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SUMMARY 

A summary of the hydrodynamics relevant to open tubes is presented. The 
band broadening of unretained samples in ideal and coiled tubes with circuk cross- 
sections (0_25-4 mm I.D.) was measured with n-heptane and water.as eluents. The lack 
of any appreciable interference from instrumental factors is substantiated by the e& 
perimentahy determined ditTusion coeficients and critic.4 Reynold’s numbers. It is 
shown that carefully prepared copper tubes behave as ideally as the corresponding 
glass tubes. With decreasing tube diameter, wall roughness &ads to greater radial 
mass transfer. This effect is evident in 0.25~mm 1-D. copper tubes and OS-mm {or 
even 0.7%mm) I.D. stainless-steel tubes, md can he ttsed to advantige in constru$ting 
heat exchangers, connecting tubes or reaction detectors in liquid chromatogra@hy. 

It is shown for the first time that the onset of turbuiencc cau be &kckcl with 
considerably higher sensitivity by means of tn V~KGUS u curves thnn by the K.rersrcs EI 
curves used previously. 

.’ 

It is shown that at the onset of turbulence the specific perme+iity c+re&s 
by a factor of about 3. Band broadening in the turbulent retion was found to be ten 
times greater than that cakulated on the ba@s of the friction theory of Taylor,. tip- 
parently because laminar conditions prevail in a substantial portion of the tube croks- 
section. 

If an ideal tube is coiled, its specitic permeability decreases tith increasing 
velocity. Furthermore, coiling stabilizes “Iaminar” flow and *he beginning of the 
turbulent region is shifted to higher Repold’s number (i.e., higher vekci&s).~ 

It is shown that, as the inner diameter of the open tube decreases, higher 
linear velocities are required in order to decrease band broadening substantiahy (e.g., 
by a factor of 5) for coiled tubes than for ideal tubes. For example, a linearvehkity of 

250 cm/set is necessary to achieve this factor of 5 with 0.2Emm H.D. tubing, even 
though the presence of secondary flow is indicated by the K\Term ncurveat U-P-’ TO knf 
sec. For liquid chromato_maphic separations tubes narrower than 0.25 mm I.D. are 
essential. Therefore, at acceptable linear velocities (<SO cm/kc), the coiling of an 

l Part II: I. Halbz, J. Chromrogr., 173 (1979) 229. : 

*I Part of t&e Ph.D. Thesis of Kurt Hofimam, University of Lizarbticken, &arbr?i.cken, 19375. 
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ideal tube will not reduce band broadening appreciably in comparison with that in 
straight (ideal) tubes. 

Seccndary flow effects at high velocities, however, may decrease the tr values 

markedly_ The h valce in a coiled tube of 1.2 mm I.D. was 290 times smaller at 
II = 250 cmjsec than in a corresponding ideal tube. 

INTRODUCTION 

In gas chromatography, the principal advantage of open tubes (capillary 
columns) over packed columns lies in the considerably greater number of theoretica 
plates (n) that can be generated per unit -pressure dropI. In liquids the diffusion co- 
efficients are about IO4 times smaller than in gases, which resuhs in greater band 
broadening in liquid mobile phases. Further, the ca. lOO-fold higher viscosity of liquids 
compared with gases requires a greater pressure drop over the column to achieve the 
same linear velocities for similar tube geometries. Consequently, efforts have con- 
stantly been made to apply the advantages of open tubes to high-performance liquid 
chromatography (HPLC). 

‘TiGs paper compares the behaviour of ideal open tubes in the region of laminar 
and turbulent flow and discusses the radial mass transfer within them. In Part IT, 
potential applications of ideal and coiled open tubes in liquid chromatography are 
discussed. Part II also describes the advantages of other types of geometrically de- 
formed tubes*-‘l, which stem primarily from the more rapid radial mass transfer 
within them. This is not only essential in Iiquid chromatography, but is also desirable 
for heat exchangers8, mixing tubes (includin, * reaction detectors), and connecting 
tubing between the sampling device and the column and between the column and the 
detector in HPLC. 

In classical hydrodynamics, the various types of flow (e.g., laminar and 
turbulent) are described in terms of the specific permeability, K, (which will be 
abbreviated to permeability) as a function of the cross-sectionally averaged linear 
velocity; ~1. It will be shown that the relative band broadening, h, (also called the 
height equivalent to a theoretical plate) is a more sensitive function of the type of flow 
than the permeability. Therefore, the ordinary chromatographic method may be very 
useful in hydrodynamics_ 

This paper describes only the properties of inert sampIes (V = 0), as band 
spreading can only increase with increasing capacity ratios, k’. 

As chromatographers are not always conversant with the basic principles of 
hydrodynamics, a brief description will be presented first. It will be demonstrated by 
measurements in ideal tubes that no additional barrd broadening accrues from the 
apparatus. Finally, the hydrodynamic properties of geometrically deformed tubes 
(coiled, squeezed, twisted and undulated) fabricated from various column materials 
[glass, copper, stainless steel, aluminium and Teflon) wi!l be described. 

r 
FUNDAMENTAL PRINCIPLES OF HYDRODYNAMICS s 

In this summary, the usual detaiIed and thorough treatment of hydrodynamics 
will be dispensed with. 
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Liquid flow in ideal tubes 
Ideal open tubes are straight tubes with a constant circular cross-scctionp, a 

smooth inner wall and smooth inlet and outlet surfaces. The tube must be tong enough 
that disturbances at the inlet and outlet are negligibly sma& 

The compressibility of liquids’” will always be neglected. 
For laminar flow in ideal tubes, it will be assumed that: ’ 
(a) there are co-axial layers in the flowing medium where the Vekicity is 

constant; 
(b) except for diffusion flow, no radial flow takes place; 
(c) the cross-sectionally averaged linear velocity cam be described. by means of 

the Hagen-Poiseuille equatiou13*1c: 

KAP P2dF 
u=-=_ 

VL %L 

(see list of symbols at the end of the paper); 
(d) the maximum linear velocity at the centre of the tube is 

K mm= =2u (2) 

(e) for “real” tubes the len,@h of the inlet disturbance, L,, (ref. 15) is given by 

Le= Iood=2cmr (3) 

(f) the Reynold’s number, Re, is less than 2KlO-23OC4 where 

Re = 
odu 3ru c=- 

B Y 

(g) the permeability, K, is not a function of the linear velocity; 
(h) the wall of the tube is inert, i.e., thkre is no interafztion bctweca the wah 

and the liquid phase. 

Mass transfer processes in ideal tubes 
As shown by Taylorr6, dispersion in flowing liquids is not an isotropic property. 

Ark” extended the theory of-Taylor to include axial diffusion for dispersion in ffoting 
liquids and gave the dynamic diffusion coefficient as 

D dyn = .m 

Based on additional conclusions of Ark, D,,, may be substituted in the unidimension- 
al Einstein diffusion equationlB: 
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and rewritten5 in chromatographic nomenclature as 

(7) 

For zi > 0.01 cm/set, the first term on the right-hand side of eqn. 7 becomes ne- 
&ible for liquids (this is identical with the approach of Taylor), and thus the Aris 
theory to a good approximation can be written as 

h 
r2u 

=- 
240 (8) 

Golay’ extended the Aris theory to include mass transfer at non-inert tube wails. 
It should be noted here that the Golay equation is not valid even for coiled tubes, let 
alone _geometrical!y deformed tubes. 

Turbulent j7ow in ideal tubes 
To a first approximation, if Re > 2300 the flow becomes turbulent_ With the 

onset of turbulence a substantial distortion of the flow profile15*i9 occurs, in relation 
to laminar flow. As a result of the radial flow that appears on reaching turbulence, 

Ii mnx = 1.22u (9) 

For turbulent flow the length of the inlet or outlet disturbance is 

L,=4Od WV 

Formally, eqn. 1 can also be applied to the turbulent region by taking into 
account that K decreases monotonically with increasing flow-rate, as will be shown 
experimentally. In the transition region from laminar to turbulent flow the perme- 
ability decreases sharply at first and then more gradually. The theory of turbulent 
iiowl’ will not be discussed here, as it is beyond the scope of this paper. 

-In chromatographic discussions, it has frequently been suggested that opera- 
Iion in the turbulent region should optimize dispersion and mass transfer both for gas2 
and liquid chromatography. However, it is sometimes overlooked that the high 
velocities and lower (poorer) permeabihties necessitate a higher pressure drop over 
the column by up to a factor of 3. This aggravates almost all instrumental problems. It 
is also open to question whether the rate of mass transfer in (or on) the stationary 
phase can keep up with this high linear velocity of the mobile phase. At such high velo- 
cities, the risk of mechanical erosion should not be underestimated.. 

Liquid flow in coiled tubes with a circular cross-sectiotr 
In coiled tubes with a circular cross-section, a radial mixing flow occurs, which 

is calkd secondary ~Iow’*~~~. This secondary flow is caused by the centriftgal forces, 
f- These forces can be related to the vo!ume element, V, for convenience and can bz 
described by 

f pu’ -=- 
V R 

(11) 
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where g is the density of the flowing medium and R the distance from the tube axis. 
This disrupts the flow profile to the extent that the radial mixing equalizes the velo- 
city differences to a certain extent. This radial mass transport is desirable for chroma- 
tography and heat exchangers. Whenever secondary flow occurs, the permeability 
becomes a monotonically decreasing function of the flow-rate even in the “laminar” 
region (Re -c 2300) and the onset of turbulence is displaced to seater Reynold’s 
numbers. 

Coiling produces the least geometric change in ideal tubes, but it is then no 
longer possible to give an explicit mathematical description of the flow profile or of 
the mass transfer phenomena. These problems become even more difficult for more 
complex geometric forms such as oval cross-sections (squeezed) and/or twisted shapes. 
In such instances only the experimental results can be presented, systematically if 
possible. 

EXPERIMENTAL 

Chromatographic equipment 
The measurements were performed with a home-made apparatusx*~2’~23. A 

piston diaphragm pump (Orlita, Giessen, G.F.R., Type S 15) was used to pr0vide.a 
pulseIessZ3 flow of eluent. The sampling device2’ and the home-made UV detector 
(254 nm) were adapted to the tubes”, so that the inlet and outlet disturbances were 
negligible. The dead volumes of the apparatus were minimized and the detector re- 
sponse times were optimized to measure real phenomena within the limits of error 
given. 

Preparation of glass tubes 
A sophisticated apparatus was developed” by means of which even glass tubes 

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

Treatment of metal tubes 
The metal tubes were rinsed with m’ethylene chloride before use. In order to 

smooth and harden the material (copper), the straight tubes, before being stretched, 
were carefully coiled around a ca. II-cm diameter cylinder under a light tensile 
strain. Any residual ripples in the tubes were negligible, as evrdenced by the fact that 
essentially literature values were measured for Recric and D. The copper capillary and 
stainless-steel tubing with more or less smooth inner surfaces were obtained from 
Schoeller (Hellenthal/Eifel, G.F.R.) and the aluminium tubing with a smooth inner 
surface from Cochius (Frankfurt/Main, G.F.R.). 

Mobile phases and samples 
The following eluent/sample systems were used: (a) n-heptanell vol.- % ben- 

zene in rr-heptane; (b) methylene chloride/l v01.-~/~ benzene in methylene chloride; 
and (c) water/S v01.-~/~ acetone in water. 

The amounts of sample varied between 2 and 10 ~1, depending on the tube 
diameter, All measurements were carried out at room temperature. 
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For the calculation of Reynold’s numbers, the following values were used: 

Density Dynamic viscosity Kinematic siscositJ 

fglcnf+) (Poise) (Stokes) 
n-Heptane 0.68 4 . 10-S 5.9 - 1o-3 
Water 1.0 10 - 10-A 10 - 1o-3 

Eralhation of the chromatograms 
The relative band broadening (Iz values) was calculated by means of the 

equation 

/I =$ 
0 

w 

The /z values were usually reproducible to better than &-S%. 
The permeability, K, of the tubes was calculated by means of eqn. 1. Mano- 

meters of grade 1.0 were used. Except for unusually difficult cases, the accuracy of 
these measurements was better than -&lo%. The determination of the centre of mass 
of some peaks with ideal tubes was particularly difficult. 

MEASUREMENTS WITH IDEAL TUBES 

n-Heptane as mobile phase 
Most measurements were carried out with 10-m tubes. As will be shown, the 

pre-treated copper usually behaved ideally and therefore no measurements with glass 
tubes are described here. 

In the folldwing sections, typical experimental results will first be discussed in 
detail for the l-mm I.D. tubing. All other results, for tubing between 0.25 and 4 mm 
I.D., will -be presented subsequently in order of increasing diameters. 

Fi,o. 1 shows the permeability, K, of an ideal copper tube (1 mm I.D. x 2 mm 
0-D.) 2s 2 function of the cross-sectionally averaged linear velocity, ZL The turbulent 
region (Re = 2040) was attained at Zl,,il = 120 cm/set. The K values in the laminar 

Fig. 1. K rerms ~1 cuwe for an ideal open tube (I.D. 1 mm). Copper tube (1.0 mm I.D. x 2.0bm 
O.D.), L = 10 m. Eluent, n-heptane; sample, ‘benzene; room temperature. 
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Fig. 2. h ver.suT 11 curve for an ideal open tube. Conditions as in Fig. 1. 

re_gion correspond to those calculated via eqn. 1 (K,,, = 3.1 - lo+ cm”). When u was 
increased to 2 U,-,it (240 cm/set) the permeability deteriorated by a factor of 3. The 
experimental scatter shown in Fig. 1 is characteristic of the accuracy-attainable with 
ideal tubes. 

Fig. 2. depicts the iz rerws u plot for the same copper tube. In the laminar 

region, even careful and rapid -sample application yielded asymmetric peaks if the 

residence time, t, in the tube was not ions enough. As can be seen, the’ Iz values could 

be calculated if u < 30 cm/set (t > 33 set). In this region, the experimental h values 

agree with those calculated from the Taylor approximation (eqn. 8). In the laminar 

region with 30 -C u -C 120 cm/set the peaks were asymmetric and therefore could not 
be evaluated (dotted line in Fig. 2). At higher velocities the dotted line shows the cal- 

culated (eqn. 8) h values. In the turbulent re_gion (U > 120 cm/set), very symmetrical 

peaks were obtained. At tl = 130 cm/set the relative band broadening decreased 
abruptly (iz = 2.5 cm) and continued to diminish slowly with increasing U. As later 
measurements showed, and as has already been pointed out earlier5, an h ~eersu.s LI 

plot is a substantially more sensitive indicator of the type of flow of a liquid than is 
the hydrodynamic quantity K. 

Measurements similar to those discussed above were carried out at room tem- 

perature with 10 m x OS-2-mm I.D. cop-per tubes. The results arc summarized in 

TABLE I 

EXPERIMENTAL PARAMETERS DETERMINED IN IDEAL OPEN TUBES 

Eluent, n-heptane: sample, benzene; room temperature. 
-_-___ -___ 

I.D. x 0-D. of tube N.Y” lJllmb Lb Dca~c * 10’ 
(Nm) (crtrjsec) (cmjsec) (cm) (cdlsec) 

0.5 x 1.5 78 230 2.3 3.3 
0.75 x 2.0 35 170 2.2 3.4 
1.0 x 2.0 25 130 2.0 3.4 
1.2 x 2.0 20 115 2.5 3.4 
1.4 x 2.0 15 90 3.0 3.6 
2.0 x 4.0 6.4 60 3.0 4.1 
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Table I. The first column lists the inner or outer diameter of the tube. The second 
column (u,_,,) indicates the maximum linear velocity at which symmetrical peaks are 
still obtained and at which the rise of the h ~r.sus u curve is linear. The next two col- 
umns (tlrurb and It,,,,) give the velocity and the relative band broadening at incipient 
turbulence, respectively. It is noteworthy that the onset of turbulence was almost always 
manifest at lower velocities in h versus u curves than in K versus u plots, even thou_gh the 
velocity-differences were within the probable error limits (CCL 5-lOo/0). The calculated 
diffusion coeffici‘ents, Dcalcr of benzene in rt-heptane (last column) will be discussed 
later. In this study the onset of turbulence occurred between Reynold’s numbers of 2040 
and 2160. 

The data in Table I substantiate that the apparatus had been carefully con- 
structed and that the inlet an:; yutlet disturbances, with exception of the last row of 
results, were negli_eible. 

In contrast to the tubes evaluated in Table I, the roughness in 0.25 mm I.D. x 
1.5 mm’0.D. tubes was not negligible (Fig. 3). The It rerSu.s u CUNe is linear up to 
u = 70 cm/set, then flattens out, passes through a maximum and declines sharply. 
The measurements were extended to II -= 515 cm/set, the onset of turbulence (Re = 
2180). However, complete turbulence could not be achieved, as is evident from the 
/I I*ersus u curve. In “roush-walled” small-diameter tubes, the transition from laminar 
to turbuient flow appears to take place continuously. 

5X u [cmheci 

Fig. 3. h W~SUS I( curve for an open tu’be (I.D. 0.25 mm) with wall roughness. Conditions as in Fig. 1, 
except 0.25 mm I.D. s 1.5 mm 0-D. 

It should be noted that the degree of unevenness of the inner wall of the copper 
tubing was independent of the diameter. Hence, the smaller the inner diameter, the 
greater is the effect of the roughness, as can be seen from Table I and Fig. 3. This effect 
is considerably more pronounced with stainless-steel tubes. A small inner diameter 
and a rough wall destroy the classic laminar flow and enhance radial mass transfer. 
Such tubes are to be preferred as connecting tubing for liquid chromatogaphic 
equipment and heat exchangers. However, with decreasing diameter clogging of these 
tubes becomes more likely, especially if they are connected after a packed column 
where particles may be discharged. I 

Band broadening in the turbulent region of open tubes. The friction theory of 
turbulent flowzJ was used by Taylor to calculate dispersion in tubes in that region for 
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the first time. It is postulated that radial fluctuations extending to the tube wall are 
superimposed on the axial flow of liquid. A calculation based on this friction theory 
yields h = 7.4 - low2 cm for a i-mm I.D. tube and an eluent velocity of N = 176 cm/ 
set (Re = 3MKl) (p. 45 in ref. 11). The experimental It value in Fig. 2, however, is at 
least 10 times greater. This discrepancy can be explained by the Prandtl boundary 
layer theory of turbulent flow 1gJsJ6_ Based on our experimental results, up to 20 oA of 
the cross-section of a “turbulent” flow consists of a laminar layer flow. In other words, 
in the turbulent region the experimentally determined dispersion is .at least 10 times 
that calculated from the friction theory. 

Determination of diflksion coeficients (0) in ideal tubes. The diffusion coeffi- 
cient of a substance in a particular eluent can be determined from .the ascending 
portion of an h versus tl curve with the aid of eqn. 8. As can be seen from-the Frst 
five values in the last column in Table I, the DCJIC value for benzene in rr-heptane is 
calculated to be 3.3 - 1O-5-3.6 - loss cmZ/sec at room temperature. These values are 
based on the low sample concentrations (< 100 ppm) encountered in open chromato- 
graphic columns. A value of D = 3.7 * 10s5 cm’/sec is calculated for this system from 
the Wilke-Chang equation 27 Such excellent agreement must be regarded as fortuitous, _ 
but it nevertheless does indicate that mechanical mixing (due to inlet turbulence, wall 
roughness, etc.) was negligible in the copper tubes used. 

Water as mobile phase 
Water was selected as the second mobile phase because its kinematic viscosity, 

v, is about double that of rz-heptane and because it is frequently employed in chroma- 
tography. The dispersion properties of acetone (as sample) in water were determined 
in all of the copper tubes described in the previous section. The inner diameters of the 
tube calculated using eqn. 1 were independent of whether water or n-heptane was the 
eluent. The shapes of the h versus u curves for water were similar to those obtained for 
n-heptane (Fig. 2). The most important experimental results are summarized in Table 
II. 

TABLE I I 

EXPERIMENiAL PARAMETERS DETERMINED IN IDEAL OPEN TUEES 

Eluent, water: sample, acetone; room temperature. 

I.D. x O.D.ofrube, uBln kub 
(nun) i (m/se4 (cm/see) 

h 1YIC Dca,c - IO= 
(Cl?l) (cd/set) 

0.5 x 1.5 20 330 5.3 1.1 
0.75 x 2.0 16 280 2.5 1.3 
1.0 x 2.0 - 8 222 2.0 1.4 
1.2 x 2.0 a 170 4.0 1.3 
1.4 x 2.0 8 167 5.0 2.6 

Because of the higher kinematic viscosity of water, u_, is smaller than with 
n-heptane. However, u,~, is not strictly proportional to D. Before complete turbulence 
is reached, the peaks are symmetrical and the It values decrease very steeply with in- 
creasing velocity, as a result of which the determination of u~,,~ and hCurb is imprecise. 
The same is true of the measurements of u,_. The diffusion coefficient of acetone in 
water was calculated to be 1 .I - 10-5-l.4 - 10e5 cm2/sec. 
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The roughness of the wall of the 0.25 mm I.D. x 1.5 mm 0-D. copper tubing 
was also noticeable in this instance. The turbulent region with water could not be 2 
attained .&cause the pressure drop of about 500 atm required to achieve u = 804) 
cm/set was not compatible with the sampling device used. As shown in Fig. 4, h rises 
linearly to ~1 = 40 cm/set and then increases more slowly until a plateau of h m 60 
cm is reached. Particularly noteworthy is the large experimental scatter when ZL > 160 
cm/set, which is greater than the experimental uncertainty. When the wall roughness 
is sot negligible, characteristic curves are obtained such as those shown in Fig. 4. 

The inlet and‘ outlet disturbances in 1.4 mm I.D. x 2.0 mm O.D. tubes also 
led to excessively high calculated diffusion coefficients, as shown in Table II. 

h ’ 
[cm; 

SC- 

C 1cc 2&l u fcrdse:l 

Fig. 4. h ~erssus u curve for an open tube (I.D. 0.25 mm) with waI! roughness. Copper tube (O-25 mm 
I.D. x 1.5 mm O-D.), L = 10 m. Eluent, water; sample, acetone; room temperature. 

MEASUREMENTS ON COILED TUBES WITH A CIRCULAR CROSS-SECTION 

n-Heptmte as mobile phase 

In order to simplify the comparison between the flow properties of ideal and 
coiled tubes, the lengths and inner diameters of the copper tubes were kept constant 
and the measurements were carried out with n-heptane as mobile phase and benzene 
as sample. Unless stated otherwise, the coil diameter was always 12 cm. 

Fig. 5 depicts the permeability as a function of the velocity in a 1.0 mm I.D. X 

2.0 mm 0-D. coiled copper tube (solid line). For comparison, the data for the corre- 
sponding ideal tube, which have already been presented in Fig. 1, are included (broken 
line)_ 

As can be seen from Fig. 5, the permeabilities of the ideal and coiled tubes 
coincide only at very low velocities. The permeability of the coiled tubes decreases 
steadily with increasing u and continues thus into the turbulent region of the ideal 
tube. For liquid flqw in coiled tubes, the critical velocity corresponding to the onset 
of turbulent flow can no longer be determined accurately. 

Fig. 6 shows that the dispersion in the coiled tube is greatly reduced as a 
result of the secondary flow. The difficulties with sample introduction in the case of 
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Fig. 5. K versus u curve for a coiled tube (I.D. 1 mm). Copper tube (LO mm ED. X. 2.33 min O.D.), 
L = 10 m. Coil diameter: 12 cm. EIuent, n-heptane; sample, benzene; room temperat.pre. Solid line, 
coiled tube: broken line, ideal tube. 

the ideal tube, Le., peaks that cannot be evaluated (Fig. 2), are absent here as a result 
of the extensive mixing created by the secondary ffow. However; tke expwimenti 
scatter in the velocity range 30-120 cm/see is greater than for the ideai tubes_ _ 

Turbulence in coiled tubes appears later (Re = 2900, u w 170 cm/see) than in 
ideal tubes. Coiling stabilizes “laminar” cow as a result of the secondary fIow_ 

A comparison. of Figs. 5 and 6 indicates that h VISSUS zc plots are a more se&i- 
tive indicator than K versus u eumes of the onset of turbulent &NJ_ 

In the laminar region the ratio of Ir values for ideal and coiki tubes increaks 
with increasing velocity. As is evident from Fig. 6 and c&&ted f?om eqn. 8, tbis 
ratio is about 40 at u = 120 cm/set (ILtdenL = 380 cm and tz,II = 9 em, D = 3.3 - KkS. 
cm’/sec). 

The h &SW u and K versus u plots for the 0.25 mm’ I.D. x 1 S mm 0.D. coiled 
copper tubes are presented in Fig. 7. The measurements were +zarkd ogE only np ta 

the permeabi&y was tower U = 250 cm/see (Re = 1060). Owing to wall roughness, 
than the calculated theoretical value of 1.95 - 10LS cmz, even aE low vekkty; it de- 

h 
Km1 

t 

.P. 0 too 233 

Fig. 6. k versa K curve for a co&d tube (LD. 1 nrm). and&ions a~ in Fig. 5. 
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creased with increasing velocity from 1.5 - lo-' to 1.0 - lo-’ cm2. It is noteworthy 
that owing to wall roughness the same permeability (1.5 - IO-5 cm2) was found in a 
straight tube of the same diameter (Fig. 3), although in this instance K remained 
independent of velocity up to u = 2.50 cm/set. 

The lz WMUS u curve in Fig. 7 is considerably flattened as a result of the second- 
ary flow caused by the coiiing. Even though secondary flow also occurs in the straight 
tube owing to wall roughness, the h value at u = 250 cm/set is 5 times smaller in 
Fig. 7 than in Fig. 3. These results again indicate that h rersus u curves are a consider- 
ably more sensitive indicator than K ~WSUS u plots of the appearance of secondary flow 

. 

: K-10’ 

; [cm21 
f 

+ 
80 2# ti kmkec I 

Fig. 7. h rersiis u (rj) and K versus u (x) curves for a coiled tube (I.D. 0.25 mmj. Conditions as in 
Fig. 5, except 0.25 mm I.D. x 1.5 mm O.D. 

The shape of the curves obtained with 0.5 mm I.D. x 1.5 mm O.D. coiled 
copper tubes was simiiar to that shown in Fig. 7, although because of the larger diam- 
eter the II and K values were correspondingly higher**. 

To verify that the method of coiling employed resulted in no changes in the 
cross-section, measurements were performed on 0.5-mm I.D. tubes with O.D. 1.5 and 
3.2 mm. The shapes of the Ir versus u and K versus u curves for both tubes were very 
similar”. 

Fig. 8 shows the data for a 0.75 mm I.D. x 2.0 mm 0-D. coiled copper tube. 
Even though Re = 2300 was attained at u = 180 cm/set, neither curve indicates the 
onset of turbulence. In this instance also, secondary flow stabilizes laminar flow and 
displaces the transition to higher velocities. 

The permeability decreases monotonically even at low velocities and at (c = 
205 cm/set attains about half of the Kthco = dZ/32. 

Band broadening increases to its maximum value (11 = 11 cm) at u = 70 
cmjsec and declines slowly to g cm at u = 205 cmjsec. The relative dispersion contin- 
ues to decrease with increasing tube diameter as a result of the increased rate of mass 
transfer brought about by the secondary flow. At u = 70 and 150 cm/set the experi- 
mental values for coiled tubes (Fig. 8) are 50 and 150 times smaller, respectively, than 
those calculated via the Taylor equation (eqn. 8) for ideal tubes where no secondary 
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Fig. Se h versus u (0) and K WILY u (X ) curves for a coiled tube (I.D. 0.75 mm). Conditions as in 
Fig. 7, except 0.75 mm I.D. x 2.0 mm 0-D. 

flow occurs. Wence, although there is no lirm theoretical basis for it, experimentally 
this factor is found to increase with increasing inner diameter of the open tube_ The 
same coil radius is assumed in this comparison. 

The data for the 1.2 mm I.D. x 2.0 mm O.D. copper tuhes*(Fig. 9) indicate 
that the permeability is the same as for ideal tubes (Kideal = 4.5 - 1CP cmz) at very 
low velocities. From u = 1C cm/see K decreases monotonically with increasing u ad 
continuously approaches the value for turbulent fIow; at u = 100 and 240 cmjsec 
(Re = 2040 and 286Q), for example, K amounts to 42 and 40 %, respectively of Kideal- 
These curves show no obvious onset of turbulence. Within the limits of error, these. 
tubes exhibited the same permeability at the corresponding u values as the ideal tubes 
in the turbulent region. 

The dispersion in these tubes increases up.to u = 20 cm/set (h = 11.5 cm] and 
passes through a maximum, and the onset of turbulence is indicated distinctly at 
u = 140 cmjsec (Re = 2860) by the inconsistency of the h verStcS 1c curve. From Er = 4 
cm at the latter velocity, the dispersion decreases to 1.5 cm at u = 1 SO cm/set and then 

gradually to 1 cm at 200 cm/set. 
Similar results were also obtained with 1.4 mm I.D. x 2.0 mm 0-D. and 2-O 

mm I.D. x 3.2 mm 0-D. coiled copper tubes, as shown lo Fig. 9. - 
To illustrate the experimental difficulties and to point out possible misinter- 

pretations, data for the 4.0 mm I.D. x 6.0 mm 0-D. coiled tubes are present& in 
Fig. 10. The peaks obtained with a coil diameter of 12 cm for both iO_ and 20-m 
lengths could not be evaluated. Symmetrical peaks were obtained only with an 8G-cm 
coil diameter, but even for the 20-m length (upper curve) the ascending btaach CL the 
h V~ESUS u curve could not be determined. Between u = 5 cm/set @ = 55 cm) and u = 
40 cm/set (h = 22 cm) the curve decreases continuously, and turbulence sets in at 
u = 45 cm/set (Re = 3060, ir = 5 cm). This linear velacity corresponds to 8 flow-tare 
of 340 ml/min. The limitations of the pump output prevented measurements at higher 
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Fig. 9. h WTSLIS u (17) and ii wrsus u (x) curves for a coiled tube (I.D. 1.2 mm). Conditions as in 
Fig. 7, except 1.2 mm I.D. :<: 2.0 mm O.D. 

velocities. The pressure drop over this column was less than 0.2 bar and could not be 

measured accurately with the manometer used. Therefore, a K versus u curve was not 
evaluated. 

The lower curve in Fig. 10 depicts the data for the 10-m tube (go-cm coil 

diameter). The inlet and outlet disturbances were obviously appreciable and deter- 
mined the shape of the curve. 

Water as mobile phase 
The dispersion of acetone in water was determined in all of the coiled tubes 

(I.D. 0.X-4.0 mrnll) as for n-heptane. The onset of turbulence in water occurs at 

82 10 io 3 45 u icm/seci 

Fig_ IO. h ve’ersu~ u curve for a coiled tube (I.D. 4 mm). Conditions as in Fig. 5, except coil diameter 
so cm. Column length: q , to m; x:, 10 tn. 



MASS TRANSFER IN OPEN TUBES. I. 2225‘ 

substantially higher velocities because its kinematic viscosity is higher than that of 
n-heptane. It is noteworthy, but still unexplainable, that considerably more asym- 
metric peaks were obtained that could not be.evaluated in comparison with &heptane. 
For this reason, the data for the 1.0 mm I.D. x 2.0 mm 0-D. tube, which were de- 
si_mated as typical in this work, are not shown. To shorten the presentation, only select- 
ed results will be discussed, as similarly shaped curves were obtained for both water 
and n-heptane at the same Reynold’s numbers. 

The measurements for the 0.25 mm I.D. x 1.5 mm 0-D. tube (Fig. 11) were 
carried out only up to u = 260 cm/set (Re = 650). Wall roughness becomes notice- 
able as in Fig. 7. With increasing velocity the h values rise monotonically to a plateau 
from u = 50 cm/set (h = 9.5 cm) to u = 240 cm/set (ir = 11 cm) and then decline 

slowly. 

I 
I i-10; 
X 
I rrm~1 

Fig. 11. h versus u (0) and K vemm I( ( x ) curves for a coiled tube (I.D. 
(0.25 mm I.D. x 1.5 mm O-D.), L = 10 m. Coil diameter: 12 cm. Eluent, 
room temperature. 

0.25 mm). Copper tube 
water; sample, acetone; 

Compared with that of ideal tubes, the permeability was about 10% lower at 
u = 5 cm/set and 25 o/0 lower from u = 10 cm/set upwards. From 150 cm/set the 
permeability decreased gradually. 

For the 0.75 mm I.D. x 2.0 mm 0-D. tubes (Fig. 12), h reaches its maximum 
value of 26 cm at u = 40 cm/set and decreases to 17.5 cm at u = 122 cm/set. From 
this velocity to 300 cm/set the peaks are too asymmetric for evaluation. The onset of 
turbulence occurs between 330 and 365 cm/set (Re = 2480 and 2730) and the h 
values drop to 2.2 cm. Hence, laminar flow in coiled tubes is stabilized in water also 
and turbulence is displaced to higher Reynold’s numbers. The permeability decreases 
continuously with increasing velocity to the values in turbulent flow. 

Fig. 13 contains the results for 1.2-mm I.D. tubes. The h vcrsuJ” zc curve passes 
through a maximum at u = 25 cm/set (11 = 31.5 cm) and then decreases monotoni- 
sally to k = 6 cm at u = 215 cm/set (Re = 2580). Turbulence sets in at u = 263 
cm/set (Re = 3160) and h is 1.5 cm. The permeability decreases couGnuot&y with 
increasing velocity and the onset of turbulence is not obvious from this curve. 
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Fig. 12. 11 wrs~s N (m) and K W~SI,S 14 (x) curves for a coiled tube (I.D. 0.75 mm). Conditions as in 
Fig. 1 I, except 0.75 mm I.D. x 2.0 mm O.D. 

Fig. 13. h YPTsus N ([7) and K versus u (x) curves for a coiled tube (I.D. 1.2 mm). Conditions as in 
Fig. 11, except 1.2 mm I.D. x 2.0mm O.D. 

The shapes of the It )‘erIs tl and K versxs u curves for l-4-, LO- and 4-Smm 
E-D. tubes are similar to that shown in Fig. 13. Thick- and thin-walled tubes with the 
same inner diameter display no appreciable differences in their h ~ers~(s tl or X versus tl 

curves. . 
P 
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SYMBOLS 

d (cm) 
D (cm2/sec) 
D cal c (cm’isec) 
&,, (cm%=) 
F (cm”/sec) 
h (cm) 

kurb tcm) 

K (cm=) 
Kheo (cm2) 
k’ 
L (cm) 
L (cm) 

I;P (bar) 

r (cm) 
Re 

Re cri * 
t c=c) 
to 64 
tR (set) 
u (cm/set) 

21,~~~ (cmlsec) 
;&& :‘“I”‘“,’ 

cm set 

UIurb 
w (set) 
q (poise) 
e (g/cm3) 
Y (stokes) 
ri (cm) 
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