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ABSTRACT

Many of the chemical/bilochemical/5iological
experiments prceposed for the unmanned Mars Voyager missions
require a general-duty, chromatographic separator for
fractionating complex chemical mixtures prior tc chemical
énalysis by a mass spectrometer or other device. Review
of the current literature and applicable reports has
revealed that present experimental efforts involve
fractionations of specific chemicals using diverse
chromatographic equipment. Few significant studies have
beer. reported on the concepts of chromatographic systems
suitable for the missions. A program to investigate
system ccorncepts through the use of mathematical models of
the chromatograph is being unégrtaken, A model for an
isothermal , packed chromatograph column for use with a
single component system has been derived. Neglectiﬁg
second order diffusional effects, a solution to the first
order mathematical model has been obtained by classical
techniques. Although this’solution predicts the general
trends of an actual chromatograﬁ; it does not exactly

pfedict the entire curve. It appears frcm the results

that the second order neglected, longitudinal diffusion and
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PART I
INTRODUCTION A

One important phase of the initial Voyager missions
to Mars is the search for organic matter and living organisms
on the martian surface, The present concept for attaining
éhis,gbjective consists of subjecting samples of the atmos-
phere and surface matter to certainjchemical and biologically
related reactions and thereafter analyzing the products
produced. The most likely system for a general chemical
analysis appears to be a combination gas chromatograph/mass
spectrometer. This unit would be a major component in the
biological and chemical laboratory of an unmanned, remotely
controlled roving lander for Mars. It is the objective of
this task to generate fundamental engineering design
techniques and system concepts for use in optimizing the
design of such a chromatograph separation system. Such a
system should provide maximum resolution with minimum
retention times and minimum carrier gas usage and should be
capable of separating components evolving from many different ]

kinds of experiments. E
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PART II
SUMMARY

'Analysis of available literature has shown a
diversity of chromatographic techniques being used for
analysis in probable Voyager experiments. Samples range
from gases to inorganic and organic constituents in organic
and aqueous solutions. Chromatographic columns range from
capillary columns to packed columns, are of a variety of
dimensions, operate under a variety of temperatures, and
use a number of carrier gases., Bec..ise of the variety of
the mixtures to be separated and the complexity of the
fractionating process, a system analysis based on the
mathematical simulation of the chromatograph is being under-
taken. This technique will use mathematical models, which
will incorporate fundamental parameters evaluated from
reported experiments, to explore various concepts and to
direct further experimental research.

A mathematical model describing an isothe?mal
chromatograph has been developed from the basic differential
equations which govern rates of mass transport in packed
columns. Neglecting second order diffusional effects, a

solution to the single component case has been obtained by
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classical technigues. This solution predicts the gas
composition at any position within the column at any time.

Utilizing this solution, a computer program was
used to find thermodynamic parameters to predict a
chromatogram. These predicted curves follow the general
Frend of actual chromatographic e#periments and match the
retention time data for the compounds used. However, the
first order model does not account for the observed pulse
sﬁreading. This additional spreading may be attributed to
longitudinal diffusion which was neglected in derivation of the
first order model or to cther effects such as imperfect
injection of the sample.

Although the first order model is adequate to
predict retention times; it can not be used with confidence
in a parameter study to design a column with the best
resolution characteristics. Hence further work in model

development is required.
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PART III

SURVEY OF BACKGROUND MATERIAL

The Voyager missions to Mars have, as one purpose,
the search for organic matter and living organisms on the
martian surface. Much effort has been expended in
éeveloping chemical, biochemical and biological experiments
for accomplishing this task (1, 17, 18, 22, 24, 26). A
recent conceptual study (9) has proposed the incorporation
of thirteen biochemical and life detecting experiments on
the initial unmanned Voyager missions:

1. Analysis of the atmosphere

2. Analysis of surface liquids and gases

3. Determination of surface carbon content

4. Analysis of inorganic constituents of
organic compounds.,

5. Detection of amino acids

6. Detection of sugars

7. Detection of porphyrins

8. Detection of nitrogenous bases

9. Detection of hydrocarbons '

10. Analysis of products from pyrolizing soil
samples '

11. Detection of photosynthetic activity

12. Detection of metabolic activity

13. Detection of enzymic activity

It is hoped that data obtained from these or similar
experiments now under investigation will be sufficient to
characterize the chemical, biochemical, and biological

condition of the martian surface and will provide a basis
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for establishing a probability for life existence on the
planet.

Of the thirteen experiments proposed, at least
nine require a technique for analyzing chemically a product
stream. Because of the diversity of the proposed experi-
ments, the analytical technique must function'under a
wide variety of conditions:

1. Analyze light gases, organic as well as

inorganic, in a gas composed principally

of nitrogen and/or argon (Experiment No.

1, 1., 12) or in an atmosphere of helium

(Experiment No. 2, 3).

2. Analyze heavy organics in the presence of
helium or other inert gases (Experiment
No. 10). :

3. Analyze complex organics in the presence of
organic solvents (Experiment No. 5, 6, 9) or

in the presence of water and polar organics

(Experiment No. 5, 6, 9, 11, 12}.

Except for analysis of the martian atmosphere, the materials
sought will possibly occur as minute constituents of a gas
or liquid solution.

The use of a gas chromatograph/mass spectrometer
(GC/MS) combination for performing these chemical analyses
has been the subject of many investigatioms (2, 25, 27, 28,

32). In this concept, the chromatograph fractionates the

gas or liquid mixtures into various compounds or groups of
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compounds. The molecular weights of these species or tieir
fragments are then determined with the mass spectrometer.
Besides fractionating the mixtures, the chromatograph can
provide an estimate of the mixture composition if a
concentration-sensitive detector is placed at the chromatograph
outlet and the detector output monitored.

In numerous investigations for demonstrating the
feasibility of separating substances expected in the Mars
experiments, researchers have used a diversity of
chromatographic techniques and operating conditions to
accomplish specific separations. Table I summarizes some
representative experimenfs. Tubing packed with granular
substances, often céated with various High molecular weight
liquids, has been successful for certain separations. In
other experiments, coated capillary tubes have been success-
fully used (8, 10, 11, 13, 14, 15, 27, 28, 34). In general,
most of the work has been concerned with specific chemical sys=-
tems of interest Eo the particular investigator.

The motivation behind these researches was the
establishment of the feasibility of the basic GC/MS concept.
Hence little effort was expended in determining the
fundamental parameters involved in chromatographic separation.

Except for studies concerning the simplest analysis - that
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of the atmosphere (4, 23, 33, 35) ~ no significant effort

has been reported on the concepts for a chromatographic
system suitable for use with the many biochemical and life
detecting experiments propésed for the mission and noted
above. Such a system, in addition to performing many
Qifferent fractionations, must meet weight, power, reliability,
aﬁd data processing requirements imposed by the Mars lander.
Because of the variety of the mixtures to be separated and
the complexity of the fractionation process, it appears

that mathematical simulations of the chromatographic system
will be the most fruitful approach to the system design.
Mathematical models, which can use, for parameter evaluation,
data reported in specific experiménts such as those shown

in Table I can be used to explore various concepts such as
the use of multiple columns in series or in parallel, and

to direct further experimental research and development

in a systematic and efficient manner.
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PART 1V
DERIVATION OF THE‘QHROMATOGRAPﬁ EQUATIONS

The packed column has been selected as the
arrangement for the chromatograph model because it is ¥
perhaps the most efficient chromatographic separator., 1In
this concept, shown schematically in Figure 1, a tube is
packed with a granular solid having dimensions much smaller
than the tube diameter. For the purposes of deriving the
model equations, it 1; assumed that éhe granular solid is
coated with a high molecular weight, non-volatile liquid
which acts as the adsorbent. A carrier gas, such as helium,
which is not adsorbed by the liquid, flows continuously
through the column. At some instant, a trace of the
materials to be separated is injected'into the carrier gas
stream. As this pulse flows down the column, the pulse
materials diffuse to the adsorbent layer. When the pure
carrier gas upsctream of the pulse passes the adsorbed
materials, they are desorbed. Because different materials
adsorb and desorb at different rates depending upon the
thermodynamic characteristics of the system, separation : o
between the various components is bossibleu Thus, the out-

put of a composition detector mounted at the chromatograph
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Adsorbent phase

Carrier i
gas flow

Granular particle

Transport by Transport by
turbulent and diffusion and
molecular diffusion

adsorption
desorption

Figure 1 Concept of the Chromatograph Column
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outlet will show a »2ak for cach cemponent (Figure 1),

The relations which govern'the unsteédy state
mass transport of a single component in a carrier gas/
adsorbent system have been derived in detail in Section X.
It is believed that the behavior of the component in the
gas phase can be represented by the following equation:*

12y

P D : - 1 3y _ Kyar . %) = '
4 ) TS At Gg ot  (Iv-1)

(1-y)< 3x

al®

The component in the liquid or adsorbed phase 1is believed

to behave according to

pp(l~ €)F ¥, . Kya (y-y*) - (1Iv-2)
at - .
Because the concentration of the component which is
adsorbed is very small, the thermodynamic equation relating

y* and X; is essumed to be of the following form:

£

y* = m X ’ (IV-3)
These equations are subjéct to the following béundary
conditions:
y(x,t) = o X> 0,6t =0 S (Iv-4a)
y(%,t) = £(t) X =0 . (IV-4b) |

*See Section VIII for nomenclature.
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The function £{t) accounts for the injection of the sample
into the carrier gas, and as an approximation it will he
represented by the impulse function. The assumpt: ;ns

involved in the derivation of these equations are as

follows:

1. The column is isothermal.

2. The carrier gas velocity profile is flat.

3. The axial diffusion coefficient, D is a
composite factor which may or may not have
a turbulent component.

4. The gas composition is approximately constant
in the direction normal to flow, and the
concentration gradient occurs only in a thin
boundary layer near the adsorbent; i.e., mass
transfer coefficients can be used.

5. The adsorbent layer is so thin that there is
no diffusional resistance within the layer
in the direction normal to the surface. :

6. The diffusivity in the layer is so large that

there is no diffusion in the direction parallel

to the surface (in the axial direction).
7. The net rate of adsorptlon for the carrier gas

is negligible. v
8. Only one component is adsorbed and its
gaseous phase composition is very small.
9. The carrier gas behaves as an ideal gas.
" Through the use of dimensionless variables,

Equations (IV -1,2) become more general: o )

L _§.32 —3Y _ Neog(y-y*) = ay
Pe 22z D2z Y]

for the gas phase, and

(IV-5)
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L 3 =
R ;_:L_ = Neog  (y-y%) (IV-6)

for the liquid phase. An additional assumption of the gas
phase composition of the adsorbing component being very

small, or

1 . (IV-7)

§

(L -y)
is required to obtain the form of Eqn. (IV-5). Furthermore,
with this assumption, the coefficients Pe and Ntog become
constant. Hence it is believed that the behavior of the
chromatographic column can be represented reliably with the
set of linear equa;ions with constant coefficients (IvV-5, 6,
3) subject to the boundary conditions (IV-4). ~

The second derivative appearing in (Eqn.IV-5)
represents gaseous diffusion of the‘adsorbing'compound in
the direction of carrier gas flow. The appearance pﬁ the
second derivative requires an additional composition-
distance boundary condition to completely define the.
mathematical system. Several different boundary conditions
have been used in studies of similar mathematical systems
(7, 12, 30), but it is uncertain which form most correctly

represents the column behavior. However, in many cases,

especially when the diameter/length ratio of the columm is

e Ty
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small, as it is in most chromatographic columns, this term

is of second order.

Hence, for the preliminary exploratory

studies, Eqn. (IV-5) simplifies to

(1Iv-8)

ity

-3y =~-N__ (y-y*) = 3
2z tog Sgl

Simultaneous solution of Equns. (IV-8,6,3,4a,4b) in the

Laplace transform domain yields

- Ntog -] = Q

y'(z,S) + Y(Z’S) !Ntog + S S“'l

This equation is solved in Section X and it is found that
the following equation must be inverted to give y as a

function of position and time:

y(z,s) = NCY/L), exp [ -N zlexp[ -sz] exp[lt_‘?ﬁz]
W tog s+1

it

e

e 1 ey

HRIIY
.

%

]

T

The coefficient

N (V/1)
W

Jo

results from the injection of the sample of size N in the

form of an impulse. The inversion, carried out in Section X,

gives the following relation between gas composition, time,

and position in the column:

y(z,9 =0

< z

SRR el i,
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-(e-z)'
= w(VZI) 2Xp {-Ntogz} exp{T} .
. 2(@-2)
I*(:‘\/M"j““? )

T« TR TRk
J/tﬁz(e z)

AN, 2

+ g(e»-z)

or

= N(V/L) exp{-N...Z% exp {- (0-2)
G o eon?] 2

Neg? 2 (N2} (@72) | o5
$(o-2) + T ,,Z_, T | nl(ae))l
| (1v-9)

Time is expressed as dimensionless © or (tv/L), and Z J.S
the fraction of the way down the colu;m.
This equation, which is the mathematical
representation of the first order chromatograph model, must
be verified with experimental data prior to use in system |
studies. Hence, techniques must be devised for estimating

the various parameters.
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PART V

ESTIMATION OF COLUMN PARAMETERS

Any numerical evaluation of Eqn. (IV-9 ) requires
an estimate of two parameters. One, Ntog, the number of
overall adsorption transfer units, is independent of the
adsorption thermodynamics of the column, but is, dependent
upon the fluid mechanics of the chromatographic column.
Therefore, in principle, once the column dimensions and the
carrier gas characteristics have been defined, Ntog can be
calculated. The other term, mRg, which is contained in

the dimensionless time comnstant >

L 1/(mRoNtog)

is related to the chemical or thermodynamic properties of
the particular chemical system under consideration. This
parameter is not easily calculated or estimated. However,
knowing the other parameters of the equation, mR, may be
found by fitting the peak of Eqn. ( IV-9) to the péak of
the experimental data by a trial and error procedure.

Ntog, which is dimensionless, can be estimated
through the use of other dimensionless parameters which
characterize the column, and various data correlations.

The most general way to accomplish this is’thrcugh the use
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of the Sherwood number (Sh), which corresponds to a
Nusselt number for mass transfer. -
Sh = ky dp (v-1)
Do
.8
To convert the Sh No, to Niog, Which is defined as:
= Kgal -
Ntog 5‘@" o (V-2)
the following relationship is used:
Nege = 8B)  (ar) v-
tog (Sc) (Re) (aL) : (v-3)

The Schmidt number (Sc) and the Reynolds number (Re)

which are functions of the system chemical properties and
fluid mechanic characteristics, are known once the column
dimensions, carrier gas flow rate, and gas physical properties
are defined. The Sherwood number may be estimatedlfrom
empirical correlations reported in the 1it;rature (31}:

Sh = Shy + 0.347(Re'Sc0'5)0'62

She = 2.0 0.569 (Gr Sc)0-25
g L3" "ﬂ' :
P

Because the column will be operated isothermally,

therefore, all physical properties will be constant. The

\
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Grashof number (Gr) will.be approximately zero and the
Sherwood number will be dependent only on known parameters
already available. However, if temperature programming is
used on the column, the Grashof number will be non-zero
and must be taken into account for calculation of the
Sherwood number and Ntog. In any event, it is possible to
estimate a value of Ntog with an accuracy of + 20% using'
Eqns. ( V-1, 2, 3).

It should be noted that while the above techniﬁue
essentially prediéts the gas=-film mass trénsfer coefficient,

ky, the chromatograph model equations use an overall mass

" transfer coefficient, Ky. These two coefficients are equal

if the transport resistance in the adsorbed layer is
small (31). This is consistent with the fifth assumption
used in Section X in deriving the model. - ’

A value for mRo is very difficult to estimate
because vapour-liquid equilibrium data for adsorbing
substrates used in chromatographs is meager and is generally
for simple systems. This data could be obtained directly
from experiment but the process>would be time.gonsuming and
costly. Also the acuracy of any such data would be
questioﬁable because of analytiéal’problems. There is, how-

ever, another manner in which mRy may be determined. Since
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all other paramzters of Eqn. ( Iv-9) are known, the only
unknown is mR,. From experiments run with a certain
component in a gi;en column, a value of the retention
time (time of occurrence of the maximum in a composition
time curve) can be obtained. A value of mRy can be found
by fitting the peak of Eqn. (IV-9 ) to the peak in the
experimental data by a trial and error procedure. Once a
value of mR, is found, it can be used to estimate the
behavior of the chemical system in columns having other
configurations and flow rates, providing fhe temperature
remains the same. Also these values of mRg, may possibly
be used for a multicomponent mixture. At the dilute
solutions used in chromatographic columns fhe value of mR,
should noﬁ debend appreciably on the other components in
solution. | ; )

Because of the complexity of Eqn. ( IV-9) a trial
and error fitting-technique is accomplished using a
computer program outlined in Section XI.

In case the second order equation will be required
to represent the chromatograph, techniques will be required
to estimate the extent of longitudinal diffusion, i.e., the
Peclet number (Pe). The longitudinal diffusion problem has

been studied (e.q., ref.7), and the Peclet number can be

NP e SR
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predicted, although with less certainty than the value of

Ntogo

24
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PART VI
EVALUATION OF MODEL AND DISCUSSION

Before evaluatiang the model, it would bz beneficial
to look at the transport parameters of a few typical gas
chromatography columns. Table II presents these parameters
for three different colums. Columns A and B are two
commercially available columns which differ primarily
in length. Column C is extremely small and is of the
type that would possibly be used on the Mars Lander ( 35 ).
It uses very little carrier gas, weighs very little, and
would require little space on the Lander.

From the values presented in Table 1II it is
apparent that most columns will have large numbers of
transfer units. Therefore, it would be of interest to
determine what effect Nigg has on a chromatogram. To show
this Figs. 3, 4, and 5 were prepared. Three different
values of mR, were used to give a range of values fér
the adsorbance of a component. The values, 0.197, 0.09,
and 0.038, are those for pentane, hexane, and heptane
being adsorbed on a silicone grease substrate. The values
of Ntog used in these figures are infinity, 14,300, 5000,

1000, 100 and 10. The curves were obtained in the following

N I I S DRI L D
; il N U S U TO P
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TARBLE 11

Parameters for Three Representative
Chromatographic Columas

? A B C
H Reference (1) Scholly and ilhite (39
Brennex (29)

Length, cm. 61.0 400.0 2.5
Diameter, cm - 0.46 0.46 0.025
Particle diameter, cm 0.0214 .0,0214 0.00265
Temperature, ©C 50.0 50.0 25.0

Ef Pressure Atmos. Atmos. Atmos.

’ Carrier gas flow rate,

| cu cm/sec 1.0 0.767 0.00833
g Carrier gas velocity,
I cm/sec 15.23 11.68 16.92
0 Void fraction ' 0.4 0.4 0.4
n 2 ‘
Surface area, <o 168 168 1360
: 3 ,
i cm
{ ,
, Reynolds number (Re) 0.28 0.24 0.041
Schmidt number (Sc) 5.77(2) 5.77(2) 3.67(3)
Sherwood number (Sh) 2,27 2.25 2.02

o

Number of transfer units
%‘ (N og) 14,300 ° 109,600 47,100
i

(1) Used in obtaining chromatograms for evaluating model.
(2) Light hydrocarbon in helium carrier gas.

i (3) Carbon dioxide in helium carrier gas.




’

GE IS -POOR.”

<
a
—
<
<
-
o
O
W
gn =
—
—_
O
>
=
—
-
O
-
Q
O
ac
a
wJ
n”

"0€ 0°62 0°8¢ 0

LT

0

97

(so9s) auwlg

0°G¢C

0" %¢

ISPN SESSSSSEN |

e ooH
000° 1T

HEl L o0g T

| 5!
| HEh
t !
' ]
‘
i 1185 L LA
| tHHH
e i 41120720282 1000
| HoH
i |
| |
{ S reves spees b
! , i
| — - ——t —p -—
} |

61" o.uiama i
;quousu vmuuavmum*

T IIIET] S0T8d BERE 3L

uo wouz mo uuummm

.......

uotldoeay 910N




IS POOR."

0° %S

0°€S 0°¢S O0°1S

0°0¢

(so9s) awTg

0°6%7 0°8Y% 0°LY

INAL PAGE

2
O
w i
. u
p—
—
OB
>
”_
L.
B.a
OF
-
Q
O
o B
Q.
S}
=

60°0 =
wexZoJpwoayy: mu

e c

//«

I ooo.H
R 000°6
00€¢ ¢H =

IpoRd
wou |

N30 uummum.L-z,Llw

;|¢;wusmﬁu

......

Oy i muacawcH
32

ISEEE 65444 SAnad FEOSE L4001 Sonss SO
1

]

il 100

Al

(38}
(-
UoT3ovay 910N

<
o

ik

9°0



(so9s) awtg

J-0LT _0°9Z21 0°¢2Z1 0°811 0" %11 0°0IT 0°90T 0° 20t 0°86 0°%6 0°06
P RS il W st

IR SSERSSCRAG Vi

Frimmteed 0170
il isilidtH At P B

e z'0

DS TEREEanate seeestre e o L SOSSASE SSATSASRE SEELEBRENE | -

R il | ¢z°0
£ HpiEe 4! [SEL00Es £°0
8€0°0 = %ym £33 HEH ST RO et bl e

wexdojewoay) pa3dIpaagd | 7 &
: : 3 ~ 4 v
........ 303 _ e Bt m m AR
uo B G & 4 R R R P e : 570
o e e A FUE IR e 2P AN H
R o i G | i
R it 1 , e
2 ! 1 1 b[\i IESRESA BE345 5555 15883 584

o
O
O;
P.
»§
iy
)
<
P.
-y
g
Z|
O]
=1
Oi
ul
- =
b—
.
O
Y
e
e
=1
O
=l
C.8
O
R-
s
W
o

UoT3I0B1] 9TOK



manner .

For the limiting case of Npog = infinity, the

chromatogram was found from Eqn. (X-24), the solution
in transform variables, by determining the limit of the
equation as Ntog approaches infinity and for a value of

Z =1 (the end of the column)

' N
y(l,s) = A(s) exp { 'Ntogg exp {-s'& exp (-""—tf%:l——‘}

at the limit (Ntog
y(l,s) = A(3) exp {-S(l+ E%E;%

This equgtion shows that for Ntog = 00, whatever is put
into the column as a forcing function, A(s), an impulse
in this case, comes out exactly the same, only delayed

the amount (1 + a%;). Therefore an estimate of mR, can

be found using this fact.

m mRo

in which 0  is the occurrence of the peak on the actual
chromatogram expressed as a dimensionless variable, As it

turns out this method gives an excellent'estimate, as the

position of the peak is shifted very little by changing

Ntog (Figs. 3, 4, 5).

30

To computé the chromatogram fox the other values

of Ntops PROGRAM A, described in Section XI, was used

e
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with the column parameters of Column A given in Table II.
The forcing function was an impulse equivalent to a sample
of one microliter (liquid) each of pentane, hexane, and
heptane.

mR, is a measure of how much a component is
adsorbed into the liquid substrate. The higher the value
of mR, the less a component is adsorbed. This fact leads
to loanger retention times for small values of mRg. From
the figures it is apparent that the smaller the value of
mRo the longer the retention time, the smaller the peak
height, and the broader the pulse. The peak for Ntog = 00
is infinitely sharp (an impulse) for all three cases.
However, as Ntog is decreased, the peak leight is decreased
and the pulse is broadened. It can be seen that if a
column were to have a small value of Ntog it would be
difficult to determine pe ks and therefore difficult to
determine which compounds were present in a mixture. To
obtain the best separation of peaks (diétance between |
them) it is desirable to have widely separated values
of mR,. However, mR, depends ptimarily upon the 1iquid"
substrate for a column and is essentially fixed for a given

system. On the other hand, Ntog determines the height and
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sharpness of a peak. For a chromatogram to be of most use,
it is desirable for the peaks to be as high and as sharp
as possible. From Figs. 3, 4, and 5, it is noted that
the larger the value of Nggg the higher and sharper the
peak is.

Because the resolving ability of a column (the
chromatogram produced allows for easy identification of
components by having distinct peaks) is strongly
influenced by Niog, it is desirable to know what parameters
affect Ntog and how they affect it. In Figs. 6, 7, and 8
the effect of three different parameters; carrier gas
velocity, particle diameter, and column length, on Ntog
is shown for column A of Table II. Only one parameter
was varied at a time, all other parameters being kept
constant. The most pronounced effect on Ntog is accomplished
by changing the particle size of the pacging. Decreasing
the particle diameter by a f;ctor of 20, from 0.02 cm to

0.00lcm, has increased N by a factor of 100, from {

tog

15,000 to 1,500,000. Of course this effect is even more
pronounced at still smaller particle sizes as shown in
Fig. 6. Decreasing the velocity (volume flow rate)
increases Ntog’ though not as sharply as particle diameter.

Increasing the length of a column also increases Ntog

T
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However, this affect is not as important as particle
diameter and velocity. The effects shown are for varying
only one parameter at a time. If twec are changed
simultaneously the changes might reinforce or might
counteract each cother. These effects will have to be
investigated before the actual choice of a column or
columns for the Mars Lander is made.

The effects of these parameters are not simple.
Although decreasing the particle diameter increases Ntog
it also produces many practical problems. Working with
ultra small particles is difficult and requires extreme
care in packing of the columns, Channeling can occur very
easily and will decrease the efficiency of the column.
Smaller particles also increase the difficulty of coating
them with the liquid substrate., The coating should be
homogeneous and of approximately uniform thickness.
Also, smaller particles increase the pressure drop across
the column. Velocity changes too have disadvantages. As
the velocity becomes lower, it begins to fall into the range
of diffusional velocity. Once this is the case the pulses !
will spread greatly and will counteract the sharpness
effect of large Neog® Low velocities, although using

24
little carrier gas, increase the probability that the (l-y)
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term in the mathematical equation will no longer be close
to one. This fact arises because the sample may become
significant compared to the volume of gas in column. I£
this term is not close to one, the equation is no longer linear
and the model is no longer valid. Decreasing the velocity
also requires a longer time for analysis of a mixture.
Increasing the length of a column, increases the space
required, the weight of the column, and the time of analysis.
Thus an optimization will be involved in the final system
design.

Once these characteristics of the first order
model were determined it was necessary to evaluate how
well the model predicted an actual chromatogram. To do
this an entire chromatogram along witﬁ sufficient information
about the column was necessary. Although there are many
articles in the literature reporting on gas chromatographs,
very few, if any, have published the actual chromatogram.
Also, most of the literature gives insufficient
descriptions of the column for use in a model evaluation,
The greatest part of the data in the literature is given
as retention times, retention volumes, or relative retention
fraction. Representative of such literature is the

compilation by Scholly and Brenner (29) which provides
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retention time data for many different compounds on eight
different columas. It contains sufficient information to
completely characterize the columns, but no chromatograms.
This data although not useful for model evaluation, will
be useful to determine values of mR, for many different
compounds, and will also be of use in any parameter study
to be done.

Because of this lack of required data, a
chromatogram was obtained experimentally’ Column A of
Table II was used. This column is a commercially available
column consisting of a liquid substrate of silicone grease
on a packing of 60~80 mesh chromosorb. The detector for
the column is a thermal conductivity cgll. A three~
microliter sample (liquid) composed of equal amounts of
pentane, hexane, and heptane was analyzed. The sample was
injected into the sample block by means of a syringe. It
was then vaporized immediately and pumped into the column.
The value for the forcing function, N(V/L)/W, of 0.05 was
computed from the operating data. Values of mRy which
would give predicted peaks at the time of appearance of
the actual peaks were determined by solving Eqn. (IV-9) by
trial and error using computer PROGRAM A. The actual and

predicted curves for pentane, hexane, and heptane are

St nnyne _—
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R

compared in Figs. 9, 10, and 11l. Because calibration
A facilities for the chromatograph detector were not
i available, the composition of the gas at the detector

was unknown although the detector output signal was

RSN,

proportional to it. Hence, for the purposes of comparing
the predicted and observed curves in this initial

investigation, the chromatogram compositions wereestimated.

sEme
.

By a material balance at the detector,

n

.J?Wy) dt = N

or o
i ydt = N/W

Since the detwctor output is proportional to concentration

R e ol

Output = ky (Vi-1)
?} then
i
eli ’r_—kL W
§i Substitution of k from Eqn (VI-2) into Eqn (VI-1) gives an

estimate of the composition for any point on the

- chromatogram:

gz y = Output (N/W)
0 P
L (Output)dt
!

The computed values of mRg are as follows:




SR

(s2ss) auwTy

0°1¢ 0°0¢ 0°6¢ 0°8¢ 0°LZ 0°9¢ 0°6C 0°%¢

o det Bberiprivsgorsad pavhosaibbe- T s e Jearesersa PESEERURE F i
T e e T T B Se T BB TR,
PROY SERIN DROES JErSSS DRSS SHORS PEY By e 5 3 3 59
JRI06 SRTHE RS PG P T bp|E i
P S S A gdgese e i be k FERNS FE
TTIVE L TRIES PEBSS By ERREE ¢ Ex Y
PRREE PELPPR LN MISSE DY PSRN I N
BSSEE MretS S¢ e PERGS S6 P Iy b B
prog Ty perwy IO 5 VU e i paT— - =
-ae . PRS% SOOES FRGHY FPPIEHHSEN PO DEDAY e BEESE E N &1 3
pshay peess POBIE SR YRS SPGRS SRR PONN BOGRSDEDH B} T
i Y & NS s S o P o PSS ESORN , ¥ s
T ; . -
[RPTE oy ety [YTENPE IS PUVSSEFUIY PUDEE PESe [ PO w NEER Y
[FOV PSS 8564 IOS 34 £ 8008 SOuSE POSHE SOMN I i Byuun 3
P . PRI SRR IS S ST T IO ) RS RSREN B4
PR e PO PP Py e I i 3 < T
PRSDDEIUA SPPIATTPITR SURE SO I S S R S ST P bbbt s FEERY FRSSE FESE
b FOSSORDE SRERS TSN PISIS SUSTE PEINES AR fo 208 DESRPSPIE: mD RS BRRAE S SN I RaNE i
Phehivg b bt bEsPS oo pEiad sukeg ead] . i B3 H ) T
SITIITELL LRI PPUGE SEDRE FEBEE WpgPy o o) : : jEag pui t
PTOPY yoved [YCrrsTTay et : T -
[PSES MRS NEFPH S <] M JEE S OWY H JEXSOR
seaifatal PRSI SR b 44 o & RN Y o peby
JOBGY REOE [SRSH SSSPY Eapgina paas [U 00 pEUES P o3 .
e ideade : 11 Tliope] ik TThelessr :
sreddlidl it e Esseigat] A 14
JI2TS e 138 SURRSRE - BEREG RS
12439 2400 3 TG RARsAREIE
IOy Y By b gt - H Yy wwe BATS
B8 Do oy [RES¢ badue puyys S it g ERad
rrabend; [3Ead Fhotrs 2880 )it SaAsiSusin
. PO SECTAITGNIT b9 : [§ SEna g ius LTI .
N T T I e e bt St - - v o hadbgr o 3 - Ldid, s fadad fesdd bt o fperibe by
1'.\M.-2 o Sdrten Pt Dy shsed . Tt t < PRU IS BOSEN petw
PEOG ROPes 34 P4 pRos: : B el bt PR
etk siss SiTeT STt by FETh Uoes Foaasnawed B SR Phadd Fe
P DINPPY DERE I adibatd p Py . .y e - $4 4 4 b gebt
jound SOSOS ADSES PHEIY AT 13333 o wimTI 2 JESRE SRR RUL K1
POE SSRS S FOOTE S HAS SISHE SOSPEROwE SE B & ¥ eiie JOSas SR o FES U RS REN S US04
JSadd Mooy SEPPRISINE LEFHINODOY SRS & St Bk S g S ST = FES] peusy sondt
et rioped . : R PR S s . PO FBENEB BN
ROGRE S 26 SO " PO s HE iy e N SESE IR »M.w»
e adhoodn - + e by ezt ba -4 + 4 e de gy by
STILIINLE b : sy - i RERSFULS RS
POeg Sancad - pryva Boves - E Py ;
FIRRS SUNE I s IR T N SRR 11
PSS HPCHG SEA0S RNG TS DU DY PUIR IREPE FE NG phoed i
POPSE $R0US PRI AT0E SUSRITR Db s basres el M it b
TTeas [OORT TR FOTPPIEF e =7 ;
Lrpprnninmnimiinn e ehat o
pihieg SUDRY SIS SRS PES PRSI FIESS PESEE &IOS 06 Sa e PE S
R R D et HE rr e el e i et Fanat R M S
PO St FUSSERPOTY PUENE DHSRY FUWEE RSN MY By
rbad ainbronetaiasloelosarme- doyibada-doiaitesie N
STy § SOIRGIrs SR b1 3.
LI,  Fototestid ipuns oo fHias T
el ks PR YENGY P P
(R APE SR vemstalis Pee byt o] i
FRIRE APY S USFERRSE SO0 SN jeniy v
s Vg R I SHee Sy R %]
PR ) & SVOPPTSERG EE TR PO F 1
iy FEIIara Broraten 0 :
IORhg $4404 DITRIVLTITN VTS SuSse :
PRI (RSO PSS N 300 § SHte & Fras T D o
PEPPESYYTY TTisiaegefeiririies e ey =t _“
pod Peies [PEES Snd 04 Po0 53 53251 by [EERE bR 4t
19084 POa I P3¢ S0 S0¢ k3o peait [Rak SEROS AR :
bl past cidedadestesidioiie SSees SRR e 3
JOVON FPRYS S PQUY FERSTE ¥ § Suw PEENE pw
IERNS SER Y wfcm.,... RO sadsd
JRES POG K BEGSE SBOE: Skl Pt I
[OOUS DU BOSDE S Wiy 3333 PRy
TRt <
heunl :
Barg et § .
pEEae s
Eyuwt T
+ i 3
[eSE S :
PR Y 4 3 m L] O
Tatd i S SRS
Pl B4 PROUN RS
pAOSS S B FOR SR
LTI i g b4 3 3 ba
“ - B i + § -
POPERRE PPN ¥ SN Fathride
IOSd § Dyt Lt
peuDY s JEER RN oY
puSen 2o Tadad il Sibtaeds
g b e H o YIS ET)
TeaTEalt Frtoptast .L.m .m.m
13 IRSOR BEEul SSosY kv
iy FrEnpERIII L
PeOsSsETee ross Y BBy
. 3 EESES
PREE SE NS niee dadia
aasaz : i breett . o
L res abn [PUY vy R prww o [EWEReY
PRI [SPS4 BRSEY {iid s ipaia
SES IS Soqud : pre
USSP oi [3008 sopie -
Vg R
el ol
SR & Py Do
pyeds S
riekiees (DU PSS S U SSUSY SPPY FINTN PUBSY MY YDt FFDE:
Powde Fe TS PS4 SOGRE - DAD?; DPBAY YESEY PENTE FUTHE A5 S8 Dby
paoui e [OEPADIGE BRPRY PO HHERUE § 8 S g B R S B St s e

PRGNS PR
[RPON Bipips

o s [ - - . PR T s - - . PRI
P e ~ ° N . ) &
PR ' 5 - ey S - —— % & pS—— s L, Sty S Kwmemionranct

uo131oeiy 9TOR



41

0°6S

0° %S

0°2S

0

" 1S

0°0S

he

dWTI -

0°67 0°8% 0° L%

PR LY R T T P N Py e ek m free e T et e b
S S N L T L TR T oo aaee Peliialigasilts - ,7.—_ Wi
FP S B B O Lol TR TR ried se SN ) St .
S.esdliipnUIiLsioglbIIIIIRIILNL LN | B e FEng ey
POV TOPGSIG PO FESIY SRS Ot Ry ; NPEN NER N PN Y
SoRRIITIRLLTILNIOILTNIR R pred PERANE RO RS H
PROGEINAGHE ESOTE DUy a (SR
s 644 $O04S- 3OS JEGaPY s N BEPOE E Hwite bt
PRUTOREIEPOUNE S G A Y B L ;
SRR o3 iF
— +
R ps
-+
=it T g T
noies illaw e <
oun PSS SN b
P PAGg Sipin L S s
wae PR R C e et i} -
PSS AITRIANARTLLTI ) Ly L HH
PO-DOS: PP IS SEPR S 264 . E 2 ¢ 3305
. n n pwms o faicnre saboogodind LR oS RO N chiaagpes s -+ + < f-beiy iy
T Taeiae PSS MSOOE S Ewe T Trindodafoiiefesr - FRNNERES BSWIR S ¥ P BN NSO
L ise: poriooipaninn P Fewed P b it ey
E .3 SRN A% PuPSH pRpnE i jpen ) s IR e
P [RS4S0uS0s Dilng Su it iy 2 fo oI
N N ey I R N N R Y
5 PR basut RS CEIt S [RRSSERE Biand ek i beE S SR8
PESLE SEYwE Rivas Se) LT e
RESFRE IS PEGSY P i i Y ¢ M N S IR
St S et PRPWE SSSRE RO SN Pugy A Fu S P : 5 o et o porg pus
W«n.:.as.v R ns seach Feoes ool 14 Fones nuns HIRE S YWD 1 : i M Nl Do oy
PORE S 5o Phe fyne & re e iy g et Sy U R EE TR Y
b PRI POOOE SOPIE S Sus: il LaTIIEIImIL i Sge e I3 £ 3 phrpstd
SRR AN UMD DM ST I PP | P - > - - . e o degoaed § ey dop | bbb d
SPUR DOild STRAN T3y i FrabReiobig SRagt Sas-d EeNTR oS I e E SUPT MSaN § 1§ Es "L L Tt
PASAEVADUS SUAFRAN DO FORHEIERTY. PPIGH PSP ISSIY DI FEDEE REREY N pu 1 h £ Fepdyfa b s ps
: TITARIIILTIITRNIRN N [PODE SOIPE pRied S pus [rag paday puags L) SRR
T Ry Sound Sevy PSR SwS: 3 IS Y9y ey T
PROPR RDOOE SHOUPEIN v [SO08 SSHES Sy Fid REau Bu: [53 H il MMN,.
R OASISATS SOSSS RN . Tl SR04 Fhsetipost Janas bt
DTINIITLGTILNIA -1 t YO 0hESd SRS LRSS Pus i i bradaddes
eev g ienio g PRSPVRNE 2NN T2 Y At iy TP WL WU WU e
: PaRe SUOSE SRS DIttt Jpogeasing PE N IR SSESUSEE SN A Bt P w.»,‘.q
. [ QaN S5y cieaie LLllpTTANL JLE H IR : | PSS Eaa
O T N T S T poths SRS SO s ebeer R S JoRE R RaRES D DSR
e POSSUSHN PSPPI FUEPS Puty FRPEE SERES PRSP G P g ER SR 552 T ...%.
. RS So0tns 2A00S LIS SPSRE S EuY JOSE SBEe PRSu SRSy Piuds 1§ SETIYREERS £8L Tl
POt JOPSp SUPSY SSOE Aput [S500% 900y PRARESHNNE Mg SOUNIE PUET FUOIE PUPOSIDIRE SIS Su gy b s SEAY
.- R S A T I S T I T R R L B T e R R e R Rk I i R e e oo
A - e3asen cafaciadesn H PESTE DY Sty PRSI SIS AEN BT Y N — Fak
[ T0S FEOPS Siee MSEe PSS iy ] P SayE
Pod PRSIE IS aNg SUSIIPRIN : o : SEachy e
;o e L T T It pr sy e b3 SUe 4 redi
i 3 P T
Casipsbt F4tsiiom. tho hEAbe -af <o Famens ! - ! 13
PP PS Sats JORE S0 00 SOEPESIPRE RNSSE SPOU SIS LI SIS SPRS JORLESEI &gy e
N Cesisics N (DO THE0E Sh0E Shiud DSOS PSS DESES SHOGN SERENSS SR PO fuy
IS0k Bes AS P ES Seads o0t SERGL Sutrad SOOEE SR SHGEY Lty PEGSS
oY T excsadridieiaiiieckebenit PEYSESERES DU RSOy
3 Slessaiid D e ey L osts T by 13:
POPOS PRI IS DOrOR § Soha ¥ dun S
. sty IPOS3 Sk DOS $ 04 U Db el
- ot PP 3 PN VRS S e
T LLeinatd bl Dpe JOg S piopSe FEe)
1 LinElT [SOPRDPRIY DRuDE Susen s
Tl TEUITIYITIIEIIINLIUTIINTNG N
wbe Bon prdsigeda-fo.- - ga-bn [PPSO UIRE I PO -
IHSPSSABDE Sh3e- Sl SRS Sied FOOOs SR P04 EREo% Saash
ISR SIS J 4SS S90S P sy TR TNTRATTINNT s
Ieeden RN SlTRILIUELTINONN PO Iveg FUbs s SROUN MnbBE SUpo
F ¥ [EYUs oy v e K
eriti sk erimEreiif asaderme PTIUESUGS puie I PRPwY Sl PR £
tevial CiRGTITRILILRLIIVRLL rmns gt : et
PRSSESSE S My POSLE SR SUE DOOLY REUPE FEpiry Spped P
SeTLELTITETLLTT LD POO9S PRI Pua i SRe a1 [
IRPNOCS ST SRS A4S0t 14
[OPRD PV RHEEE NS 3 A
IS SAedd Fpned apssy 4
PREWESFRPY FRpaw Ry [Ea s
SRPES SIPE R 8uee
Tedpasandl FIiy
LIENRATIT PR R

X

red

LTI
apan

PR et

Cetalesnal

g

r

e
o o3eiet
4

‘{1"..

4

P e dor it

b

pos
Fied

Shtg
SRt The

[PYSe Ty
[SPE Ao e
DUt SIS
SORRE Siveds

i

Rt bod

THili

b
1
L

padiiaada

boseodinia

DO
oot

TN

phe 2
boagr
[Sadd

e b b by

rri:

- b
PR

jiial

[ Rouey

R e

ROGOS DirS0

7..?.7 L
bdmed sy ttmpats

ey ey Xe

FPROS Sy

DBWOX

-

PRSPS Sherpn : +
I R I T e et | "

PORSSIOIAE PROSETOASSE KPRRIE PSS FOPRE FPuan 4 I8

pooan IBS FPUSY sed s 1 i v 3 S

P N L I I valad e |4 A A s
[P PP PR SIS SO PP Sy iy
EBS4 Dy LIVIIILT PlL i EIY

: IR sesriasiien T
mar-Lorann ET SR R B

ey
L34

4

Sian grivafeces

P S g S S e L R T ke b wd PERES Bves s
ke & s Bec-of s beeveisdes fuserts wn [T : oy
PPSONDOE OGS S 9S-DEDSE Sy paeagve PRI By

Lo asielen PIDES SPSHOSIPHRIERGE DTS s shny N

ST PR H
e - -
PRI ORI S Y P -
Costnhoonenons pue:
b ie-s s o S fwas ot § SN TESwh 14
LITIRIVTLTIIIII I TN phaby s pdue pueit R
POFY YOPHRIMSIu PSS PR PR R - X - oy et PR
ot I SO 35eE DT e et L i~ iy Wi TH{ i
pede : 3 S priey T : I3 3 S — P e Ay
: - ; i e 3 . : :
3 BRI KW P —Tol : - ry T 19! gy
. okt " ja e pugpertriey s s s I L b RN
biwtd 3o oRF AL S0 S ebuseve e T g ¥y Sl tril TET Pk : : X Sk e XS vt
x a : I . BOMRS POUdS SRews SWris S Te S iy Powia aywt : b ! 4 : e e f 4233
i ey : ; S T N T . .
> 7 e L2 SN D R e e o B R, et P

T°0

¢'0

192
o

<
o

¢'0

9°0

Ty RN

UoT1ovIJ OTOK



42

R AT s sty

Lot i BT

(so9s) =Wty

0°0ET 0°92T 0°¢¢T 0°8IT O°%IT 0°0TI

. T b aies cepreest -of-c- e "
P yene ! B T P m»'. : ; Vit
PR S S S L - . : PRIt Tt | i
[ SROORDRS DRSS ‘-.K...&»f T fasfitas iy
VPGS PO PERE DGR WIS S ST PR FpR SpYes SEeSSTRTY SRETETIIETEREES S R s T
Wons SERAD SSTEIRDES SN-OENRIFSS SWRANS Sve-t Fpgpcactas SRR RTTES SEUE SIS RS SRt P
SIS TsU- DRSS SIOOS FRAST-SIgas SR eaburs St R e et 2 R Padnit PR o hdde ; srdylis L3l
ol Saiak- S ISRSOASE SRt iSO Sabedrsrvd SESORITIS SRS FRIRS TR RN b [RE PR RS
FUAS IO PRGNS SO SRR R e e EEY i ;
[Pt SSINE SRS JOOVE DPEOSSEIaY SURGEIFEIE - ety
> - o 1+
pord TRIILVEU ju
- PURPS FUSY S FU T > T 3
ST LOpTELL S ! 4 T
' " PSS S50 PROES SESis 3 by i 1A e ot g
P T it Lo SRR A ane fliieedfoec aeian [N Fuea- 08-S0 < 13 RNY ¥
B N T IRl o s TN g e mh i ph et s A e PR R + +4-4 tit
pOARS-SDOS JPRES-SSTE HIGSEESIN PORRS Sarts Sses SEEH PADSR-RE R SO AR iy ¢
SAGE QG SOESE SO My SRR S PUspRBEIERE S ot R 2zt Fyass
PR SRl Db e PRESPEIY SRBPE YRPIE RN TSR - PRSDE SS9 S5 ERS Sl
- v o mabm el PSSP AP SN e Lyoimt - w A I w PR B P
FRIN RS SO AAPDS SIS PR SRS N PRNE SNO9e i THHHE
PTG S-S R S B T e POOSSOIROG PG [y o M LeEPRRRES
bEF SEREE AT SSP Rt ARPAk Fod.ag MRS RTY phipe S0D0! pavioitisl ; i g sased EESRahagRaAns NAg ]
Y e fedaedy . MEfhmo- it PPYPRRSRPE 5 SELN SRy PUNSDE BRI SR ST UMY PR P T Lager R [N Y NN
FSRTE SN P AN SR SO PSS S PIPESE Seey farmd R R JoedtEibes L 3 .f,m,
PSS SRPASFOaNEPOAS PSP ISPE SOUTE MRS SERIY 353 T8 PROVS PO LoD T
RSt SOPAl COPUE-LOSE MIBOE PRS- S So¢ Fupi SUEIE ST SY LTI ST Y i SeMe bepudaiing
Tt fath moriafass pormsfresrmnrdbds prkieso [T S PEeey puTwN PRI ST ST S FREEES Ry EEE AN e
SO SRl SHSPE 2ered RPIOR-STEEN $49SSES0S SELAE ST e IS IS DD b ot e Nk u N
! -SSP OREE SEdh Sppe PESSSSROHE PER G SPOIERGG JEBEE N i : A B4 41
FONS SSREe Sireme SQus BOSS SO pUtug SO MRS SIPES ) (SRR PSa Faniy 38 he Ma S H Seni
PPN R YR PP DT EME L S < [l " prowy L) WU g ey Sy
SIEIIIlELTIiENT it R bad R muo— 4 ridat RS R AR KN A:.r u.w:,.i
[POLSFSHSE DR QupE P4 PRGOS THUIE PEED IR 1 . 7. i fdeay bt Pl g BRd
[S ST Papi-l FRSSE R IOPPe phtwd SEGISDIREE POR B IIRNPY PISE Ii jaung : B R R
T vtaes gr ams sasfantos avnbecsap o-afrmecbiads U YOUPE OGP DI SRR S iy 3 T
[GPEAIAE SADAS DAL SI0PI- PR FPSRREINRS PE ST DS poe PESIIIE PISDE #- e Vil
: PR S e AT ot e LS TIPS FOeRE SRINE DRSS IR DE it
PR SEe s A R e N PO PRGNS DEIRE PP T
I L I R R I LN L T s St hd PRI S 00t PSRt FRaay £ YReN jawwy <1
St 35504 SPEIGASIDE SURRE SPELE RPEPS SORaE S ap e g e ot O] Bt ShE e jps il
(SR IR04 02 56 MDA R4S PERE FOThe-Sutsd POSISSRPRE LREN-290E firbat rhd
ISP BRI S ey S S Lt T iid Sk b POERY rig b
PPCTOGIUE PSRN TS S PUPEE TS EE SERUWETORY SO PSP PP FERE DN
IORSSDeAil Pl s Sk DOty s i S S e I T Bl SENHS BRI
ISV SRS IREPS SEUWE SRRYE DU S P fen : T
POIDE+Futd FED P PEA0Y PMISIVESYE JRGUEE SESSL IR SRSSE N P SNy : fres
[LPE SOy | PPTS ey BUTTTPwIY PP PRy Ea it
T . FOg SOB ; PR Sew H
L T Aeies rialan-
Py Abe g PR Spee
R PR GRS G B I R N s IS ed T s e
PRRES 29004 SAFSEJEGRE SEDEE DRGTS SIREL SRS SO ST
MEOTE SOUES SHROTSEGIN JOGSSANOEY SRR IS SRPBS S DS
IPROSPreis SH ST AEbes FORES FRI IS ) FREY ISP NS RE RN

P PP Y - ,
o kneg g -brves etboreem 3l
S S e I g
P DG SHEHE-JPPe oagd
e e PRPORY BGINE DUFUME S 3 SRS DR SN E}
PUSUS Subod SRPSRDEPEE DRSS SHOGE SRPs BRERE STAES B e REN
e JESPR-DES S SOSYS RGOS S i1 PESUERIIIY PP FH
PPN RS OREE SHEIENCDRE SOPPY RRSSY RONDE MASSY IPERS 20T 0 vt
ree PRFPTERETY PRrSS BPRE SEEDE SIS RS PITPE SDIEpE SRy SR S S o] I v
MRS AN VDS RPREY SRREE S PRE Digiy POSE SEROSPOODS DEFIE BBy S B et el Po! 5 <
Eaa c4lasisen - 181 1
" PR FREOE Fpguiny pies 3
¥ T
Su o - as- §ow vhawbegrbhosppoades e 43 i3 [y
P S B R D e A . Lol T ooy thi o
- e ed P e L I s s B R R b +
aelell SIAIELILLILTL = 8
ST n
PR s & : BN AL
Chmek mg od [PEIQIeR .ot o S04 SHQUERAPRE SUHIN DO PRS- & LAy
Lo S SRR LIITITY TRl BT : it
. P r ; s t t +
e POSRTSS SURE SRR SOORRSFTRE S ISP G a e IEDYE
FRUPA P wo.r‘..w»..i PRI POPDS PR “ b < L S - ’ IH et pae T addi
i . cesebntacte biiad e fesregrios vaieka JERS PR EPS R ¥y
RS OGN SIDPISEIDY PORPE POWES 1 fod obd s bbad s PESE O B e I R
eergat - afonrhaseet -abasay » 3 P Py i padopd e (RN,
et 3 sbie ot FOES 5000l PUbatsnity Sanetoaiss T jgSegat
POCOLISIER MEGTRSL ERS FETREIVEDE JORIS JESTS PRSISINESS S5 S AR PSS DS RES B S SN R84
PrOaS S O0E F I EESNOOR PRASE 1IN S SIGEYSROOS SNESSSEORE SIS T vaad brerdd s
+ " 1t T
FPPULYEOOT PUPEIYESPY SUPSE MIVIY TERHELSSY Siuy DRy R [P YR SEuwy T
PEENd PR sa SETTE L PREE SO EIDel JU IS Uil SRS POT [YPDR S RGN 51 [RYFESaS
IPSed SOOAE SHESEDGS Y PISES SPDYE SDUS S FUSES SEPOPEEE I FOUAR DUNDH FHY jEpesay 81
PSS SORIE FOUHE MGUS SPVDRPDOAS SRS § S oE SISO P RE BB [N TPEY N
o mrkema medd ombafranaiy sbfe seashn fombpsres [PUPRIFIVIING S5 IR SR B f:u.wu‘, -
PP EPOBE SRR EANADE SRS LEPES BB PESPIVER PSS SS9 pebeposs Jarsizips - donpotosss ey Ldobeyot g
- Fip it PR RPODS SPSGIIPEEY PSS Ss SRBSE DOS o St SS9 $3 60 i a8 SUvE Hipaa
DI N X x T POUSSS PR NN PUOPS RS X DS FOUDY S magod st g o d -
- .
w- daen- [RPTR LRSS SOOI SRR B e -
AL mgiee JODUSSUSOE BT VS DENSE MR IIPRIN,
PR3 3994 JOSIR RSSO POV SIS DOSHS SIS
P JRDGS S g SOGINE DO SIS POET .
St
paiinl-4-Suledt ToITRintIUILT BRSR FEEe Lyt
SORE P PO SRPOE PRUME S G 4 e R ewed
T g S g e e e s LNGS ST Rtttk
wre dx o POYSFPTEIN PRI SEDREE U SRy Tty et BEUIY BUPEN
FEREE T T Y L S B I e SN ot BT fosad boea s .»n Adaday ‘Ww;»»v
POSEUR 2oubie PEOASPSHEE SQRDE FRESFPI PN SHPPY [OSSRPaNYS i +
DA O e caifesanfoe-ndbimerhasmegamas PPNV S sand s povan
PUNIRP RN S OIPUEIY S Pp- PR IR [ PN ¥ Ty otdsadt
PRTROIGON IS S S L S L P - jan
PP PPN I I e oy :
PO R P v,A.!t¢...ﬂ=.w
+ T - 'y $
I R I o L e

P ]
POV IR

POy PO I

Preves
BN e o

PN S .
B A T o T

PRSPPI PSR LSNPS EPIPS FPh) -
PROA SRS AINDRIS S .-
: o - puR
PP S OPIE S PR TE  Feons St
Plid ST AOOISASEE irpat 9pal SRRes->EO
DISOS It FIOe SOGag Mgy DUSEI Sbag o S0y
POt DOvl pushat SRPIN A1 I
SPEPY rpma—y 3
P it P %1 T o
b - e :
— P S ea T etay FEaoh sersy [ERS Sppers
L0y Tirg oy gy SRS
T it Py F e : i FaeY
138 EREWE STRTE NS L2 P : b Y
! j £ : " ' 3 i ‘ . . ; .
et g PR . N B .
[ ot et Y ! 4 TN Y] - e P—) A iyt X st ¢ 0 g P PP—— Npusstomtng * 2 N b N
i s [ —

&

Bt

R
e
;e

pelid
Sindks

A e
L.



ey f===

]
.\ .

Ry

43

pentane 0.197
hexane 0.090
heptane 0.038

An examination of Figs. 9, 10 and 11 shows that,
while the first order model follows tée general trends
presented by the actual data, thg equation does not
predict the entire chromatogram very well. The predicted
chromatogram in all cases is mi'ch sharper than the actual
chromatogram. This discrepancy may be attributed to
several factors. Other transport mechanicisms, such as
longitudinal diffusion or intraparticle diffusion, which
were neglected, may be important. These will cause a
delay in the desorption process with a consequent
broadening of the output pulse. The input pulse may in
fact not be represented accurately by the impulse used in
the model derivation. Any deviation from the impulse
representatidn Qill cause the observed peak broaaening.
It should be noted, however, that if the peak broadening
mechanisms can be reduced or eliminated in the design of
the column, it should be possible to approach the

predicted curves. In this case, however, the compositions

of the computed curve may be incomnsistent with the assumption




r

.

St

TSy

P

l-y =1
used in the model derivation, and some means for solving
the equations with this nonlinearity must be developed.
In summary, the model in its present form
represents the behavior of this particular chromatograph
only qualitatively, and additional model development is
required if the projected system studies are to have

value.
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PART VII

CONCLUSIONS AND FUTURE WORK

Under the set of conditions analyzed, the first
order model does not represent the data obtained on a
specific chromatograph., The first order model does, how-
ever, follow the general trend éf the data and may be
useful in predicting retention times. Because the model
does not predict the spreading 6f the peaks it is apparent
other mechanisms should be taken into account in the next
model .

It was found that mRo and Ntog will be major
factors to consider when choosing a column system for

the Mars Lander. The smaller mR,, the more a component

' is adsorbed, the longer the time required for analysis, and

the broader the peak is for that component. The larger the

value of N » the sharper and higher a peak is for a

tog
given component. For these reasons it is desirable to

obtain the largest values of mR, and Nyo, for a component.

This will mean that the peak occurs quickly and is sharp

/

P P TE

and distinct. It may then be possible to make easy

identification of the components. §

Since mRy is essentially constant for a given
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a * apm o .d.
tog may be increase

This may be done by decreasing the particle size of the

packing, decreasing the carrier gas velocity, or increasing

the column length. All three have disadvantages associated

with them when used to increase Nggg?

Particle
1

2,
3.
4.
Velocity
1.

2,
30

b

ength
1.
2,
3.

Diameter ‘

Difficulty in packing

Channeling

Difficulty in coating with liquid substrate
Increased pressure drop across column

Diffusion takes precedence - peaks
spread greatly

Increases non-linearity

Longer analysis time required

Size is larger - more room is required
Weight is increased
Longer analysis time required

These effects are apparent only from considering

one parameter

at a time. If more than one is varied

simultaneously the considerations are more involved.

Considerations of mRy, Ntog, particle diameter, velocity

and column length will have to be analyzed before the

column or columns for the Lander are chosen.

All the work done here is preliminary to obtain

some ideas about chromatographic columns and to guide

future effort. Although not immediately applicable, it

RS T :
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has led to areas of study which will provide the desired
, design information.,
Because spreading of the peak is a problem, it

will be necessary to consider other transport mechanisms.
! The second order model, which allows for longitudinal
diffusion, should be considered. Spreading will &also
result if the sample injection ig not close to an impulse,
as assumed in the derised model; The degree to which
this affects the chromatogram, must be evaluated.

Parallel to these analytical analysis an

experimental program should be carried out to obtain

% sufficient data to evaluate the model. This program
should provide values of mR, and data for complete
chromatograms to study the model. Although the columm or

columns should be operated isothermally, data should be

o ey

obtained at various temperatures to be used in future
modifications. Because the experimental system must be
completely characterized if the data are to be useful in

validating the models, it will be necessary to monitor

the input to the column as well as the output. This will
32 provide an estimate of the forcing function, which was
jj assumed to be a pulse in the present studies. Also,

detector calibration should be attempted so the chromatograph

KSR ettty

data and model calculations can be compared on the same basis,
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Once a model for a chromatographic column
has been determined, more advanced techniques for
improving the resolution and separation of a cclumn can
be considered. The techniques are temperature programing
and flow rate programing. These techniques will further
complicate choice of & column system for the Mars Lander.
Because of their complexity and because they are not yet
well understood, they should be considered last.

Although the technique is not yet applicable,

it is apparent the mathematical (computer) simulation

" can yield useful information to be applied to the final

choice. It can also save considerable time and money by

directing experimental efforts more efficiently.
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PART VIIL
NOMENCLATURE
ratio of interfacial area to packed
volume, 1/ft
concentration, lb-moles/cu ft
diffusion éoefficient, sq ft/hr
diameter of particles in bed, ft
fractio:. of stationary phase volume which is liquid

mathematical representation of sample injection
into chromatographic column

molar welocity of gas stream, W/ S, lb-mole/(hr,
sq ft)

Grashof number = gL3 bp p 2
P M

molar velocity of carrier gas, (lL-y) G
(1b-mole/hr-sq ft)

gravitational constant

modified Bessel function of the first kind of
order n

proportionality constant for determining heighth
of curve :

overall mass transfer coefficient, 1b mole/
(hr, sq ft, mole fraction)

gas film mass transfer coefficient, 1b mole/
(hr, sq ft, mole fraction)

length of packed bed, ft

adsorption equilibrium constant, y* = me

ey
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sample size, lb-mole
rate of diffusion of A, lb-mole/(hr, sq ft)

number of transfer units available for adsorp-
tion dimensionless

pressure, lb/sq in
Peclet number, (vL/D), dimensionless

0

gas constant, 1544 (lb/sq ft, cu £ft)/(lb-mole, R)

ratio of moles of gas in bed to moles of liquid
in bed

Reynolds number, dp evp/u, dimensionless
cross-sectional area of empty column, sq ft
Laplace transform variable, dimensionless |
Schmidt number, u/ pD, dimensionless

Sherwood number = kydp
Dp

absolute temperature, °R

time, hr

volume of liquid, cu ft

true gas velocity, ft/hr

molar flow rate of gas, lb mole/hr
position or distance in bed, ft

mole fraction of component in liquid
mole fréetion of component in gas

mole fraction of component in gas which is in
equilibrium with liquid phase

i ol e i i E
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dimensionless length,x/L

Dirac delta function (unit impulse)
void fraction in bed

dimensionless time, t/(L/v)
dimensionless time coxrresponding to r
gas viscosity, 1b/(ft-hr)

gas density, lb/cu ft

molar density of gas,lb-mole/cu ft
molar density of liquid, lb-mole/cu £t
injection time for. sample, hour

dimensionless time constant, 1/<mRoNtoé)
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PART X
APPENDIX A - CHROMATOGRAPH MODEL DEVELOPMINT

Development of a mathematical model for a
chromatographic separator requires the choice of a column,
packed or capillary. A packed column was selected because
of its high separating efficiency, and because the
configuration has been suggested (35) as being suited to
the severe shocks of asrospace service.

A packed column is a tube packed with a granular
solid having dimensions much smaller than the tube diameter
and length. This assumption, which is generally met in
practice, permits the use of a continuous rathzr than a
discrete mathematical model.

In deriving the equations for the model, it is
assumed that the éranular solid is coated with a high-
molecular weight, non-volatile liquid which acts as the
adsorbent. Flowing continuously through the column is a
carrier gas, such as helium, which is not adsorbed by the
liquid. At some instant, a trace of the materials to be
separated is injected into the carrier gas stream. As
this pulse flows down the column, the materials diffuse

to the adsorbent layer and adsorb. When the pure carrier

conegie R TR £ ot ) S e o e A e
@
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gas upstream of the pulse passes the adsorbed materials,
they are desorbed. Because different materials adsorb
and desorb at different rates depending upon the thermo-
dynamic characteristics of the system, separation between
the various components is possible,

Actual derivation’of the differential equations
which govern the operation of a gas chromatograph is
accomplished by doing a mass balance on a differential
element of the column shown schematically in Figure L.
This element has length,AX *cross-sectional area, S,
volume, SAX, void fraction, € , and surface area available
for adsorption, aSAX. Looking at an gven smaller element,
the area between two particles, it is evident what trans-
port processes are going on.

It is assumed that the bed is sufficiently homo-
geneous so that its behavior may be represented by the
above model. Additional assumptions required to derive a
mathematical model for a packed column are as follows:

1. The column is isothermal,

2, The carrier gas velocity profile is flat,

3, The axial diffuslon coefficient,d), is a

composite factor which may or may not have
a turbulent component.

%*See Section VILIT for nomenclature.
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4. The gas cowposition is approximately constant
in the direction normal to flow, and the
concentration gradient oceurs only in a thin
boundary layer neaxr the adsorbent; i.e., mass
transfer coefficients can be used.

5. The adsorbent layer is so thin that there is
no diffusional resistance within the layer
in the direction normal to the surface,.

6., The diffusivity in the adsorbent layer is so
large that there is no diffusion in the
direction parallel to the surface {in the
axial, direction).

7. The net rate of adsorxption for the carrier
gas 1s negligible,

8. Only one component 1s adsorbed and its gaseous
phase composition is very small.

9., The carrier gas behaves as an ideal eas,

Three equations will bz required to define the be-
havior of the adsorbing component: a mass balance for the
gas phase, a mass balance for the adsorbent (liquid) phase,
and a thermodynamic function relating the gas-phase and
adsorbed~phase concentrations. All balances are to be done
in terms of lb-moles/hr. The simple method of

Input ~ Output = Accumulation
will be used to compute the balances.

The gas phase balance will be derived first. The
input term in this balance has contributions from three
different phenomena: bulk flow, diffusion, and desorp-
tion. The desorption effect which is taken into account

by a net rate of adsorption will be discussed later. The

B
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texm arising from bulk flow of gas is:

5G
(L-y)
The diffusion term is found by starting with
Fick's model of diffusion:

NA = - D dC (X~2)
dx

This equation gives the 1b.moles/hr.ft.2 diffused across
a cross-sectional area, It is necessary to convert this
equation to mole fractions and lb.moles/hr. The term for

diffusion becomes
-p(pes) ¢ (X-3)
(28) &

The sum of (X-1) and (X~3) gives the total input for the

€s 6y . p(R\ oy (X-4)
(1-7) RT| Ox

The output term has contributions from the same

gas phase

three effects as the input term. The bulk flow effect
must take into account the change in composition of the
gas as it moves from one end of the element to the other.

This term is:
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The term for diffusion which must allow fur the

same effect becomes:

sl A+ 3 ol B o) o

The rate of adsorption may be expressed in terms
of the rate at which the adsorbing material diffuses from
the gas phase to the gas/solid interface. The concept of
the mass transfer coefficient yields the rate of disappearance
of the material from the gas phase

KyaS (y-y*) Az (X-7)

I1f the material is desorbing, the driving force will be
negative and the term will behave as an input term. Hence
the expression as written will represent both the adsorption
and desorption processes.

This term may also be represented as the rate of

removal by the condensed phase in which case the term becomes

adsorbent _amount ) Ax on
" length ot

the rate dn is the amount of material removed per unit

ot
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time, per unit of adsorbent. The unit of adsorbent may
be either surface area, volume, or other useful unit.

Sumning the terms of (X-5, X-6, X-7)

2
¢ SGg [({-y) + (1Ey)2 (%};)A%i - €5g% D[%% + SEXJ

+K, S (y-y*)AX (x-8)

The accumulation term is equal to the rate of

change in the amount of adsorbing material in the element,
It may be expressed as the product of the amount of gas

in the element and the change in composition with time:

(€56%) O L (X-9)

This term assumes Qﬁ is constant, which is true as long as

the pressure and temperature are constant.
Summing terms (X-4, X-8, X-9) gives the gas phase

mass balance:
€SGs . _ P2yl _|escs €SGs  dy
{Sl-y) y- €& g P a;} [;I-yi y+ (1-y)2 ox &%

-€S PV D( 5—-% Ax) + Ky'aS(y-sﬁ'v‘)Ax:]

=€S AXQG%% . (X-10)

This equation may be simplified by canceling like

terms and dividing through by (€& SGg A%)’. It then becomes

o
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$) - () B2 oo -k (33) O

The liquid phase mass balance may be found in a
similar manner. However, because there is no diffusion
or bulk flow withiﬁ the liquid, only two terms will re-
sult, one for the net rate of adsorption and one for the
accumulation.

The net rate of adsorption is the same as in the

gas phase, term (X-7), however, the accumulation term is:

AV 5 (X-12)
where AV, is defined by:
AN = (8bx)(1-€)F
The mass balance for the liquid phase is:

o - O3 - kyaG-y) (x-13)

The third equation necessary for each component is
a thermodynamic relationship between the composition of the
gas y*, in equilibrium with the liquid composition X_ .
For the dilute concentrations under consideration a linear
relationship will be assumed:
y& = mx

Equations (X-11, X-13, X-14) are the three
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equations necessary for each component to describe a
chromatographic column, They are subject to the following

boundary conditions:

i(}&?g)loo} X7 0 (X-15a)
y(o,t) = £(t) (X-15b)

éy}%ﬁ = 0 (X-15¢)

Condition (X-15a) states that prior to the
injection of the trace, there is no adsorbing material
within the column, in either the gas or liquid phases.
Condition (X~15b) represents the injection of the trace.

It will in general be a pulse and perhaps an impulse. An
additional boundary condition is required because of the
second order derivative in x. Condition (X-15c) has
‘generally been used in similar diffusional processes, (e.g.
ref. 7 ) but there is some doubt about its validity in this
particular application. Since axial diffusion may be a
second order effort especially in columns having large
length/diamet:r ratios, study of this boundary condition
will be deferred until the basic characteristics of the

column model have been determined.
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To make the equations more general, dimensionless
variaples and coefficients are used. Using definitions

of G

b)) Bom - 1) o

A dimensionless length, Z, time,®, and two
dimensionless transport parameters, the Peclet number, Pe,
and Ntog’ the number of transfer units available for

adsorption, simplify the equation:

Z = x/1, dx = 14z
dxi= L2 dz2 o< z=|
© = yt dt = Ldg
L v
Pe = D/LV
G

The gas phase equation becomes

T e,
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Use of the same techniques on the liquid phase

f

W - Neog (y-y) = 9% (x-17)

ol

equation and introduction of a new parameter

e %
F(L-€) O,

Ro

in which Ry is the ratio of moles of gas present to moles
of liquid present in an element of the bed, yields
dimensionless form of the liquid phase mass balance:
L 9% -y (y-y*) (X-18)
Ro 00 tog

The boundary conditions now take the form

,{g:;gg : g} z70 (X-19a)
y(0,0) = £(®L/v) (X-19b)
Q%éé*gl =0 (X-19¢)

The system of equations which must be solved for a single
adsorbing component is comprised of (X-17, X-18, X-14) and
the boundary conditions (X-19a, b, c).

| The systems of equations will be solved using
Laplace transformations. Because of doubts in the validity
of boundary condition (X-~19c¢) and because the axial diffusion
effects given by the second derivative term of Equation

(X-17) may be second order terms, the equation may be

simplified to
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- %% = Neog (y-y*) = %—é (X-20)
for preliminary model studies. Transformation with respect
to © and use of (X-19a) yields

~y'(2,8)~(Neog + 8)y(z,8)= = Neog ¥*(z,s) (X-21)
Transformation of (X-18) with respect to ® and use of

(X-19a) yields

1 , \
(RoNtog ) sx_ (z,8) = y(z,s8) - y*(z,s) (x-22)

Transformation of (X-l4) yields

y*(z,8) = mx_ (z,s) (X-23)
Simultaneous solution of (X-21, X-22, X-23) yields for the
gas phase composition

' N
v'(z,s) + v(z,s Nprno + 8 -~ —£98 = o
Y(:) Y(’? Log tS’i‘l

in which the Jdimensionless time constant

T o= 1
mRoNtog

appears., The solution to this equation is

y(z,s) = A(s) exp{-(Ntog + s = 1\_;22%{) z} (X-24)

L S .
The arbitrary function A(s) is derived from boundary
condition (X-19b)
A(s) = y(o,s)

or it is the Laplace transform of the forcing function
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i
\
which describes how the sample is injected into the column.
If the sample is injected at a constant rate up to a time
7*, the rate of injection is

N/T
and the gas composition (or forcing function) becomes

yo,t)=R /B = X octed
=0 t>7

This function looks as follows:

o 2' >t

The area under the curve is a constant (the total amount

of sample): T

wy(t)dt = N
(4
or ~
S y(t)dt = %‘ which depends only on
0o

the amount of sample‘and the carrier gas flow rate expressing

the forcing function in dimensionless time
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=N S O= £/ (L/v)
e= Yiv)
y(0,0) becomes
y(o,®) = N(V/L 0<©O< S
OcW
= o ® > o

This function must now be transformed with
respect to © for use in obtaining the solution to
Eqno (X-ZQ).

The transform of this function is:
\Y
y(s) = y_(_.v/,li).( )[l - exp { e?s’ﬂ

This expression contains the ingect:.on time erhich n
depends upon the design of the injection device and

which is generally not known when conducting conceptual

studies. Because the injection timez can be made very small

by controlling the sample size and injection rate, it will

be wonvenient to investigate system béhavior as the

injection time approaches zero (the forcing function becomes

an impulse). Hence, the limit of this equation taken

as ©p approaches zaro (very small injection time). v

st nt

e st
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becomes the boundary condition at Z= 0:

y(s) = L\:S%Z.I.a)_ (X-25)

Substitution of (X~-25) into (X~24) yields the

solution:

Ve ' ~
y(z,8) = NCT/L) . exp (N i} expl -sz% exp NtogZ (X-26)
’ W (Voo (o2} T ol

3

Equation (X-26) may be inverted by classical techniques with

I e

,@.A.

Y

=
a

e

o '"“:‘3‘

Ty iy xm SRR,

the following result:

y(z,08) = 0 z YO

_ H_%’LIA)- . e;‘P{"Ntogz} : exp[_(@ﬁ”a‘l}

Weoez -« L) + S(o-2)
- X ' 8

Ty

in which ,
-
X = 2_\/Ntogz(®‘z)
These’eq'uations may also.be expressed as follows:
y(z,©) =0 ® <z
= N(V/L) exp “Nog z} exp {-_Le -z__)}
W L

L n=o0

S(e-z) + Neog2 200 (Ntogz\)n

L

| 4@:&2...

0 ,
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Equations (X-27), (X-28) represent the behavior of a chroma=-
1 tograph when adsorbing and desorbing a single component. In

general, the behavior at the end of the column (z=l) is of

o 7

most interest. The parameters Ntog’ (V/L) and @ are
B dependent on the physical design and fluid mechanics of the
column, which can be predicted with some certainty. The
term'tL contains a thermodynamic‘function m which is a

function of the particular materials used and at the present

time is generally not predictable. It is this term which
’ will be evaluated from experimental data,

It is of interest to investigate further the

forcing function

N(V/L).
W

TR,

which appears as a coefficlent to the solution Eqn. (X-27).

If the carrier gas flow rate is expressed in terms of the

Y

velocity

W=yv (JGSG

Framneey

the forcing function may be written as

2

é ._(...LN v Iil = ,NV = N -y
W Lv Q,S€ (Ls€) Pg

o S g

The term (LS€) is the volume of carrier gas in the column

neglecting the compounds being separated and therefore
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(LS€ Qq) is the number of moles of carrier gas within the
column. The forecing function is the ratio of sample to
carrier gas within the column, It would be a composition
1f we took the gas in the column and mixed it with the

sample.
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PART XI
APPENDIX B - COMPUTER PROGRAMS

In order to be able to compute a chromatograph
for a given mixture, Eqn (IV-9) has to be solved as a
function of time and position. In particular, we are
interested in the gas composition at the end of the column
where the detector will be located. Because it was also
necessary to use a trial and error proceedure to determine
a value for mRy corresponding to a given chromatogram, it
was desirable to solve Eqn. (IV-9) by using a computer
program. Another reagnn for this choice is the fact thét
the solution of the equation requires multiplication of
very large numbers by very small numbers. This proceedure
can be handled more efficiently on a computer. Due to the
assumption that aﬁ mR, for a given component is independent
of the other components in a mixture, two programs were
written. One program, for use with a single component
system, solves for a value of mR, which matches the
experimental data. The other program uses the data from
the first program to compute a chromatogram for a multiQ
component mixture. No trial and error proceedure'is

necessary in the multicomponent program because it uses

RRAET DO it Sy
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values determined for the single components.

Besides computing the chromatogram and finding

a value for mR, the programs also compute the characteristic

parameters for the column under analysis. These parameters

are; velocity, interfacial surface area, a, Réynolds
number, Schmidt number, Sherwood numbér, and N¢og.
Calculation of these parameters requires that wvarious
physical properties of the constituents and the physical
characteristics of the column must be supplied as data

to the programs. The density and viscosity of the carrier
gas as well as the diffusivity in the carrier gas of the
component being analyzed must be available. Carriergas
flow rate, length of the coluﬁn, diameter of the column,
diameter of the packing, and the void fraction must all be
input data to the 'programs.

The first program, PROGRAM A, éan be used for
two different analyses depending upon the value of an
instruction indéx, Q. The program can be used to find
a value of mRo from a given chromatogram (Q = 0,0) or

may be used to compute the chromatogram for a single

component (Q = 1.0). The program may also be used to

used to study how various parameters affect a chromatogram

@Q = 1.0).
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To find a value of mR,, the time of occurrence
of the maximum in the actual chromatogram and in the
predicted chromatogram must be known since a great deal of
data is presented relative to an air peak or some other
base component allowance was made for this fact. If there
is no such base time, AIRP = 0.0. The program computes a
value of the relative detector output at THETA = 1.0 for an
assumed mRy. The next point is computed at THETA + DELT,
where DELT is a time increment read in as input data
supplied by the user. When the program finds a maximum it
retains the value and time of occurrence and continues to
compute the chromatogram until the end of analysis time
(RUNT). It then goes back to one time increment before
the maximum, divides DELT by 10.0 and recomputes the
chromatogram untii it again has passed the maximum by 10
of the new DELT. This proceedure is repeated until DELT
is made sufficiently small to insure accuracy of the
maximum, DELT = 00,0005, The time of thé appearance of
the maximum (RETT) is checked against thé actual retention
time (ARETT). If the calculated time is within ERROR, a
time band around fhe actual peak which is specified by thé
user, a value of mRy has been found. If not, a new value

of mRy is estimated from

A s

TEWmSTERT
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ARETT-RETT
2 X AREIT

(MR,)pnew = (MR o1d

and the computation is repecated. The starting value of
mR, may be anything, the program will still find a true
value, but itkisnore expedient to start near the actual
value. A truer estimate can be found'by using the value
of mRg for Ntog = 00. The program then requires less time
to find a value of mRg.

The second program, PROGRAM B, can only be used
to compute a chromatogram and to study the effects of
various paramegers on this chromatogram. However, this
program may be used for either a single component or a multi-
component mixture.

It must be emphasized that neither one of these
programs is in its most efficient form. However, because
more difficult and involved programs will be required to
solve the second order model equations and/or the temperature
programing model, it would not be beneficial to pursue
optimization of these programs.

In both programs two alternate methods of soiution
are used. The choice between the two depénds on the value
of N, _ and arises because of the definition of a modified

tog

Bessel function for values of Ntog less than 10.0. The
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programs use the actual series representation of a Bessel

function:
o
2n+1
I,) = Z X
' n=o gcnrl n!(nt+l)!

The number of terms in this series can be specified by
the user. The series converges rapidly for 10 to 15 forms
for values of Ntog greater than 10.0, an asymptotic

representation of a Bessol function is used:
Li(x) = exp (x) / [Znx"

The need for two different expressions arises because

the computer can not handle efficiently the numbers when
the argument of the Bessel function becomes large. Since
most columns will have values of Ntog greater than 100,

the asymptotic expression will usually be used,
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Following is a listing of the variables used in

the programs, the input requirements for the programs, and

an actual listing of each program., Although the units used

in the derivation of the chromatographic model equations

were engineering units (ft-lbs-hrs), the units used in

preparing and writing the programs were the metric units

(cm-gm-sec). The reason for this change was the fact that

most experiments conducted using gas chromatographs report

data in the c=~-g-s system. Also many columns use this

system to define their dimensions. Although most of the

nomenclature is the same as that presented in Section VIII,

some had to be changed due to the limits of the Fortran

language.

A
AIRP

ARETT

DAB
DC
DELM

DELT

DIRAC

1

I

i

ratio of interfacial area to packed volume.
time for air peak to appear.

time for appearance of peak (maximum) in
chromatograph of component being analyzed.

diffusion coefficient for component being analyzed.
diameter of columm.
increment used to find a value of mRg

time increment used to designate how often the
mole fraction will be found.

value of Diraz delta function at different
points in the column.
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DP

EPS

ERROR

NN

RE

RETT

RHOG
RUNT
SC

SH
TAUL
THETA
TIME

TOGN

i

1
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diameter of particles used for packing in
the column.

void fraction
error used in finding a value for mR,
step in time from start (injection) of the sample.

number of terms in infinits series used to
approximate a modified Bessel function,

instruction index for PROGRAM A
Reynolds number

time at which program estimates the peak occurs
while it is trying to find a value for mR,.

density of carrier gas.

time for duration of experiment.

Schmidt number

Sherwood number

reciprocal of dimensionless time constant (l/ﬁh)
dimensionless time.

actual time of analysis.

number of adsorption transfer units
temperature at which experiment was performed.
true velocity in column.

viscosity of carrier gas.

volume flow rate of carrier gas.

length of column

.
e U



Y (K)
Y(K,L)

TYTOT (K)

mole fraction of component being analyzed.

mole fraction of single component in multi-
component analysis.

sum of mole fractions of all components in a
multicomponent analysis

dimensionless length

80
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INPUT FOR PROGRAM A

CARD 1
Col 1-16
17~32
33-48
49-64
65-80

CARD 2
Col 1-20
21-40
41-60
61-80

CARD 3
Col 1- 2
11-20
21-30

CARD &
Col 1-20

CARD 5
Col 1-10
11-20
21-30
31-40

Length of column (cmg
volume flow rate (€m°/sec)
particle diameter (cm)
column diameter (cm)

void fraction

density of carrier gas (8/cm3)
viscosity of carrier gas égm/cm-sec)
diffusion coefficient (€M"/sec)
temperature of column (°C)

number of terms in infinite series used to
approximate modified Bessel function

DELT, time increment, (secs)

RUNT, time to run experiment (secs)

starting or actual value of mR,

time of occurrence of air peak (secs)

actual time of appearance of maximum in
chromatograph (secs)

error in finding mRg

Q, when this is 0.0 program finds a value of
Ry, when 1.0 computes a chromatograph for
that component
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INPUT FOR PROGRAM B

Cards 1 and 2 in the input deck are the same for
Program B as for Program A,

CARD 3
COlo 1"' 2
11-12
21-40
41.-60

CARD 4
Col 1-16
17~32
33-48
49-64

65-80

number of terms in infinite series used tc
estimate the modified Bessel function
number of components

duration of experiment (secs)

time increment which designates number of
points on graph to be calculated (secs)

value of mRy for component 1
value of mR, for component 2
etc
etc
etc
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66
67
68
69
10

25
26
77
78

777
776

79

PROGRAM A

DIMENSION Y(5000),KACT(5000),FA(5000),SUM(5000)
READ(1,1) XL,W,DP,DC,EPS

FORMAT (5F16.6)

READ(1,2) RHOG,VIS,DAR,T

FORMAT (4F20.8)

READ(L,3) NN,DELT,RUNT

FORMAT (12,8X,2F10.3)

READ(L,4) ROM

FORMAT (F20.8)

READ(L,5) AIRP,ARETT,ERROR,Q
FORMAT (4F10.6) |

V = (Wih.0)/(EPSw% (DC%2.0)%3.14)

RE = (DP«V:%RHOG) /VIS
SC = VIS/(RHOG*DAB)
SH = 2.0 -+ 0,347+ ((RE%(SC%%0,5))%x0.62)

A = 6.0%(L.0~EPS) /DP

TOGN = (SH#A%XL)/(SCXRE)
WRITE(3,65) XL,W,DP,DGC,EPS
FORMAT (20X,5(F16.6,5X) ,//)
WRITE(3,66) RHOG,VIS,DAB,T
FORMAT (20X ,4(F20.8,5X),//)
WRITE(3,67) NN,DELT,RUNT
FORMAT (20X,12,8X,2(FL0.3,5X),//)
WRITE(3,68) ROM,TOGN

FORMAT (20X ,F20.8,5X,F20.8,//)
WRITE (3.69) V,RE,SH,SC,A
FORMAT (20X,5(F16.6,5X),//)
WRITE(3,10)

FORMAT (20X ,13HMOLE FRACTION,12X,4HTIME,13X,5HTHETA,//)

Z=1.0

K=1

GETA = 1.0
TAUL = 1.0/(ROM+TOGN)
TIME = THETA% (XL/V)
IF (THETA-Z) 77,78,79
Y(K) = 0.0

GO TO 1001

DIRAC = 1.0

IF (TOGN-100,0) 777,776,776
Y (K)=EXP (-TOGN)
Y(K)=0.0

GO TO 1001

DIRAC = 0.0

83
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800

33
50
49
70

60

98
99

100
15
14

801

901
900
1001
7
101

102
4y
45

112

84

IF(TOGN-10.0) 800,801,801

N=1

Pl = -TOGN - (THETA-Z)/TAUL

P2 = ALOG(TOGNZ/TAUL)

SUMK = P2

FACT(N) = 1.0

IF(N-1) 70,70,50

DO 49 1 = 2,N

FA(L) = I

FACT(N) = FACT(N)*FA(I)

IF(N-i.) 70,70,60 |

P3 = 2.,0%ALOG(TOGN:Z/(TAUL%2.0) )+ALOG(THETA/2.0-2/2.0)
SUM(1) = P3

SUMK = SUMK + SUM(N)

GO TO 98

P4 = 2,04N%ALOG(TOGN*Z/TAUL) + N*ALOG(THETA-Z) +

LALOG(L,0/(FACT(N) (N+1)%FACT(N)))

SUM(N) = P4

SUMK = SUMK + SUM(N)

IF(N-NN) 99,99,100

N=N+1

GO TO 33

IF((SUMK+P1)-100.0) 14,14,15

Y(K) = 0.0

Y(K) = EXP(SUMK+P1)

GO TO 100l

ARG=~TOGN- (THETA-L .0)*ROM*TOGN+2 . 0% ( (TOGN=*TOGN+*ROM* (THETA ~
11.0))#%%0.,5)

IF (ABS(ARG)-L)).)) 900,901,901

Y(K)=0.0

GO TO 1001 |
CONSﬂ?.5*(ROM**0.25)*(TOGN**O.5)/((3.14**0.5)*((THETA-1.0)**
10.25)

Y (K) =CONS*EXP (AKG)

WRITE(3,7) Y(K),TIME,THETA

FORMAT (20X ,EL3.5,5X,F15.7,5X,FL5.7)

IF(K-1) 101,101,102

YMAX = Y(K)

RETT = TIME

IF(DELT-0.005) 45,44,44

IF (YMAX-Y(K)) 112,170,170

IF(YMAX-Y(K)) 112,43,43

YMAX = Y(K)

RETIT = TIME

IF(DELT-0.0005) 43,170,170
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86
87
88
89
920
91

92
93
94
95
96
97

98

99
100
101
102
103
104
105
106
107
108

109
110

85

170 IF(TIME - RUNT) 161,110,110
161 THETA = THETA + DELT
K=K+ 1
GO TO 26
110 WRITE(3,9) YMAX,REIT ‘
S FORMAT(lOX 13HMAXIMUM Y 1S ,E13.5,10X,18HRETENTION TIME IS ,
1F10.4,/)
WRITE(B,lll)ROM
111 FORMAT (20X,E20.8)
THETA = RETT/(XL/V) - DELT
DELT = DELT/10.0
IF(DELT - 0.0005) 162,176,176
176 K = 1
GO TO 26 '
43 IF(THETA -(RETT/(XL/V) + 10.0*DELT)) 161,110,710
162 IF(Q) 171,171,181
171 IF(ADS((RETT-AIRP) - ARETT) -ERROR) 181,181,182
182 DELM=(RETT- (ARETT+AIRP))*0.5%ROM/ (ARETT+AIRP)
ROM = ROM + DELM
K=1
DELT = 0.1
GO TO 25
181 WRITE(3,23) ROM, RETIT
23 FORMAT(lOX 28HTHE EGUILIBRIUM CONSTANT 1S,E13.5,10X, 22HTHE
1RETENTION TIME IS ,Fl10.4,//)
CALL EXIT
END

S AR SR

R e

g
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PROGRAM B

. DIMENSION ARG(5),CONS(5)

2 DIMENSION Y93000,5),FACT(3000) ,FA(3000),ST™(3000,5) ,EXL(5),
1EX2(5) ,COEF(5) ,TAUL(5) ,SUMK(5) ,YTOT (300 ; ,ROM(5) ,P1(5),
2P2(5) ,P3(5) ,P4(5) ,TYTOT (3000)

3 READ(L,1) XL,W,DP,DC,EPS

4 1 FORMAT (5F16.6)

5 READ(L,2) RHOG,VIS,DAB,T

6 2 FORMAT (4F20.8)

7 READ(L,3) NN,LL,RUNT ,DELT

8

9

10

Iy

3 FORMAT (12,8X,12,8X,F20.8,F20.8)
READ(L,4) (ROM(L) ,L=1,LL)
4 FORMAT (5F16.8)

11 V = (W4 ,0)/(EPS*(DC*%2.0)%3.14)
[ 12 RE = (DP*V*RHOG)/VIS
| 13 SC = VIS/(RHOG*DAB)
14 SH = 2.0 + 0.347%((RE*(SC*%0,5))%**%0,62)
: 15 A = 6.0%(L.0-EPS)/DP
% 16 TOGN = (SH*A*XL)/(SC*RE)
: 17 WRITE(3,65) XL,W,DP,DC,EPS
[ 18 65 FORMAT (20X,5(F16.6,5X),//)
« 19 WRITE(3,66) RHOG,VIS,DAB,T
20 66 FORMAT(20X,4(F20.8,5X),//)
21  WRITE(3,67) NN,DELT,RUNT
1 22 67 FORMAT (20X,12,8X,2(F10.3,5X),//)
23 WRITE(3,68) TOGN
1 24 68 FORMAT (20X,F20.8,//)
‘ 25 WRITE(3,69) V,RE,SH,SC,A
) 26 69 FORMAT (20X,5(F16.6,5X),//)
| 27 WRITE(3,10)
* 28 10 FORMAT(20X,13HMOLE FRACTION,12X,4HTIME,13X,5HTHETA,//)
29 z=1.0
| 30 K=1

31 25 THETA = 1.01
32 26 TIME = THETA* (XL/V)

% 33 L=l
34 IF (THETA-Z) 77,78,79
" 35 77 Y(K,L) = 0.0
b 36 GO TO 1001 |
: 37 78 DIRAC = 1.0 ~
38 IF(TOGN-100.0) 777,776,776
; 39 776 Y(X,L) = 0.0

40 777 Y(K,L) = EXP(-TOGN)
41 GO TO 87

ooy
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SR BRIy

42
43
&b
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

77
78
79
80
81

87

79 DIRAC = 0.0
IF(TOGN~10.0) 800,801,801
800 N=1
TAUL(L) = 1.0/(ROM(L)*TOGN)
P1(L) = ~TOGN - (THETA-Z)/TAUL(L)
P2(L) = ALOG(TOGN*Z/TAUL(L))
SUMK(L) = P2(L)
33 FACT(N) = 1.0
IF(N-1) 70,70,50
50 DO 49 I = 2,N
FA(I) = 1
49 FACT(N) = FACT(N)*FA(I)
IF (N-1) 70,70,60

70 P3(L) = 2.0%ALOG{TOGN*Z/(TAUL(L)*2.,0)) + ALOG((THETA-2%/2.0)

suM(l,L) = P3(L) :

SUMK(L) = SUMK(L) + SUM(N,L)

GO TO 98
60 P4(L) = 2.0%N*ALOG(TOGN*Z/TAUL (L)-+N*ALOG(THETA-Z) +

1 ALOG(L.0/FACT (N)* (K-+-1)*FACT(N))

SUM(N,L) = P4(L)

SUMK(L) = SUMK(L) + SUM(N,L)
98 IF(N-NN) 99,99,100
99 N = N + 1

GO TO 33
100 Y(K,L) = SUMK(L) + PL(L)
87 YTOT(K) = 0.0

IF(L-11) 88,89.89
88 L=I-+1

GO TO 800
89 DO 39 L=1,LL
39 YTOT(K)= YTOT(K) + Y(XK,L)

IF(ABS (YTOT(K))~-100.0) 11,12,12
12 TYTOT(K) = 0.0
11 TYTOT(K) = EXP(YTOT(K))

GO TO 1001

801 ARG(L) = =-TOGN - (THETA-1.0)*ROM(L)*TOGN +2.0% ((TOGN*TOGN*

1ROM(L)* (THETA-1.0) )**0.5)
IF (ABS (ARG(L))-100.0) 900,901,901
901 YTOT(K) = 0.0
IF(L-LL) 700,1001,1001
700 L= L + 1
GO TO 801
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82 900 CONS (L)=.5% (ROM(L)%*¥*0.25)% (TOGN*¥*0.5) /((3.L4%%0,5)%
1 (THETA-1..0)%%0,25)

gt f-” P -

s AR W * R R

83 Y(K,L) = CONS(L)¥*EXP(ARG(L))
84 IF(L-LL) 400,401,401
85 400 L =1L+ 1
86 GO TO 801
, 87 401 TYTOT(K) = 0.0 ‘
| 88 DO 402 L=1,LL |
~ 89 402 TYTOT(K) = TYTOT(K) +Y(K,L)
90 1001 WRITE(3,7) TYTOT(K),TIME,THETA
91 7 FORMAT (20X,E13,5,5X,F15.7,5X,F15.7)
92 IF(TIME-RUNT) 161,110,110
( 93 161 THETA = THETA + DELT
; 94 K = K+l
: 95 GO TO 26
| 96 110 WRITE(3,8) (L,ROM(L),L-I,LL)
[ 97 8 FORMAT (10Z,12,10X,F20.8)
98 CALL EXIT
99 END
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PART XII
APPENDIX C !
Table III
Tabulated Data for Pentane Chromatogram
Time (secs) Mole Fraction

0.0 0.0

20.0 0.0

21.9 0.0
22.65 0.006

22.8 0.013

23.1 0.019

23.3 0.026

23.44 0.032

23.6 0.039

23.75 0.045

23.9 0.049

24.0 0.052

24.375 0.056

25.3 0.052 )
25.5 0.049

25.6 0.045

26.0 0.039

26.25 0.032

26.7 0.026

27.2 0.019

27.7 0.013

28.6 0.006

29.4 0.003

30.0 0.001 N

0.0

31.0
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Table IV :

Tabulated Data for Hexane Chromatogram

Time (secs)

0.0
40.0
43.75
44 .4
44.7
45.0
45.6
45.9
46.25
46.6
47.2
47.5
48.75
49 .4

50.0 -

50.5
50.8
51.25
51.6
52.0
52.5
53.1
54.4
55.6
56.0

Mole Fraction
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Table V

Tabulated Data for Heptane Chromatogram

Time (secs) Mole Fraction

0.0 , 0.0

50.0 0.0

90.0 0.0

91.9 0.00L

95.6 0.002

96.25 0.003

98.1 0.005

99.4 0.006
100.9 ' 0.008
10L.9 ' 0.009
103.1 | 0.011
104 .4 0.012
106.25 0.014
107.5 . 0.015 B
108.75 0.015 -
110.0 0.015
110.9 , 0.014 ;
111.9 0.012 !
112.5 0.011 !
113.1 0.009 |
114 .4 0.006
115.6 ‘ 0.003
116.6 0.002 | {
116.9 0.0015 ‘ A
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