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Abstract

The steady-state assumption for describing the flow in a capillary gas chromatography column fails when changes in inlet pressure are
introduced at a fast rate. To accommodate the possibility of nonsteady-state conditions, or a transient behavior, a second-order nonlinear
differential equation for the pressure is suggested. Good agreement between the new theoretical model and representative experimental result
is shown when the inlet pressure is increased at a rate of several hundred kPa per minute; in contrast, predictions from traditional steady-state
calculations are relatively poor.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Nonsteady-state flow; Pressure programming; Holdup time; Computer simulation; Gas chromatography

1. Introduction mass transport in a developing char laj@&; our proposed
new theoretical model included the basic set of relationships
In a previous report, we discussed the analysis of isother-normally associated with motion inside GC columns which
mal flow through a capillary gas chromatography (GC) col- was expanded by combining a one-dimensional continuity
umn when the inlet pressure was programmed to changeequation with Poiseuille’s law and the ideal gas law. The
at a single ratgl]. For the special case of a near-vacuum result was a nonlinear second-order partial differential equa-
outlet pressure, we developed theoretical expressions for retion for the pressure inside the column during an isothermal
tention times using steady-state assumptions, and the preprocess:
dictions were experimentally confirmed for relatively slow » 2 922
programmed changes in either inlet pressure or flow rate. — = —=- . -
In addition, we provided preliminary evidence for the fail- or 16y oz
ure of the steady-state model when rapid changes in inletwherep is pressuret the time,z the distance from the inlet,
pressure were introduced. As a result, it became clear thatrc the column radius, anglis carrier-gas viscosity. Given a
some modification of the theoretical framework was required desired set of initial and boundary conditiosy. (1) was
to explain the significant inconsistencies between experi- solved numerically to provide pressure profiles, and reten-
mental observations and traditional models for flow in GC tion times were calculated for several pulse experiments.
columns when the inlet pressure was changing at a very fast In this work, we apply the time-dependent model to ex-
rate. plain results from experimental measurements of isothermal
More recently, we considered the changes in flow in- holdup times during fast programming of inlet pressure. The
side a column when a pressure pulse was incorporated intoanalysis also shows that the assumption of steady-state con-
a GC run, and suggested a new approach for analyzingditions leads to erroneous predictions.
time-dependent processes when the inlet was subjected to
abrupt changes in pressuj2]. Similar to the analysis of
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of 100.0kPa versus 100.4 kPa ambient pressure). An Ag-3. Results

ilent 7683 Series Injector was used to introduce 1.0

air samples at a 10:1 split ratio into a Hewlett-Packard  Several isothermal runs were performed with the inlet
HP-5MS column (30mx 0.250 mm, 0.2%.m nominal pressure programmed to increase linearly with respect to
dimensions) in a Hewlett-Packard HP 6890 Plus Se- time at a range of constant rateg, from an identical
ries GC System with helium as the carrier gas. Detec- initial pressure. In addition to experimentally measuring
tion was accomplished by a Hewlett-Packard HP 5973 holdup times, the theoretical magnitudestgf were pre-
mass-selective detector operating at a very low pressuredicted according to models based on either transient (i.e.
of several mPa pressure (measured by a Hewlett-Packarchonsteady-state) or steady-state behavior. Transient-model
59864B ionization gauge controller). Mass spectra were calculations were performed using well-established proce-

taken in them/z range from 27.0 to 33.0 at 41.95Hz,
and holdup times were recorded at the apex of air
peaks.

Changes to the inlet pressure were introduced using a

linear program. At the fastest rates, a slight discrepancy

was noticed between the set and the measured magni-

tudes (as displayed on the front panel of the chromato-

graph). For instance, at 500 kPa/min, the actual pressure.

was larger than the set value by about 10kPa during the
initial 10 s (approximately) after injection. While this pat-
tern was noted repeatedly, its effects were not included
in the theoretical calculations. In addition, no adjust-

ments were made in the computations to compensate for,

the permeation of carrier gas through the column walls
[4].

The ratio of the length of the column to its radius was
calculated from a constant-pressure isothermal run with an
absolute inlet pressure of 200.4 kPa af@0 Using a mea-
sured holdup time of 0.964 minutes, the magnitudé./of
was obtained from:
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wherety, is holdup timey = 0.373x 7969, Pas for he-
lium [5], pin is inlet pressure, anpbyt is outlet pressurgs].
Assuming an actual column radius of 126, a column
length of 28.72 m was calculated.

Calculations were performed using Microsoft Visual Ba-
sic 4.0 with 200 equal-length column segments, and the
motion of a compound through the column was simulated
at discreet time intervals$it, whose magnitude is given in
Eqg. (3) Starting at the time of injection, pressure profiles

were computed in response to changes in inlet pressure ac-

cording to eitherEq. (4)for the transient model dEq. (5)

for the steady-state model. At each time step, the motion
of an unretained compound was digitally simulated by
calculating an incremental distance given by the product
of 6t andu from Eq. (6) for the column segment where
the compound was located. This pattern of first computing

a new pressure profile and then an incremental progress

toward the outlet was repeated until the sum of the cal-

culated distance increments exceeded the length of the

column; the corresponding sum of time intervals was the
retention time (or holdup time in the case of an unretained
compound).

dures for numerical solutions of nonlinear partial differential
equationd7]. To satisfy the stability requirement, the solu-
tion of Eq. (1)was performed at discreet time increments of:

=0

3ré Pmax
wherej is the number of equal-length distance increments
inside the column, angmax is equal to (or greater than) the
magnitude of the largest pressure during the analysis. The
pressure in the segment of interdstfor the transient case
was obtained according to:

L

J

ot =

(3)

[=pi+ (P21 —2p?+ p2y) (4)

12pmax
where the magnitude of the pressure at the point of inter-
est,p;, is calculated from three earlier (1) pressures: one

at a point closer to the inlet (at a distance-ef/j from i)
shown as — 1, another at itself, and one at a point closer

to the outlet ¢-L/j from i). Note that all calculations here
assume that the outlet pressure is constant, and that the in-
let pressure changes incrementally (according to the desired
pressure program and as the experiment progresses) by a

tm/ min
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Fig. 1. Comparison of experimental holdup times (circles) with predictions
from transient (solid line) and steady-state (dashed line) models for several
inlet-pressure programs with constant ratgs, All runs were at 40C

with an initial absolute inlet pressure of 200.4 kPa.
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magnitude equal to the product gf andst, the time incre-
ment fromEq. (3) Thus, pressure profiles were calculated
according tdeq. (4)for i values corresponding to all column
increments excluding the first and last segments. For com-
parison, the steady-state pressure profiles were calculated 300
from

400
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Note thatEqg. (5) corresponds to the solution fdq. (1)
if the pressure profiles are assumed to be established in- 100

stantaneously (i.e. when the process is time-independent)
[2].

As Fig. 1shows, the discrepancy between actual measure-
ments and predictions from the steady-state model increases
as the magnitude afj, increases. In contrast, holdup times
calculated according to the transient model show a substan-

tially better agreement with experimental results. Fig. 2. Time-dependent evolution of pressure profiles when the inlet
pressure is increased at a constant rate of 400 kPa/min from 200.4 kPa
(absolute pressure) during the initial 0.5 min of an isothermal run &40

The outlet pressure is that for a detector operating at near vacuum. The
solid line shows the transient response according to the numerical solution
of Eqg. (1) and the dashed line represents steady-state profiles according
The failure of the steady-state model to predict correct 1o Eq. (5)

holdup times when changes in inlet pressure happen at a
relatively fast rate is related to the fact that the effects of

flow-related events at the inlet cannot be assumed to al-the velocity is higher in the transient case, but that trend is

ways propagate through the column on a time scale which reversed in the second half of the column where the steady-
is insignificant when compared to that of a complete run. state calculation predicts larger velocities. Since overall

Therefore, it would seem inappropriate to presume that thethe area under the curve is smaller in the nonsteady-state
corresponding adjustments in pressure profiles throughoutcajculation, the magnitude df, is overestimated by the

the whole column would occur instantaneously as suggestedsteady-state calculation. This is consistent with the results
by steady-state assumptions.

Fig. 2 shows the substantial disparity in theoretical pres-
sure profiles between the steady-state and the transient cal-
culations when the inlet pressure is programmed to rise at 3 \N"""-».
a very fast rate. In general, the results show that the system
does not adjust fast enough to justify an approximation by 25 F \ M"‘“»»
a steady-state configuration, and the discrepancy is likely to
result in a significant difference between the corresponding
computed retention times.

To further illustrate the difference between the results
from the two models, we next compute the pressure gradi-
ents from the corresponding pressure profiles, and calculate =
the velocity of the mobile phase according to Poiseuille’s
law [8] in a distance increment of interest:
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z/m

4. Discussion
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The holdup time is found according to the integral (or the 0 5 10 15 20 25 30
corresponding summation over all column segments): 2 /m

L
t = / u_l dz (7) Fig. 3. Dependence of reciprocal velocity on location for an unretained

0 compound inside the column during a fast inlet-pressure program (con-

. . . ditions are the same as iRig. 2). The solid line shows the transient
Fig. 3 shows a comparison of values predicted dort response, the dashed line represents the steady-state calculation, and the
using steady-state and transient models. Note that initially dotted line corresponds to a constant inlet pressuregj.es 0.
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