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ABSTRACT 

This dissertation demonstrates a useful new approach to the 

development of analytical techniques based on gas-solid chromatography 

and chromatographic processes in general. The fundamental idea is to 

treat the whole chromatographic system from sample input to computation 

of results as a means of producing information from chemical processes. 

An analysis from the point of view of the production and flow of informa

tion makes it apparent that there are many untried ways of producing 

information from chromatographic systems. 

A cross-correlation technique developed in this work is an 

example of a new chromatographic method resulting from this approach to 

chromatography. It is especially useful for gas-solid chromatography 

because it separates nonlinear effects from the linear chromatographic 

peak. Information about either linear or nonlinear behavior may be 

obtained without interferences from the other. This and other new tech

niques depend upon the generation of complex signals for input to the 

chromatographic column. A device for translating an electronic signal 

into a flowing gas stream concentration signal is described. 

To fully develop new chromatographic techniques such as these 

requires a better understanding of the mechanisms of chromatographic 

processes and how they are connected to observable results of experi

ments. The systematic study of these mechanisms is made possible by a 

discrete event computer simulation of chromatographic process. Both 
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nonequilibrium and nonlinear processes may be simulated using elementary 

adsorption and desorption events and simple adsorbent surface models. 

This simulation is useful in the testing of models whenever they are 

formulated in the course of chromatographic research and in relating 

formal theories of chromatography to experimental results. 

This information processing approach to chromatographic systems 

is made practical by the recent development of laboratory computers. 

But, much work remains to be done on the design of programming tech

niques and systems required to make effective use of them as integral 

parts of experimental methods. A new threaded programming technique and 

operating system supporting it are discussed. Besides being very effi

cient in computer time and memory space, this threaded programming tech

nique provides an excellent structure for communicating with a small 

computer in a chemical research laboratory environment. 



CHAPTER 1 

INTRODUCTION 

Chromatography is based on one very simple but powerful idea: If 

a substance spends part of its time in one phase and part in another, 

with transitions between them by whatever mechanism, and one of the 

phases is made to move relative to the other, then the substance will 

move in a manner determined by the transitions. The large variety of 

chromatographic methods currently in use are all based on this idea with 

variations in the types of phases employed, the mechanisms of transitions 

between phases, and the techniques for observing the chromatographic 

motion. 

Chromatography is usually considered to be a separation method, 

that is, different substances in a mixture are separated from each other 

by their differential rates of migration through the chromatographic 

medium. Chromatography may be used for separation, but it should not be 

though of only in that context. Except for preparative work and a few 

analytical techniques in which the separated fractions are collected for 

further analysis, the separation provided by the chromatographic process 

is just incidental to the experiment's real purpose, the collection of 

information. A chromatographic process applied in a different way might 

produce information without physically separating anything. Thus, 

chromatography should be viewed as a group of analytical techniques 

1 
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capable of producing information from molecular transitions between 

phases and not just as a separation method. 

If the properties of a chromatographic column are known, then the 

column can be used to separate mixtures of the kind for which it was 

designed, or more generally, to extract information about these unknown 

mixtures. Or, if the properties of the column itself are unknown, then 

the chromatographic technique can be used to extract information about 

the column by injecting known samples into it and observing the column's 

response. A chromatographic experiment can produce information about 

either the input to the column or the properties of the column itself, 

depending upon how the chemist chooses to interpret the data. 

The essential features of all chromatographic processes are a 

stationary phase, a mobile phase, and one or more substances which spend 

some time in each phase and whose flow characteristics are determined by 

transitions between the two phases. Information produced by chromato

graphic processes of all types is essentially information about transi

tions between the mobile and stationary phases. By moving molecules only 

when they are in the mobile phase, the chromatographic process transforms 

phase transition information into more measurable flow rate information. 

Most often, this flow rate information is presented as some kind of 

chromatogram which can only be interpreted empirically relative to a 

standardization experiment. But ultimately, it must be possible to 

relate it back to the basic transition processes between the two phases. 

If one process is known to predominate in a particular chromato

graphic experiment, for example, partitioning between two liquid phases, 
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then the information produced by the experiment can be interpreted in 

terms of that process to produce, for example, a partition equilibrium 

constant. Then, if it is known that the substance whose partition ratio 

has been determined is an element of a particular set, the identity of 

the substance may be determined. This example illustrates how informa

tion produced by a chromatographic process, the partition ratio, may be 

combined with outside information, the list of possibilities, to deduce 

results of a more specific nature. 

A chromatographic system, in addition to the medium in which the 

chromatographic process occurs, includes an input signal generator and an 

output signal detector. The input signal is usually some kind of distur

bance or change in the mobile phase as it enters the column, most 

commonly either an impulse or step change in mobile phase sample concen

tration, although other kinds of signals are potentially useful too. Any 

change in the chromatographic system, for example, programming the column 

temperature, may also be thought of as an input signal. The output 

signal is the measured response of the chromatographic system to the 

input signal disturbance as a function of time, mobile phase volume, or 

position. 

It is the relationship between the input and output signals which 

contains the information produced by the chromatographic system. Often 

the input signal generator is capable of generating only one kind of 

signal, such as a single inpulse of sample. Then, making the implicit 

assumption of this input signal, the output signal or chromatogram, can 

be taken to represent the information produced by the experiment. But, 
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without some knowledge of the input signal, it would not be possible to 

extract any information from a chromatogram. The cross-correlation tech

nique discussed in Chapter 2 most clearly illustrates this, but the 

principle applies to all chromatographic systems. 

In a qualitative analysis gas chromatography experiment, the 

identity of the substances is determined by comparing the retention times 

of the various substances in the unknown mixture with the retention times 

of known samples of the possible components. Whenever possible, the 

unknown and standard samples are run with the same chromatographic system 

under identical conditions, including identical input signals. The only 

desired difference in input signals between unknown and standard is in 

the input composition. Then any differences in the output signals, or 

chromatograms, must be due to differences in input composition and any 

similarities must be due to identical components or at least components 

with the same chemical behavior under the given experimental conditions. 

If identical chromatographic systems are not used for standards and 

unknowns, then additional information about the differences must be sup

plied in order to compare chromatograms and interpret the results. 

Chromatography, like all analytical chemistry methods, is funda

mentally a means for extracting useful information from a chemical pro

cess. Looking at it from the point of view of the flow of information 

from its basic chemical processes to the measurable results of experi

ments leads to a better understanding of the system as a whole. The 

distinguishing feature of this approach to chromatography is its emphasis 

on the production and processing of information. 
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The goal of this research and dissertation is to expand this way 

of thinking about chromatography developing the tools and knowledge 

necessary to create new analytical methods. Ultimately, this will result 

in new applications of chromatography capable of producing information 

faster, of better quality, or of kinds not previously available. 

Gas-Solid Chromatography 

A chromatographic technique to which this information approach 

may be profitably applied is gas-solid chromatography. In this variation 

of chromatography, the mobile phase is a gas and the stationary phase is 

the surface of a solid. A molecule is transferred from the mobile to the 

stationary phase by adsorption and returned from the stationary to the 

mobile phase by desorption. The properties of a gas-solid chromatography 

system are determined by the kinetics and thermodynamics of the adsorp

tion and desorption processes. 

Molecules are transferred between the gas and solid surface 

phases through adsorption and desorption so ultimately the uses of gas-

solid chromatography are determined by the characteristics of these pro

cesses. The fundamentals of adsorption processes are presented in an 

excellent book by deBoer (1). It is important to have a good qualitative 

understanding of the principles of adsorption processes in thinking about 

gas-solid chromatography. The quantitative aspects of the theory, how

ever, are usually not sufficient to accurately predict the behavior of a 

chromatographic system because of the large number of variables involved 

and the many complex interactions possible. 



Gas-solid or adsorption chromatography is currently one of the 

less used branches of chromatography. This is entirely due to the 

tremendous growth of the major branches, gas-liquid, liquid-liquid, and 

thin layer, rather than any lack of utility on the part of gas-solid 

chromatography. The growth in applications of chromatography in all its 

forms is continuing at a rapid rate (2-5). Further research into the 

basic principles of chromatographic processes is required to support 

this growth and open up new classes of analytical problems to chromato

graphic solutions. 

Ettre (6) has reviewed the early development of chromatography 

in general up to the first applications of gas-liquid chromatography to 

routine analysis problems. The original chromatography of Tswett and 

Varshav (7) was liquid-solid adsorption chromatography applied to the 

analysis of plant pigments. The first gas chromatography was gas-solid 

adsorption chromatography used for the analysis of gases and low boiling 

vapors (8-10). In 1941, Martin and Synge (11) developed gas-liquid 

chromatography and then, since no one else had tried it yet, in 1952 

James and Martin (12) developed gas-liquid chromatography. It was an 

immediate success and since then gas-solid chromatography has been rele

gated to a position of secondary importance. 

The original reason for ignoring gas-solid in favor of gas-liquid 

chromatography was the nonlinear adsorption isotherms which caused 

asymmetric peaks and poorer resolution. The development of extremely 

sensitive gas chromatographic detectors, such as the flame ionization 

detector, has solved this problem by permitting sample sizes to be 



reduced to the linear portions of.the isotherm. Still, gas-solid chroma

tography is largely ignored in comparison with its more well-known 

cousin. 

The imminent revival of gas-solid chromatography has been pre

dicted for quite some time because of its theoretical advantages over 

gas-liquid (13). These advantages include: lack of liquid phase bleed 

resulting in lower detection limits, greater selectivity based on overall 

molecular structure, and faster analysis due to more rapid mass exchange. 

But people prefer to continue using what they know and, in addition, gas-

liquid chromatography has been further developed, reducing the importance 

of gas-solid's theoretical advantages. Gas-solid chromatography is not 

likely to be able to compete directly in those applications where gas-

liquid is already well-established. If its unique capabilities are to be 

applied in analytical chemistry, it will be through new experimental 

methods giving it a range of applicability all its own. 

This dissertation is concerned most directly with gas-solid 

chromatography because it has not yet found as wide a range of applica

bility as its theoretical capabilities indicate is possible for it. New 

approaches are needed to make effective use of its advantages. The 

approach to thinking about chromatographic processes taken in this work 

is, however, generally applicable to chromatographic processes regardless 

of their underlying mechanisms and may be profitably employed in 

extending the range of applicability of chromatographic techniques in 

general. The chromatographic process itself is the major subject of this 

research. 
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Laboratory Computers 

This information approach to chromatography is, first of all, a 

way of thinking about analytical chemistry systems. A computer is not 

required for one to be able to use this approach. But, a computer is an 

information processing machine and, as such, fits naturally into many of 

the analytical methods derived from this approach to thinking about 

analytical chemistry. 

High-speed digital computers are a fairly recent development and 

applications for them in chemical research laboratories are even newer. 

As recently as 1967 a computer system actually installed in a chemistry 

laboratory and connected to analytical instruments was a very rare and 

expensive item. But about that time, smaller scale minicomputers with 

smaller scale prices first became available (14). The potential advan

tages of a computer physically present in the laboratory for automation 

of chemical instruments were obvious. Many researchers soon purchased 

their own laboratory computers and began producing papers reporting the 

automation of chromatographic and other analytical instruments (15,16). 

Several reviews of these initial laboratory computer applications were 

written soon after (17-20). 

The goal of most of this work was simply to automate existing 

instruments and analytical procedures, reducing the amount of labor 

required and, in some cases, improving the precision of the results. 

The basic principles of the analytical methods were not affected. Very 

soon almost everything, even pH meters, had been computerized by someone. 
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Now, the word "computer" is no longer prominently displayed in the title 

of every paper reporting on work in which a laboratory computer was used. 

The phenomenal growth in numbers and applications of laboratory 

computers has been made possible by the continued improvement in their 

capabilities and even greater improvement in their prices. It is now 

possible to buy a laboratory computer with computing power comparable to 

the ones first applied in analytical laboratories less than ten years ago 

for about one-tenth their cost. The exponential growth in the applica

tions of these computers has to end sometime, but it is not showing any 

sign of slowing down yet. Past predictions (21) have generally proved to 

be too conservative. 

Most laboratory computers have in the past and will continue for 

the foreseeable future to be used in automating already existing analyti

cal methods. Automation, however, is not the only possible use for 

computers in the laboratory. Making the computer a part of the analyti

cal instrument can give the instrument capabilities that it did not have 

before. The combination of instrument plus computer may be able to use 

methods and perform experiments which were not even possible without the 

computer. 

The computer's ability to process information quickly, effi

ciently, and precisely makes possible the use of analytical techniques in 

ways that are not possible for the human mind to follow in detail. The 

analytical technique of interest may produce data too rapidly or in too 

great a volume. Complex decisions may be required in too short a time. 

Extremely large numbers of calculations may be required to extract a 
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final result from the data. It might even be that the experiment 

requires too much patience in waiting for a critical event. Most likely, 

the computer would be required for several of these reasons simultane

ously. These capabilities of laboratory computers plus the advantages of 

simple automation are so valuable that computers are now being built 

directly into analytical instruments whenever the price of the instrument 

as a whole is sufficient to justify their cost. For example, almost all 

of the current models of general purpose research gas and liquid 

chromatographs from the major manufacturers include built-in 

microprocessors (22,23). 

Despite the importance of the capabilities outlined above, the 

key feature of a computer in the analytical chemistry laboratory is its 

programmability. Without a program, any computer is next to worthless. 

With a fixed program supplied by the instrument manufacturer, a computer 

may be able to do very sophisticated things and tremendously increase the 

capabilities of the instrument to which it is attached as well as reduce 

the cost of the instrument. But with a chemist-user supplied program, a 

computer can do much more. It becomes, essentially, an extension of the 

instrument user's own intelligence built into the instrument. The user 

is able to design experiments of his own using the full capabilities of 

the instrument. He is no longer limited by the intended purpose of the 

instrument and is able to create new experimental methods not even 

thought of by the original designers. Some of the newer computerized 

instruments have the beginnings of this kind of user programmability 
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built into their command and control languages (24) and, of course, 

general purpose laboratory computers were always user-programmable. 

The potential utility of a laboratory computer in the design of 

new experimental techniques for extracting information is very great. 

But, it remains just a potential utility until the chemist-user communi

cates his desires to it. Communicating with a computer, programming, is 

not a simple thing to do. The computer must be told exactly what it is 

supposed to do in all circumstances and it must be told in a language it 

can understand. A very large number of laboratory computer languages 

have been created to help solve the communications problem. Most of them 

fall into one of two categories depending on their degree of 

generality (25). 

In the first group are the minicomputer-based data systems as 

well as a large variety of dedicated computer controlled instruments. 

While these systems involve the use of a wide variety of hardware, they 

have in common the use of high-level command languages for user pro

gramming (24,26). In most cases, the manufacturer provides a large 

amount of specialized software (or firmware) which is available for use, 

but not for modification, by the chemist. The presence of specific com

mand languages makes these systems much easier to use in the laboratory. 

This ease of communication between the chemist and computer is made 

possible because the software limits the range of what can be said to 

only relevant topics, eliminating unneeded details. The outstanding 

advantage of such systems is the ease with which they may be installed 

and immediately used. 
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There are also some severe limitations to such specific language 

systems. The range of experiments which can be performed is defined by 

the software. In many cases, this represents a waste of resources since 

the computer and instrument are capable of doing many more things that 

are excluded by the specific software. In a research environment, this 

lack of flexibility could result in the purchase of additional hardware 

or the investment of considerable effort into developing replacement 

software (in the case of firmware systems, this option usually does not 

exist for the user). 

An important side effect is often an inhibition of the chemist's 

imagination in that the artificial boundaries imposed by the specific 

command language can become imconscious limits on the thinking of better 

approaches to the chemistry of the problems. 

The second general category of current systems is based on 

general purpose languages using general purpose computers (16,27) and 

offers some solutions to the above-mentioned problems. This approach can 

represent a more efficient use of hardware resources since a single 

computer system can perform a wide variety of different experiments on 

widely different instruments just by loading in different software. The 

flexibility of a given system is now limited by the chemist and his 

instrumentation rather than the software. A general purpose language 

does not guide a chemist into certain experimental techniques or 

approaches in the manner a specific language often does. 

A general purpose computer and language, however, do not provide 

a satisfactory solution to all the problems. In a low-level language, 
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the range of things which can be said is very wide but the number of 

instructions available to express them is limited. As a result, the user 

is forced to supply a lot of details. Programs of any complexity are 

difficult and time-consuming to implement, and after a program is working, 

previously hidden errors may show up or the program may need to be 

changed or extended to do some new experiments. Continued program main

tenance has, by experience, proven to be a serious problem. A change in 

programmers often leads to rewriting of old programs because of differ

ences in style allowed by the general nature of the language and the lack 

of readability of most general purpose languages. 

In recent years, there has been a vast improvement in the com

puter hardware available for use in analytical chemistry. Developments 

in software techniques, however, have not kept pace. The problem is that 

the means provided for communication between the computer and the chemist 

are most often not appropriate for describing the chemistry to be done. 

The solution is to develop software techniques which allow both the com

puter and the chemist to be addressed in languages appropriate to their 

functions. A second requirement in many cases is that the system must 

provide for chemist-chemist communication such that the second chemist 

can make effective use of and further develop software provided by the 

first chemist. Until significant improvements are made in communications 

between laboratory computers and the chemists trying to use them, many of 

the potential uses of computers in the chemical laboratory will remain 

unfulfilled. 



CHAPTER 2 

CHROMATOGRAPHY FROM A SIGNAL ANALYSIS POINT OF VIEW 

A chromatogram is the cime delay response of a chromatographic 

system disturbed by an input signal. By far the most commonly used input 

signals are the single concentration impulse and step functions as used 

in elution and frontal analysis chromatography, respectively. A large 

variety of other input signals and corresponding data transformation 

techniques have been proposed (28-33). In all of these, a more compli

cated signal is input to a chromatographic column and the resulting 

detector output is analyzed to obtain information about the chromato

graphic system. 

Cross Correlation 

Physical separation of molecules is not a requirement in most 

applications of chromatography. It is just incidental to the real pur

pose of the experiment which is obtaining information. If the total 

detector response is equal to the sum of the responses due to each indi

vidual molecule, then information contained in a complicated, overlapping 

output signal can be recovered by an appropriate mathematical transforma

tion such as cross correlation. Of course, the response of the chromato

graphic system to the given input signal must have some dependence on the 

property being measured. 

14 
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None of the more complicated input signal techniques have ever 

been used extensively. In most cases, considerable data processing is 

required to extract information from the output signal and the advantages 

of the new techniques are not worth the extra work. The increasing 

availability of laboratory computers is making the data processing prob

lems less important. But still, unless applications can be found that 

cannot be conveniently done using the standard chromatographic methods, 

none of these new techniques will ever be used very much. Two possible 

applications of the cross-correlation technique are in trace analysis as 

described by Smit (32) and in process stream analysis as described by 

Annino and Bullock (33). A third possible application of cross-

correlation chromatography is in studies of the kinetics and thermo

dynamics of adsorption in gas-solid chromatography. 

The cross correlation function can be defined by (34): 

T 
R ft) = lim (1/T) / x(t - T)y(t)dt (2.1) 
 ̂ T-*=° 0 

where x is the time delay and x and y are functions of time whose cross 

correlation is being calculated. The approximate cross-correlation func

tion actually evaluated in this work is: 

T 
RwCT,x) = (1/T) E 
 ̂ i=l 

y(t.) if x̂ -x) = 1 

0 if x(t̂ -x) = 0 
( 2 . 2 )  

where T is the number of data points taken during the experiment, y(t) is 

the value of the detector output signal at each data point, and x(t) = 1 
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if an injection occurred at data point t and x(t) =0 if not. It can be 

seen that the cross correlation is a time delay function related to the 

elution chromatogram for the system. If the values of the series x(t) 

are independent, i.e., injections occur at random points in time, and 

individual injections do not interact in the column, then the cross-

correlation function approaches the elution chromatogram as T increases. 

In the case of a short-period pseudorandom binary input signal as used by 

Smit (32) and Annino and Bullock (33), the elution chromatogram is recon

structed after exactly one period of the series. Any molecular interac

tions in the column which cause separate injections to be dependent will 

affect the cross-correlation function. The deviations between the elu

tion chromatogram and the cross correlation should contain information 

about the molecular interactions. 

Experimental 

The gas chromatographic apparatus has been previously described 

(35). The carrier gas was dry nitrogen. The sample was benzene or 

methyl cyclohexane. The column used was a 1/8-inch s.s. column, 11.7 cm 

long, packed with 100/120 mesh Durapak-n-octane. 

Data acquisition and experiment control were done using a 

Hewlett-Packard 2115A computer with 8K words of memory, an external clock 

interrupt at 100 Hz, and a digital voltmeter (HP 2401C). User-selected 

experimental parameters are the data acquisition rate, the number of data 

points in the experiment, the injection dead time, and the injection 

probability. The dead-time parameter is the amount of time after an 

injection that the program disables additional injections. It is 
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necessary because the gas sampling valve (Carle, Fullerton, California) 

cannot be reliably fired at a rate greater than about 2 Hz. The injec

tion probability is the probability that a sample is injected at any 

given data acquisition point, except during injection dead time. A deci

sion is made at each point by comparing the injection probability to a 

uniformly distributed random fraction generated from a linear congruen-

tial sequence. 

Data processing and interactive graphics were done using a 

Hewlett-Packard 2100A computer with 16K words of memory, a disc, and a 

Tektronix 4002A graphics terminal. The programs are written in HP 

assembly language and FORTRAN. 

Deconvolution 

The output signal which results from the input of a pseudorandom 

series of injections is shown in Figure 2.1. The small peak at the start 

of the chromatogram is the result of a single isolated injection. This 

single peak is included to illustrate the large number of injections in 

an experiment and the complete overlap of peaks in the output signal. 

The 400 seconds of output depicted in this figure are only a small part 

of an actual experiment which may last over two hours and involve over 

4,000 injections. The information about the chromatographic system which 

results from this large number of essentially repetitive experiments is 

totally obscured when presented in this form. Transformation of this 

signal by means of a cross correlation of the input and output signal as 

a function of delay time presents the information in a more meaningful 

and usable form. 



Raw Data for Cross Correlation 

400 

Figure 2.1 Example of output signal resulting from a pseudorandom 
series of injections. 

The isolated peak at the start of the chromatogram is the 
result of a single injection prior to the start of the 
series. 
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The cross correlation of the input and output signals as a func

tion of delay time for an ideal chromatographic system, i.e., a single 

retardation interaction, and a truly random injection of samples would 

result in an output showing a large correlation only at points corre

sponding to the retention time of the system and zero correlation at all 

other points. 

A series of samples was injected into an empty column in order to 

be able to differentiate between the correlation caused by chemical 

interactions and that caused by the local nonrandomness of the input sig

nal. The results of such a study are shown in Figure 2.2. Since there 

is no packing in the column, the major correlation results from delay 

time for an injection to flow through the column. There is also a small 

correlation at a very short delay time due to a pressure change which 

results from firing the sampling valve. The other small bumps and 

valleys along the baseline are not real correlations but rather are 

correlation noise caused by the local nonrandomness in the input signal. 

This local nonrandomness can result from either the particular pseudo

random sequence or from a nonrandom change in sample size. These local 

biases decrease in relative importance as the square root of the number 

of samples injected. It would take an unacceptably long time to inject a 

sufficiently large number of samples to assure randomness. In order to 

reduce the required number of injections, one can use a random binary 

sequence over a whole period of the sequence as done by Smit (32) and 

Annino and Bullock (33) since over a complete sequence the local 
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Cross Correlation of 

Benzene on Qnpty Column 

Sampling Rate - 10 

Injection Probability " .078125 

Injection Dead Time >• .3 

Number of Samples • 32767 

100 0 

Figure 2.2 A cross-correlation of a chromatographic experiment 
involving the injection of a series of benzene samples into 
an empty column 549 cm long with 2 mm i.d. 
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nonrandonmess is cancelled out, or eliminate the effect of the local non-

randomness in the cross correlation by deconvolution. 

The approach used in this work has been to remove the correlation 

noise through a deconvolution procedure using the Fourier transforms of 

the auto-correlation function of the input and the cross-correlation 

function of the input and output (34). The auto-correlation function of 

the input is given as Rxx and the Fourier transform by FT: 

T 
R (T,x) = Q/T) Z x(t. - x)x(t.) 

AA X"1 

(2.3) 

FT[h(x) ] = FTtR̂ T.Ol/FTtR̂ T)] 

The result of dividing the Fourier transform of the cross-correlation 

function by the Fourier transform of the input auto-correlation function 

is the Fourier transform of a linear chromatographic system's impulse 

response. The impulse response or elution chromatogram can be recovered 

by computing the inverse Fourier transform. Figure 2.3 shows the 

result of this deconvolution procedure on the empty column cross-

correlation experiment shown in Figure 2.2. It can be seen that the only 

correlation, other than the pressure spike, occurs at the retention time 

of the system. 

This deconvolution approach to eliminating the correlation noise 

offers a much greater flexibility in the choice of the input signal than 

the use of a particular sequence whose entire period must be used. Any 

part of a sufficiently random signal could be used so that the 
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Cross Correlation of 

Benzene on Empty Column 

Sampling Rate » 10 

Injection Probability • .078125 

Injection Dead Time = .3 

Number of Samples • 32767 

100 

Figure 2.3 Result of the deconvolution of the cross-correlation shown 
in Figure 2.2. 
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experimenter is not limited to a specific number of samples. In addition 

to greater convenience, this allows the input signal to be intentionally-

biased to emphasize special effects such as nonlinear chromatographic 

behavior without introducing undesirable correlation noise. 

Sample Size Dependence 

Given this approach to differentiate between correlation noise 

and correlations which are related to the chromatographic system, a 

series of experiments were carried out using a gas-solid chromatographic 

column. The results of these experiments are shown in Figure 2.4. 

The size of the sample injected increased by about a factor of 

three for each cross correlation from A to E. Over almost two orders of 

magnitude the shape of the major correlation peak remained almost con

stant. A normal elution chromatogram would be developing a significant 

skewness at the larger samples sizes on this column. But cross correla

tions A and E, after being adjusted for differences in peak height, are 

almost exactly superimposable in their main peaks. The baseline irregu

larities are not correlation noise caused by nonrandom input since these 

cross correlations have been corrected for that effect nor are they 

caused by a changing input sample size as explained by Annino and Bullock 

(33) since the empty column was shown not to have these correlations. 

A similar sample size study involving conventional single impulse 

inputs of these samples shows the shift in the peak maximum position for 

the largest sample CE) and the skewness normally attributed to nonlinear 

chromatographic behavior. This nonlinearity is generally considered to 

be the result of the presence of more than one type of adsorption site on 
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DATA ACQUISITION RATE 3.333 Hz 
NUMBER OF DATA POINTS 16384 
INJECTION DEAD TIME 0.333 sec. 
INJECTION PROBABILITY 0.2S 
INJECTION DEAD TIME 0.333 sec. 
INJECTION PROBABILITY 0.2S 

Figure 2.4 Results of the deconvoluted cross-correlation of a series of 
benzene samples (A-*-E). 

Sample size of the benzene increases (A-*E) by approximately 
a factor of three. Column was 11.7 cm long, 2 mm i.d. 
stainless steel packed with 80/100 mesh Durapak-n-octane. 
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the adsorbent surface and competition between molecules for the sites. 

The results of the cross correlation show that the position of the peak 

maximum is essentially independent of the sample size. The shape of the 

peak of maximum correlation is also essentially independent of the sample 

size. As the samples become larger, there is a decrease in the total 

area of the major correlation peak and the development of significant 

peaks and valleys at times other than that corresponding to the retention 

time. These additional times of positive and negative correlation would 

appear to result from the competition of the sample molecules for a 

limited number of available sites. As the sample size increases, mole

cules from separate injections begin to interfere with each other. 

The cross correlation shown in Figure 2.5 resulted from a series 

of samples whose sizes were about an order of magnitude larger than the 

largest sample shown in Figure 2.4. At this sample size, the column was 

very much overloaded. A single injection gave a peak with a sharp front 

and a very long tail. 

The presence of sample-size-dependent correlations at retention 

times other than the main peak indicates nonlinear behavior in the 

chromatographic system. These additional correlations may be useful in 

extracting information about the nonlinear behavior. They are easier to 

quantitate than poorly defined tails on skewed peaks and the main peak 

remains well defined. 
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20 Hz 
30000 
2.0 sec. 
0.015625 
10 ol/min 
102 C 

DATA ACQUISITION RATE 
NUMBER OF DATA POINTS 
INJECTION DEAD TIME 
INJECTION PROBABILITY 
CARRIER FLOW RATE 
TEMPERATURE 

DATA ACQUISITION RATE 20 Hz 
NUMBER OF DATA POINTS 30000 
INJECTION DEAD TIME 2.0 sec. 
INJECTION PROBABILITY 0.015625 
CARRIER FLOW RATE 10 ml/min 
TEMPERATURE 102 C 

Figure 2.5 Results of the deconvoluted cross-correlation of a series of 
methyleyelohexane samples on the Durapak-n-octane column. 

The sample size is approximately an order of magnitude 
greater than the largest sample shown in Figure 2.4. 
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Conclusion 

The use of the cross correlation of a pseudorandom series of 

injections has been shown to be a potentially powerful means of studying 

gas-solid interactions. The deconvolution of the cross correlation by 

means of the Fourier transforms of the cross correlation and the auto

correlation of the injection series allows a much wider variety of input 

series to be used. This will greatly facilitate the further use of cross 

correlation in such experiments. 

Generation of a Flowing Gas Concentration Signal 

A single injection input to a chromatographic column is not the 

only kind of input signal which may be useful in chromatographic experi

ments. It is just the simplest and by far the most widely used input 

signal whether generated by syringe or any one of a variety of mechanical 

sampling valves. A large number of other input signals may be of value 

I 
in new kinds of chromatographic methods. Reilley et al. (28) proposed 

several different input signals for chromatographic columns but experi

mented only with variations of the single impulse and step signals 

because no general signal transducer was available to them. Hiratsuka 

and Ichikawa (29) succeeded in inputting a sinusoidal signal to a chro

matographic column by switching back and forth between two streams of 

different concentration and then attenuating all but the fundamental fre

quency in a large dead volume. Pseudorandom signals required for cross 

correlation chromatography (32,33,36) can be generated using a mechanical 

sampling valve of the type designed for single injections and firing it 
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repeatedly under the control of a computer-programmed, pseudorandom 

number generator. 

In all of the above examples, some means is required to generate 

flowing gas stream concentration change signals more complex than the 

easy-to-generate single impulse or step change signals. This general 

problem has not yet been solved and a solution for it would make many new 

and potentially useful chromatographic techniques involving complex input 

signals practical. 

It is possible to generate more complex chromatographic input 

signals by overlapping large numbers of single injections using a mechani

cal sampling valve. However, after a few thousand injections, valves 

with mechanical seals tend to break down as the seals wear out and have 

to be replaced. Also, some valves of this type are not 100% reliable. 

For example, a gas pressure-activated Carle valve used for cross correla

tion experiments would occasionally jam and miss an injection. This is 

not a serious problem for single injection chromatography because it does 

not happen very often and when it does the consequences are obvious. 

But, for cross correlation experiments with hundreds or thousands of 

injections, misfiring on a few percent of the injections can ruin the 

results. Thus, it was necessary in all of these ejqperiments done using 

the Carle injection valve to tune up and test the valve before each 

experiment and watch it during the experiment. 

The second major limitation of mechanical gas sampling valves is 

their slow cycle time. For the Carle valve, the maximum reliable firing 

rate is about 2 Hz and the actual time of an injection is probably not 
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accurate to better than 0.1 second. The frequencies contained in signals 

produced by combining individual injections must be less than this. 

Cross-correlation experiments with a thousand or more injections can take 

hours to run. Some potentially interesting experiments using short 

retention time columns (less than about 30 seconds) cannot be run at all. 

It is probably possible to build a mechanical valve that can move 

considerably faster than the Carle valve used previously. However, just 

moving faster is not enough; if the concentration signal produced by an 

individual injection does not contain frequency components at least as 

high as the maximum injection frequency, then multiple injections will 

merge, resulting in no concentration signal at the higher frequencies. 

The extra speed is then of no value. As the speed of a valve is 

increased, more attention must be given to dead volume and mixing since 

they ultimately limit the high-frequency response of any concentration 

signal transducer. 

Some mechanical valves designed for chromatographic work are 

advertised as having "zero" dead volume. Of course, the internal volume 

of the valve is not really zero. What is really meant by this statement 

is that the internal volume is the same as an equivalent length of con

necting tubing. The mixing produced by firing the valve may be a more 

serious limitation and it is usually ignored. All of these valves work 

by sliding some kind of mechanical seal to open and close passageways for 

carrier and sample gas. When the valve is fired, the uniformly flowing 

gases are interrupted for a short period of time as the seal moves. 

Locally, the pressure and flow rates must change drastically. After the 
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valve has been fired, it will take some additional time for the gas flows 

to stabilize again. Thus, the system is disturbed for at least as long 

as it takes to fire the valve. These kinds of disturbances will result 

in turbulent gas flow and, in some designs, reversed gas flow for a 

period of time inversely related to the maximum switching frequency of 

the valve. How the turbulent mixing is affected by these disturbances to 

the gas flow is very difficult to work out in detail, but there must be 

some turbulent mixing over the period of the sampling valve firing and it 

will limit the frequency response of the sampling system to something 

less than the maximum switching frequency of. the valve. 

A new kind of high-speed gas injection valve is needed for cross 

correlation experiments and complex input signal chromatography in 

general. The minimum requirements for such a valve are that it be sig

nificantly faster and more reliable than the commercially available 

valves and be able to generate a suitably random input signal under the 

control of the computer. Any design using a mechanical seal is not 

likely to be successful because of the breakdown problem and limitations 

in sampling frequency. 

Wade and Cram (37) built a fluidics gas injection valve using 

commercially available components. Fluidics is analogous to electronics 

except instead of electrons flowing through conductors, gases are flowing 

through holes (38,39). Analogous components (e.g., resistors, capaci

tors, diodes, etc.) can be combined to make fluidic circuits. It is 

fairly easy to design a device which on command injects a sample of one 

gas stream into another. However, the situation is not quite as simple 
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as it seems. Fluidics components are not as well-behaved as electronics 

and often do not work exactly as expected. Most commonly they are 

designed for use with compressed air at 5 psi. With other gases and 

pressures, problems arise and extra components have to be added to fix 

them. Even then a fluidics circuit is delicate and somewhat difficult 

to use. 

Some of the problems with fluidics could be solved by redesigning 

the components to work under the conditions expected at the head of a gas 

chromatography column. This would be difficult to do because the theory 

of turbulent gas flow through small holes can be quite complex (40). It 

would be even worse if the valve has to be designed to work under various 

conditions of pressure and flow rate with different columns. 

System Design 

A new kind of gas injection valve has been built using a liquid 

seal. The liquid is mercury which, in the form of small drops, makes a 

moveable seal inside a thin Teflon tube. The mercury drops are con

trolled by an external magnetic field and an electric current flowing 

through the drops, as illustrated in Figure 2.6. 

This device is essentially a linear direct current motor and, 

like all electric motors, is based on the principle that a force can be 

generated through the interaction of a magnetic field and an electric 

current (41). 

F = ltxt (2.4) 



P = Z n i B  
rrr  

Figure 2.6 Gas injection valve with mercury drops controlled by an 
external magnetic field and an electric current flowing 
through the drops. 



In the above equation, the force, F, generated between the magnetic field 

and the current is equal to the cross product of the current, i, and the 

magnetic field, B, times the length of the conductor in the magnetic 

field. 

The current flows across the diameter of the tube, a distance of 

twice the radius, r, at a right angle to the magnetic field. Therefore, 

the force generated on each mercury drop in the direction of flow is 

given by equation (2.5): 

F = 2riB (2.5) 

Pressure is defined to be force per unit area or 

P = F/irr2 (2.6) 

If there are n drops of mercury inside the magnetic field simultaneously 

each carrying the same current, then the total pressure generated by the 

valve is 

P = 2niB/frr (2.7) 

Devices based on these principles have been previously used to 

pump liquid metals, particularly in liquid-metal-cooled nuclear reactors 

(42,43). Of course, pumps for this application are much larger and are 

of little value in designing a small laboratory device like this injec

tion valve. Smaller scale electromagnetic liquid metal pumps have been 

applied to research studies of the reactions of alkali metals (44-46). 

In this application, a pump is needed to produce a stream of liquid metal 
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with a fresh surface to react with a gas. Panholzer (47) has reviewed 

the various types of electromagnetic pumps and the principles of their 

operation. 

The electric current can be varied to change the pressure, 

causing the mercury drops to move in the tube. Thus, the mercury drops 

form easily controlled moveable seals between small samples of gas. 

The samples of gas between the mercury drops are to be injected 

into a chromatographic column as the input signal for a cross correlation 

or other complex input signal experiment. It is required that the 

samples be uniform in size in order to produce a controllable and repro

ducible signal. The mercury drops should also be uniform in size so that 

the number of them in the magnetic field will remain constant. 

A very simple but effective way to produce uniform mercury drops 

and gas samples is to combine the two uniformly flowing streams in a tee 

connection. The relative sizes of the samples and drops is determined by 

the relative flow rates of gas and mercury. Within limits set by the 

viscosity and surface tension of mercury, the size of the drops is deter

mined by the internal diameter of the tee connection. 

The only significant problem with this technique of producing 

uniform samples is in maintaining constant flow rates for the gas and 

mercury streams. A commercially available flow controller helps on the 

gas stream, but because of the compressibility of the gas, any signifi 

cant volume between the flow controller and the tee can cause short-term 

instability if the pressure at the tee should change. Therefore, tubing 
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connecting the flow controller to the tee should be kept short and the 

pressure at the tee should be kept as constant as possible. 

The mercury stream flow rate can be kept constant by putting it 

under fairly high pressure and placing a restriction in the line just 

before the tee. The flow rate is then mostly determined by the restric

tion. Any other effects such as a small change in pressure at the tee 

will make little difference in the flow rate. 

The tee connection produces samples at a constant rate, but in 

order to produce a signal they must be injected into the column at a 

variable rate. The tee cannot be connected directly to the magnet 

because the pressure changes at the magnet inlet caused by the varying 

current signal would adversely affect sample size uniformity without 

achieving the desired variation in sample injection rate. The solution 

to this problem is to provide a buffer between the tee connection and the 

magnet so that the uniform rate of sample production can be matched to 

the average rate of sample consumption. A length of Teflon tubing con

necting them together will act as a buffer, saving up samples until 

needed, or alternately as a filter, damping out high-frequency pressure 

changes before they can reach the tee. The gas samples in the tube are 

compressible so they have a capacitance, while the moving mercury drops 

have a frictional resistance, resulting in a damping effect analogous to 

an electronic RC filter. 

The gas sample stream as it enters the tee connection is composed 

of carrier gas for the chromatographic experiment with a small concentra

tion of a sample substance. The simplest way to get a constant low 



concentration in a constantly flowing stream is with a gas diffusion cell 

(48). For this sampling valve, it must be placed in the line before the 

flow controller because of the need to limit the volume between the flow 

controller and the tee connection. The upstream side of the flow con

troller must be under higher pressure (about 100 psi) for the flow con

troller to work properly. At this high pressure, adjustment of the 

sample level in the capillary tube by means of a stopcock and squeeze 

bulb as in Savitsky and Siggia (48) is not feasible. For reliable opera

tion, the whole diffusion cell must be tightly sealed at the operating 

pressure. Sample size is determined by the gas flow rate, the tempera

ture, and the level of the sample in the capillary. 

After a sample leaves the magnet, it must be separated from the 

mercury drop preceding it and be injected into the carrier gas stream 

flowing into the chromatographic column. This can be done using the 

device shown in Figure 2.7. The gas-mercury drop stream enters the 

device through a stainless steel tube at the top. The stream passes 

through the tube into a small mercury reservoir at the bottom. The 

mercury in this reservoir is under a small pressure relative to the sur

rounding gas because the mercury exit is at a higher level than the 

reservoir. Carrier gas for the chromatographic column flows from the 

surrounding volume, through the device, and out through a connecting 

tube. The sample gas is injected into the carrier stream by flowing 

through a snug, but not gas-tight connection between the outside of a 

piece of Teflon tubing slipped over the stainless steel entrance tube and 

a hole drilled in the polyethylene body of the device. The slight 
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Li Li LJ 

f r o n t  side 

Figure 2.7 Device for separation of sample from mercury. 

1) mercury gas stream inlet, 2) carrier output to column, 
3) carrier gas inlet, 4) mercury reservoir outlet, 
5) mercury reservoir, and 6) mercury gas separation tube. 



pressure in the mercury reservoir forces any gas samples which enter it 

to leak out into the carrier stream flowing by. The surface tension of 

mercury is sufficient to keep it from leaking through into the carrier. 

Mercury drops entering the reservoir simply displace an equal volume of 

mercury which falls out of the reservoir exit hole and accumulates at the 

bottom of the 500 ml flask from which it can be removed periodically 

through a drainage tube for recycling. It is important that the pressure 

remain constant inside this chamber in order to maintain a constant flow 

rate through the chromatographic column. 

It is not required that the computer control each individual 

injection of the input signal for a cross-correlation chromatography 

experiment. It is only necessary that the signal be sufficiently random 

and that the computer knows what it is. The requirements can be 

satisfied by providing the computer with a single input line which 

causes an interrupt every time a gas sample flows by and with a digital-

to-analog converter controlling the current through the mercury drops. 

The computer then can generate a signal and note the time at which each 

injection occurs. 

When operated in this fashion, the valve behaves more like a 

general signal transducer than an injective valve. It takes an elec

tronic signal supplied by the computer and makes a copy of it as a con

centration signal in a flowing gas stream. If the individual gas samples 

come fast enough, then they merge together to make a continuous signal 

proportional to the rate of injection. 
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The actual signal input to the column, as measured by the rate of 

sample injection, will not be the same as the signal sent to the injec

tion valve by the computer. The valve is a signal transducer which acts 

like a band pass filter whose low-frequency cutoff is determined by the 

limited capacity of the buffer tubing between the tee and the magnet and 

high-frequency cutoff by the dead volume of the injection section and 

connecting tubing. No frequencies higher than the dead volume cutoff 

will make it into the column and the computer should not attempt to 

generate any frequencies too low or else they will get through the buffer 

tubing and cause changes in sample drop size. 

System Construction 

An overall diagram of the high-speed gas injection valve is given 

in Figures 2.8-2.10. The various parts of the valve have evolved from 

numerous earlier versions and further improvements could be made. Its 

construction is most naturally divided into three sections: the drop 

maker, the linear DC motor, and the injector. 

The drop maker section, shown in Figure 2.8, includes the con

stant flow sample stream, constant flow mercury stream, tee connection, 

and buffer tubing. It produces uniform samples of gas separated by mer

cury and delivers them to the magnet section on demand, but at an average 

rate equal to the rate of production. 

From the pressure regulator on the gas supply cylinder, the pure 

sample carrier gas flows to a diffusion cell for the introduction of a 

low concentration of whatever the sample substance is to be. The diffu

sion cell, shown in Figure 2.8, is made of 1/4 inch 0D glass tubing about 
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Figure 2.8 Drop maker section of high speed gas injection valve. 

1) mercury reservoir, 2) carrier gas source, 3) sample 
introduction cell, 4) flow controller, 5) tee junction, 
6) stopcock, 7) mercury restrictor, 8) coiled buffer tube, 
and 9) outlet to dc motor. 
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Figure 2.9 Linear DC motor of high speed gas injection valve. 

1) magnet pole, 2) Teflon tube with copper wire, 35 inlet 
from mercury gas sampler, 4) outlet to mercury gas 
separator, 5) phototransistor, 6) light emitting diode, 
7) interrupt line to computer, and 8) computer controlled 
power supply. 
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Figure 2.10 Injector of high speed gas injection valve. 

1) inlet from linear DC motor, 2) outlet to chromatographic 
column, 3) stopcock, 4) mercury drain, 5) gas mercury-
separator, and 6) carrier gas inlet. 



43 

15 cm long connected at each end to 1/8 inch OD copper tubing with Teflon 

swaglock connectors. Suspended inside by a small plug of glass wool is 

an ordinary melting point determination glass capillary tube with a 

liquid sample. The liquid level in the capillary determines the sample 

size. From the diffusion cell, the gas plus sample flows through the 

flow controller (Brooks) to the tee connector. 

The mercury supply is kept in a leveling bulb suspended on a 

tower about 2 m above the table. The mercury flows through a thick-

walled Teflon tube to a stopcock (Hamilton) mounted just below the level 

of the tee connector. Thick-walled tubing was used here to reduce the 

chances of a disastrous mercury leak. From the stopcock, the mercury 

flows through a restrictor to the tee connector. A piece of copper wire 

about 2 cm long fitted snugly inside the Teflon tube carrying the mercury 

makes an excellent restrictor. 

The tee connector is made from a small block of Teflon with the 

tee drilled inside it. The holes are 1/16 inch diameter which is about 

the same as the inside diameter of the Teflon buffer tubing. Connections 

are made to the three branches of the tee by pushing snug-fitting 1/16 

inch OD stainless steel tubing into the holes and then applying epoxy to 

the outside around the holes for extra strength. The mercury line is 

connected to the downward pointing branch of the tee so that it will flow 

up to and be swept into the gas stream. It is important that all air 

bubbles be removed from the mercury stream between the restrictor and 

tee. The mercury inlet and the drop outlet branches of the tee connect 

to Teflon tubing by slipping the tubes over the 1/16 inch stainless steel 



tubing connectors and sealing the connection with heat shrink tubing. 

The buffer tube is made of a piece of 1/16 inch ID thick-walled Teflon 

tubing about 310 cm long wrapped around a 15 cm diameter cylinder. Gas 

samples separated by mercury drops flow into the tube at a constant rate 

at one end and flow out at a variable rate controlled by the signal from 

the computer at the other end. High-frequency fluctuations in flow rate 

are damped out by the buffer capacity of the tube before they reach the 

tee connection. 

The detailed behavior of the buffer is quite complex. First, 

there is a pressure drop along it caused by the frictional resistance to 

flow of the mercury drops against the Teflon tube walls. Because of the 

pressure difference, the volume of the gas samples is larger at the low-

pressure magnet end of the tube than at the tee connection. And, because 

of the larger volume of gas at the magnet end of the buffer tube, the 

mercury drops and gas samples must flow through the tube faster. But, 

above a certain speed, the mercury drops can suddenly break loose from 

the tube walls. This greatly reduces their frictional resistance so that 

more mercury drops move faster until they also reach the critical speed 

and break loose. The process can continue until the whole buffer tube 

full of drops becomes unstable with disastrous results for any experiment 

in progress. There is an upper limit in sample flow rate which should 

not be exceeded at any time. At the tee connection end of the buffer 

tube, the gas samples are compressed into a small volume by the pressure 

drop along the tube. This creates a problem for the gas flow controller 

which works best at a moderate flow rate. Also, at even lower flow 
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rates, the gas bubbles between mercury drops would become too small for 

stability. 

It is tempting to improve the low-frequency response of the valve 

by increasing the length of the buffer tube since the buffering capacity 

is proportional to the square of its length. But to do so, either the 

gas volume and flow rate at the magnet end of the tube must be increased, 

or the gas volume and flow rate through the flow controller must be 

decreased. There are limits on both ends so, with the presently avail

able equipment, the buffer tube length could be increased only a moderate 

amount. 

Mercury drops flowing through a Teflon tube are excellent static 

electricity generators. If nothing is done to control this static, then 

sparking will occur among the mercury drops and between the tube and out

side metal objects. This causes very erratic buffer tube behavior and 

may even disrupt the computer's electronics. The solution is to use a 

grounded metal cylinder (a large coffee can is about right) to wrap the 

Teflon buffer tube around. Even with this, however, there may still be a 

spark when the mercury flow is first turned on, especially if the mercury 

is turned on before the sample gas, producing a very long first drop. 

The linear DC motor section, as shown in Figure 2.9, contains the 

electromagnet, the tube to make electrical contact with the mercury 

drops, power supplies, and computer interface electronics. It accepts an 

input signal from the computer and uses it to control the rate at which 

gas samples pass through. Each sample passing through generates an 

interrupt signal which is returned to the computer. 
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The sample stream passes through the magnet inside a thin-walled 

Teflon tube 1/16 inch OD, which is strung with 36 gauge copper wire to 

make electrical contact with the mercury drops. The outside of the tube 

is coated with a layer of epoxy to seal holes made for the copper wire to 

enter the tube. The epoxy is allowed to harden inside the magnet so that 

its shape will conform to the shape of the magnet poles, providing a 

stable support for the tube. 

The copper wire is sewn through holes in the Teflon tube in the 

pattern illustrated by Figure 2.11. There are actually two wires, one 

for each side of the tube, which together form a circle of copper tightly 

pressed against the inside of the Teflon tube. Outside the tube, the 

wires return to the other side of the tube to re-enter it and make 

another circle of copper 0.200 inch down the tube. The pattern is 

repeated 24 times along the whole length of the tube between the magnet 

poles. 

As can be seen in Figure 2.11, a current passing through the 

copper wires will repeatedly cross through the tube in the same direc

tion. The average current inside the tube crosses the tube at right 

angles to the magnetic field B. According to equation C2.4), this will 

produce a net force at right angles to both the average current and the 

magnetic field, that is, along the length of the tube. The wires are 

firmly attached to the tube, which is attached to the magnet so no move

ment can result from the force on the current in the wires. However, if 

a mercury drop is in contact with a circle of copper inside the tube, 

then most of the current will flow through it instead of the wire. The 
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Figure 2.11 Pattern of copper wire sewn through holes in the Teflon 
tube which makes electrical contact with the mercury 
drops. 
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electrical conductivity of mercury is considerably less than that of 

copper, but in a mercury drop the cross-sectional area available to the 

current is so much greater that most of the current flows through the 

mercury whenever it is available. The mercury drops are not attached to 

the tube so that force exerted on them results in pressure on the drops 

and the gas samples between them. 

Fabrication of the tube with the copper wires sewn through it is 

a delicate task. The first step is to punch a set of 24 aligned holes 

.200 inch apart in the Teflon tube. This is best done using a milling 

machine table for support and alignment. A stiff needle which is a little 

larger than the copper wire in diameter is clamped into the drill chuck. 

It does not have to be perfectly vertical since it will not be rotating. 

A fine needle intended for bead working is best. A guide consisting of a 

small piece of plexiglass with a horizontal hole for the tube to pass 

through and, perpendicular to it, a vertical hole just large enough for 

the needle is needed to be sure the needle punches its holes straight 

through the middle of the tube. The Teflon tube is clamped to the 

milling machine table at each end with the guide slipped over it. Holes 

are punched through the tube by lowering the drill chuck to press the 

needle through its hole in the guide. 

Next, the two wires are sewn through the holes in the tube in the 

pattern shown in Figure 2.11. The wires are pushed through a pair of 

holes across the tube and then separated inside the tube with the point 

of a needle. A length of 1/16 inch OD stainless steel tubing is used to 

press the two wires firmly against the inside of the tube, forming a 
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circle of copper. The procedure is then repeated for the next pair of 

holes. Care must be taken not to enlarge the holes any more than neces

sary or to get any kinks in the copper wire inside the tube. If the 

holes are too large, liquid epoxy can get inside to coat part of the 

wire, preventing good electrical contact with the mercury. If the copper 

wire does not form good smooth circles, then it can cause unstable mer

cury drops, resulting in nonuniform sample sizes. 

Coating the tube with epoxy should be done carefully so as not to 

force any of it through the holes. Before the epoxy hardens, the tube 

must be placed inside the magnet with the copper wires carefully aligned 

so the current will flow across the tube perpendicular to the field 

generated by the magnetic poles. The poles should be lined up straight 

and as close together as possible to maximize the magnetic field 

strength. Placing a strip of Teflon tape on each pole will keep the 

epoxy from sticking to them so that the assembly may be taken apart later 

without destroying the tube. 

The wired tube can accept up to 5 A of current continuously. A 

signal is supplied by the computer using a digital-to-analog converter 

(Hewlett-Packard 6131B). This voltage signal is used to control the 

direction and magnitude of the current passing through the mercury drops 

by means of a current amplifier circuit. Power is required at ± 1SV with 

up to 5 A. 

The magnet is constructed from 1/2 inch cold-rolled steel plate 

except for the poles which are Armco magnet steel. The magnet windings 

are 24 gauge coated copper wire with approximately 800 turns on each 
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pole. It uses 1.4 A at 36VDC supplied by a constant current regulated 

power supply. 

The time at which individual gas samples enter the carrier can be 

observed with a phototransistor, light-emitting diode circuit C49)• The 

amount of light passing through the Teflon tube depends on whether a mer

cury drop or gas sample is present between the light-emitting diode and 

the phototransistor. This signal can be displayed on an oscilloscope or 

amplified by the second transistor and sent to an interrupt line on the 

computer interface. 

The mercury-gas separator shown in Figure 2.7 was machined from 

two small blocks of polyethylene. The lower piece is just a bottom plate 

which is glued on to form the mercury reservoir. It is machined 

separately to allow access to the inside of the reservoir for drilling 

holes during fabircation of the upper part. The upper piece contains 

three separate passageways. The first, and most complicated one, pro

vides an entrance for the mercury-gas sample stream and separates the gas 

from the mercury. The upper part of this hole is 1/16 inch in diameter 

and simply holds the 1/16 inch 0D stainless steel entrance tube firmly in 

place. The lower part of this hole is 0.0890 inch in diameter. The 

entrance tube passes through the center of this hole and on to the mer

cury reservoir. The space between the entrance tube and the 0.0890 inch 

walls is filled with a section of 1/16 inch ID Teflon tubing. The mer

cury flows into the reservoir and the gas leaks around the snug, but not 

gas-tight, Teflon tube into the second passageway through which carrier 

gas is flowing. The carrier gas stream enters this passageway from the 



surrounding gas through a 0.0420 inch hole. Just before the passage 

reaches the junction with the sample separation passage, it is expanded 

to 1/16 inch diameter. At the junction, the internal diameter is the 

0.0890 inch size of the entrance-separation passageway. The carrier gas 
•» 

flows through this junction passing on either side of the stainless steel 

entrance tube and sweeping any sample gas leaking into the junction along 

with it. On the other side of the junction, a 1/16 inch OD stainless 

steel tube is pressed snugly into the hole. It carries the carrier gas 

stream plus sample directly to the chromatographic column. The third 

passageway provides an exit for the mercury and determines the pressure 

difference between the mercury reservoir and the carrier gas stream. It 

is a vertical hole 1/16 inch in diameter running from the reservoir to an 

exit hole near the top of the piece. 

The two parts are held together with a piece of copper wire and 

the outside of the junction coated with exposy for stability. The 

entrance and exit stainless steel tubes are also held in place with 

epoxy. The pressure difference between inside and outside is quite small 

so the epoxy is needed more for rigidity than for sealing purposes. The 

overall dimensions of the final device must be small enough for it to fit 

through the neck of a 500 ml round-bottom flask so the corners were 

shaved off a little with a razor blade. 

System Testing 

The completed high-speed gas injection valve was tested by con

necting its output to a needle valve resistance and a flame ionization 

detector. A needle valve was used in place of a chromatographic column 



to provide a realistic back pressure without the complex behavior of a 

real column. The computer (HP 2115) was provided with a program to 

generate a repetitive signal whose frequency was selectable from the 

switch register. The signal was a modified square wave with extra power 

provided on each positive and negative transition. The extra current 

passing through the mercury drops during each transition of the square 

wave allows the linear electric motor to overcome the momentum of the 

mercury drops more quickly, resulting in a better frequency response. 

The results of a series of tests for frequencies ranging from 

0.61 Hz to 4.88 Hz are given in Figures 2.12-2.15. In all of these, a 

signal of the input frequency is present in the output along with a con

siderable amount of noise. The amplitude of the signal decreases with 

increasing frequency as expected for a dead volume or mixing limit 

system. 

At the highest frequency tested, 9.77 Hz, the signal is lost in 

the noise. This is not surprising since the individual gas samples in 

the mercury-gas sample stream are produced only a little faster than 

this. A single cycle of this signal would include only one or two indi

vidual samples. The large variation in amount of sample injected on each 

cycle of the input signal would make the output noisy. With a little 

dead volume or mixing added on to spread the signal out a bit, it is 

easily lost. 

The system described is able to generate concentration signals in 

a flowing gas stream with frequency components in the range of 1 Hz to 

about 10 Hz. Since the valve does attenuate the higher and lower 



Pigure 2.12. 
Detector response input slgnal of 0_6J ̂  



Figure 2.13 Detector response input signal of 1.22 Hz. 



55 

Figure 2.14 Detector response input signal of 2.44 Hz. 
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Figure 2.15 Detector response input signal of 4.88 Hz. 
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frequencies, the actual signal being introduced to the measurement device 

should be monitored by means of a phototransistor. The number of mercury 

drops per unit time is the best measure of the concentration signal. 

The physical limitations of this system have been established. 

The low-frequency response is limited by the length (capacity) of the 

buffer tube. The maximum length of this tube is, in turn, limited by the 

pressure drop (resistance) which can be tolerated. A practical limit for 

this system would appear to be in the order of 600 cm. The high-

frequency response is ultimately limited by the mixing volume of the gas-

mercury separator. 

At all frequencies, the output signals were noisy. The major 

cause of this noise is a lack of uniformity in the mercury drops and the 

gas samples between them. The tee junction makes very good uniform drops 

but by the time they get to the gas sample injection some of the mercury 

drops have allowed gas to leak around them, resulting in variations in 

gas sample size or even the combination of two mercury drops into one. 

This leaking can occur wherever there is some kind of roughness along the 

tube. It can happen at connections between sections of tubing, at dirty 

spots on the walls of the tubes, at kinks in the buffer tube, or at the 

copper wires inside the tube passing through the magnet. It is very 

important that all parts in contact with mercury be kept clean and that 

only clean mercury be used. The situation could be greatly improved by 

keeping the mercury in a sealed system and automatically recycling it, 

possibly by using gas pressure rather than gravity as a driving force. 



An alternative approach to this means of signal generation would 

be to design a system based on the principle of a linear induction motor. 

In such a system, the changing magnetic field induces the required cur

rents in the mercury drops as well as providing a field for the currents 

to work against. Consequently, no external electrical connections to the 

mercury drops are needed. The greater complexity involved in the design 

of an induction motor (47) would be compensated for by the possible 

elimination of many of the sources of noise present in this system. 



CHAPTER 3 

CHROMATOGRAPHY SIMULATION 

Digital computer simulation is a powerful technique useful as an 

aid in understanding the behavior of complex systems (50-53). A gas-

solid chromatography column certainly qualifies as a complex system which 

is not well understood. Its behavior is basically determined by the 

chemistry of the gas-solid adsorption processes occurring in the column. 

However, these processes are only indirectly connected to the chromato

graphic experimental results, retention time, and peak shape. The con

nection must be made by a theory, or model, of the chromatographic pro

cess. Such models are usually expressed in mathematical terms. 

Computer simulation provides a means of connecting the mathematics 

of the model to the experimentally measurable properties of the system, 

showing how the assumptions made in the model logically determine its 

results. If the cause and effect sequences in the model are the same as 

in the real system, then the model should be able to mimic the behavior 

of the system. However, it is not always obvious what the behavior of a 

model, even a simple one, will be. A computer simulation is the most 

direct way to test a mathematical model and find out how it works. By 

comparing the results of simulation experiments on models to experiments 

on the corresponding chemical system, it is possible to derive informa

tion about the chemical system and its relationship to the models. This 

information may be qualitative determinations of the adequacy of models 

59 
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or quantitative estimates of the values of parameters that the chemical 

system and its model have in common. 

Most of the basic processes involved in chromatography, for 

example, adsorption, diffusion, and gas flow, are fairly simple to model. 

But, when they are all put together, the resulting system behavior is 

much more complicated than any of the individual parts. It is the simul

taneous interaction of all the parts or processes which makes chroma

tography such a useful technique and a difficult system to model. A 

number of different models may be involved, each of which contributes in 

some way to the overall behavior of the system. A simulation is a way of 

performing experiments upon these chromatographic models with the goal of 

developing an understanding of their simultaneous interactions and the 

corresponding processes in chromatographic systems. The most important 

use of simulation in chromatography at this time is to distinguish 

between different models and combinations of models rather than to derive 

results for a particular model. 

As the number of processes involved in a chromatographic system 

is increased, the number of possible interactions between models increases 

much more rapidly, soon reaching the point where analytical mathematical 

solutions can no be found. At this point, the electronic computer with 

its high speed becomes the only feasible means of performing a fully 

integrated system analysis. 

Because of the large amounts of computation involved, computer 

simulations are usually run on large-scale computer systems. Recently, 

however, there has been a trend toward the use of dedicated minicomputers 
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for large-scale computations C54). The two major reasons for this 

development are: 1) economic, minicomputers are much cheaper; and 

2) convenience, minicomputers are often already available because of 

other applications. 

The computation described here was done on a medium-scale mini

computer system for both reasons of cost and convenience. One critical 

feature of the particular computer used, a Hewlett-Packard 2100A, is its 

microprogrammability. Coding key parts of a simulation program in 

microcode typically reduced the time required for computation of these 

parts by a factor of ten and reduced the overall simulation time by a 

factor of two to five. This increase in execution speed allowed more 

complex simulations than would otherwise be practical. It also made it 

practical to code the models being simulated in a higher level language. 

Models expressed using this threaded programming technique are so much 

more understandable that the figures defining models simulated in this 

work are presented in the same form used to code and present them to the 

computer. More will be said about this threaded programming technique 

in Chapter 4. 

Methods of Simulation 

There are basically three different kinds of computer simulation 

techniques: analytic functions, continuous, and discrete event. These 

correspond to three different ways of formulating mathematical models. 

For an analytic function simulation, the model must be described in terms 

of equations which can be solved analytically. The simulation then con

sists of a set of values for dependent variables calculated from sets of 



62 

independent variables. For a continuous simulation, the model must be 

described in terms of differential equations. Given a set of initial 

conditions for the variables, the simulation then moves the system in 

simulated time numerically solving the differential equations at each 

point in time. For a discrete event simulation, the model must be 

described in terms of mechanisms and event occurrence probabilities. The 

simulation then produces random numbers to determine what events occur 

and collects statistics on the results. 

The kind of model best representing the important features of the 

system being simulated should determine the simulation type. The choice 

of a model for a complex system like chromatography depends largely upon 

what kind of information the simulation is supposed to produce. All 

three, analytic functions, continuous, and discrete event, have been 

applied to chromatographic systems in various situations. 

Analytic Functions 

An example of the utility of an analytic function simulation 

technique research in chromatography is the work done by Chesler and Cram 

(55) on moment analysis. Using a small laboratory computer, they 

generated simulated chromatograms with the functional form 

7 to = yg(x) + yt(x) + ye(x) 

where yCx) is the amplitude of the chromatographic peak at time x and 

y Cx), y (x), and y (x) are Gaussian, triangular, and exponential func-
2 t © 

tions, respectively. The Gaussian alone is used for the leading side of 

the peak, while various combinations of all three are used for the 
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trailing side. It was empirically determined that simulated peaks with 

this functional form closely match the shape of some typical real chro

matographic peaks. These simulated peaks were used to test the precision 

and accuracy with which the moments could be calculated using various 

methods. 

Only three simulated peak shapes were used so it would have been 

possible to generate them from a real chromatographic system without too 

much work. In fact, real peaks were produced and compared with the 

simulated peaks to see how realistic they were. The reason for simula

tion in this example was not just to save time. Having an analytic func

tion for the peaks made it possible to calculate exactly what the moments 

of the peaks should be. Then moments calculated for the same peaks using 

various techniques of sampling from the simulated data could be compared 

with the true moments to determine the accuracy of the data sampling 

methods. 

A second application of simulation using analytic functions is 

the generation of test data (56). To adequately debug and test a new 

chromatographic data system, the system must be exercised with a large 

variety of chromatographic data containing examples of all the situations 

that might be encountered in actual use. The required data could be 

generated by digitizing chromatograms from a wide variety of real chro

matographic systems. This would, however, be a lot of work. For each 

test, the chromatographic system would have to be tuned to produce all of 

the combinations of retention times, peak overlap, noise, etc., that 

might be encountered in real data. 
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In this particular application, an analytic function simulation 

is a much more direct solution to the problem. It is much faster and 

simpler to supply a series of values for a few empirical parameters such 

as the number of components and their retention times than it would be to 

produce the same kind of data from real mixtures. The simulation can 

also produce better test data because it can systematically cover all 

possible combinations of situations. 

This example illustrates two important advantages of simulation 

in general and analytic function simulation in particular. First, the 

time scale of an experiment can be drastically compressed. Not all 

simulations run faster than the real system. But, even when they do not, 

the experiment set up may be so much simpler that it is still faster to 

do an experiment with the simulation. Second, the parameters controlling 

the simulation may be easily changed to precisely the values desired to 

test the behavior of the system under conditions not conveniently attain

able with the real system. With both speed and convenience, it is 

possible to interactively explore the system under widely varying condi

tions to get a qualitative understanding of its behavior. This can be 

very useful in designing experiments for the real system. Eventually, of 

course, experiments must be performed using real systems, but preliminary 

testing with simulations can make the real experiments much more 

productive. 

Analytic function simulation is also widely proposed as a method 

for recognizing and assigning areas to overlapping chromatographic peaks 

(15,57-66). The basic idea is to find a set of simulated peaks which, 
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when added together, will reproduce the shape of the real chromatogram as 

accurately as possible. The area of each peak can then be found by inte

grating the analytic function defining the corresponding simulated peak. 

If the simulated peaks are properly chosen, this procedure is potentially 

much more accurate than the more empirical methods of assigning areas 

such as dropping perpendiculars between adjacent peaks. 

The problem with this method is that there are an infinite number 

of ways to fit peaks to any given chromatogram. Restrictions must be 

placed on the kinds of curve fits which are acceptable so that, hope

fully, the one picked by the computer program will correspond closely to 

the real situation. The restrictions are generally of three types: 

minimizing the number of simulated peaks, eliminating illegal situations 

such as negative peak areas, and fixing the shape of the peaks. The 

first two restrictions are fairly easy to implement. The proper shape 

for a simulated chromatographic peak, however, is not so easily deter

mined. The simplest approximation, Gaussian, is rarely close enough to 

the true shape to be properly used in this kind of curve fitting. Much 

effort has gone into devising functional forms for simulated peaks and 

methods of adjusting their parameters to give the truest fit to real 

chromatograms in the widest possible range of experimental conditions 

(67-71). 

The analytic function chromatographic simulation is concerned 

with the empirically determined shape of chromatographic peaks. Thus, it 

can be useful as a tool for working with the output signals from chromat

ographic systems. Since there is no direct connection between the 



functional forms used in fitting chromatographic peaks and the column 

processes which produced the peaks, additional theory is required to 

obtain fundamental chromatographic parameters. 

Continuous 

The major application of digital computer continuous simulation 

in chromatography has been in the development and testing of theories of 

chromatographic processes. Two very important simplifying assumptions 

have been used in most such theories in the past (72). In the linear 

chromatography assumption, the partition ratio or fraction of molecules 

in the mobile phase divided by the fraction of molecules in the station

ary phase is assumed to be independent of concentration. In the equilib

rium chromatography assumption, the stationary and mobile phases are 

assumed to be at equilibrium at all times. There can be no mass transfer 

limited effects. Many other simplifying assumptions are also used but 

none of them is as important or has received as much attention as these 

two. 

equation can be derived from Fick's laws of diffusion for the chromato

graphic process (73, p. 230): 

Assuming both linear and equilibrium chromatography, a simple 

3C 
at 

(3.1) 

In this differential equation, C is the total concentration (stationary 

plus mobile phase) at a time t and column position z. The two 



67 

coefficients, V and D, are the effective chromatographic peak drift 

velocity and diffusion coefficients, respectively. 

Chromatographic systems described by equation (3.1) are rela

tively easy to solve using continuous simulation methods. The simulated 

column is divided up into small units of size Az. These are like the 

theoretical plates of the well-known plate theory of chromatography (74) 

in that the concentration, C, is the same throughout the volume of a 

unit, Az; however, they are really derived from the finite differences 

method of simulating equation (3.1). A value for HETP (Height Equivalent 

to a Theoretical Plate) calculated from a simulated chromatogram would 

not necessarily be equal to Az. 

Time is also divided into small units, At. At time zero, a given 

concentration of sample is placed into the first unit of the simulated 

column. During each simulation time increment, some of the sample in 

each column unit is moved to the next unit, depending on the flow rate 

and partition constant, and some sample is diffused from high concentra

tion units to neighboring lower concentration units, depending on the 

diffusion coefficient. Finally, after a sufficient number of time units, 

the sample is eluted from the column. 

This simulation is quite simple, but it does illustrate the basic 

principles of chromatography. Simulated mixtures can be separated by 

their differential rates of migration down the column, while the peaks 

gradually broaden into the expected Gaussian shape. Many refinements can 

be added to make more realistic models of chromatographic systems while 

keeping the same simple structure for the basic simulation (75). The 
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computer is able to execute the simulation fast enough to be somewhat 

interactive and the results can be related to realistic input parameters. 

The linear and equilibrium chromatography assumptions made in 

this model limit the simulation to chromatographic systems which are at 

least close to ideal and for applications where non-ideal behavior is of 

no interest. Chromatographic systems of the type described by equation 

C3.1) have been treated analytically (76,77) so it is not necessary to 

use a simulation to calculate their properties. If the equilibrium 

assumption is removed, the situation becomes much more complicated, but 

satisfactory solutions can still be found (78,79). But, if the linearity 

assumption is removed (72), the analytic solutions become so difficult 

and complicated that they are of little use in understanding real chro

matographic systems. 

A computer program to simulate nonlinear chromatographic systems 

is only a little more complicated than the simple linear continuous 

simulation described above. The equations to calculate how much of the 

sample to move from one unit to the next on the column are just a bit 

more complex because of the nonlinear isotherm used to relate stationary 

to mobile phase concentrations. Equation (3.2), the Langmuir isotherm, 

describes adsorption on a stationary phase with only a finite number of 

adsorption sites each of which can accommodate only one molecule at a 

time; 

K C 
cs - rrn- <3-2> 

2 m 



Cg and Cm are the concentrations in the stationary and mobile phases, 

respectively, and Kj and ̂  are constants. If K̂  = 0, equation (3.2) 

reduces to the linear case in which a constant proportion of the mole

cules are adsorbed no matter the total concentration. This makes it very 

easy to calculate using a single multiply instruction what fraction of 

the sample is in the mobile phase ready to be transferred to the next 

column unit. However, for the nonlinear case, the Langmuir isotherm, 

equation (3.2), must be solved at each step of the simulation using an 

iterative procedure. The computer program to do so is not very compli

cated, but it does take much more time than the linear case so the 

Langmuir simulation runs significantly slower. The execution speed of 

this nonlinear simulation can be increased by replacing equation (3.2) 

with an approximation which can be calculated faster (80): 

C = K_ + K C + K„C 2 (3.3) 
s 0 1 m 2 m  ^  

Equation (3.3) is parabolic rather than hyperbolic and so can be solved 

using the quadratic formula instead of an iterative procedure. If the 

constants are chosen correctly and the total concentration does not vary 

over too wide a range, then it is an acceptable substitute for the 

Langmuir equation. Chromatography simulations of this type using various 

nonlinear isotherms have been widely used for testing theories of 

chromatography (81-86). 

To most chemists ,~~c"omputer simulation means continuous system 

simulation. The analytic function variety of simulation is not compli

cated enough to be considered real simulation, while the discrete event 
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variety is just not used very often in chemistry. When the model is 

expressed in terms of differential equations, as it very often is, then 

using the finite differences approach is the most obvious way to simulate 

and test it. But the mathematics of differential equations, although 

very powerful, are not the only way to model chromatographic processes. 

For some purposes, different kinds of models and simulations may be 

useful and so should be considered. 

Discrete Event 

The discrete event computer simulation technique has not pre

viously been applied to chromatography. This is probably because it is 

not as well known as the other computer simulation techniques and because 

the usual theories of chromatography seem to fit more naturally into con

tinuous system simulations. Most theories of chromatography start with 

equation (3.1) or its equivalent and then elaborate on it to include 

whatever effects are of interest. One notable exception is the random 

walk approach of Giddings (73), which starts with individual molecules 

making discrete movements. His basic model is idealized in such a way so 

as to lead to equations suitable for analytic function or continuous 

simulation as quickly as possible. 

Chromatography itself has not been simulated using the discrete 

event technique, but some of the physical processes which are involved in 

chromatographic systems have been. For example, Nakagawa has written 

computer programs to simulate both the Langmuir and BET type adsorption 

processes (87,88). In these programs, a computer-simulated surface with 

10,000 empty adsorption sites is placed in contact with a simulated gas. 



During each simulation time unit, the computer generates a uniform 

distribution random number which is used to select one of the adsorption 

sites. A second random number is generated and compared with the prob

abilities for an adsorption and desorption event to make a decision on 

which type of event should occur. Simplified flow charts for these pro

grams modelling the BET and Langmuir adsorption processes are given in 

Figures 3.1 and 3.2, respectively. A record is kept of the total number 

of molecules adsorbed at each point in time during simulation. 

This simulation is useful in that it very clearly illustrates 

what is happening during a nonlinear non-equilibrium process. It is 

possible to derive the same results mathematically though the derivation 

is not as simple and intuitive as the simulation. When additional 

features are added to the model, the mathematics involved can become much 

worse while the simulation program only becomes a little bigger but is 

still understandable. Nakagawa (87,88), using similar programs, also 

simulated the adsorption-desorption process for surfaces with two differ

ent kinds of sites and with access to some sites hindered by the presence 

of pores. The simulation with pores is especially interesting because it 

shows how a complex structure which is difficult to accurately describe 

in most theories of chromatography can be modeled using a computer 

program. 

The discrete event approach has been most often applied to 

queueing networks and similar system models where it is obvious that the 

behavior of the system is due to the nonlinear interaction of individual 

events (89). The analogous situation in chemistry is the interaction of 
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individual molecules through a series of mechanisms. In many cases, 

chemists are able to calculate the behavior of such chemical processes 

from the laws of thermodynamics and discrete event models are confined to 

informal reasoning about the mechanisms involved. But, discrete event 

simulation has proved useful in modelling some chemical processes; for 

example, the combustion of gasoline (90). 

The three varieties of digital computer simulation (analytic 

functions, continuous, and discrete event) are useful in different situa

tions and require different techniques for their implementation. The 

analytic functions approach is generally the simplest to implement since 

it just involves the calculation of formulas with sets of numbers plugged 

in. Continuous system simulation is next because it has the problems of 

maintaining accuracy while simulating the passage of time in addition to 

the problems of calculating formulas. Discrete event simulation is the 

most difficult to fit into a computer since, in addition, it has the 

problems of maintaining statistical significance. The amount of detail 

in an underlying model for a simulation varies in a similar fashion. A 

discrete event model is rich in descriptions of mechanisms and is intui

tively easy to think about and discuss. In a continuous model described 

by differential equations, much of the detail has been averaged out. 

Instead of describing individual events, the model describes the average 

result of many events. In a curve-fitting model, the detail of how the 

system progresses with time has been removed. Another way of looking at 

it is that a continuous model can be derived from a discrete event model 

and an analytic function model can be derived from a continuous model. 
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The most important reason a discrete event model was chosen to 

simulate the behavior of the gas-solid chromatographic system is because, 

of the three varieties, it is the most natural way of thinking about the 

basic chemical processes involved. Complex nonlinear adsorption and 

desorption mechanisms inside a chromatographic column are much easier to 

describe and understand in the form of discrete event computer algorithms 

than they would be as differential equations. The mechanisms of adsorp

tion and desorption are commonly visualized by chemists as individual 

molecules approaching and interacting with individual surface structures. 

This approach can lead to simple and understandable models of adsorption 

processes as, for example, in the work of deBoer (1)• It is an easy step 

from this visualization to defining a formal model which can be simulated 

by a computer. A discrete event simulation, however, requires the most 

work out of a computer and, therefore, the most care in the design of the 

simulation algorithms. 

Discrete Event Algorithms 

A computer cannot possibly simulate the behavior of a chromato

graphic experiment in every detail. The most fundamental limitation is 

the fact that a digital computer is a serial execution machine, while the 

real world is parallel. That is, the molecules in a real chromatographic 

column are all being processed simultaneously, but the computer can 

simulate only one event at a time. A second problem is the very large 

numbers of discrete events involved. No computer is fast enough or has a 

large enough memory to model a full-scale chromatographic experiment, so 
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the model experiment must be scaled down to the size of the available 

computer. 

The first step in scaling down the model is to decide which 

details are really of interest and which can be replaced by simpler 

approximations or left out of the model completely. For example, diffu

sion of a molecule in the gas phase along the column can usually be 

adequately approximated by random numbers from a Gaussian distribution 

whose variance is determined by the diffusion coefficient and the time 

spent in the gas phase. The amount of time required to simulate the 

effect of diffusion in this way is much less than what would be required 

to simulate all of the individual gas phase events which result in diffu

sion. In some cases, gas phase diffusion may have an insignificant 

effect on the simulation results and so can be left out entirely. 

The total number of molecules can be drastically reduced since, 

in a discrete event simulation, there are no detection limits or noise to 

worry about. The statistical significance of the results is the ultimate 

lower limit. How many molecules must be included in the simulation 

experiment depends on the form and intended use of the results. A single 

average number, such as retention time, can be accurately determined with 

fewer molecules than the peak shape or other distributions. Also, less 

precision is required when exploring the qualitative behavior of a model 

over a range of parameters than for quantitative measurements. As the 

models being simulated become more complex, the number of molecules must 

be increased to produce statistically significant numbers of all kinds of 



events. Sufficient numbers must be included to ensure that the rarest 

kind of event of any importance occurs enough times to be significant. 

Discrete event simulation programs tend to execute certain key 

routines repeatedly. For gas-solid chromatography simulation, these 

would include the adsorption and desorption event routines. The effi

ciency of these key routines can make a significant difference in the 

overall efficiency of the simulation. But, as is generally true in 

computer programming, the only kind of efficiency really worth striving 

for is in the design of the algorithms. Saving a little bit in clever 

coding of the algorithms is not likely to make more than a few percent 

difference in speed and practically none in memory space, while the 

design of an algorithm could make the difference between a simulation 

which is practical and one which will not fit into the computer at all. 

Random Numbers 

The key routine in a discrete event simulation is the random 

number generator. Decisions are made on what events are to occur during 

a particular simulation based on the values of random numbers from 

various distributions. A single event such as adsorption of a molecule 

on a site requires at least two or three, and in some cases as many as 

ten or more, elementary random numbers, depending on the algorithms used 

to simulate the event. Thus, the efficiency of the random number genera

tor is important for the overall efficiency of the discrete event 

simulation. 

It is also critically important to have good quality random num

bers. An unsuspected statistical bias in the random number sequence 
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driving a simulation can cause hidden biases in the results of a simula

tion. A specific sequence is considered to be random only if it passes 

the statistical test of randomness appropriate for the given distribution 

(91). Sequences from some sources may appear to be random and even pass 

many of the simpler tests and still have biases which might cause prob

lems if the sequences are used in ways sensitive to the particular 

biases. 

There are two kinds of sources for random number sequences, each 

of which has its advantages and disadvantages. A hardware device to 

generate and digitize electronic noise should produce truly random num

bers. But there is always a small doubt whether the device is working 

correctly or not. It would be very easy for it to pick up a small out

side signal and slightly bias the random numbers being produced. The 

problem would not be detectable except by the proper statistical testing 

and so could easily go unnoticed. Another problem in using such a device 

is the considerable amount of time that can be lost in reading numbers 

into a computer program. 

The second and more common way of generating a sequence of random 

numbers is through the use of a computer algorithm which digitally com

putes a sequence of numbers which appears to be random; that is, a 

sequence which passes the statistical tests for randomness. Since the 

sequence is actually a deterministic sequence and, therefore, not random 

in the true sense of the word, it is usually called a pseudorandom 

sequence. But, unless the simulation program contains an algorithm 



related to the pseudorandom algorithm, it will not be able to tell the 

difference between the pseudorandom sequence and a truly random sequence. 

Random numbers from several different distributions are needed 

for the discrete event simulation of chromatographic processes. The 

basic one from which all the others are generated is the uniform dis

tribution in which any number within the range from zero up to, but not 

including, one has an equal probability of being produced. The algorithm 

commonly used by standard random number subroutines for generating 

samples from the uniform distribution is the linear congruential method 

(91). Pseudorandom numbers from linear congruential algorithms, when 

taken in groups, are not, however, statistically independent (92). Only 

a very small fraction of the possible combinations of numbers can be 

generated and these are related to each other in multidimensional spaces. 

There are now better algorithms available, especially for 

sequences from which the pseudorandom numbers will be taken in groups 

(92,93). These feedback shift register algorithms can also produce 

arbitrarily long period sequences independent of the computer's word 

size and are faster than linear congruential algorithms. A 16-bit, 

parallel"feedback shift register pseudorandom number algorithm with a 

127 
2 period has been implemented in microcode for the HP 2100 computer. 

A listing of this essential program is given in the Appendix. The 

127 30 required primitive trinomial, x + x +1, was taken from the table 

compiled by Watson (94). The algorithm, as implemented for the HP 2100, 

requires a table of 128 words in core memory, 17 words of control store 
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memory, and can generate a 16-bit, uniformly distributed, pseudorandom 

number if 6.86 microseconds. 

The exponential distribution is second only to the uniform dis

tribution in importance for discrete models of chromatographic behavior. 

If a given kind of event has a constant probability of occurring, then 

the waiting times between individual events of this kind will be exponen

tially distributed. The classic example of exponentially distributed 

waiting times resulting from a first-order reaction is radioactive decay. 

In most cases, molecules desorbing from a surface should follow the same 

kind of first-order kinetics and have exponentially distributed waiting 

times between desorptions. 

By the central limit theorem (95), a normally (Gaussian) dis

tributed' movement results when a large number of independent movements 

with a common distribution occur sequentially. In a discrete event 

model, such a sequence of events may be simulated by a single normally 

distributed random number. Most varieties of molecular diffusion fit 

into this category of processes. 

Pseudorandom number algorithms taken from Ahrens and Dieter (96) 

have been implemented for sampling fTom the standard exponential and nor

mal distributions. The exponential algorithm is a slightly modified ver

sion of their algorithm SA and produces a floating point result in an 

average of 370 microseconds. The normal algorithm is their algorithm CT 

and produces a floating point result in an average of 870 microseconds. 

Both use uniformly distributed pseudorandom numbers produced by the feed

back shift register algorithm. Sequences from these two algorithms were 
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tested for randomness using the Kolmogorov-Smirnov test as described by 

Knuth (91). 

Adsorption Processes 

Adsorption and desorption are the most basic events of a gas-

solid chromatography discrete event simulation. Figure 3.3 illustrates 

how these two events are commonly though of in informal kinetic models of 

chromatographic processes. A molecule in the gas phase flows at the 

carrier gas velocity until it happens to encounter the surface. It then 

becomes adsorbed and remains stationary for awhile. Sometime later it 

desorbs and again moves with the carrier gas. 

For a molecule to become adsorbed, it must first encounter the 

surface through diffusion or flow processes. Regardless of the details 

involved, this should occur with some average rate with approximately 

exponentially distributed waiting times. The probability of encountering 

the surface is higher immediately after a desorption event, resulting in 

a small bias toward shorter waiting times. In most cases, the qualita

tive behavior of the model will not be changed significantly although the 

numerical value of the rates may be affected. Each time the molecule is 

at the surface it has a chance of becoming adsorbed, depending on its 

orientation with respect to the surface, the availability of an adsorp

tion site, the possibility of the site already being occupied, and other 

conditions. If all these possibilities have constant probabilities, then 

there is no need for the simulation to explicitly consider them. They 

can all be combined with the average rate of encountering the surface to 

give an average effective adsorption rate. In the simplest kind of 
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Figure 3.3 An informal model of adsorption and desorption events. 
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linear adsorption process the whole complex chain of events can be 

replaced by a single event with an average waiting time between events 

equal to the sum of the individual average waiting times. Computer 

models for simple linear adsorption and desorption in a chromatographic 

column are given in Figure 3.4. 

In a linear chromatographic model, the individual adsorption 

sites do not have to be explicitly included as they are in the adsorption 

models of Nakagawa (87,88). A linear isotherm implies that there is no 

competition between molecules for adsorption sites and, therefore, it is 

sufficient to know the number of sites per length of column. From this 

an average waiting time between site encounters can be calculated. The 

column position at which a molecule becomes adsorbed is determined, but 

the identity of the individual adsorption site is not. 

Several major simplifying approximations have been made in the 

ADSORB procedure given in Figure 3.4. First, diffusion in the gas phase 

has been ignored. If it is important in a particular model, then simple 

diffusion could be included by generating random numbers from the appro

priate normal distribution and adding them to the column position at each 

adsorption event. Second, the variation in gas flow rate due to the 

pressure drop along the column has been left out of the model. It too 

could be included by making the adsorption waiting time a function of the 

column position. Third, to reduce the number of calculations involved in 

the simulation, the model assumes that molecules spend no time in the gas 

phase. This is equivalent to assuming a zero retention volume for an 

inert gas sample. The effect can be compensated for by adjusting all 
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85 

retention times and volumes by a constant amotmt after the simulation is 

complete. 

In procedure DESORB, an exponential random number whose average 

value is determined by the desorption rate is added to the current 

simulation time for the molecule. Hie time during which the molecule was 

adsorbed is then recorded in the molecule density map. 

Of course, more is involved in a gas-solid chromatography experi

ment than just the adsorption and desorption processes. So more is 

required to make a complete model of chromatography out of the ADSORB and 

DESORB procedures given in Figure 3.4. As a minimum, the model must prov-

vide for molecules being injected into a column, flowing through the 

column while undergoing adsorption and desorption, and being detected 

as they reach the end of the column to produce a chromatogram. A flow 

chart modelling the behavior of a molecule in a gas-solid chromatographic 

system is given in Figure 3.5. The same model translated to a computer-

understandable procedure is given in Figure 3.6. 

At the beginning of the procedure, the molecule is injected into 

the column. How to do this is specified by another procedure, named 

INJECT, which may be as simple or complex as desired. In the simplest 

case, ideal impulse injection, each molecule starts at column position 0 

and simulated time 0. All this version of INJECT has to do is set the 

corresponding variables in the simulation to zero. Any other kinds of 

injection may be modelled by using an appropriate INJECT procedure. 

Figure 3.7 is a procedure to model an exponential decay injection 

input profile. The width of the profile is determined by an average 
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injection rate parameter, INJRATE. This type of profile should result 

from a' plug injection into an injection port with either a significant 

mixing volume or sample adsorption on injection port and connecting 

tubing walls. All of the simulations presented here use this model, 

usually with a fairly high injection rate parameter so that the injection 

profile will have little effect on the simulation results. Completely 

ideal injections should not be used with these simulation algorithms 

because all molecules would then have to pass through a single point. 

This single point is a mathematical singularity and cannot be adequately 

represented by a finite precision computer memory. 

Once a molecule is injected into the column, it is repeatedly 

adsorbed and desorbed as specified by the ADSORB and DESORB procedures. 

When either the simulation column position or time exceeds the range 

allowed for the simulation, then an outside-of-range condition is 

detected and the computer exits from the adsorb-desorb loop. 

The procedure SIMULATE, given in Figure 3.6, models the behavior 

of a single molecule in a gas-solid chromatography experiment. The 

details of the experiment depend upon the definition of the submodels 

INJECT, ADSORB, and DESORB, along with any parameter values used by them. 

SIMULATE is in turn a submodel for some other procedure which determines 

the values of any required parameters, executes SIMULATE for each mole

cule in the experiment, and presents the results of the experiment. For 

statistical significance, a large number of molecules must be simulated, 

the minimum number depending on the required precision. The best way to 

simulate many molecules would be to provide many processors, one for each 
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molecule, all executing the procedure SIMULATE in synchronization. The 

approach is possible, although expensive now. But with the rapidly 

falling prices for simple microprocessors, it may some day be possible to 

run discrete event simulations in parallel with at least a moderate 

number of molecules. With the present single processor computer, how

ever, some method must be employed to simulate the parallel operation of 

many molecules while actually operating serially. 

The computer could execute the events in their correct order, 

switching around between different molecules as required, or it could run 

a single molecule through the complete simulation before starting another 

one. The first technique is the more realistic and is the way most 

discrete event simulations must be run in order to observe effects due to 

the interactions between events, but it is also very inefficient due to 

the record keeping required in switching around between molecules. The 

second technique is more efficient, easier to program, and results in 

more understandable programs and so should be used whenever possible. In 

linear chromatography models, there are no interactions between molecules 

anyway, so the event sequence can be rearranged to better suit the com

puter. The event sequence in some nonlinear chromatography models may 

also be rearranged if some other means of simulating the interactions 

between molecules is provided. 

Molecule Density Maps 

The time at which each molecule emerges from the column is a very 

important simulation result because it is directly comparable to the 

results of a real experiment, e.g., the chromatogram. A simulation 
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program, however, is not limited in the same ways the real system is. 

Information can be collected from a chromatographic column only through 

an appropriate detector attached to the end of a column. There is no 

convenient way to observe the development of a peak as it moves down the 

column. In a simulation, however, the column position and time of each 

adsorption and desorption event is known so statistical records can be 

kept of the simulation's behavior at any point in the experiment. For 

example, the times at which molecules cross a series of points spaced 

along the column may be recorded producing, in effect, a series of chro-

matograms for various length columns. Or, the column positions of all 

molecules at certain points in time may be recorded to produce plots of 

molecule density along the column at specific times. Combining and 

generalizing these two ways of recording additional data leads to a two-

dimensional representation for simulation results in which the x-axis is 

column position and the y-axis is time. Each molecule of the simulation 

then has a trajectory in this two-dimensional space, moving in the 

x-direction while in the gas phase and in the y-direction while adsorbed 

on the surface. Figure 3.8 illustrates a typical molecule's trajectory 

in this two-dimensional representation. Statistics are collected from a 

simulation by recording the number of molecules passing through each 

point on the plane. If the density of molecules passing through is 

plotted vs. column position and time in three dimensions, a graph similar 

to Figure 3.9 is produced, illustrating the detailed development of a 

peak as it moves down the column with passing time. A slice through this 

density map at a given column position is the chromatogram which would be 
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recorded by an ideal detector at the end of a column of that length. A 

perpendicular slice at a given time is the molecule density along the 

column plot for that time. 

These molecule position and time density maps provide a means of 

simulating nonlinear adsorption processes in a chromatographic column 

without running all the molecules simultaneously. The behavior of each 

molecule can be simulated from injection to the end of the experiment 

without being concerned with any other individual molecules just as in a 

linear simulation. The decision on whether a molecule is to be adsorbed 

or not. at a given point along the column depends on the probability of 

the molecule encountering the surface at that point and on the density of 

available sites at that point at the time the molecule is there. If it 

is assumed that there is no significant interaction between molecules in 

the gas phase, then encountering the surface is a first-order linear pro

cess and the presence of other molecules does not affect its probability 

of occurring. The probability of actually changing to an adsorbed state, 

however, depends on the density of molecules already adsorbed. In the 

case of a Langmuir isotherm, the molecule can become adsorbed only if it 

encounters an empty adsorption site. This is a nonlinear process because 

the probability of an empty site being available is determined by the 

number of molecules already adsorbed. It is required that the density of 

adsorbed molecules at the proposed adsorption site position and time be 

known, but not that the individual identities of the adsorbed molecules 

be known. The molecule density maps provide just this information. 
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A nonlinear adsorption procedure for gas-solid chromatography 

simulation is given in Figure 3.10. In procedure ADSORB, the adsorption 

process is broken up into two steps. First, the molecule being simulated 

moves down the column until it encounters the surface in procedure 

HITSURF. The distance moved is sampled from the average surface 

encounter rate exponential distribution. The procedure STUCK determines 

the density of molecules at the current column position and time and, 

using a uniform distribution random number, makes a decision on whether 

the molecule will become adsorbed or not. If the density of molecules is 

high at this point, then the new molecule is not likely to find an avail

able adsorption site and so will remain in the gas phase and HITSURF must 

try again. If the density of molecules is low, then the new molecule 

will most likely become adsorbed. The desorb procedure is identical to 

the one used with the linear adsorption in Figure 3.4. 

Information provided by a molecule density map is incomplete 

because it includes only information about molecules which have already 

been run through the simulation. The trajectories of molecules yet to be 

simulated cannot affect the behavior of those already done. This is an 

inescapable consequence of reordering the sequence of events. The 

reordering is necessary to make this discrete event simulation of gas-

solid chromatography practical, but it also affects the simulated 

behavior of nonlinear models. As the number of molecules simulated 

increases, the information provided by a molecule density map should 

become more accurate. To attain a given level of accuracy, more mole

cules must be simulated if the sequence of events is reordered than if 
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I . +  *  A D D  T O  C O L U M N  P O S I T I O N  
N E X T  
END 
* 
*  S T U C K  
* 

*  P R O C E D U R E  T O  M A K E  A N  A D S O R P T I O N  O R  N O T  D E C I S I O N  
*  T H E  D A T A  S T A C K  C O N T A I N S  C U R R E N T  C O L U M N  P O S I T I O N  
* 
L O C A L  P R O C  S T U C K  B E G I N  
DUP * GET COPY OF MOLECULE'S COLUMN POSITION 
T I M E  *  M O L E C U L E ' S  C U R R E N T  T I M E  C O O R D I N A T E  
D E N S I T Y  0  *  G E T  M O L E C U L E  D E N S I T Y  A T  T H I S  T I M E  &  P L A C E  
F , ( S C A L E  / )  *  D I V I D E  B Y  N U M B E R  O F  S I T E S  P E R  M O L E C U L E  
R , > U  «  I S  U N I F O R M  R A N D O M  N U M B E R  >  M O L E C U L E  D E N S I T Y ?  
N E X T  
END 
* 
*  A D S O R B  

*  N Q N  L I N E A R  A D S O R P T I O N  P R O C E D U R E  
* 

L O C A L  P R O C  A D S O R B  B E G I N  
C O L U M N  *  P U T  C U R R E N T  C O L U M N  P O S I T I O N  O N  D A T A  S T A C K  
R E P E A T  H I T S U R F  *  E N C O U N T E R  T H E  S U R F A C E  
U N T I L  S T U C K  *  T E S T  D E N S I T Y  &  M A Y B E  B E  A D S O R B E D  
t  C O L U M N  *  U P D A T E  M O L E C U L E ' S  C O L U M N  P O S I T I O N  
NEXT 
E N D  

Figure 3.10 Nonlinear adsorption model. 
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all the molecules are simulated simultaneously. If the final density map 

converges to the same result as would be attained by a simultaneous 

simulation, then reordering the sequence of events is worthwhile even if 

it should require several times as many molecules. 

Each different kind of adsorption site in a gas-solid chroma

tography model must have a density map of its own in the simulation. The 

different kinds of sites may have different densities and adsorption 

kinetics so that when one kind of site is nearly full in a region of its 

density map, another may have room for many more molecules in the same 

region. Different adsorption and desorption kinetics for different kinds 

of sites may cause the shape of chromatographic peaks adsorbed on the 

various kinds of sites to be different. Molecules may go from being 

adsorbed on one kind of site to the gas phase and then on to any other 

kind of site. Consequently, the behavior of one density map can affect 

all the others in complex ways. Because of these unpredictable differ

ences in the density maps for different kinds of sites, there is no way 

to calculate the local concentration of molecules on a particular kind of 

site given the total concentration at that point along the column and in 

time. 

The basic routines for handling molecule density maps provide for 

up to eight independent maps in a single simulation. These can be allo

cated as needed to simulate the various kinds of adsorption sites and 

molecules in a particular model. 

A molecule density map must be stored as a two-dimensional data 

structure in the computer's main memory. It must have a definite value 
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at each pair of time and column position coordinates. The coordinates 

are specified by 15 bit positive integers providing a precision of one 

part in 32768. 

The obvious core memory organization for a density map is the 

familiar two-dimensional array. _ This structure, however, is unacceptable 

because of the excessive amounts of memory required to attain the 

required precision in the coordinates. An array of dimension 100 by 100 

would require 10,000 words of core memory. At most, only two such arrays 

could be stored in the computer's main memory at one time. In most 

cases, even arrays of this size would have insufficient coordinate 

precision. 

The problem is not that the computer's main memory is too small 

to hold all the information in a density map. It is that the array 

structure is very inefficient in storing this information. In a typical 

simulation, large portions of a density map may have few if any molecules 

passing through them. Such areas of the density map do not need the fine 

coordinate precision or full word range provided by the standard array 

structure. In all parts of an array density map, there would be con

siderable correlation between neighboring coordinates so that the actual 

independent information contained in a word of the array would be much 

less than that allowed by the 16 bit word size. Thus, a density map 

stored as a two-dimensional array would contain much redundant informa

tion and occupy much more memory space than is actually required. 

The one advantage of the array structure over other possible data 

structures for density maps is its access speed. The number of 



operations required to index an array is inherently small and, in addi

tion, the instruction sets of most computers are designed to perform 

these operations efficiently. It is important that whatever structure is 

used to store density maps in the computer's memory be efficient in 

access speed as well as memory space. The execution speed of these dis

crete event simulations of nonlinear gas-solid chromatography is deter

mined more by the access speed of the density maps than by anything else 

except the generation of random numbers. 

A binary tree (97) structure was chosen for representing density 

maps in the computer's memory. Each of the eight density map binary 

trees is accessed beginning at a root node contained in an eight element 

array. The root node contains two pointers to subtrees each repre

senting half of the density map. Initially, each of these two subtrees 

contains but two equal terminal nodes. The density map as a whole is 

thus split into four equal parts with the same density of molecules in 

each one and the column position and time coordinates each having only 

one bit precision. During execution, the trajectories of molecules are 

recorded in the density maps to the precision currently allowed by the 

binary tree by incrementing the value of terminal nodes along adsorbed 

portions of the simulated molecule's trajectory. Whenever a terminal 

node exceeds its maximum value of 131, it is split into two new terminal 

nodes, each of which begins with half the total counts from the splitting 

node. The counter in a former terminal node which has been split is 

replaced with a pointer to the new pair of terminal nodes, its descen

dants. As the total number of counts recorded in a density map during a 
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simulation increases, a scale factor is also incremented in such a way 

that the total density of molecules in the density map remains constant. 

Executing the simulation changes the distribution of molecule density, 

but does not change the total density. Figure 3.11 illustrates how a 

molecule density map is divided up into smaller units in regions of 

higher density. Each rectangle is represented in the computer's memory 

by a terminal node of the binary tree and is accessed by following the 

tree structure from the root node. In Figure 3.9, the third dimension, 

molecule density, has been added. 

As a simulation is executed, the total amount of memory space 

occupied by a density map increases. Eventually all of the memory will 

be occupied. Simpler simulations, especially those that are not too far 

from linear, can converge to an acceptable result before the memory 

space is exhausted. In many cases, however, the simulation may use all 

of its available memory before 'it has converged to a final result. If 

it has not converged because of insufficient precision, then nothing but 

more memory will help. If the precision is adequate but it just has not 

stabilized yet, then more memory may be obtained by pruning the binary 

tree structure. A binary tree is pruned by uniformly reducing the value 

of each terminal node by 1/4 and recombining any adjacent terminal nodes 

with values both less than 68. The scale factor for the binary tree is 

adjusted by the same amount so that nothing is changed except that more 

memory is available to simulate more molecules and the current precision 

is reduced. Since it is the results of the earlier molecules which are 

pruned away, this has the effect of giving more emphasis to later 
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Figure 3.11 A binary tree partitioning of a molecule density map. 
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molecules in the simulation which should have more accurate behavior. 

Thus, if the overall precision is adequate, a periodic pruning of the 

binary tree structure should result in a faster convergence to the final 

result as well as allowing simulation to continue after the available 

memory has been exhausted. 

A simulation is assumed to have converged to a final result when 

the density maps are no longer changing, except for minor statistical 

fluctuations. Sharp fronts on nonlinear peaks are usually the last 

parts to become stable. If there is insufficient memory space, then 

these sharp fronts go through repetitive cycles, often with extra peaks 

forming and decaying without ever reaching a stable result. All simula

tion results presented in this work have stabilized for at least the 

last half of the molecules simulated. 

For models with a significant amount of nonlinear behavior, 

density map convergence requires many more molecules than are needed for 

statistical significance. It is usually the amount of information that 

can be stored in memory rather than the total number of molecules or 

events simulated which limits the accuracy of a simulation. Once memory 

space is exhausted and the binary trees are pruned, then additional 

simulated events cannot contribute to statistical significance because 

there is no more room to store any more precision. Convergence, how

ever, can continue. 

To determine the density of molecules at a particular point in a 

density map, the simulation specifies the coordinates of the point with 

the full allowed 15 bit precision. Then, starting at the appropriate 
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root node, the density map access subprogram searches the binary tree, 

making a decision on which way to go at each split node based on the 

value of bits from the supplied coordinates. When a terminal node is 

finally reached, the value of the density map at this point is cal

culated from the number of counts in the terminal node, the number of 

splits nodes that are passed in reaching it, and the current value of 

the scale factor. Each terminal node value is recorded with seven bits 

of precision. 

To record the trajectory of a molecule in a density map, the 

simulation specifies the end point coordinates for a line segment part 

of a trajectory with the full 15 bit precision allowed. Then, starting 

at the appropriate root node, the density map access subprogram searches 

the binary tree in the same way it did for determining the value at a 

point. But when a terminal node is reached, that node is incremented 

and possibly split into two and the scale factor is adjusted. Then the 

initial coordinate of the line segment being recorded is incremented by 

an amount specified for this particular binary tree. If the initial 

coordinate is still less than the line segment's final coordinate, then 

the binary tree search and increment procedure is repeated. 

As the simulation is executed, more nodes are split, producing 

more branches in the binary tree structure and allowing greater preci

sion in the use of time and column position coordinates. Those parts of 

the molecule density maps with the greatest density are also the parts 

with the greatest coordinate precision. The regions through which few, 

if any, simulated molecules ever pass have very poor coordinate 

i 

i 
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precision. The precision to which the coordinates can be specified in a 

given region of a density map during a simulation is proportional to the 

amount of information which has been used to create the structure of 

that region. If only a few molecules have passed through a region, then 

the details of the distribution of molecules in that region cannot be 

very well known anyway and there is no need to specify the coordinates 

with high precision. In fact, specifying them with higher precision 

than allowed by this binary tree structured density map is less accurate 

on the average because of statistical variations. 

A terminal node can have a value between 4 and 131 inclusively. 

When it reaches 132, it is split into two descendent nodes each of which 

begins with 66 counts. Thus, at any point in a density map, the preci

sion of the calculated value is limited to 7 bits. During execution, 

the increase in precision goes into further dividing the time and column 

position coordinates rather than into the precision of individual 

points. Contrast this with the array data structure in which the preci

sion of individual points increases while the precision of the coordi

nates is fixed. Besides being much more efficient in the use of core 

memory than an array, the binary tree structure also more accurately 

represents the information which a density map is supposed to store. As 

a result, fewer molecules should be required for the density map to con

verge to a true representation of the distribution of molecules in a 

nonlinear gas-solid chromatography simulation. 

The major deficiency of the binary tree structure for density 

maps is its access speed. To reach a terminal node, the program must 
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fetch and examine each split node leading to it. In contrast, a point 

in an array structure can be accessed using at most one multiply and two 

add instructions. This disadvantage can be overcome somewhat through the 

use of the HP 2100 computer's microprogramming capabilities. But still, 

the binary tree structure must be searched and this is inherently a less 

efficient procedure than indexing an array. At the beginning of a 

simulation before the binary tree density maps have grown very much 

there should be little difference in speed. The binary tree structure 

may even be a bit faster because there are fewer counters to increment 

in recording a molecule's trajectory. But as the simulation runs and 

more nodes are created, the access speed will begin to slow down. Also, 

as the density map converges to the final result, the majority of mole

cules will follow an average trajectory through the densest parts of the 

density maps which are also the most finely divided and the slowest to 

access. The advantages of the binary tree structure are, however, so 

great that this one disadvantage is insignificant in comparison. 

In terms of memory efficiency, this binary tree structure for 

storing molecule density maps is much better than a two-dimensional 

array, but it is by no means the most efficient possible. Any one of a 

great many functional forms, for example, splines or two-dimensional 

polynomials, could be used to store the information in the computer's 

memory. Most of these, however, are unacceptably slow in recording 

molecule trajectories and calculating the density of molecules at a 

point. 
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Simulation Scaling 

The molecule density maps upon which this discrete event simula

tion is built are implemented using dimensionless numbers for all param

eters and results. The ranges of the numbers used are determined by the 

structure of the computer's memory and instruction set rather than the 

chromatographic experiments to be simulated. This was done for two 

reasons. First, the computer can process information much more effi

ciently if it fits into its own scheme of things rather than in some 

arbitrary outside organization. This is the same reason the density map 

structure was used. Second, and just as important, the use of dimen

sionless numbers allows much greater flexibility in the range of real 

chromatographic models which can be simulated by a single simulation 

program. 

All parameters and results used in this study are specified or 

presented in terms of the dimensionless internal numbers. They could be 

scaled to match real chromatographic systems, but the main purpose of 

these first simulations is to test and demonstrate the workings of the 

simulation itself and to develop a qualitative understanding of non

linear mechanisms in chromatography rather than to derive values for 

parameters in specific chromatographic models. Scaling the parameters 

would make little difference in the ease with which the simulation could 

be used because the main objects of study, nonlinear mechanisms, are the 

same regardless. Implementing models using scaled parameters would 

result in significantly reduced efficiency because parameters would have 

to be continually translated to internal dimensionless form during 
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simulation. Scaling parameters, at the time they are input to the 

model, would restore the simulation efficiency but the user would be 

required to supply the appropriate scaling algorithms whenever he changes 

a model. An understanding of the internal dimensionless form is still 

required of the user plus the work involved in writing scaling routines. 

The simulation's basic internal dimensions are the molecule 

; density map coordinates in both time and column position and, on an 

independent scale, the density of molecules at any point in the map. 

Time and column position coordinates each have 15 bits precision and, 

therefore, a dimensionless range of 0 to 32,767. The last bit of the 16 

bit word is used by the basic density map access routine to detect a 

coordinate overflow or out-of-range condition which occurs whenever a 

molecule reaches the simulated column or time limit. The density of 

molecules at a given point in the density map is stored in the binary 

tree structure as discussed previously. The basic access routine to 

find this density at a given pair of coordinates calculates a density 

from the binary tree structure and returns it as a standard format 

floating point number. The actual scale of this number has been 

arbitrarily chosen to be one. Before any molecules have been run 

through a simulation, the density at all points in the density map is 

exactly one. As the simulation is executed, molecule density is added 

to some regions of the density map but not to others, resulting in some 

regions increasing in density above one and others dropping below and 

approaching zero. All other internal parameters for a simulation are in 
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some way related to either the density map coordinates or total density 

and must be scaled to match them. 

A discrete event model is necessarily a kinetic model and there

fore requires reaction rates as parameters. The two rates of interest 

in these models are the surface encounter rate and the desorption rate. 

The internal scale of the surface encounter rate is determined by the 

column position coordinate because the molecule is moving in that dimen

sion while it is in the gas phase. The parameter as specified is the 

probability of the molecule encountering the surface at each unit of 

column length as it passes through. The reciprocal is therefore the 

average number of column units passed through between surface encoimters 

and the total column length [32,767] multiplied by the parameter is the 

average number of surface encounters by a molecule passing through the 

column. The internal scale of the desorption rate is determined by the 

time coordinate because the molecule is moving in that direction while 

it is adsorbed. Desorption rate parameters are specified in a form 

analogous to surface encounter rate parameters and can be interpreted 

similarly. 

The internal concentration or molecule density parameter is a 

dimensionless ratio, the number of sites per molecule. A typical gas-

2 
solid chromatography system might contain 1 g of 30 m /g adsorbent 

2 
packed in a 1 m column for a total surface area of about 30 m (98, 

99) . A nonspecific adsorbent surface should be able to accommodate 

2 20 
about 4 molecules per nm . Thus, there should be about 10 adsorption 

sites in this column. If a peak occupies on the average about 1% of the 
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column at a time, then the total number of sites available is about 

18 -9 
10 • A typical sample injection is about 10 g which at 100 g/mole is 

-11 13 10 moles or about 10 molecules. Thus, a site per molecule ratio of 

105 should give typical linear chromatographic behavior. Increasing the 

3 2 sample size by a factor of 10 gives a sites-per-molecule ratio of 10 

and results in nonlinear behavior in both the real chromatographic 

system and the simulation. 

Linear Chromatography Simulation 

Figure 3.12 is a slice through a molecule density map at a fixed 

time. It shows the density of molecules as a function of column posi

tion at this time in a linear simulation. This plot of molecule density 

vs. column position is not all of the information contained in a density 

map. Plots may be made at other values of the time coordinate to 

illustrate the development of the peak at earlier or later times in the 

simulated experiment. In addition, a slice of the density map at a 

fixed column position may be plotted vs. the time coordinate. 

The density map from which Figure 3.12 was taken is the result 

of a simulation of the model given in Figures 3.5 and 3.6. Linear 

adsorption was modelled by the ADSORB procedure given in Figure 3.4. 

The peak matches the expected shape for a linear chromatographic system 

with slow kinetics. It is not quite symmetrical because at this time in 

the simulated experiment the average molecule has been adsorbed and 

desorbed only 32 times. The symmetrical Gaussian peak shape is 

approached in a chromatographic system only after a long time and a 

large number of adsorption-desorption events. Most theories of 
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Figure 3.12 Simulation of a linear chromatography model. 

Adsorption rate = .002, desorption rate = .002, plot 
time = 16000. 
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chromatography must make a long time assumption, but this discrete event 

simulation actually works best at short times and, therefore, is 

especially useful in studies of the initial stages of a chromatographic 

experiment. 

Figure 3.13 is an example of a discrete event simulation used to 

observe the effect of injection profile on a chromatographic peak's 

initial development. Plot A resulted from a near-ideal injection using 

the procedure given in Figure 3.7. Plots B and C resulted from pro

gressively broader injection profiles. The front or right side of plots 

B and C are nearly as sharp as plot A. They are shifted left toward 

longer retention times simply because the average molecule enters the 

column later. The tailing side of plot B is also nearly as sharp as 

plot A. Plot C, however, has an obviously more gentle slope on its 

tailing side. The overall shape of plot B closely resembles plot A 

because the injection is sufficiently fast for all of the molecules to 

get out the injection port and undergo at least several adsorption and 

desorption events by this time. The overall shape of plot B is deter

mined more by the chromatography than the one time effect of the slow 

injection. Not all of the molecules in plot C have even entered the 

column yet so the exponential decay of the injection port still has a 

large influence on the peak tail. 

Nonlinear Chromatography Simulation 

The gas-solid chromatography simulation procedure given in 

Figures 3.5 and 3.6 can be made to model nonlinear behavior by inserting 

a nonlinear ADSORB procedure into it. A Langmuir adsorption model, 
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Figure 3.13 Effect on injection port mixing on linear chromatography 
model. 

Adsorption rate = .002, desorption rate = .002, plot 
time = 16000. Injection rates = 1.0, .0005, and .00025 
for plots A, B, and C, respectively. 
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defined in Figure 3.10, is used in this series of simulations. The rest 

of the chromatography model remains as it was for the linear simula

tions. The user can replace any of the modular pieces to build and 

simulate any kind of chromatographic model. 

Nonlinear Peak Development 

The results of a simulation of a nonlinear Langmuir chromato

graphic model are presented in Figure 3.14. Plots A through D show the 

simulated peak at four points during the simulated experiment. Shortly 

after injection, plot A, it is still quite sharp but asymmetrical. The 

front is vertical while the back side is beginning to develop a tail. 

This asymmetry is the opposite of that observed in a linear model at 

short retention times (Figure 3.12). At simulation time 4000, plot B, 

the front has moved a considerable distance down the column but the tail 

has moved more slowly, resulting in a broader asymmetrical peak. The 

peak maximum just behind the sharp front is moving at a higher speed 

than the regions of lower concentration in the tail. 

Each successive plot of this developing peak is at a time twice 

as far along in the simulation as the previous plot. Plot A is at an 

internal dimensionless time of 4000. Plot B is at 8000, etc. The rate 

of movement by the peak maximum does not follow this series. During the 

first 4000 time units, the peak maximum moves approximately 6400 

distance units, a speed of about 1.60. But between 4000 and 8000 time 

units, it moves only about 4600 distance units for a speed of approxi

mately 1.15. By the time the peak reaches plot D, the average speed of 

the peak maximum is down to 0.69. If this has been a linear model with 
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Figure 3.14 Development of a nonlinear chromatographic peak. 

Surface encounter rate = .008, desorption rate = .004, 
sites per molecule = 16. Plot times = 4000, 8000, 16000, 
and 32000 for plots A, B, C, and D, respectively. 
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the given rates of adsorption and desorption, then the average molecule 

would have traveled at a speed of 0.50. The extreme parts of the tail 

move at about the linear speed, but the rest of this nonlinear peak 

moves quite a bit faster, resulting in excessive peak broadening. From 

the point of view of the individual molecules, there is a shortage of 

adsorption sites. Sometimes when a molecule encounters the surface and 

tries to become adsorbed, it finds that the adsorption site is already 

taken so it must remain in the gas phase and continue travelling down 

the column. This is more likely to happen in regions of high concentra

tion such as exist in the peak soon after injection. So the average 

molecule and especially those in the part of the peak with greatest con

centration move down the column faster than they normally would until 

the peak spreads out and the concentrations of molecules on the surface 

is reduced. 

The faster moving peak maximum leaves the tail of the peak fur

ther behind as it moves down the column. The various parts of the tail 

move at speeds related to their local concentrations on the surface. 

Thus, the tail stretches out further as long as any part of the peak con

tains enough molecules to cause a significant amount of competition for 

the available adsorption sites. This nonlinear mechanism is a very 

effective way of broadening a chromatographic peak. 

Besides leaving a tail behind, the faster moving peak maximum 

moves continuously into new parts of the column with completely empty 

adsorption sites. Those molecules which happen to be in the forefront 

of the peak encounter this fresh surface and become adsorbed with no 
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competition for adsorption sites. Their speed down the column must be 

at the slower linear rate for as long as they remain in the lead. But 

the peak maximum following close behind is moving faster and quickly 

overtakes them. Any individual molecules which, because of statistical 

variation in their individual adsorption and desorption behavior, happen 

to drift ahead of the main body of the peak are slowed down by the 

availability of adsorption sites and kept close to the peak maximum. 

The peak cannot spread in the forward direction as a linear chroma

tography peak would. This self-sharpening front behavior for nonlinear 

peaks is predicted by other nonlinear theories of chromatography 

(100,101).  

In plots A and B of Figure 3.14, the developing peak still has a 

self-sharpening front. The slope of the front is not quite vertical but 

it remains at a constant angle much sharper than the rapidly developing 

tail. The slope of the self-sharpening front is related to the kinetics 

of the adsorption and desorption processes. This effect is not shown by 

the nonlinear chromatography theory of Helfferich and Klein (100) which 

assumes equilibrium conditions at all times and consequently predicts a 

vertical self-sharpening front. A nonequilibrium Langmuir isotherm 

treatment by Zhitomirskii et al. (101) shows nonvertical self-sharpening 

fronts very similar to these simulation results. 

In plot C of Figure 3.14, most of the peak front still has the 

self-sharpening angle. The concentration at the peak maximum is still 

high enough to keep it moving faster than any molecules tending 
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to drift ahead. But a few molecules are able to get ahead of it 

temporarily causing more rounding off at the base of the self-

sharpening front. 

In plot D of Figure 3.14, the concentration at the peak maximum 

has decreased further reducing the peak's speed. The angle of the front 

has fallen below the self-sharpening angle and the front is beginning to 

spread out as faster molecules drift away. The peak maximum is still 

moving a little faster than the linear chromatography speed and so can 

keep the front from spreading quite as fast as it normally would. But, 

the front is no longer self-sharpening and so must spread out. 

Sample Size Dependence 

Figure 3.15 presents the results of a series of simulations run 

with identical parameters except for the size of the injected samples. 

The smallest peak resulted from an injection whose concentration was 

small enough to give essentially linear chromatographic behavior. Each 

successively larger peak resulted from an injection of twice the pre

vious sample concentration. All peaks are plotted at the same point in 

simulated time and on the same scale relative to the number of available 

adsorption sites in the column. 

The second smallest peak appears to be quite symmetrical and 

Gaussian in shape. It looks like a linear peak, but its peak maximum is 

shifted a little toward shorter retention times and it is a little 

broader than the smallest peak. A truly linear peak should be identical 

to all smaller peaks except for. a_s.cal,e factor. This second smallest 

peak is behaving as a linear peak at the time this plot was made in the 
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Figure 3.15 Effect of sample size variation on simulation of a non
linear chromatography model. 
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Surface encounter rate = .008, desorption rate = .004, plot 
time = 20000. Sites per molecule = 8, 16, 32, 64, 128, and 
256 for plots A, B, C, D, E, and F, respectively. 
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simulation and has been linear for most of its retention time. But for 

a short time after injection it had a large enough concentration to move 

faster than normal and develop a small tail. 

The next two peaks are more obviously nonlinear. They have the 

expected asymmetry with a sharper front and a tail at the rear. The 

fronts are no longer self-sharpening as they were for a while after 

injection and the smaller of the two is well on its way to the Gaussian 

shape. 

The two largest peaks still have self-sharpening fronts. The 

distance a nonlinear peak can travel and still maintain a self-

sharpening front is determined by the size of the injection. 

All of the nonlinear peaks in Figure 3.15 follow the same curve 

on the tail side of the peak. This is a result of the faster average 

movement of molecules in regions of higher concentration. A molecule in 

the tail of a peak moves at a rate determined by the number of available 

adsorption sites which is determined by the local concentration of mole

cules. Molecules further up the tail are in regions with higher concen

tration and are, therefore, moving faster and must be on the average 

pulling away from the rest of the tail. Since molecules in the front 

are moving away from those in the back, they cannot have any influence 

on the behavior of those left behind. Thus, molecules in the tail can

not tell how big a peak they belong to and must have the same behavior 

regardless. This argument assumes that spreading due to diffusion pro

cesses is insignificant in comparison with spreading due to 

nonlinearity. 



Nonuniform Surface Models 

So far all models simulated have assumed that the solid surface 

consists of identical discrete adsorption sites. This uniformity of 

surface structure is an often-stated goal in the design of chromato

graphic systems (102,103), but real surfaces are always more complicated. 

For example, a modified Porasil surface intended for gas-solid chroma

tography was prepared and characterized by Gilpin and Burke (104). It 

was shown to have three distinct kinds of structures on the surface 

which could act as adsorption sites for molecules of various types. Any 

realistic gas-solid chromatography simulation must be able to include 

these and other nonuniform surface models. 

Two Independent Sites 

It is quite easy to modify the nonlinear adsorption model given 

in Figure 3.15 to include the possibility of the molecule becoming 

adsorbed on a second kind of site with different characteristics. One 

such nonuniform surface model is given in Figure 3.16. Upon encountering 

the surface in the same HITSURF procedure, a decision is made as to 

which of the two types of sites is present. In this particular model, 

it is assumed that the molecules encounter the sites in proportion to 

their occurrence frequency on the surface. This may not always be the 

case, since adsorption kinetics can be influenced by many factors. Once 

the site type has been determined through the use of a uniform distribu

tion random number, the molecule attempts to adsorb on it. The two 

adsorption procedures, STICKO and STICK1, are identical to the original 

nonlinear STUCK procedure from Figure 3.10 except that they use separate 
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* 
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Figure 3.16 Nonlinear adsorption model for surfaces with two kinds of 
adsorption sites. 
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density maps and scale factors to make an adsorb or not decision. In a 

particular region of the molecule density maps, one of the two kinds of 

sites may be nearly full while the other is almost empty. Whether a 

molecule becomes adsorbed or not would then depend largely upon which 

type of site it encountered on the surface. The DESORB procedure for 

this two-site model is given in Figure 3.17. It generates an appro

priate desorption time depending upon which of the two sites the mole

cule was adsorbed on. 

Adding a second type of adsorption site greatly increases the 

range of possible chromatographic behavior of a model surface. The two 

individual kinds of sites can have different concentrations and 

adsorption-desorption kinetics. A molecule in the column can be 

involved in a larger variety of events and may interact with other mole

cules in a peak in more complex ways. The explanations for the chro

matographic behavior of a system on a molecular level can become much 

more obscure than the single-site type examples have been. 

For example, Figure 3.18 illustrates the effect of varying the 

proportions of two distinct kinds of adsorption sites on the retention 

and shape of a chromatographic peak. The adsorption and desorption 

models used for these simulations are given in Figures 3.16 and 3.17. 

All plots were made at the same dimensionless time and on the same 

density scale. The only variation among these simulations was in the 

amount of higher energy sites present in the column. A higher energy 

site is one which has a higher activation energy for desorption and, 

therefore, a slower desorption rate. In this particular example, the 



* 
* DESORB0 
* 
• DESORB MOLECULE FROM SITE TYPE 0 
* 

LOCAL PROC OESOR&0 BEGIN 
* AVERAGE DESORPTION RATE FROM THIS SITP-
* GENERATE RANDOM OESORPTTON TIME 
* ADD IT ONTO CURRENT TIME 
* COLUMN POSITION AT ADSORPTION 
* TIME AT ADSORPTION 
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* 

LOCAL PROC DESORB1 BEGIN 
OESRATE1 * AVERAGE DESORPTION RATE FROM THIS SITE 
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LOCAL PROC DESORB BEGIN 
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END 
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Figure 3.17 Desorption model for surfaces with two kinds of sites. 
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Figure 3.18 Simulation of a nonlinear chromatography model with two 
types of adsorption sites. 
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Surface encounter rate = .01, sites 0 desorption rate = 
.01, sites 1 desorption rate = .001, sites 0 per molecule 
= 1000, plot time = 25000. Sites 1 per molecule = 0, 10, 
100, and 200 for plots A, B, C, and D, respectively. 
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higher energy site desorption rate was slower than the low energy site 

by a factor of 10. In all of these simulations the low energy site was 

present in sufficient concentration to have essentially linear behavior. 

The two kinds of sites are assumed to exist independently on the 

surface and molecules can interact with only one of them at a time. The 

adsorption rates for each of the two kinds of sites is determined by the 

surface encounter rate and by the fraction of each kind of site. The 

probability that a molecule attempts to become adsorbed on one kind of 

site rather than the other is determined solely by their relative avail

ability and not by any chemical differences. 

Plot A of Figure 3.18 resulted from a simulation with no high 

energy sites. It provides a uniform surface standard against which the 

two-site models can be compared. Plot B resulted from an identical 

simulation except for high energy sites added at a concentration 1% as 

large as the low energy sites. The peak is retained slightly longer in 

the column and made slightly broader. The effect is not very large 

simply because at only 1% concentration the molecules do not run into a 

high energy site very often. With the high energy site concentration 

set at 10% of the low energy site concentration plot C results. Here 

the peak has about the same breadth as in plot B, but it has moved only 

a little more than half as far down the column. The presence of the 

high energy sites is causing excessive peak broadening and poor column 

efficiency. At 20% high energy site concentration, plot D, the peak 

retention has increased but the peak is also sharper than in plot C. The 

column efficiency has not deteriorated further and may be even a little 
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better as the chromatographic behavior of the column begins to be domi

nated by the high energy sites. 

This simulation experiment confirms the rule that uniform sur

faces are better than nonuniform stirfaces for good, efficient gas-solid 

chromatography. It also shows why it is so difficult to make really 

good gas-solid chromatography surfaces. It is desirable to have low 

energy nonspecific adsorption as the major retention mechanism in a gas-

solid chromatography column. This is often achieved by deactivating the 

surface through a chemical reaction to remove or cover up the specific 

interaction high energy adsorption sites. But, if the reaction is not 

100% complete and a few high energy adsorption sites, say 5-10%, remain 

uncovered, then a situation like plot C of Figure 3.18 will result and 

the column efficiency will be much worse than expected. The results 

could be considerably worse than this if the high energy adsorption 

sites have slower desorption rates than were assumed in these models. 

The modified Porasil surfaces are of this kind (104). Most of 

the original silanol groups present on the silica surface were replaced 

with chemically bonded hydrocarbons which should be very good for low 

energy nonspecific adsorption processes. But if the original silica 

stirface contained at least 5 silanol groups per nm (105) and the first 

step of the reaction results in about 3.52 dimethylchlorosilane groups 

2 2 
attached per nm (104), then about 1.5 silanol groups per nm must 

remain unreacted. Many of these are probably effectively covered up by 

neighboring hydrocarbon groups but the ones remaining are potential 

specific interaction sites. The concentration of these high energy 
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sites is very likely 5% or more of the total available adsorption sites. 

If a sample containing functional groups which can bind to these silanol 

sites is injected, then the resulting chromatographic behavior is likely 

to be at least as bad as the simulated results. 

How tightly a molecule is held on a specific adsorption site 

depends on the molecule as well as the chemistry of the site. An alkene 

sample injected into a chromatographic column of this modified Porasil 

surface should have a moderately strong specific as well as a weak non

specific adsorption. An alkane sample, on the other hand, should not 

have any specific interactions with the silanol adsorption sites and so 

should behave as if it is adsorbing on a single-site type of surface. A 

series of column efficiency measurements was made on modified Porasil 

surfaces using both cyclohexene and cyclohexane (99). The column effi

ciency measured using cyclohexene was much worse than the column effi

ciency measured using cyclohexane. This difference in efficiencies is 

very neatly explained by the model simulated in Figure 3.18. Cyclo

hexene should have a moderately strong specific interaction with silanol 

groups on the silica surface which cyclohexane should not have. Thus, 

an injection of cyclohexene should see a surface with two kinds of 

adsorption sites as in plots B, C, and D while an injection of cyclo

hexane should see only nonspecific adsorption sites as in plot A. A 

silanol site concentration of 5% to 10% and a cyclohexene desorption 

rate from these silanol sites 10 to 20 times slower than from non

specific hydrocarbon sites is consistent with the results of these 

experiments. 
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The simulation cannot prove that this model is the correct one. 

Others may give results just as close to the real experiment. But it 

does prove that the model is at least consistent with the experimental 

results. An indication of which models are consistent with experiments 

can be very valuable in the planning of further research. This is 

especially true for research involving complex systems such as chroma

tography where intuition is not enough. 

Two Sites with Intersite Transfers 

The two-sites model with independent sites is probably good 

enough if the two kinds of sites are not too different in chemical 

behavior or concentration. But it may not be adequate if the two sites 

have fundamentally different character, resulting in different 

mechanisms of adsorption and desorption. For example, one of the two 

sites may have a low energy nonspecific adsorption while the second can 

become involved in a specific interaction with a functional group on an 

adsorbed molecule. To become adsorbed, the molecule must encounter the 

surface with its functional group on the side toward the adsorption 

site. This must happen less often than simply hitting the surface as in 

a nonspecific adsorption event. Therefore, the kinetics of adsorption 

on a specific interaction site should be slower than the simple site 

encounter rate. 

However, if there is a large concentration of nonspecific 

adsorption sites surrounding each specific site, then the molecule may 

be held on a neighboring nonspecific site while it flops around and 

eventually falls into the specific site with its functional group in the 
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proper position for adsorption. The activation energy for transfers 

between adsorption sites is likely to be smaller than for complete 

removal from the surface in a desorption event and, consequently, the 

rate of transfer between sites is likely to be faster than the rate of 

desorption. The adsorbed molecules may then act as a two-dimensional 

gas on the solid surface (1)• While moving over the surface, a mole

cule could encounter a high energy adsorption site and become stuck on 

it. Either of these mechanisms involving first a nonspecific adsorption 

followed by transfer to a specific interaction adsorption site should 

lead to improved kinetics for adsorption on high energy sites. 

A two-site adsorption model involving transfer to high energy 

sites from neighboring low energy sites is given in Figure 3.19. In 

this model, it is assumed that a molecule must first become adsorbed on 

a nonspecific site in the usual fashion. It may then transfer to a 

neighboring specific interaction site if one is available and empty. It 

is assumed that on the average each specific interaction site has four 

nonspecific sites close enough to supply molecules. No possibility of 

transfers between nonspecific adsorption sites is included in the model. 

The result of a simulation of this model is given in Figure 

3.20. In this simulation, there is only one high energy site for every 

1,000 low energy sites, but once a molecule is adsorbed on a high energy 

site, it stays there on an average 500 times as long as on a low energy 

site. The main part of the peak is about where it should be for 

approximately linear chromatography on the low energy adsorption sites; 
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Figure 3.19 Nonlinear adsorption model for surfaces with two kinds of 
sites and surface transfer of molecules from low energy to 
high energy sites. 
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Figure 3.20 Simulation o£ a nonlinear chromatography model with two 
types of adsorption sites and surface transfer of molecules 
from low energy to high energy sites. 

Surface encounter rate = .02, sites 0 desorption rate = 
.02, sites 1 desorption rate = .001, sites 0 per molecule = 
400, sites 1 per molecule = 4, plot time = 25000. 
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therefore, most of the molecules must be completely ignoring the high 

energy sites. 

The peak tail has a very different shape than the tails 

resulting from simply overloading a single-site type column. It is much 

longer because of the very slow desorption kinetics of the high energy 

sites and lower in concentration because of the limited number of these 

sites. The adsorption kinetics are enhanced by the mechanism trans

ferring molecules from low to high energy sites. The high energy sites 

must be nearly saturated wherever there is a reasonably large concentra

tion of molecules adsorbed on the low energy sites. As the main part of 

the peak passes over a section of the column, almost all of the high 

energy sites are filled. Then, after the peak has moved on, molecules 

slowly desorb from the high energy sites. But most of them will never 

catch up with the main peak because it is moving at a rate mainly deter

mined by the low energy sites while out in the tail the high energy 

sites are no longer completely saturated. Consequently, a molecule has 

an increased chance of becoming adsorbed on a high energy site again and 

moving even further out in the tail. 

This very low concentration of high energy sites.continuously 

builds a tail on the chromatographic peak at a rate determined by the 

concentration of the sites. The length of the tail is determined by the 

desorption kinetics. To be effective tail producers, high energy sites 

must have some adsorption mechanism which increases the rate over what 

it would be if they became adsorbed by simply encountering the site 

directly from the gas phase. 
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Giddings (13) argued that in order to produce a distinct tail on 

a peak a high energy site must have a desorption rate at least 10̂  times 

slower than the low energy sites responsible for the main part of the 

peak. This is clearly not true for this model since the high energy 

site desorption rate is only 500 times the low energy site desorption 

rate. Giddings did not consider the possibility of a molecule being 

moved further out into the tail by additional adsorptions on the high 

energy sites. The enhanced rate of adsorption in this model makes these 

additional adsorptions in the tail an important part of the mechanism 

responsible for building the tail to a significant size. In a two-

dimensional gas model, the rate of adsorption on the high energy sites 

might be even greater, resulting in a faster buildup of a tail. 

This kind of model can help explain the lack of peak tailing in 

cross-correlation chromatography experiments discussed in Chapter 2. In 

these multiple injection experiments, each peak is injected on, the tail 

of, or even overlapping with, the previously injected peak. Each sample 

injected finds a surface with all of its higher energy sites full from 

the previous injection and so cannot use this mechanism to any signifi

cant degree in building a tail. 

Figure 3.21 illustrates the effect of changing the sample size 

on the model given in Figure 3.18. Plot B is the same simulation pre

sented in Figure 20. Plot A is an increase in sample size by a factor 

of 4 and plot C is a decrease by a factor of 4. The attenuations of 

plots A and C are adjusted to the same scale as plot B. All three 

simulations are plotted at the same simulation time. 
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COLUMN POSITION 

Figure 3.21 Effect of sample size variation on simulation of a non
linear chromatography model with two types of adsorption 
sites and surface transfer of molecules from low energy to 
high energy sites. 

Surface encounter rate = .02, sites 0 desorption rate = 
.02, sites 1 desorption rate = .001, plot time = 25000. 
Sites 0 per molecule = 100, 400, and 1600 and sites 1 per 
molecule = 1, 4, and 16, for plots A, B, and C, 
respectively. 
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Increasing the sample size four times causes the low energy-

adsorption sites to begin behaving nonlinearly. The result is a shift 

to shorter retention times and a larger column overloading tail. As 

expected, increasing the sample size is detrimental to the efficiency of 

this gas-solid chromatography column. But decreasing the sample size is 

also bad. Now the high energy tail producing sites can take a larger 

proportion of the molecules from the main part of the peak and move them 

into the tail. This kind of tail is limited by the number of high 

energy sites and as the total sample size is reduced, a small number of 

sites becomes proportionally more important. Giddings (73, pp. 255-257) 

has previously observed and explained this kind of behavior. 

Conclusion 

This simulation system is not an attempt to create a new theory 

of chromatography. From the point of view of a pure theoretician, a 

simulation is an inelegant brute force procedure woefully lacking in 

generality. A specific model must be chosen for each simulation experi

ment and the results can be generalized to a class of models only 

through interpretation of the experimental (simulated) evidence. From 

this point of view, a simulation procedure more closely resembles an 

experimental technique than a theory. But, to an experimentalist, a 

simulation may seem to lack any contact with the real world and its 

experimentally verifiable facts. Actually, simulation methods lie some

where between theory and experiment and can be usefully employed in 

combination with either or both. They can help link theory and experi

ment together to improve the understanding of both, indicating which 
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elements of a theory can be used to explain an experimental result or 

what kinds of experiments should be employed to verify a theory. 

Any model or theory which can be expressed as in terms of the 

discrete event algorithms and does not exceed the capacity of the avail

able computer may be simulated. Many models which are difficult to 

express and solve analytically may be examined by this simulation pro

cedure. The basic requirement is that the model be expressable in terms 

of mechanisms and probabilities. For example, diffusion of a molecule 

leaving a surface and returning to the gas phase and flowing through 

porous structures may be modelled by probability density functions 

derived from the geometry of gas flow through the porous structure. 

This case has been treated by Giddings (73, pp. 195-225) only by making 

very restrictive assumptions. Such assumptions are not required by this 

simulation approach. 

This simulation procedure operates on kinetic models. Thermo

dynamic models may be simulated only if they can be reformulated in 

kinetic terms. Thermodynamics is concerned with the initial and final 

states of a system while kinetics is concerned with the details of how a 

system gets from one state to another. In principle, all thermodynamic 

models may be treated in terms of kinetics although the kinetic models 

may be more complex and less accurate. For example, a thermodynamic 

partition coefficient may be defined as the equilibrium ratio of the 

stationary phase activity to the mobile phase activity of the sample 

substance. In a kinetic model, this partition coefficient may be 

defined as a ratio of the adsorption and desorption rates and ideally 
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the two models should agree. If one desires to model the temperature 

dependence, a thermodynamic parameter, of a chromatographic system, then 

some model of the temperature dependence of the kinetic parameters must 

be provided. Desorption rates are easy to model using the Arrhenius 

equation. Surface encounter rates, however, are composites of several 

processes, each of which may have-a different temperature dependence. 

But, if the user can derive satisfactory submodels and is willing to 

make his chromatography model more complex, he can simulate partition 

coefficient temperature dependences or any other thermodynamic 

processes. 

No attempt has been made to derive quantitative results from any 

of these simulations of chromatographic processes. It would be possible 

to assign real values to the dimensionless parameters used in the models 

and so scale the results to match some real chromatographic system. To 

do so might be helpful to the reader in developing more realistic mental 

pictures of the chromatographic systems being modelled. The results, 

however, would not be immediately useful for quantitative parameter 

estimation. The models as defined are still too simple to completely 

describe real chromatographic systems. Adding more detail necessarily 

adds more parameters whose values must be estimated. With enough param

eters to adjust, almost any experimental result could be matched with a 

wide variety of models. 

The models presented here are realistic in terms of their chro

matographic behavior. However, the submodels of the structure of gas-

solid surfaces and adsorption-desorption processes in chromatographic 
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systems are grossly oversimplified. Many details of molecules inter

acting with surfaces have been left out of these models to make computer 

simulation of them practical. Generally, large numbers of individual 

discrete events have been replaced by single random numbers from dis

tributions which are assumed to have the same overall result. The 

simple adsorption events of these models are in reality complex 

composites of flow between particles, diffusion through pores, actual 

adsorption, and surface diffusion processes. A real numerical view for 

such a composite parameter is little more enlightening than the dimen-

sionless parameters. 

The greatest value of these digital computer simulation tech

niques is in their use as qualitative aids to the understanding of 

models of chromatographic mechanisms. Informal models are a very impor

tant part of the thinking processes of all chemists engaged in research 

on new chemical systems. Very often, as in the case of chromatography, 

these informal models tend to be based on molecular interactions 

mechanisms. A discrete event simulation is a more formal way of 

expressing the same kind of molecular model. In exchange for the extra 

effort required in formally defining and writing down a model, the 

simulation provides a way of testing' the logic of a model. The testing 

can provide evidence as to the reasonableness of a model and so aid in 

the intelligent discussion and comparison of alternative models leading 

to valuable insight into the behavior of corresponding real chromato

graphic systems. 



CHAPTER 4 

CHEMIST-COMPUTER COMMUNICATION 

Communicating with the laboratory computer is the greatest 

single problem limiting the application of small computers in the chemi

cal laboratory. The problem is basically organizational. In order to 

understand and use those features of a computer system relevant to his 

current application, a chemist must be presented with a logical, well-

organized structure both in the software and in the hardware. Even the 

smallest general purpose computer systems are complex enough to make it 

very difficult for a chemist to keep it all in mind while simultaneously 

thinking about his chemistry problem. The purpose of an organization is 

to make it possible for a user to think about only those parts of 

immediate concern at any one time. 

A very general approach which provides exceptionally understand

able structures for complex systems is the hierarchical organization. 

In this approach a complex system is designed such that each part is 

defined in terms of services provided by previously defined more general 

parts. To understand any one part, the user must know what services are 

provided by lower levels but not how they are provided. The hierarchi

cal structure is built upon the lowest level providing general purpose 

services and proceeds to higher levels which provide more specific 

services. 

139 
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As an example of a hierarchically structured software system, 

consider a program written for a general purpose laboratory computer to 

control an instrument, acquire data from the instrument, perform cal

culations, and present the final results. Such a program might be writ

ten with low level instrument control and basic arithmetic in assembly 

language, intermediate level analytical logic in FORTRAN, and high level 

descriptions of specific experiments in a command language interpreted 

by the software package. This structure has three hierarchical levels 

of generality. Those parts of a problem requiring general computer 

capabilities can be coded in low and intermediate levels while the 

chemistry parts are specified in intermediate and high level languages. 

Those users wishing to describe chemical problems of the type for which 

the system was designed can communicate using a high level specific 

language requiring few details. For those users who need to do some

thing not provided for by the high level services, the lower level, more 

general languages still exist. Similar structuring can be provided in 

the computer hardware both as an aid in its design and construction and 

to improve its operating capabilities. 

Hierarchical organizations, as in the above example, have often 

been used incompletely and inconsistently in the implementation of 

laboratory computer systems. Further improvements could be made in this 

hierarchical approach by designing systems based specifically on these 

organizational principles so that the hierarchical structure is applied 

throughout the system. No laboratory computer systems designed inten

tionally to take full advantage of this approach have yet been reported. 
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The Threaded Programming Technique 

Computer programming languages can be arranged in an order 

based on their level of specialization as illustrated in Figure 4.1. 

Included among the most specialized or high level languages are command 

languages for application programs. These are often so extremely 

specialized that using them hardly even seems to be programming. They 

usually contain a very limited number of very specialized instructions 

so that the person making use of them can be thinking about his applica

tion problem rather than the details of how the computer should carry 

out his command. The range of applicability of these command languages 

is extremely small, being limited to the services provided by a single 

specialized program. Specialty languages are not quite so specialized 

as command languages. A larger number of more general purpose instruc

tions are provided so the user can do a larger variety of operations, 

but he must also think about how to do them. Software packages such as 

sets of subroutines often fit into this category. General purpose pro

gramming languages like BASIC or FORTRAN have much wider ranges of 

applicability. At the lowest level are assembly languages and microcode 

which can do anything allowed by the computer hardware. They are very 

hard to use because of their extremely wide range of applicability and 

very general, detailed instructions. 

High level programming languages are very easy to use but lack 

generality while low level languages are very general but hard to use. 

A general purpose laboratory computer system must have both specialized 

languages for efficient routine analysis work and very general languages 
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for development of new techniques. Most laboratory computer systems 

achieve this through the use of several different programming languages 

with different syntaxes and data structures resulting in rigid and 

poorly structured programs. 

Threaded programming is a technique which allows the development 

of a software system of hierarchical levels with a single overall struc

ture. It is an interpretive technique related to the threaded code of 

Bell (106) and Dewar (107). In threaded code, a program consists of a 

string of addresses pointing to service routines. The program is 

executed interpretively as shown in Figure 4.2. Upon completion of each 

service routine, control is transferred to the next one in sequence by 

incrementing the threaded code position counter and then jumping 

indirectly through the address in the threaded program to the next 

service routine. This process can be quite efficient. In fact, for 

some computer instruction sets (e.g., the PDP 11), it is faster than the 

standard subroutine call and return. Thus, threaded code and related 

techniques offer most of the advantages of an interpretive mode of 

operation without the major penalty of slow program execution. 

A programming system based on the concept of threaded code, 

FORTH (108), has been implemented on a number of different computers 

used in instrument control applications. It uses the idea of indirect 

threaded code (107) for greater flexibility in defining service routines. 

Specifically, service routines are provided to move the threaded code 

position counter to and from a stack so that one threaded program may 

call another as shown in Figure 4.3. This capability is an extremely 
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important extension of the threaded code technique because it allows a 

very convenient hierarchical structuring of programs. In addition, 

FORTH provides for interactive compilation of both threaded code and 

assembly level service routines. This particular programming technique 

is limited in two ways for our approach to laboratory computers: first, 

dedication to single user, and second, a syntax which is difficult to 

use in larger programs. 

Threaded code can be used to produce highly hierarchically 

structured programs which, in addition to being smaller in size than 

equivalent conventionally structured programs, are also often easier to 

write and understand. This is closely related to the idea of structured 

programming (109) in which one of the basic principles is the liberal 

use of subprogram structures (HO). Because of its potential usefulness 

as an efficient means of structuring programs, it is important that the 

threaded programming technique be further developed to make it more 

generally applicable. Improvements can be made both in the design of 

the technique itself and in methods of writing structured programs using 

it. 

Microcode Implementation of a 
Threaded Code System 

HISS, Hierarchical Interactive Sharing System, an operating 

system written using threaded code, has been implemented for a Hewlett-

Packard 2100 with the writable control store (WCS) option installed. It 

is an experimental system for which efficiency in software implementa

tion and maintenance are more important than efficiency in operation. 
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For this reason, it was decided to code as much of it as possible in an 

interpretive high level language rather than assembly language. New 

microcode stored in WCS was used to extend the instruction set for 

interpretation of threaded code. Operating systems have been previously 

implemented in an interpretive fashion, but with substantial execution 

speed penalties (111). 

Basically, the flow of control is as illustrated in Figure 4.3. 

The threaded code interpreter is similar to the one described by Bell 

(106) and works in the following way: 

Step 1. Increment PC on top of control stack. 

Step 2. Fetch S from PCth address of memory. 

Step 3(a). If S denotes a service routine, execute it. 

Step 3(b). If not, push the address of S to control stack. 

Step 4. Go to Step 1. 

A service routine, NEXT, is provided to delete the value of PC on top of 

the control stack returning control to the calling threaded program. 

The threaded code interpreter and its associated routines use 

2410 of the 400o words available in one WCS module. The rest of the WCS 
o o 

space is available for use by low level service routines or user defined 

instructions. An average interpreter cycle takes about 12 ysec of over

head time. Of this, about 4 usee is used in fetching the instruction 

from a microcode implemented virtual memory which is useful in this 

particular system but is not required by the threaded programming tech

nique itself. 
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Without microcode, threaded code would not be very efficient on 

the HP 2100 because the standard instruction set does not include any 

index instructions or registers for implementing stack operations. Many 

other conventional instruction sets would be better than the HP 2100 for 

this application, but with the HP 2100 microprogramming capability a 

threaded code interpreter can be implemented almost as efficiently as if 

the computer was designed specifically for it. Using microcode, the 

above threaded code interpreter, including the NEXT routine, can be 

implemented as a single instruction which is executed at the end of each 

service routine. 

A threaded program in the HISS system consists of a string of 

code numbers. This technique is essentially equivalent to the strings 

of addresses used in previous threaded code systems. The instruction 

required to transfer control between service routines is more specialized 

than a simple jump instruction, but through the use of microcode it can 

be implemented almost as efficiently. 

There are several reasons for this use of code numbers instead 

of addresses. First, some service routines are implemented in microcode 

and therefore do not have core addresses. Second, the microcoded inter

preter can index a table of addresses in core just as fast as it can 

fetch an indirect address for the indirect threaded code technique 

(107). Third, the routine to push threaded code addresses to the con

trol stack, Step 3(b), should be part of the microcoded interpreter 

instead of an indirectly referenced service routine as in FORTH. It is 

simpler and more efficient to make the Step 3 decision based on the 
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range of the code number rather than the value of a word fetched from 

the program. Finally, instead of the full 16 bit words required for 

addresses, 8 bits are sufficient to specify most code numbers signifi

cantly reducing the memory required for threaded code. 

The utility of this structure can best be illustrated by analogy 

with the concept of a computer's instruction set. Almost always an 

instruction set includes a subprogram calling instruction which essen

tially allows the programmer to define new instructions by writing pro

grams using the basic instruction set and any previously defined subpro

grams. The threaded programming technique is a generalization of the 

hierarchical subprogram idea. Instead of one instruction code for 

calling subprograms inside a low level instruction set, all but a very 

few codes are used to call subprograms and the general purpose low level 

instruction set is confined to a special mode of operation. A hierar

chical set of subprograms thus becomes the instruction set for a special 

purpose system. The set of instructions provided by lower levels are 

more appropriate to a specific problem than a general purpose language 

would be, so higher level programs can be made shorter and more 

understandable. 

Different instruction sets can be defined for different applica

tions. In fact, through the use of local codes the instruction set can 

vary in different parts of a program. By localizing the range of 

instruction codes, very efficient specialized instructions can be 

defined and used in one part of a program. The same instruction codes 

are then reused in other parts of the program. Since a given local 



150 

instruction has a specific range from which it is callable, the pro

grammer implementing it need not worry about making it completely fool

proof and can so produce simpler, more efficient code. Also, a pro

grammer working at higher levels is not tempted to use a specialized 

lower level instruction which was not intended for his use. Contrast 

this with the FORTH system in which, generally, all lower level instruc

tions are usable by anyone. 

Codes less than 20o are interpreted as service routines at o 

Step 3(a). All other codes are used to index into tables of threaded 

program addresses which are pushed to the control stack at Step 3(b). 

Control is transferred to one of the 20g microcoded service routines via 

an indexed microcode jump table. Most of these routines simply perform 

some operation which is important enough to be in microcode, but three 

of them (NEXT, X0, and ASOP) are central to the operation of this 

threaded code system. NEXT deletes the top address from the control 

stack, and as a result, transfers control from the current threaded code 

routine to the calling threaded program whose address is next on the 

control stack. XO uses the immediately following 8 bit byte to index 

into a table of addresses of service routines in core. These service 

routines provide basic arithmetic and an interface with the core resi

dent operating system. ASOP switches the computer from the threaded 

code interpreter mode of operation to its regular machine code mode. 

The machine code instructions follow immediately after the ASOP code. 

Parameters are passed to, and results returned from, service 

routines and sub-threaded programs through the use of a data stack. 
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This data stack is distinct from and should not be confused with the 

control stack which contains the return addresses for sub-threaded pro

grams. Several of the basic microcoded service routines provide for 

elementary operations on the data stack including pushing constants to 

it, deleting the top word, and duplicating the top word. Many other 

data stack operations such as simple arithmetic operations are imple

mented as service routines through the XO code. 

Additional features provided by this threaded code system 

include virtual memory, locally defined instruction codes, and excep

tional condition exits. These are important for the overall usefulness 

of the system but are ncft necessary for understanding the principles of 

threaded code and so will not be discussed here. 

Utility of Threaded Code for 
Laboratory Computers 

The biggest problem with small computers in the research labora

tory has been, and still is, programming. Programs are usually small to 

medium in size and include routines to interface with instruments, per

form calculations on data, sequence through the logic of experiments, 

and present results. By their very nature, experiments tend to change 

and so the programs which perform them also must change. All parts of 

an experimental program are subject to change but those parts concerned 

with the sequencing of operations are especially so. This applies to 

laboratory data processing programs as well as real time control pro

grams. Very often the experimenter making changes knows more about the 

experiment than the program, and is not interested in learning any more 
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about the program than necessary. If the programming involved in an 

experiment becomes too troublesome then the experiment will not be done, 

potentially valuable research is left unfinished, and the "computer" has 

failed to do its job. 

The threaded code technique, when combined with a suitable means 

of compilation, offers interesting possibilities for improving the 

laboratory computer programming situation. Some examples are included 

in Reference (25). The hierarchical structure it creates is 

ideal for laboratory computer systems. At the bottom is the threaded 

program interpreter and various routines used by it coded in both micro

code and assembly language. These should never be changed by the 

chemist type users and can be considered as part of the fixed hardware. 

Next come the machine code instrument interface and basic arithmetic 

service routines. Above them are a series of levels of threaded program 

building blocks defining all of the operations needed to perform experi

ments of a given type. At the highest level, the actual experiments are 

defined as sequences of operations to be performed. The chemistry of an 

experiment is separated from the detailed computer operations so the 

user does not have to understand all the implementation details in order 

to make changes in the experiment. 

Users performing experiments would confine their programming to 

the highest levels. With an appropriate set of instructions provided by 

lower levels, programming at the highest level should be little more 

than typing in sets of directives describing the conditions for specific 

experiments. Intermediate level threaded programs are used to implement 
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systems for performing experiments of various types. Users working at 

this level must understand the chemistry involved in the experiments to 

be done and in addition be reasonably competent programmers. Only 

limited knowledge of the ultimate uses of a system is needed to imple

ment routines at the lower levels but increased expertise in computer 

programming is required. 

Until now the only system to make a threaded code technique 

directly available to the programmer has been FORTH (108). In the HISS 

system, a general purpose macro processor is used to translate threaded 

code source to binary code which can be interpreted by the threaded code 

interpreter. This approach was used for two reasons. First, it fits 

the structure of threaded code very well. New instruction names can 

easily be defined to match the threaded code instruction set available 

to the program being compiled. And second, it provides the flexibility 

required to compile complex groups of programs like the HISS operating 

system. Although this macro processor is not as interactive as FORTH, 

it produces more readable programs, handles more complex syntax in a 

more straightforward fashion, and is less prone to errors caused by 

symbols being referred to outside their range. 

Initially, a macro is defined to generate code for each micro

code and core resident service routine. A section of threaded code can 

then be written as a sequence of macro names in a format resembling a 

simple assembly language. Threaded code procedures are defined by 

giving macro names and code numbers to each section of threaded code. 

Once defined, a procedure can then be used in any other threaded program 
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simply by mentioning its name in the same way a service routine is 

called. An example demonstrating the definition of a procedure and its 

use is shown in Figure 4.4. At any time during the compilation of a 

procedure the compiler may be switched to assembly mode to generate 

regular machine code for the ASOP instruction allowing additional low 

level service routines. More complex syntax, such as for loops and 

conditionals, is handled by more complicated macros. 

Conclusion 

The threaded code technique in addition to saving considerable 

amounts of memory space with little reduction in execution speed pro

vides a structure which is particularly useful in programming laboratory 

computers. Experimental programs fit naturally into the hierarchical 

structure of threaded code especially when they will be continually 

modified. A microprogrammable computer is especially useful for imple

menting a threaded code system because it allows a more complex inter

preter to be used without a significant penalty in execution speed. The 

presence of the microcoded interpreter and a machine instruction to use 

it transforms a typical minicomputer into a threaded code machine with 

interesting possibilities for structured programming. Ultimately, com

puter systems intended for use in laboratory environments should be 

specifically designed to use a hierarchical programming technique such 

as threaded code. 
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* 

* PROCEDURE 

* 

TO DELETE WORD 1 OF DATA STACK 

PROC DELI BEGIN 

XCH * EXCHANGE TOP 2 WORDS 

DEL * DELETE TOP WORD 

NEXT * DO NEXT INSTRUCTION 

END 

* 

* PROCEDURE 

* 

TO CHOOSE THE MAXIMUM OF TWO INTEGERS 

PkOC I. MAX BEGIN 

DDUP * DUPLICATE TWO STACK WORDS 

IF I. < * IS TOP WORD SMALLER OF TWO? 

THEN DEL * YES, DELETE IT 

ELSE DELI * NO, DELETE SECOND WORD 

NEXT * EXIT FROM PROCEDURE 

END 

Figure 4.4 Example of the HISS system threaded code. 

Procedure DELI is defined in terras of microcoded service 
routines. It can then be used as an instruction in any 
higher level procedure such as I.MAX. 
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A Hierarchical Operating System 

To be of any use in a chemical laboratory, a computer must have 

certain things added onto it. First, there must be hardware devices to 

transmit information between the computer itself and the world outside. 

These peripherals include interfaces to analytical instruments, inter

faces to people (terminals, printers, plotters), and interfaces to 

external data (magnetic tape, paper tape, disc). Second, there must be 

software to perform the many standard utility functions associated with 

preparing applications software and moving information between the com

puter and its various peripherals. Included in this category are 

assemblers and compilers for the computer's programming languages, I/O 

drivers to control the various peripherals, and data management programs 

to optimize and standardize the movement and storage of information. It 

is essential that some kind of overall structure or organization be pro

vided for both the hardware and software parts of a laboratory computer 

system. This structured environment through which the user operates the 

computer system and his applications programs is known as an operating 

system. 

There are a great many different operating systems currently in 

use with almost all kinds of computer systems. The features of these 

systems vary widely depending both on their intended use and the 

opinions of the designer as to what features are most useful and how 

best to implement them. There is still considerable disagreement about 

both the features and their implementation in a laboratory computer 

operating system. Not even the basic structure of such a system has 
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been agreed upon. This chapter presents a discussion of one particular 

approach to the design and implementation of a laboratory computer 

operating system and its advantages and disadvantages in comparison with 

the alternatives. 

The following goals were set for the design of this laboratory 

computer system hardware and software: 

1. Provide real-time data acquisition for a variety of unrelated 

experiments. 

2. Provide mass storage for data and programming. 

.3. Provide interactive control of experiments. 

4. Provide sophisticated data massaging during experiments. 

5. Provide relatively fast computational speed. 

6. Provide for appropriate maintainability of system software. 

7. Provide for future expandability of system software. 

8. Provide both the flexibility necessary for a research environ

ment and sufficient structure to lessen author dependence of 

user software. 

9. Provide for efficient chemist-computer communication at a level 

consistent with the problem and the chemist's background. 

To simultaneously meet all of these goals, a good overall organization 

is essential. The idea of hierarchical structures applied to both the 

hardware and software of the system is an excellent way of providing 

overall organization as well as organization for individual subsystems. 
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The Design 

The Hierarchical Interactive Sharing System (HISS) has been 

implemented on a Hewlett-Packard 2100 minicomputer with a high speed 

disc, a high speed multiplexer intercomputer communications network, and 

writable control store. These hardware features are essential to the 

design of this system. Additional peripherals include a printer, 

graphics terminal, teletype, and paper tape input and output. The 

extensive hardware available on this system places it in the class of 

larger scale laboratory computers. Recent examples of approaches to the 

problem of system development have been described in the literature 

(27, 111-113). 

This system is intended to supply support services to other 

smaller laboratory computer systems which are connected directly to 

analytical instruments. This hierarchical structure, shown in Figure 

4.5, provides for a division of labor between the central computer and 

the peripheral computers such that the peripheral computers can devote 

their full attention to the instruments attached to them while the 

central computer provides the data storage capacity, computing power, 

and extensive set of peripheral equipment to effectively extract infor

mation from data. Also, during the software preparation phase, the 

central computer's more extensive memory and peripherals can greatly 

improve the programmer's efficiency. The connection between the central 

computer and the peripheral computers is through a high speed 16 bit 

parallel digital multiplexer developed for this system and capable of 

transferring data in either direction at rates of several hundred 
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Figure 4.5 Hierarchically structured computer system hardware. 
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thousand words per second. The actual rate depends on the speed of the 

peripheral computer and its distance away from the central computer. 

The operating system software is implemented using a threaded 

programming technique (25,106,1073 and can be conveniently divided into 

two parts as shown in Figure 4.6. The first part, containing the most 

basic routines, is coded in Hewlett-Packard assembly language and micro

code and is always resident in the computer's core memory occupying 

about 8,000 words. Included among these routines are all I/O drivers, 

system communications tables, core memory management, and basic threaded 

program service routines. The second part is coded in the HISS threaded 

programming language and is resident in a virtual memory with currently 

active pages kept in core and inactive pages kept in a support file on 

disc. Included among these routines are higher level system functions 

such as executive call interpreters, a file manager, and interactive 

user interface. 

The operating system software is organized in a similar hierar

chical structure, shown in Figure 4.6. All of it except for a small 

network communications driver resides in the central computer. Thus, 

the peripheral computers are dedicated to applications programs while 

the central computer provides operating system services sharing its 

resources among the users. An applications program in a peripheral com

puter needing some system service makes a request through its communica

tions network driver. The central computer software then answers this 

request by taking control of the peripheral computer, interpreting its 

request, and either performing the requested service itself or, in the 
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case of data transfers, telling the peripheral computer how to perform 

the required operations. Only the central computer software is capable 

of interpreting system requests whether from a user at a terminal, a 

program in the central computer, or an applications program in a 

peripheral computer. In all cases, the central computer plays the role 

of master and the peripheral computers act as slaves under its control 

so long as the communications network driver is present in their memory. 

The peripheral slave computers can make requests, however, and the 

central master computer will carry them out if it understands them and 

accepts them as appropriate. 

There is no time sharing as such in this system. Each computer, 

including the central master computer, can have only one user program at 

a time resident in its memory. But, because there are several proces

sors available in the system as shown in Figure 4.5, several user pro

grams may by executing simultaneously.. The services of the whole system 

are available to all user programs on a cooperative system sharing 

basis. Those programs in the peripheral computers provide real-time 

service to experiments attached directly to them while the central com

puter is executing less time critical background calculations or soft

ware development programs. When necessary for experiments with large 

amounts of fast data or other exceptional requirements, the central com

puter may be used to provide real-time backup support for a peripheral 

computer. The system itself has a limited kind of time sharing used 

internally to keep all input and output through the central computer 

running smoothly and efficiently,,but this is not directly available to 
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the user. User programs in the central computer may be swapped between 

core and disc memory providing a slower means of sharing these resources 

of the system. 

Comparison with Alternatives 

There are a great many different ways in which a computer system 

may be put together and operated. Only those alternatives which were 

viable choices given the hardware available at the time this operating 

system was developed will be considered here. 

Initially, the central, computer operated entirely independently 

of all peripheral computers under a fairly simple disc-based operating 

system. The peripheral computers each operated under an even simpler 

core-based operating system. None of these operating systems are very 

well designed .for a laboratory computer environment. They are good 

examples of the results when a design for an older larger scale computer 

is cut down in size and capabilities and put into a small laboratory 

computer. The best programming language available with this system is a 

very inefficient FORTRAN compiler. Communication between computers in 

this environment is through whatever I/O devices they have in common. 

In our particular case, this is paper tape only, a slow, bulky, and 

error prone medium. Consequently, very little communication between 

computers occurred. 

Most vendors of laboratory computers have some kind of real-time 

executive (RTE) operating system designed to enhance instrument control 

capabilities of their computers. The Hewlett-Packard RTE system is 

typical of this class. It is an improved version of their disc 
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operating system with multiprogramming capabilities.added. These capa

bilities allow the computer to service experiments in a real-time mode 

while executing another program in whatever time is left over. There 

may be considerable overhead and delay in responding to requests of 

attached instruments, especially if more than one of them can produce 

data at a fairly high rate. This system is intended to be used for 

directly controlling several instruments simultaneously by time sharing 

one central processing unit. Any system involving time sharing is bound 

to be more complex and, therefore, more difficult for the user to expand 

or maintain. Contrast this with the HISS system in which a processor is 

responsible for controlling only one instrument at a time and the cen

tral processor only coordinates and provides backup services. The pro

gramming language and communications problem is generally no better than 

it is under a simpler disc-based operating system. 

FORTH (108) provides a limited laboratory computer operating 

system based on the threaded programming idea and is available for a 

number of different computers including the HP 2100 series. FORTH was 

strictly a one computer dedicated to one instrument operating system 

and, therefore, for use in the central computer, although potentially 

useful in peripheral computers. Recently, it has been extended to 

include multiprogramming capabilities similar to an RTE operating system 

C1143 - This improvement, while useful in some applications, is not the 

best way to organize a laboratory computer system. A hierarchically 

structured multiple processor system such as HISS is a much better 

approach for a general purpose laboratory computer system. 
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Communicating with a laboratory computer using FORTH is much easier than 

with the programming languages available on most systems. The criticisms 

of it as a programming language are more of a technical nature rather 

than of the principles on which it is based. 

Conclusion 

The hierarchical organization used extensively in the design of 

this system has proved to be a very useful approach in both hardware and 

software components of this laboratory computer system. It is essential 

to have definite structures in the design of anything as complex as an 

operating system. A hierarchical structure is one of the most general 

possible allowing it to be used in many different places in the system. 

It is also an ideal way of dividing complex problems into smaller and 

simpler modules with the usual result being more general solutions. 

Most of the goals originally set for the system have been met. 

The peripheral computers provide very good real-time data acquisition. 

The resulting data can be transmitted to the master computer and stored 

on disc. Interactive control of experiments is provided by user pro

grams in the peripheral computers. The system does not help very much 

in interactive control of experiments, but at least it does not limit 

the user program as many systems do, since it is located in another 

processor. Sophisticated data massaging during experiments is available 

in the central computer although it has not been extensively used yet. 

Fast computation is available as demonstrated by the chromatography 

simulations discussed in Chapter 3. The system software is extremely 

modular which makes it much more maintainable than most systems. This 
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modularity plus the hierarchical structure provided by the threaded pro

gramming technique should make future expandability of the system easier 

and provide hardware independence for much of the system programming. 

The flexibility necessary in a research environment is provided by giving 

complete control of the peripheral computers to the user programs resi

dent in them during performance of. experiments. This is the most impor

tant place in the system to have extremely good flexibility. Other user 

programs are more structured by the system supplied services. Programs 

written in threaded code can be made extremely structured, modifiable, 

and extendable for the convenience of programmers other than the origi

nal author. The threaded programming technique also allows efficient 

programming at high, intermediate, or low levels within the same overall 

structure, thus providing for communication at a level consistent with 

the problem and the chemist's background. 

The HISS system is providing support for the users of peripheral 

computers in acquiring and processing data from a variety of experi

mental equipment. The older disc operating system, however, it still 

being used for many routine functions, mostly because many commonly used 

and very important but uninteresting capabilities are still unavailable 

with the HISS system. Included in this category are large system pro

grams like the FORTRAN compiler and some system functions such as exten

sive file management. More attention should have been given to these 

requirements at an early stage in the design so that they would be avail

able in the first operational version of the system. 
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The threaded programming technique, one of the most useful 

results of this project, is deficient in two respects. First, it is not 

sufficiently interactive. This is a consequence of a decision to empha

size making it more readable and easier to use in large complex pro

gramming projects like the system itself and could be remedied by making 

the threaded code compiler an interactive system program. Second, it is 

not available to user programs operating in peripheral computers. This 

could be remedied by writing a threaded program interpreter to run in a 

peripheral computer. Although, without microprogramming capabilities, 

such an interpreter would be less efficient. 

This system provides capabilities useful in a chemical research 

laboratory which were not previously available. Its hierarchical design 

is a very good approach to building such an operating system and makes 

it much more maintainable and extendable by its users. Systems like 

this one are likely to become more common and more important as the need 

for and uses of laboratory computers increases. This approach to soft

ware design can be expected to influence future computer hardware, 

resulting in laboratory computer systems better able to assist in 

chemical research. 



CHAPTER 5 

SUGGESTIONS FOR FUTURE RESEARCH 

This dissertation demonstrates a useful new approach to the 

development of analytical techniques based on gas-solid chromatography 

and chromatographic processes in general. The fundamental idea is to 

treat the whole chromatographic system as a means of producing useful 

information from chemical processes. An analysis of chromatographic 

systems from the point of view of the production and flow of information 

makes it apparent that there are many untried ways of producing informa

tion from chromatographic systems. The cross-correlation technique dis

cussed in Chapter 2 is but one example. To fully develop such tech

niques, however, requires a better understanding of the mechanisms of 

chromatographic processes and how they are connected to observable 

results of experiments. The simulation technique discussed in Chapter 3 

makes the systematic study of these mechanisms possible. In addition, 

this simulation is useful in the testing of models whenever they are 

formulated in the course of chromatographic research and in relating 

formal theories of chromatography to experimental results. Laboratory 

computers are the most important recent development which makes this 

information processing approach practical. Much work remains to be done 

on the design of programming techniques and systems required to make 

effective use of them as integral parts of experimental methods. Some 
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new developments on the problem of communicating with laboratory com

puters are discussed in Chapter 4. 

The distinguishing feature of this approach to chromatography is 

its emphasis on the production and processing of information. The ulti

mate goal of any analytical method is the production of useful informa

tion from a chemical process. Chromatographic methods can be based on a 

large variety of chemical processes and, therefore, should be widely 

applicable to problems in chemical analysis. So far, only a small frac

tion of the possible chromatographic methods have been applied. This 

systematic approach to thinking about chromatographic processes makes 

the wide possibilities of chromatographic techniques clear. The experi

ments performed and results presented in this work help in developing 

the tools and knowledge necessary to create new analytical methods 

capable of producing new or more useful information. 

Chromatographic Processes 

Gas-solid chromatography has been employed in this work as the 

model chromatographic technique for two reasons. First, the basic 

underlying processes, gas adsorption and desorption, are less complex 

and therefore easier to relate to the chromatographic process than most 

other forms of chromatography. It is easier to see how an analysis of 

the available information might lead to new ideas with it. Second, it 

has not been applied as extensively as other forms of chromatography. 

Experimental techniques to take full advantage of its unique capabil

ities have not, as yet, been developed. A new approach is likely to 

lead to significant new analytical methods with gas-solid chromatography. 
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The basic ideas and many specific techniques, however, can be applied to 

any variety of chromatography. 

Almost all analytical applications of chromatography have used 

single injection input signals. This approach has become so strongly 

entrenched that most practicing chromatographers do not even think about 

any other way of doing it. To them chromatography is strictly a separa

tion technique and it does not make any sense to try to separate some

thing by mixing in more than one sample. It is only in those applica

tions of chromatography where information about basic process is the 

goal of the experiment that other kinds of input signals have been 

routinely used (115). The single injection technique is usually very 

inefficient in comparison with the information potentially available 

from a chromatographic system. It should be possible to produce infor

mation about different kinds of processes, at higher rates, or with 

greater sensitivity using a properly chosen input signal and corre

sponding data processing technique. 

The cross-correlation chromatography techniques using random 

injection input signals as discussed in Chapter 2 are a first attempt at 

finding other input signals with potentially useful applications. This 

is a promising technique and should be further developed both for gas-

solid and gas-liquid chromatography. Other potentially interesting 

input signals include sine or square waves at varying frequencies and 

any kind of signal on top of constant or adjustable background signals. 

Through the proper kind of input signal it may be possible to 

exploit, rather than always trying to eliminate, the nonlinear behavior 
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of some gas-solid chromatographic systems. For example, a high fre

quency input signal generated with a low retention pure substance may be 

useful as a probe to measure the amount and distribution of a longer 

retained substance from a single injection or a constant background. 

The longer retention substance essentially modifies the surface of a low 

capacity adsorbent by occupying a significant portion of the higher 

energy sites. The chromatographic behavior of the probe substance is 

then affected by the difference in adsorption site availability, pos

sibly by decreasing its retention or changing its peak shape as a func

tion of the amount and distribution of the sample substance. 

Giddings (13) pointed out that gas-solid chromatography has a 

theoretical speed advantage over other chromatographic methods as a 

consequence of the high rates of gas-solid adsorption and desorption. 

Presently, no experimental technique comes within orders of magnitude 

of the maximum analysis speed possible because of gas phase diffusion 

limitations. Several steps could be employed to reduce the effects of 

diffusion including operating at lower pressures, using nonporous 

adsorbents, and using fine capillary columns (13). One of the conse

quences of these changes would be to drastically reduce the surface area 

of the adsorbent, resulting in nonlinear chromatographic behavior or 

extremely small samples reaching the detector or both. Cross-

correlation chromatography as discussed in Chapter 2 or other complex 

input signal techniques would probably be useful in this kind of chro

matographic system to overcome the effects of reduced surface area and 

further increase the rate of information production. A simulation of 
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the appropriate nonlinear models would be very helpful in developing an 

understanding of such a chromatographic system and choosing the experi

mental methods most likely to yield results. 

It has been proposed that a high-powered laser beam could be 

used to enhance separations in a gas-solid capillary chromatographic 

system by selectively exciting one component of a mixture, causing it to 

desorb from the surface faster than it normally would and so move down 

the column faster (116). If this increased rate of desorption due to 

externally applied radiation does in fact occur, then an input signal to 

the chromatographic column might be applied optically. The effect would 

have to be substantial to be observed with a single injection and con

tinuous laser radiation as proposed. But, if the sample is supplied to 

the column continuously and the input signal is supplied by pulsing the 

laser, then a much smaller effect should give an observable result. 

Ultimately, this approach could lead to chromatographic methods with 

selectivity based on spectroscopic properties as well as adsorption on 

the surface. Again, a simulation would be very useful in developing 

such methods. 

Any kind of change in the input to a chromatographic column 

could potentially be used as an input signal and form the basis of an 

analytical method. Some possibilities are changes in temperature at the 

head of the column or at several places along the column, changes in 

carrier flow rate, repeated pyrolysis of constantly flowing sample 

input, and injection of reactants into the sample stream to modify 

either the sample or the column. 
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All of these proposed methods have in common the need for some 

kind of more sophisticated data processing technique to extract the 

information potentially available in the output signal. Thus, a flexible 

laboratory computer system and the ability to effectively use it is 

required to try out and develop any of these methods to their full 

potential. 

Laboratory Computers 

The potential uses for small computers in the chemical labora

tory are going to continue to increase at a rapid rate. The computer as 

an instrument control and information processing tool is one of the most 

useful additions to analytical chemistry ever developed. The chemist 

who is able to make effective use of its capabilities will be both more 

productive through automation of older methods and able to solve prob

lems using new methods that previously could not be done. 

The problems of efficiently communicating with a laboratory com

puter will not be easily solved. The traditional programming techniques 

developed for large-scale computers never did work very well and they 

are even worse when transplanted into a much smaller computer in the 

entirely different environment of the chemical analysis laboratory. 

Neither the computer manufacturers nor the academic computer scientists 

seem to understand or be doing very much about the problem as it applies 

to the chemistry laboratory. Most significant advances have been made 

by the users trying to solve their own communications problems. 

The threaded programming technique as used in the HISS operating 

system and FORTH (108,114) is a significant improvement over older 
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techniques for use in a laboratory environment. A combination operating 

system-programming technique like these systems has very distinct 

advantages over other commonly used methods for programming computers. 

As chemists develop even more sophisticated computer-controlled instru

ments which must be programmed by the user to be used to full advantage, 

the threaded programming kind of system will become even more important. 

Some chemists must become computer experts in order to develop these 

systems initially, but others should be able to make effective use of 

them without having to know every detail of their implementation. 

Despite the utility of the basic idea, all of the implementa

tions of the threaded programming technique have some very definite 

problems; the most important of which are their general lack of safe

guards against foolish mistakes by the user and sometimes obscure and 

hard-to-read syntax. In the HISS implementation, an attempt was made to 

correct these problems. The resulting system, however, lost some of its 

generality and interactive capabilities. Further work should be done on 

this approach, keeping in mind all of the desirable characteristics and 

learning from the experiences of users of the older systems. The best 

starting place would be the multiprocessor HISS system with possibly new 

and less expensive computers. 

The capabilities of new computer hardware are still changing. 

Consequently, the best ways to design software are also changing. Rela

tively inexpensive microprocessors, the newest development, are 

increasing the amount of computer power available relative to the number 

of peripherals available to support them (117). More individual processors 
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are going to be added to individual instruments and even different parts 

of instruments. Multiprocessor systems of which HISS is a prime example 

are likely to become more common. The processors in these new systems 

will be tied even more intimately together, however, possibly even 

sharing the same memory. Little has been done, especially from the 

laboratory computer point of view, on the design of operating systems 

and programming techniques for such multiprocessor systems. The threaded 

programming technique should still be a very useful general approach to 

communicating with the computer, but some attention will have to be 

given to methods of coordinating several processors simultaneously 

working on different aspects of the same chemistry problem. 

Chromatography Simulation 

The original purpose and most important future use' of the chro

matography simulation system is as an aid to understanding models which 

come up in the course of some other chromatographic research; for 

example, the new chromatographic methods proposed in this chapter under 

Chromatographic Processes. Nevertheless, this simulation technique is 

also an important research topic in itself. First, it must be experi

mented with to more clearly define the range of chromatographic systems 

which may be modelled and simulated using it. Then it may be used to 

perform experiments on models and theories of chromatographic processes 

to help in relating them to real systems. 

Not very many really significant technical improvements remain 

to be made in the efficiency of the algorithms used in the simulation. 

The one area in which major improvements could probably be made is in 
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the storage structure of density maps. There is still much redundant 

information stored in adjacent nodes using the binary tree structure as 

it is now defined. The problem is to increase the amount of independent 

information stored per word of memory without greatly increasing the 

time required to access or modify that information. The basic idea of a 

binary tree data structure has worked well and probably should be 

retained. The form of the information stored at each node, however, 

could be improved. If the derivative of the density map in each of the 

two dimensions could be stored at each node, then the efficiency would 

be improved because few nodes would be needed to adequately record the 

information in fairly flat areas on top of peaks and more could be used 

in the important rapidly changing concentration areas such as at the 

fronts of nonlinear peaks. Unfortunately, it is the value of the density 

map, not its derivative, which is needed by the simulation and there 

does not appear to be any numerical integration technique which is fast 

enough to be practical. A compromise solution is to store the value of 

the density map as well as the derivative at each node using only the 

derivative to decide when to split the node into two and which dimension 

to split it in, but using both the node value and derivative to calcu

late the density map value for a given pair of coordinates. Each termi

nal node would require four times as much memory space as the current 

binary tree structure, but would also store much more independent infor

mation so the number of nodes could be reduced. The reduction in termi

nal nodes results in a corresponding reduction in link nodes, saving 

both memory space and density map access time. This improvement in 
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access speed should be just about enough to compensate for the extra 

time needed to store information in and extract information from the 

more complex terminal nodes. Overall, this structure should be at least 

as efficient in use of memory space, and for some simulations much more 

efficient, than the current density map storage algorithms. 

Improved computer hardware could make a significant improvement 

in simulation execution speed. The largest currently available com

puters could probably run these algorithms ten to twenty times faster 

than the HP 2100 with writable control store. The cost, however, would 

be prohibitive. A more realistic approach is through the use of multiple 

small-scale processors sharing a single data memory and cooperatively 

working on different parts of a single simulation. The simulation 

algorithms naturally divide themselves into three groups: the random 

number generators, the recording of molecule trajectories in density 

maps, and everything else. This simple division of labor among three 

processors could result in an improvement in execution speed by a factor 

of three, but a more realistic factor of two should be expected. If 

additional processors are available, then, since the order of the mole

cules in the simulation does not matter, several molecules may be simu

lated simultaneously on different processors. The time required for a 

simulation should decrease in proportion to the number of processors 

provided. At some point, however, competition for access to the shared 

data memory will begin to reduce the efficiency of the individual 

processors. 
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