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MASS TRANSFER IN IDEAL AND GEOMETRICALLY DEFORMED OPEN 
TUBES 

HI. DEFORMED METAL AND PLASTIC TUBES 
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Angewmrdre Piiysikalische Ciiemie, Universit& ties Somlmrdes, D-6600 SaarbrEcken (G.F.R.) 

SUMMARY 

Dispersions (h values) in deformed tubes are much better than those in coiled 
ideal tubes, eveu at lower velocities (u c 50 cm/set). Such tubes are of interest as 
connecting pipes, heat exchangers, reaction detectors, liquid chromatographic (LC) 
separation columns and possibly in catalysis. No theory exists for deformed tubes and 
hence improvements must be made by trial and error. Squeezed, twisted and coiled 
tubes are much better than ideal tubes, but they are complicated to make, their ge- 
ometry is difEcu& to optimize and is dependent on the kinematic viscosity of the eluent. 
Coiled wavy tubes, having a circular cross-section, are easy to prepare, and have an 
efficiency that is relatively insensitive to the diameter of the tube, its exact geometry, 
the kinematic viscosity of the eluent and the ability of the eluent to wet the tube. 
Wavy tubes can be prepared from glass, metal or plastic. In all deformed tubes the 
laminar region is extended to unusually high ffow velocities, because of secondary 
flow. The transition from laminar to turbulent flow is gradual and continuous. These 
effects are strongest in wavy tubes. For example, in a 2-mm I.D. tube h decreases 
almost linearly from 2.6 to 1 cm as the linear velocity is increased from 3 to 130 cm/see, 
i.e., comparable h values are obtained at low velocities and in the turbulent region. 
Up to 70 theoretical plates per second can be generated for an inert sample. If this 
column were 100 m long, theu with rz-heptane as the eluent more than 7CKKI theoretical 
plateS wouId be generated for an inert sample at ZJ = 100 cm/set at the cost of a 
pressure drop of only 7 bar. At high velocities the loss in permeability is only about 
50% of that of an ideal tube. EBicient wavy tubes of large diameter (L-4 mm) can be 
produced, which would have advantages as LC cohunns and as reaction detectors, 
because their loadability would be high. Because of the low pressure drop and large 
peak volume, simple equipment could be used. 

INTRODUCITON 

In earlier papers, mass transfer in ided and coiled tubes with circular cross- 
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section’ and their potential application in liquid chromatography (Lc)’ were de- 
scribed and discussed. The cross-sectionally averaged linear velocity, U, for 1amina.r 
fiow in ideal tube9 can be described for non-compressible media by means of the 
Hagen-Poiseuille equation3s4: 
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(for definitions, see the list of symbols at the end of the paper). The specit?c permea- 
bility, K, is henceforth abbreviated to permeability- 

Carman calculated the permeabilities for tubes with (a) rectangular, (b) 
equilaterally triangular and (c) elliptical cross-sections. The flow profiles were cal- 
culated for (a) by GoI@, for (b) by Gtitlich’ and for (c) (oval tubes) by Arise. All 
these. equations are special solutions for the well known Navier-Stokes differential 
equations. No theoretical treatment exists for tubes that are not straight. 

The band broadening in ideal tubes can be described with the help of the 
equations of TayloP”, Aris* or Golay6~ 12**3. The theory has been extended by Golay 
for rectangular tub&. Theoretical treatments of band broadening exist only for 
straight tubes. 

It has been shown experimentally by Koutsky and Adlet?, Horvath et aC.15, 
Walklbg16 and Hofmann and Ha&z’ that secondary flow can be practically neglected 
in coiled tubes with circular cross-section. At linear velocities less than 50 cm/set the 
coiling of an ideal tube will not reduce band broadening appreciably in comparison 
with that in straight (ideal) tubes. Consequently, these tubes will hardly be of interest 
in routine LC. 

Tbe advantage of deformed tubes7**6-2J over ideal open tubes stems primarily 
from the more rapid radial mass transfer (mixing) within them, which is due to 
secondary tIow”rz6. This is not only essential in liquid cbromatographic separation 
tubes, but is also desirable for heat exchange&‘, mixing tubes (including reaction 
detectors), connecting tubing between the sampling device and the column and 
between the column and detector in high-performance liquid chromatography 
(WPLC). 

Deininges? extended the definition of laminar flow in an incompressible 
medium to include the case where the axial velocity in any given layer can be a func- 
tion of the column length When this is true it applies to any layer parallel to the 
axis. “Laminar flow” according to the conventional definition occurs only in an ideal 
tube. The new definition also includes the case of secondary flow. 

Secondary flow occurs in a non-ideal tube, when at Reynolds numbers of less 
than 2000-2400 for an incompressible medium the permeability decreases with in- 
creasing linear velocity. The definition of secondary flow for a gas is more compli- 
cated. Secondary ffow was fust described by Deanz5@ for coiled tubes, where centri- 
fugal force causes the flow path of the medium to be larger than the length of the pipe. 
The longer flow path also occurs in all types of deformed tubes. No theoretical treat- 
ment exists for secondary flow, in spite of many efforts to produce one. 

Smndargr flow is easily produced in a straight tube if the roughness of the wall 
is not negligible compared with its diameter, for instance “low quality” stainless-steel 
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tubing having an inner diameter of 0.25 or 0.5 mm. Commercially available ‘precision 
bore tubing” has a precise outer diameter, but the internal walls are often rough, which 
makes it ideaf for use as connecting tubing in LC. It has been showrV’that the band 
dispersion (Iz value) in rough-walled stainless-steei tubes of I.D. 0.25 mm is much less 
than that for an ideal tube. The decrease in permeability is modest. 

Increased radid mm.9 transfer 
If it is desired to increase the radial mass transfer above the level obtainable 

with rough-walled tubes, this can be achieved by deforming the tubes in a suitable 
manner; that is, variation of the free cross-section of the tube by changing its size and/ 
or its shape and/or its position relative to the axis of fiow causes a secondary flow, 
which increases radial mass transfer. A simple way to achieve this is to squeeze the 
tube. 

Squeezed tubes 
If the tube is merely squeezed to give it an oval cross-section, which remains 

constant along its length, then the effect is not very large. However, if the long axis of 
the oval is abruptly rotated through 90” every 1 or 2 cm, then the effect is increased 
considerably. By this means a discontinuous rotation of the axis of symmetry of the 
cross-section as a function of the distance travelled along the column is achieved. 
Consequently, the flow profile is discontinuously disturbed_ The effect of increased 
radial mass transfer exhibited by such tubes on their heat exchange properties” and 
their efficiency as connecting tubes’* has been demonstrated experimentally. 

Squeezed, twisted and coiled tubes 
The discontinuous disturbance of the cross-section, described above, can be 

achieved by disturbing a tube with an oval cross-section, so that the oval shape 
describes a spiral as it passes along the tube. In such tubes the continuous disturbance 
of the flow protile can be augmented by coiling them. The effects of such deformations 
for tubes having an original diameter of I mm and for a single ratio of the large to the 
small axis of the oval have been studied experimentally by Ha&z and Walkingro. At 
linear velocities above 5 cm/set the tr values decreased about IO-fold with cnly about a 
20 % decrease in permeability. 

In this paper such tubes of various diameters and also the effect of varying the 
ratio of the large to the small axis are described. Further, a new and simpler deforma- 
tion, which we describe as a “wavy tube”, is introduced. All of the tubes mentioned 
above are metallic. Lastly, deformed tubes made of polytetrafluoroethylene (PTFE) 
are described. 

Only the dispersions of inert samples at room temperature were measured. The 
nomenclature and symbols as used in an earlier studyr, where a summary of the 
hydrodynamics relevant to open tubes was presented, are employed. For complex 
geometrical forms the relevant Navier-Stokes differential equations have not been 
solved. Consequently, it is not possible to give an explicit mathematical description of 
the flow profile or of the mass transfer phenomena. Here only experimental results 
are presented, as systematically as possible. 
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ExPERlMENTAL 

. 
Ckromatograpkic eqdpment 

The measurements were made with a home-made apparatus, the dead volumes 
and detector response time of which were minimizedl. 

Preparation of the metal tubes 
The copper capillary tubing was obtained from Schoeller We& (Hellenthal/ 

Eifel, G;F.R.) and the aluminium tubing from Cochius (Franhfurt,~ain, G.F.R.) 
The metal tubes had more or less smooth inner surfaces and they were cleaned and 
prepared for use as described previouslyl. 

Squeezed tubes were flattened by passing them through a goldsmith’s rolling 
mill (Dinkel, Esslingen, G.F.R.). The tubes were characterized by the inner diameter 
of the original tube, (i, and by the sizes of the major axis, a, and the minor axis, b, of the 
internal cross-section after squeezing. The dimensions were determined by using a 
measuring magnifier having 0.1~mm scale divisions. 

Twisted tubes were produced using a hand-drill (larger tubes required a variable- 
speed electric drill). One end of the tube was clamped in the drill chuck and the other 
end was immobilized in a vice. The drill was then rotated in order to give the required 
number of twists to the tube. The distance in which the tube rotated through LSO” (the 
intermodal distance) was chosen as 26 f 1 mm; no problems were encountered 
even with bigger tubes. 

Coiled tubes were made by winding the tubes, which may or may not have been 
squeezed and twisted, around an 1 l-cm diameter cylinder. 

Wavy tubes, having circular or oval cross-sections, were formed by hand 
bending the tube over the inside of the thumb. Care was taken to avoid kinking, which 
would have changed the cross-section and formed edges. It was not considered 
important to make the bends precisely regular The radius of a bend was 2-3 cm. 
A straight portion of tube with a length of 6 f 2 cm remained between each bend, as 
showu in Fig. I. When the wavy tube was coiled around a cylinder, then the waves 
were sometimes on edge and sometimes laid flat. 

Preparation of glass tubes 
A complex apparatus was developed by means of which even glass tubes with 

an oval cross-section could be twisted reproducibly and then coiled. 

Preparation of phstic tubes 
PTFE tubes are flexible and springy and, if they are to be deformed into a 



wavy shape, they must be held in place. They were therefore wound on to an 1 I-cm 
diameter sphere and held in place on it by means of ten pegs set radially into the 
surf&e of the sphere (see Fig. 2). The pegs were arranged at 6Q” intervals, about 
two perpendicular great circles on the sphere, two pegs being common to both great 
circles. The pegs were oval in cross-section and staggered with respect to the great 
circle, so that waves of sufficient amplitude could be obtained. The tubing was wound 
through 360” alternately around each great circle. 

Fig. 2. Ball-shaped form on which wavy plastic tubes were wound. Ball diameter = 11 cm. 

The following eluent-sample systems were used: (a) n-heptam-2 vol.-% 
benzene in n-heptane; (b) methylene chloride-2 vol.- % benzene in methylene chloride; 
and (c) water-5 voL”~ acetone in water. 

The amounts of sample varied between 2 and 10 ~1, depending on the tube 
diameter. 

The method of calculation of the Reynolds qumbers, relative band broadenings 
(h values) and permeabiities (K) have been described previouslyl. 

RESULTS AND DISCUSSION 

Comparison of iieformedgh2ss and metal tubes 
Copper and glass twisted and coiled oval tubes were prepared, which were as 

nearly as possible identical with each other. The dispersions of benzene in n-heptane 
(h vs. u curws) were measured and are shown in Fig. 3. In Fig. 3 and in the others 
which follow, the dimensions of the axes of the oval internal cross-section are indicated 
diagrammatically in the top right-hand comer. In this case the intermodal distance 
was 8 mm. Although the coiling diameter was large (12 cm) in comparison with that 
used by Ha&z and WalklingZ”, the decrease in h, with increasing linear velocity U, to a 
more or less constant level at high velocities was also observed. 



Fig. 3. comparison of h vs. u curves in copper (solid line) and glass (dashed line) “twisted” tubes of 
identical dimensions. Twisted and coiled oval tubes (“twisted”); L = 10 m; cding &meter = 12 
cm; intermodal distance, ex~ptioaally 8 mm; eluent, n-hepfane; sample, benzene. 

As can be seen in Fig. 3, the dispersions obtained with glass and copper tubes 
are very similar. This means that the wall roughness of the copper tubes can hardly 
be greater than that of the glass. When copper and glass oval, twisted and coiled tubes 
with various intermodal distances (10 and 1.5 mm) were compared, the dispersions 
obtained in glass tubes were, for a given geometry, also very similar to those obtained 
in copper tubeP. The band broadenings obtained here at linear velocities of less than 
30 m/set are, of course, intolerably large, altbougb they are smaller than in ideal 
tubes. 

Consequently, further studies were undertaken only with copper tubes, be- 
cause they are easier to manipulate. Further, no attempt was made to coil the tubes 
very tightly. A coiling diameter of 12 cm was chosen as standard. 

Choice of optimal intermodal distance 
The following measurements were made with stair&s-steel tubes, for which 

the wall roughness is negligible when they have an I.D. > 0.5 mm. Tubes having 
the same oval cross-section as in Fig. 3, but having different intermodal distances 
(1.5, 15,25 and 30 mm) were compared. As can be seen from Fig. 4, at high velocities 
a 1.5~mm intermodal distance is the best. When the ratio of the axes of the oval tube 
was changed, the same results were obtained. 

At lower linear velocities the picture becomes more complicated and a 25-mm 
intermodal distance seems to be the best compromise. The mixing properties of such a 
tube at u = 20 cm/set are detitely better than those of m ideal tube. It is assumed 
that this will also be true for other degrees of flattening of the oval and for eluents other 
than the II-heptane used in these experiments. 

Dispersion in hvi3tedand coiled oval tubes 
In the following experiments n-heptane was the mobile phase. When a tube of 

circular cross-section is squeezed, then the length of the short axis, b, can be relatea 
to tie original inner diameter of the tube by 6 =a-d,wherea:c LThebanddisper- 
sion is a function of cz. Measurement of the dispersion and of permeability are 
presented for 0: values of 0.5, 0.55, 0.6, 0.65, 0.7 and 0.924. The radial mixing effect 
was greatest, for n-heptane, at a = 0.6. 
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Fig. 4. Influence of intermodal distance on dispersion. Stainless-steel “twisted” tubes; d = 0.5 (1.0) 
mm; L = 10 m; coiling diameter = 12 cm. Intermodal distances: 30 mm (x); 25 mm (0); 15 mm 
(0) and 1.5 mm (A). Eluent, n-heptaue; sample, benzene. 

it has been found by experiment that the wall thickness of the tube can be of 
some consequence and this is always quoted, e.g., d = 0.5 (I .5) mm means that inner 
diameter of the original tube was 0.5 mm and the outer diameter was 1.5 mm. The 
dimersions of the oval cross-section will be designated as, e.g., 6/a = O-3/0.65 mm. 

The results depicted in Fig. 5 were obtained using an aluminium tube with 
b/a = O-3/0.65 mm. The solid line represents h VS. U, the dashed line K vs. u and the 
alternating dots and dashes the theoretical K VS. tc values5. At linear velocities greater 
than 10 cm/set the dispersion (h = 3 cm) is independent of u up to at least u,= 120 
cm/set, in contrast to an ideal tube, where h is a linear function of U. At higher veloci- 
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Fig. 5. h vs. u and K vs. IL curves for an ahxninium “twisted” tube with n-heptane as eluent. h vs. u 
curve, solid line ( x 1; K vs. u curve, dashed line (0): K vs. u curve as cakulated by C&man’s metb- 
ob (Ka t ,& dotted and dashed line-d = OS (1.5) mm; a = 0.6; L = 10 m; coiling diameter = 
12 cm; in6xmodaI distance = 25 mm; sampIe, benzzzne. 
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ties the permeability decreases monotonically. However, the decrease in permeability 
is less than 30% of that of the theoretical value, as calculated by Carman5. Almost 
identical results were obtained with a copper tube of the same dimensions. 

When comparing the results shown in Fig. 4, where the .intermodal distance 
was also 25 mm, and the results in Fig. 5, the trends of the h VS. u curves are similar, 
except that (1) the horizontal part starts for the stainless-steel tube at around 20 cm/ 
set, instead of at 10 cm/set for the aluminium tube, and (2) the constant h value for 
the stainless-steel tube is I cm less than that for the aluminium or copper tube. 

d SO 100 J@-bc] 

Fig. 6. Dispersion in copper “twisted” tubes with different coiling diameters. 12-cm coil diameter, 
solid he (0); 6Oan coil diameter, dashed line (x ). Parameters as in Fig. 5, except that d = 20 (3.2) 
mm, a again hekg 0.6. 

The h vs. u curves in Fig. 6 were obtained using copper tubes, where b/a = 
1.2/2.5 mm. The solid line was obtained using the usual coiling diameter of 12 cm 
and the dashed Ike was obtained using a coiling diameter of 60 cm. For the 12-cm coil, 
although both axes of the oval are about four times greater than those in Fig. 5, the 
value of ti at lower velocities is about the same (3 cm). The fr values fall gradualiy to 
2 cm for u = 120 cm/set, where turbulence begins. In the early turbulent region h 
drops to 1.5 cm. Thus, for deformed tubes, in the velocity range of interest to cbro- 
matographers (U < 50 cm/s+, the dispersion is only twice as great as it is in the early 
turbulent region. Hence, it does not seem sensible to attempt to use coiled ideal tubes 
in the turbulent raage, where the pressure drop is high, the permeability is low and the 
linear velocities are so high as to prohibit e&&at mass transfer. Further, it would be 
especially difficult to maintain a thin layer of stationary phase on the wall of the tube 
when the flow is turbulent. However, it remains a fact that twisted and coiled oval 
tubes are only half as efiicient in a non-turbulent range as in the turbulent range. 

As can be seen from Fig. 6, turbulent ffow for the 6CLcm coil starts at around 
u = 100 cm/set (Re = 2760), and for the 12-cm coil at u = 120 cm/s* (Re 5 3310). 
Thus, increasing deformation stabilkes the laminar flow, Le., turbulent flow starts at 
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higher ReynoldS numbers, that is if Reynolds numbers have any meaning for non- 
ideal tubes. 

The onset cf turbulent flow can be clearly seen in Fig. 6. Consequently, it is 
reasonable to define laminar flow to include the case of even strong secondary flow. 

In Fig. 7 the permeabilities for the tubes described in Fig. 6 are shown as a 
function of the linear velocity. The onset of turbulence cannot be detected in these 
curves. At the highest velocities approximately 64) ok of the theoretical permeability is 
lost. The results shown in Figs. 6 and 7 could be reproduced using aluminium tubes. 

As has been mentioned previously, the optimal a value for n-heptane is 0.6, 
i.e., b = 0.6d. When a is reduced to less than 0.5, the efficiency of radial mixing 
decreases rapidly. 

i 
e-.-.-.-e-.- 
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Fig. 7. Permeabilities of the copper tubes descdbed in Fig. 5. 12cm coil diameter, solid lie (0): 
6U-cm coil diameter, dashed lie (x 1; Ktheoc.,., dotted and dashed line. 

Surprisingly, when the deformation of the circular cross-section of the tubes is 
minimal, e.g., a = 0.9, the mixing effects are not small, even for larger diameter tubes. 
These tubes and those shown in Figs. 6 and 7 were prepared from circular cross-section 
tubes of identical I.D. [Le., d = 2.0 (3.2) mm]. In Fig. 8 the dispersion in a loosely 
coiled @O-cm diameter) copper tube with b/a = l-8/2.2 mm is shown. The dispersion, 
h, decreases continuously with increasing velocie, from 7.5 cm at u = 30 cm/set to 
5.5 cm at the onset of the turbulence, LC = 78 cm/xc. As the speed is further increased 
the h value suddenly decreases to 2.5 cm and decreases further with increasing velocity, 
reaching I.5 cm at u = 110 cm/xc. The dashed line in Fig. 8 is an impressive demon- 
stratZon of the fact that the h vs. u curve is sensitive to the onset of turbulence. 

The usual 12cm coil diameter gives, when u = 30 cm/xc, an h value of 4 cm? 
which is virtually half that of the 6O-cm coil. Once again it is demonstrated that the 
effect of wiling is much greater on deformed tubes than on ideal tubes. 

Very similar radial mixing effkcts were achieved with larger tibes, e.g., a copper 
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Fig. 8. Cispersion in scarcely deformed upper “MstecY tubes. 12-cm coil diameter, solid line (0); 
GO-cm coil diameter, dashed lie (x). Panmeters as in Fig. 6, except that Q = 0.9. 

tube with b/a = 3.6/4.6 mm. Whereas in ideal tubes the dispersion is proportional to 
the second power of the tube diameter, for deformed tubes the dispersion varies much 
more gradually with increasing “bore”. 

The only ehtent so far described has been n-heptane, where a = 0.6 proved to 
be optimal. However, when water used as the eluent, the picture is completely changed. 
The optimal a value becomes 0.7 and the dispersion of an inert sample becomes 
greater_ 

Fig. 9 shows the results obtained with water as eluent, using a copper tube 
with b/a = O-35/0.6 mm. Thk tube was made from a tube of the Same original cross- 

Fig. 9. h vs. u and K vs. u curves for a copper “S tube with water as eluent. h vs. u curve, 
solid line (x); K VS. u curve, dashed J.ine (0); KmcoS:c. vs. q dotted and&shed line. Parameters as 
in Fig. 5, except that a = 0.7 and the sample was acetone_ 
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section, d = 0.5 (1.5) mm, as that shown in Fig. 5. The h values obtained with water 
are much worse than those obtained with n-heptane. The tr VS. u curve shows both a 
maximum and a minimum. Et is reproducible however, and such surves are not ID- 
common when water is used as the eiuent Such a geometry cannot be used with water. 

Much better results are obtained, with water as the eluenf, by using a tube 
having the same tz value (O-7), but a larger cross-section, b/t2 = 0.98/1.6 mm, as is 
shown in Fig. 10. Between 20 and 70 cm/set the k values decrease from 4 to 3 cm, 
and decree to 2.6 cm at u = 120 cm/see. 
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Pii. 10. Dispersion and permeability for a larger copper “hvisted” tube. h VS. u curve, solid line (x ); 
K VS. u curve, dashed line (0); IL,,,. vs. U, dotted and dashed lie. Parameters as in Fig. 9, except 
that d = 1.4 (2.0) mm. 

As can be seen in Fig. 11, the band broadening of an inert peak is a function of 
the kinematic viscosity of the eluent. Three eluents were used, methylene chloride 
(3.8-1O’3 St), n-heptane (X3- LOS3 St) and water (IO- 10e3 St), all at 22°C. As de- 
monstrated in Fig. 11, the lower the kinematic viscosity the smaller is k and the stronger 
the secondary ff ow. 

D~persfon Sn metal wavy tubes witk circular cross-section 

The wavy tubes with circular cross-section. described in this section are simple 
to prepare, simple in geometry and highly eEcient. The preparation of such tubes has 
been described above (Fig. 1). It is not necessary to define the geometry exactly. 
Tubes bent to this prescription behave reproducibly, independent of whether they are 

_ made -of glass, copper, alummz ‘urn or stainless steel. Further, the wall roughness is of 
only small importance_ 

The shape shown in Fig. I, with a bending diameter of 2-3 cm and a distance 
between the bends of 6 * 2 cm, was found by trial and error. If the distance between 
the bends was reduced to less than 1 cm, then the tubes were less efkient, although 
the dispersion properties were still acceptable. It is important that the circular cross- 



F&q 11. Band broadening for three different eluents in the same Ywis%xT capper tube. Dotted line: 
eluent, water (a); sample, benzene. Solid line: eluent, n-heptane (x); sample, benzeue. Dashed Jine: 
eluent, methylene chloride (0); sample, acetone. d = 1.0 (2.0) mm; Q = 0.6; L = 10 m; coiling di- 
ameter = 12 cm; intermodal distance = 25 mm. 

section of the tube be maintained relatively unchanged, othemise dead spaces may be 
formed. Zig-zag tubes witb sharp bends do not have comparable properties. As far as 
we know the dispersion properties of wavy tubes have never before been described. 

Radial mixing in a wavy tube can be explained as shown in Fig. 1. As the 
liquid flows round the bend, centrifugal force causes secondary Bow. When the liquid 
reaches the next bend, the direction of the centrifugal force is reversed and hence 
sd is the direction of the secondary flow. A ertain distance is required between the 
bends for this process to be at its most efficient. Eddies will occur in the straight 
portion of the tube. This effect is simikr to turbulent flow, however, at much lower 
flow velocities and with much better permeabilities. 

When wavy tubes are coiled, desirable dispersion properties are obtained at 
much lower linear velocities. Hence, only wavy tubes coiled around a 12-cm diameter 
form will be discussed here. Small h values are obtained with these tubes at low linear 
velocities (u -=I 50 cm/se@. 

A further surprising advantage of wavy tubes is that the h values ob&.zined me 
more or less independent of tke inner diameter of the tube, when this lies between 
0.25 and 4 mm. The k values are also raffier insensitive to the viscosity of the eluent. 
The h vs. TV curves of an ideal tube and of a wavy tube, made of the same material are 
compared in Fig. 12 with n-heptane as &rent. In this example extremely thick-walled 
tubing was used [d= OS(3.2) mml; however, identical results were obtained with 
d = 0.5 (1.5) mm tubing. As has been described previouslyl, in the velocity range 
SO-140 cm/set the ideai tube yielded deformed peaks, which could not be evahrated. 
The onset of turbulence occurs in the !deal tube at u = 2.20 cm/set (Re = 1870) when 

12 cm as k also shown in Fig; 13. Perfect turbulence is achieved at u = 245 
ZW wh& h = 1.75 cm. 
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Fig. X2. Band broadening in an ideal tube and in a circular cross-section, coiled wavy tube ((i = 
0.5 mm). Dashed lime, ideal (straight); solid line, “wavy”. d = OS (3.2) mm; L = 10 m; coiling 
diameter = 12cm;eluent. n-hepta.ne;sanpIe, benzene. 
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Fig_ 13. Permeabilities of the ideal and “waw” tubes de&bed in Fig. 12. Dotted and dashed line, 
ideal tube (measured); solid line, “wavy*’ tube. 

In contrast, the k values obtained in 
ually decrease monotonically with velocity 
decreasing from 2.8 to 1.8 cm. 

the wavy tubes are very small and grad- 
in the range 5-245 cm/xc, the k values 

As can be seen from Fig. 22 the k values and from Fig. 13 the permeabilities of 
the ideal and TarI tubes are identical in the region of complete turbulence. However, 
the k values of the wavy tubes at low velocities (U = 5 cm/set) are comparable to 
those obtained in the ideal tube in the complete turbulent region. 

The onset of Eurbulence cannot be determined for wavy tubes from either the 
k vs. u curve or the K vs. u curve (Fig. 13). Both k and K decrease monotonically. 
These curves are consistent with the model proposed for the flow in such tubes. 

Very similar results were obtained using 1- and 2-mm I.D. tubes. The results 
obtained with n-heptane for d = 1.0 (2.0) mm are shown in Fig. 14. The k values in 
the wavy tube again fell monotonically from 2.5 to 0.9 cm as u was increased from 10 to 
238 cm/set;. Complete turbulence was achieved in the ideal tube at u = 140 cm/set 
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Fig. 14. Band broadeniag in an ideal and in a “~a@’ tube ((i = 1.0 mm). Solid line, “wavy”; dashed 
line, ideal tube. Parameters as in fig. 12, except that d = 1.0 (2.0) inin. 

(Re = 2210). Above this velocity the dispersions for the wavy and for the ideal tube 
arc identical. Although the inner diameter of the tube is twice that in Fig. 12, the h 
values here are slightly better. 

The results obtained with d = 2.0 (3.2) mm tubes, again using n-heptane, are 
i&&rated in Fig. 15. In this instance the h values for the wavy tube decrease from 
2;6 cm at u =3cm/secto lcmatu= 131 cm/set. Although the tube diameter in 

Fig_ 15. Band broadening in an ideal and in a rrwayy’s tube (ri = 2.0 mm). Soiid line, ‘*vi”; 
dashed line, ideal tube. Parameters as in Fig. 12, except that d = 2.0 (3.2) mm. 
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this instance is four times greater than that in Fig. 12, the tr values are still very similar. 
Capillary wavy tubes are not suitable in LC. Their dispersions- are worse than those 
for wider tubes (d = 2-4 mm) and the loadability increases with the square of d. 

When a tube d = 4.0 (6.0) mm was used it had to be coiIed to a diameter of 
30 cm, instead of the usual I2 cm. The h values obtained in this wavy tube with n- 
heptane eluent decreased from.4.5 to 2 cm as u was increased from 3 to 42 cm/xc. 

The dispersion in a capillary wavy tube, d = 0.25 (0.5) mm, with water as 
eluent is shown in Fig. 16, in order to illustrate the fact that changing from n-heptane 
to water has no fundamental efkt in wavy tubes. This is true for tubes with an I.D. 
up to 4 mm. IQ the tube illustrated the h values decreased from 4 to 3 cm as u was 
increased from 10 to 263 cm/xc. This capillary wavy tube was littie better with 

n-heptane as eluent. 

a rao 2ca u’ ~mkec] 

Fig. 16. Band broadening in an ideal and a “wavy*’ capillary tube (d = 0.25 mm) with water as eluent. 
Solid line, “wavy”; dashed line, ideaI tube. d = 0.25 (1.5) mm; L = 10 m; coiling diameter = 12 cm; 
e&n& water; sample, acetone. 

To summa&e, wavy capillary tubes (d = 0.25-0.5 mm) result in h values from 
about 4 cm at u = 10 cm/set to 2.5 cm at u = 250 cm/xc. In wider tubes (d = O-75- 
L .4 mm) the h values decrease from 4 to 1.5 cm as u is increased from IO to 250 cm/xc. 
Tolerable dispersions are obtained with 4-mm tubes. However, the optimal diameter 
for wavy tubes is 2 mm, as demonstrated in Fig. 15. The h values obtained at low 
velocities in wavy tubes are only slightly worse than those obtained in both ideal and 
wavy tubes in the fully turbulent region. 

The permeability of a wavy tube as a function of u is illustrated in Fig. 13. 
Similar curves were obtained for all other wavy tubes. If the linear velocities in the 
wavy tubes are adjusted to Re = lW0, then the permcabilitics are 50 oA of those of the 
corresponding ideal tubes (K = d*/32). At low velocities the permeabilities are iden- 
tical in ideal and in wavy tubes. The change in K with increasing u is continuous for 
wavy tubes. 



Metat wavy tubes of oval cross-section 
Various ways of coiling the oval wavy tubes around the 1 l-cm diameter form 

were studied. When the tubes were coiled on to the form either all laid flat or alter- 
nately laid flat and on edge, the dispersions obtained were considerably worse than 
those with circular cross-section tubes. 

When the wavy tubes were coiled entirely on edge, the dispersions obtained 
were better than those in squeezed, twisted and coiled tubes. However, they were not 
better than those achieved with the simpler to construct circular wavy tubes. 

Twisting oval tubes before waving and coiling them brought about a very small 
increase in eZiciency, which was not worth the extra complication. This approach was 
therefore abandoned. 

Appkabikty of wavy tubes to LC 
A 100 m long, 1 mm I.D. wavy tube column will generate, for an inert peak, 

about 6300 theoretical plates at LL = 100 @sec. The pressure drop over the wavy 
column will be, for n-heptane, about 26 bar and the hold-up time will be 100 sec. 

The number of plates generated in an ideal tube of the same Iength and inner 
diameter under identical conditions (Re = 1700) would be 29 with a pressure drop of 
13 bar. That is, making the tube wavy increases the number of plates by a factor of 
about 220. 

If the inner diameter of the wavy tube is increased to 2 mm, while the length and 
linear velocity remain as before, then more plates (7100) are generated. It is not 
reasonable to compare this wavy tube with an ideal one under these conditions, 
because Re = 3400 and hence the flow would be turbulent. 

Until now narrow capillaries have been used in chromatography, with I.D. 
100-500 pm for gas chromatography and 15-100 pm for LC. The wider wavy tubes 
described above offer several advantages: (a) much simpler apparatus (pump, 
fittings, detectors); (b) the sample size couid be increased by a factor of a 100 or more, 
i.e., to the “semi-preparative” scale; (c) the time of analysis ought to be dramatically 
reduced, 60-70 plates/set being generated for the inert peak-The disadvantage, of 
course, would be an increased consumption of eluent. 

Such wavy tubes would only be useful for LC if a thin, stable and even layer 
of stationary phase could be deposited reproducibly on their walls. Our experience 
with ideal and deformed tubes and the experience of other groups with ideal tubes 
indicate that a satisfactory method of coating the tubes has not yet been found. The 
efficiency for retained peaks, including those with the smallest capacity ratios, is 
unfortunately less by a factor of 2-10 than that obtained for the inert peak. 

Deformed PTFE tubes 
Chemically resistant PTFE tubes could be of interest as reaction detectors or as 

heat exchangers. The PTFE tubes were wound on to the form described in Fig. 2 to 
give a slightly modified wavy tube. 

The h vs. u curves are shown in Fig. 17 for PTFE and copper tubes (d = 
0.75 mm), which were wound around the ball-shaped form. The eluent was water. 
There is little difference between the two curves and they are similar to those achieved 
with the previously described wavy tubes. This also applies to the K vs. tc curve for 
the PTFE tube, which is also illustrated in Fig. 17. Although our PTFE tube was 
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not wetted by water, the results were little different than those obtained with a well 
wetted clean metal tube. In wavy tubes the ability of the eluent to wet the wall ev- 
idently has little infiuence on the dispersion. 

The geometry described above for plastic tubes is not optimal. Better geom- 
etries will be discussed in a further paper concerned with reaction detectors. 

Fig. 17. Comparison of modified copper and FEE ‘*wavy’* tubes. Dashed and dotted lime, Klhcw(_; 
dashed lime, mezsured penneabiity of the PTFE tube: solid line, h.vah~es in the PTFE tube; dotted 
line, h values in the copper tube. The circular cross-section tubes were formed as shown in Fig. 2. 
d = 0.75 (2.0) mm; L = 10 m; eluent, water; sample, acetone. 

CONCLUSION 

There is no theory of dispersion in deformed tubes, because the necessary 
Navier-Stolces equations have not yet been solved. Therefore, any attempt to improve 
the dispersion in open tubes by deforming them must be empirical. We have found it 
convenient in this work to adapt Deininger’s extended definition of laminar flow, 
which includes the case of very strong secondary flow=. 

Increased speed of radial mass transfer is of interest in heat exchangers, con- 
necting tubing, reaction detectors and in LC. Until now the proposals for LC have 
been (a) the use of turbulent flow and (b) the use of very narrow (d < 25 pm) tubes. 
The Grst proposal requires high pressure drops and rapid mass transfer in the station- 
ary phase is required. The second proposal involves enormous instrumental difkulties. 

Our intuitive approach was to progress from discontinuously deformed 
tubes18*21 to continuously deformed tubes of a sophisticated nature, extending our 
previous treatmenP using squeezed, twisted and coiled tubes (here designated “twist- 
ed”). Our aim was to produce tubes exhibiting h values at low linear velocities which 
were as small as those in the turbulent region. 

When “twisted” tubes were studied in detail it was found that: 
(1) wall roughness was unimportant; 
(2) the optimal squeezing ratio, a = b/d, was 0.6 for n-heptane and 0.7 for 

water; surprisingly, deformations as small as 0: = 0.9 were also effective; 
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(3) the optimal internodal distance was 25 mm; 
(4) on coding, the dispersion in twisted tubes, as Ln otfiet deformed tubes, 

decreased much more than in ideal tubes; 
(5) in coiled twisted tubes, as in other deformed tubes, laminar flow was 

stabilized and extended to higher linear velocities; 
(6) the optimal coiling diameter was 12 cm; 
(7) the dispersion at velocities of less than 50 cm/set was much better than in 

ideal tubes, being about twice that in the turbulent region; 
(8) the dispersion of an inert peak was a function of both the tlattening of the 

tube (a) and the kinematic viscosity of the eluent; 
(9) the permeability, K, at Re = 1000 was 50% of that in an ideal tube. 
The properties of “twisted” tubes are not perfect and our experience with them 

led us to the simple geometry of the wavy tubes with circular cross-section, as il- 
lustrated in Fig. 1. They are very simple to prepare and, as the exact shape of the waves 
is unimportant, no detailed description of their preparation is required. It is important, 
however, not to kink the tube, so that no dead spaces are introduced. Some of the 
properties of these tubes are: 

(1) the composition of the tube seems unimportant, glass, copper, aluminium, 
stainless steel and plastic all being suitable; 

(2) it is extremely important that the column be coiled; 
(3) typically h = 4 cm when u = 10 cm/set and decrease continuously to the 

h value obtained for turbulent flow in an ideal tube (h a I cm) as CL is increased; 
(4) h varies little with I.D. within the range O-25-4 mm; 
(5) the dispersions are actually minimal at 2 mm I.D. ; 
(6) the dispersion is independent of the kinematic viscosity of the eluent; 
(7) the wettability of the walls of the tube is unimportant; 
(8) the h VS. u and the K vs. u curves are smooth, so there is no transition to a 

turbulent region; 
(9) as in ‘twisted” tubes, the permeability is 50% of that of an ideal tube at 

Re = 1ClOO. 
With existing techniques an even coating of stationary phase cannot be applied 

to open tubes, so that the efficiences for retarded peaks are remarkably low. If this 
problem were to be solved, then wavy open tubes would have the following advan- 
tages: ‘_ 

(1) a high number of plates would be generated per unit pressure; 
(2) the speed of analysis would be much higher than that achievable in coiled 

ideal tubes; 
(3) because of the large inner diameters (l-4 mm), larger samples could be 

separated and instrumental difficulties would be minimized. 
Oval wavy tubes offer no advantages. 
The dispersion in modified wavy plastic (PTFE) tubes is identical with that in 

metal tubes. The chemical resistance of such tubes could be of interest for reaction 
detectors. 

This work was necessarily performed by trial and error and hence much more 
experimental work was required than is described above. This has been reviewed in 
more detail by Hofmann24 
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LIST OF SYMBOLS 

Q (cm) 
b (4 
d (cm) 
h (cm) 
K (cm2) 
K thcorct. (cm? 
L (cm) 
C (cm) 
Ap (dyne/cm2 = 10s6 bar) 
r (cm) 
R (cm) 
Re (-1 
St (cm’/sec) 
u or ii (cm/se@ 
Q! = i3Jd 
q (g/cm set OF Poise) 
I (cm’/sec OF Stokes) 

the length of the major axis of an ov2L tube 
the length of the minor axis of an oval tube 
inner diameter of the open tube 
height equivalent to a theoretical plate 
specific permeability 
specific permeability as calculated by Canaan’s methods 
column length 
distance between the bends of a wavy tube 
pressure drop over the column 
radius of the open tube 
radius of the bends of a wavy tube 
Reynold’s number 
Stokes 
cross-section averaged linear velocity of the mobile phase 

dynamic viscosity 
kinematic viscosity 
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