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SUMMARY 

Window analysis optimization is applied to allow the fastest possible analysis 
by the gas-liquid chromatography of a seven-component mixture of Ci-C3 chlori- 
nated hydrocarbons of environmental concern. It is established that the fastest analy- 
sis is not necessarily achieved with the column substrate that provides the largest 
relative retentions as the overall analysis time is determined by the retention volume 
of the last component to emerge and the column length by the most difficult pair to 
separate. Hence the retention ratio of these components is determining, as also is the 
value of H/D at high velocities. 

INTRODUCTION 

The number of theoretical plates required for a baseline separation (N,,J may 
be taken to define the difficulty of that separation. Where there is a choice of chro- 
matographic system, Nres is likely to be the determining factor in making the decision 
between the systems. Now, the relative adjusted retention (a) is likely to be small 
( < 1.10) for separations of chromatographic interest, and Nreq is highly sensitive to 
small changes in a in this range. The window diagram approach to optimization of 
stationary phase composition1-5 was developed on the strength of this, and the linear 
relationship. 

KR = (PA &t(A) + VB &t(B) (1) 

where the KR define the liquid-gas partition coefficients for a solute with liquids A 
or B and their mixtures, and cp represents the volume fractions of A and B. Eqn. 1 
must apply when A and B are immiscible and thus, from an analytical point of view, 
the general applicability of eqn. 1 to intimately mixed liquids is irrelevant because, 
in gas-liquid chromatography (GLC), A and B may be physically separated through 
the use of mechanically mixed packings. Knowing ra(A) and &(n) for all components 
of a mixture to be separated one can calculate a for all pairs of components as a 
function of solvent composition. It is arranged that a > 1 at all times so that the 
lower envelope of the diagram defines the minimum a (amin) arising at any solvent 
combination. If the orders of elution for some complex mixture are different for the 
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two solvents, then the resultant window diagram shows the discontinuous function 
amin as it varies with solvent composition. If the capacity factors are large (> lo), the 
largest window (corresponding to the maximum in amin) indicates the optimum com- 
position at which Nreq is a minimum and given by 

( > 
2 

N r=l =36 tl 
Cc-1 

(2) 

As is well known, Nreq becomes increasingly dependent on the magnitude of the 
capacity factors of the components of difficult pairs when their values fall below 10. 
Nreq is then more accurately given by6 

N,,, = 36(&lj)7+) 

where k’ is the capacity factor of the second eluted of the pair of amin. This equation 
is still essentially an approximation, but for Gaussian peaks the accuracy improves 
with decrease in both IX and k’. In fact, in the region of interest (a < 1.10 and, as we 
shall see later, k’ in the region of 2.0) the accuracy is excellent. Incidentally, if the 
minimization of Nreq is the only criterion for optimization, then capacity factors may 
be increased if necessary by adjustment of the solvent loading so that eqn. 1 once 
again becomes a good approximation, a being ideally independent of solvent loading. 

We have shown in a number of publications’-lo how this optimization ap- 
proach provides a rapid and simple method of optimizing mixed solvent composition 
and how it may be employed in terms of “practical” quantities such as a, k’ or y”p 
rather than KR. The method is, in addition, well adapted to computation and we have 
described* Iv’* computer programs that can accommodate solvent mixtures of up to 
five components. 

We take this opportunity to point out a small modification to the window 
diagram approach so far described. This modification concerns the optimization of* 
binary packing composition for the separation of a complex mixture in which some 
or all of the components have very low capacity factors (< lo), and is of direct 
relevance to this work. It may be shown that for mechanical mixtures of packings of 
equal bulk density, porosity and mesh size (likely to be a good approximation for 
identical support and similar solvent loading) 

k’ = WA k:, + W, k;, (4) 

where WA and W, are weight fractions of packings A and B (not solvent weight 
fractions) and ki and kh are the capacity factors measured for A and B. It may also 
be shown that eqn. 3 is exactly equivalent to 

N req (5) 

where a’ is the ratio of retentions for any eluted pair uncorrected for dead time, i.e., 

the raw retention ratio. so that 
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tR2 k; + 1 
” = G = k; + 1 (6) 

From eqn. 4, it follows that 

(k’ + 1) = W,(k:, + 1) + WB(k; + 1) (7) 

i.e., (k’ + 1) varies linearly with the packing weight composition. Data in the form 
of (k’ + 1) would yield a window diagram showing the discontinuous function of 
&in with packing composition. Maximization of otkin takes proper account of the 
various magnitudes of the component capacity factors and results in the true opti- 
mum composition for the mixed packing where alteration of liquid loading is un- 
desired. Jones and Wellington l3 have recently presented an alternative modification 
to the simple window diagram approach for such conditions (principally for liquid 
chromatography where capacity factors arc often small). Briefly, it entails the max- 
imization of an S-factor defined by 

i.e., 

a’ - 1 
s =*- 

a’ + 1 

Clearly, the maximization of the S-factor and of a’ are concomitant, so that the 
resultant optimum composition will be identical. Maximization of S is therefore an 
unnecessary complication, as the computer programs already constructed1 1,12 for 
maximizing OL may be used unchanged for the maximization of u’; only the nature of 
the data need be altered. 

In this paper we extend the window technique to the choice of optimum binary 
solvent composition from a range of available solvents, with the eventual objective 
now being the attainment of the shortest possible analysis time rather than simply 
of the minimum Nres. As we shall see, the conditions corresponding to these optima 
may be totally different. 

We have shown elsewhere14 that the approach developed by Rohrschnei- 
derl 5+14 to the selection of an optimum solvent for some complex mixture separations 
is amenable to window diagram solution. In this approach the logarithms of solute 
retentions relative to some standard are plotted vertically at some point on a hori- 
zontal linear O-100 scale, the extremes being originally defined by the retention char- 
acteristics of squalane (SQ) and #I$‘-oxydipropionitrile (ODPN). The objective is 
then to place intermediate solute solvent data at points such that linear plots for each 
solute may be constructed over the full range O-100. We retain Rohrschneider’s iden- 
tification of this scale as one of solvent polarity, although some alternative term 
might be preferable. Provided that the plots of logarithms of relative retentions are 
approximately linear over the chosen range of solvents then a window diagram of 
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ln amin against polarity allows an initial selection of solvent or solvent pairs based on 
the magnitude of amin alone. It will be shown later that, in spite of the importance 
of aLi,, for correctly optimizing the packing composition of some fixed solvent load- 
ing, it is amin that finally determines Nres when the solvent loading has been optimized. 
It will become apparent, however, that Nres is just one of the factors, albeit an im- 
portant one, that influence the ultimate optimized analysis time. 

The theory of minimum analysis time (fastest analysis) received considerable 
attention about 20 years ago. Of the several approaches developed, that offered by 
Purnell and Quinn’ 7, although subject to approximation, is the least complex and 
the most facile in practical application. 

Briefly, they showed that fastest analysis does not correspond to working at 
Hmin, i.e., Doopt, of the characteristic theoretical plate height versus flow velocity curve, 
but at the average velocity 0 corresponding to the point at which a line from the 
origin effectively becomes the asymptote to the high velocity end of the Van Deemter 
curve. Thus, in the simplest possible terms, if 

H = A + Bjo + Co (10) 
then 

(H/e>- Cas O- co (11) 

Thus for the elution of the second component of the most difficult pair to separate 
in any mixture 

t = $ (1 + k’) = ; N&l + k’) 
0 

i.e. 

(12) 

(13) 

Provided that H/o is independent of k’, t has a minimum at k’ = 2. For our present 
purposes we shall assume this is so, although in practice it is rarely the case. Hence 
for minimized analysis time for this difficult pair 

t = 243 ($. (I;) 
The overall analysis time, t& for the complex mixture is given by 

(1 + nk’) 
?R = t. c1 + k’) 

(14) 

(15) 

where n is the ratio of the adjusted elution time of the last component to that of the 
second of the most difficult pair to separate. For conditions optimised as above, this 
reduces to 
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tR = 81 ($) (&y(l + 2n) 

min 

(16) 

It is now evident that in addition to 01, both n and (H/qmin are factors in the expres- 
sion for optimized analysis time. Now, a and n are, ideally, independent of solvent 
loading, leaving only (H/U)mi, requiring measurement for a column made up at the 
optimized composition and loading. 

EXPERIMENTAL 

The solute mixture chosen was a seven-component C1-& chlorinated hydro- 
carbon mixture, first because such mixtures are of environmental interest and second 
because the literature contains a sufficiency of data to allow a ready choice of a small 
selection of solvents providing a wide range of both retention and relative retention. 

The chromatographic experiments were conducted on a Varian Vista 6000 
chromatograph coupled to a Varian Vista 401 data system. Nitrogen was used as the 
carrier gas for the initial experiments with helium and hydrogen used later; supple- 
mentary flows of hydrogen and clean air were used for the flame-ionization detector. 

Packed columns were constructed of 3.2 mm O.D. stainless steel, the solid 
support being Chromosorb G (AW DMCS) of 120-140 mesh. The column packing 
procedure has been described . l8 For the initial gathering of data, all packings were 
made up at 2.9% (w/w) solvent/support in 183 cm (6 ft.) columns. Sample compo- 
nents were run both singly and together and averaged values for k’ emerged from at 
least six determinations. All data refer to elution at 50°C. 

The five solvents, squalane (SQ), di-n-butyl tetrachlorophthalate (DBTC), di- 
nonyl phthalate (DNP), tricresyl phosphate (TCP) and polyethylene glycol 1500 
(PEG), were used as received. In the Rohrschneider scheme, p,F-oxydipropionitrile 
(ODPN) is normally taken as the solvent of highest polarity (P = 100) but, owing 
to the marked liquid surface (Gibbs) adsorption characteristic of this liquid, relative 
retentions are extremely sensitive to the solvent/support ratio. This is certainly un- 
desirable for our purposes and the use of ODPN was therefore ruled out. 

TABLE I 

CAPACITY FACTORS MEASURED ON THE FIVE PURE PHASE 183 cm COLUMNS AT SO-C, 
ALL PACKINGS BEING LOADED AT 2.9% (w/w) 

Solute Stationary phase 

1-Chloropropane 2.52 2.43 3.35 2.22 1.53 
Tetrachloromethane 8.92 8.48 8.42 5.86 4.33 
Dichloromethane 1.75 3.11 4.20 3.39 6.14 
Trichloroethylene 12.3 13.2 15.9 11.0 10.0 
c&l ,2-Dichloroethylene 3.76 6.54 8.63 6.84 9.83 
Trichloromethane 4.57 7.87 10.2 8.48 12.2 
1 ,ZDichloroethane 5.68 10.6 13.7 11.9 17.4 

SQ DBTC DNP TCP PEG 
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Fig. 1. Rohrschneider plot for elution at 50°C of (1) I-chloropropane, (2) tetrachloromethane, (3) dichlo- 
romethane, (4) trichloroethylene, (5) cis-1,2-dichloroethylene, (6) trichloromethane and (7) 1,2-dichloroe- 
thane. Solvents: squalane (SQ); di-n-butyl tetrachlophthalate (DBTC); dinonyl phthalate (DNP); tricresyl 
phosphate (TCP); polyethylene glycol 1500 (PEG). All retentions relative (K) to that for tetrachlorome- 
thane (2). 

RESULTS 

Table I lists k’ data for the seven solutes with each of the solvents, loaded at 
2.9% (w/w) and packed into 183 cm columns. Fig. 1 shows the Rohrschneider plot 
in terms of In a (CCL+ being reference solute) against the arbitrary polarity scale, the 
individual solvents being located at the polarities providing closest approach to lin- 
earity of all data. All except I-chloropropane fall very close to the straight lines 

x 10-2 LN ( ALPHA) - DATA Sr: / PEG 1500 AT 5OC.2.9 WT % L.L 

20 

7 

I I I I 

0 1 2 3 6 8 !i 10 

POLARITY x 10 

Fig. 2. Window diagram from data in Fig. 1, Linearity of Rohrschneider plots assumed. 
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Fig. 3. H/ticurves for 183 cm, 2.94/ ( / ) o w w co umns of the five solvents for elution of tetrachloromethane I 
by nitrogen at 50°C. 

connecting the data points at the extremes of polarity, i.e., squalane to polyethylene 
glycol, and its deviation is greatest when it is well separated from the rest of the 
mixture. Fig. 2 shows the window diagram of In a,i,, against polarity obtained when 
exact linearity of the Rohrschneider plots is assumed. In terms of maximizing relative 
retention, the windows labelled I, II and III are the three best in order of decreasing 
a,i,,.,Window I we may take to correspond to pure squalane, as little improvement 
is to be expected on adding a portion of some other packing. Window II lies between 
TCP and PEG and window III between SQ and DBTC. In the interests of simplicity 
we shall concern ourselves here with the comparison between windows I and II. 

The efficiency curves for the five 2.9% (w/w) loaded 183 cm columns are shown 
in Fig. 3. It can be seen that a line drawn from the origin becomes asymptotic to all 
the curves in the velocity region X-10 cm sect I; the values of (H/n),, being 0.0106 
set (SQ), 0.0108 set (DBTC), 0.0113 set (DNP), 0.0143 set (TCP) and 0.0205 set 
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Fig. 4. Window diagram for SQ/PEG mixtures plotted as weight fraction (IV) of PEG packing. Data as 
in Fig. 1. This diagram exemplifies those obtainable for all solvent mixtures capable of giving the optimum 
polarity of window II of Fig. 2. 

31 56 7 2 4 
I I I 

Fig. 5. Chromatogram for sample mixture eluted at 50°C by nitrogen from a 183 cm column of 1.273% 
(w/w) of SQ alone. Predicted optimum analysis time, 158 set; actual, 156 sec. 
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Fig. 6. Window diagram for SQ/PEG constructed using data acquired with columns more lightly loaded 
than for Figs. I-3. 

1325647 

(a) I I lb) I I I 

1325647 1325647 

Cc) I I (d) I I 

Fig. 7. Chromatograms obtained with mixed substrate columns corresponding to window II of Fig. 2. 
Solvent loadings as theoretically calculated for fastest analysis using nitrogen as carrier gas. Experimental 
analysis times agree with those predicted. (a) SQ/PEG ( W rB-, = 0.610): (b) DBTCjPEG (B’rno = 0.469); 
(c) DNPjPEG (IV,,, = 0.534); (d) TCPjPEG (IV rEG = 0.207), giving a fastest analysis of 73 sec. 
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Fig. 8. H/D curves for elution by nitrogen, helium or hydrogen of tetrachloromethane from column of 
SQ/PEG packings ( W,,, = 0.610) loaded at 0.534% (w/w). 

(PEG). Now, provided the efficiency behaviour is independent of column length, it 
is possible to determine for some Nres the minimum length of column needed so that 
operation at (H/D)),, is ensured. Incidentally, this minimum length corresponds to 
the maximum that is is worthwhile using in that, at any greater length, H/O being 
constant, no gain in speed of analysis can be achieved. Finally, we note that, to an 
acceptable degree of approximation, H is proportional to composition for a me- 
chanically mixed packing. 

As has already been stated, window II falls between TCP and PEG. A com- 
bination of TCP and PEG packings is therefore the most obvious solution. However, 

0.12 - 

H/cm 

0.02 - 

0.00 I I I 1 I I I 1 I I I 
0 2 4 6 8 10 12 14 16 18 20 22 

iil(CrnS~') 

Fig. 9. H/i7 curves tbr elution by nitrogen, helium or hydrogen of tetrachloromethane from column of 
DNP/PEG packings ( Wpsc = 0.466) loaded at 0.443% (w/w). 
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TABLE III 

EXPERIMENTAL RESULTS WITH NITROGEN AS CARRIER GAS 

Packing k’for &II N rel n Nrpq (1 + ki)* (Hlu)imin TV pred fR ObS 
2nd of (=c) lseci (=I 
d@iculr 
pair 

$EG, 2.14 2.18 1.121 1.132 2660 3090 2.67 1.18 17,900 11,000 0.0088 0.0068 158 75 155 75 
IV,,, = 0.610 
DBTC/PEG, 2.41 1.105 4010 1.16 15,200 0.0078 119 123 
W PJjG = 0.470 
DNP/PEG, 2.45 1.118 3250 1.17 12,600 0.0062 78 82 
w,,, = 0.466 
TCP/PEG, 2.42 1.124 2940 1.19 11,400 0.0066 75 73 
WpEG = 0.207 

* k; refers to the capacity factor of the last eluted component in this and all following tables. 

three other binary packings are possible, viz., SQ/PEG, DBTCjPEG and DNP/PEG. 
In order to determine the approximate optimum weight compositions and solvent 
loadings for each of these binary combinations it is necessary to construct ~1’ window 
diagrams for all four. An example, for SQ/PEG, is given in Fig. 4; note that here the 
horizontal scale represents the real packing weight fraction, unlike that of Fig. 2. It 
is then simple to calculate the expected capacity factors of the components for the 
indicated optimum compositions at 2.9% (w/w) loading. The optimum required 
liquid loadings may be calculated as 2.9(2/k& where k; is the expected capacity 
factor for the second of the first eluted difficult pair if k’, > 2, or the second of the 
second eluted difficult pair if k; < 2 (at the apex of a window two pairs must have 
the same &in). For a final composition optimization, the adjusted (k’ + 1) data for 
the optimum loaded pure packings need to be subjected to a further window analysis 

I 
0.00 1 , I t I I I I 1 I 

0 2 4 6 8 10 12 14 16 18 20 22 

Fig. 10. H/D curves for elution by nitrogen, helium or hydrogen of tetrachloromethane from column of 
TCP/PEG packings (W,,, = 0.169) loaded at 0.538% (w/w). 
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TABLE IV 

EXPERIMENTAL RESULTS WITH HELIUM AS CARRIER GAS 

Packing k’ for 
2nd of 
dificult 
pair 

CL, N., n 

SQPEG, 2.18 1.119* 3200* 1.17 11,400 0.0050 57 59 
W,,, = 0.610 
DNP/PEG, 2.43 1.121* 3110* 1.17 12,000 0.0047 56 61 
W PEG = 0.466 
TCP/PEG, 2.52 1.129’ 2750* 1.18 10,900 0.0048 52 56 
W ,uEG = 0.207 

l These values refer to the last eluted pair. 

to equalize &in once again for the two difficult pairs. In practice, it is better to re- 
measure capacity factors on columns packed with the fresh optimum loaded pure 
packings. In this way, any errors in absolute loading together with discrepancies due 
to surface adsorption effects are allowed for. 

Table II shows the results of calculations possible from the initial set of data 
obtained with the 2.9% (w/w) pure phase columns. For squalane, the most difficult 

(a) I 

- ^ 

1 32 564 7 132 5647 

(b) I I Cc) I I 

Fig. II. Chromatograms for elution of sample from columns: (a) SQ/PEG [ W,,, = 0.610,0:534% (w/w), 
205 cm]; (b) DNPjPEG [ WPEG = 0.466, 0.443% (w/w), 204 cm]; (c) TCPjPEG [WpEG = 0.169, 0.538 % 
(w/w), 210 cm]. Fastest analysis, 56 set with (c). 
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to separate pair corresponds to the third and fourth eluted, i.e., cis-1,2-dichloroethyl- 
ene and trichloromethane. For the four binary packings corresponding to window 
II, the fifth and sixth, and the sixth and seventh eluted are equally difficult at 2.9% 
(w/w), and therefore for reduced solvent loading the fifth and sixth are the most 
difficult pair, i.e., tetrachloromethane followed by 1,Zdichloroethane. As far as N,_ 
at the adjusted liquid loadings is concerned, SQ offers less difficulty than window II, 
which is consistent with the larger In Emin in Fig. 2 and with eqn. 16. However, once 
n has been taken into account, the speed of separation is favoured by window II 
{window II is favoured by the ratio of [I + 2(1.18)]/[1 + 2(2.69)], i.e., 3.36/6.38). 
The final factor of (H/U)mr” remains. At 2.9% (w/w), SQ is the most efficient of the 
packings and PEG the least (see Fig. 3). All the binary packings must contain some 
proportions of PEG packing which at first might lead one to suppose that the pack- 
ings corresponding to window II would have relatively large values for (H/U)),,. The 
optimized loadings are all lower than 2.9% (w/w), however, the window II packings 
markedly so. It is impossible to predict the efficiencies of the lower loaded columns 
as it is possible for the efficiency to improve owing to faster equilibration within the 
thinner liquid film but to become very much worse once a point is reached where 
droplet formation is favoured. If (H/U)mi” is assumed not to change, then SQ may 
be seen to have a marginal advantage over window II (except possibly for the 
TCPjPEG combination), requiring a shorter column as well as separating the mixture 
more quickly. 

Table III shows the actual results obtained with the lower loaded columns. 
The combinations differ slightly from those reported in Table II as they derive from 
window optimization of retention data measured on the freshly made lightly loaded 
columns. The values of &in are improved for SQ/PEG, DNPjPEG and TCPjPEG 
combinations, as expected, the last two pairs eluted now being the most difficult. 
DBTCjPEG provided some problems in that the columns appeared to be unstable. 
Over a period of time, the retention behaviour slowly approached that for an inti- 
mately mixed liquid phase, which suggests some mobility of the solvent in the column. 

For SQ the predicted optimum analysis time is reduced to 158 set owing to 
the better performance of the lower loaded column [(H/q),i, reduced to 0.0088 set], 
the chromatogram being shown in Fig. 5. Fig. 6 shows the CI’ window diagram for 
the newly acquired SQ and PEG retention data and the optimum separations for the 

TABLE V 

EXPERIMENTAL RESULTS WITH HYDROGEN AS CARRIER GAS 

Packing k’ for 
2nd of 
di$culr 
pair 

SQPEG 2.15 1.117* 3300* 1.17 11,600 0.0036 42 45 

WPEe = 0.610 
DNP/PEG, 2.39 1.116* 3340* 1.16 12,600 0.0038 48 49 

WpEa = 0.466 
TCP/PEG, 2.43 1.123 3000 1.18 11,600 0.0035 41 40 

W PEG = 0.207 

* These values refer to the last eluted pair. 
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Fig. 12. Chromatograms for elution of sample from columns as described for Fig. 11. Fastest analysis, 
40 set with (c). 

four binary packings are shown in Fig. 7. Note that column lengths had to be ex- 
tended to ensure operation at a high enough carrier velocity @Q/PEG 205 cm, 
DBTCjPEG 183 cm, DNP/PEG 204 cm, TCPjPEG 210 cm). The efficiencies of all 
four were excellent, better in fact than the optimum loaded SQ column, with the 
result that, except for DBTC/PEG, analysis was completed in about half the time 
required with SQ. 

Finally, we note that a change of carrier gas to helium or hydrogen can improve 
the analysis time still further. Their greater diffusivity results in smaller contributions 
to plate height from resistance to mass transfer in the gas phase. Hence (H/U)mi, 
may be expected to be lower, as indeed is the case as seen from the Figs. 8,9 and 10, 
which show the nitrogen, helium and hydrogen efficiency curves for the binary pack- 
ings SQ/PEG, DNP/PEG and TCP/PEG, respectively. Table IV gives the predicted 
optimum analysis times for helium as carrier gas and Fig. 11 illustrates the chro- 
matograms. Table V gives the predicted optimum analysis times for hydrogen as 
carrier gas and Fig. 12 showing the corresponding chromatograms. Baseline sepa- 
ration is essentially achieved in around 40 set with hydrogen as carrier gas. 

Incidentally, no problems were encountered with the flame-ionization detector 
when hydrogen was used as the carrier gas. A splitter system was found to be un- 
necessary, and in fact supplementary hydrogen was required for the flame for much 
of the range of carrier gas flow-rates studied. 
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