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CHAPTEH 1 


INTRODUCTION 


1.1 Purpose and Scope of the Investigation 

In the field of Sanitary Engineering, many types of water 

and waste treatment facilities incorporate some type of reaction 

vessel to carry out the purification or treatment processo 

In most cases the reaction vessels are designed to conform 

to conventional, empirically derived, design criteria and as 

such, these reactors can be expected to embody something less 

than ideal fluid flow properties. 

To better understand and describe the reactions which 

take place in non-ideal flow vessels, a method is needed 

to measure and evaluate the hydraulic characteristi c s or fluid 

flow properties of these vessels. The method chosen should, 

ideally, be an accurate and easily appliGd technique to measure 

system response. Further, to aid in the prediction of system 

response under varying conditions, it would be advantageous 

to be able to describe the vessel's behavior in terms of well 

known and easily defined ideal components or reactors. 

The frequency response technique is a method of analysing, 

testing, and controlling various networks and systems. This 

technique was first applied in the Electrical Engineering 

field of servomechanisms and has since become a useful and 

widely accepted technique in that field. As well, the 

frequency response technique has been successfully applied in 

1 
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Chemical Engineering process control work . However, to date, 

there has been very little study or research done to inves­

tigate the potential of applying this technique to Sanitary 

Engineering systems. 

The purpose of this research project is, therefore, to 

explore the feasibility of adapting this technique to analyse 

and describe reaction vessels commonly utilized in water and 

waste treatment processes. 

To successfully apply this method of analysis, it initi­

ally had to be proven that specific cyclic disturbances could 

indeed be successfully produced and monitored. This involved 

construction and testing of several types of apparatus before 

suitable equipment was developed and refined to a point 

where data could be gathered. The data t hen had to be 

evaluated to determine if it was meaningful and whether it 

could be represented utilizing methods commonly employed in 

frequsncy r esponse analyses. 

Based on the experimental data, the next and final stage 

in the study was to investigate the feas ibility of modeling 

conditions in the test reactor by means of a simple network 

of ideal, mathematically describable, components. 

1 .2 Possible Applications of this Work 

To successfully describe and predict the conversion in 

a continuous reactor, both the kinetics of the reaction 

involved, and the hydraulic characteris tics of the reaction 
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vessel must be known. If only the reaction kinet i cs are 

known, then by measuring the conversion that takes place, 

some insight can be gained into the fluid f low properties of 

the vessel. Conversely, if the hydraulic characteristics of 

the vessel are known, an understanding of the reaction kinetics 

involved can be gained by studying the properties of the efi'luent 

produced •. 

Unfortunately in many waste treatment app l ications 

neither the reaction kinetics nor the hydraulic charac­

teristics of the reaction vessel are completely understood. 

This lack of basic information has resulted in the use of 

empirical design standards or "rules-of-thumb". These design 

criteria are based on observed performance of various, often 

unrelated facilities, and as such are relatively inflexible 

in that they cannot be tailored to meet the requirements 

of a specific waste or a specific degree of treatment. 

It is therefore evident that a more rational approach 

is needed both to evaluate and describe the performance of 

existing waste treatment facilities and to develop and refine 

design practices to optimize process efficiency. The 

freq:..i.ency response technique shows promise of being a method 

of analysis well suited to the accurate mea surement and 

description of the hydraulic characteristics or fluid flow 

properties of waste treatment reaction vessels. 

If application of this technique proves to be fea s i -:le, 



it could be used to investigate and analyse the performance 

of many types of common~y used waste treatment processes. 

One such application could be in studying the performance of 

aeration tanks, which are the core of the widely used "activated 

s l udge process" and modifications thereof. Several theories 

or opinions have been voiced as to the actual working 

character i stics of such reactors and as to how installations 

should be designed to provide optimum treatment. These 

opinions have, at one extreme, de s cribed aeration tanks as 

plug flow vessels while others maintain that completely mixed 

conditions exist in the reactor. By aPiJl ying frequency 

res ponse analysis, it should be possible to accurately me~wure 

the system response from aeration tanks and describe this 

r esponse in terms of ideal fluid flow ves sels . Ti1is measure ­

ment and description of system response would make possible 

both . the development of more refined des ign practices and the 

prediction of what changes are necessary to optimize process 

efficiency of existing installations. 

Partially mixed treatment systems such as oxidation 

dit ches or aerated waste stabilization ponds could also tenefit 

from frequency response analysis. By a pplication of this 

techni que t o measure the response from existinE reactors, 

it shoul d be possible to describe the mix ing characteristics 

i n ter ms of percentage of reactor volume wbich is completely 

mixed, percentage which is dead space etc. Such a model or 
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description would give an insight into the reactions taking 

place in the vessel and further, provide a basis to evaluate 

the effectiveness of design alterations. 

A third major application for frequency response tech­

niques could be in the field of stream or r iver assimilation 

studies. By injecting cyclic disturbances of a tracer into 

a stream and analysing the response, it should be possible 

to model the stream with a system of ideal components which 

produce an identical response when forced in the same manner. 

Since the reaction behavior of the ideal components in the 

model are all defined mathematically, it would be possible 

to predict the conversion which would occur if a waste with 

kno\'m reaction kinetics were introduced into the st:ceam. 

In this way, stream assimilation capacity and downstream 

quality of a body of water could be easily and accurately 

predicted. 



, 
\) 

CHAPTER 2 

REVIEW OF' RELATED WORK 

2 . 1 General Statement 

The problem of adequately measuring and describing the 

flow characteristics of reactors used in sanitary engine ering 

treatment processes is not a new one. A great deal of res earch 

has been carried out to try and resolve th i s proble!::. '.11 0 a 

large extent, this research work has centred around t he j_nves­

ti gation of the aeration tank of the activa t ed s l udge proc es s , 

since this is one of the most popular methods of waste treo.t ­

ment. The following brief reference to past work in t he 

field is therefore concerned mainly with aera tion tanks. 

However this review is useful in that it is indicative of t he 

general techniques and methods of analysis which have been 

usec) to date. 

2.2 Methorls of Analvsis 

'I'he fir st a tter.1pt to quanti tatively a.n c< lyse aeration 

t an:: s was carried out by Kessner (12) wh en he us ed a unJ. t 

pulse of salt or chloride trncer in a three cell a er a tion 

tank to determine if short circuiting were occuring. By 

observing the resulting concentrations of s alt throughout 

t he three cells he was able to conclude tha t no hydr aulic 

slwrt-circui ting was occuring but that mixi n g or 11 r ela ti ve 

stor·t-circui ting" was an important parameter. 1'oday Kessne r• s 

"r t.: la t ive short-circuiting" mechanism is r e cognized as turbulent 

( ispersJon. 
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This work was followed by Kehr lll) who introduced a 

step function of chloride to a longitudinally halved experi­

mental aeration tank. Comparison of the t est data to a bCJ.sic 

equation relating conc entration and time in a mixed tank 

subjected to a step function disturbanc e enabled Kehr to 

conclude that one compartment of the experimental tank . 

approached perfect mixing while an "around the end" arrange ­

ment using the other rialf of the tank in s E:ries aPi)roximated 

two perfectly mixed tanks in series. 

'l'he next tracer oriented work of significanc e was by (33) 

Thor:ias and 11cKee who carried out extensive studies to define 

longitudinal mixing in aeration tanks. A pulse input of 

chloride was used with water as the carrier l iquid. The con­

centration of salt in the test media was determined both ty 

conductivity measurements and titration techniques. The; end 

r e sult of t his work was the development of an equation which 

r el a t e s pulse induced tracer concentration to time and distance 

along a closed vessel. By vary :Lnf; the value of a tui·bulent 

expression in this equation good correlation was achieved 

between the theoretical curve and experj_r.1ental pulse tracer 

output s . The cx i- erimental data was also fitt c:c1witha 1,.0(.el 

consisting of a number of perfectly mixed tanlrn in serie s. 

It was noted that an increase in the number of mixeo tanks 

produced a decrease in the degree of longitudinal Qixing. 

Hore recentl y, research has been done in the Ci1e:::ical 

http:1,.0(.el
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Engineering field to define the flow characteristics and 


di s persion in chemical reactors. The dispersed plug flow 


model has been developed as a result of work done by Danckwerts 

(6 ), Levenspiel (16, 18) and others. The basic assumption in 

the development of the dispersed plug flow model is an equation 

s i milar to Fick's second law for molecular diffusion. By 

analysing experi:11ental results for va riance and relating 

this to a dispersion coefficient, a fit betwe en the exyeri­

mental findings and the predicted response from the dispersed 

plug flow model can be achieyed •. 

Aside from this, Pipes et ..al (28, 29) have suggested that 

a number of equal-volume perfectly mixed tanks-in-series could 

be used for modeling purposes or that a mixed model consisting 

of various combinations of complete mixing, plug flow, short­

cj_rcui ting, stagnant zones, and recycle mi ght serve to r ep­

resent the hydraulic characteristics of mixing tanks. Eow­

ever, both the tank-in-series, and the dispersion model 

have been questioned and Levenspiel (17) states that these 

model s are unsuitable 

when the gross flow pattern deviates greatly 
fr om plug flow because of channeling or 
recirculation of fluid, eddies in the odd 
corners, etc. 

Timpany's (32) study of variations of axial mixing in 

aeration tanks would seem to refute this last statement. 

Timpany found that the dispersed plug flow model can ade­

quately describe the longitudinal mixing conditions in highly 
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mixed spiral flow aeration tanks. This conclusion vffS reached 

using pulse tracer inputs of Rhodamine B in both a laboratory 

scale aeration tank and a full scale aeration tank. 

In summary, a somewhat confused picture is presented as 

to how mixing tanks can best be described. Various researchers 

have developed several different models to describe the 

hydraulic patterns of mixing tanks. First, plug flow was 

assumed , then a more accurate insight was gained using id eal 

mixing. Next, a dis ~ ersed plug flow model, then a tank-in­

series model, and finally a mixed model were described as 

being representative. 

2.3 Discussion 

Although these examples of tracer techniques and modeling 

procedures are only indirectly r elated to the topic of this 

thesis, it was felt that a brief survey of background inf or­

mation in this field was necessary to effectively point out 

the need for a more generalized and flexi ble ap0roach to 

the problem of accurately describing the hydraulic charac­

teristics of reaction vessels. 

The major part of this work has followed a fairly well 

defined pattern -- that is in each case an atte~pt was made 

to arrive at a single equation which would completely des­

cribe the flow-through characteristics of the vessel under 

study. To do this, researchers have firs t I)Ostulated a 

theoretical model or equation and then have employed some type 
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of transient tracer technique to gather data. The data was 

then used to verify the assumed model and to adjust parameters 

in the postulated equation so that a close theoretical to 

experimental correlation could be achieved . 

This method of approaching the problem has merit and 

there is no doubt that under certain cond itions , each model 

can adequately describe a specific system or reactor. How­

eve r t he re are shortcomings involved in the one equation 

approach in that once the equation has been postulated, the 

subs equent experimental proof is restricted in nature to 

conform to the limitations imposed by the assumed model. 

It would seem that there is no need to initially develop 

an equation to describe a system, but rather it should be 

possible to use experimental findings to develop a model 

consisting of a network of basic ideal components which would 

respond identically when forced in the same manner. Such 

ideal components as perfectly mixed tanks, plug flow reactors, 

dead s pace, etc. could be used in the modeling network. 

Since all of these ideal components are well defined mathe­

ma tically, their reaction to any forcing function can easily 

be found and it should then be possible to build a network 

tha t would respond in the required manner. The only assumption 

r equir ed in this approach is that the test system can be 

des cribed either by a CSTR or a PFTR or by some arbitrary 

ne twork combination of the two. Using just these two ideal 
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components, an infinite variety of networks can concei va bly 

be postulated to predict the response f r om a partially mixed 

te s t system. Model development is t herefore very flexibl e . 

No initial assumption is necessary as t o how the system should 

react so that modeling is not limited t o the confines of a 

specific preselected equation. An added benefi t would be 

t ha t a ny such model could be easily understood since the t a si c 

components are all well defined and commonly encount ered in 

the sanitary engineering field. 

The first step then, in describing a system in this 

manner, would be to gather reliable data from the sys t em 

under study. To do this, an accur a t e t racer technique i s 

required. For ease of modelling the tracer technique chos en 

should produce a predictable, well defined output fr om t he 

basic components which are to make up the mod el . Any of the 

tran sient tracer techniques previousl y mentioned, such G.s 

del t a, s t e p or ramp functions, fit t his criteria t o some 

ext ent in t ha t t heir theoretical outpu t i'r om a given ideal 

component is well known. However, in ap pl j_cation t o a real 

system these forcing techniques vary s omewl1at from t heir 

ti1eoretically assur.::ied properties. For exampl e, the pul s s or 

del t a function is theoretically descr i bed as a disturbance 

of i nfinite ma gnitude and zero time durat i on. Physically , 

such a disturbance is i mp ossible to create. Tl1 e same is true 

of step or r amp functions which a r e i deal i zations t ha t can 
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never be exactly created physically. \27) This shortcoming 

may be a matter of little importance when the duration and 

magni tude of the disturbance is much smaller than the time 

constants of the system under study, but this limitation does 

detract from using transient techniques in t hat some res­

trictions have been placed on the type of system that can be 

studied usine this technique. 

Another property of transient tracer techniques is that 

in r:wst cases, the response to any type of discontinuous 

forcing function bears little if any resemblance to the input 

function. (27) For example the response to a step function 

introduced into a CSTR is not a step funct ion but rather an 

exponential function. In modeling on the one equation approach, 

this would not be a l imiting factor since the output from one 

component is all that is required. Ilowever, in this study, 

where it is proposed to model using networks of ideal com­

ponents, it is possible that several components in series 

or in parallel would be required to adequately describe a sys-

tern. In this case the output from the first component would 

become the input to the second component, the output fror:; the 

s econd would tecome the input to the third , etc. In this 

regard, harriott ( S: J has commented that: 

•••• calculations of the transient response 
are quite tedious with only three components 
in the system and are too dJfficult to be 
worthwhile for four or more components. 
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From the foregoing it can be appreciated that transient 

tracer technioues have several undesirable qualities which 

limit their usefulness as analytical or experimental tcchnic;.ucs. 

By contrast, frequency respons e analysis of a system or 

component avoids u1any of the limitations imposed by transient 

techniques and offers several advantages. ~requency response 

is a technique that was developed within the field of servo­

me chanisms and has since been found to have a very direct 

a i_; µlica tion in any area of automatic-control analysis. This 

technique is both an experimental and analytical tool consis­

ting of a study of the response of components or systems 

to sinusoidal inputs of different frequencies. (20) 

The popularity and widespread use of this technique in 

electrical engineering and process control work stems from 

be.sic inherent qualities of the sine wave. Tbe sine wave is 

the only periodic signal which maintains its waveform when it 

is differentiated, integrated, or multiplied by a constant . 

This is i mportant when it is realized that any linear system 

operates on signals in such a way that they are differentiate6, 

j_ntegrated or mul tiµlied by a constant. Thus, a sinusoidal 

waveform can pass through a linear system with its bc-.. sic 

characteristics intact and emerge as a sinusoidal waveform. 

'l'his is not true of any other periodic function and the only 

aperiodic or transient signal which has this property is the 

exponential function. (19) This property l ends itself well 
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t o a multi-component modeling procedure. With transient 

response techniques there is no con tinuity in input charac­

teristic s from one component to another in a s eries. However, 

with frequency-response analysis, the output from one com­

ponent and therefore the input to the next component in a 

s eries, will retain the basic sinusoidHl cha r acteristics of 

the original input function. This fact should simplify n:ul ti­

corn ponent analyses and avoid some of the d j.fficul ties in 

calculation which are associated with transient tracer tech­

niques. 

Another important property is that the sum of two sine 

waves of equal period is also a sine wave. It is therefore 

possible to take two sine wave s with arbitra rily chosen 

amp.Li t udes and initial phase anc;les, and , provided the perioC!s 

are the same, the two waves can be added to form a sinusoidal 

wave . This can, of course, be extended to include any number 

of sinusoj.dal components of equal period. 

A third useful characteristic of the f r equency response 

technique is the fact that only the steady state portion of 

t he sinusoidal response curve is of value in analysing a 

system . (21) Therefore any initial transient behavior can be 

disregarded and so the effects of initial conditions neGd 

not be taken into account. 

The use of this technique is well docw '1 cnted in both 

elec t rical engineering and ch~mical process control and many 
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textbooks such as those by Harriott, (9), .Murrill, (20), 

Coughanowr and Koppel, (5), Perlmutter,(27) , Lynch and 

'I'ruxal, (19), etc. have been published which give evidence 

that frequency response is a "potent and widely accepted tool 

for the analysis of control systems." As well, Mur-rill (2J.) 

stated that frequency response is useful: 

l. 	For the analysis, synthesis, design and 
com9ensation of systems or componentso 

2. 	For the experimental determinat ion of 
characteristics and working equations 
to describe systems without relying
entirely on a theoretical derivation 
of the analytic equation. 

2.4 Frequency Response References 

To date, very little worK has been done to determine if 

this technique could be beneficially appi ied to systems and 

components commonly used in environmental engineering work. 

In fact, actual experimental use of the frequency response 

technique llas r:ot been wides pread as the major portion of 

its application has been limited to 11 the pencil and paper 

study of control systems or components". (20) 

In 1953, in Chemical Engineering Progress, Wilhelm (34) 

i llustrated that the fr equency response technique could be 

1:ihys i cally applied to study diffusion in packed beds. This 

technique was used since it was realized that while passing 

a single concentration or temperature pulse through a bed 

is very simple experimentally, it produces mathematically 

complex results. Using gas as a tracer, i t was found that 
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ax _1al di f fus ion between particles and di f fus i on within pnr ­

t ~ cl e s could be mea sured by ±udying the decrease in am~l itudo 

and shift in yhase angle of the sinusoidal function as it was 

ac ted upon by diffusion mechanisms within the bed. The 

r es earchers concluded from this work that frequency- r espm1se 

wr. s a useful experimental proc edure and off ered the advantage 

of a l lowing sir.IUl taneous investigation of several pr oc es ses 

or components so t hat the f i nal piece of indus t r ial type 

equi pment could be investigated in pl ace. 

Simila rly, Kramers and Alberda (13) experimental ly applied 

t he fr equency r esponse technique to i nves tiga t e the dispersion 

model. It was found that the phase l ag and attenuation of 

a s i nuso i dal input signal as it passed through a vessel 

yielded t h e desired information concerning the disper sion 

coefficient. 

Lee and Hougen (15) used fr equency response analysis to 

inves t igate a s_team-jacket heat exchange. A sinuso :Ldal 

var i ation in pres sure was applied to t he outle t control-

valve stem, thus causing a similar vari a tion in the flow of 

wa t er t h rough the exchanger. Steam pressure and inlet water 

temperature were maintained constant. The effluent water 

t e11;pera ture and value stem pos i tion, both varying sinusotdally 

were r e corded as functions of time. By testing the system 

ove r a range of frequencies sufficien t data wa s gathered to 

ac cur a tely correlate valve stem position and effluent tem_pera­
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ture. 

Geerlings and Kramers (8 ) used frequency response 

testing to study the sodium hydroxide-carbon dioxide neut­

ralization in a continuous flow, pi lot size apparatus. 

?·;echanical agitation was used to intimately mix pure carbon 

di oxide feed with the liquid. The pure gas was introduced 

a t a sinusoidally varying rate and the solute concentration 

in the effluent liquid was continuously monitored. The 

frequency response data gather ~d in this way was us ed to 

develop a first-order transfer function which successfully 

modeled the experimental findings. 

A conside1·able amount of actual physical testing with 

frequency response techniques has been done in evaluating 

t he contro.l of pH anG. blending processes. In this work, the 

"mixing delay" or the time required to real i ze a change in 

feed concentration is often the second largest lag and thus 

ha s a large influence on the syst em perforruance. Krarners (1.l+) 

was t he first to use frequency resp ons e tests to determine 

the mixing delay for a continuous-flow stirred tanl\.. By 

mo11i taring the exit pH while the sys tern was sinusoidally 

fo rced, the mixing delay was accurately calculated. In a 

similar study, Colucci ( 4) dete r mined mixing delays for a 

3 f oot l~afflcd tank with a flat paddle stirrer. As well, i t 

'i«las found that the mixing delay varies inversely with a 

fractional power of the stirrer speed and decreases with 
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decreasing gross fluid residence time. 

In addition to the relatively few times that frequency 

~esponse testing has actually been phys ically applied, several 

authors, ( 3 ) , (10), (31) have developed techniques for 

convert i ng transient data into frequency response data. 

These techniques in general require a great amount of com­

putat ional effort and are best suited to r eduction on a 

digital computer. In this vein, Adler ( 1 ) and Rooze ( 30) 

have developed a numerical technique to transfor1i1 residen.ce 

t:Lrne di st r ibution information to the s-plane. From the 

transformed information a particular model consisting of a 

number of stages was developed to represent the fluid flow 

characteristic~s of any reactor. Each stage of the postulated 

model is mad e up of a pair of equal volume CSTR's linked in 

j)arallel. 

In summary, this review of work done with frequency 

respons e analys i s indicates t hat this techniq ue has been 

successfully ap plied to investigate the properties of a wide 

variety of systems ranging from a heat exchang Gr to a cata­

lytic bed. It therefore a~9ears feasible to us e this testing 

method to ga ther data to chara cterize reaction vessels sucb 

2s are commonly used in water and waste treatment processes. 

http:residen.ce
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CHAPTER 3 


THE CONCEPT OF FREQUENCY RESPONSE 


3.1 Theory 

The underlying principle involved in utilizing the fre­

quency response technique is that: 

when a stable linear system is forced sinu­
soidally, it shows transient behavior for a 
limited time depending on initial condi tions, 
and then it responds sinusoidally. 

( 27) 

This pro;Jerty, as indicated previously, arises from the 

fact that linear systems alter a signal by differentiation, 

i ntegration, multiplication by a constant, or by a linear com­

bination of these operations, and since a sine wave maintains 

its waveform throughout these operations, then the steady­

state system response must also be sinusoidal. 

Although a sinusoidal forcing function passes through all 

linear operations with its basic characteristics intact, t he 

wave does change in dimension and position on thP time axis. 

(27) The changes in dimension and pC>sition _provide valuable 

information on the system involved and form the raw data with 

which frequency response studies can be made. These properties 

can be best understood and explained by means of a diagram 

such as is shown in Figure 1 • 
.l 

& 

SINE WAVE 

FIGURE 1 
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In this diagram the excitation or variation in the input 

variable t .o the component or system is a sine wave of amplitude 

Ro and frequency w. For a linear system, the output response 

or variation in the output variable will be another sine wave 

of amplitude Co and of the same frequency as the input wave. 

However, the output wave will be displaced from the input wave 

by a phase anele 11&11 • Frequency response analysis is based on 

studies of the variation in the amplitude ratio Co/Ro for vari­

ous values of the frequency of the input wave w, and on studies 

of the variation in the phase angle 11 &11 for various values of w. 

3.2 Linearity and Stability 

The restriction. placed on the use of fr equency res yonse 

analysis is that it is applicable only to s t a ble time invariant 

linear systems. By a linear system it is meant that the system 

can te described by a different j. al equation in which no terms 

exist of degree greater than one in the dependent variable. '.i'he 

s tab i lity criteria is satisfied if all of t he roots of t he 

characteristic equation have n egative r eal parts. 

An exaE:ple of a linear system would be a CS'.!.R which has a 

constant volume as well as equal and constant rates of input 

and output. Such a reactor can be described by the differen­

tial equation: 

Vdy/dt 	= qx - qy •.... l l ) 

where 	 v = reactor volume 
x = input concentration 
y = output concentration 
q = flow ±ate 
t = time 

http:differentj.al
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This is a lin r:.ar differential equation in which thel'e 

a re no te rms of the dependent variable, y, greater t han one. 

Also t he coefficients, in this case q and v, are constant and 

independent of time. If the flow rate were to vary with time 

thi s would still be a linear system but could not be analJrsed 

using frequency response methods since the coe f ficients of the 

equation woul d not be constant. 

The restricted application of frequenc y response analysis 

to only stable t i me invariant linear systems should pose no 

problem with regard to modeling since it can be shown that botC:. 

a CS'I'R and a PFTR, to be used in the modeling network, al'e 

linear in nature. Also, since during the experimental phase of' 

this work flow rate and reactor vol ume were kept constant over 

a r ange of frequencies, no problems should be encountered with 

non-constant coefficients. Knowing this, in order to apply 

frequency r esponse analysis to this work, it would remai n to 

be proven t hat the actual test vessel could be described by 

a linear differential equation with constant coefficients. This 

was not done directly but can be partial ly shown by the fact 

that tt.e actual output from the experimental system was defi­

nitely sinusoidal in nature (Appendix III). The experimental 

systen , therefore, satisfied the criteria t ha t a stable linear 

system , when forced sinusoidally, will respond in a sinusoidal 

manner . 

http:linr:.ar
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3 . 2 Data Analysis and Representation 

Frequency response analysis of a system or component is 

basi cally a study of the ampli t ude attenua t ion and phas e shift 

whi ch r esult when a sine wave is passed through the system. 

'I'o theoretically preoict the response of any system to a sinu­

soidal input, it is therefore necessary to calculate the sys­

tem output with time. Such calculations can beccme time con­

suming and tedious especially as the differential equation des­

cribing the system becomes more compl ex. To avoid these com­

putational difficulties, to some ext ent, it has become common 

practice to us e Laplace tr~nsform s which can be difined as: 

F( s) =£. [f< t)J =5a;( t)e-st dt 
0

where 	 f (t) represents a time func ti on 
F(s) is a function of the complex variables 

(Note: s must be chos en so that conver­
gence of this i mproper integral is 
guaranteed)

i denotes the transform process 

By ~ sing this transform a differential equation can b e 

r educed to an algegraic equation with t he co1:;plex variable s 

r eplacing time as the independent variable. The al gebraic 

equation can then be solved and returned to the time doma i n 

by means of an inverse transform. 

Th is procedure can be illustrated by using Equation (1) 

V/q dy/dt =x - y 

or dy/dt + y =x ••••• ( 2) 

which 	is the l inear differential equation describing a we l l 
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ru ixed vessel. When transformed this equation becomes: 

'fs Y(s) + Y(s) =X(s) assuming Y(O) = 0 

or Y(s) = X(s) (l/("fs+l)) ••••• (3) 

or Y(s) = X(s)G(s) ••••• (4) 

where G(s) = l/(Ts+l) is defined as the sys tem or transfer 

funct i on. Equation (4) can be shown in block-diagram notation os: 

,. X(sl I G(s) IYls) .. 

bow if the input concentration is forced sinus oidall y by 

the function x(t) = a sine wt or when transformed 

X(s) = aw/(sa + w1 ) 

then Y(s) = G(s)X(s) = aw/(s' + wi) G(s) ••••• (5) 

When this is expanded by partial fracti ons 

Y(s) = (K 1w+Kzs)/(s 2 + w') + K3 /Cs+~3 ) + Kt/(s+~+)+ • •••• ( 6 ) 

where: ~ 3 , ~ .._ •• are the poles of the transfer function G ( s) 

If tl':e inverse transform of this is taken the system 

output is found to be: 

y(t) = K,sinwt + K,coswt + K 3 e-~3t. + K+e-A..,t 

or y(t) = Ksin(wt + rl) + K e->.3t + K 8 -A+t + ....... (7 )'fl 3 + 
It is evident from equation (7) that the exponential terms 

mus t represent the transient behavior of the syste t:J which will 

die out as t becomes large , if ~3 , ~+ have positive real parts, 

thus l eaving the sinuso .i d as the only time varying function. 

Als o looking at the terms K and 1 in equation ( 7) it 1:,ecol'.les 
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evident that K re '.:·resents the out put wave amplitude while ¢ 
represents the phase lag. 

To evaluate K and ¢ (or what amount s to the same K, & K~J 

equat i on (6 ) is multip l i ed by (s 2 + w2.) to yield: 

aWG(s) = K 1w·. + Kz.s + (s2 +&t'.')K3 /(s+~3 ) + ••••• (8 ) 

Now evaluating this expression when (Si2 + wz ) = O or 

when & = j w. it is found that: 

G(jw) = K, + ~j • • • • • ( 9 ) 
a a 

If the particular transfer function G(s) = 1 ' 
"(s+l 

repres 8nting a well mixed tank, is treated in t hi s manne r it 

gives G(jw) = 1 , or by rational i zing the denominator: 
i +'1"( jw) 

G(jw) = 1 - wr . • • • • • (lO J 
1 +yZ-7£ 1 +Wa."fiJ 

by comparison with equation (9), it can be seen that the te r m 

K corresponds 1~ to 
a 1+wfi7'2' 

and & corresponds to - w7' 
a l+W~~~ 

If equation (9) were plotted as a vector in the complex plane, 

then , 

. t d IGC ·u.\I -- - 'K~, +K!­magn1 u e = J•1 ~ ~ 


a 


and ant; le =~ G(jv) = arctan ( ~z)
h., 


Simi l arly for equation (10) 


IG< jw.) \ = 1 

( 1+ii2. -ri) ''1. 
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and ~ G(jw) = - arctan 	w/ 

By inspec t ion it becomes evident t hat 	thG out!JUt amplitude 

is smaller t han t he input by a facto r 	 ~ 1 J and is uel nyed 
( (1 -f-WZ'f'-)'Ji) . 

by the phase angle¢= -arc tan :Wt. It is also apparent that 

if -r (or really V and q) is kept constant, then output 

ampl itude and phase lag are only functions of i' requency w. 
This example serves to point out the fact that the 

transfer or system function is a fundamental way of descri bing 

the dynamic properties of a linear system. Linear system 

analysis is, to a large extent, bui l t around the t ransfer 

function and it is frequently possible to deduce i mportant 

cha racter i stic s of system response merel y by inspect ion of 

the nature of the various terms comprising the transfer 

f unction. (19) Also, from a practical viewpoint , t L.e 

de i'i vation and exact meani ng of the Lapl ac e t r ans form ne ed 

not be understood but rather it can be used just as a 

computational tool ( 9). 

It has been seen that the systems effect on ampli tude 

and ·i:Jhase angle is a function of the frequency '1N. A con­

venient graphical representation of the dependence of these 

two parameters on frequency was developed by H.W. Bode l 2) 

who did a great amount of early work i n the field of servo­

mechanisms. The Bode µl~t which has received very wides pread 

a ccep tance consists of a set of two gr aphs whi ch show the 



var1ation of a ri1pli tudc ratio ( le (jw) I ) anc1 phnsc l<!E; 

One graph sho\rs the lo:::;a:d. thrn ofCL(-"G ( j":f)) with frequency. 

amplitude ratio as plotted 
. 

while on the ~Qcond t;raph the pha se an:;J.e versus the lor;ari-L!u:1 

of frequency is plotted. 

A typical Hode plot for the well mixed vessel ex<"mple 

can be represented as in Figure 2. ( 9 ) 

0. 
.!? .. 
l60 

80 
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"'T . 

FIGURE 2 
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On inspection, this diagram illustrates a facet of Bode 

plots which makes their construction much simpler and more 

useful. 'l'he log magnitude plot is very closely apr:roximated 

by two asymptotes, one for low frequencie s and one for high 

frequencies. (20) To find the asymptot es, it is necessary 

to consider that as the frequency becomes very small, ·or 

conversely as the period increases 

lim IG ( Jw)I = lim 
w~o w~o 

thi s is the low frequency asymptote, which in log scale is 

represented by a line of slope o. 
Al so since 

lim log IG\j\i)I = lim (-1og-J1+w 2 7'' 1= -log wr 
W~OQ w_.o0 

= log w - log I 

Therefore for each tenfold increas e in ~, there will be a 

-1 change- in loglGCjw)I so that the curve approaches a 

straight l i ne of slope = -1. 

'i'he low frequency and high frequency asymptotes with 

slopes of 0 and -1 respectively intersect where W= 1/1 

whi ch is called the corner frequency. 

By treatine the phase lag curve in a simJlar manner, 

it can be shown that 

lim ~G(jw) = lim arctan <-w1) = oo 
\\T-+ 0 w~o 

and lim~G\.,jw) = lim arc tan (-wn = -90° 
w~ ·oo 

W~o0 



Also at the corner frequency where w= l / T 


~G(Jrj) = arctan (-1) = -L15° 


Another advantage of utilizing a Bode plot for data 

presenta t ion and modeling purposes become s evident when 

consideri ng a number of systems or elements in a series. 

Since t he overall transfer function of a syst em composed of 

s everal elements is simply the product of the individual 

transfer funct i ons for each element, t hen the over all arnp­

litude ratio can be found by multiplying the i ndividual 

ampl itude ratios. Similarly, the system phase lag is obta ined 

by adding all of the individual. lags of each component. 'l'he 

ove r all system response is therefore independ ent of the order 

of the various elements in the system. This property arises 

from the rules for multipJ.ication of complex number s. The 

real parts of the numbers which r ei) resent the arupli tude 

rati os can be multipl ied whil e t he imaginary parts, re pre­

senting the phase angles, are added. 

Si nce , on a Bode plot, amplitude r atios are plotted in 

loga ri t hmic scal e, then s £veraJ. amplitude ratios can be 

combined merel y by eraphically adding the distances from the 

line where ampl itude ratio e(iual s one. This greatly s 1m­

pJ.i f ies analysis of multi-component sys t ems. Rather than 

mul ti l-)ly i ng <111 the individual transfer fur.ctions and 

algebraical l y solving an unw i eldy equation, it j_s often 

simpler t o sh ew the Bode plot for each elemen t and arr·ive 
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at an overall Bode plot by graphical means. Since, in 

essence, t he Bode piot of each i ndividual element represents 

the transfer f unction of t hat element , then the composite 

Bode plot is equivalent to the total sys tem tra.11sfer function. 

'Ih e ability to graphically analyze a sys tern is of ~;ar­

ti cular i mportance when mode l ing.. Bode plots for ideal 

components such as c.s.~.R.'s, P.F.T. R' s , by-pass and dead 

spac e can be pl ott ed individuall y and t hen a composite plot 

ar r i ved at which corresponds to the experimentally obtained 

Bode plot. In this way, it is no t neces sar y to deal with 

compl ex differential equations or Lapl ace transforms until 

t he correct model has been found and even then little purpose 

may be served in describ ing the moci cl in terms of a s~ngl e 

equa t i on. 
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CHAPTER 4 

EXPEHIMENTAL METHOD 

4.1 Exper jnental Equipment 

A flow through vessel of arbitrary configuration wc;. s 

used in thi s study. It consisted of a rectangular metal tank 

a s shown in F' igure (3). The weir at the discharge end of 

the vessel was fixed in posit i on while the influent weir was 

moveabl e so that the length of the vessel could be altered 

and thereby at a constant flow rate, fluid residence tj_mes 

and hydraulic characteristics could be varied. 

The liquid used in the flow through reactor was Hamilton 

tap water. The flow rate could be varied so that any tank 

configuration could be investi gated over a range of fluid 

residence times. During any specific test rur1, the flow rate 

·was regulated by means of a constant head tank with the 

actual flow being measured using a volumetrically calibrated 

2.5 litre container. Although no attempt was made to ~ain ­

tain the test liquid at a constant temperature, continuous 

monitoring with a Tele-Thermometer produced by the Yellow 

Springs Instrument Coupany revealed that temperature was a 

near constant at 19 degrees centigrade. 

The apparatus used to generate a sinusoidally varying 

flow of tracer consisted of a 1/6 H.P. Westj.nghouse A. C. 

l:iotor (1725 RPl·'. ) coupled to a Zero-Max model lLt2-X: variable 

speed torque converter manufactured by t he Revco Corporation. 

A 1-5/J i nch diameter V-belt pulley on the output shaft of 
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the eear r '~ ducer drove a 12 inch diameter V-bel t pulley 

mounted on a horizontal shaft. Fixed to the end of the 

horizontal shaft was a it inch long acrylic plastic arm pin 

connected to an acrylic plastic driving rod ten inches in 

length. This driving rod was in turn pin connected to a length 

of brass gear rack which was restricted in movement to the 

horizontal plane by two plastic runner guides. The rack 

engaged a brass spur gear connected to a circular rheostat 

which varied the cur rent supplied to a D.C . motor internally 

conta ined in a Sigmamotor variable flow kinetic clamp pump. 

The r eciprocating motion of the gear rack alternately in­

crr.: a s ed and decreased the pump motor speed, thereby producing 

a sinusoidal flow of tracer. A schematic diagram of this 

signal eenerating and the mathematical proof that this assembly 

produced a sine wave is contained in Appendix 1. 

The frequency of sine wave generation was controlled by 

altering the reduction ratio of the variable speed gear reducer. 

It was found that sine waves with a pproximate maximum and 

minimum periods of 8 minutes and 30 seconds respectively 

could be reliably produced. At frequencie s lower than 

1/430 cycles per second (period of t> minutes) t he gear reducer 

tended to slip and produce dis t orted sine waves. The exact 

period of each sine wave used in the experiment was measured 

on the effiuent r ecording chart and cross - checked by timing 

revolutions of the drive pulley. Also, al though it was not 
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done in this study, the amplitude of the sine wave produced 

could be increased or decreased by using a smaller or a larger 

spu1· gear respectively. 

The kinetic clamp pump feeding the tracer was calibrated 

to determine if fluid flow varied linearly with rheostat 

settings from zero flow to one hundred percent flow. The 

r elationship between milliliters of flu id pumped and rheostat 

setting was found to have a linear relationship between lo~:; 

and 90 %maximum flow. The variations in flow from 20~b to 

805& as used in the experimental tests were therefore well 

within the linear portion of t : !e calibration curve for this 

pump. 

For this type of tracer study on a continuous flow 

system a tracer is required which is miscible with the carrier 

fluid, not naturally present in the carrier fluid, is not 

created or de&troyed by reaction and is. not readily absorbed 

or adsorbed by any of the constituents preserit in the carrier 

fluid or by any of the materials in the vessel under study. 

The t racer used in this work was Rhodamine Lissamine B-200 

(colour index - 45100). The acceptability of this tracer 

has been documented by Feuerstein and Selleck (7) in a study 

whi ch compared the behavior of fluorescent tracers Rbodamine 

:s, Pontacyl Brilliant Fink B, and Fluore scien in waters of 

var ious qualities. Al though Rhodamine B was Ii.fore subject 

to absorption than Pontacyl Brilliant Pink B when suspended 



sol i ds were present, the latter exhibi ted a high rate of 

photo-chemi cal decay and natural background level. For the 

purposes of this study, using Hami l ton tap water, which 

contains a very low amount of suspended solids, Rhodamine B 

was chosen as an acceptable tracer. 

A stock solution of 1 • .0 percent Rhodamine B was diluted 

by adding 36 millilitres· and 42 millil itres to 5 litres of 

tap wat er to yield feed solutions of 72 and 84 milligrams per 

l i t r e respectively. Throughout the experiment the feed 

solut ion was maintained at the same tempe.rature as the fluid 

s t ream entering the test vessel in order to minimize any 

undesirable convection currents or density gradient effects. 

The point of tracer injection was in the centre of the influ,­

ent fluid stream at the inlet weir. 

A G.K. Turner and Associates- model 111 fluorometer 

f itted with a continuous sampling cuvette was used to measure 

tracer concentrations in the effluent stream. Primary filters 

1 - 60 and 58 were used with the secondary filter 23A. The 

fluoro~eter was calibrated before and after each experimental 

te s t u sing measured amounts of Rhodamine B in Han•il ton tap 

water. I n addition during ea ch tes t, with the tracer feed 

pump set at a constant pumpage rate t he actual measured con­

ctent ration of tracer in the test vessel was compared to the 

theor etical dosage being applied. Typical fluorometer cali­

bration curves are shown in Appendix lV. 
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Continuous sampling was achieved by fitting a syphon tube 

to the fluorometer cuvette. This arrangement continuously 

extracted a part of the effluent stream from the middle of 

the opening in the discharge weir. At a syphoning rate of 

227 cubic centimeters per minute there was an associated 

time lag of three to four seconds for the liquid sample to 

reach and activate the fluorometer. 

A Honeywell Electronic 19 recorder was used to continu­

ously chart fluorometer readings in terms of millivolts ver­

sus time. 

In addition to the mixing created in the test vessel by 

entrance and exit turbulence, mi xing was provided during cer­

tain test runs by placing a high speed electric mixer in the 

mi ddle of the tank. The intent of providing this mixing wa s 

not to simulate perfect mixing conditions. but rather to de­

termine what effect, if any, a greater or lesser degree of 

turbulence had on test results. 

The equipment that has been described was t hat actually 

used duri.ng this study. Prior to developing this equipment, 

several o.ther· methods of producing and monitoring a sine 

function were unsuccessfully tested •. 

Initially a commercially available function generator 

such as i s commonly used in Electrical Eng j_ne ering work was 

investi gated. Unfortunately, the sine waves produced by the 

generator were cf too high a frequency to produce any useful 
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output from the system under study. At high frequencies, the 

response from the experimental vessel was in the form of an 

irregular line with no defineable peaks and depressions such 

as are characteristic of the respon~e to a cyclic forcing 

function. The inadequacy of this method of signal generation 

is thought to be partially attributable to the fact that the 

pumping mechanism used was too insensitive to accurately 

reproduce the signals supplied by the generator. That is, 

the lae period required for the pump to respond and achieve 

a new pumpage rate effectively damped out any varj_ations and 

so a near constant flow of tracer was produced. 

An electrolytic pump, activated by a sinusoidally varying 

current, was also tested as a means of introducing a sine 

wave disturbance into the experimental vessel. It was found 

that the compressible nature of the air in the tracer reser­

voir seriously damped fluctuations in tracer flow. Coupled 

with this, the altering hydraulic head conditions, as, the 

tracer was forced from the reservoir distorted the signal 

further and so rendered this equipment useless. 

For effluent monitoring purposes, both a fluorometer 

and a specific ion electrode were teste~. In terms of res­

ponse time and sensitivity the s pecific ion electrode showed 

promise of being well suited for monitoring frequency re sponse 

output. A commercially available (Orion ) chloride electrode 

was used in connection with a calomel reference electrode and 
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an expanded scale pH meter. In tests using sodium chloride 

as a tracer and Hamilton tap water as a carrier fluid, this 

instrument proved capable of regis tering cyclic output dis­

turbar1c E: s. However in analysing and i nterpretinc; the output 

dn t.:o. , it became evident that the res.ul ts were erratic and 

seemed to indicate unsteady state condi tions in the test 

vessel. 1'\uther inve stigations using only carrier fluid 

without any tracer added showed that the system r8sponse 

varied considerably with time. This variation with time was 

not due to temperature fluctuation since the temperature of 

the carrier fluid was monitored and remained constant. 

4. 2 Experimental Technique 

Three different reaction vessel configurations were 

investigated in this work. At a chos-en tank configuration 

flm: rate and degree of applied mixing were held constant 

while other variables remained constant and the ve ssel was 

again subj ected to the same range of sine wave frequencies. 

This ) rocedure was then repeated at aViJroximately one half 

the original flow rate. 

The vessel initially test - ~ d was a rectangular metal 

trough 97 .5 centimeters long and 17.4 centimeters wide. 

Depth of fluid in the vessel varied according to flow rate. 

During subsequent tests, the length of the vesse..L was first 
I 

a..Ltered to provide a tank of approximately twice the origina...L 

length and then one of appr oximately half the original 
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length. 

At any one set of conditions the ves sel was tested 

using sine wave disturbances of varying frequency. At c? ach 

chosen frequency; the system was forced through a sufficient 

number of complete cycles to ensure that the transient portion 

of the response curve had been surpassed. 



CHAPTER 5 


DATA ANALYSIS 


5 • .L Ampl itude Ratio 

In all experimental tes t s, effl u ent concentration wa s 

continuously monitored and recorded on the strip chart of a 

Honeywell Electronic 19 recorder. The concentrations 11easured 

in this way were in terms of millivolts versus time . ~he 

re sulting output curves were then used t o get an ave rage of 

sine wave peal:c value and sine wave minimum value f or each 

particular frequency. The values in terms of mill i volts 

wer e converted to concentration of tracer by interpolating 

f r om the appropriate fluorometer calibration curve . In this 

way, values of sine wave amplitude were de termined and sub­

s equently converted to a dimensionless amplitude r atio 

t hrough division by the input value of sine wave amplitude. 

5o.2 Phase Lag 

During the testing procedure, the t i me of input of the 

mean value of tracer concentration was noted on the effluent 

recording chart. From the output curves the time f or the 

effluent concentration to reach this mean value wa s al so 

no ted and the corresponding t i me difference wa s calculated. 

This t ime difference, representing the relative di s pl ac ement 

of the output sine wave from the input sine wave , was used to 

calculate the phase lag for the system a t each particular 

tes t frequency. To account for the time lag associated with 

the delay in activation of the fluorome ter , the phas e angles 
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were corrected by subtracting f our second s from the time dif­

fe r ential between the mean values of tracer input and output. 

In analysing the raw. data, the initial portiam of the 

s i nusoidal response curve was disregarded as being non rep­

r esentative. This was done to ensure t hat the transient 

re spon se portion of the system's output curve had been sur­

pass ed . For all practical purposes t he t rans ient portion of 

equat i on (7 ) can he assumed to be negli gible after a t ime 

equal to three times the residence time of the system under 

study. ( 5 ) Also the values of amplitude and ~)base angle 

which were determined from the experi ment al curve s are average 

values which were calculated,. in each case, f r om at least 

fi ve complete sine wave cycles. The results of the data 

analyses for all experimental tests are presented in 

App endix II. 

5.3 Input Waveform 

Since the input waveform was not monitored or recorded, 

the value s for input amplitude have t o be calculated •. The 

th r ee va riables effectine the input s i ne wave amplitude are 

flow r a t e of the carr ier fluid, feed concentration of Fhooa­

mi ne B and maximum and minimum rates of tracer input. The 

fl ow r ate of carrier fluid and the tracer feed concentration 

are both known quantities and t herefore, by determining 

the :11axi mum and minimum rates of t racer input from the kinetic 

clamp pump calibration curve, t he i nput sine wave araplitude 
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can be determined. Calculations of input amplitude s f or each 

experiment are provided in Appendix I. 

5o4 Output Waveform 

From strictly a theoretical viewpoint the output from 

the expe rimental system is expected to be a sine wave, provided 

the system has stable, l i near characteristics and provided 

no forms of distortion such as generating or monitoring 

inadequacies are present. Therefore, in order t o apply 

fr equency response analysis with confidence and as a means of 

partially assess i ng the linearity of the experimental system, 

i t is necessary to study the characteristics of t h e output 

waveforms. Th i s is done by comparing t he experimental wave­

f orm output to a calculated theoretical s inusoidal system 

output, the theoretical output being calculated f r om the 

rel a tionship 

C = Co sin (wt + &) 

uhere c = output sine wave value (mv) 
Co = output sine wave amplitude (mv) 

& = phase angle (negative) 
w = frequency (radians/sec) 
t = time 

The value for Co is taken from the experimental datao 

T~ : en the values of theoretical and experimental output can 

be compared at several increments of time covering a complete 

wave cycle and so a decision can be reached as to whether 

the experimental output was a sinusoid. Examples of such 

calculations are given in Appendix III. The comlJarison is 
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pres ented in tabular form and an illustration of a typiccl 

i nput-output sine wave relationship is shown. 

These comparisons show that, within a certain ranee of 

f requencies, the output waveforms from t he experimental 

systems all conform to the theoreticall y calculated output 

s i ne waves. However at high frequenc i es such as in Experiment 

Run G and Experiment IV Runs A, B, and C the actual system 

output and the theoretical output do not com :)are favoura ::;ly. 

In t hese cases, t he recorded trace of the output is not a 

smooth curve as is the case at lower frequencies, but rather 

exhibits random jagged peaks and flat s pots so that there is 

no conti nuity of waveform characteristics fr om one cycle to 

t he next. The output waves are defini tely cyclic in nature 

and of equal period but they do not conf orm to the charac­

te r i stics of the expected sinusoidal response. 

This non-conformity to sinusoi dal characteristics is 

not l ikely due to system non-linearities since, with inputs 

of l ower f r equency, the same systems did respond in a sinu­

s oidal manner. Other possible sour ces of distortion of the 

output wave could perhaps be attributed t o the signal gener­

a ting device or the effluent monitoring apparatus. Ti:e most 

likely of these two poss i bil..ities would s eem to be the 

fluor ometer which was used to monitor the effluent tracer 

concen tration. 

As noted yrevious l y there wa s approximately a four 
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s econd t ime delay from the time of sample extraction from the 


eff l uent stream until the sampl e r eached the fluorometer 


cuve t te and so produced a fluorometer responseo 


'Io reach and activate the fluorometer the flujd tr<:ivelled 

thr ough a small diameter syphoning t ube which abruptly ex­

panded at the entrance to t he larger diameter cuvette. Now 

if the sampling procedure can be thought of as continuously 

removing successive discr..ete small quantitie s or "packets" 

of fluid from the effluent stream then it is possible that 

the t urbulent entrance conditions at t he mouth of the cuvette 

coul d have resulted in a re-arrangement of the time order in 

wh ich the small "packets" of fluid activated the fluorometcr. 

Al so, since the cross sectional area of t he cuvette was 

much greater than that of the syphoning t ube it is likely 

tha t the fluorometer readings result ed fr om several "packets" 

of fluid activating the fluorometer simultaneously. 

I f this were the case t he system output at all frequencies 

would be subject to the same distorti on . However the dis­

tort ion created would be most evident in the higher frequencies 

since for equal time increments a high f requency wave will 

have passed throu c~h more degrees and therefor e a greater 

range of t racer concentrations than a low frequency wave. 

For example in a four second i nterval, the output concen­

trati on of a sine wave with a period of 30 seconds could .have 

changed by as niuch as l+o% of t he peak amplitude while in tlie 



same interval a wave with a period of 180 seconds will have 

travers ed only 7% of the amplitude scale. Thi s then would 

account for the lack of noticeable distortion at low fre­

quencies and the evident increase in distortion as the sine 

wave f requency increased. 

In general, all the recorded output waves wi th periods 

of 60 seconds or less were distorted and did not exhibit 

recogni zable sinusoidal characteristics. The amplitudes 

recorded for thes.e outputs represent average values only and 

it should t e realized that the actual amplitude of any one 

wave could have exceeded or fal l en short of this value -~~·Y as 

much as 50% . Therefore, it is felt that these data voints 

do not represent a true picture of system response and cannot 

be used with any confidence. For this reason these data 

points are not considered in analysing or describing the 

experimental systems. 

The only other waveform which did not display sinusoidal 

characteristics was that arising from Experiment III Test nun A. 

In this case the sine wave generating device was at fault 

since 2t very low frequencies the gear reducer tended to 

slip and so the angular momentum supplied to t he drive i:wct.a­

nism was not constant. Therefore, while the average s:Lne 

wave pe riod during the test was 86C seconds, this value varied 

from 765 seconds to 885 seconds and so the resultant data, 

being non-constant, ce:.nnot be used for further analsis. 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

6.1 General 

Three arbitrary vessel configurations, A,B, and c, as 

shovm in Figure ~- were tested. In Experiment I, Vessel A 

was tested with a fluid residence time of 59.3 seconds. 

The characteristics of the vessel were studied both with e.nd 

without artificial mixing being provid ed. Similarly in 

Experiment II, Vessel A was used with a fluid residence time 

of 113.5 seconds and again separate tests were mad e with the 

flash mixer off and then on. In Experiment III, Vessel B 

was used with a fluid retention time of 109 seconds and no 

mixing was provided. Experiment IV was carried out in Vessel 

C with a fluid residence time of 30.8 seconds with no mixing 

pr ovided. 

The data gathered from Experiments I, II, and II I is 

presented in the form of Bode plots. The data from Experiment 

IV is not included in this presentation since the val idity 

of three of the high frequency data points is questionable. 

When examining t Lese plots, it should be realized that 

t he experimental data, as presented, has not been subjected 

to any rigorous analyses to obtain a line of best fito 

Rather, the amplitude and phase angle curves which are shown 

are intended only to more clearly illustrate the general 

trend or curve shape suggested by the ex~eriwental Cata points. 

This unsophisticated approach to data handl ing and 
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presentation is compatable with the exploratory pur pose of 

t h is work, and reflects the opinion that the precision of 

the experimental measurements doe s not warrant application 

of a mor e exact method of data analysis. Also, in ke eping 

wi t h t he feasi bility approach to thi s s tudy and for the 

rea sons as outlined above, no attemp t is made to develop 

compl ex defini t ive models. Rather, the models which are 

postulat ed only a _proximate the experiment al findin _; s but 

do clearly illustrate the fl exibil i ty and ease of model ing 

that is afford ed by the use of a Bode plot representation of 

frequency response information. 

6 . 2 Experiments I and II - No Mi xing Provided 

The Bode plots in Figures 5A and 5B sh ow a comparison of 

the response from the text system of Experiment I to the 

system us ed in Experiment II. The high speed mixer was not 

used in eith er case. The actual reactors tested are physi cally 

identical wi t h the only differenc e being i n f l ow rate of carrier 

f l uid or in othe r words, fluid r esidence t i me. In Expe r j_n(nt 

I, the t es t vessel has a residence time of 59 . 3 s econds while 

in Exper iment II, the residence t i me is 113.5 seconds. 

From Figure 5A, which shows t he relation of amplitude 

rati o to frequency, it can be seen that t he curves for both 

Expe r iment I and II show: a general res emblance to t he Bode 

plot for a completely mixed tank. However Figure 5B, showin~ 

phase l ag as a function of frequency, has none of t he charac­
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teristics common to the phase lag curve r epresenting a com­

pletely mixed tank. This curve does not have the charac­

te1· is t ic symmetry about asymptotes at o0 and -so0 but i nste8d 

the phase lag increases steadily with increas.i.ne frequencies. 

From these Bode plots it is evident that the par Li3 lly 

mixed s ystems investigated in Experiments I and II cannot 

be adequately described only in terms of a compl etely mixed 

ves sel . The other extreme would b e to compare the experir.ientai 

results to the theoretical output from a plug flow r e actor~ 

To do this it has been shown that a plug flow reactor 

can be successful l y modeled by a cascade of n ) erfect mixer s 

of t otal volume V such t hat each reactor has a volume V/n . 

If the constant flowrate q is the same to each r c<-)ctor, then 

t he transfer function for the ca.scad e j_s: 

G ( s) = 1[ Jn 
l. lo/n)S+l 

where 7o = v 
q 

F1· om this the mci.gni tude and phase ang 2. e are 

1 
( 1 + ( w 'Yo/n)2) 1'1. 

~ G(.jw) n arctan (w/o/n) 

How as n approache s infinity 

\ G\jw)\ -+-1 

and 4"Gl.jw) ~ -w/o 

Th:i. s would then yield a Bode p.i. ot with an at!l ~ ~ l i tucl e 

ratio of 1 at a~y frequency and this obviou sLy does not 

http:increas.i.ne
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relate well to the results s hown in Figu re 5A. However 

the ;jhase lag for a plug fl ow reactor wi l l increase steadily 

wi t h i nc r eas ing frequencies so t ha t the phase lag plots of 

J:i'i gu re 5D more c l osely res emble t h e r e s ponse from a plug 

flow r eactor t han from a perfe ctly m~ xed r eactor. 

Sin ce the amplitude pl ot resembl e s tha t of a CSTh , and 

th e pha s e lag plot has characteristics which resemble a P1''1'.1.\ 

res ponse , it is reasonabl e both f rom a t heoret j. cal and a 

practica l viewpoint to think of the t e s t r eactor as o ~ erating 

s omewh ere between these two extremes. A mixed model in which 

a ce r tain part of the experin~ntal r e a ctor was perfectly mixed 

with the remaining volume being plur; f low could t ;1 erefore 

possibly d e s cribe t he system outpu t . 

To model on this oasis requires an i ni tiaJ. c: sti111at e of 

the percentag e of reactor vol ume whi ch is completely mixed 

or whicll acts as a plug flow rea ctor. A rough estiuate of 

volume s plit can b e arrived at i n one of t wo ways. First 

tLe a s yr:1ptot e of tL.c:: straight line portion of t he a::: ; J.i tuc' e 

v ~ o t c ou l d be ex tend ed to mee t the line r epr e s entin g unit 

a~ :ip..L i tuu e r& tio. Th e f r equen cy a t t h i s poii ' t is equal to t h e 

rc c i ~J roc8 l o f t he residence t :L:.:e of f i.uid in t he r::ixeci portion 

of tt1E.' v rss e1 . Alterna t ivel y, at h t gl1 J. r G( ~ uencii..:s tiie ex­

µe r i uentaJ. phas e lc1g ca n be us e d t o esti1;1atc U1e residenc e 

ti.. e of f'lu ici in the ~: lu t; f l ow vort i on of tLe t ank . Tl: is is 

pos s ibl e sinc e: a t hi gl1 frequenci e s t he phase lag for a mixec"i 



vessel a p;; !roaches 9C0 , so that any angle in excess of this 

can be attributed to plug flow and equated to wTPF'i'H where 

~?FTR is the residence time of the plug flow portion of the 

reactor. 

6 . 2.l Hodels 1 and 2 

This mod eling 1jroc cdure can be illustrated by attempting 

t o theoretically produce the plots in Figures 5A and 5B 

which represent the test vessel used in Ex~eriment 1 when no 

mixing was provided . 

From 	 the ampli tude plot 


l/T'CS'IR = .0275 


7CS7R = 36. 5 s econds 


the refore 'TP 1".L:L . ='/total - 'fCSTR 

= 59 . 3 - 36 . 5 
= 22.8 s econds 

Alternatj_vel y from the phas e lag !)lot at w = .QC:
/ 

~G(jw) CSTH +2(G( jw) PFT:-l = -174 ° 

or 4'.' G(jw) PFTR = -174"+ 90° 
= -84° 


therefore -1'PFTR w = -84° 


or 'Y PF'.I'R = 16. 3 s econds 


then TCSTH = 

= a§·~e~o~~ ~ 3 

Now if Bode plots for these two esti~ated volume s plits 

are constructed (calculations i n Appendix V) the results are 

as shovm on Figures 6A and 6B . 

From these 	figures it can be seen that neither t~! eoretical 



53 


.8 

-~ 
I 

.6 MUDEL 1 -~ 
I 

-1 
i 

J 
l 

-. 4 
! 

0 IH 
::-... ..~ . 
P:c HODEL 1 • 61.6 38.4 %Total Volume 
r<l 

--· 3 Q HODEL 2 .• ·12.5 27.5 %Total Volume 
iJ 
E-t 
H 

....:I 

~ ...... 
~ 

FIGURE 6A ·-· 2 

MODEL PREDICTION FOR EXPERIMEN't.J. 

VESSEL A - NO MIXING PROVIDED 

H.S .Horneck 

March 1970 


FTIEQUE~GY lradians/sccond) 
.c2 .03 .01+ .05 ,06 .c:7 .c10 . n9 : 

__._____________________ __L_ _ _.________.____l____L___i____ _____ L ____J_. __ _J 



54 


----·--·-------- --------··---i------ -·-· 

-· -?O 

-60 

HODEL 2 

. -100 ,....,, 
ti) 

HODEL 1 

© 

0-120 	 t-1 

tl.O 

(!) 


'V ......,,
-lLfO 


0 

<: 
..-:1 


-160 r='.l 

Cfl 
<µ.::: 
Cl..-180 FIGURE 6B 

NODEL PREDICTION FOR EXPERILENT I 
-200 


VESSEL A - J'iO l·! IXI LG PnOVID:~D 


-220 
 H.S.Horneck 

Harch 1970 


-2.t~O 

FREQUENCY (radians/second) 
.02 .OJ .04 •.05 · .. 06 .O? .08 .09 

--- --------+-______.______._I__.J.._I.____J L___ 

-260 



55 


mode l fits the experimental findings corre c tly. In parti cul[\r 

t here is quite a wide divergence in t he ampl itu(e pl ot whi ch 

arise s f rom t h e fact that t he experimental plot had & negative 

slo . e t; r ea ter than one while t oth theoret i cal plots had a 

sl o~ e of -1 since they represent ed i deal ly mixed ves sels . 

Hmvever, t he composite theoretical phase anele plots do com­

pa r e quj_ t e closely to the experimenta j_ plot and the t wo ~.:i os­

t ula ted models provic1e a type of envelope wi thin which n1ost 

of' the c :>~ p erimental data points are conta ined. 

Although t he ~ ' ostulated models in thi s cas e do not closely 

compare with the test system this is not unexpected . A more 

co1Hpl ex model and an iterative technique t o closely define 

vol ume spl its would likely produce closer resul ts. 3till 

this example is useful to point out the ea s e with whi ch 

different moc1 els can be developed and test ed. 

6 .2 .• 2 Model s 3 and 4 

Treating the data f rom Experiment II in the sawe o~nnc r 

Lodcl :: can 1-.e develop ed a s shown i n Fi gur es ?A and 7B. This 

1:ioc1el , derived from an asymp totic a p1Jr ox i ma t i on of f' l mv splits, 

is compos ed of a CSTR with a 5'? second detent ion time in 

series with a PFTH having a detention t i me of 56 o5 seconds. 

'l'he fi t provided by this model is e specially poor in the 

h i gh frequency portion of the amplitud e plot. This again 

ar ises from t he fact t hat the experimental au:pli tude pl ot 

has a negative slo; e larger t han - 1, so tha t a sint: lc 
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CS'I'R will not provide good aorrelation. 

If the c: xperimental data is ap proximated by two stra ight 

l ine se gments representing two CSTR's in s er i es, the ampli tude 

plot can be provided with a better fit. The retention tin1e 

t hen in the first CSTR is 37 seconds and in the s econd C.:3TE, 

30 seconds. Also, to approximate the experimental phase lag 

the retention t j_me in the in series PF'TR is reduced t o Li2 

s econds. This provides a model vessel with a total r etention 

time of 10' seconds. The remaining l+.5 s econds is alotted to 

dead s p8 ce. The only effect dead s pace has in t he vessel is 

one of reducing the total fluid retention time. 

tiodel l+, in Figures 7A and 7B has been devel oped on the 

above basis. This model closely approximates the exper imental 

amplitude plot and is equally as good as Hodel 3 in definir:g 

the phase lag plot. This model illustrates the ea se and 

flexibility in modeling with a multi-component system. The 

ampl itude plots for both of the CSTR components in the moci el 

were separately plotted and then gr·aphi cally combined to 

produce the composite pl ot in Figure ?A. 

Experiments I and II rf:ixin L; Provided 

The Bode plots shown in Figures 8A anc.1. oB compare the 

r 0sul t s of Experiments I and II. All te s t conditions were 

i dentical to those outlined for Figures 5A and 5B excep t that 

in this case the high speed mixer was used. As would be 

expected, the amplitude plots show that the system more 
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cl osely approe:! ched ideal mixing conditions . This i :,:; , ·v ic1e11c c d 

by the fact that the slope of the straight line portion of 

the ampl itude pJ ot is approxi ma te l y -1 a s is the case for the 

res '.·:onse from 3. CS'I'h . liowever, a gain, the pha s e 1 2g plots 

show an increasing phase laG with increasine fr equ en cy as i s 

character i sti c of the respons e f rom a PFTR. 

~ . 3 ol h odels 5 and 6 

The experimental data from Experiment I indica t ~ s a corner 

frequency of approxirnately •022 radians per second. ~·~odel 5 

wa s therefore developed as a CSTR with a residenc e time of 

45.5 se conds in ser i es with a PF1R having a residence t ime of 

13. U seconcis. The theoretical response from this model, i s 

shown in Fir,nres ")A <.nd 9B. The area of widest cl iver ;·0ncc 1

tc tween the theoretical and expe ri mental poi nts j_s in tllc 

high frequency portion of th e phas e lag plot. A closer 

'-' 9proxima ti on is provided by increa sing the residence time of 

the PF1R segment to 17 . 6 seconds a nd decreasine t h e residence 

time in the CSTR segment to 41.7 seconds. This configuration, 

Lodel ,~, , s eems to offer a better fit both in the ampl i tu( e 

ratio and phas e lag portions of t he experimental Bode plot. 

The development of both these models is documented in 

.Ap 9endix V. 

6.3.2 Mod els 7 and d 

For Expcrimc11t II, with rn :xinf~ provid cd , t he cxpcrj_L iL' l~- ­

taJ (1at.:i is oc:proxirnated by l'.oclel 7 , which is a mixed model 



62 


. 5 

• 

FIGUHE 

MODEL PREDICTIONS 

VESSEL A -

H.S.Horneck 
March 1970 

l"° --,
_J 

9A I 
FOH EXP EHIMENT I jt.JIXING PHOVIDED 

I 
_J 
I 
I 

_J 
! ' 

Model 6 

-.4 Model 5 
0 

1-1 

E-1 


~ 
rrl 

--· 3 ~ 
0 
[-I 

1--t 

H 

~ ...... 
~ 

HODEL 5: 76.7 23.3 % 


MODEL 6: 70.3 29.7 % Total Volume 


Total Volume 

_j 
l 

I 
I 

I 
I 
l 

--1 

I 
' 

I 

--· 2 


FREQUENCY {radians/second) 
.02 .03 .o'+ • 0 5 •06 • C7 • C8 • OS 

_ ___.______.___ _L______L __J _. _____L ..___I_ _ _----- - --- -- - ·----------~'­



-20 

63 


----· ----·-------------~----·r-·- ··----,·-·-r---r---,-···--1-r ­

-60 

-80 

-100 Hodel 5
'"' Cl) 
(l) 
(1) 	 Model 6-120 H 
e.J 
Cl> 

"O .....,,. 
- lltO 

0 
-c:x: 
t-l 


-160 i:il 
 FIGURE 9BCf.l 

-c:x: 

~ NODEL PREDICTIOi iS FOR EXPERINElTT I'1..- -180 


VESSSL A - NIXING PROVIDED 


-200 	 H.S.Horncck 

Narch 1970 


-220 

-2l;.O 

FREQUENCY (radians/second) 
.02 .03. .o4 •.05 .06 .07 .os .09 

--------~'______,l.._____.__I_ _.-il_ __._l__.L I I 

-260 



% Total Volume 

%To t al Volume 

, 

l· ·---·---------~-----~-----.------r-

-·9· 

FIGUHE lOA 

HODEL PREDICTIONS FOR EXPERIHENT II 

VESSEL A - MIXING PROVIDED 

H.S.Horneck 
March 1970 

·-·4 
--1 

0 Model 8 
H )

f-i 

r.Z I 

-· 
-•6 . I 

-.5 

C:4-·3 q -1
I 

8 
:::J Model 7 
H 

... ~ 


~ ..... 
~ 

_.2 

J I--\ I • ~ 

'.i ODEL 7 .. 76.6 o.o 23.3 
.~~ODEL 8 • 70.5 6.2 23.3 

FREQU EbcY (radians/second ) 
( '2 o3 o1 r. o~ C''7 "'3 ->(~ !• ' - • • ~ • 0') • o • ··/ • C11 • 1. / ; 

__J_ _____~-~-~--~ J_ ___L_ ___J. J- -- ----- --·- ---­



65 


----- -·· -·-T--··-·· ·--· ­~------- r I I 

--· -~O 

FIGUHE lOB 

MODEL PHEDIC'l'IOl'!S FOR EXP I~RIJ:.iE:,: T II 

VESSEL A - MIXING PROVIDED 

H.S.Horneck-80 l·iarch 1970 

-100 

'"' 
(J) 

<1> 

(!)


-120 f.-1 
tl.O Hodels 7 & 8 
<1> 
ro 


-F10 
-./ 


0 
<( 
t-1 

-160 µ:] 
Cf.) 

<( 

::q 


1-- -180 ~ 

I 

~- -200 

~ -220 

I 
L- -2t~o
I 

-260 FREQUEHCY (radians/second) 
.02 .03 .04 o·05 ..06 ,.07 .08 .C9 
I J_ _.._I_L_ ! l__ _i__ 



66 


consisting of a plug flow component with a fluid detention 

time of 26.5 seconds in series with a CSTR segment with an 

87 second retention time. This c orresponds to & vessel with 

approximately 77 pe rc ent of t he fluid volume cospletely mixed 

and 23 percent of the volume acting as a Pl''TB. 

The response predicted by Model 7 is shown in Figures 

10.A and l o:a . The phase lag prediction clos ely follows the 

experimental data points. The amplitude ratio pr edi ctions 

al so resembl e the curve shape sug ge sted by the data points 

but the pr edicted rat i os appear to be c ons istently low. This 

would suggest t l:at the CSTR portion of l h e model is too lar g~ e . 

If the total residenc e t ime of the s ystem is reduced by 

int roducing a dead space allowance into t he model, then the 

volume of the CSTR segment can be reduc ed without affecting 

the PFTR volume. This is done in Hodel o, which provided a 

better arnpli t ude ratio f it than 1.-Iod el '7 . .!. t the same t ime the 

phase lag plot has not been adverseiy affected but r effiains 

e ssent i ally the same as that predicted by ;.~oC:el 7. 

6. 4 ~xµeriment III ~o Nixing Pr ovid ed 

Experiment III invest igat ed the res ponse fr om vessel 

configurat i on B with a total residence time of 10: sconns. 

~. o artific i al mixing was induced. The results of thi s inves­

t i ~ation are shown as Bode plots in Figures llA and llB. 

The slope of the high fr equency portion of th e a111pli tuce 

pl ot in this case approache s -2. This would indicate a sys tem 
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com~ J osed of t wo CSTJ:l segments in series. Tll e phase lag 

presentation shows that as the frequency increase s, the }Jhase 

lag r::~ ~ idly increases. Th is would indica te that a l'<.~irly 

l e r ~; e portion of the test vessel wa.s functionin g as a ri·".il~ . 

6 .4 .1 l lod el 0 

Figure l2fa. illustrates the an:"~ litud e r a tio :, redi ct:Lon of 

two CJ'i'l\ 1 s in s,: ries llav j_ng residence times of 22 secon< ; s 

and 15 s econds . The fluid residence t ime in the se two s eg ­

ments W<-"l s estimatecl by taking the invers e of the corner 

fr ec! uencies sug gestEd by asy~;-~)totic apµrox iwa tion of the 

experimental amp l itude plot. In series with the two C~1~ 

segments is a Pf1R having a residence t i me of 65 s econdso 

The 'I s e cond discrepancy in residenc e t imes l;etween the 

experimental system and t he model is accoun t ed for by intr o..;. 

ducing a dead space se gment into the model. As evid en c ed ~n 

F i .::ne 123 , th:Ls model :Jrovid s quite gooc cori· elation w:Lth 

the experimental ph~rn c la c d.:it&. 

~ Discussion 

G. •).l Amplitude Rati o 

As m~ntioned previously the amplitude pj ots we re c on­

struct ed ty coE1pa ring the a verage amplitud e from at lcost 

five complete output sine waves to the t heoret i cally c ul cu­

L ;. tE::d input an.pli tude . The resultant ex~;cr :i mentc:.l an:pl i tud c 

r . duction cvn "t-:; e attributec to the Clmplete_:_ y mixed re gt ons 

of thE test vess el sir..ce , t i:-: ("' oretically, any plug flo\:1 s ec ­
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ments of the test vessel will not affect the system's auplitude 

rati o. Hov.rever, it should be noted that the fluorornetcr 

~ onitoring ap ~aratus can be thought of as a small test vessel 

in itself with a fluid retention time of 3 to 4 seconds. If 

~ixing occured in the sampl in[ tube, cuvette arrangement, 

then the recorded output amplitudes are tr.e c ombined result 

of the properties of the test vessel and the monitoring 

system. 

The output wave distortion experienc ed at hich t est 

frequencie s, as discussed pr eviously, is thoueht to be mninly 

attril_;uted to the effluent moni taring sys tem. This is a 

l imiting factor in analysing nnd descri bing tlie t e st vc::ssels 

since, due to a restricted ran r~ e of test fr<.:quencies, the 

final slope of the high frequency portion of the amplitude 

plot cannot be defined with confidence. 'J.'his portion of the 

amplitude ratio curve is of prime importance when usin g 

a sy..;ptotic approxima.tions to determine thP. numt.er of C.S':i.'.L-,' s 

in the mod el confi gu ration. 

c'• 5. 2 ehase Lar 

Phase lag determin2tions ar e normal l y thou r:;ht of a:' the 

de gre e s of displacement be tween the pedc of t lw i nput ~iPc-

wci.v e C'?nd l he pec:.:.k of t h e system r e s ponse sjne w;·vc. If ex ­

yer i~i1 0r:to..l ;:hase la r; s are detErmi ncd in this :: :c:,rmer, a suc­

stanti al er1·or can be introduc ed j_n at tem1JU.n6 to i oca-ce tLP 

ex.s. ct peak of botl1 the input and output v1aveforus. 

http:attem1JU.n6
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In this work the phase lc.g dete r minations were made bv.; 

fT[lph ically mE;ast~i inc t "e displa cem,, nt o f the avera :_·.:e w.1.lue 

of the output sine wave fr om that of the input sine w~ve. 

The horizontal axis through the outpu t sine WC'..ves can t.e 

c8s ily determin ed from the average va l ues of several peaks 

2nd low poi nts of the experiment output. Using this method, 

there is no need to locate the exact peak of the wavEforms 

and it is felt that the experimental error in determining 

ezperimental phase lags is reduc ed. The accuracy of both 

-~~1he.se l c-g and amp _1 i tud c ratio determinati ons could be rnhm1cecl 

by monitoring both the i nput and output sine waves and 

sin.ul taneously r e cording these on a two charuw1 recorder. 

t·! odel j_ ng 

A successful model confi guration should produce a resvonsl 

u~at fits both the experir;ien tn l amplitude ratio c:ind })irns :.' l<:..; 

finding . The goodness of fit of the postulGted model c ould 

te confirmed by stat i st i cal analysis. 

J.;he intent of this work is not to develop col!iplex, 

defin itive models, but rather to inve s tigate the fe~sibi~ity 

of modeling a test system by a simple network of i ~ eal rcac­

tors. 

The postul8.ted models are therefore )urpos clY '. limited 

to si. ple series confi ~urations composed of two ide: l ~· c ctor 

typ' s, n.::inely coi.tpl ctely mix2d t anks 2.nc-: _t.Jlnt._: flow reci.ctors. 

~Ji ~llowanc e for dead space is als o inclu0ed in some mod'ls. 
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The purpose s e rved by these models is not that tllcy 1n· c vil1c· 

an exc.:; ct d c scri vtion of the experiment al sy steli1 but ra t i 10r 

t.lia t they i.llus tral e severa l f2cets of the use of Bod e p_!_ ot 

re pres entations of frequ ency r e s ponse data in clcvelo 1iing modcJ.s. 

In the w~iter's opinion, one of the main advanta ges 

offe r ed by this type of analysis is t hat an overall under ­

standing of a particular syst em can be gained directly from 

a Bod e pLot r epresentation of test data. From the slope of 

the ai.1pli tude pJ.ot an insight can be gained into the nurr:ber 

of CS~R 's in the system. A simple graph i cal approximation 

of tlie ampl i t ud e curve provide s further inf ol'!na tion concerning 

the size of the comple tely mixed s egments. Knowing the 

number and approxirna te size of the CSTH cou.t onents, tlw 1Jh: s c 

L 1r; curve can be used to determine the preseuce and approxi­

mo. t e size of any PFT.r\. in t.{le systel!l• The result is that an 

under standing of the test system is realized dir ~ ctly fr~n 

the experimental data. 

1o accurately model a test system, a wider ran[ e of 

frequencies should be used to gather more data points to 

define the system's phase lag and amplitude ratio cu rves. 

The precision of the experimental data could be enhanced by 

refining the monito1·ing equipment to provide an "in situ" 

measu rement of both the input and the out·ut sine wavt s. I n 

th is way, the response lag associated with fluorometric moni­

toring could be eliminated and the test results wou j_d tL en 'oe 
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truly representative of the system under study . From the 

experimental data the initial model as sumpti on could then be 

mad e in much the same manner as is done in this work and 

sub sequently, an iterative, computerized s earch technique could 

be employed to find the model bearing the best correlation with 

the test system. No doubt, much more complex models consisting 

of parallel as well as series confi gurations would be required 

to describe a system with statistical confidence. 

Having developed a model in this manne r , it would then 

be necessary to determine the relative placement of the vo.rious 

components in the overall model configuration. It should be 

possible to do this by measuring the conversi on that takes 

place when a substance with a known reaction mechanism is 

introduced into the test system. To differentia te between 

the placement of CSTR and PFTR components in the network, a 

non-l inea r reaction mechanism should be used. 
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CHAP'l'ER 7 

CONCLUS :1"0N S AND RECOivll-ll•:NDA'l'IONS 

c01\:c1USION s 

As a r esult of this investiGation, it can be concluded 

tha t: 1. It is possible to produce and monitor sine wave 

disturbances to gather frequency re s pons e data 

from laboratory flow through vessels. This technique 

should therefore also be applicable to fiel d scale 

studies. 

2 . 	 The feasibi l ity of modeline a te s t system usine 

networks of ideal hydraulic componEnt s has been 

demonstrated. 

3. 	Frequency response testing and analysis is an 

advantageous method of studying t he dynami c hyd­

raulic characteristic s of react i on ve s selso One of 

the major merits of this t echnique i s t hat conven­

tional Bode plot representations of experimental 

data greatly faci l itate and provide flexibili t y 

in modeling. 

LECOi,ll:v,..c,i:,:Dic 'l'I OlJ S 

Further studies should be undertaken over a wider r an£e 

of tes t frequencies and with refined monitoring equiJment to 

£;at i1e r data f rom a more compl ex l aboratory mo(;e1 or an actual 

fi eld installation reactor. I n combination with this , a com­

puter ized sea rch technique could be investi gated as a means 
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of accurately modeling the experimental sys t em with a ne t work 

of ideal hydraulic components. As a final s t ep in model 

definition, the test system response to a known reaction 

mecrrnnism could be measured and compared to t he theore tical 

response from the chosen model. 
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APPENDIX NUMBER I 


I NPUT SINE WAVE CHARACTERISTIC S 
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INPUT WAVE - PROOF OF SINUSOIDAL NATURE 

The input waveform generating equipment can be represented 

as shown in Figure 13. 

B 
D 

FIGURE 13 

A = electric motor - gear reducer unit 
B = 12 inch pulley with fixed driving arm 

attached to shaft 
c = push rod and gear rack assembly 
D = kinetic clamp pump 
E = spur gear driving circular rheostat 

The gear reducer unit imparts a constant angular momentum 

to the 12 inc~ pulley and so to the driving arm fixed to the 

pulley shaft. Therefore, for each increment of time ~t , the 

position of the drive rod is changed by an angle~¢. Thi s can 

be shown in the following manner: 

A D 
time 

time 0 

•
I 

time 2t -a..­

B c 
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Now to prove that the input is a sine wave, the horizontal 

displacement of t~~ cear rack with time is of interest. To 

study this, assume the length of the driving arm is x and its 

projection on the horizontal axis is d1 ,d2 , •••• dn at equal 

increments of time t, 2t, ••••nt respectively. Now relating all 

horizontal displacement to the origin or the centre of the 

dr ive shaft,with displacement to the right be j.ng negat ive 

anri displacement to the left positive, th en the 

f ollowing relations between t, ¢, and d ar e found. 

In quadrant A where n¢ ~ 90° 

at time t ••• dJ = x s ine¢ 
a t time 2t ••d2 =x sine 2¢ 
at t i me nt •• dn = x sine n¢ 

Simi larly in quadrant B where 180° > n~ ::> 90° 

at time nt •• dn = x sine (-n¢ + 180°) 

In quadrant C where 270° :;; n¢ > 180° 

at time nt •• d~ = -x sine Cn¢ - 180°) 

And in quadrant D where 360° > no> 270° 

at time nt •• dn = -x sine (36ou - n¢) 

Therefore it is evident that since x is a cons t ant,the 

horizontal displacement with time varies in a sinusoidal mannero 

For the sake of clarity and as an example of a typical 

input , consider the case where x = 1.5 inches and a complete 

cycle is generated in 360 seconds. In this case each second 

corresponds to 1 degree change in the angular position of the 

drive arm. Calculating the input for 15 second time intervals 



starting from 0 when the drive arm 

posi tive ve.:t5.ca ~ .. ·!.::. yiel d::;~ 

TABLE I-1 


TIME ANGULAR 
(seconds) DISPLACEMENT 

( ~ in degrees2 

0 
15 

30 

45 

60 

75 

90 


105 

120 

135 

150 

165 

180 

195 

210 

225 

24o 

255 

270 

235 

300 

31 5 

3~0
3 5 

360 


0 

15 


~~ 

60 

75 

90 


105 

120 

135 

150 

165 

180 

195 

210 

225 

24o 

255 

270 

285 

300 

315 

3~0
3 5 

360 


SINE f 

o.ooo 
0.259 
0.500 
0.707 
o.866 
0.966 
1.000 
0.966 
o. 866 
0.707 
0.500 
0.259 
o.ooo 

-0.259 
-0.500 
-0.707 
-0.866 
-0.966 
-1.000 
-0.966 
-0. 866 
-0.707 
-0.500 
-0.259 
o.ooo 
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is coincident with the 

Knowing that the horizontal movement of the 

varied sinusoidally and knowing that tracer fl ow 

HORIZONTAL 

DISPLACEMENT 


Cinches2 


o.oo 
Oo39 
0.75 
1.06 
l.~_o
lo 5 

i.~o
1. 5 

1 .. 30 

1006 

Oo75 

0.. 39 

o.. oo 

-0.39 
-0.75 
-1.06 
-1.~0 
-lo 5 

-1.~0 
-1. 5 

-1.30 
-L.06 
-0. 75 

-0 .39 
o.oo 

gear rack 

rate varied 

linearly with the rheostat setting of the kinetic clamp pump 

then it can be concluded that the input tracer concentration 

varied sinusoidally. 

http:ve.:t5.ca
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CALCULATION 	OF INPUT SINE WAVE AMPLITUDES 

In all ~xper~Ie~tal tests the maximum and minimum rates 

of pumpage for the kinetic clamp pump were 82% and 20% of full 

flow respectively. 

From the calibration curve for the kinetic clamp pump 

(Appendix IV) 

825& full flow = 0.67 milliliters/second
20% full flow = 0.16 milliliters/second 

(average) 51% full flow = o.41 milliliters/second 

Ex12eriment Number I 

feed concentration = 0.072 mg Rhodamine B I ml 
fluid flow rate = 4-24 ml/second 

Therefore: 	 sine wave peak =113.9 ppb 

sine wave low = 26.7 ppb 

average concentration = 70. 3 ppb 

sine wave amplitude =43.6 ppb 


Experiment Number II 

Similarly with the same feed concentration and a fluid 

flow of 206 ml/second , the input sine wave amplitude is 09.7 ppbo 

Experiment Number III 

A feed concentration of 0.084 mg/ ml coupled with a 

carrier fluid flow rate of 4-28 ml/sec yields an input sine 

wave amplitude of 50.4 ppb. 

Exnerirnent Number IV 

The same conditions as in Experiment Number I yield an 

inpu t sine wave amplitude of 4306 ppb. 
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APPENDIX NUMBER II 


EXPERIMENTAL DATA 




---------
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·EXPERI:tvIENT NUMBER I 

Date: September 24,196~ 

Tank Dimensions 	-Width = 19.4 centimeters 

- Length = 97.5 centimeters 

-· I.L·: u i.d depth = 13. 3 centirneters 


Tank Volume = 25,160 cubic centimeters 

Flow Rate = 424 cubic centimeters per second 

Theoretical detention time = 59.3 seconds 

I npu t Sine Wave - peak = 113. 9 ppb = 2.63 millivolts 

- - low = 26.7 ppb = o.40 millivolts 


(refer to fluorometer calibration curve A ) 


Input Amplitude = 43~6 ppb 

TABLE II-1 

---·------- ---------; 
TEST ~UMBER I MIXErt OFF I 

Run Number A B c D E ~~ ~-.[~:l 
l.~b i.b6 i.70 i.51! I 

102.9 110.9 104.1 88 .7 83.7 77.8 I '/2.5 -~] 
--o-.-7~2t---o-.-47-+--o-.-56--r--o-.-9- _ i.3~J____7,l.l~ 1.24 

-------- --------1-3_9_.4-+--2-9._7-r-3-3_·_3,_4_9_._2_:_j 59. 6-~2~~L.________ 
31.8 40.6 35. 4 19 . b 14.6 9.1 5.1 

---- --------------..-----------..----1---r----­·----· -·· - ··· · - -----·· 
o.~3 0.93 o .dl o.45 0.33 0.21 0. 12 

---+----t---;----1-----------~--- --··--------1
I 

l 
I

222 449 120 6439 '1 
--{-. ______,__ -------­.,,_____ __ --- ...... ---- ·1 j 

Sine Wave Frequency 
\radians/second) 0.02b 0.01~ .0159 .0524 .0606 . 0988 0.185 l 

I 
--------------------- ·- ·--- ----·-· ·-···-- --- .... .~ - ..--- ­

- seconds 54 51+ 60 42 38 33 24 iI 

Phase Angle - radians 1. 51 ·p:-756-1 0-~·9·5-~:.~ 2~ ~-:_:~ . - -~-~~-~-- -~:~~- - ·l·_-_-__··..·.·. --... JI 

- degrees L ~7 43 55 126 150 187 259 

··------ -- ---- ---- ------- - ---- ----·· - ----- ----- --- ------ -------- l . -- . ---- -­
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E::G>ERIMENT NW.BER I 


Date: September 24,196~ 

Tank Dimensions - -Width= l~.4 centimeters 
-Length = 97.5 centimeters 
.. '.. iquid depth = 13.J centimeters 

Tank Volume = 25,160 cubic centimeters 

Flow Rate = 424 cubic centimeters per second 

Theoretical detention time = 59.3 seconds 

Input Sine Wave - peak = 113.9 ppb = 2.63 millivolts 
- low = 26.7 ppb = o.4o millivolts 

(refer to fluorometer calibration curve A ) 

Input Amplitude = 43.6 ppb 

TABLE II-2 

--.---- ---1 
TEST NUMBER II MIXER ON 

~n_N_umb~--------A____B_-t--_c___.__· --1--E_E_--~-----~-]D-­

(mv) 2.35 2.50 2.36 1 .95 1.87 1.74 1061 
1-----t---t----1-----1---1:----·-----l--·-·­Sine Wave Peak 


(ppb) 
 102. 8 108.8 ~03.4 87.5 84.1 79 o2 74.2 

0.65 0.53 o.65 1 . 07 1.14 l.~-:-~o39 l----·1
I 

(mv) ·­
Sine Wave Low 


(ppb) 
 36.l+ 31.9 36. 7 53.0 r;;-~~ u;-.-;;.-_6;.-6-=~~--1 
Amplitude (ppb) 33.2 38.4 33.3 17.3 14.1 9.4 4.3 ! 

-)----- ·· --- ..- ·--1 
Amplitude Ratio 0.76 o.88 0.76 o.l+o 0.32 0 . 2~-_:i~o_L__ J 
ISine Wave Period (sec-) 222 449 397 120 91.5 64 34 l 
----- -----------+----t-----1---t----­·--- --- ·-----·- --· . ------ ... ­
Sine Wave Frequency 


(radians/second) 
 0.028 0.014 .0159 .0524 00686 • .0988 0.185 
------------·--·-------·- ----1----- ----------· ----·-·-. ·-- ......... ­ ·­

-seconds 48 51 52 42 36 33 25 I 
Phase Angle -radians :=1=·_3-4:~_0-_.-_;~·---t--_o_~--~3-+-_2_. ;_;; _ -2-.~-7·_· _·;-:_2-6~~~~i~. -· ···-..1 __ _ J 

---·------------a__ __ ____ __~1 48_ ~- __._4_2~·-1_s7_._ _ Je_gr_e e_s 7_7 ____ -1-26 1 !:_~-- ~ _ 



EXPERIMENT NUMBER II 


Date: September 26,1968 


Tank Dimensions - ·Width =19.4 centimeters 

- Length = 97.5 centimeters 

a J .i•,1ui..:~ depth = 2 2.4 centimeters 


Tank Volume = 23,350 cubic centimeters 


Flow Rate = 206 cubic centimeters per second 


Theoretical detention time =113.5 seconds 


Input Sine Wave - peak = 234.1 ppb = 5.12 millivolts 

- low = 54.8 ppb = 1.24 millivolts 


(refer to calibration curve B ) 


Input Amplitude = 89.7 ppb 


TABLE II-3 

TEST Nffi/iBER I NIXER OFF -------1 
r I 

----------.----r---·~-+--------J 

Run Number A B C D E F G H I 
--------i------t-~--+----~----t--- ----·-···! 

(mv)

Sine Wave Peak 


(ppb) 


Sine Wave Period\sec) 351 303 207 146 104 

~ 'a-t~-o---~-0-.-5-5~0-.-h-~-i-t-u-de-R- 8-7~0-.-7-6~0-.-7-2]0.~ 0.32 O.~ 

----------------i---t----i---~--- --·----1------ -------- -----· -I 
Sine Wave Frequency

(radians/second) .0274 .0134 .0179 .0207 ~0303 .0430 .0606 

------­- ------­--!------­------ -- ­---- ·-·-··-- -·--··· 
- seconds 87 114 106.5 120 

Phase Angle - radians 
!--·----­-­ ·-­-­

2.38 1.53 
-·-- --·-··­-

1.91 
-­· -··­

2.48 
!---·-­-----­--·----1----­-

- degrees 136 So 109 142 
·------ ·-- ------·--------- _ _______!________ ----- __ ______ _ _ 

-·----·-·-· -···· · -·· - ·- ---' --·--­ ......­
105 72 


·------·- ----- ·--··-- . 

3.18 3.61 4.36 
----·-·- -·-- ----- ----- ------ _.. -· -- -·-·- -­

182 207 250 
'--·--- ..1,__ ________ ---·---- --- · --- -----·. ·­



EXPERH!EN'l' NUMBER II 
90 

Date: September 26, 1968 

Tank Dimensions --i-J'idth = 19.4 centimeters 
- Length = 97.5 centimeters 
~ Liquid depth =12.4 centimeters 

' Tank Volume= 23,350 cubic centimeters 

Flow Rate = 206 cubic centimeters per second 

Theoretical detention time = 113.5 seconds 

Input Sine Wave - peak = 234.1 ppb = 5.12 millivolts 
- low = 54;8 ppb = 1.24 millivolts 

(refer to fluorometer calibration curve B ) 

Input Amplitude =89.7 ppb 

TABLE II-4 

;;--.-------· -----··· · 1 
TEST NUMBER II MIXER 

G 
---

Run Numter 

-· 

(mv) 
Wave Peak 

(ppb) 

-------·-----
(mv) 

Wave Low 
(ppb) 

----
Ampl itUde (ppb) 

W 

W 

ude Ratio 

ave Period (sec) 
--------

ave Frequency 
ans/second) 
--- -----

- seconds 

Angle - radians 

- degrees 

.----· . 

A ~ c D E F 

-

3•.93 4. 51 4.31 4.16 3.86 3.64 
!------ -

ltn.9 207.~ 198.6 192 , 0 178 . 6 16tl.9 1 

- ·- t---

2.20 1.71 1.91 2.04 2.31 2.55 

109.9r20.brr·105.2 83.~ 92 .-r+ --97--;9 

·!---

3b.3 61.8 53.1 47.0 34.4 24.2 

o.42 o.69 0.59 0.52 0 .38 0.27 0 

229 468 351 303 207 146 
- -- -----..- ··---- ····- · -

.0274 .0134 .0179 .0207 .. 0303 .0430 .o606 
-!-·- -- · ·--···- - ······ --- -~ - ··-·--- ·- -- ... --- .. 

53 Si9 78 75 68 54 
------ ··--·- -- ---- - ·-· 

.., __________ 
··-·----·-- . ---· 

1.4_2_ 1.33 l.4o l._25- __g_.05 - g.!.~-- ___2 

48-·· 

83 76 80 89 117 133 
···· ·-·- ····--------·- ····- ·----L--. ·· --· ·-· -

--;-J 
- ... -- - ---~ 

3.l+t) 
Sine 

61-~-9,-·----- ---- , 

----------1 
2 .. 69 I 

Sine 
2b. 7 ------1 

17 .. 6- ·-r·--·..I 
. 

-.-:o----1 
Amplit 

104 - -­ -- --1 
Sine 

I 

Sine 
(radi 

j 
I 

·1 

- -· ...... . . ­

Phase 
::~1 ·-.. , 

------ ,"---·-•~- - .. --·-- ----··--~- ··-- -- ~ · ----·-- --·-···. ·-· ' 



EXPERINEN T NUMBER III 91 

Date: September 2(,1968 

Tank Dimensions - Width = 19.4 centimeters 
- Length = 193.5 centimeters 
~ Liqui d Depth = L2. 5 centimeters 

Tank Volume = 47,700 cubic centimeters 

Flow Rate = 42Cl cubic centimeters per second 

Theore tical Detention time = 109 seconds 

I npu t Sine Wave - peak= 131.7 ppb = 2.92 millivolts 
- low = 30.8 ppb = .54 millivolt s 

(refer to fluorometer calibration curve C ) 

Input Amplitude = 50.4 ppb 

TEST NUMBER I 


TABLE II-5 

----------····­-­· - · 1 
I 
I 

MIXER OF'l ! 
.·-· _.J 

n Humber 

(mv) 
ne viave Peak 

(ppb) 

(mv)
Sine Wave Low 

(ppb) 

Ampli tude (ppb) 
----­·-­

Amplitude Ratio 

Sine Wave Period (sec) 
--·--­

Sin 
( 

e Wave Frequency
radians/second) 

------­
. -seconds 

Pha se Angle -radians 

-degrees 

-­

A B c 
2.78 2.58 2.75 

125.6 117.3 124.4 

0.. 56 o.e2 0.65 

31.4 42.6 35.3 

47.1 37.3 44.6 

0.93 0.74 o.88 

860 218 296 
--.----­---­

.0073 .0288 .0212 
-­i-­ ------­

120 96 102 
--­ -­ ---- ­·--·­

.877 2.(6 2.16 
-

50 158 124 

D 

2.92 

p.31.4 

0.54 

30. 7 

50. 3 

.998 
-­
492 

- --­·- ... -

.0128 
--·---­-----····· 

90-______ ,, ..... 

1.152 

--r------- - ,-----·---­-­· 
i 

H I 
. 

E F G 
------1 .oo ___I2.69 2o57 2.22 2 

·-·---·­
~22o0 116.9 101 . 9 92. 

---­r----I-­

0.75 0.93 1.25 1 40 
0 7 

-·- -­
3<j.7 47.0 60o7 'I1 .. 0 

41.2 ~-;.-o--:~~6T~-
-­---t-- ·---­····-·· -

0.7 

0.82 o.69--r-­200 153 
-----­·­ -- -·~--

.0134 .041 
· · ---·-- - -.,~- -· ... ....... .. - - -· 

96 98--­--­----·-·-­

3.01 4.02 

o .41 
-­- ­

~8 
- ----· - --­

. 071 
---·· . . 

90----­-·-· .. 

6.39 

Oo 
I 

21 i 
- -· ·- --1 

64 I 

I 
• 

·- .. 

099 I
! 
1 

90 I 
·-··· 

·"'b. 
;~ ' j 

--··· ·I 
.LO 

66____ ---~;; · · - ---~30--·r;~~ ---- -;­

·--····- ·­--··---·­------·- --­ --­---· --··-­----·--·-­ - --' --·-·· - . - · ···· -···-­ --l -­ - - ­ --­ -· . ­



92EXPERI MENT NUMBER IV 


Date: October 3,1968 


Tank Dimensions -. ·-width = 19.4 centimeters 

- Length = 48.7 centimeters 

··· Liq111d Depth = ,,_3 .8 centimeters 


Tank Volume = 13,000 cubic centimeters 


Flow Rate =424 cubic centimeters per second 


Theoretical detention time = 30.8 seconds 


I nput Sine Wave - peak = 113.9 ~pb = 3.13 millivolts 

- low = 26.7 ppb = 0.55 millivolts 


(refer to fluorometer calibration curve D ) 


Input Amplitude = 43.6 ppb 


TABLE II-6 

--·-1
1I ____T_E_s_T_N_~~rn_E_·R_I~---~-~--D-M~_1_~_Er_~_orI-~-·-~~------ J 


LRun Numb_e_r--------1---A--t--B--+---C-+-----r---- I 
(mv) 2.31 2.41 2.52 2.60 

Sine Wave Peak 2.8~--1------J 
(ppb) 86.2 89.6 93.0 96.o 104e5 I 

--+--·--f-----1----·-- ­1--··--- --·­
(mv) 1.40 1. 21) l.lb 1.12 0.85 

Sine Wave Low 

(ppb) 
 55.4 51.7 48.o 46.o 37. 5 ----,- ---·--· 

-----------------t----t---1-----1­ ---!-·---··-- - ---· 
Amplitude (ppb) 15.4 18.9 22.5 25.0 33.5 

.Amplitude Ratio 
----10.35 o.43 0.52 o. 57 0.77 

---1Sine Wave Period(sec) 1'7 .5 25 47 77 137 
I ------··- --­ .. - - --· .. ···'-----------------t---+--·-t------l-·- - ·--· -·-··--­

Sine Wave Frequency 

(radians/second) 
 0.36 0.25 .134 .082 .046 

- ·-·---------------.----- -- ----t---- -·---·-· - --··----· --·-. ····-·­····-· . 
- seconds 15 24 

t--·-1------i--·-·- -----··-- ·---- - ··-----·--···--· 
i'hase Angl e 

___________ ~ ::::~:: ~~~- -~-~-~--~;f_-~~1~===-L_ j/ 
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APPENDIX NUMBER III 


OUTPUT SINE WAVE CHARACTERISTICS 




--- ------ ---
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CO:tvIPARISO~ OF OUTPUT SIGNALS TO SINE FUNCTIO, 

Input Sine Wave = R = Ro sine wt 

Output Sine Wave = C ~ Co sine (wt + &) 

Where Ro =input sine wave amplitude (mill ivolts)
Co = output sine wave amplitude (millivol ts )
& =degrees of phase shift (negative angle) 
w = frequency (radians per second) 
t = time (seconds) 

TABLE III-1 

EXPERIMEN T I TEST II RUN B 

Ro =1.11 mv & = -.71 radians = -40o7 degrees
Co = 0.99 mv w = .014 radians/second 

11 t 11I Time wt + & Input Sine Wave Output Sine Wavewt 
degrees degrees Value C Value R I seconds 

,actual theoreticalI 
: 

0 0 -4o.7 o.o30 24.1 -16.6 o.4560 40.1 7.4 0.83 0. 1~ 0.1390 72.2 31.5 1.06 Oo52Oo50120 96.3 5506 0.821.10 0. 78 

I 150 120.3 79.6 0.96 Oe95 0.97100 14lt.4 103.7 Oo960.65 Oo97I 
I 210 168 .5 Oo 7t_;127.8 Oo800.22 
I 
i 240 192.5 151.8 -0.24 o. 50 Oa47I 270 I216.6 175. 9 OolO Oo07-0.66300 240.7 200.0 -Oo30 -0 .34-0. 97 I330 264.7 224.o -Oo64 I -Oo69 -1.11360 288.8 248.1 -O o 8~ I -0., 92-1.05390 312.,9 272.2 -0.96 -0.99-0. 81 420 336. S1 I296.2 -o.44 -0.85 - 0.39450 !361.0 0. 02 -O o63 -0 .63I 320.~430 305.1 344. -0.25 -0.27o.47510 409.1 

I 363.4 o.84 
I 
i 

I 

I 

0 . 15 I 
I 

O.J.L1­540 433.2 392.5 1.06 o. 51 o. 53 
I I I 
I II i 

I 
I' 

I 
I I 

i 
; 

tI i I 



---
---

--
--
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EXPERIHENT I TEST I mm c 

-
Ro 
Co 

= l.llmv 
= 0.9lm'7 

& = -.954- radians = - 54- .6 deg r e es 
w = .0159 radians/second 

TABLE III-2 


l 

II t II wt + &wtTime 
degreesdegreesseconds 

o.o0 

27.330 

60 51+.7 

82.090 

109.3120 

136. 'l1 50 

164.0130 

191.3210 

218.7240 

2l16.0270 

273.3300 

300.7330 

320.0360 

355. 3390 

420 302.7 

410.0450 

4-8c 437.3 

-54-.6 

-27.3 

o.o 

27.3 

54.7 

8Z.O 

109.3 

136 .7 

16L1- .0 

191.3 

218 .7 

246.0 

273.3 

300.7 

,328.o 

355.3 

382.7 

Out put Sine WaveInput Sine Wave 
Value CValue R 

theoret i cal - actual 

o.o 

o. 51 

0. 91 

1.10 

1.05 

0.76 

0.31 

- 0 .22 

-0. 69 

-1.01 

-1.08 

-0.95 

-0.59 

-0.09 

0.4-3 

o. 85 

1.08 

o.. o 

o. 43 

0 .77 

o . 88 

0 . 83 

o. 58 

0 . 21 

-0 . 22 

-0 . 62 

-0. 82 

-0. '07 

-0.75 

-o.Li-5 

-0.05 

0.3b 

I 

0 .. o 
L._•)0 <> I c_ 

0 

0 .. 90 

0 .86 

0 .. 62 

0 . 25 

-0 .10 

-0 • 57 

-0 . 63 

-0 .08 

-0 

- 0 0 40" 

-0 

0 .35 
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EXPERIHEl1! T II '.LE.S'I I R'J~ -: D 

~ 

-

Ro = 

,, 
v = 

wt 
degrees 

o.o 

35.5 

71.1 

106.6 

142.l 

178.2 

213.7 

249.3 

204.8 

320.3 

355 . 8 

_,~C:l/ .l+ 

426.9 

462. ~-

497. 9 

434.o 

969.6 

& ~=- ....2. 48 radians = -142° 

w = .0207 radians/second 

1.94 mv 

:... .42 mv 

TABL

wt + & 
degrees 

-142.l 

-106. 6 

- 71.1 

- 35.-5 

o.o 

35.5 

71.1 

106.6 

142.1 

178.2 

213.7 

249.3 

284. 8 

320.3 

35~~ . 8 

391.4 

426.9 

III-3 

Input Sine Wave 
Value R 

o.o 
1.13 

1. 84 

1.86 

1.19 

0.06 

-1.08 

-1.81 

-1.88 

-1.24 

-0.14 

1.01 

1.78 

1.90 

1.30 

0.20 

-0. 96 

Output Sine 1Wave 

Value c 


actual 
., 

theoretical 

--­
--­
--­
--­
o.o 
0.80 

1.33 

1.37 

0.90 

0.02 

-0.81 

-1.32 

-1.3~ 

-0.86 

-
-
-
-

o.o 
0.83 

1.31.i 

1. 36 

o.o4 

o. '/CJ 

1.33 

1 .. 37 

O.';O 

-0.06 

O. 7u 

1.35 

-0. j_() 

0.74 

1.31 

II t IITime 
seconds 

0 

30 

60 

';;0 

120 

150 

180 

210 

240 

270 

300 

330 

360 

3~ 0 

lt20 

450 

4uo 
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98 
EXPERE~Ei,; T II TBST II RUh D 

-
(JC·O Ho =1. 94 mv & = -1 . 55 radians = - ,. 

(, I, =- ~- . 06 mv w = .0207 radians/second 

'I'ABLE IiI - 4 

Outpu t Si1;.e HaveInput Sine Wc:..veII t II 
 wt + &wtTi ne 
... ..,.-. 

Ve. luG cValue Rde grees degrees second s 
the oret icalactual 

o.oo . o 0 - 88. 3 


30 
 1.1335.5 -53-3 
60 
 71 . 1 
 1.81+-17. 8 . 
90 
 106 . 6 
 1.8617. 8 o .3c c.32 


120 
 142 . 1 0 . '-~1 . 19 
 o.8553.3 
150 
 170 . 2 
 89 . 4 
 0.06 1.06
l.05 
130 
 213 . 7 
 124. 9 
 o. -;o 0. 07
-1.08 
210 
 249.3 160 . 4 
 -1.81 0.1+0 CJ. 30

/ 

21+0 284. 8 
 -1. 8 ... i
1S'6. o -0 . 2 
- 0. 25 

270 
 320.3 -1.24 -u. (} 3
231 . 5 
 -0 .. 83 

j00 355. 8 
 267 . 0 - 0.14 -1 .06
-1.05 
330 
 391 . 4 
 -0. ~; 71.013 02. 5 
 -0 .. t> C· 

/ 

360 
 426 . 9 
 1.78 -o.4o338 .1 -o.l+c 
3Si0 462 . 4 
 1.90 0.25
373 . 6 
 0.27 
420 
 497. s; 409 . 1 
 o.Bo1.30 o. G0 

. 

I 
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EXPERHlElJT I I I TEST I RUN A 

II t IITime 
seconds 

0 

60 

120 

180 

240 

300 

360 

420 

4,30 

540 

600 

660 

720 

760 

340 

900 

')60 

.1021 

j_C SO 

Ro 

~o 

wt 
degrees 

o.o 
25.2 

50.4 

75.1 

100.3 

125.5 

150.7 

175-9 

200.6 

225. 0 

251.0 

276.2 

301.4 

326.0 

351.2 

376 .5 

401 . 7 

426 . 9 

451.5 

= 1.19 mv 

= 1.11 mv 

TABLE 

wt + & 
degrees 

- :;o . 3 

-25.2 

o.o 
25.2 

50.4 

75.1 

100.3 

125.5 

1 50 . 7 

175.9 

200.6 

225.8 

251.0 

276.2 

301.4 

326.0 

351.2 

376 .5 

401.7 

& = -0.877 radians = -50° 

w = .0073 radians/second 

III-5 

Input Sine Wave 
Value R 

Output :oiine :·lave 
Value C 

l 
........----~-··-·· 

actual theoretical 
·---·-··· 

o.o 

o. 51 

0.92 o.o o.o 

1.15 0.50 o.4'7 

1.17 0. 75 o.86 

0.97 0.90 1.07 

0.58 1.05 1.09 

0.09 1. 00 o.:,o 
- O.l.i2 0.70 () .1;~

/ 

-0.85 0.20 (). 08 

-1.13 -0.30 -0. 3~' 

-1.18 -0.(0 -o. :3o 
-1.02 -0.'10 -1.05 

-0.67 -1.05 -1 .. 10 

- 0.18 -1.00 -0.• 95 

0.34 -0.70 -0.62 

0.79 - 0.20 -0. :i_7 

1 . 0~1 0.20 Ci_ . 32 

1.19 o.4~ () • '/l.r 



---
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I 


II t II
Time 
seconds 

0 

30 


60 


90 


120 


150 


180 


210 


24o 


270 


300 


330 


360 


390 


420 


Ho 

Cn 

wt 
degrees 

o.o 
36.7 

72.8 

109.4 

145.5 

182.2 

218.9 

255.0 

291.7 

327.8 

364.4 

400.5 

437.2 

473.9 

510.0 

= 1.19 mv 

= 1.05 rnv 

TABLE 

wt+ & 
degrees 

-123. 8 


- 87 .1 


- 51.0 


- 14.3 


21.8 

58.4 

95.1 

131.2 

167.9 

204.o 

240.7 

276.8 

313. l~ 

350.1 

3 ~6.2 

& = -2.16 radians = -124c 


w = .0212 radians/second 


III-6 


Output Sine WaveInput Sine Wave 
Value cValue H 

----...-- ---·­
theore ti cal 

() . 0 

actual 

0.71 

1.14 

1.12 

0.39o.67 0.35 

-0.05 o. 85 o.89 

1.05-0.75 1.03 

-1.15 0.73 0.79 

o. 2~~-1.11 0.30 


-0. Lt 3
-0.63 -o.45 

0.09 -0.90 -0. ';2 

-1. OL~0.77 -1.02 

1.16 -0.75 -0.76 

o.43 -0.20 -o.L; 

0.60 O.L:-5 o.l+6 

Mc~ASTER UNIV~RSITY LIBRARJ 
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EXP ERIMENT IV TEST I HUN E 

Ro = 1.29 mv & = -1.10 radians = -63° 

G:·, = l eOO mv w = .o46 radians/second 

TABLE III-7 

II t II wt wt + &'l'ime 
degrees degreess econds 

o.o -63.0 

15 

0 

-23.5 

30 79.1 16.o 

l+5 118.6 55.6 

60 158.1 95.1 

75 197.7 134.7 

90 237.2 174.2 

105 276. 8 213. 7 

120 316.3 253.3 

135 355. 8 292.8 

150 395.4 332.3 

165 434. 9 371.9 

39.5 

Input Sine Wave 
Value R 

o. o 

0. 02 

1. 27 

1.13 

o.4<3 

-0.39 

-1.08 

-1.28 

-0.89 

-0. 09 

0.75 

1. 24 

Outpu t Sine Wave 
Value c 

-·~ 

actual t heoretical 

--­ --­
--­ --­
0. 27 0. 23 

0. 62 o-33 

0. 62 U. 99 

o. 68 0. 71 

0.20 0.10 

- o. 3J -Oe 56 

- 0.82 -0.96 

-0. 92 -C.92 

-0.55 - 0. l+'l 

- 0. 08 -0. 21 
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APPENDIX NUMBER IV 


FLUOROMETER AND KINETIC CLAMP PUMP 


CALIBRATION CURVES 




ppb 

FL UOROMETER RS!i.DING (millivolts) 

3.0 
I 

FIGURE 1 2 

:b""'LUOROME'.:'ER CALIBP.ATICN 


H.S.Horneck 

September 24,1968 

=39.06 mv + 11.2 

ti-.o 

I 
J 
J

I 


j 
_I 

CURVE I·~ I 


j 
l 

I 

I 


-! 
I 


~ 
__,I 


I 

-...I 


I 

I 


-< 

I 

I 


I 

I 1--' ......, 0
I 
 VJI 


[_ _,____l I 

~ 



I 
' 

f 
Ir 

FIGURE 16 J 
I1280 

FLUOROMETER CALIBPATION CURVE B I 
-l 

H.S.Horneck 

September 26,1968
~240 1 

I 

I..._ -.0 ! 
p. 

'-JL200 p. 
/

I . :z: 
I 0 l 

E-i 

c.::; 
r H 

l 
[--. I\ ~160 
~ 

,_~,.... I 
~ 
0 ..... ~ _J 
,___, 

~) 
0 I 

120 ~ 
_i 

µ.~ ' I 
I0 Ippb = 4li-. 2: mv + 7.8 5 

-i ' 
Itso [--. 

~ 

I 

! 
I -i 

I 
~ 
I II 

l 
ILiro . j 

I F'LUORO:.:STZR PE.r~nn:G (millivolts) .JI 

I f--'r i 03.0 4.o 5.0l!O 2!0 +
l I I 1_j 



. . 

/ -j 
I 

I 
I 

FIGUFIB 17 __, 

FLUORONETER CfilIJ?.P.ATIOI·! CURVE - ~ I 
120 IH. S .Horneck I 

ISeptember 27,1968-.0 Jp. 
p......_, 


....,.

f'-4~ 1.00 
0 
H ......I 
E-« 

j~ 
80 ·Z 

E-i 
ppb =- 42.4 mv + 7.8 

!'.ii 
D ..t-;:...• 
0 

. D Ip:; .-..60 µ.~ I(.) I 
I 

i~ 
E-i I 

I 

.j 
I 

i 

I 
I 

I .I 
I 

! 
_iFL UOROMETEil READIIJG (millivolts) I 

I I-' 

.___._~_.____,~1_1~0~_.___._~_._~2~!0~_,____,_~_._~ ~_.__J~--'.__5_ 1~__.__ l_J '-.n3~ro~_.____.~_._~4~ro ~2__ ! 0 
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I 
: 

14o ~ 
I 
I 

J 
I 

120 
_j 

FIGUHE 18 ,..... ,_,,t- !.0 
p. FLUOROEETER CALIBRATION CUfil§...2. ;
p.

100 ..._, -1H.S.Horneckz I

0 October 3,1968 I 


_JH 

I
E-1 


80 E-t·-
~ 
· 1
~ 

C> ppb =33.8 mv + 8.1 I
t 
~ 

-

I 

~ 

_. 
~~ 60 1=<1 i


I 0 I 

I 
 s _J 

I 


p:; 
I 


I 


. 
I 
I 

: 
i 


20 
__.t-

I 


! .......
FLUOROMETER READING (millivolts) 1--' 

1 . 0 2.0 3.0 4.o )' .. 0 0 

I
I I I I L °' 


.
I 0 

C> 

~ 
E-t 

4o __.. 

I 
L -
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I 
I 
I 

r 
I 
I 
I 70 
I r-
I FIGURE 19! . ' 
I 60r KINETIC CLAHP Plli·IPI 

I 
t-	 ~I 	 ... 

L 
C> CPLIBRATION CURVE 
f;3 
~ .... H.S.Horneck~o 
2 September 1968 
, ·:..I r 	 1-1 
~ 
:~i 
,.:.,! 

r- h".v 
I 	 E-l
I 	 ~~ 
I 	 r.ilL 	 t) 

I 
I 	 :z 
I 	 µ:i Flow Rate =0.0082% Maximum Flow - 0.0038 

r..L 
I 

30 
I 

I 
:­

I 20I 

I 

~ 

J:::..o ~-
/ 

' / l<'LO',.J RATE (ml/sec) I 
! / 	 ?
~/ 	 1 6I ' 0 	 o.4 o.6 o.8 i.o 
, / ..______,__ _.__ __J_ 

0 ~ 

___.___....___,.____.._l_ __.__ __.__ _.___ _._I_ __.__ _.___-'--__,l.____..__ __.___ _.__..&.I_ __.__ _.__....____,! ---J 
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APPENDIX V 


MODELING 
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TABLE V-1 

MODELI NG 

EXPERIMENT I - NO MIXING PROVIDED 

MODEL 1 - residence time in CSTR (1'CSTR) = 36 •. 5 seconds 

- residence time in PFTR (IPFTR) = 22•.8 seconds 

w Wt CSTR w/ PFTR TOTAL AMPLITUDE 
(radLsec2 CSTR angle angle ANGLE RATIO~ 

.01 .365 -20.1 .228 - 13 - 33.1 . 94 

oO~ .730 -36.1 .456 - 26.1 - 62.2 .81 

.03 1.095 -47.6 .684 - 39.1 - 86.7 .675 

.o4 1.460 -55.6 .912 - 52.2 -107. 8 • 565 

.05 1.825 -61.3 l.14o - 65.2 -126.5 .48 

.06 2.190 -65.5 1.368 - 78.3 -143.8 .415 

.07 2.555 -68.6 1.596 - 91.3 -159 •. 9 .364 

.08 2.920 -71.lL 1.824 -104.4 -175. 5 .324 

.09 3.285 -73.0 2.052 -117.4 -190.4 .291 

.10 3.650 -74.7 2.280 -130.5 -205.2 .264 

CSTR =61.6% of total volume 
PFTR = 38.4% of total volume 
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TABLE V-2­

MODELING 


EXPERIMENT I - NO MIXING PROVIDED 


MODEL 2 - residence time in CSTR = 43 seconds 

- residence time in PFTR = 16.3 seconds 


w w7' CSTR Wt PFTR TOTAL AMPLI1'UDE 
(radLsec2 £§1'.B angle ~ angle ANGLE RATIO 

oOl .43 -23.3 .163 - 9.3 - 3206 .918 

.02 .86 -40.7 .326 -18.6 -59.3 .758 

.03 1.29 -52.2 .489 -28.0 -80.2 .614 

.o4 1.72 -59.8 .652 -37.3 -97.1 .502 

.05 2.15 -65.0 .815 -46.6 -111.6 .422 

.06 2.58 -68.8 .978 -56.o -124. 8 .362 

.07 3.01 -71.6 1.141 -65.0 -136.6 .316 

.08 3.44 -73.8 1.304 -74.2 -148.o .28 

.09 3.87 -75.5 1.467 -83.5 -159.0 .25 

.10 4.30 -76.9 1.630 -93.0 -169.9 .227 

CSTR = 72.5~ of total volume 

PFTR =27.5% of total volume 




111 

TABLE V-3 

MODELING 

EXPERH'iENT II - NO MIXING PROVIDED 

HODEL 3 - residence time in CSTR =57 seconds 

- residence time in PFTR =56.5 seconds 

w 
(rad/sec) 

w/
CSTR-

CSTR 
angle 

w '(
PFTR 

PFTR 
angle 

TOTAL 
ANGLE 

AMPLITUDE 
RATIO 

.01 .57 -29Q7 • 565 - 32.4 - 62.1 •'d 7 

.,02 1.14 -40.8 1.130 - 64Q8 -113. 6 .66 

.03 1.71 -59.7 1.695 - 9r;.o -156. 7 .506 

.ol+ 2.28 -66.3 2.260 -129.0 -195.3 .402 

.05 2.85 -70.7 2.825 -162.0 -232.7 .331 

.06 3. l;.2 -73.7 3.390 -191+. 0 -267Q7 .281 

.07 3.99 -75.9 3.955 -226.o -301.9 .244 

.08 4.56 -77.6 4.520 -258.o -335.6 .~4 

.09 5.13 -78.9 5.085 -290.0 -36().9 .191 

QlO 5.70 -80.1 5.650 -324.o -404.1 .173 

C0TR = 50.2% of total volume 

PFTR = 49.8% of total volume 
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TABLE V-4 

MODELING 

EXPEIUHENT II - NO MIXING P i~OVIDED 

MOD.hl. 4 	- residence time in first CSTR = 37 seconds 
- residence time in second CSTR = 30 seconds 
- residence time in PFTR ~ 42 seconds 
- total residence time reduced by 4.5 seconds 

due to dead space 

AMPL I 'I'UDE 
w 

(rad/sec) 
FIRST CSTR 
WT angle 

.S~COND CSTR 
_jf..J:_ angle 

w'/
PFTR 

PFTR 
angle 

TOTAL 
ANGLE 

HATIO 
first second 

.01 .37 -20.3 .30 -16. 7 .42 - 24 - 61.0 . 935 .96 

.02 .74 -36.5 .60 -31.0 .84 - 48 -115. 5 . 80 ' '6 . o 

.03 l.ll -48.o .90 -42.0 1.26 - 72 -162.0 .68 .74 

.o4 1.48 -56.o 1.20 -50 •.2 1.68 - 96 -202.2 • 56 .64 

.05 1.85 -61.6 1.50 -56.3 2.10 -120 -237.9 .48 • 56 

.06 2.22 -65.8 1.80 -61.0 2o52 -144 -270. S .41 .49 

.07 2.59 -6809 2.10 -64.5 2.94 -168 -301.4 .36 .43 

.08 2.96 -7lo3 2.. 4-0 -67.4 3.36 -192 -330.7 . 32 .305 

.09 3o33 -73·3 2o70 -69.7 3o78 -216 ~559.0 . 286 .347 

.10 3.70 -74.8 3 .. 00 -71.6 4.20 -241 -307.4­ • 261 .316 

j ' I '· __r­

-
First CSTR = 32.6/b of t otal volume 
~econd CSTR = 26.5% of total volume 

PFTR = 37.0'/o of total volume 
Dead Space = 3.9% Of total volume 
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TABLE V-5 


HODEL ING 


EXPERIMENT I - MIXING PROVIDED 

- residence time in CSTR =45.5 seconds 

- residence time in PFTR =13.8 seconds 

w/ CSTR wT PFTR TOTAL AMPLITUDE 
CSTR angle PFTR angle ANGLE RATIO 

MODEL 5 


w 
(radLsecl 


.01 


.02 


.03 


.o4 


.05 


.06 


.07 


.08 


.09 


.10 


.455 -24.5 .138 - 7.9 

.9l0 -42o3 .2(6 -15.8 

1.365 -53.8 •. 414 -23.7 

10820 -61.2 .552 -31.6 

2.275 -66.3 .690 -39.5 

2.730 -69.9 .828 -4·; .4 

3.185 -72.6 .966 -55-3 

3.64o -74.6 1.104 -63.2 

4.095 -76.3 1.242 -71.1 

4.550 -77.6 1.380 -'/9.0 

I 
CC) 

- 32.4 

- 58ol 

- 77.5 

- 92.8 

-105.8 

-117.3 

-127.9 

-137. 8 

-147.4 

-156.6 

CSTR = 76o7% of total volume 

PFTR = 23.3% of total volume 


. 91 

.74 

•59 

.4o2 

.4o3 

.344 

.30 

.265 

.237 

.215 



- -
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TABLE V-6 


MODELING 


EXPERIMENT I - MIXING PROVIDED 


HODEL 6 - residence time in CSTR = 41.7 seconds 


- residence time in PFTR =17.6 seconds 


w Wt CSTR wT .PFTR TOTAL AMPLITUDE 
(rad/sec) CSTR angle PFTR angle ANGLE RATIO 

.01 .417 -22.6 .176 - 10.1 - 32.7 .925 

.02 .834 -39.8 .352 - 20.2 - 60.0 .760 

.03 1.251 -51.4 .528 - 30.3 - tn.7 .625 

.o4 1.668 -59.0 .704 - l+o.4 - 99.4 .515 

.05 2.005 -64o4 .800 - 50.5 -114.9 .433 

.06 2.502 -68.2 1.056 - 60.5 -128.7 .372 

.07 2.919 -71.1 1.232 - 70.6 -141. 7 .325 

.os 3.336 -73.3 1.408 - cso.6 -153.9 .287 

• oc·7 3.753 -75.1 1.584 - 90.7 -165. 8 .25cs 

.10 4.170 -76.5 1.760 -101.0 -1'/'7. 5 .233 

CSTR = 70.3% of total volume 
fFTR = 29.7% of total volume 
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TABLE V-7 

MODELING 

EXPERIMENT II - MIXING PROVIDED 

:MODEL z 

w 
(radLsec2 


.01 


.02 


.03 


.ol+ 


.05 


.06 


.07 


.08 


.09 


.10 


- residence time in CSTR = 
- residence time in PFTR = 

w{ CSTR w ,- f F'TR 
Q§1'B angle EE!E angle 

.1:)7 -41.0 .265 - 15.2 

l.'/l+ -60.0 •530 - 30.l+ 

2.61 -69.0 .795 - 1+5.5 

3.lH) -74oO 1.060 - 60.7 

1+.35 -77.0 1"325 - 76.0 

5.22 -79.2 1.590 - 9lol 

6.09 -80.7 1.855 -106.2 

6.96 -81.8 2.120 -121.4 

7.83 -82.7 2.3~5 -13607 

I). 70 -83.4 2.650 -152.0 

b7 seconds 

26.5 seconds 

TOTAL Af'LPL I TUDE 
ANGLE RATIO 

- 56.2 .753 

- 90.l+ .l+B2 

-114. 5 .35 

-13l+o 7 .276 

-153.0 .225 

-170.3 .11:)9 

-186.9 .162 

-20302 .142 

-219.l+ .127 

-235.4 .114 

CSTR = 76.6% of total volume 

PFTR = 23.3% of total volume 
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TABLE V-8 

MODELING 

EXPERIMENT II -MIXING PROVIDED 

HODEL 8 	- residence time in CSTR =80 seconds 

- residence time in PFTR = 26.5 seconds 

- total residence time reduced by 


7 seconds due to dead space 

w w'T CSTR w'I r>~'TR TOTAL AM.t-'LITUDE 
(radLsec2 CSTR angle i!.IB angle ANGLE HATIO 

.01 .80 -38.6 .265 - 15.2 - 53.b .7'd 

.02 1.60 -5'd.O .530 - 30.4 - b (). 4 • 53 

.03 2.40 -6'/ .4 .7~5 - 45. 5 -112. l) .385 

.o4 3o20 -·12.6 10060 - 60.7 -133.3 029() 

.05 4.oo -·16.0 1.325 - 76.0 -152.0 • 242 

006 4.80 -7b.2 l.5<;10 - 9lol -16903 .204 

007 5.60 -79.() l.'d55 -106.2 -18600 .l'/6 

.O'd 6.40 -tn.1 20120 -121.4 -202.5 0154 

o0'3 7.20 -()2ol 2.3b5 -136.7 -218.8 .l3b 

.10 b.OO -82.9 2.650 -152.0 -234.7 .124 

I 

•I 	 ~---\ J 
I 

CSTR = 70. 5% of total volume 
PFTR = 23.3% of total volume 

Dead Space = 6.2% of total volume 
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TABLE V-9 

r,:ODELING 

EXP ERI!YlENT III - NO MIXING PROVIDED 

MODEL 9 	 - residence time in first CSTR = 22 seconds 
- residence time in second CSTR = 15 seconds 
- residence time in PFTR = 65 seconds 
- total residence time reduced by 7 seconds 

due to dead space 

w FIRST CSTR SECOND CSTR w'/ PFTR TOTAL AMPLITUDE 
(radLsecl w'/ angle JI.I.. angJ.~ m.B aru~l~ AI:J:G~E RATIO ­

first second 
.01 .22 -12.4 .15 - 8.5 .65 - 37.2 - 58 •. 1 .978 .99 

.02 .44 -23.8 .30 -16.7 1.30 - 74.5 -115 .916 .96 

.03 .66 -33.4 .45 -24.2 1.95 -112 -170 .835 .907 

.o4 .88 -41.4 .60 -31.0 2o60 -149 -221 .752 .858 

.05 1.10 -47.7 .75 -36.8 3.25 -186 -271 .672 .so 

.06 1.32 -52.8 .90 -42.0 3.90 -223 -318 .605 .744 

.07 1054 -57.0 1.05 -46.4 4o55 -260 -363 .545 .69 

.08 1.76 -60.4 1.20 -50.2 5.20 -298 -4o9 .494 .642 

.09 1.98 -63.2 1.35 -53-5 5.85 -335 · -~52 .451 .595 

.10 2.20 -65.5 1.50 -56.3 6.50 -372 -494 .!+14 .55 

i 

First CSTR =20.2% of total volume 
Second CSTR =13.7% of total volume 

PFTR =59.5% of total volume 
Dead Space = 6.6% of total volume 




