above and 
these results show the promise of the Design of Dynamic Experiments approach.   
 On the other hand, 150 µm was only the maximum probability length by 1% over 200 µm 
and 350 µm. Therefore, it could easily have been that the most probable length was 350 µm, 
which would have placed this experiment in the middle of the four previous ones. In addition, 
even though the max probability length of the small crystals was reduced in this experiment to 
150 µm, there was still a large distribution of sizes as seen in Figure 4-47. In fact, over 35% of 
the small crystals had lengths over 600 µm. As mentioned earlier, a statistical analysis of the p-
values and the covariance of the response surface model showed that the results would be 
uncertain. Thus, the calculated optimal cooling profile was also uncertain and, because of this, no 
concrete conclusions as to whether the DoDE approach definitively succeeded or failed can be 
made. 
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Chapter 5: Conclusions and Recommendations 
 
 
5.1 Temperature Control Scheme 
 

The crystallizer provided adequate temperature control for the purpose of this project. 
This control was improved after the controllers were retuned and some of the MPC parameters 
were changed. It was able to follow the temperature setpoint usually within 0.35 °C/reading, 
except for rates approaching 1 °C/min. These rates, however, occurred before the actual 
crystallizations took place and most likely did not affect the results. Nevertheless, the setpoint 
tracking of the crystallizer was not perfect and could definitely be improved. Even during the 
crystallization portion of the setpoint, constant oscillations were seen in the crystallizer 
temperature. The temperature rarely, if ever, attained the setpoint and then followed it for an 
extended period of time. For DoDE experiments to be reproducible, the temperature profiles 
must be the same for the same experiments. This requires better control than is currently 
possible. 

There are a few possible solutions to this problem. First, a step response test should be 
run on the crystallizer to see if the parameters calculated by Bunin have changed. In this test the 
temperature of the inlet mixture would be stepped up by a certain amount and the temperature in 
the crystallizer would be recorded until it reached a new steady state. The values of the 
crystallizer temperature at different time intervals, such as every minute after the step change, 
would be the step coefficients to be used in the MPC algorithm.  

The other changes would be to the equipment in the crystallizer setup. The current flow 
meters are not very precise and record great fluctuations in the flow. These fluctuations could be 
real but they may also have been the result of a noisy or even broken meter. Therefore, the 
current flow meters could be replaced with more precise, albeit more expensive, ones. One of the 
greatest areas of uncertainty in the crystallizer setup is the cold water flow from the hood. This 
flow is affected by pressure changes in the building’s piping, although the flow controller can 
compensate somewhat for these changes provided the flow measurements are accurate. 
Nevertheless, it would be beneficial if a cold water bath was installed so that these changes in 
pressure would not affect the system.  
  
5.2 Crystallization  
 

Five successful crystallizations were carried out for this project, with the results of the 
first four determining the cooling profile of the fifth. While Bunin had developed a fairly robust 
temperature control scheme, he did not experiment too much with actual crystallizations (Bunin, 
2007). Therefore, considerable effort was put forth to bring the crystallizer up to the point where 
experiments could be run with reliable results. The crystallizer temperature setpoint code was 
changed from a simple zigzag profile to a complex five-stage profile that could be changed with 
five different inputs. In addition, the previous impeller system was modified to provide better 
mixing, while trying to reduce crystal breakage. These changes were instrumental in allowing the 
crystallizer to be used for experiments. 

One possible area for improvement is still the mixing of the reactor. While the new 
impeller did provide better mixing, it was not perfect mixing. When the seed crystals were 
added, a small amount of them could be seen under the impeller rotating around the bottom of 
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the crystallizer. Since these crystals were obviously not being homogeneously mixed, the RPM 
of the impeller could be increased. However, this produced massive vortexing of the solution 
along with many air bubbles, which could potentially serve as nucleation sites. Thus, the 
revolution rate of the agitator was not increased. In addition, while the amount of broken crystals 
for the final pump-up impeller was less than had been observed with the pump-down impeller, 
there were still some crystal fragments that had obviously broken off of larger crystals. However, 
the image analysis algorithm could not discern these broken crystals from small crystals formed 
by secondary nucleation and were thus added to the crystal particle size distributions. Since this 
was the same for all experiments, the analysis in Chapter 4 should still hold. Nonetheless, to 
improve mixing and further reduce crystal breakage, different impellers could be tried. Also, 
baffles should be added to the crystallizer, as is done in the literature (Yang et al., 2006; Qu et 
al., 2004). This should allow for more homogeneous mixing without vortexing.  

 In addition to getting the crystallizer ready for experiments, a crystallization recipe was 
put into place so that the results would be as reliable as possible. This involved seeding the 
crystallizer with the same amount of seed crystals at the same temperature for each experiment 
and taking and drying samples in the same manner each time. The samples were then 
photographed under a microscope and image analysis was performed on them. The first 
recommendation for the recipe would be to use a microscope with less magnification so that big 
crystals could fit into one picture. Secondly, the seed loading could be increased to reduce the 
extent of secondary nucleation. It has been shown that seed loadings as high as 25% can be used 
that produce only grown seed crystals with virtually no nucleation (Doki et al., 1999). Thus, the 
3% seed loading used for this project may have been too low and should be increased for future 
experiments.  

The third recommendation is for the sampling technique. Since a pipette was used to 
draw the samples, it may have been possible that smaller crystals had an easier time fitting into 
the tip of the pipette, which was about 3 mm in diameter, than larger crystals, some of which 
were over 5 mm in length. Also, since the samples could only be taken from the middle of the 
crystallizer (because of the impeller), if the mixing was not homogeneous, the samples would 
only be reflective of the middle of the reactor. To solve this problem a new reactor vessel should 
be purchased. This reactor, while still jacketed, would have an outlet port on the bottom that 
would allow crystals to be removed without taking apart the entire apparatus. Using this reactor, 
all of the product crystals could be removed for each reaction. Then, a truly representative 
sample could be taken for image analysis. While the crystallizer would have to be refilled with 
water and crystals before every reaction, there are a few other advantages to this procedure. First, 
each experiment would start with exactly the same conditions, whereas for the experiments in 
this project, the crystals used in the fifth experiment had already been crystallized four previous 
times. Second, seeds added and samples withdrawn from previous experiments would not have 
to be compensated for in future experiments. Third, brand new crystals would not form a solid 
block on the bottom of the reactor, thus impeding the impeller, like solidified crystals from 
previous experiments had.  

While it was not needed for the purposes of this project, there is more advanced 
equipment that can be used in a crystallizer. For instance, a focused beam reflectance 
measurement (FBRM) instrument is a probe inserted directly into the crystallizer that can 
measure particle sizes in real-time (Kougoulos et al., 2005). Not only can the evolution of the 
particle sizes be seen, but no sampling is required. In addition, probes that measure solubility are 
available and would allow the concentration of the solution to be known throughout the 
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experiment. This would allow precise knowledge of where the system was on the concentration 
versus temperature curve. The concentration could then be controlled so that it is always close to 
the solubility curve in the metastable zone, thus reducing the chances of secondary nucleation.   
 
5.3 Design of Dynamic Experiments 
 

The results presented in Chapter 4 demonstrate that the Design of Dynamic Experiments 
approach was used to find a cooling profile that minimized the extent of secondary nucleation. 
As explained at the end of that chapter, while this cooling profile did indeed give a small length 
of maximum probability, the results were not as conclusive as they seemed. There was still a 
great deal of variance in the small crystal lengths and the maximum probability length was close 
to being 350 µm. In addition, the uncertainty of the model was too great to draw any concrete 
conclusions. Nevertheless, these results do show the promise of the Design of Dynamic 
Experiments methodology. Without a complex model for crystal growth, the optimal cooling 
profile was found by running a regression on a very simple, three-parameter model and then 
optimizing this model to find the best values of a1 and a2. 

 To continue this project, a major factor will be reproducibility. The first four DoDE 
experiments should be performed again to see if similar results are attained. The regression and 
optimization should also be run; as well as the experiment whose cooling profile is determined 
by the optimal parameters. If the experiments do not show good reproducibility, some of the 
experimental parameters, such as the agitation rate, seed loading, starting temperature, u0, ∆U1, 
and ∆U2 could be changed. If the experiments do show good reproducibility, the constraints on 
the optimization could be relaxed. For instance, instead of the constraint being [± a1 ± a2 ≤ 1], the 
range of ai’s could be increased to [± a1 ± a2 ≤ 1.5] or [± a1 ± a2 ≤ 2]. This would probably 
produce a different set of optimal a1 and a2 values that could further reduce the extent of 
secondary nucleation. Also, the uncertainty in the model should be calculated for each set of 
DoDE experiments and if it is significantly less than the uncertainty of the experiments outlined 
in this project, more definitive conclusions can be made from the results. 

The next step would be to increase N from 2 to 3 and use the third Legendre polynomial 
to design experiments. With two levels of the decision variable (u), there would now be 23 = 8 
experiments. In addition, the values of umin and umax

 could be changed to bring the cooling range 
into one that would primarily produce crystal growth. If this range is found, then the Design of 
Dynamic Experiments approach could be used to control the size and shape of these large 
crystals.  
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Appendix A: Abbreviations for Figures 2-1 and 2-2 
 
Figure 2-1 
 
TT = temperature transmitter 
PI = pressure indicator 
FM = flow meter 
COV = control valve 
CHV = check valve 
PRV = pressure relief valve 
SV = solenoid valve 
HV = hand valve 
MPC = model predictive controller 
 
Figure 2-2 
 
MPC = model predictive controller 
TC = temperature controller 
TFC = total flow controller 
DC = decoupler 
FC1 = flow controller 1 
FC2 = flow controller 2 
Tcryst SP = setpoint for crystallizer temperature (input)  
Tmix SP = setpoint for coolant inlet temperature 
HF SP = setpoint for the fraction of the coolant flow to be hot  
Fmix SP = setpoint for coolant flowrate (input) 
TF SP = setpoint for the total coolant flow 
Fcold SP = setpoint for the cold flow 
Fhot SP = setpoint for the hot flow 
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Appendix B: Program Code 
 
Setpoint and matrix code that is called upon at the beginning of MPC action. This 
was developed by Bunin, except for the “Setpoint” section (Bunin, 2007). 
 
function 
[nss,np,m,ny,nu,n,ysp,W,A,sm,M,K,H,t,yss,uss,N]=cryst_mpc_2009(yw,uw,yss,uss,
a1,a2,a3,tss,tcr,t,F) 
  
%a1,a2,a3 = Legendre polynomial coefficients 
%yss = inital (steady-state) temp of crystallizer 
%tss = time to be spent at starting steady state temp (52 degrees C) 
%tcr = time of constant ramp from 52 to 48 degrees C 
  
np=floor(30/t); %prediction horizon; 
nu=1; %number of inputs; 
ny=1; %number of outputs; 
m=floor(10/t); %control horizon; 
n=floor(80/t); %duration of the simulation;  
  
nss = floor(80/t);  
  
% Transfer Function: 
  
p_j = 1; 
p_s = 1; 
Cp_j = 4.18; 
Cp_s = 4.18; 
v_j = F*1000; 
UA_js = 19.514*60; 
UA_jr = 1.190*60; 
UA_sr = .470*60; 
V_j1 = 1000; 
V_j2 = 1000; 
V_s = 3000; 
a = .5*UA_js/p_s/V_s/Cp_s; 
b = (UA_js + UA_sr)/p_s/V_s/Cp_s; 
c = v_j/V_j1; 
d = .5*UA_js/p_j/V_j1/Cp_j; 
e = (p_j*v_j*Cp_j + .5*UA_js + .5*UA_jr)/p_j/V_j1/Cp_j; 
f = v_j/V_j2; 
g = .5*UA_js/p_j/V_j2/Cp_j; 
h = (p_j*v_j*Cp_j + .5*UA_js + .5*UA_jr)/p_j/V_j2/Cp_j; 
A = a*c; 
B = a*c*h + a*c*f; 
C = b + e + h; 
D = b*e + b*h + e*h - a*d - a*g; 
E = b*e*h - a*d*h - a*e*g - a*d*f; 
  
g11 = poly2tfd([A B], [1 C D E]); 
  
model = tfd2step(nss*t+1,t,ny,g11);  % Changed 
  
% Setpoint: 
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%Inital parameters 
u0=0.175; 
du1=0.075; 
du2=2.5*du1; 
du3=2.5*du2; 
T0=48;%Temp at which cooling profile will start 
Tf=32.25;%Temp at which cooling profile will end 
  
%First Legendre polynomial 
P0= @ (k) 1; 
  
%tb = batch time (does not depend on P1,P2.. just on P0) 
tb=(T0-Tf)/(u0+a1*du1) 
  
%Second Legendre Polynomial 
P1= @ (k) (1-2*(k/tb)); 
  
%Third Legendre Polynomial 
P2= @ (k) (1-6*(k/tb)+6*(k^2/tb^2)); 
  
%Cooling rate (u=-dT/dt) 
u= @ (k) u0+(a1*du1)*P0(k)+(a2*du2)*P1(k)+(a3*du3)*P2(k); 
  
%Temperature profile 
T= @ (k) u0*k+(a1*du1)*k+(a2*du2)*(k-(k^2/tb))+(a3*du3)*(k-
3*(k^2/tb)+2*(k^3/tb^2)); 
  
%Difference between initial crystallizer temp and starting steady state 
%temp (52 degrees C) 
a=52-yss; 
  
%Time of run 
b=round(abs(a)+tss+tcr+tb+60) 
  
%Setpoint is defined in five stages 
for k=1:b 
    if k<=abs(a) 
        if a<0 
            ysp(k)=-k; 
        else 
            ysp(k)=k; 
        end 
    elseif k>abs(a) & k<=tss+abs(a) 
        ysp(k)=a; 
    elseif k>tss+abs(a) & k<=tss+tcr+abs(a) 
        ysp(k)=a-(4/tcr)*(k-(tss+abs(a))); 
    elseif k>tss+tcr+abs(a) & k<=tss+tcr+tb+abs(a) 
        ysp(k)=(a-4)-T(k-(tss+tcr+abs(a))); 
    else 
        ysp(k)=32.25-yss; 
    end 
end 
  
ysp = [ysp(1:b)']; 
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%Weighting Matrix W: 
Waux=yw; 
for(i=1:np+1) 
    W=Waux; 
    Waux=[W yw];  
end  
W=diag(W); 
  
%Suppression Matrix Lambda: 
lambdaux=uw; 
for(i=1:m) 
    Lambda=lambdaux; 
    lambdaux=[Lambda uw];  
end  
Lambda=diag(Lambda); 
  
  
% Step responses for plant and model: 
sm = model(1:nss+1);  % Changed 
  
  
%Rotation Matrix N: 
N=[diag(ones(1,ny)) zeros(ny,ny*(nss))];  % Changed 
  
%Matrix K: - change it to include integrator 
K=[]; 
Kaux=eye(ny); 
for(i=1:np+1) 
   K=[Kaux;K]; 
end  
  
%  Dynamic Matrix: 
for(i=1:ny*(np+1)) 
   for(j=1:nu) 
      A(i,j)=sm(i,j); 
   end 
end 
  
for(i=1:m-1) 
   A=[A [zeros(ny*i,nu);sm(1:ny*(np+1-i),:)]]; 
end 
  
%Matrix M: 
M=[zeros((nss)*ny,ny) diag(ones(1,ny*(nss)))  % Changed 
   zeros(ny,(nss)*ny) diag(ones(1,ny))]; 
  
%Hessian: 
H=A'*W'*W*A+Lambda'*Lambda; 
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Image analysis code for crystal particle size distributions 
 
function PSD 
  
%Reads picture from file and then converts it to grayscale 
a = imread('C:\Documents and Settings\Andrew\My Documents\Research\2009 
Research & Thesis\Crystal Pics\042909_sample1_4x_18.tif'); 
a=label2rgb(a,'gray'); 
b = rgb2gray(a); 
  
%Can be activated to manually delete partial crystals 
figure(3);imshow(b,[]) 
b=roifill; 
figure(4);imshow(b,[]) 
  
%Computes a global threshold using Otsu's method, then uses this threshold 
%to convert grayscale image to binary 
S1 = graythresh(b) 
BW1=im2bw(b,S1); 
  
%Fills in the holes inside each crystal (except ones touching the edge of 
%picture) 
BW2=imfill(~BW1,'holes'); 
BW2=~BW2; 
  
%Removes small objects in the image such as foreign substances and the 
%scale bar 
se=strel('square',10); 
IM=imopen(~BW2,se); 
  
figure(1); 
subplot(221);imshow(b); 
subplot(222);imshow(BW1); 
subplot(223);imshow(BW2); 
subplot(224);imshow(~IM); 
  
%Computes a distance transform of the binary image (distance of each object 
pixel to nearest 
%background pixel) 
D = -bwdist(~IM); 
  
%Watershed transform used to separate crystals that are touching based upon 
%the distance transform (imhmin is used to prevent oversegmentation that 
%splits apart whole crystals) 
I=imhmin(D,15); 
L=watershed(I); 
IM(L == 0) = 0; 
  
%Produces an image with only the crystals that are touching the edge of the 
%picture 
BW3=imfill(~IM,'holes'); 
  
%Subtracts the crystals that are touching the edge of the picture from the 
%rest of the crystals (cannot determine size of crystals that are not fully 
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%in picture) 
BW4=IM-~BW3; 
  
figure(2); 
subplot(221);imshow(D,[]); 
subplot(222);imshow(~IM); 
subplot(223);imshow(BW3); 
subplot(224);imshow(~BW4); 
  
%Counts and labels each individual crystal and graphs them in different 
colors 
[L,num]=bwlabel(BW4,4); 
RGB = label2rgb(L, @spring, 'c', 'shuffle'); 
figure(3);imshow(RGB) 
num %The number of crystals in the image 
  
%Computes properties of the crystals including their sizes and the 
%length of the major and minor axis of the ellipse that has the same 
%normalized second central moments as the region 
crystaldata = regionprops(L,'Area','MajorAxisLength','MinorAxisLength'); 
crystalarea=[crystaldata.Area]; 
majoraxis=[crystaldata.MajorAxisLength]; 
minoraxis=[crystaldata.MinorAxisLength]; 
 
%Converts pixels into micrometers squared (61.98 pixel sides = 100 
%micrometers - 1 pixel = 2.59 um^2) 
crystalarea=crystalarea*2.59    
  
%Computes aspect ratio of each crystal by taking ratio of major axis to 
%minor axis 
for i=1:1:num 
    aspectratio(i)=majoraxis(i)/minoraxis(i); 
end 
aspectratio 
 
 
Image analysis code for large crystals 
 
function PSD_big 
  
% Reads picture from file and then converts it to grayscale 
a = imread('C:\Documents and Settings\Andrew\My Documents\Research\2009 
Research & Thesis\Crystal Pics\042009_sample1_4x_6.tif'); 
a=label2rgb(a,'gray'); 
b = rgb2gray(a); 
  
%Trace outline of particle 
figure(1);imshow(b,[]) 
c=roipoly; 
c=~c; 
figure(2);imshow(c) 
  
%Counts and labels each individual crystal and graphs them in different 
colors 



Application of DoDE in a Batch Crystallizer 

 74

[L,num]=bwlabel(~c,4); 
RGB = label2rgb(L, @spring, 'c', 'shuffle'); 
figure(3);imshow(RGB) 
num %The number of crystals in the image 
  
%Computes properties of the crystals including their sizes and the 
%length of the major and minor axis of the ellipse that has the same 
%normalized second central moments as the region 
crystaldata = regionprops(L,'Area','MajorAxisLength','MinorAxisLength'); 
crystalarea=[crystaldata.Area]; 
majoraxis=[crystaldata.MajorAxisLength] 
minoraxis=[crystaldata.MinorAxisLength] 
 
%Converts pixels into micrometers squared (61.98 pixel sides = 100 
%micrometers - 1 pixel = 2.59 um^2) 
crystalarea=crystalarea*2.59    
  
%Computes aspect ratio of each crystal by taking ratio of major axis to 
%minor axis 
for i=1:1:num 
    aspectratio(i)=majoraxis(i)/minoraxis(i); 
end 
aspectratio 
 
 
Regression and constrained optimization 
 
function PIRegression 
  
global b 
  
%Regression of response surface model ('mymodel') 
%P = values of the expansion coefficients (a1 and a2)for the four experiments 
%PI = performance index (J) = length with maximum probability 
P=[0.5, 0.5; 0.5, -0.5; -0.5, 0.5; -0.5, -0.5]; 
PI=[150; 400; 300; 700];  
mymodel=[0 0; 1 0; 0 1]; 
stats=regstats(PI, 
P,mymodel,{'beta','rsquare','r','standres','covb','tstat'}); 
  
%Statistical analysis 
b=stats.beta 
R=stats.rsquare 
Res=stats.r 
StandRes=stats.standres 
cov=stats.covb 
tstat=stats.tstat.pval 
  
%Constrained optimization 
%x0 = initial guess of optimal a1 and a2 values 
%Aincon and bincon = constraints on a1 and a2 
x0=[0.5, 0.5]; 
Aincon=[1, 1;-1, -1;1, -1;-1, 1;1, -2.5;-1, 2.5]; 
bincon=[1, 1, 1, 1, 2.33, 2.33]'; 
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[xopt,PIopt,exitflag]=fmincon(@AHCryRSfun,x0,Aincon,bincon,[],[],[],[],[]) 
opt=[PIopt,xopt] 
 
 
 
function y=AHCryRSfun(x) 
global b; 
  
%Response surface model 
%X1 = a1, X2 = a2 
%PI = performance index (J) 
%b(1) = b0, b(2) = b1, b(3) = b2 
  
X1=x(1); 
X2=x(2); 
PI=b(1)+b(2)*X1+b(3)*X2; 
y=PI; 
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Appendix C: LabVIEW Control Scheme 
 
This scheme was designed by Bunin (Bunin, 2007). A few minor alterations were made for this 
project.  
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