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SUMMARY 

A study is reported on the axial dispersion of gases in coiled tubes under 
laminar flow conditions. At low velocities coiled tubes and straight tubes show 
identical dispersion behaviour. At high velocities dispersion in coiled tubes is much 
less than in straight tubes. The dispersion coefficients measured are correlated in 
terms of diiensionless groups. The reduction in dispersion coefficient and, therefore, 
in the height equivalent to a theoretical plate, amounts to a factor of 10. 

INTRODUCTION 

Coiled tubes are widely used both in industry and in the laboratory; examples 
are heat exchangers and columns for gas chromatography. In comparison with 
straight tubes they offer the advantages of compactness, increased rates of heat and 
mass transfer and reduced axial dispersion. Many studies have been reported, from 
which conclusions can be drawn about flow characteristics and dispersion behav- 
iourl-lz. The increases in the rates of heat and mass transfer and the reduction in 
axial dispersion are caused by radial convective transport due to the so-called second: 
ary flow. This reasoning is analogous to the narrowing of the residence time distri- 
bution due to radial diffusion in the Taylor-Aris modeP3P. Most of the experimental 
work published so far has been carried out with liquid systems, probably because in 
engineering practice the flow of liquids is generally more important than the flow of 
gases. Moreover, secondary flow phenomena are more easily measurable in liquid 
systems. Nevertheless, the Ilow of gases is very interesting from a practical and theo- 
retical point of view. A field where secondary flow of gases is certainly important is 
capillary gas chromatography. Coiled tubes are often also used for the measurement 
of molecular diffusion coefficients, while in general the assumption is made that the 
relationships for straight tubes hold. 

The purpose of this study was to investigate gaseous dispersion in coiled tubes 
in order to establish whether for gases secondary flow effects are also measurable 
under conditions of practical interest and, if so, which parameters are important in 
quantitative correlations. 

.- 
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THEORETICAL 

For a compiete treatment of the influence of secondary flow on the residence 
time distribution, the continuity equation has to be solved in relation to the equations 
of motion, which is a very complex problem. In the literature two approaches have 
been followed. One approach consists in obtaining analytical solutions that are valid 
with certain approximations’,‘, while other workers have reported numerical solu- 
tions’. From the theoretical and experimental studies it can be concluded that, in 
principle, the dispersion observed in a coiled tube results from three mechanisms: 

(1) the differences of the mean velocities of the various streams; 
(2) molecular diffusion; 
(3) secondary flow. 
In this study, it was assumed that laminar flow conditions prevail, so that 

turbulence is not taken into account. As the laminar flow regime in helical tubes is 
much larger than in straight tubes, this is not a serious limitation in many applications. 

In straight tubes, only the first two mechanisms are relevant. The velocity 
distribution in straight tubes is parabolic_ Taylori showed that for straight circular 
tubes the process of mass transfer resulting from the parabolic velocity distribution 
accompanied by molecular diffusion can be described by a dispersion model with a 
constant velocity and an axial dispersion coefficient. The mass balance for this model is 

According to Taylor’s treatment, this velocity is equal to the actual mean velocity 
and the axial dispersion coefficient has the form 

(2) 

where 
_C$ = dispersion coefficient (mz set-l); 

ii 
= mean linear velocity (m set- ‘) ; 
= diameter of tube (m) ; 

D 1.1 = binary molecular diffusion coefficient (rn? set-I). 
In his solution, Taylor neglected axial molecular diffusion. Aris’” showed that axial 
molecular diffusion can be incorporated in the model of Taylor simply by adding 
the molecular diffusion coefficient to the dispersion coefficient calculated by Taylor: 

v* d* 
g = 192 Dle2 + D1.2 (3) 

in any curved tube, secondary flow will develop owing to centrifugal forces. As the 
axial velocity depends on the radial position, the centrifugal force will also depend 
on the radial position. The fluid in the centre of the tube has the highest velocity and 
therefore will be thrown outwards. Of course, no accumulation of mass can take place 
and therefore the outward flow will be balanced by a flow inwards. In consequence, a 
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secondary flow develops in which the fluid in the centre moves outwards and the 
fluid near the bottom and the top moves inwards. The resulting flow is a double 
helix, as is shown in Fig. 1. The existence of this type of flow has been well docu- 
mentedr5. Also in this Institute we have visualized this type of secondary ffow in a 
liquid system as well as in a gas system. In curved tubes the velocity distribution 
cannot be described by a simple parabolic function and the flow profile will be 
asymmetric, especially at higher velocitie9. 

The dispersion coefficients observed in coiled tubes will be interpreted by 
comparison with theoretical dispersion coefficients predicted by the Taylor-Aris 
model. It is convenient to use dimensionless quantities. For the definition of a dimen- 
sionless dispersion coefficient we follow the choice of Trivedi and Vasudev@: 

K= ~D1.2 

v2 d2 

The Taylor-Aris equation then reads 

(4) 

where K, is the dimensionless dispersion coefficient for straight tubes and ;PeI.2 is the 
Peclet group. 

The experimental results with the coiled tubes will be interpreted in terms of 
deviations from the Taylor-Aris model: 

KC = K, j correction term (6) 

where KC is the dimensionless dispersion coefficient for coiled tubes and K, is the 
dimensionless dispersion coefficient for straight tubes. From the literature, it can be 
concluded that this correction term is a function of the Reynolds group (I&), the 
Schmidt group (SC) and the curvature ratio (I)_ These three dimensionless groups 
are defined as 

SC = + 
1,’ 

where 
Y = kinematic viscosity (mz set-I); 
d, = coil diameter (m). 

It has been shown that under certain conditions Re and il are not independent 
variables, but the combination _J?e/d/n determines the dispersion behaviour. This 
combination is called the Dean group (De). Moreover, with certain assumptions it 
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Fig. 4. Dimensionless dispersion coefficient vs. Re with varying SC. 
(- -) Taylor-A& model. 

Fig. 5. Dimensionless dispersion coefficient vs. Re with varying 2.. 
(- ) Taylor-A& model. 

Symbols defined in Table II; 

Symbols defined in Table II; 
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Fig. 6. Dimensionless dispersion coefficient vs. De with varying I,. Symbols defined in Table II. 

Fig. 7. Normalized difference between the dimensionless dispersion coefficients for the coils and the 
Taylor-Ark model vs. De with varying ii.. Symbols defined in Table II; (- ) Taylor-Aris model. 

corresponding with experiments in which secondary flow is important lie on a single 
curve. Hence the effect of curvature is completely accounted for by the Dean group, 
which is in agreement with results with liquids flowing through coils’. In the low Re 
region, the Taylor-Aris model holds and therefore the points which lie on a single 
curve in Fig. 5 now lie on three different curves. An elegant means of presenting 
these results is to plot the normalized difference (KC--KS)/& as function of De, and 
Fig. 7 shows this plot for the measurements with varying il. All points now form one 
curve. The scattering at the lowest velocities is inherent to the measuring technique. 
At very low velocities, the absolute height of the signal decreases, which results in a 
loss of reliability, especially of the second moment. Fig. 7 illustrates the usefulness 
of the groups KC, KS and De. 
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Fig. 8. Normalized difference between the dimensionless dispersion coefficients for the coils and the 
Taylor-Ark model )‘s. De with varying SC. Symbols defmed in Table II; (-- ) Taylor-Aris model. 

In Fig. 8, (KC--KS)/& against De is shown for the measurements with varying 
SC. Here, the experimentai points are not compIetely correIated by De. In Fig. 6 the 
data are plotted against DedSc. For moderate values of DedSc the points lie close 
together, but for higher DedSc values large deviations are observed, although smaller 
than in Fig. 8. These results agree closely with those of Janssen’O, who found that 
for DedSc -C 10 the Taylor-Aris model holds. 

The advantageous effect of coiling can be appreciated from a plot of the height 
equivalent to a theoretical plate (II) against the linear velocity, and Fig. 10 gives the 
results for varying il and constant SC. Again, it can be seen that at low velocities the 
Taylor-Aris model is followed. At higher velocities a remarkable decrease in H takes 
place. This decrease is more important the lower the value of a, and in this region it 
is therefore possible to increase the velocity of the carrier gas without increasing H. 
This result offers the possibility of rapid separations. Of course, in practice the 
stationary phase will not allow unlimitedly high velocities because at high velocities 
the rate of mass transfer in the stationary phase will determine the separation per- 
formance. Moreover, the contribution of the velocity profiie to the height equivalent 
to a theoretical plate drastically increases with increasing retention, as is shown, 

_____________ 
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Fig. 9. Normalized difference between the dimensionless dispersion coef3icients for the coils and the 
Taylor-Ark model vs. DedSc with varying SC. Symbols defined in Table II; ( ---) Taylor-Ark 
mode:. 
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Fig. 10. Height equivalent to a theoretical plate as a function of the mean velocity with varying 1. 
(-- ) Taylor-Aris solution. 

e.g., by Golay’s equation. However, this work shows that, apart from retention, the 
contribution of mass transfer in the mobile phase to the height equivalent to a 
theoretical plate for coiled tubes is much less than for straight tubes. This reduction 
amounts to a factor of 4-10 at the highest velocities used in this study. 

CONCLUSIONS 

(1) At low velocities, coiled tubes and straight tubes show dispersion be- 
havicur identical with that described by the Taylor-Aris equation. 

(2) At high velocities, the dispersion in coiled tubes is less than in straight 
tubes. The difference is a function of the Dean and Schmidt groups. 

(3) The Taylor-Aris equation holds for Det/Sc < 10. 
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