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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 circular cross-
sections (0.25-4 mm 1.D.) was measured with n-heptane and water as eluents. The lack
of any appreciable interference from instrumental factors is substantiated by the ex-
perimentally determined diffusion coefiicients and critical Reynold’s numbers. It is
shown that carefully prepared copper tubes behave as ideally as the corresponding
glass tubes. With decreasmg tube diameter, wall roughness Ieads to greater radial
mass transfer. This effect is evident in 0.25-mm I.D. copper tubes znd 0.5-mm or
even 0.75-mm) L.D. stainless-steel tubes, and can be used to advaniage in constructing
heat exchangers, connecting tubes or reaction detectors in liquid chromatography.

It is shown for the first time that the onsect of turbulence can be detected with
considerably higher sensitivity by means of k versus u curves thap by the K versus u
curves used previously.

It is shown that at the onset of turbulence the specific permieability decreases '
by a factor of about 3. Band broadening in the turbulent region was found to be ten
times greater than that calculated on the basis of the friction theory of Taylor, ap-
parently because laminar conditions prevail in a substantial pomon of the tube czoss-
section.

If an 1deal tube is coiled, its specific permeability decreases with increasing
velocity. Furthermore, coiling stabilizes “laminar” fiow and the beginning of the
turbulent region is shifted to h;gher Reynold’s number (i.e., higher veloc:tws)

It is shown that, as the inner diameter of the open tube decreases, Engher
linear velocities are required in order to decrease band broadening substantially (e.g.,
by a factor of 3) for coiled tubes than for ideal tubes. For example, a linear velacity of
2350 cm/sec is necessary to achieve this factor of 5 with 0. 25-mm L.D. tubmg even
though the presence of secondary flow is indicated by the K versus ucurve at u > 10 om/
sec. For liquid chromatographic separations tubes narrower than 0.25 mm I.D. are
essential. Therefore, at acceptable linear velocities (<<50 cm/sec), the coiling of an

* Part I1: 1. Halasz, J. Chromatogr., 173 (1979) 229. :
** Part of the Ph.D. Thesis of Kurt Hofmann, University of Saarbmckcn, Sam:brucken, 1975,
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ideal tube will not reduce band broadening appreciably in comparison with that in

straight (ideal) tubes.

Secendary flow effects at high velocities, however, may decrease the 4 values
markedly. The # value in a coiled tube of 1.2 mm I.D. was 290 times smaller at
u = 250 cm;sec than in a corresponding ideai tube.

INTRODUCTION

In gas chromatography, the principal advantage of open tubes (capillary
columns) over packed coiumns lies in the considerably greater number of theoretical
plates (n) that can be generated per unit pressure drop’. In liquids the diffusion co-
efficients are about 10* times smaller than in gases, which results in greater band
broadening in liquid mobile phases. Further, the ca. 100-fold higher viscosity of liquids
compared with gases requires a greater pressure drop over the column to achieve the
same lintear velocities for similar tube geometries. Consequently, efforts have con-
stantly been made to apply the advantages of open tubes to hlgh-performance liquid
chromatography (HPLC).

'This 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 II,
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®~*!, which stem primarily from the more rapid radial mass transfer
within them. This is not only essential in liquid chromatography, but is aiso desirable
for heat exchangers®, mixing tubes (including 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, u. It will be shown that the relative band broadening, A, (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 samples {(¢" = 0), as band
spreading can only increase with increasing capacity ratios, &’.

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 band 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) will be described.

FUNDAMENTAL PRINCIPLES OF HYDRODYNAMICS

In this summary, the usual detailed and thorough treatment of hydrodynamics
will be dispensed with.
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Liquid flow in ideal tubes

Idcal open tubes are straight tubes with a comstant circular c::ess—sectxou,
smooth inner wall and smooth inlet and outlet surfaces. The tube must be longenough
that disturbances at the inlet and outlet are negligibly small.

The compressibility of liquids'? will always be neglected.

For laminar flow in ideal tubes, it will be assumed that:

(2) there are co-axial layers in the flowing medium where the velocity is
constant;

(b) except for diffusion flow, no radial flow takes place;

(c) the cross-sectionally averaged linear velocity can be described by means of
the Hagen-Poiseuille equation*-**:

KAP  r:AP ’ ,
nL - 8y L ’ ()

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

Upar = 21 | e
(e) for “real” tubes the length of the inlet disturbance, L., (ref. 15) is given by
L,=100d=200r 3)
(f) the Reynold’s number, Re, is less than 2000-2300, where

2 ) :
Re — 9du _ 2ru | Q)

v

(g) the permeability, K, is not a function of the lirear velocity;
(h) the wall of the tube is inert, i.e., there is no interaction between the wall

and the liquid phase.

Mass transfer processes in ideal tubes

As shown by Taylor'®, dispersion in flowing liquids is not an isotropic prcperty
Aris!? extended the theory of Taylor to include axial diffusion for dispersion in flowing
liquids and gave the dynamic diffusion coefiicient as

Dyya = D + — &)

Based on additional conclusions of Aris, Dy, may be substituted in the unidimension-
al Einstein diffusion equation’®:

62 = 2Dyt (6)
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and rewritten® in chromatographic nomenclature as

G2 2D riu

= Tu T 2aD @)

h=

™

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

2
5 ®

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

Turbulent flow 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 profile!:'* occurs, in relation
to laminar flow. As a resuit of the radial flow that appears on reaching turbulence,

Umar = 1.22u &)
For turbulent flow the length of the inlet or outlet disturbance is
L, = 40d (10)

-Formally, egn. 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
flow’? will not be discussed here, as it is beyond the scope of this paper.

-In chromatographic discussions, it has frequently been suggested that opera-
tion in the turbulent region should optimize dispersion and mass transfer both for gas?
and liquid chromatography. However, it is sometimes overlooked that the high
velocities and lower (poorer) permeabilities necessitate a higher pressure drop over
the column by up to a factor of 3. This aggravates almost all instrumentai 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.’

Liguid flow in coiled tubes with a circular cross-section
In coiled tubes with a circular cross-section, a radial mixing flow occurs, which
is called secondary flow?%.2t. This secondary flow is caused by the centrifugal forces,
/- These forces can be related to the volume element, V, for convenience and can bf
described by
y .
S _ or (11

14 R
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where ¢ 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 fiow-rate even in the “laminar”
region (Re << 2300) and the onset of turbulence is displaced to greater 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 apparatus''-?%.23. A
piston diaphragm pump (Orlita, Giessen, G.F.R., Type S 15) was used to provide a
pulseless® flow of eluent. The sampling device?? 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 methylene chloride before use. In order to

smooth and harden the material (copper), the straight tubes, before being stretched,
were carefully coiled around a ca. 11-cm diameter cylinder under a2 light tensile
strain. Any residual ripples in the tubes were negligible, as evidenced by the fact that
essentially literature values were measured for Re..;, 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-heptane/l vol.-% ben-
zene in n-heptane; (b) methylene chloride/1 vol.- % benzene in methylene chloride;
and (¢) water/S vol.- % acetone in water.

The amounts of sample varied between 2 and 10 gl, dependmg 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 viscosity
, (gfcnt®) (Poise) (Stokes)
n-Heptane 0.68 . 4-10°3 59-10-3
Water 1.0 10 - 103 10 -10°3

Evaluation of the chromatograms
The relative band broadening (## values) was calculated by means of the
equation

Lw?
1622

h= 12)

The /1 values were usually reproducible to better than +4-359.

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 ~109/. 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 following sections, typical experimental results will first be discussed in
detail for the 1I-mm I.D. tubing. All other results, for tubing between 0.25 and 4 mm
1.D., will be presented subsequently in order of increasing diameters.

Fig. 1 shows the permeability, K, of an ideal copper tube (I mm 1.D. X 2 mm
0.D.) as a function of the cross-sectionally averaged linear velocity, u. The turbulent
region (Re = 2040) was attained at u,;, = 120 cm/sec. The K values in the laminar

K 19*(em?]

— T v T ™ v
0 50 10 1= 2 u [em/sec!

Fig. 1. K versus u curve for an ideal open tube (I.D. 1 mm). Copper tube (1.0 mm L.D. x 2.0'gum
0.D.), L = 10 m. Eluent, n-heptane; sample, benzene: room temperature.
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Fig. 2. h versus u curve for an ideal open tube. Conditions as in Fig. 1.

region correspond to those calculated via eqn. 1 (K peo = 3.1 - 107% cm?). When u was
increased to 2 u,;, (240 cm/sec) 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 /1 versus u plot for the same copper tube. In the laminar
region, even careful and rapid sample application yielded asymmetric peaks if the
residence time, ¢, in the tube was not long enough. As can be seen, the & values could
be calculated if # < 30 cm/sec (# > 33 sec). In this region, the experimental 4 values
agree with those calculated from the Taylor approximation (eqn. 8). In the laminar
region with 30 < u < 120 cm/sec 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) & values. In the turbulent region (¥ > 120 cm/sec), very symmetrical
peaks were obtained. At x =— 130 cm/sec the relative band broadening decreased
abruptly (i = 2.5 cm) and continued to diminish slowly with increasing «. As later
measurements showed, and as has already been pointed out earlier®, an /1 versus u
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 0.5-2-mm I.D. copper tubes. The results are summarized in

TABLE 1

EXPERIMENTAL PARAMETERS DETERMINED IN IDEAL OPEN TUBES
Eluent, #-heptane; sample, benzene; room temperature.

I.D. X O.D. of tube t,ym Ugurs Rees D .. - 10°
(mm) {em/sec) (em/sec) (em) (cnt*[sec)
0.5 X 1.5 78 230 2.3 3.3

0.75 < 2.0 35 170 22 3.4

1.0 < 20 25 130 20 34

1.2 x20 20 115 25 3.4

14 x 20 15 S0 30 3.6

20 x 40 6.4 60 3.0 4.1
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Table 1. The first column lists the inner or outer diameter of the tube. The second
coiumn (i) indicates the maximum linear velocity at which symmetrical peaks are
still obtained and at which the rise of the / versus u curve is linear. The next two col-
umns (4, and A,,.) give the velocity and the relative band broadening at incipient
turbulence, respectively. Itis noteworthy that the onset of turbulence was almost always
manifest at lower velocities in /i versus u curves than in K versus u plots, even though the
velocity differences were within the probable error limits (ca. 5-109,). The calculated
diffusion coeffictents, D, ., of benzene in n-heptane (last column) will be discussed
later. In this study the onset of turbulence occurred beiween 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: ~utlet disturbances, with exception of the last row of
results, were negligible.

In contrast to the tubes evaluated in Table I, the roughness in 0.25 mm L.D. X
1.5 mm O.D. tubes was not negligible (Fig. 3). The / versus u curve is linear up to
u = 70 cm/sec, then flattens out, passes through a maximum and declines sharply.
The measurements were exiended to # = 515 cm/sec, the onset of turbulence (Re =
2180). However, complete turbulence could not be achieved, as is evident from the
h versus u curve. In “rough-walled” smali-diameter tubes, the transition from laminar
to turbuient flow appears to take place continuously.

{cm}
257

T

0 100 200 300 400 500 ulem/sec]

Fig. 3. & versus u curve for an open tube (1.D. 0.25 mm) with wall roughness. Conditions as in Fig. 1,
except 0.25 mm I.D. X 1.5 mm O.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 stainiess-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 chromatographic
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.

Band broadening in the turbulent region of open tubes. The friction theory of
turbulent flow?? 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 7 = 7.4 - 1072 cm for 2 i-mm I.D. tube and an eluent velocity of u = 176 cm/
sec (Re = 3000) (p. 45 in ref. 11). The experimental k value in Fig. 2, however, is at
feast 10 times greater. This discrepancy can be explained by the Prandil boundary
layer theory of turbulent flow 19.25.25. Based on our experimential results, up to 209, 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 diffusion coefficients (D) in ideal iubes. The diffusion coeffi-
cient of a substance in a particular eluent can be determined from the ascending
portion of an £ versus u curve with the aid of eqn. 8. As can be seen from the first
five values in the last column in Table I, the D, ,. value for benzene in n—heptalfe is
calculated to be 3.3 - 1075-3.6 - 1075 cm?/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 - 1075 cm?/sec is calculated for this system from
the Wilke—Chang equation?’. 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 n-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 7 versus u curves for water were similar to those obtained for
n-heptane (Fig. 2). The most important experimental results are summarized in Table
I1.

TABLE 11
EXPERIMENTAL PARAMETERS DETERMINED IN IDEAL OPEN TUBES
Eluent, water; sample, acetone; room temperature.

IL.D. x O.D. oftubei Usypm Urars Ryurs D . - 10°
(mm) ~ (cmjsec) (cm/sec) (cm) (cm®/sec)
05 X 1.5 . 20 330 5.3 1.1

0.75 x 2.0 16 280 2.5 1.3

10 x 20 ~ 8 222 2.0 14

1.2 x20 8 170 4.0 1.3

14 x20 8 167 5.0 2.6

Because of the higher kinematic viscosity of water, ., is smaller than with
n-heptane. However, u,,, is not strictly proportional to D. Before complete turbulenice
is reached, the peaks are symmetrical and the i values decrease very steeply with in-
creasing velocity, as a result of which the determination of ., and /1, s imprecise.
The same is true of the measurements of u,,.,. The diffusion coefficient of acetone in
water was calculated to be 1.1 - 1075-1.4 - 1075 cm?/sec.
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The roughness of the wall of the 0.25 mm L.D. X 1.5 mm O.D. copper tubing
was also noticeable in this instance. The turbulent region with water could not be .
attained because the pressure drop of about 500 atm required to achieve © = 800
cmy/fsec was not compatible with the sampling device used. As shown in Fig. 4, & rises
linearly to u = 40 cm/sec and then increases more slowly until a plateau of & ~ 60
cm is reached. Particularly noteworthy is the large experimental scaiter when # > 160
cmy/sec, which is greater than the experimental uncertainty. When the wall roughness
is not 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 aiso
led to excessively high calculated diffusion coefficients, as shown in Table II.

¢ 100 200 u [cm/sec]

Fig. 4. h versus u curve for an open tube (I.D. 0.25 mm) with wall roughness. Copper tube (0.25 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-Heptane 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 2 1.0 mm I.D. X
2.0 mm O.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 # and continues thus into the turbulent region of the ideal
tube. For liquid flow 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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0 50 160 1‘50 200 ‘u[cm/sec]

Fig. 5. K versus u curve for a coiled tube (I.D. I mm). Copper tube (1.8 mm L.D. x 2.0 mm O.D. ).
L = 10 m. Coil diameter: 12 cm. Eluent, n-heptane; sample, benzene; room temperature. Sohé line,
coiled tube; broken line, ideal tube.

the ideal tube, i.e., peaks that cannot be evaluated (Fig. 2), are absent here as a result
of the extensive mixing created by the secondary flow. However; the experimental
scatter in the velocity range 30-120 cm/sec is greater than for the ideal tubes.

Turbulence in coiled tubes appears later (Re = 2900, ¢ ~ 170 cmnfsec) than in
ideal tubes. Coiling stabilizes “laminar” flow as a result of the secondary flow.

A comparison of Figs. 5 and 6 indicates that & versus u plots are 2 more sehsi—
tive indicator than K versus u curves of the onset of turbulent fow.

In the laminar region the ratio of & values for ideal and coiled tubes i increases
with increasing velocity. As is evident from Fig. 6 and calculated from eqn. 8, this
ratio is about 40 at ¥ = 120 cm/seC (fijqey = 380cmand Aoy = Fom, H = 3.3 - 105
cm?/sec).

The h versus u and K versus u plots for the 0.25 mm L.D. % 1.5 mm 0 D. coﬂed-
copper tubes are presented in Fig. 7. The measurements were carried out only up to
u = 250 cm/sec (Re = 1060). Owing to wall roughness, the permeability was lower
than the calculated theoretical value of 1.95 - 18~ cm?, even at low velacity; it de-

P —

1 B] 1] L)
- 0 100 : 20  uflcm/sacd

Fig. 6. k versus u curve for a2 coiled tube (I.D. 1 mm). Conditions as in Fig. 5.
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creased with increasing velocity from 1.5 - 107%° to 1.0 - 1075 cm?. It is noteworthy
that owing toc wall roughness the same permeability (1.5 - 10~° cm?) was found in a
straight tube of the same diameter (Fig. 3), although in this instance K remained
independent of velocity up to ¥ = 250 cm/sec.

The ) versus u curve in Fig. 7 is considerably flattened as a resuit of the second-
ary flow caused by the coiling. Even though secondary flow also occurs in the straight
tube owing to wall roughness, the # value at ¥ = 250 cm/sec is 5 times smaller in
Fig. 7 than in Fig. 3. These results agdin indicate that k versus u curves are a consider-
PSS by e thn neciio 1 vl Aate AFtha Ao ramans X S g |

ably more sensitive indicator than K versus u plots of the appcarance o1 seconaary flow
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Fig. 7. k versus u ({3) and K versus u { x) curves for a coiled tube (1.D. 0.25 mm). Conditions as in
Fig. 5, except 0.25 mm 1I.D. x 1.5 mm O.D.

The shape of the curves obtained with 0.5 mm 1.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 h 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 /i versus u and K versus u curves for both tubes were very
similar!®,

Fig. 8 shows the data for 2 0.75 mm 1.D. x 2.0 mm O.D. coiled copper tube.
Even though Re = 2300 was attained at ¥ = 180 cm/sec, 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 u =
205 cm/sec attains about half of the K., = d%/32.

Band broadening increases to its maximum value (4 = 1llcm) at u =70
cmy/sec and declines slowly to 8 cm at u = 205 cm/sec. 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 « = 70 and 150 cm/sec 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. 8. & versus u ({1) and K versus u (X ) curves for a coiled tube (I.D. 0.75 mm). Cemdmons as in
Fig. 7, except 0.75 mm 1L.D. X 2.0 mm OD

flow occurs. Hence, althcugh there is no firm theoretical basis for it, experimentally
this factor is found io 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 1.D. X 2.0 mm O.D. copper tubes (Fig. 9) indicate
that the permeability is the same as for ideal tubes (Kjyea1 = 4.5 - 107* cm?) at very
low velocities. From ¥ = 10 cm/sec K decreases monotonically with increasing « and
continuously approaches the value for turbulent flow; at ¥ = 100 and 140 cm/sec
(Re = 2040 and 2860), for example, X amounts to 42 and 409, respectively of Kiscqs-
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 ¥ = 20 cm/sec (# = 11.5 cm) and
passes through a maximum, and the onset of {urbulence is indicated distinctly at
u = 140 cm/sec (Re = 2860) by the inconsistency of the £ versus « curve. From i = 4
cm at the latter velocity, the dispersion decreases to 1.5 cm at « = 150 cm/sec and then
gradually to 1 cm at 200 cm/sec.

Similar results were also obtained with 1.4 mm L.D. X 2.0 mm O.D. and 20
mm LD. X 3.2 mm O.D. coiled copper tubes, as shown in Fig. 9.

To illustrate the experimental difficulties and to point out possible misinter-
pretations, data for the 4.0 mm LD. X 6.0 mm O.D. coiled tubes are presented in
Fig. 10. The peaks obtained with a coil diameter of 12 cm for both 10- ané 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 branch c. the
h versus u curve could not be determined. Between u = Scm/sec (i = S5cm)andu =
40 cm/sec (A = 22 cm) the curve decreases continuously, and turbulence sets in at
u = 45 cm/sec (Re = 3060, 7 = 5 cm). This lincar velacity corresponds to a flow-rate
of 340 ml/min. The limitations of the pump output prevented measurements at higher



224 K. HOFMANN, 1. HALASZ

i
h D K-10%
(= T x5
{tm] tleme]
is
—
| rh
‘a.\ ;-3
% “"‘x“k‘\ ;
; /’\—\ \*"‘x--_,‘ w2
10‘ F = -"\'N. ..... x-x. R R -
5- / \\—\C\L— )
0 . 50 100 150 u [cm/sec'l

Fig. 9. A versus u ([1) and K versus u (X ) curves for a coiled tube (I.D. 1.2 mm). Conditions as in
Fig. 7, except 1.2 mm [L.LD. < 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 (80-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. 0.25-4.0 mm!!) as for n-heptane. The onset of turbulence in water occurs at

h
cm} —
(=)
hE
43 g
304
23
\5\ a
134
il
3 10 20 i 40 ulem/sed]

Fig. 10. A versus u curve for a coiled tube (I.D. 4 mm). Conditions as in Fig. 5, except coil diameter
80 cm. Column length: ], 20 m; <, 10 m.
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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 n-heptane.
For this reason, the data for the 1.0 mm L.D. X 2.0 mm O.D. tube, which were de-
signated 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 L.D. X 1.5 mm O.D. tube (Fig. 11) were
carried out only up to u = 260 cm/sec (Re = 650). Wall roughness becomes notice-
able as in Fig. 7. With increasing velacity the / values rise monotonically to a plateau
from ©# = 50 cm/sec (h = 9.5 cm) to u = 240 cmy/sec (5 = 11 cm) and then decline
slowly. :
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Fig. 11. &t versus « ((J) and K versus u (x) curves for a coiled tube (I.D. 0.25 mm). Copper tube
(0.25 mm L.D. X 1.5 mm 0.D.), L = 10 m. Coil diameter: 12 cm. Eluent, water; sample, acetone;
room temperature. :

Compared with that of ideal tubes, the permeability was about 109/ lower at
u = 5 cmfsec and 259/ lower from «# = 10 cm/sec upwards. From 150 cm/sec the
permeability decreased gradually.

For the 0.75 mm I.D. x 2.0 mm O.D. tubes (Fig. 12), / reaches its maximum
value of 26 cm at «# = 40 cm/sec and decreases to 17.5 cm at ¥ = 122 cm/sec. From
this velocity to 300 cm/sec the peaks are too asymmetric for evaluation. The onset of
turbulence occurs between 330 and 365 cm/sec (Re = 2480 and 2730) and the 4
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 resuits for 1.2-mm 1.D. tubes. The & versus u curve passes
through a maximum at ¥ = 25 cm/sec (f = 31.5 cm) and then decreases monotoni-
cally to # = 6 cm at u = 215 cm/sec (Re = 2580). Turbulence sets in at u = 263
cm/sec (Re = 3160) and /4 is 1.5 cm. The permeability decreases continuously with
increasing velocity and the onset of turbulence is not obvious from this curve.



226 K. HOFMANN, 1. HALASZ
)
h | K-10%
{cm} :l: lem?2)

1

W b2
=, !
S I

| T L
X~ X 1
—— S :

201 \ “‘*‘““~~ ;.1

e

N x XX %
ﬂ ¥

[ r
I '
& :

r - v — —+

US 100 200 300 ulem /sec)

Fig. 12. i versus « () and K versus u ( X) curves for a coiled tube (1.D. 0.75 mm). Conditions as in
Fig. 11, except 0.75 mm I.D. X 2.0 mm O.D.
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Fig. 13. A versus u ([1) and K versus u ( x) curves for a coiled tube (I.D. 1.2 mm). Conditions as in
Fig. 11, except 1.2 mm [.D. X 2.0 mm O.D.

The shapes of the 4 versus u and K versus u curves for 1.4-, 2.0- and 4.0-mm
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 & versus u or K versus u

curves.
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SYMBOLS

d (cm)
D (cm?/sec)

Dcal < (cmzlsec)

Dy, (cm?/sec)
F (cm3/sec)
h (cm)

firury (cm)

K (cm?®)
Kthco (cmZ)
K

L (cm)

L. (cm)

n

AP (bar)

r (cm)

Re

Recrh

t (sec)

# (sec)

g (sec)

u (cm/sec)

U ey (CTRSEC)
Umax (CM/seC)
Usym (CM/sec)

Ururp

w (sec)

7 (poise)
o (g/cm®)
v (stokes)
o (cm)
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