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Flow model for coupled-column gas chromatography systems

James Harynuk, Tadeusz Górecki∗
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Abstract

One of the challenges in performing comprehensive two-dimensional gas chromatographic separations is being able to predict the average
linear velocities of the carrier gas in the two columns, especially when they have different diameters. The problem is compounded for loop-type
modulators, where two thermal trapping zones that switch from hot to cold and back simultaneously are separated by a delay loop. If the linear
velocity in the loop is not tuned to the length of the loop and the modulation period, the dual-stage modulation may cease to work properly.
A model has been developed that calculates the flow rates in the columns and predicts appropriate delay loop dimensions for a given set-up.
Additionally, the model determines the pressure ramp that needs to be used in order to maintain constant average linear velocity within the
modulator loop throughout the course of the separation.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Comprehensive two-dimensional gas chromatography
GC× GC) is a technique that is receiving more and more
ttention recently. It offers vastly improved separation power
ver conventional GC due to additional separation achieved

n the second dimension column, characterized by different
electivity. The two columns must be coupled by a special
C× GC interface. A more detailed overview of the tech-
ique can be found in recently published reviews[1,2].

One of the problems facing GC× GC chromatographers
s the difficulty with predicting the linear velocities of the car-
ier gas in the two separation columns, especially when they
ave different diameters (as is usually the case). If one wants

o know the average linear velocity in the second dimension
olumn, this parameter usually has to be determined experi-
entally. In the authors’ laboratory, this is done by trapping a
on-retained compound (such as propane) in the modulator,

njecting it from the modulator onto the secondary column
t a known time, and measuring the time it takes the non-
etained compound to reach the detector. Depending on the

modulation system used (e.g. the type of coolant in cryog
modulators), this approach may be difficult or even impo
ble to implement. Experimental determination of the ave
linear velocity in the primary column is even more diffic
As a result, in the majority of cases only the average li
velocity through the system is determined through the
system dead time, though this does not give an accurat
ture of the velocities in either of the columns.

This problem is particularly severe for loop-type mo
lators introduced by Ledford et al.[3], including the liquid
nitrogen single cryojet GC× GC modulator developed in o
previous work[4]. These modulators use a single jet of cr
gen and a loop of deactivated capillary that transports ma
past the jet two times, thus creating two cold spots for d
stage modulation in the column train. One of the pote
problems associated with the use of such modulators is
for a loop of a given geometry, the linear velocity of the c
rier gas within the loop determines the range of modula
periods that can be used. For example, assuming that
ing the trapping capillaries from the oven temperature to
trapping temperature requires 0.5 s, while thermal desor
∗ Corresponding author. Tel.: +1 519 888 4567x5374;
ax: +1 519 746 0435.

E-mail address:tgorecki@uwaterloo.ca (T. Ǵorecki).

of the trapped bands requires 1 s, the minimum delay in the
loop should be 1.5 s, so that breakthrough of the analyte band
injected from the first cold spot to the second cold spot does
not occur.
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To be able to choose the length of the delay loop that would
accomplish such a delay, one should know the linear velocity
of the carrier gas in the loop. In practice, this becomes the
minimum length for the loop, and usually somewhat longer
loops are used. However, the loop should not be too long
either, as with a loop that is too long, it is possible for break-
through to occur because a band arrives at the second cold spot
too late, and the next desorption phase has already started.
In this case, the band would pass straight through the second
cold spot without being refocused. Similar phenomena may
occur when the modulation period is changed without a corre-
sponding change in the length of the delay loop. Additionally,
if the loop is too long, multiple injections from the first cold
spot could be present within the loop simultaneously, which
increases the probability of running into breakthrough prob-
lems when modulation period is changed. Even if there are no
problems associated with breakthrough, the primary retention
times of the compounds would be artificially lengthened. This
could pose problems with analyte identification in very com-
plex mixtures. With all these possibilities, it becomes clear
that setting up a loop-type modulator could be a challenge.

Presented here is a model for GC× GC systems using a
loop modulator that determines the appropriate length for the
loop capillary given a set of other initial parameters. Once
the length has been found and the geometry of the column
set fixed, the model then uses the desired oven-programming
r ld be
u rage
l .

2

lent
T ,
1 er-
l
( re
1 bing
( ec-
t aphic
S used
t bing
( the
c t the
i

lka-
n e
w ex-
a to,
C ained
f ion
w tem
a en-
b ed in
t tor

control were performed by in-house written software pack-
ages. Measurement of the flow rates was performed using an
ADM2000 digital flow meter (Agilent Technologies, Missis-
sauga, Canada).

3. Results and discussion

3.1. Theory

When performing a GC× GC separation, knowing flow
rates and being able to predict appropriate pressure ramps to
achieve the desired flow rate is crucial. In 1D GC systems or
in GC× GC systems that use columns of identical diameters,
the GC control software can determine the pressure as long
as the column geometry is provided. A problem arises when
one uses multiple columns of different diameters, as the com-
mercial software might not be able to predict the appropriate
pressure ramps. The problem can be somewhat alleviated if
one enters an equivalent column dimension into the GC[5].
This will work for maintaining a constant volumetric flow rate
of gas within the column set; however, this does not solve the
problem of the modulator loop and allow a chromatographer
to choose an appropriate length of the loop. To do this, the
entire system must be modeled so that the linear velocities in
the different segments of the column set are known.
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ate to determine the correct pressure ramp that shou
sed for the inlet in order to maintain a constant ave

inear velocity within the sample loop throughout the run

. Experimental

The model was tested by configuring a 6890GC (Agi
echnologies, Mississauga, Canada) with a 30 m× 0.25 mm
.0�m VF-1MS column (Varian, Middelburg, The Neth

ands) and a 1.55 m× 0.15 mm, 0.25�m BP-20 column
SGE, Austin, TX, USA). The trapping capillaries we
2 cm segments of 0.10 mm deactivated fused silica tu
Polymicro Technologies, Phoenix, AZ, USA). All conn
ions were made using press-fit connectors (Chromatogr
pecialties, Brockville, Canada). The model was then

o choose an appropriate length of 0.25 mm diameter tu
Chromatographic Specialties) with the linear velocity of
arrier gas in the primary column being set to 30 cm/s a
nitial oven temperature.

The testing was performed using a mixture of linear a
es fromn-pentane throughn-tridecane in CS2. Pentan
as obtained from Sigma–Aldrich (Oakville, Canada). H
ne and CS2 were obtained from Fisher Scientific (Toron
anada), and the remaining linear alkanes were obt

rom PolyScience Corporation (Niles, IL, USA). Detect
as performed with a flame ionization detector (FID) sys
t 100 Hz; the carrier gas was hydrogen. A liquid nitrog
ased, single-jet loop-type cryogenic modulator develop

he laboratory was used[4]. Data processing and modula
In considering the flow through the column, one can
he Poiseuille equation, which describes the flow of an i
ompressible gas through a tube (Eq.(1) [6]):

= dV

dt
=
(

πr4

16ηL

)(
p2

i − p2
o

po

)
(1)

hereF= dV/dt is the volumetric flow rate of the gas, me
ured at the outlet of the capillary (cm3/s),r the radius of th
apillary (cm),η the viscosity of the carrier gas at the ov
emperature (poise),L the length of the tube (cm), andpi and
o are the absolute inlet and outlet pressures (dynes/cm2).

To account for temperature in the equation, one can si
elate the flow to standard conditions by using Eq.(2), which
lso includes a conversion factor of 60 to convert from

o ml/min, a more standard measure in GC.

dV

dt
=
(

60πr4

16ηL

)(
p2

i − p2
o

po

)(
po

pref

)(
Tref

T

)
(2)

hereT is the oven temperature (K),Tref the reference tem
erature (K), andpref the reference pressure (dynes/cm2).
hanges in oven temperature will also affect the carrie
iscosity and to account for this, curves were fit to the
osity data inTable 1 [7]. The equations relating carrier g
iscosity to temperature for two typical carrier gases (he
nd hydrogen) are:

He = −2.01786× 10−10T 2 + 5.88964× 10−7 T

+ 4.13× 10−5 (3)
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Table 1
Gas viscosities as a function of temperature[7]

Gas viscosity (�Pa s)

100 K 200 K 300 K 400 K 500 K 600 K

Hydrogen 4.2 6.8 9.0 10.9 12.7 14.4
Helium 9.7 15.3 20.0 24.4 28.4 32.3

ηH2 = −1.08929× 10−10T 2 + 2.77964× 10−7 T

+ 1.59× 10−5 (4)

whereη is the viscosity (poise) andT the oven temperature
(K). These equations allow us to calculate the flow through
a capillary at a given temperature, for a given inlet and out-
let pressure, adjusted to reference conditions. One other key
equation is the equation for the outlet linear velocity, cal-
culated as the outlet volumetric flow rate divided by the
cross-sectional area of the column, or Eq.(1) divided byπr2

[6].

uo = r2(p2
i − p2

o)

16ηLpo
(5)

The outlet linear velocity of the column is useful, and in prin-
ciple can be used to calculate the flow rate at any point along
the column. However, what is more useful and more easily

measured is the average velocity of the carrier gas through
the column, calculated by dividing the length of the column
by the dead time. As the carrier gas travels along the column,
it depressurises, expands, and as a result it accelerates, reach-
ing a maximum as it exits the capillary. The outlet velocity
can be easily related to the average velocity by the gas com-
pressibility factor,j [6]:

j = 3po(p2
i − p2

o)

2(p3
i − p3

o)
(6)

By combining Eqs.(5) and (6), we obtain the equation for the
average linear flow rate through a segment of capillary col-
umn, given its dimensions, the inlet and outlet pressures, and
the viscosity of the carrier gas at the temperature of interest
[6]:

ū =
(

3r2

32ηL

)(
(p2

i − p2
o)

2

(p3
i − p3

o)

)
(7)

This equation should, in principle, allow us to calculate the
linear velocity in the loop of the modulator (seeFig. 1); once
the length of the loop is known, one can calculate the amount
of time that it will take for a band to travel from one trapping
zone to the other. The challenge comes in determining what
the inlet and outlet pressures of the loop will be under the
e

F
(
d
s

ig. 1. Experiment with a loop that is intentionally made too short, allowing
1) A band enters the first trap from the primary column, and a fraction is th
own and a small portion breaks through to the secondary column (3 and 4
imultaneously; however, the loop is too short and a small portion from the fi
xperimental conditions.
the measurement of the time that it takes a band to travel through the loop (tL).
en injected to the loop (2). This fraction reaches the second trap as it is cooling
). Upon the following modulation cycle (5) a fraction is released from each trap
rst trap breaks through as before.



138 J. Harynuk, T. G´orecki / J. Chromatogr. A 1086 (2005) 135–140

The approach that was taken to solve this problem was to
choose dimensions for the primary and secondary columns,
the trapping capillaries, and the diameter of the delay loop,
and then set up a series of equations in Mathcad (Math-
soft, Cambridge, MA, USA). To perform the calculations,
Mathcad requires that initial guesses are made as to the
flow through the system under standard conditions and the
length of the delay loop. Then, knowing the type of the car-
rier gas, the oven temperature, and the outlet pressure of the
system (either atmospheric pressure or vacuum outlet condi-
tions, depending on the detector), the inlet pressures of each
column segment can be calculated, starting with the second
dimension column. The following equation, which is a rear-
rangement of Eq.(2), can be used for this purpose:

pi =
√

F

(
T

Tref

)(
16ηL

60πr4

)
pref + p2

o (8)

This equation makes it possible to calculate the pressure at
the inlet of the secondary column required to achieve the
specified flow rate,F, at the outlet of this column. Know-
ing that the volumetric flow rate as measured under standard
conditions must be the same through the entire column train,
it is obvious that the inlet pressure of the second dimension
column is simultaneously the outlet pressure of the second
trapping capillary. This then makes it possible to calculate the
i rth.
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state and not for systems where there are dynamic changes in
temperature and pressure, within the context of a GC× GC
experiment, these equations can be used as typical pressure
ramps and temperature ramps (on the order of 0.2 psi/min and
3–5◦C/min) are so slow that the system behaves almost as if
it were at steady state.

3.2. Testing of the model

The initial test of the flow model was performed by using
a simplified version that only modeled a single dimension
column under vacuum and atmospheric outlet conditions for
various oven temperatures and flow rates, and for helium and
hydrogen carrier gas. Other carrier gases were not included
in the model as they are not commonly used in GC× GC,
though they could be added easily if one desired. The results
from these predictions were compared with the results from
the HP Flow Calculator software, available from the Agilent
website[8]. This software uses standard gas flow equations
implemented in a user-friendly way. Some results comparing
the 1D model to the Flow Calculator results are shown in
Table 2. It should be noted that in developing the model,
numerous discrepancies were found. This turned out to be
due to subtle errors in the viscosity data table in reference
[6]. When this data was replaced with data taken directly
f ith
t s in
t ly be
a ere
u

size
a
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i he
m illary
i ary
c s at
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p of
1 si at
0 y in

T
C s input

I ar

C in) r

H
H
H
H
H
H
H
H

nlet pressure of the second trapping capillary, and so fo
A series of equations was set up in Mathcad to per

his task and calculate the pressure at the inlet of the
ary column at the starting temperature of the GC o
rogram. Then, a desired initial average velocity for the
ary column and a desired dead time for the loop capi
ere specified, and Mathcad solved the series of equa
djusting the flow rate and the length of the loop to sa

he boundary conditions.
Once the length of the loop at the initial oven tempera

ere determined and the geometry of the system be
xed, Mathcad was then used to solve this same set of
ions to find the inlet pressure for the system as a functio
ime that would keep the linear velocity in the loop const
iven the oven temperature program. Though strictly sp

ng these equations are valid only for systems at a st

able 2
omparison of 1D model with HP Flow Calculator software for variou

nput parameters

arrier T (◦C) L (m) d (mm) po (atm) F (mL/m

elium 50 30 0.25 1 1.5
elium 50 30 0.25 0 1.5
elium 200 15 0.18 1 1
elium 200 15 0.18 0 1
ydrogen 100 10 0.10 1 1
ydrogen 100 10 0.10 0 1
ydrogen 300 60 0.25 1 1.5
ydrogen 300 60 0.25 0 1.5
rom reference[7], the model agreed much more closely w
he HP Flow Calculator software. The slight difference
he values for hydrogen as a carrier gas can most like
ttributed to slight differences in the viscosity data that w
sed with the two models.

In order to test the complete flow model, it was used to
0.25 mm I.D. delay loop for a system with a 30 m× 0.25 mm

.D. primary column, two 0.12 m× 0.10 mm trapping cap
llaries, and a 1.55 m× 0.15 mm secondary column. T

odel suggested using a 1.10 m long segment of cap
n order to have an average linear velocity in the prim
olumn of 30 cm/s and a dead time in the loop of 2.5
5◦C.

The model then predicted that a pressure ram
4.64–17.85 psi at 0.08 psi/min and then to 20.90 p
.07 psi/min would maintain the average linear velocit

parameters;po is the outlet pressure,F is outlet flow rate

Calculated inlet pressure (psi) Calculated average line
velocity (cm/s)

Model Flow Calculator Model Flow Calculato

16.5 16.4 33.9 34.0
12.9 12.7 44.1 44.4
30.2 30.0 47.2 47.3
27.8 27.5 54.0 54.1
48.5 50.7 88.7 85.7
46.8 49.1 95.1 91.7
30.0 31.4 44.6 43.4
27.6 29.0 51.0 49.4
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Table 3
Predicted and measured flow rates and dead times for a GC× GC column
set at different temperatures

Temperature
(◦C)

Inlet
pressure
(psi)

Outlet flow
(mL/min)

System dead
time (s)

Predicted Measured Predicted Measured

35 14.63 1.8 1.9 89 87
100 16.76 1.5 1.7 91 87
150 18.31 1.4 1.6 92 86
240 20.90 1.2 1.4 93 87

the loop at the same value throughout the analysis, so that the
timing of the jet and the length of the loop would always work
properly together for an oven programming rate of 35–240◦C
at 2.5◦C/min. The two linear programming rates for the
pressure were used to approximate the actual second-order
pressure ramp equation as best possible within the limitations
of the pressure control on the 6890GC.

Table 3shows the pressures that were predicted at differ-
ent temperatures along with the predicted and measured flow
rates and dead times for the system. When conducting the
experiments, only the predicted pressures were recorded for
each temperature before making any measurements, and the
flow rates and dead times were recorded with no knowledge
of the predicted values to avoid any bias in the measurements.
As can be seen, the numbers were in good agreement, with
the minor discrepancies being easily attributed to minor dif-
ferences between nominal lengths and diameters of column
segments and their actual dimensions, and any influences
from the press-fit unions used to join column segments which
were not accounted for in the models.

A further example of how well the model worked can
be seen in the results for an experiment where the delay
loop was intentionally made too short. This experiment was
designed such that when an injection band was launched from
the first trapping stage, a small portion of it would break
through the second stage. In that way, the amount of time
t as-
i t,
t .
p s,
a ug-
g illary
i col-
u

p each
t s of
p time
t r all
o
f s of
p linear
v tire
a

Fig. 2. Results from the experiment depicted inFig. 1. The difference in the
retention times of the pairs of peaks marked A and B indicates the amount
of time it takes to travel the loop, in this case both were 2.0 s.

Table 4
Differences between the retention times of the original peaks and the break-
through peaks, equivalent to the time it takes to travel the delay loop

Compound tL (s)

Pentane 1.92
Hexane 2.04
Heptane 2.10
Octane 2.07
Nonane 2.02
Decane 2.10
Undecane 2.01
Dodecane 2.04
Tridecane 2.04

Average 2.04

4. Conclusions

A model has been developed that allows the prediction of
pressure programming ramps that can be used for generat-
ing specific flow rates within a GC× GC column train (or
a column train used for other purposes). The model is able
to predict the length of the delay loop for use in GC× GC
experiments with loop-type modulators, such that the loop,
modulation period and linear velocity of the carrier gas are
all in accordance with each other for successful operation of
the system.

As the model is designed and written in Mathcad, it is very
flexible and can be quickly and easily modified by users with
even a rudimentary knowledge of the software package to
model the carrier gas flow rates in other systems, for exam-
ple GC× GC systems without a loop-type modulator. It can
also be modified for other purposes; for example, conditions
can be determined for which the average linear velocity in
the second-dimension column remains constant throughout
the analysis. When fixed geometry GC× GC systems with
loop-type modulator are used (i.e. the user does not want to
change the delay loop), it can be determined which modula-
tion periods and flow rates will work correctly.

Though the model has not yet been tested under vacuum
outlet conditions or with helium carrier gas, there are no rea-
sons to believe that it will not function equally well under
t d by
hat it took to travel through the delay loop could be e
ly measured, as illustrated inFig. 1. For this experimen
he instrument was configured with a 30 m× 0.25 mm I.D
rimary column, two 0.12 m× 0.10 mm trapping capillarie
nd a 1.6 m× 0.15 mm secondary column. The model s
ested using a 0.88 m long segment of 0.25 mm I.D. cap

n order to have an average linear velocity in the primary
mn of 35 cm/s and a dead time in the loop of 2.0 s.

The results from this experiment (Fig. 2) show that two
eaks were formed in each modulation cycle, one from

rap. The difference in the retention times for the pair
eaks shown in the figure represents the amount of

hat it takes to travel through the loop. The results fo
f the alkane peaks are summarised inTable 4. The dif-

erence between the retention times for all of the pair
eaks generated in this way was 2.0 s, showing that the
elocity in the loop was in fact constant throughout the en
nalysis.
 hese conditions, considering that the results produce
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the model for these scenarios agreed well with the HP Flow
Calculator software when modeling 1D systems and in reg-
ular use in the laboratory the observed secondary retention
times for primary column bleed agreed with the predicted
secondary dead times from the model.

A tool such as this should help remove some of the guess-
work from setting up a GC× GC column set, and can also be
used to help diagnose problems in system performance, as it
has the ability to predict linear velocities in each segment of
capillary column in the column train. Interested readers may
request a copy of the Mathcad worksheet from the authors.
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