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ABSTR ACT 

This study addresses the steady-state operation and control of an ethanol

water distillation column. The objective is to develop a clearer understanding 

of how the control and operation of the column effect the energy consumption. 

The column control will be analyzed by using the singular value decomposi

tion (SVD) and will be s tudied at a number of operating conditions. SVD is a 

useful linear, steady-state tool in the control analysis of multivariable chemical 

processes . The controller pairing and system evaluation can be ascertained, to 

a certain degree, by calculating the SVD of the s teady state gain matrix. A 

new method of sensor location called the intersivity index is also presented. 

The possibility of internal tcomposition sensors is investigated. The column 

economics will addressed by studying the possibility of dual-ended control and 

by determining the incremental cost of recovered product. 
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CHAPTER 1 

INTRODUCTION 

In the chemical process industry, distillation columns are a very com

mon and energy intensive unit operation. The energy efficiency of such columns 

depend on the effect iveness of the control systems of the column and on the 

conditions under which the columns are operated . To better understand the 

relationship between these factors and the energy required to make an ac

ceptable product,  an ethanol-water column was chosen for a detailed analysis .  

Ethanol-vvater was chosen because it is a common industrial separation and is  

typical of a large class of distillation separations. 

1 .1  T he Et hanol-Water Systern 

The system under study is the purification of ethanol after fermentat ion. 

After ethanol has been produced there is a considerable amount of water and 

a small amount of higher order alcohols ( fusel oils) present. In order to obtain 

the "pure" ethanol, two distillation columns are required. The first column 

separates the higher order alcohols and most of the water. The product can

not be purified in one column because ethanol forms an azeotrope with water 

at approximately 86 mole percent ethanol. The remaining water must be sep

arated in an azeotropic column. The first column in thi s  two column system 
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FEED 16 
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REFLUX 

QcONDENSER 

DISTILLATE 

QREBOILER 

BOTTOMS 

Figure 1.1:  Ethanol-\Vater Column 

(typically referred to as the beer still) will the one to be studied. The beer still 

is shown in Figure 1.1. The entering feed and the sidedraw are both liquids. 

The reflux ratio for the base case is 7.4. The reboiler duty is 4,129,500 BTU /Hr 

and the condenser duty is 3,043,800 BTU /Hr. The column specifications are 

shown in Table 1.1. 
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Table 1 . 1 :  Operating Conditions of the Ethanol-vVater Column 

Stream Flow Press Temp Composition 

ID lbmol/Hr mmHg OF Ethanol Water Fusel Oils 

Feed 1072.6 840 .0  1 76.00 0 .01700 0 .98200 0.00100 

Sidedraw 2.5 861 . 2  201 . 1 6  0 . 0573 1 0 .92766 0 .01503 

Distillate 2 1 .0 760 .0 154.40 0 .86049 0.1 3951 L93E-09 

Bottoms 1049. 1  915 .0 221 .62 2 .01E-04 0 .99899 9 .86E-04 

1.2 Operation Considerations 

There are several important considerations in the operation of this sys

tem. The most obvious objective is to recover as much ethanol as is feasible. 

Another important factor is the fusel oils (higher order alcohols) . The fusel 

oils are usually extracted from the column by the use of a sidedraw. This is 

performed in order to keep the fusel oils from "banding up" in the column. If 

the fusel oils are not purged properly then they will build up in the middle of 

the column and degrade the effectiveness of the separation. The fusel oil build

up may also affect the relationship between composition and temperature at 

the control sensor. The sidedraw will be studied in terms of the effect of i ts 

location and flow ra.te on the operation of the column. 

Another major consideration in the study is the selection of the best 
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first level control strategy for dual-ended controL This involves selecting the 

type and location of the sensors as well as selecting which flows will be used 

to control the column inventory and which flows will be manipulated by the 

control strategy. 

The last major consideration is the effect of the column operation on 

the economics. In an existing column one of the largest costs is due to steam 

usage. Some manufacturers use a large excess of steam in order to increase the 

recovery of ethanol. There is a point of diminishing returns, above which the 

cost of steam will exceed the value of the ethanol recovered. \Vith today's high 

cost of energy it is necessary to minimize the energy usage, yet still maintain 

product specifications. 
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CHAPTER 2 

BACKGROUND 

There have been several control techniques applied to distillation column 

control. The emphasis of research seems to occur in the areas of modern and 

advanced control. While some of these techniques look promising, there is still 

a need for research in the basic operation of the column and the first level of 

column control. 

2.1 First Level Distillation Control 

First level control strategies deals with the identification and proper 

pairing of the controlled and manipulated variables. There are five basic vari

ables to be controlled in an ordinary distillation column. 

1 .  Column Pressure 

2. Condenser Level 

3. Reboiler Level 

4. Distillate Specification 

5. Bottoms Specification 
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There are five possible manipulated variables to be considered to control these 

variables. 

1. Condenser Duty 

2. Reboiler Duty 

3. Reflux Flow Rate 

4. Distillate Flow Rate 

5. Bottoms Flow Rate 

One major aspect of the first level control problem is to determine the 

proper pairing between the manipulated and controlled variables. Since pres

sure is usually controlled with the condenser, the first level problem is reduced 

to the four manipulated variables and four controlled variables that remain. 

Mathematically there are 24 possible schemes, however only 3 are practical in 

terms of a typical distillation column. Two of these schemes are designated as 

material balance schemes, meaning that one of the two manipulated variables 

directly manipulates the flow of a product stream (dis tillate or bottoms) \vhile 

the other manipulates directly (or indirectly) the column's energy input. The 

third scheme is a more conventional control scheme using the reflux and steam 

flows to control composition [12]. In all three schemes the manipulated vari

ables that are not used to control composition are used to control the levels in 

the accumulator and reboiler. There is  also the possibility of using the reflux 

ratio (reflux flow rate/ distillate flow rate) as a control valve in the schemes 
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using the reflux rate as a composition control valve [35]. This adds two more 

schemes to the existing three. The five control schemes that result are listed 

below. 

1. Steam Flow Reflux Ratio (QR) 

2. Bottoms Flow - Reflux Ratio (BR) 

3. Distillate Flow Steam Flow (DQ)  

4 .  Reflux Flow- Steam Flow (LQ)  

5. Reflux Flow Bottoms Flow(LB )  

Historically the distillate and bottom compositions were not controlled 

variables . The distillate flow rate was used to control the condenser level and 

the bottoms flow rate for the reboiler level. The steam and reflux flow rates 

were used to "indirectly" control the endpoint compositions . This method 

works for almost any column but always results in high energy costs since this 

mode requires the column to be run a.t high steam rates and high reflux rates 

to ensure product specifications. 

The high energy cost resulting from the method discussed above is the 

impetus for controlling the endpoint composi tions. Composition control is 

accomplished by manipulating the setpoints of the first level control strategy 

to hold the product specifications to the desired value. The composi tion can 

be measured directly using an analyzer or can, in many cases be measured 

indirectly using temperature. A common method is to use a cascade control 
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strategy. A sensor measures a variable that gives information on the endpoints 

and uses that value to set the set point on the flow controller associated with 

that section of the column [20]. It is also common for the measured variable 

to be used to directly set the proper control valve . 

2.2 Sensor Type 

It is very common to use temperature to infer the composition of the 

product streams. Temperature is related to the composition through the vapor

liquid equilibrium (VLE) relationship for the mixture. One necessary condition 

for using this inferential method accurately is for the pressure to be held fairly 

constant or the measured temperature should be mathematically compensated 

for any pressure variations [51]. The temperature used to infer the composition 

should be sensit ive to changes in the manipulated variables. To accurately infer 

the composition from the temperatures the mixture should also be binary. 

Direct composition control has also been applied to distillation columns 

[2,31,42�46,48]. Most of these studies deal only with the endpoint compositions 

as the measured variable. The main problem with using direct composition 

measurements in the past was the slow response, cost and reliability of the 

analyzers. However, advances in analyzers have been occurring in the past 

several years and their use is becoming more feasible. 
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2.3 Sensor Location 

One important aspect of controlling distillation columns is the selection 

and location of the control sensors. For temperature control schemes a rule 

of thumb which has commonly been used is to place the sensor six trays from 

the top and/or bottom.  The top and bottom temperatures have also been 

used as the control sensors . It is also common to see the top and/ or bottom 

compositions used in composition control. The trays selected from these rule of 

thumb techniques are not usually very sensitive to column changes. In general, 

these heuristic approaches are not the best sensor locations, though at times 

some of them work well. 

A better way of selecting the sensors is to  study the entire array of 

possible sensors. Hopefully a more sensitive tray will result from such an anal

ysis .  One such location method that is sometimes used i s  to select the tray 

with the maximum slope on the temperature profile. Tolliver and McCune [58] 

state that "the optimum control plate location is where the largest symmet

rical temperature deviation exists" for parametric studies on the manipulated 

variable. These last two methods are however only for single-ended control, be

cause there is usually only one such point in a column or two that are adjacent 

to each other. 

A dual-ended location scheme called the principal component method 

has been applied to distillation columns by Moore [36]. This method is a subset 

of the singular-value decomposition (SVD) analysis. It results in temperature 
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locations that can be similar to some of the single-ended strategies discussed 

above, but they can also be very different . The modified principal component 

method has also been used with some success by Moore et al . [38] 

2.3.1 Sensor Location Evaluation 

Some preliminary evaluation of the effectiveness of the sensor locations on the 

control problem must be made. There are several methods of studying the 

interaction of a multivariable control scheme, the most acceptable one being 

Bristol's relative gain array (RGA) [5]. The RGA has been extensively applied 

to distillation control [33,52,62,63]. Most of these applications only address 

the 2x2 system of top and bottom composition (or temperature) controlled by 

reflux and boilup. One problem in the use of the RGA is that it is extremely 

time consuming to consider all of the various combinations of sensor locations. 

The singular-value decomposition (SVD) analysis, on the other hand, provides 

a quick and efficient method of culling out the less desirable sensor locations . 

Once the choices are narrowed down, the RG A can be used in conjunction with 

the SVD analysis to evaluate the much smaller subset of possible control con

figurations. The RGA should still be used because it possesses some qualities 

that the SVD analysis does not have. For example the RG A alerts the user of 

possible problems that could occur when a loop is  decommissioned [51;. 
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CHAPTER 3 

ANALYSIS TOOLS 

3.1 Distillation Sin1ulation 

In order to study the effects of various operating conditions on the con

trol of the ethanol-water distillation column, a rigorous stage-to-stage steady

state computer simulation will used (13 ] .  The simulation employs the 

Naphtali-Sandholm convergence method to achieve the desired steady-state 

(40 ] . The simulation gives steady-state values for a multicomponent, multi

stage distillation. The program will allow up to 10 components and up to 

100 stages excluding the reboiler. There can be up to 10  feed streams and 9 

sidedraws. Efficiency and heat profiles may be placed on the column in the 

simulation. If the reboiler duty is to be set, that is accomplished by imposing a 

heat profile on stage 1 .  The program requires the column operating parameters 

given in Table 3 . 1  as part of the input. 

Unlike some simplified models this simulation retains most of the nonlin

earities that are present in a real distillation column. The main simplification 

is that no hydraulics are used in the calculations. The pressure profile is taken 

as linear between the top and bottom pressure given in the input. 

1 1  



Table 3.1: Necessary Parameters for Distillation Simulation 

Feeds S idedraws Distillate Bottom Reflux Top 

Number Number Flow Rate Temp Ratio Temp 

Location Location Pressure Temp Pressure 

Flow Rate Flow Rate 

Comp Phase 

Temp 

Pressure 

Phase 

3.1.1 Physical Properties 

In order to execute the steady state distillation simulation, one must have a 

large amount of physical property and vapor-liquid equilibrium (VLE) data 

along with column operating conditions. The physical properties include some 

constants such as molecular weight and molar volumes. Most of the data 

however is in the form of polynomial equations of second , third or fourth order 

with temperature being the independent variable. The data that appears in 

this form includes heat capacities, densities and heats of vaporization. The 

Antoine constants are also needed for vapor pressure calculations. 

The vapor-liquid equilibrium characteristics of the mixture can be input 

from several different equations . Liquid activity coefficients can be calculated 
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from the 'Nilson [64], NRTL [44] or Scatchard-Hildebrand [9] equation. The 

liquid phase can also be assumed ideal ( 1 = 1 ) . Wilson constants are read

ily available in several references (16,21]. The equation is also very good at 

fitting highly nonideal systems . The NRTL equation is an extension of the 

·wilson equation for immiscible liquids with a third parameter. The Scatchard

Hildebrand equation (also known as the Chao-Seader correlation) is designed 

for hydrocarbons and light gases (19]. The vVilson equation will be used in 

the simulation because of availability of the constants and applicability to the 

problem. 

The fugacity can be calculated from the Redlich-Kwong equation of 

state [56], Vapor phase association model or can be assumed to be ideal. The 

association model is designed for carboxylic acids and other highly polar com

pounds that might associate to form higher molecular \Veight compounds . The 

Redlich-Kwong equation is a common basis for estimating fugacities (56] and 

will surely be  more accurate than an ideal assumption. The only inputs needed 

that are not input elsewhere are the critical temperature and critical pressure 

of each component . The Redlich-Kwong is the most appropriate for the system 

being studied. 

3.2 Singular -Value Decornposition 

An important tool in the analysis and control of multi variable processes 

is the singular-value decomposition (SVD) . Mathematicians defined and devel-
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oped the computational procedure for SVD several years ago, and i t  is discussed 

in several references [7,26 ,41] .  The calculation is very rigorous and is laid out in 

several algori thms [1 7,25,28] . There are also a number of mathematical pack

ages that include the calculation of the SVD [66,67,68,69] . The SVD analysis 

reveals important information on the gain matrix of a multivariable process .  

The SVD of a matrix discloses information on the four fundamental 

subspaces, the rank and the closeness of the matrix to singularity. Any m X n 

matrix A can be decomposed into three matrices of the following form: 

(3 . 1 )  

where 

• A is an m x n matrix 

• U is an n X n orthogonal matrix 

• V is an m x m orthogonal matrix 

• ::E is an n X m matrix 

and 

�=[: :] (3 .2 )  

vVhere S is a diagonal matrix with the diagonal elements being the 

singular values ( a-1, a-2, ... , a-r) arranged in decreasing order. The singular val

ues are the eigenvalues of AHA and AA H (AT A and AAT if the matrix is 
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real). The four fundamental subspaces of the matrix correspond to the linear 

transformation A :  x -7 y. The SVD of A can be wri tten as follows: 

(3 .3 )  

The matrices U and V are partitioned such that all products can be formed. 

The importance of each partition is explained below. 

1 .  The columns of U 1 form a basis for the image [A] which is all possible 

outputs of y = Ax 

2. The columns of U2 form a basis for the image [A].l and correspond to 

all values of y which are not possible outputs. 

3. The columns of V1 form a basis for kernel [A] which is the values of x 

which satisfy Ax = 0 .  

4 .  The columns of V2 form a ba..sis for the kernel [A].i which is the orthog

onal complement of kernel [A] and corresponds to all values of x such 

that y =Ax has nonzero output y. 

The rank of the matrix is equal to the number of nonzero singular values (r). 

The closeness to singularity of a matrix is determined by the condition number 

(!i: = adar ) · The larger the condition number the closer the matrix is to 

being singular. 
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3.2.1 Scaling 

Much emphasis has been placed on the scaling of SVD in the literature [1 ,29] . 

Unlike the RGA, the SVD is sensitive to the scaling of the gain matrix. Several 

researchers have studied the effects of various scaling techniques. One method 

given attention is equilibration [14}. Equilibration can reduce the condition 

number but the scaling order can give widely varying results. Geometric scaling 

is also a popular method [15] .  This method also suffers from the scaling order 

problem. There are also several "optimal" scaling procedures in the literature 

that attempt to get all of the elements to be of the same order of magnitude 

[61 ] .  There is  not an ideal scaling method for a general matrix [3}. One problem 

that is present in every method discussed here is that they may not represent 

the actual physical system. 

A physical scaling method can be used to accurately represent the prob

lem that the control system must deal with. In this method each sensor change 

is divided by the span of the sensor [35,37] . Each manipulated variable change 

is divided by the range of the manipulated variable. The scaled gain element 

is the scaled sensor change divided by the scaled manipulated variable change. 

For example, unsealed elements for a temperature sensor related to the reboiler 

duty would be °F /BTU /Hr while the units of the scaled gain element would 

be % change in temperature/% change in reboiler duty. While the spans and 

ranges are not known in  a simulation, they can be approximated by using the 

base case values for the sensors and manipulated variables. This is equivalent 
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to the base case values being at about the same percent of the spans and ranges 

for each variable. 

3.2.2 Application to Distillation Column Control 

A steady state gain matrix which relates the inputs (manipulated variables) 

and outputs (stage temperatures or compositions) of the process can be studied 

by the SVD analysis [13]. After the decomposition is formed, several important 

aspects of the control can be ascertained. 

1. Condition number (K = O"max/O"min) The condition number gives an 

indication of the controllability of the system [13] .  A small condition 

number (close to unity) represents an easily controlled system, while a 

large condition number indicates that the system can only be driven along 

one vector direction. For all practical purposes , the column has only one 

degree of freedom. Thus dual-ended control would not be recommended. 

The cutoff value between large and small condition numbers depends on 

the system but it is  usually taken to be about 100-200.  

2. U matrix - The columns of the U matrix give an indication of the 

best temperature sensor locations . The highest absolute values in the 

respective columns correspond to the trays that are most sensitive to 

column disturbances and therefore are usually the best sensors. If the 

condition number is small enough that both ends can be controlled then 

both sensors can be determined from thi s  analysis. 
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3. yT matrix The VT matrix indicates which manipulated variables 

or combination of manipulated variables has the strongest effect on the 

system. It may be used in conjunction with the U matrix to determine 

the strongest pairing of manipulated variables with sensor locations. The 

manipulated variable which corresponds to the largest absolute value 

in the first row of yT has the largest effect on the system and should 

be paired with the sensor in the first column of the U matrix. The 

manipulated variable associated with the next highest absolute value 

should be paired with the sensor in the second column. If there is a 

control scheme that has a third manipulated variable� such as a sidedraw, 

then the third highest magnitude column should be paired with the sensor 

in the third column of the U matrix. 
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CHAPTER 4 

OPERATIONAL STUDIES 

4.1 Base Case Operation 

The column is operated at the conditions discussed in Chapter 1 .  Some 

other important aspects of column operation can be shown graphically in the 

profile plots .  Profile plots are plots of a variable that changes with each tray 

versus the tray number. The two main types to be discussed here are temper

ature and composit ion profiles. 

Inspecting the temperature profile in Figure 4 . 1  shows that most of the 

temperature change occurs between trays 15 and 21 as the temperature falls 

from approximately 100 oc to 82 °C. The overall temperature change i s  only 

from 1 05 °C to 78 °C. Approximately two-thirds of the temperature change 

occurs in only seven of the fifty trays. The ethanol composi tion profile in  

Figure 4.2 further illustrates the fact that a small number of trays do most of 

the work. The trays in the range 1 7  to 30 change the ethanol composition for 

0 .04 to 0 .74 mole fraction. vVhich means that about 80% of the separation is  

accomplished in less than one-third of the total number of trays. The water 

composi tion profile in Figure 4.3 illustrates the same point . Figure 4.4 shows 

that the fusel oils peak at about tray 18 or 19. This illustrates the need for a 
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sidedraw to keep the fusel oils from building up and causing a disturbance in 

the column operation by moving to other locations. 

4.2 Sidedraw Studies 

To find the opt imum operation of the sidedraw in the column there are 

two mam aspects to be considered. The first aspect is  the location of the 

sidedraw. It must, of course, be in an area of the column where the fusel oil 

concentration is relatively high. This limits the possibilities to a small section 

of the column. The second aspect of the sidedraw operation is  the flow rate. 

The flow rate can be optimized so as to takeoff as much of the fusel oils as 

possible while minimizing the amount of ethanol lost in the sidedraw . 

A plot of the fusel oil concentration reveals that the fusel oil concentra

tion is significant only in the range of trays 17-2 1 .  In order to determine the 

"optimum" sidedraw location the sidedraw was moved to different locations 

over the range stated above. The fusel oil composition was plotted for each of 

the different sidedraw locations investigated. The opt imum sidedraw location 

is the one which reduces the concentration of the fusel oils in the column but 

affects the ethanol concentration as little as possible. The peak in the fusel oil 

profile moves up the column as the sidedraw i s  located at higher locations as 

shown in Figure 4.5 .  The fusel oil concentration also tends to increases at the 

locations that are higher the column. However the amount of ethanol that 

is lost out of the sideclraw increases as the sicledraw is moved up the column, 
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because the ethanol concentration i s  greater near the top of the column. There 

is not a significant increase in the performance of the column with a change in 

the sidedraw location since the increase in fusel oil takeoff is essentially offset 

by the increase in ethanol takeoff through the sidedraw. Since there is no im

petus to move the sidedraw from its original location on tray 1 8  it will remain 

at that location . 

The sidedraw flow rate can be studied thoroughly once a sidedraw lo

cation has been chosen. Figure 4.6 shows that the fusel oil peak concentration 

increases as the s idedraw flow rate is increased and moves higher up in the 

column. The flow rates in Figure 4.6 vary from 0.0 to 60.0  lbmol/hr. The peak 

composition increases linearly with the flow rate up to about 30lbmol/hr then 

starts to flatten out as shown in Figure 4.7 .  The peak location moves up the 

column fairly linearly with respect to the flow rate also, as seen in Figure 4.8 .  

Increasing the flow rate does not greatly increase the amount of fusel oils drawn 

off but but it does change the optimum sidedraw location. Thus the sidedraw 

rate should be kept small at the original value of 2 .5lbmol/hr. 

4.3 Energy Study 

The main objective of any chemical process is to make money. A dis

tillation column can be operated at several different states. Some operating 

conditions are more economical than others , and some could even lose money. 

To determine the "optimumn operating conditions, from a financial viewpoint, 
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the amount of steam needed to recover a certain amount of ethanol is recorded 

for several different conditions. 

For the purposes of this study the cost of steam is assumed to be the 

major variable cost in the operation of the column. The cost of steam used for 

this study is $3.60/1000 lbm of steam and the value of ethanol was taken to be 

$1 .50/gal. Multiplying these values by the flow rates of steam and ethanol in 

the distillate the total cost and total value. These values are plotted against the 

ethanol distillate flow rate in Figure 4. 9 .  From this figure it appears that there 

is always a large profit margin. This can be deceiving , a plot of the derivatives 

of these two lines versus the same x-a.'Cis as before yields an interesting aspect. 

Referring to Figure 4 . 10 ,  the slope of the "value line" is constant1 vVhich 

means that the value per lb-mole of the product is constant at $10 . 32/lb-mole. 

The "cost line" however has a rapid increase after 18 . 125 lb-moles of ethanol, 

this indicates that the steam cost per lb-mole of product increases dramatically 

at the point mentioned. It should be noted that the cost/value per lb-mole of 

s team/ethanol is not crucially important in this study, different values would 

just shift the lines in Figure 4. 10  up or down. The "cutoff point" will remain 

in approximately the same location because of the rapid increase in the slope 

of the cost line. This study shows that the column would be operated most 

economically below 18. 1 25 lb-moles of ethanol in the distillate stream. 
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4.4 Double Precision 

During the course of this research the percentage disturbance used to 

calculate the gains was decreased from 1% to .01% to closer approximate the 

derivative and reduce the affect of nonlinearities. As this was done it was no

ticed that the SVD analysis changed markedly while the gains did not change 

significantly. The only noticeable change was that some of small nonzero values 

become zero at the new disturbance value. These zeros were the cause of the 

changes in the SVD analysis . To alleviate this problem a double precision ver

sion of the program was created. As the percentage disturbance was decreased 

in this new version the gains and SVD analysis did not noticeably change. This 

illustrates the need for increased precision in the calculation of the gains . The 

use of double precision does not significantly increase the computation time 

needed and is therefore used for all of the real variables in the simulation. 
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CHAPTER 5 

CONTROL ANALYSIS 

5.1 Sensitivity Studies 

One of the first things to look at in determining the control scheme 

for a distillation column is the sensitivity of the column to the manipulated 

variables. The easiest method of determining changes in the column operation 

is  by looking at the temperature profile. Varying the manipulated variable 

from the base case +5% and + 1 0% and plotting the temperature profiles on 

the same axes will result in a good indication of the sensitivity of the column 

to the manipulated variables. 

The BR method was investigated in Figures 5 . 1  and 5.2 .  Neither the 

bottoms flow or the reflux ratio has much of an effect on the temperature 

profile . The same is true for changes in the reboiler duty and reflux ratio in 

the QR scheme as shown in Figures 5 .3 and 5 .4 .  The DQ method shown in 

Figures 5 .5 and 5.6 causes little effect with the distillate rate but the reboiler 

duty has a significant effect on the temperature profile. The reflux rate has 

little effect in the LB scheme where the bottoms rate take the column to a new 

steady state (see Figures 5.7 and 5 .8). Both variables in the LQ scheme have 

significant effects on the temperature profile in Figures 5 .9  and 5. 10. 

The BR and QR schemes do not appear to be good control schemes 
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according to this study since the column is not sensitive to changes in the 

manipulated variables. The LB scheme appears to be a bad choice because of 

the extreme sensitivity of the temperature profile to changes in the bottoms 

rate. However it should be noted that a relatively small change in the bottoms 

rate is a large change in the distillate rate and can be expected to have a large 

effect on the system. The DQ and LQ schemes seem to be the most likely 

candidates according to this study. 

5.2 Base Case SVD Studies 

Once a base case operating condition "Iivas established, the SVD was 

performed on the temperature gains. The gains were scaled as discussed earlier 

by dividing by the base case value for the particular valve or sensor. The 

SVD analysis for the base case on all five of the first level control schemes 

are summarized in Table 5.1. Three of the schemes (BR, DQ and LB) have 

condition numbers (;;;) under 100 which indicates a fairly good possibility of 

dual-ended control. The QR scheme has a ;;; of 180 which is not very likely 

for dual-ended control. The LQ control scheme with a condition number of 

1,322 is essentially one dimensional in terms of the directions that the column 

can be moved by the scheme. The DQ scheme looks to be the most promising 

since it has the lowest condition number. Note that the BR and LB schemes 

have similar ;;;'s and a's which is as should be expected because the two control 

schemes are very similar. 
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Table 5 . 1 :  SVD Analysis for Temperature Gains 

Method Condition No. Singular Values 

BR 97 S . l O x lo-2  8 .37x l0-4 

QR 1 80 1 .24 x 10- 1 6 .90 x 10-4 

DQ 66 8. 1 2 x 10-2 1 .22 x 1 o-3 

LB 97 8 . 1 2 x 10-2  8 .36x 1 0-4 

LQ 1 ,322 9 . 1 0 x 1o-1 6.89 x 1 0-4 

It is also possible to use the sidedraw as a manipulated variable to 

control the column. The SVD analysis of these control schemes is summarized 

in Table 5 .2 .  All five schemes have 1'\,'s over 1 00. The same general trends are 

still prevalent in that the DQS scheme has the smallest /'\, while that for the 

LQS scheme is extremely large. The third singular value ,0'3 , is very small and 

similar for each of the five schemes. This is expected since the sidedraw flow 

rate is very small in comparison to the other flows and since the third singular 

value is an indication of the sensi tivity to that manipulated variable. None 

of these schemes will 'be further considered for controlling the column because 

of the large K,'s. Even if the 1'\,'s had been good the sicleclraw was not a very 

likely candidate for controlling the column. The flow rate is so small that the 

amount of t ime for changes in the sideclraw to take effect would be too large. 
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Table 5.2: SVD Analysis with the Sidedraw as a Manipulated Variable 

Method Condition No. Singular Values 

BRS 908 1.04 2.1 lx 10-3 1.14x 10-3 

QRS 4,350 4.98 6.58x 10-3 1 .14x 10-3 

DQS 845 1.02 3.10x 10-3 1.21 x10-3 

LBS 5,450 6.02 1 . 35x 10-2 l . lOxl0-3 

LQS 106,000 119 L12xl0-1 1.13xl0-3 

5.3 Sensor Location 

5.3.1 Principal Component Method 

A commonly used method for sensor location that uses information 

from the SVD analysis is the principal component method.  This method uses 

the U matrix of the SVD to determine the best sensor location. The trays 

corresponding to the U matrix components with the largest magnitude are 

the trays that are the most sensitive to changes in the associated manipulated 

variable and therefore should be good sensors. 

There are cases where the maximums may be located very close to 

each other . This would result in considerable interaction between the two 

control loops .  The most desirable sensor would he very sensitive to changes in 

only one manipulated variable while being fairly insensitive to the remaining 
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manipulated variable( s ) . For this reason it is occasionally necessary to shift 

the sensors to different location than those determined by the maximums. It 

is helpful for this analysis to plot the columns of the U matrix (U vectors ) .  

The U vector plots make it considerably easier to see the relationship between 

sensor sensitivity and sensor interaction. 

A U  vector plot for the DQ control scheme of the ethanol-water column 

is shown in Figure 5. 1 1 .  The U1 vector, which is associated with the distillate 

flow rate, has a maximum magnitude at tray 18.  The U2 vector, associated 

with the reboiler duty, gives tray 1 3  as its temperature sensor. This results in 

the following controller pairing. 

T1s -+ Distillate flow rate (D)  

T13 -+ Reboiler Duty ( Q) 

After the temperature sensors (1 3  and 18)  were selected the following 

2 x 2  gain matrix of the two trays temperatures with respect to the manipulated 

variables (D and Q) was found. 

K 
[ 4.98x 10-2 

2 .91 x 10-3 

- 1 .99x 1o-4 ] 
5 .04x 10-4 

An SVD analysis of this steady-state gain matrix gives the following U and V 

matrices and singular values .  [ -9.98 x 10-1 
U -

-5.84x 10-2 
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Method 

BR 

QR 

DQ 

LB 

LQ 

Table 5 . 3 :  Partial SVD Analysis for Temperature Gains 

Sensors 

18 - 1 3  

18 - 13  

1 8 - 13  

18 - 1 3  

18 - 1 3  

Condition No. Singular Val ues 

141 - 4.97 x 1o-2 3 .53 x 1o-4 

261 7 .61 X 10-2 2 .91  X 10-4 

97 4.98 x 1o-2 5 . 15 x 1o-3 

141 4.98 x 10-2 3 .52 x 1o-4 

1 ,920 5.59 x 10-1  2 .91  x 10-4 

[ -9.99 x 10- 1  
V =  

3 .40 x 10-3 

3 .40 X 10-3 1 
9.99 X 10-l 

RGA ( 1 , 1 ) 
0 .974 

-7 . 1 10  

0 .977 

0.977 

53.3 

The condition number of 97 is of approximately the same magnit ude 

as the overall '"- If this had not been tr ue then the trays selected for sensors 

would not have been good choices . The U and V matrices indicate that the 

pairing indicated by the overall SVD analysis was correct . The RCA ,\ for this 

partial analysis is 0 .977 as can be seen in Table 5 .3 .  

This same analysis was performed on each of the five first level control 

schemes . For each of the control schemes the same two sensors ( 18 and 13 ) 
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were selected by the principal component method (see Table 5 .3) .  The partial 

SVD condition numbers are of the same magnitude and the U and V matrices 

confirm the results of the overall SVD analysis. The QR and LQ schemes 

which have the highest condition number also have bad .A's of -7. 1 1 0 and 53.3 

respectively. Thus the RGA confirms the SVD in that these are not very very 

good control schemes for this particular column. 

5.3.2 Modified Principal Component Method 

There are t imes when the principal component is not a.s straightforward 

as it is in the DQ scheme for the ethanol-water column. In an attempt to elim

inate the heuristic aspect involved in the adjusting of the principal component 

method for the interaction between sensors a modification has been made for 

an m x 2 study. Instead of plotting the U vectors, the difference between the 

magnitudes of U1 and U2 are plotted. The positive maximum corresponds 

to the tray should be chosen as the sensor for the U 1 manipulated variable . 

The U2 manipulated variable should be paired with the tray where the largest 

negative value occurs. Studying the DQ scheme in this manner gives the same 

sensors as chosen by the principal component method but it is much more 

straightforward (see Figure 5 . 12 ) .  There is no difference in the sensor location 

for any of the five first level control schemes. The modified principal component 

is an improvement over the principal component method in that it does not 

depend on the experience of the user to move the sensors in order to decrease 

the interaction. 
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5 .3.3 Global Search Methods 

5.3.3 . 1  Condition Number 

At times the condition number for the partial SVD analysis is the 

smaller than the overall condition number. For the loop pairings with only 

a single temperature measurement , the partial SVD is more representative 

of what the control system must deal with. Because of this, a global search 

of all of the 2 x 2 subsystems for the minimum condition number was made. 

It was hoped that this would give temperature sensors that result in a well

conditioned control system. Since all 2 x 2 subsystems will be investigated, the 

RGA may also be calculated for each of the 1225 subsystems . This will allow 

for a comparison of the K search with the results of the RGA.  

A 3-D plot of the inverse condition number versus the tray locations is 

shown in Figure 5 . 13 .  The inverse of the condition number ( 1/K )  is plotted so 

that all of the values would be less than or equal to one. The peak in this plot 

occurs at trays 1 and 44. It is understandable that these locations have low '" 's 

because they are at opposite ends of the column and therefore don't intera.ct 

to a very high degree. These locations and those nearby all have fairly low '" ' s  

but they are in very insensitive sections of the column and would therefore not 

be good choices for control. A summary of the twenty pairs with the lowest 

condition numbers is located in Table 5.4 
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Table 5.4: Minimum Condition Number Search for DQ Method 

First Second Condition Singular Values Intersivity 
Sensor Sensor Number 0"1 X 103 0"2 X 104 3 x 104 

44 1 4 .30 4 .38 10 . 2  2 .36 
45 1 4 .30 4.00 9 .28 2 . 1 5  
43 1 4 .47 4.88 10 .9  2.44 
46 1 4.48 3 .71  8.29 1 .85 
42 1 4 . 8 1  5 .53 1 1 .5 2 .39 
47 1 4 .85 3 .51  7.25 1 .50 
40 2 4.87 10 .0  20.5 4 .20 
39 2 4.92 1 1 .0 22.3 4 .53 
41  2 5 .01  9 .28 18 .5  3 .69 
38 3 5 . 1 2  15 . 1  29.5 5 .75 
37 3 5 . 12  16 .6 32 .3 6 .31 
38 2 5 . 1 7  12 .3  23.8 4 .61  
35 4 5.32 25 .0  47.0 8 .83 
36 4 5 .32 22.6 42.5 7 .99 
39 3 5 .32 14 .0  26.4 4 .95 
41 1 5.33 6.37 1 1 .9 2 .24 
42 2 5 .34 8 .76 16 .4 3 .07 
36 3 5 .35 18 .6  34 .8 6 .51  
48 1 5.43 3 .37 6 .21 1 . 14 
34 5 5 .51 34 . 1  6 1 . 8  1 1 .2 
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5 . 3 . 3 . 2  Lowest Singular Value 

In order to find the most sensitive pair of sensors a plot of the small-

est singular value (a2 ) versus the tray locations was made (see Figure 5 . 14 ) .  

The a2 value is an indication of the sensitivity of the associated sensor to its 

manipulated variable. The peak in Figure 5 . 14 occurs at trays 13 and 19 .  

This selection is  consistent with the one indicated by the principal component 

method. The sensitivity is at a maximum in this area but the interaction is 

rather high ( K. = 89 .9) .  The fact that the sensitive trays have high K.'s can be 

more easily seen in Table 5 .5 .  

5 .3 .3 . 3  Intersivity Index 

In order to address both the sensor interaction ( K.) and the sensor sen-

sitivity (a2 ) a new index was created. The intersivity index (:=:) is merely the 

ratio of the smallest singular value to the condition number. 

The smallest singular value represents sensitivity of the weakest part of 

the system and should be kept large. The condition number indicates the level 

of interaction between sensors and ideally should be small. A large intersivity 

index indicates the system has low interaction and high sensitivity. Plotting 

this new index against the tray number in the same manner as previously per-· 

formed on 1 /  K. and a2 . The peak on this plot is located at trays 12  and 25 

(see Figure 5 . 15) .  The sensor locations obtained from the previous selection 
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Table 5.5 :  Maximum Singular Value Search for DQ Method 

First Second Condition Singular Values Intersivity 
Sensor Sensor Number (JI a2 X 1 02 Sx 104 

19 13 89 .9 4.90 5.45 6 .06 
20 13 56.0 3.05 5.44 9 .70 
18  13 96.8 5.25 5.42 5 .60 
2 1  13 34.5 1 .87 5 .42 15 .7  
22 13 22 .3 1 . 19 5 .35 23 .9 
19 14 93.7 4.90 5.23 5.58 
20 14 58.6 3.05 5 .21  8.90 
18 14 101  5.25 5.20 5 . 14  
21  14  36.2 1 .88 5 . 18 14 .3 
23 13 1 5.5 0.80 5 . 16  33.2 
17 13 48.5 2.49 5 . 13  10 .6  
19 1 2  95.4 4 .90 5. 13 5.38 
20 12 59.4 3 .04 5 . 12  8.63 
2 1  1 2  36.3 1 .86 5 . 12 14 . 1  
18 12 103 5.25 5 . 1 1  4.97 
22 14  23.7 1 .2 1  5.09 21 .4 
22 12  23.2 1 . 18 5.08 2 1 .9 
23 12 15 .7  0 .78 4.97 31 .6  
17  1 2  50.9 2 .48 4 .88 9 .59 
17  14  51 .4 2.50 4.86 9 .46 
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methods have intersivities much lower than this peak. A more detailed sum

mary of the top twenty trays from this method is located in Table 5 .6 .  The 

main difference in this method over the principal component method is that 

the very sensitive tray 18 is avoided by shifting up to tray 25. Tray 1 8  is the 

most sensitive tray in the column as can be noted from the temperature profile 

in Figure 4 . 1 .  

The intersivity can be related to the /\ values of Bristol's Relative Gain 

Array, since every 2 x 2 subsystem is investigated in the global search technique. 

Figure 5 . 16  illustrates that high intersivities correspond to good /\ ,-alues . It is 

also interesting to note that A 's with a value close to unity do not necessarily 

correspond to high intersivities . The general trend in this plot is that the /\ 's 

approach unity as the intersivity increases. There is quite a bit of scatter at 

the lower intersivities but at values over approximately 0 . 002 the the plot is 

essentially a straight line. 

5 . 4  Composition Studies 

In recent years composition analyzers have been extensively developed. 

They have become less expensive and more reliable, thus making their use 

more reasonable. In anticipation of the increased use of such devices a SVD 

analysis was performed on composition gains . 

When calculating composition gains one has several options that are 

not readily available for temperatures. The gains can be calculated for any 
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Table 5 .6 :  Maximum Intersivity Index Search for D Q  Method 

First Second Condition Singular Values Intersivi ty 
Sensor Sensor Number O"J 0"2 X 102 � x 103 

25 1 2  9 .68 0 .412 4.26 4.40 
26 1 1  8 .36 0 .298 3.56 4 .25 
25 1 1  9 .51  0 .380 4.00 4 .21  
24 12  1 1 . 6  0.547 4.71 4 .06 
24 1 3  12 . 1 0 .576 4 .78 3 .97 
26 1 0  8 .27 0 .268 3 .24 3 . 9 1  
26 12  9 .31  0 .337 3 .62 3 .89 
25 1 3  10 .8  0.450 4 . 1 7  3 .87 
27 10 7 .51  0 .215 2 .86 3 .81  
27 1 1  8.40 0 .252 2 .99 3 .56 
24 1 1  12 .2  0 .524 4.28 3 .49 
25 1 0  10 .3  0 .358 3 .49 3 .40 
27 g 7.50 0 . 190 2 .53 3 . 38 
23 1 3  15 .5  0 .803 5 . 1 6  3 . 32 
28 9 6 .91  0. 156 2 .25 3 .26 
24 14 13 .7  0.605 4.41 3 . 2 1  
23 1 2  15 .7  0 .782 4.97 3 . 1 6  
28 10 7.69 0 . 1 86 2 .41 3 . 14  
26 1 3  1 1 .2 0.382 3.42 3 .06 
26 9 9.08 0.248 2 . 73 3 .01  
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of the components in either the liquid or vapor phase. For the column in 

this study, that results in six combinations (3 components) . To be certain 

that no possibility was overlooked, all six were investigated for each of the five 

convergence methods.  

In every case the condition number of the system stayed about the same 

or improved for the vapor phase, while the liquid phase cases were significantly 

worsened ,  as compared to the temperature analysis .  The condition numbers 

are organized in Table 5. 7. The first singular values are also increased for both 

the liquid and the vapor phase, thus making the system more sensitive than 

the temperature analysis .  

The SVD analyses in Table 5 .7  were performed on composition gains · 

that were scaled over the total span of composition from zero to one. It could 

be said that they were unsealed, depending on the viewpoint taken, since the 

scale factor is one. The compositions for different components should be scaled 

differently. It was decided that the most logical scaling would be to divide the 

delta sensor value by the base case value as is clone on the valve values. 

Analyzers are more flexible than ordinary temperature sensors, they 

can be "tuned" to a. certain composition . Because of this flexibility the scale 

factors used were different for each component , each stage and each phase. 

There would only need to be two analyzers (or one that can be tuned to two 

different compositions) in the real process, but in this simulation there can be 

as many as needed. 

The SVD analysis was performed on the composition gains that resulted 
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Table 5 .7 :  SVD Analysis for Composition Gains 

Method Component Phase Condition No. Singular Values 
BR Ethanol Vapor 75.5 2.81 X 10- 1 3 .72 x 1o-3 
BR Ethanol Liquid 236 3 . 1 9x 1o- t  1 .35 x l0-3 
BR vVater Vapor 72. 8  2 .5 1 x 1o-t  3 .45 x 1 0-3 1 

BR Water Liquid 236 2.85 x 10-1 L20 x 1o-3 
BR Fusel Oils Vapor 96.6 3 . 1 0x 10-2  3 .2 1  x 10-4 
BR Fusel Oils Liquid 165 3 .52 x 1o-2 2 . 1 3 x 10-4 
QR Ethanol Vapor 138  4. 1 6 x  w-1  3 . 00 x 10-3 
QR Ethanol Liquid 435 4.73 x 10-1 l .09 x 10-3 
QR Water Vapor 133 3 .7 1 x 1o- 1  I 2 .78 x 10-3 
QR Water Liquid 435 4.22 x w-l  9 . 70 x 10-4 
QR Fusel Oils Vapor 1 76 4 .57x w-2 2.60 x 1 0-4 
QR Fusel Oils Liquid 301 5 .20 x w-2 1 .73 x 10-4 
DQ Ethanol Vapor 55.8 2 .84 x w-1  5 .09 x 10-3 
DQ Ethanol Liquid 3 .55 x 1 05 2 , 1 10  5.93 x 10-3 
DQ Water Vapor 54.0 2 .54 x 10- 1  4 .71 x 10-3 
DQ Water Liquid 3 .65 x 105 2 , 1 10 5 .77 x w-3 
DQ Fusel Oils Vapor 70 .2  3 . 1 1 x 1o-2  4 .43 x w-4 
DQ Fusel Oils Liquid 5.49 x 104 1 8 .4 3 . 36 x 10-4 
LB Ethanol Vapor 77.0 2.84 x w-l 3 . 68 x 10-3 
LB Ethanol Liquid 245 3.24 x w-1 L33 x 1o-3 
LB Water Vapor 74.5 2 .54 x 10- 1  3.40 x 10-3 
LB vVater Liquid 245 2 .90 x 10- 1  1 . 1 8 x 10-3 
LB Fusel Oils Vapor 97.2 3 . 1 1  X 10-2  3 .20 x 10-4 
LB Fusel Oils Liquid 167 3 .54 x l0-2 13 x 10-4 
LQ Ethanol Vapor 1 ,030 3.07 2 .98 x 1o-3 
LQ Ethanol Liquid 3,290 3.51 l . 07 x 10-3 
LQ vVater Vapor 996 2 .  2 .76 x 1o-3 
LQ Water Liquid 3 ,290 3 . 14 9 .53 x 10-4 
LQ Fusel Oils Vapor 1 ,300 3 .36 x w-1 2 .58 x l0-4 
LQ Fusel Oils Liquid 2 ,240 3 .83 x w-l  1 .  71 x 1o-4 
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from the scaling method described earlier. The condition numbers for the 

scaled case are shown in Table 5 .8 .  These results differ markedly from those 

of the unsealed case. For the ethanol cases the condition number improved by 

about an order of magnitude or more. The water cases stayed approximately 

the same, while the fusel oil values increased significantly. 

A partial SVD analysis was performed on the systems indicated by the 

principal component method for the composition sensors and summarized in 

Table 5.9. Some of these sensors have very low 2 X 2 "' 's the best being the 

DQ scheme measuring ethanol vapor with a "' of 5.78 and a A of 1.010 . It is 

interesting to note that there are some sensors that have good /\ values but bad 

"''s .  For example the DQ scheme measuring fusel oil liquid has a "' of 7.55 x 109 

but a A of 1.000. 

It should be noted that in this study the sensors were of the same type 

(phase and component) for each individual study. It might be possible that a 

better control pairing could be achieved with "mixed sensors." For example, 

one could use the vapor composition of ethanol on tray 18 for one sensor and the 

liquid composition of water on tray 14 for the other. Temperature sensors could 

also be used in this concept. It is possible that one of the less favorable schemes 

in the current study could become more favorable with mixed sensors. vVith 

five control schemes, fifty trays and seven different sensor types ( temperature 

and the six different compositions) one can see the enormity of the problem. 

This avenue was not studied here but should be investigated. 
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Table 5 .8 :  SVD Analysis for Scaled Composition Gains 

Method Component Phase Condition No. Singular Values 
BR Ethanol Vapor 10 .5  1 .2 1  1 . 1 6 / 10-1 
BR Ethanol Liquid 1 2 . 1  1 .86 1 .54 x 10-1  
BR vVater Vapor 82.8 4 .74 x 1o-1 5.73 x 10-3 
BR Water Liquid 98.7 4.94 x 10-1 5 .01 x 10-3 
BR Fusel Oils Vapor 181  7.41 4.09 x 1o-2 
BR Fusel Oils Liquid 186 7.28 3.91 x 10-2 
QR Ethanol Vapor 17 .8 1 .77 9.99 x 10-2 
QR Ethanol Liquid 21 . 7  2 .80 1 .29 x 10-1 
QR ·water Vapor 154 7 .27x 10-1 4.7 1 x 10-3 
QR Water Liquid 185 7.60 x 10-1 4. l l x 10-3 
QR Fusel Oils Vapor 335 1 1 .3 3.38 x 1o-2 
QR Fusel Oils Liquid 345 1 1 . 1  3 .22 x 1o-2 
DQ Ethanol Vapor 5 .62 1 .07 1 .91  X 10-1 
D Q  Ethanol Liquid 1 .47 x 104 3 ,440 2.33 X 10-l 
DQ vVater Vapor 57.6 4 .78 x 10-1 8.30 x 10-3 
DQ Water Liquid 1 . 73 x 106 1 . 1 5  X 104 6.65 x 10-3 
DQ Fusel Oils Vapor 124 7.40 5.98 x 10-2 
DQ Fusel Oils Liquid 2 .70 x 109 1 .52x 108 5 .65 x 1o-2 
LB Ethanol Vapor 8.39 1 .09 1 .29 x 10-1  
LB Ethanol Liquid 1 1 . 1  1 . 79 1 . 6 1  X 10-1 
LB vVater Vapor 84. 1  4 .78 x 1o-1 5 .69 x 10-3 
LB vVater Liquid 102 5.02 x 10-1 4.94 x 10-3 
LB Fusel Oils Vapor 181  7.42 4.09 x 10-2 
LB Fusel Oils Liquid 187 7 .31 3 .91 X 10-2 
LQ Ethanol Vapor 1 1 1  12 .0  1 .08 x 10-1 
LQ Ethanol Liquid 1 ,51  20.0 1 .33 x 10-1 
LQ Water Vapor 1 , 150 5.36 4.68 x 10-3 
LQ vVater Liquid 1 ,380 5.62 4.07 x 1o-3 
LQ Fusel Oils Vapor 2 ,470 83.0 3 .37x 10-2 
LQ Fusel Oils Liquid 2 ,540 8 1 . 7  3 . 2 1  x 10-2 
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Table 5 .9 :  Partial SVD Analysis for Scaled Composition Gains 

Method Component Phase Sensors Condition No. RGA(l , l )  
BR Ethanol Vapor 18  1 25.9 1 .014 
BR Ethanol Liquid 18 - 1 15 . 5  0 .985 
BR Water Vapor 20 - 14 137 0 .966 
BR Water Liquid 38 - 2 1  149 1 . 190 
BR Fuse} Oils Vapor 28 15  99 . 1  1 .0 10  
BR Fusel Oils Liquid 28 - 17  1 10 1 . 000 
QR Ethanol Vapor 18 - 1 1 7. 1  -2 .670 
QR Ethanol Liquid 18 - 1 28.4 -2.610 
QR Water Vapor 20 14 255 -7 .620 
QR Water Liquid 39 22 274 2 1 . 3  
QR Fusel Oils Vapor 29 - 15  1 84 - 2 .820 
QR Fusel Oils Liquid 28 - 15  2 14  - 1 .600 ' 
DQ Ethanol Vapor 18  - 1 5 . 78 1 . 0 10  
DQ Ethanol Liquid 1 7 1 4 ,870 1 .000 
DQ vVater Vapor 20 - 14 94.5 0 .970 
DQ Water Liquid 50 - 2 1  1 .44 x 106 1 .060 
DQ Fusel Oils Vapor 28 - 1 5  67.5 1 .000 
DQ Fusel Oils Liquid 50 15  7.55 x 109 1 . 000 
LB Ethanol Vapor 18 1 8 .57 1 . 000 
LB Ethanol Liquid 18 - 1 1 5 . 1  0 .989 
LB vVater Vapor 31 - 19 174 l . l lO  
LB Water Liquid - 20 2 1 1  1 . 6 10  
LB Fusel Oils Vapor 1 33 1 5  99.8 1 . 000 
LB Fusel Oils Liquid 30 1 7  1 1 1  1 . 000 
LQ Ethanol Vapor 1 8  1 1 16 20.5 
LQ Ethanol Liquid 18 - 1 205 20 .2 
LQ Water Vapor 20 - 14 1 ,880 57 .2 
LQ vVater Liquid 38 2 1  2 ,090 -162 
LQ Fusel Oils Vapor 28 - 1 5  1 ;340 2 1 . 7  
LQ Fusel Oils Liquid 28 - 15  1 ,570 12 .7  

67 



5 . 5  Paran1etric Studies 

The singular value analysis is a linear, steady state tool, thus it is possi

ble that a slight modification in the operating conditions could give drastically 

different results because of the nonlinearity of the system. The nonlinearities 

necessitate the checking the SVD analysis at several operating points around 

the base case operating conditions. 

Several of the basic operating variables were perturbed to giVe new 

steady states . The SVD analysis was then performed on the resulting gain 

matrix. The aspect of the SVD investigated at the new steady state is the 

condition number, which gives insight on the controllability of the process at 

the particular steady state. Changes of approximately ±5% and ±10% from 

the base case were made to see if there was a significant change in the tt. of the 

SVD analysis .  In this study the of a whole class of perturbations were 

studied in terms of their effect on the condition number. Only the results for 

the three most feasible control schemes (BR, DQ and LB) are presented here 

so that the details will be readily seen and not washed out by the large scale 

that would be necessary for the remaining two methods (QR and LQ) .  

The first set of parameters to be studied are those that concern distur

bances that might be seen in an industrial column. The effect of a change in the 

dist illate rate on the condition number is shown Figure 5 . 1 7 .  The curves have 

maximums at the base case flow rate of 2 1 .0 lbmol/hr. The condition number 

should have a maximum at this point since it is at the azeotrope of the system. 
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The flow rates that were lower than the base case tended to have very small 

condition numbers. This is as should be expected since the smaller distillate 

rate means the column is operating at a much less constrained point with a 

smaller recovery of ethanol. Changes in the feed flow rate have similar results 

as shown in Figure 5 . 18 .  In this case however the least constrained direction is 

that of increased feed which also decreases the ethanol recovery. The condition 

number has a steady but small increase to changes in the reflux ratio. The 

curve in Figure 5 . 1 9  is almost linear. The feed temperature (Figure 5.20) and 

fusel oil feed composition (Figure 5 .21 ) have virtually no effect on the condition 

number. 

The last set of parameters to be investigated are those that are involved 

m the computer simulation. These parameters can be viewed as modeling 

errors. These are things that do not have handles in industrial column such as 

the physical parameters and the VLE of the components. The constant A for 

ethanol in the Antoine equation is varied in Figure 5 .22 .  The condition number 

is very sensitive to changes in this parameter. A small change on either side 

of the "correct" value of 18 .9 1 19  would indicate that the control scheme was 

very well-conditioned with a small t>- where the correct scheme is not so well

conditioned. The A value for wuter exhibits a similar. trend (see Figure 5 .23) .  

The fusel oils A value has a much smaller effect as shown in Figure 5.24. 

The same analysis was performed on the interaction parameters in the 

Wilson equation (see Figures 5 .25-5 .30) .  Two of the six parameters have a 

rather large effect on the condition number , these two are W (ethanol, water) 
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Figure 5.19:  Parametric Study of Reflux Ratio 

72 



1 5 0 

A B R  '-
1 30 4.) D O  ..0 

E 
;::, 1 1 0 [!] L B  z 

c 

............ � 0 
9 0  

....., 

-o 
7 0  c 

0 
(.) 

s o  

7 5  8 0  8 5  9 0  9 5  1 0 0 

Feed Tem p er a t ure ( C )  

Figure 5.20: Parametric Study of Feed Temperature 

73 



1 5 0  

� B R  
L 

1 3 0 cu D O  ...J:l 
E 
::::::1 

1 1 0 � L B  z 

c: I!! I!! I!! E!l 
0 (g .. .. .. 

9 0  .. .. 

+I 

""0 
c: 7 0  
0 

(_) 

5 0  

0 . 0 8 5  0 . 0 9 5  0 .  1 0 5  0 .  1 1 5 

F u se I 0 I I Feed Com pos i t i on ( 1 0 - 2 ) 

Figure 5 .21 : Parametric Study of Fusel Oil Feed Composition 

74 



1 0 0 

'-
A B R  

cu 8 0  
...0 
E 
:::J 

6 0  [!] 
z 

c 
c 

4 0  
...... 

-c 
2 0  c 

c 
(_) 

0 

1 7 .  5 1 8 . 0  1 8 .  5 1 9 . 0  1 9 . 5  2 0 . 0  

E t h a n o l A v p V a l u e 

Figure 5 .22: Parametric Study of Antoine A for Ethanol 

75 



1 0 0 

A B R  '-
8 0  C) 

D Q  ..D 
E 
:J 

6 0  [!] L B  z 

c 
0 

4 0  
+' 

"'0 
2 0  c 

0 
u 

0 

1 7 .  0 1 7 .  5 1 8 . 0  1 8 .  5 1 9 .  0 1 9 .  5 

W a t e r  A v p V a  I u e 

Figure 5.23: Parametric Study of Antoine A for vVater 

76 



1 4 0 

L. B R  
Cl) 1 2 0 

...0 o a  E 
� 

1 0 0 L B  :z 

c 
0 

8 0  
-+J 

""0 
6 0  c 

0 
u 

4 0  

1 5 . 5  1 6 .  0 1 6 .  5 1 7 .  0 1 7 .  5 1 8 . 0  

F u s e  I 0 I l Av p V a l u e 

Figure 5 .24: Parametric Study of Antoine A for Fusel oils 

77 



2 0 0  

A B R  L. 
1 6 0 Q.) o a  ...0 

E 
� 

1 2 0 f!l _ L B  z 

c 
0 

8 0  
-+' 

-c 
4 0  c 

0 
(.) 

0 

9 0 0  9 3 0  9 6 0  9 9 0  1 0 2 0  1 0 5 0  

W i l s o n ( E , W ) C o e f f i c i e n t  

Figure 5.25:  Parametric Study of \Vilson Coefficient W(E,W) 

78 



1 5 0 

� B R  '-
1 3 0 Cl) D O  ..D 

E 
:J 

1 1 0 � L B  z 

c 1!1 e e e 1!1 0 
9 0  

• • • • .. 

+' 

'"'C 
c 7 0  
c 

(.) 

5 0  

2 0 0  2 1 0 2 2 0  2 3 0  2 4 0  2 5 0  

W i  I s o n  C E , F )  C o e f f i c i e n t  

Figure 5.26 : Parametric Study of \Vilson Coefficient W(E,F) 

79 



c: 
0 

1 5 0 

1 3 0 

1 1 0 

9 0  

� 7 0  
c 

(_) 

5 0  

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  

B R  
D O  
L B  

W t i s o n ( W , E )  C o e f f i c i e n t  

Figure 5.27: Parametric Study of \Vilson Coefficient \V( W, E) 

80 

3 0 0  



1 5 0  

� B R L 
1 3 0 " o a  -0 

E 
:J 

1 1 0 [!] L B  z 

c !! I!! I!! el E!l 0 
9 0  

• .. .. .. .. 

+' 

'"'0 
c 7 0  
0 

u 

5 0  

- 1 7 0 - 1 7 5 - 1 8 0 - 1 8 5 - 1 9 0 - 1 9 5 

W I  I s  o n  ( W , F >  C o e f f i c i e n t  

Figure 5 .28 :  Parametric S tudy of Wilson Coefficient W(W,F) 

81 



'-
" 

..0 
E 
:::J 

z 

c 
0 

-+-' 

"lJ 
c 
0 

(.) 

1 5 0 

� B R  
1 3 0 o a  

1 1 0 [!] L B  

[!J e e e 1!1 
9 0  

• .. .. .. • 

7 0  

5 0  

- 6 . 0 0 - 6 . 3 0 - 6 . 6 0 - 6 . 9 0  - 7 . 2 0 - 7 . 5 0  

W t l s o n ( F , E J  C o e f f i c i e n t  

Figure 5 . 2 9 :  Parametric Study of 'i\/ilson Coefficient W(F,E) 

82 



1 5 0 

'-
A B R  

4) 1 3 0 
..0 D O  
E 
� 

1 1 0 [!] L B  z 

c: I! 1!1 1!1 1!1 l!l 
0 

9 0  
.. .. .. .. .. 

+' 

-o 
c: 7 0  
0 

u 

5 0  

1 0 0 4 1 • 0 8  1 0 1 2 1 • 1 6 1 0 2 0  1 0 2 4 

W 1 I s o n  ( F ,  W )  C -o e f f i c i e n t  ( 1 0 � ) 

Figure 5.30:  Parametric Study of Wilson Coefficient W(F,W) 

83 



and W( water,ethanol) . The remaining four parameters that all involve the 

fusels have little if any effect on the condition number. Since the fusels have 

such a small concentration in the column i t  is understandable that their Wilson 

parameters would have little effect on the system. 

The critical temperatures and pressures were also studied and found 

to have litt le or no effect on the r;, for any of the three components (see Fig

ures 5 .31-5.36) .  There are several other parameters that could also be investi

gated, but the purpose of this study is merely to illustrate that the nonlinear

ities of the system can have severe effects on the SVD analysis. 
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Figure 5.31 : Parametric Study of Critical Temperature of Ethanol 
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Figure 5.35: Parametric Study of Critical Pressure of Water 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

From the work presented in this s tudy the following conclusions can be 

drawn. 

L The sidedraw operation does not have a large impact on the overall col

umn operation. 

2. The steam usage plays a major role in the economic considerations of the 

column operation. 

3 .  The DQ control scheme is the most promising for dual-ended control of 

the column. 

4. The intersivity index seems to be a good method of locating sensors .  

5 .  Interior composition sensors result in better conditioned control schemes 

than temperature sensors . 

6 .  The SVD analysis changes as the operating conditions change. 

7. Inaccurate physical property and VLE parameters can lead to inaccurate 

results in the SVD analysis 

There seems to be a need for further research into the intersivity index. 

The results presented here should be checked further by a dynamic simulation 
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and i t  should be extended to composition gains and should be tested on other 

columns. There is even more work that could be performed on this particular 

column because the DQ scheme was the only one that was investigated by 

the intersivity index. Since the composition sensors seem to give the most 

well-conditioned systems they should be investigated further. As mentioned 

in Chapter 5 there is the possibility of using "mixed sensors" that might give 

even more well-conditioned systems. 
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+ - - - - - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - 1· - - - - - - - · - - - - · - - - - - - + - - - - - � - - - - - - - - - - - � - + - - - - - · - - · - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - +  

1 Component Name I Ho l e  f rac t i on I We i g h t  r r ac t l on I Mo l e s / h r  I L b s / h r  I Percent Recovery I 
+ - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - +  

l E T IIANOL I 5 . 5 76 7 20£·05 I 1 . 4 1 8 7 82£ ·011 I 5 . 8 50701lE-02 I 2 . 69 1 32 I l . 2086E-Ol I 
I WAT E R  I 0 . 998955 I 0 . 9950 36 I 1 048 . 0 3 I 1 8 8 7 5 . 1 I 0 . 9950 I 
I F US E L S  I 9 . 890908 £· 011 I 4 . 822 1 1 5E - Ol I 1 . 0 3 768 I 9 1 . 47 1 9  I 0 . 9674 I 

+ - - - - - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - +  

I T o ta l I 1 . 000000 I 1 . oooooo I 1 049 . 1 3  I 1 6969 . 3  I - - - I 
+ - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - +  



....... 
0 
!:'-' 

R E SU L T S  OF HI£ 01 ST i l l  A r i ON PROGRAM 

L I QU I D  F £ E D  LOC A T E D  ON TRAY 1 6  
+ - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - ·· · - - - - - - - - - - - · · - - - - - - - � - - - - - - - - - - - - - - - - - - - ·- - - - - - - - - - - - - - - - - -- +  
I T empe ra ture I P ressure I E n t h,. l py I Avg . Ho i . We l gh t  I 
· - - - - - · · - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - - - - - ·- - · - - - - - - � - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - +  
I 8 5 . 00 Deg ,  C I 8110 . 00 T o r r  I 2 76 7 . 0 7 ll t u/IIO i c  I . 1 8 . 5560 I 
I 1 85 . 00 Oeg .  r I 1 6 . 211 Ps i a I 1 119 . 1 20 lltu/ l b  I I 
· - - - - - - - - - - - - - - - - - - - - - - - ·- - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - + - - - · - - - - - - - - - * � - · · · +  

RAT £ S  

+ - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - · - - - - + - · - - - - - · - - - - - - - - - - - · - · - - - - � - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - ·  
I Component Name I Ho l e  F rac t i on I We i gh t  F rac t i on I Ho l e s/h r I l b s / h r  I 
· - - - - - - - - - - - - - - - - - - - - - - -· - - - - - - - - - - - - - - - - - - -+ - - - - - - - - - - - - - - - - - - - · - - - - - - - - · - - - - - - - - - - ·· - * · - � - - - · - - · - - - - - - ·  
I E T HANOL I 1 .  700000[•02 I I L 2 1 1t 2 7 7 [ •02 I 1 8 . 2 3 11 7 I 8 3 8 . 797 I 
I Wil l E R  I o . 98 2noo I 0 . 9 53 1 0 7 I 1 053 . 32 I 1 8 9 7 0 . 3 I 
I r usn s I L OOOOOO E · 0 3  I 1t . 750II 9 3 £ ·03 I 1 . 0 1 ?63 I 9IL 'J523 I 
+ - - - - - - - - - - · · - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - -- - - - · - · - - - · - - - - - - · - · - - - · · - - - - - - - - - - - · - - - - - - - +  
I To u l  I 1 . 00oono I t . oooooo I 1 0 7 2 . 6 3 I 1 9903 . 7  I 
· - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - ·- - - -- - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - - - +  

L I QU I D  S I D£ DRAW LOCA T £0 O N  T RAY 1 8  
· - - - - - - - - - - - - - - - - - - - - - - - ·- - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - · - - - - - - - - - - - · - - - - · - - - - - - - - - - - - - - +  
I Tempe ra t u re I Pressure I E n t ha l py I Avg . Ho i . We i g h t  I 
+ - - - - - - - - - - - - - - - - · - - - - · - · - - - - - · - - - - - - - - - - - - - - - - - +- - - - - - - - - - - - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - · - +  
I 911 . 92 Deg .  C I 8 6 1 . 22 torr I 326? . 1l 8  Btu/mo l r.  I 2 0 . 3 3 3 11 I 
I 2 02 . 85 Deg . r I 1 6 . 65 Ps i a  I 1 60 . Illl9 Btu/ l b  I I 
· - - - - - - - - - - · - - - � - - - - - · - - + - · - · - - - - - - - - - - - - - - - - - - · · - - - - - - - · - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - +  

R A T E S  

+ -- -- - - -- - - - - · · - -- - - - - - - · - - - -- - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - ·- � - - - - - - - - - - - - - · - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - +  
I Component Halle I Ho l e  r rac t l on I We i gh t  F rac t i on I Ho l e s/h r I U> s / h r  I Pe rce n t Recovery I 
+ - - - - - · - � - - - - - - - - - -- · - · - +- - - � - - - - - - - - - - - - - - -· - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - ·- - - - - - - · · - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - +  

E 1 HIIIIOL I II .  798059£·02 I 0 . 1 085116 I 0 , 1 1 99 5 1  I 5 . 5 1 7 7 7  I 6 . 5 7 8 2 £ - 0 3  
WATfR I 0 . 93 8011 1 I 0 . 8 3 0856 I 2 . 31l5 1 0  I 11 2 . 2 3 5 3  I 2 . 22611£-<H 

I FUSE L S  I 1 .  3 9 78011£ · 0 2  I 6 . 0�98011 £ ·02 I 3 . 11911509£ ·02 I 3 . 08011 1 I 3 . 25 79£·02 I 
· - - - - - - · - - - · - - - -- - - - - - - - · - - - - - - · - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - � - - - · · - - - - - - - - - - - - - - - � - - - + - - - - - · · - - - - - · - - - - - - +  
I T o ta l I 1 . 000000 I 1 . oooooo I 2 . 5oooo I 50 . 8 3 3 5  I - - - I 
+ - - - - - - - - · - � - - - - - - - - - - - - · - - � - -- - - - - - - - - - - - -- + - - - - - - - - - - - - - - -- - - · + - - - - - - - - - - - - - - - - - - - · · - - - - �- - - - - - - - - - - - - · · - - - - - - - - - - - - - - - - - - - +  



....... 
0 
� 

MULT I COMPONENT , MUI. T I STAGr 01 ST I l l AT I ON PROGRAM 
E T HANOL R E COVERY ST i l l  

BASE CAS£ SVO ST UOY 
.. 

I N I T I Al. STAGE PROf i LE S  

OA T[ : 1 6-HAY- 1 9 8 7  T I ME : 1 6 : 2 8 : 52 . 60 

+ - - - - - · - - - - - - - - - · - · · - - - - - - ·- - - - - - - - - - - - - · - - · - · - - - - - - · - + - - - - - - - - - - - - - ·- - - - - - - - - - - - ·- - - - - - - - - - - · + · - - - - - - - - - - - - +- - · - - - - + - - · - - · - - - - - · - +  

! S tage ! Temp , I Pre s s .  I Vapor I l i qu i d  I f eed I l. i Q .  S i de I V R p .  S i de I f r. e d  I S t a ge I lle a t  Added I 

I No . I Oeg . C  I T o r r  I Mo l e s / h r  I Mo l e s / h r  I Ho l e s /h r  I Ho l es / h r  I Mo l e s / h r  I Btll/ h r  I E f f .  I ll t u / h r  I 
+ - - - - - +- - - - - - - - - · - - - - - - - - - · - - - - - -- - - - - - - + - - - - - - - - - - - - - +- - · · - - - - - - - - - · - - � - · - - - - - - · + - - - - - - - - - - - - · - - - - - - · - - - - · - · - - · - - - · + - - - - - - - - - - - - - +  

5 0  I 7 8 . 1 3  I 760 . 0  I 1 16 . 4 3  I 1 6 0 . 58 r -- I - - I - - r - - I o . soo I 
119 I 7 8 . 24 I 76 3 . 2  I 1 8 1 . 56 I 1 60 . 59 I - - I - - I - - r - - I o . 5oo I 
l16 I 7 6 . 3 5  I 7 66 . 3 I 1 6 1 . 59 I 1 60 . 59 I - - I - - I - - r - - I o . s o o  I 

117 I 76 . 11 5  I 7 69 . 5  I 1 8 1 . 59 I 1 60 . 59 I - - I - - I - - I - - I o . 5no I 
l16 I 16 . 56 I 7 7 2 . 1 I 1 6 1 . 59 I 1 60 . 58 I - - I - - 1 - - I - - 1 0 . 500 1 

115 I 7 8 . 66 I 1 7 5 . 6  I 1 8 1 . 58 I 1 60 . 56 I - - I - - I - - I - - I o . soo I 
1111 I 7 8 . 7 7 I 7 1 9 . 0  I 1 8 1 . 58 I 1 60 . 5 7  I -- I -- I - - I - - I o . soo I 
113 I 78 . 6 8  I 7 82 .  1 I 1 8 1 . 5 7  I 1 60 . 56 I - - I - - I -- I - - 1 o . 5oo 1 
112 I 7 8 . 98 I 78 5 . 3  I 1 8 1 . 56 I 1 6 0 . 5 4  I - - I - - I - - I - - I o . 5oo I 
11 1 I 1 9 . 09 I 7 88 . 5  I 1 8 1 . 54 I 1 6 0 . 52 I - - I - - - - I - - I o . 5oo I 
40 I 7 9 . 20 I 79 1 . 6 I 1 8 1 . 52 I 1 60 . 119 I - - I -- - - I - - I 0 . 500 I 
39 I 7 9 . 3 1  I 19 11 . 6  I 1 6 1 , 119 I 1 60 , 116 I - - I - - - - I - - I o . 5oo I 
38 I 7 9 . 112 I 7 98 . 0  I 1 8 1 . 1l6 I 1 60 . 11 3  - - I - - - - I - - I o . 5oo I 
3 7 1 7 9 . 5 3  I 8n1 . I I 1 8  t . ll 3  I 1 60 . 38 - - I - - - - I - - I o . s o o  I 
36 I 7 9 . 611 801! , 3  I 16 I .  38 I 1 60 . 3 3  - - I -- - - I - - I o . soo I 
3 5  I 7 9 . 16 60 1 . 11 I 1 6 1 . 3 3 I 1 60 . 2 7  - - I - - - - I - - I o . soo I 
311 I 7 9 . 8 7  8 1 0 . 6  I 1 6 1 . 2 7 I 1 60 . 1 9  - - I - - - - I - - I o . soo I 
3 3 1 7 9 . 99 6 1 3 . 8  I 1 8 1 .  1 9  I 1 60 .  1 1  - - I -- - - I - - I 0 . 500 I 
32 I 80 . 1 2 8 1 6 . 9  I 1 6 1 ,  I 1 I 1 60 . 00 -- I - - - - I - - I o . sou I 
3 1  I 60 . 25 620 . 1  I 1 8 1 . 00 I 1 59 . 8 7  - - I - - - - I - - I o . s o o  I 

I 30 60 . Ito 823 . 3  I 1 80. 8 7 I 1 �9 . 72 - - I - - - - I - - I o . 5oo I 

I 2 9  80 . 55 626 . 11 I 1 60 . 72 I 1 5 9 . 511 - - I - - - - I - - I 0 . 5no I 
I 26 60 . 7 3 629 . 6  I 1 60 . 511 I 1 59 .  3 1  - - I - - - - I - - I o . 5oo I 

2 7  60 . 9 3 832 . 6  I 1 8 0 . 3 1  I 1 59 . 0 1  - - I - - I - - I - - I 0 . 500 I 
26 6 I .  1 1  8 35 . 9  I 1 60 . 0 3 I 1 56 . 6 7  - - I - - I - - I - - I o . 5oo I 
25 6 1 . 11 8 6 3 9 .  I I 1 19 . 6 7 I 1 56 . 2 1  - - I - - I - - I - - I 0 . 50 0  I 
21! 8 1 . 68 I 8112 . 2  I 1 79 . 2 1  I 1 5 7 . 62 - - I - - I - - I - - I o . 5oo I 
2 3  6 2 . 4 3  81!5 . 11 I 1 78 . 62 I 1 56 . 6 3 - - I - - I - - I - - I 0 . 500 I 
22 6 3 . 211 6116 . 6  I 1 7 7 . 6 3  I 1 5 5 . 1 7  I - - I -- I - - I - - I 0 . 5oo I 
2 1  8 11 . 1l8 6 5 1 . 7  I 1 76 . 7 7  I 1 511 . 3 6  I - - I - - I - - I - - I 0 . 5oo I 
20 66 . 5 1  6511 . 9  I 1 75 . 3 6 I 1 52 . 5 7 I - - I - - I - - I - - I o . 5oo I 
1 9  90 . 0 1 856 . I I 1 1 3 . 5 7 I 1 50 . 99 I - - I - - I - - I -- I o . 5oo I 
1 8  911 . 92 86 1 . 2  I 1 1 1 . 99 I 1 4 6 . 3 1 I - - I 2 . 5 0 0  I - - I - - I o . 5oo I 
1 7  96 . 58 8611 . 4  I 1 7 1 . 8 1  I 1 46 . 85 I - - I - - I - - I - - I 0 . 5oo I 
1 6 9 9 . 70 86 7 . 6  I 1 72 . 35 I 1 250 . 6  I 1 0 72 . 6  I - - I - - I 2 7 6 7 .  I I o . 5oo I 
1 5  1 00 . 118 8 70 . 1  I 201 . 5 1  I 1 2 s 1  . 6  I - - I - - I - - I - - I o . 5o o  I 
1 11 1 0  I .  22 6 1 3 . 9  I 202 . 69 I 1 2 5 3 . 0  I - - I - - I - - I - - I o . 5oo I 
1 3  1 0 1 . 90 61 7 . 0  I 203 . 6 3  I 1 2511 . 0  I - - I -- I - - I - - I 0 . 500 I 
1 2  1 02 . 50 880 . 2  I 204 . 9 1  I 1 25 5 . 0  I - - I - - I - - I - - I o . 5oo I 
1 1  I 1 0 3 . 00 863 . 4  I 205 . 86 I 1 2 55 . 8  I - - I - - I - - I - - I o . 5oo I 
10 I 1 03 . 1t3  686 . 5  I 206 . 7 Z  I 1 25 6 . 6  I - - I - - I - - I - - I 0 . 500 I 

9 I 1 03 . 78 889 . 7  I 20 7 . 411 I 1 25 7 .  2 I - - I - - I - - I - - I o . 5no I 
6 I 1 0 11 . 0 1  692 . 9  I 208 . 05 I 1 2 5 7 . 7  I - - I - - I - - I - - I o . 5oo I 
7 I 1 04 .  3 1  696 . 0  I 206 . 5 1  I 1 258 . 1 I - - I - - I - - I - - I o . soo I 
6 I 1 011 . 52 8 99 . 2  I 209 . 02 I 1 258 . 5  I - - I - - I - - I -- I 0 . 500 I 
5 I 1 011 . 10 I 9 02 . 3  I 209 . 4 1  I 1 256 . 9  I - - I - - I - - I - - I o . 5oo I 
II I 1 0 11 . 66 I 905 . 5  I 209 . 7 6  I 1 259 . 2  I - - I - - I - - I - - I 0 . 500 I 
3 I 1 05 . 0 1  I 908 . 7  I 2 1 0 . 09 I 1 2 59 . 5  I - - I - - I - - I - - I 0 . 5 o o  I 
2 I t os . 1 5  I 9 1 1 . 6  I 2 1 0 . 40 I 1 2 59 . 6  I - - I - - I - - I - - I 0 . 500 I 
1 I 1 05 . 3 3 I 9 1 5 . 0  I 2 1 0 . 7 0  I 1 04 9 .  1 ' - - I - - I - - I - - I 1 . ooo I 3 .  7 0 I I O E +06 

+ - - - - - · - - - · - - - - - · - - - - - - - - - ·- - - - - - - - - - - · - + · - - - - - - - - · · - - +- - - - - - - - - - - - - + - � - - · - - - - - - - + - - - - - � - - - - - - + - - - - - - - - - � - - - · - - - - - - - +- - - - - - - - - - - - - +  



........ 
0 
*"" 

MULT I COMPON£NT , MULT I STAGE 01 ST l i l A I I ON PROGRAM 
ETHANOl RECOVERY ST i l l 

BAS£ CAS£ SVD ST UDY 
+ 

STAGE PROf i L ES ·• MAT E R I A l  BAlANCE 

OA T E  : 1 8·MAY• 1 9 8 7  T I ME : 1 6 : 28 : �2 . 60 

+ - · - - - + - - - - - - - - - - -- -- · - - - - - - - - - - - - - - ·- - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - + - - - - � - · - - · · - - - - - - ·- - - - - - - - - - - - - - - - - + - - - - · · - - - · - - · - - - - +  

! Stage ! Tempe ra t u re I Pressure I \l�por R a te I l l qu i d  R H te I fP.ed Ra te I l i q u i d  S i d e I Va p o r  R a te I 
I No. I De9 .  C I T o r r  I Mo l c s / h r  I Mo l e s / h r  I Mo l t! s / h r  I Mo l e s /h r I Mo l e s / h r  I 
+ - - - - - · - - - - · - - - - - -- - - + - - - - - - - - - - - - - - + - - - - - - - - · · - - - - - - - + - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - · - - · - · - - - · - - - - - - - - + - - - - - - - - - - - - - - - - - + 

I �o I 7 8 . 1 3  I 76o . oo I 1 76 . 11 3  I 1 60 . 5 8 I •• I -- I • •  I 
I 119 I 78 . 211 I 76 3 . 1 6  I 1 8 1 . 5 8 I 1 6 0 . 59 I -- I •• I ·• I 
I 1!8 I 78 . 3 5 

I 
766 . 3 3 I 1 8 1 . 5 9 I 1 6 0 . 59 I -- I -- I .• I 

I 11 1  I 7 8 . 11 5  769 . 119 I 1 8 1 . 59 I 1 6 0 . �9 I -· I -- I - ·  I 
I 46 I 7 8 . 56 I 7 72 . 65 I 1 8 1 . 5 9 I 1 60 . 5 8 I -- I · - I -- I 
I 115 I 7 8 . 66 I 7 7 5 . 82 I 1 8 1 . 58 I 1 60 . 58 I -- I -- I -- I 
I 1111 I 78 . 7 7 I 7 78 . 98 I 1 8 1 . 58 I 1 6 0 . 5 7 I ·- I -- I -- I 
I 11 3 I 7 8 . 88 I 7 82 . 1 11 I 1 8 1 . 5 7 I 1 6u . 56 I -- I •• I -- I 
I 112 I 7 8 . 98 I 785 . 3 1  I 1 8 1 . 5 6 I 1 6 0 . 511 I -· I -- I -- I 
I 11 1 I 79 . 09 I 788 . 1 17 I 1 8 1 . 511 I 1 60 . 5 2 I -- I -- I -- I 
I 110 I 79 . 20 I 79 1 . 6 3  I 1 8 1 . 52 I 1 60 . It 9  I -- I • •  I -- I 
I 39 I 7 9 . 3 1  I 7911 . 80 I 1 8 1 . 119 I 1 61! , 116 I -- I -- I -- I 
I 38 I 7 9 . 11 2  I 7 9 1 . 96 I 1 8 1 . 1t6 I 1 6 0 . 4 3 I -- I -- I -- I 
I H I  7 9 . 5 3 I 80 1 . 1 2 I 1 8 1 . 11 3 I 1 60 . 38 I -- I -- I -- I 
I 36 I 1 9 . 6'1 I 80IL 29 I 1 8 1 . 3 8 I 1 60 . 3 3  I -- I •• I -- I 
I 35 I 79 . 76 I 80 1 . 115 I 1 8 1 . 3 3 I 1 60 . 2 7  I -- I -- I -- I 
I 311 I 7 9 . 8 7  I 8 1 0 . 6 1  I 1 8 1 . 2 7 I 1 6 0 . 1 9  I -- I -- I -- I 
I 3 3  I 7 9 . 99 I 8 1 3 . 78 I 1 8 1 . 1 9  I 1 60 . 1 1  I -- I -- I -- I 
I 32 I 80. 1 2  I 8 1 6 . 9'' I 1 8 1 . 1 1  I 1 6o . oo I -- I -- I -- I 
I 3 1  I 8 0 . 2 5  I 820. 1 0  I 1 8 1 . 00 I 1 59 . 8 7  I -- I -- I -- I 
I 30 I 80 . 110 I 82 3 . 2 7  I 1 80 . 8 7 I 1 5 9 . 12 I -- I -- I -- I 
I 29 I 8 0 . 5 5  I 826 . 4 3  I 1 11 0. 1 2  I 1 59 . 511 I -- I -- I -- I 
I 28 I 8 0 . 1 3  

I 
829 . 59 I 1 80 . 511 I 1 59 . 3 1  I -- I -- I -- I 

I 21 I 8 0 . 9 3  8 3 2 . 76 I 1 80 . 3 1  I 1 59 . 0 3 I -- I -- I -- I 
I 26 I 8 1 . 1 7  I 8 35 . 92 I 1 8 0 . 0 3  I 1 5 8 . 6 7 I -- I -- I -- I 
I 2� I 8 1 . 118 I 8 3 9 . 011 I 1 19 . 6 7  I 1 58 . 2 1  I -- I -- I -- I 
I 2 11 I 8 1 . 88 I 8112 . 211 I 1 79 . 2 1  I 1 5 7 . 6 2 I -- I -- I -- I 
I 2 3  I 82 . 1t 3  I 845 . 11 1  I 1 18 . 6 2 I 1 '>6 . 8 3  I -- I -- I -- I 
I 22 I 8 3 . 24 I 8 11 8 . 5 7 I 1 7 7 . 8 3 I 1 55 . 7 7  I -- I - - I -- I 
I 2 1  I 84 . 118 I 8 5 1 . 7 3 I 1 76 . 7 7 I 1 511 . 36 I -- I -- I -- I 
I 20 I 86 . 5 1  I 851t . 90 I 1 75 . 36 I 1 52 . 5 7 I -- I -- I - - I 
I 19 I 90 . 0 1 I 858 . 06 I 1 1 3 . 5 7 I 1 5 0 . 99 I -- I -- I -- I 
I 1 8  I 91t . 92 I 86 1 . 22 I 1 1 1 . 99 I 1 11 8 . 3 1  I -- I 2 . 5000 I -- I 
I 1 1  I 9 8 . 58 I 861t . 3 9 I 1 1 1 . 8 1  I 1118 . 8 5 I -- I -- I -- I 
I 1 6  I 99 . 70 I 86 7 . 55 I 1 72 . 3 5 I 1 250 . 6  I 1 0 1 2 . 6  I -- I -- I 
I 1 �  I I OO . �t8 I 8 70 . 1 1  I 20 1 . 5 1 I 1 2 5 1 . 8  I -- I - ·  I -- I 
I l it  I 1 0 1 . 22 I 8 1 3 . 8 8 I 202 . 69 I 1 2 5 3 . 0  I -- I -- I -- I 
I 1 3  I 1 0 1 . 90 I 8 7 7 . 011 I 203 . 8 3 I 1 251t . O  I -- I - - I -- I 
I 1 2  I 1 02 . 50 I 680 . 20 I 204 . 9 1  I 1 255 . 0  I -- I -- I -- I 

I 
1 1  I 1 0 3 . 00 I 8 8 3 . 3 7 I 205 . 88 I 1 2 55 . 8  I -- I - - I - - I 
10 I 1 0 3 , 11 3  I 886 . 5 3 I 2o6 . 72 I 1 2 56 . 6  I -- I -- I -- I 

I 9 I 1 0 3 . 78 I 8 8 9 . 69 I 20 7 . 411 I 1 2 5 7 . 2  I -- I -- I -- I 
I 8 I 1 0 11 . 0 1 I 892 . 86 I 2 08 . 05 I 1 ? 5 7 . 7  I -- I -- I -- I 
I 1 I 1 04 . 3 1  I 896 . 0 2 I 208 . 5 7 I 1 ? 58 . 1 I -- I -- I -- I 
I 6 I 1 0 it . 5 2 I 899 . 1 8  I 209 . 02 I 1 2 ? 8 . �  I -- I -- I - - I 
I 5 I 1 0 11 . 10 I 902 . 35 I 209 . 11 1  I 1 2 58 . 9  I -- I -- I -- I 
I 4 I 1 04 . 86 I 905 . 5 1  I 209 . 76 I 1 2 59 . 2  I -- I - - I - - I 
I l I 1 0 5 . 0 1  I 908 . 6 7  I 2 1 0 . 09 I 1 259 . 5  I -- I -- I -- I 
I 2 I 1 0 5 . 1 �  I 9 1 1 . 811 I 2 1 0 . 40 I 1 2 59 . 8  I -- I -- I -- I 
I 1 I 1 05 . 3 3 I 9 1 5 . 00 I 2 1 0 . 70 I 1 0 11 9 . 1 I -- I - - I - - 1 

+ - · - - - · - - - - - - - - - - - - - - · - - - - - - - - - - - - - - · - - - - - - - -- - - - - - - - - + - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - +· - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - + 



....... 
0 
CJ1 

MUL T I COHPONE N T , MULT I STAGE O I ST I LLAT I ON PROGRAM OAT[ : 1 8 -MAY- 1 98 7  T I ME : 1 6 : 28 : 52 . 60 
E T HANOL RECOVERY ST I LL 

BASE CASE SVD S T UDY 
+ 

STAGE PROr i LES -- ENERGY BALANCE 

+ - - - - - + - - - - - - - - - - - - - - + - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - +- - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - +  
I Stage l Tempe ra t u re I P re ssure I reed I VRpo r I l i qu i d  I Hea t Added I 
I No . I Deg . C I T o r r  I B t u t h r  I Bll l/hr I B l u / h r  I B l u / h r  I 
+ - - - - - + - - - - - - - - - - - - - - + - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - +  
I 50 I 7 8 . 1 3  76o . oo I - - 21111 1 8 .  I 3 1 5 3 . 2  
I 11 9 I 78 . 211 76 3 . 1 6  I - - 2011 20 .  I 3 1 56 . 3 
I 11 8 I 78 . 3 5 766 . 3 3 I - - 2011 ? 3 . I 3 1 '> 9 . 1 
I 11 7  I 7 8 . 11 5  769 . 119 I - - 2o11 2 5 ,  I 3 7 6 1 . 8  
I 116 I 78 . 56 7 72 . 65 I - - 2011 2 1 .  I 3 1 611 . 2  
I 11 5  I 76 . 66 7 75 . 82 I - - 2011 3 0 ,  I 3 1 66 . 3 

1111 I 78 . 1 1 7 78 . 98 -- 2011 3 2 .  I 3 1 66 . 2  
11 3  I 78 . 88 782 . 1 11 - - 2o11 3 5 ,  I 3 7 69 . 7  
112 I 7 8 . 98 785 . 3 1  - - 2o11 3 1 ,  I 3 7 1 0 . 9  
11 1 I 7 9 . 09 7 88 . 11 7  - - 201111 0 . I 3 7 7 1 . 6  
110 I 79 . 20 7 9 1 . 6 3 - - 2011112 . I 3 7 7 1 . 9  
3 9  I 79 . 3 1 7911 . 80 - - 2tlllll 5 .  I 3 1 1 1 . 6  
3 8  I 7 9 . 112 7 9 7 . 96 - - 2111111 6 .  I 3 1 70 . 8  
3 1  I 7 9 . 5 3 eo1 . 1 2 - - 21111 '.1 0 .  I 3 169 . 3 
36 I 79 . 611 80ir . 29 - - I 2011 '.1 3 .  I 3 766 . 9  
3 5  I 7 9 . 76 80 7 . 11 5  - - 2o11 5 6 ,  I 3 7 6 3 . 7  
311 I 7 9 . 8 7 8 1 0 , 6 1  - - 20IIr> 9 .  I 3 1 59 . 11 
33 I 79 . 99 8 1 3 . 78 -- 2o11 6 2 .  I 3 7 5 3 . 9  
32 I 80 . 1 2 8 1 6 . 911 - - 2011 6 5 .  I 3 7 116 . 8  
3 1  I 80 . 25 e2o . 1 o  - - 2o1168 . I 3 7 38 . 1 
30 1 en . 110 82 3. 2 1  - - 2011 1 2 .  1 3 1 ?  1 .  2 
29 I 80 . 55 826 . 11 3  -- 2011 1 1 .  3 7 1 3 . 8  
28 I 80 . 1 3 829 . 59 - - 2o1182 . 369 7 . 5  
2 1  80 . 9 3 I 8 32 . 76 - - 201189 . 3 6 7 7 . 7  
26 8 1 . 1 1  I 8 3 5 . 92 I - - 2011 9 8 .  36 5 3 . 6  
2 5  8 1 . 118 I 839 . 08 - - 205 1 0 .  36211 . 5  
211 8 1 . 88 I 8112 . 211 - - 20'>2 7 ,  3589 . 11 
23 82 . 11 3  I 8 115 . 11 1  -- 20'>5 3 .  3'.111 7 . 0  
22 8 3 . 211 I 8118 . 5 7 - - 20'>90 . 3 11 9 5 . 0  
2 1  811 . 118 I 8 5 1 . 1 3 - - 211611 6 .  311 30 . 11 
20 86 . 5 1  I 8511 . 90 -- 20728 . 3 3 5 1 . 5  
1 9  90 . 0 1  I 858 . 06 - - 2083 7 .  3 2 78 . 3  
1 8  911 . 92 I 861 . 22 - - 209 3 3 .  3262 . 5  
1 1  98 . 58 I 8611 . 39 - - 209 3 8 .  3 2 1 3 . 6  
1 6  99 . 70 I 86 7 . 5 5 276 7 . 1 201192 . 3 2 5 3 . 0  
1 5  1 oo . 11e I 8 70 . 1 1  - - 209 ' 0 .  I 3 2 7 2 . 11 
1 11  1 0 1 . 22 I 8 1 3 . 86 -- 209?8 , I 3 2 9 1 . 1  
1 3  1 0 1 . 90 I 8 7 7 . 011 I - - 20911 11 .  I 3 3 08 . 5  
1 2  1 0 2 . 50 I 880 . 20 I - - 2095 7 .  3 3 2 3 . 8  
1 1  1 0 3 . 00 I 88 3 . 3 1 I - - 20968 . 3 3 3 1 . 0  
1 0  1 0 3 . 11 3  I 886 . 5 3 I - - 209 7 6 .  3 3 116 . 1  

9 1 0 3 . 7 6 I 889 . 69 I - - 20982 . 3 3 5 7 . 2  
8 1 0 11 . 0 1 I 892 . 116 I - - 2098 5 .  3 3 611 . 7 
1 1 0 11 . 3 1  I 896 . 02 I -- 20987 . 3 3 10 . 9  
6 1 011 . 52 I 899 . 1 8  I - - 20986 . 3 3 76 . 0  
5 1 0 11 . 10 I 902 . 3 5 I - - 209811 . 3 3 80 . 3  
II 1 011 . 86 I 905 . 5 1  I - - I 20980 . 3 3 8 3 . 9  
3 1 0 5 . 0 1  I 908 . 6 7 I - - I 209711 . 3 3 86 . 9  
2 1 05 . 1 5  I 9 1 1 . 811 I - - I 2096 6 .  3 3 8 9 . 11 

1 05 . 3 3 I 9 1 5 . 00 I - - I 2095 6 .  3 3 8 9 . 2  I 3 .  70 1 1 0 E+o6 I 
+ - - - - - + - - - - - - - - - - - - - - + - - - - - - - - - - - - - - +- - - - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - - +- - - - - - - - - - - - - - - - - ·- - - - - - - - - - - - - - - - - +  
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HUL T I COHPON£ N l , MULT I STAGE O I S T i llAT I ON PROGRAM 
E THANOL R ECOVERY ST i l l  

BASE CAS[ SVD STUDY 
+ 

STAGE PROF I LE S  FOR COMPONENt NO. E T HANOL 

OAT£ : 1 8 - HAV- 1 98 7  T I ME : 1 6 : 28 : 5 2 . 60 

+ - - - - - - · - - - - - - · - � - - - - - · · - - � - - - · - - - - - - · - - - - - - - - - � - - - - · - - - - - - - - - - - - - - + - - - - - - - - - - - · � - + � - - - - - - - - - - - - - · - - - - - - - - - - - - ·  

I S ta ge ! Ho l e  f ra c t i ons. ________ I K Va l ue I Ac t i v i t y I Fugac i t y I Suge I 
I No . I feed I l i qu i d  f vapo r I I Coef f i c i en t  I coe r r i c i cn t  I E f f i c i e ncy I 

+ - - - - - - · - - - - - · - - - - · - - - · - - - - - - · - - - - - - - · - - - - - - - - - - � - - · + - - - - - - - - - · · - - - · - - - - - - - - - - - - - - · - - - - - - - - - - - - - - · - - - - - � · - - - - - +  

50 I -- I 0 . 65 1 9 3  I o . 659112 I 1 . 0011 1 I 1 . 0 1 69 I 0 . 999110 I o . 5ooo I 
119 I - - I 0 . 85593 I 0 . 65 1'1 1 5  I 1 . 00il 7 I 1 . 0 1 1 11 I 0 . 999110 I 0 . 5000 I 
118 I -- I 0 . 65 3 1 9 I 0 . 65 6 3 6  I 1 . no52 I 1 . 0 1 1 9 I n . 99'180 I o . 511nn I 
111 I - - I 0 . 8 5 1 52 I 0 . 8 5 11119 I 1 . 0059 I 1 . 0 1 6 11 I 0 . 99911 1 I o . 5noo I 
116 I - - I 0 . 8tl9fl9 I n . 6 5 211 8 I I . O n65 I 1 . 0 1 8 9 I 0 . 9996 1 I o . 5noo I 
115 I - - I 0 . 611 6116 I 0 . 8 5n 3 3 I 1 . 0 1 1 7 3  I 1 . 0 1 9 6 I 0 . 9998 1 I o . 5nno I 
1111 I - - I 0 , 811 366 I 0 . 611802 I 1 . 00 8 1  I 1 . 0 2 0 3  I 0 . 9998 1 I o . 5ooo I 
43 I - - I 0 . 611065 I n . 6'1 '6'' I 1 . 11!1\10 I 1 . 11<' 1 0  I 0 . 99982 I o . 5noo I 
112 I - - I 0 . 8 3 73 6  I 0 . 811 2 8 7  I 1 . 11 1 00 I 1 . o 2 t 8 I 0 . 99982 I o . snoo I 
It ! I - - I 0 . 6 3 3 8 3  I 0 . 6 3 998 I 1 . 0 1 1 1  I l . on6 I 0 . 999113 o . 5oo11 I 
110 I - - I 0 . 82995 I 0 . 8 3 6 8 3  I 1 . o 1 211 I 1 . 0 ? 3 8  I 0 . 9'.1'.163 o . 5noll I 
39 I •• I 0 . 825 7 1  I 0 . 6 3 311 1 I 1 . 0 1 3 9 I 1 . 02�0 I o . 99'JB� 0 . 5ooo I 
38 I -- I 0 . 62 10� I 0 . 8?966 I 1 . 0 1 55 I 1 . 02 6 3  I 0 . 99965 o . 5ooo I 
3 7  I -- I 0 . 6 1 569 I 0 . 8 2 5 5 3  I 1 . 0 1 711 I 1 . 02 1 6 I 0 . 99985 0 . 5!HJO I 
36 I • •  I 0 . 8 1 0 1 5  I 0 . 8 2 0 9 7  I 1 . n 1 9 6  I 1 . 0296 I 0 . 99987 o . 511no I 
35 I •· I 0 . 80 3 1 3  I n . 8 1 59 0  I 1 . 0 ?.? 2  I 1 . 0 3 1 6  I 0 . 9'.1988 o . 5ooo I 
lit I - - I o .  79650 I 0 . 8 1 02 3  I 1 . 0 2 5 3  I 1 . 0 1 11 0  I 0 . 99990 o . 5uoo I 
3 3  I ·- I o. 7 8 6 3 0  I 0 . 6 0 3 8 11 I 1 . 0 289 I 1 . 0 3 6 6  I 0 . 999 9 1  o . 5ooo I 
32 I - - I o .  7 7 6 9 1  I 0 . 796�9 I 1 . 0 3 3 11 I 1 . 1Jitll2 I 0 . 9999'1 o . 5ono I 
l 1  I · - I o. 76605 I 0 . 7 6 6 3 0  I 1 . 0 3118 I 1 . 011111 I 0 . 99997 o . 5ouo I 
30 I - - I o .  7 5 '>38 I o .  7 7 8 7 1  I 1 . 0 '15 7  I I . Oit95 I 1 .  oooo o .  5ooo I 
29 I - - I o .  74039 I o .  7 6 7 5 1  I 1 . 05'1 5 I 1 . 0 560 I 1 . 000 1 o . 5ooo I 
28 I -- I 0 . 72 ?1111 I 0 . 7 5 4 29 I 1 . 06 6 0  I 1 . 06114 I 1 . ooo 1 0 . 5ooo I 
2 1  I -- I 0 . 70062 I o . 1 3 811 1t I 1 . 0 8 1 5  I 1 . 0 1 5 5  I 1 . 0002 n . 5noo I 
26 I - ·  I 0 . 6 7 3611 I 0 . 1 1 9 1 9 I 1 . 1 07 9  I 1 . 0906 I 1 . ooo3 I o . 5ooo I 
25 I - ·  I 0 . 6 3 9 7 1  I o . 69 51t 0  I 1 . 1 3 3 8 I 1 . 1 1 7 5  I 1 . ooo5 I o . 5ooo I 
211 I - - I 0 . 59626 I o . 6 6 5 50 I 1 . 1 60 3  I 1 . 1 11!1 6 I 1 . ooo6 I o . 5ooo I 
23 I - · I 0 . 53966 I o . 6 2 7 2 11  I 1 . 251t 5  I 1 . 1 9 5 9  I 1 . 1111 1 2  I o . 5ooo I 
22 I - - I 0 . 116509 I 0 . 5 7 74 7  I 1 . 3 62il I 1 . 28 30 I 1 . 00 1 8  I o . 5ooo I 
2 1  I - - I 0 . 3 6 1 32 I 0 . 5 1 1 9 6 I 1 . 62 7 1  I I . IJ II 7 0  I 1 . 0028 I 0 . 5nno I 
20 I - - I 0 . 2il598 I 0 . 426 3 0  I 2 . 1 6112 I 1 .  7 9 2 1  I 1 . 00115 I o .  5000 I 
t9 -- I 0 . 1 2 3 5 7  I 0 . 3 2025 I 3 . 4 5 5 6  I 2 . 5 2 9 3  I 1 . 00 7 7  I 0 . 5ooo I 
t6 - - I i1 . 79806E·02 I 0 . 2 1 34 7  I 5 . 6 2 9 9  I 3 , 60 0 7  I 1 . 0 1 26 I 0 . 5ooo I 
t 7  - - I 2 . 1 3 70 1 £ · 0 2  I 0 . 1 4 7 2 1  I 7 . 9 16 7  I 4 . 3 6 3 2  I 1 . 0 1 6 5  I 0 . 5ooo I 
1 6  1 . 1oooor-o2 I 1 . 64 7 3 7£ · 0 2  I 0 . 1 2 392 I 8 . 8 5 5 7  I 11 . 6 79 6  I 1 . 0 1 7 7  I 0 . 5ooo I 
1 5  - - I 1 . 32566£·02 I 0 . 1 0 1 95 I 9 . 2211 3 I 4 . 7662 I 1 . 0 1 6 6 I 0 . 5ooo I 
1 11 • •  I 1 . 0 39 6 7 £ ·02 I 8 . 1 59 7 8 £ ·02 I 9 . 5 7 7 6  I '1 . 8 1152 I 1 . 0 1 9 1t I o . 5ooo I 
1 3  - - I 7 . 96 1 20 1: · 0 3  I 6 . 3 6 2 1 0 £ ·0 2  I 9 . 6 9 8 6  I 4 . 9 1 3 9 I 1 . 0 20 1 I o . 5ooo I 
12 -- I 5 . 9 7117 7 £ · 0 3  I 11 . 811 36 9 £ - 0 2  I 1 0 . 1 16 I 4 . 9 709 I 1 . 0 208 I o . 5ooo I 
1 1  - - I 11 . 3995 2 £ - 0 3  I 3 . 6 1 1 3 3 £·112 I 1 0 . 406 I 5 . 0 1 6 7 I 1 . 02 1 4  I o . 5ooo I 
10 -- I 3 .  1 91t09 E · 0 3  I 2 . 6'111 1t 6 E - o 2  I 1 0 . 569 I 5 . n 5 2 l  I 1 . 02 1 6  I o . 5ooo I 

9 · - I 2 . 29005£ · 0 3  I 1 . 9066 3 £ · 0 2  I 1 0 . 7 3 2  I 5 . 0 79 6  I 1 . 0222 I 0 . 5000 I 
8 - - I 1 . 62 3811 E - 0 3 1 1 . 35 568£ -02 1 1 0 . 81t0 I 5 . 1 00 3  I 1 . 0225 I 0 . 5ooo I 
1 - - I 1 . 1 3911 1 £ · 0 3  I 9 . 5 1 1 5of-o3 I 1 0 . 92 2  I 5 . 1 1 6 1  I 1 . 0 226 I 0 . 5ooo I 
6 I - - I 7 . 9066 7 E - OII I 6 . 5 7 8 6 5 £ - 0 3  I 1 0 . 98 4  I 5 . 1 28 6  I 1 . 02 1 0  I o . 5ooo I 
5 I •• I 5 . 4 1 '190E ·Oit I 11 . 4 7 2 5 0 £ · 0 3  I 1 1 . 03 3  I 5 . 1 36 9  I 1 . 02 l 1  I 0 . 5ooo I 
II I •• I 3 . 61tlt 1 3 E ·04 I 2 . 9 70611 £ · 0 3  I 1 1 . 0 7 3  I 5 . 1 11 8 0  I 1 . 02 3 3  I 0 . 5noo I 
3 I • •  I 2 .  39266£ -0it I 1 .  90606E - 0 3  I 1 1 .  1 0 1  I 5 .  1 56 8  I 1 .  02 3 11 I o .  5uoo I 
2 I - - I 1 . 5 1 0 8 7 £ ·0 4  I 1 . 1 511 3 7 E · 0 3  I 1 1 . 1 3 9 I 5 . 1 6 5 8  I 1 . 02 3 5  I o . 5ooo I 

I 1 I • •  I 5 . 5 76 72 £ • 0 5  I 6 . 2 5 7 1 9£ ·04 I 1 1 . 22 0  I 5 . 1 9 1 7  I 1 , 02 3 1  I 1 . oooo I 
+ - - - - - - · - - - - - - - - - · · - - - · - - - - - - - - - - - - - - · - - - - - · - - · - - - - - · - - - - - - - - - - - - - - · - - - - - - - · · - - - - - · - - - - - - - - - - - - · - · - - - - - - - - - - - - +  



1-' 
0 
--1 

HUU I COMPONENT , HUt T I S T AGr 0 1  S f  l l  tA T I ON PROGRAM 
E THANOL R£COV£RY ST I LL 

BAS£ CAS£ SVO S TIIOY 
+ 

S T AG[ PROF I L£ S  FDA COHPOH£ N T  NO. 2 WA T E R  

OA T £  : 1 6 • MAY• 1 98 7  l ! H[ : 1 6 : 28 : 52 . 60 

· - · - - - - · - � - - - - - - - - - - - - · - - - - - - - - - - - - - - + - - - - - - - - - - - - - · + - - - - - - - - · · · - - - · - - - - - - - - - - � - - - · - - - - - · - - - - - - - - + - - - - - - - - - · - · +  
I S t R ge l Ho l e  F rac t i ons I K Va l ue I Ac t i v i ty I f ugac i ty I Stage I 
I No. I r eed I l i qu i d  I Vapor I I Coe r r l c i cn t  I Coe r f l c i co t  I H r l c i cocy I 
+ - - - � - - +- - - - - - - - - - - - - - · - - - - - - - - - - - - - - ·- - - - - - - - - - - - - - · - - - - - · - - - - - - - - + - - - - - - - - - - - - - - · � - - - - - - - - - - - - - + - - - - - - - - - - - - +  
I 5 0  I • •  I 0 . 1 11201 I 0 . 1110 1 6  I 0 . 9 71195 I 2 . 2 5 1 1  I 0 . 99596 I o . 5ooo I 
I 119 I - - I 0 . 1 11110 7 I 0 . 1 11 1 6 5  I 0 . 9 7 226 I 2 . ?'JOII I 0 . 9 9 5 9 7  I 0 . 5uoo I 
1 118 I •• I 0 . 1 1162 1 I 0 . 1 11 3 6 ?  I 0 . 969112 I 2 . 2rt l 2  I 0 . 99595 I o . 5noo I 
I 11 7  

I 
- - I O . l llllft6 I 0 . 1 11') 5 1  I 0 . 9(,6113 I 2 . 7 3 5 7  I 0 . 99593 I 0 . 5000 I 

I �6 • •  I 0 . 1 50 9 1  I 0 . 1 11 7 52 I 0 . 96326 I 2 . 22 76 I o . 99'J9 1 I o . 5uoo I 
I 11 5 I -- I 0 . 1 5 3 5 2  I 0 . 1 11967 I 0 . 9 5990 I 2 . 2 1 9'1 I 0 . 9 9 5 90 I o . 5ooo I 
I ��� I • •  I 0 . 1 56 3 2  I 0 . 1 5 1 96 I 0 . 9'>6 l l  I 2 . 2 1 0 5  I 0 . 99566 I o . 5nno I 

� 3  I - - I 0 . 1 59 3 5  I o . 1 5t1ll6 I o . 9525l I 2 . 20 1 0  I 0 . 995116 I 0 . 5ono I 
112 I - - I 0 . 1 6262 I 0 . 1 5 1 1 3  I 0 . 9'111'•6 I 2 . 1 908 I 0 . 99�811 I o . 5notJ I 
11 1 1 - - I o . l 66 1 7  I 0 . 1 6002 I o . 911t1o9 I 2 . 1 199 I 0 . 99.,6? I 0 . 5oou I 
110 I -- I o . 1 1no5 I 0 . 1 6 3 1 7  I 0 . 9 3 9 3 9  I 2 . 1 682 I 0 . 99'>60 I 0 . 5ooo I 
3 9  I - - I o . l 71t29 I 0 , 1 66., 9  I o . 9 3 1t J J  I 2 . 1 ?'> 5  I 0 . 99 5 1 8  I o . 5noo I 
36 I -- I 0 . 1 78 95 I 0 . 1 70 3 11 I o . n8 6 3  I 2 . t tl 1 7 I 0 . 99 5 7 6  I o . 5nno I 
37 I -- I 0 . 1 611 1 1 I o . 1 11t116 I 0 . 92285 I 2 . 1 26 7  I 0 . 995 7� I o . 5ooo I 
36 I • • I 0 . 1 6?81f I 0 . 1 1902 I 0 . 9 1 6 3 3  I 2 . 1 1 03 I 0 . 99�> 7 1  I o . 5ono I 
35 I - - I 0 . 1 96 ? 5  I o . I 81HJ9 I 0 . 909 1 6  I 2 . 0923 I 0 . 9 9 5 6 9  I o . 5ooo I 
311 1 - - I 0 . 20 3 11 7  I 0 . 1 89 16 I 0 . 90 1 ?6 I 2 . 0 1 21 I o . ?956 7 I o . 5noo I 
3 3  I -- I 0 . 2 1 1 65 I o . l 96 1 l I 0 . 6 9 2�!1 I 2 . 0500 I 0 . 9956'' I o . 5uno I 
32 I - - I 0 . 22 1 0 1  I 0 . 20 3 3 7  I 0 . 682 7 �  I 2 . 0<'5 1 I 0 . 9 9 � 6 1  I 0 . 511110 I 
3 1  I -- I 0 . 23 1 6 1  I 0 . 2 1 1 6 3  I 0 . 8 1 1 8 2  I 1 . 9969 I 0 . 9 95'>9 I 0 . 51100 I 
30 I -- I o . 2ltlf 3 9  I 0 . 22 1 1 1 I 0 . 6 5 9n I 1 . 96119 I 0 . 99'>56 I o . 5ooo I 
29 I - - I 0 . 25922 I 0 . 23 226 I 0 . 611 5 5 9  I 1 . 9?63 I 0 . 9 9 5 5 3  I o . 5noo I 
28 I • •  I 0 . 2769 1 I 0 . 2� 5 3 7  I 0 . 62 9 7 11 I 1 . 8860 I 0 . 99550 I o . 5ooo I 
21 I -- I 0 . 296 3 0  I 0 . 261196 I 0 . 6 1 1 6 3  I 1 . 8 3 6 6  I 0 . 995'1 7 I o . 5ooo I 
26 I • •  I 0 . 3211 5 7  I 0 . 2 7986 I o .  79069 I 1 . 7 79 2  I o . 9951tll I o . 5ooo I 
25 I - - I 0 . 3 5 1 3 5  I 0 . 1 0 1 02 I 0 . 76 1 1 3  I 1 . 7 1 1 1  I 0 . 9951f2 I 0 . 5ooo I 
211 I - - I o .  3 9 8 9 6  I o .  3 3 1 90 I o .  7 1100 1 I 1 . 6 3011 I 0 . 9 9 511 1  I o . 5ooo I 
2 1  I -· I 0 . 1152 7 7  I 0 . 368�5 I 0 . 109�0 I 1 . 5 3 116 I 0 . 995112 I o . 5ooo I 
22 I •• I 0 . 52326 I 0 . 11 1 56 6  I 0 . 6 76110 I 1 . 11222 I 0 . 99511 7 I o . 5ooo I 
2 1  I - - I 0 . 6 1 566 I 0 . 1 17 7 11 I 0 . 611 11 0 7  I 1 . 29115 I 0 . 99560 I 0 . 5ooo I 
20 I - -

I 
0 . 1 3 250 I 0 . 55669 I 0 . 6 2 3 8 1  I 1 . 1 62 9  I 0 . 9 9 5 9 0  I 0 . 5000 I 

1 9  I -- 0 . 6 5 5 3 3  I o . 6606� I 0 . 611 7 3 1  I 1 . 0'>9� I 0 . 99656 I 0 . 5tHJO I 
1 6  I •• I 0 . 9 3 6011 I 0 . 76801 I o .  7 4 1 11 3  I 1 . 0 1 4 5  I 0 . 99 76 5  I o . 5ooo I 
1 1  I - - I 0 . 9 7 1 65 I 0 . 611052 I 0 . 8 3 �86 I 1 . oo1111 I 0 . 99851t I o . 5ooo I 
1 6  I o .  96200 I o .  9 6 1 60 I o .  66965 I o. 661t J J  I I ,  0026 I o. 991l80 I o. 5000 I 
1 5 I · • I o . 98lj 1 3  I 0 . 8 9 1 2 7  I 0 . 661193 I 1 . 0022 I 0 . 991196 I o . sooo I 
1 11 I • • I 0 . 9 6 752 I 0 . 9 1 1 1 2 I 0 . 901186 I 1 . oo2o I 0 . 99 9 1 5  I o . 5ooo I 
1 1  I - - I 0 . 96990 I 0 . 9266 7 I 0 . 92 3 1 �  1 , 00 1 8  I 0 . 99 9 3 1  I 0 . 5ooo I 
1 2  I - - I 0 . 99 1 65 I 0 . 9lll'J2 I 0 . 9 3 9 0 7  1 . 00 1 6  I 0 . 999'15 I o . 5ooo I 
1 1  I -- I 0 . 993'10 I 0 . 9 5 5 6 3  I 0 . 95235 1 . 00 1 5  I 0 . 9 9 9 5 7 I o . 5ooo I 
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