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The tubular plug flow reactor is suitable for many types of reactions. But in the actual design 
of reactors, in which the flow would be as closely to plug flow as possible many problems are 
encountered. A satisfactory reactor is a horizontal pipe which is only suitable for fast reactions 
as it is not possible to increase its length without limitation. By bending the pipe into the shape 
of a helix much more advantageous spacial arrangement is obtained for which the axial disper-
sion in comparison with the straight pipe is small. But its disadvantage is the difficult — if not 
impossible — cleaning of the solid deposits formed on the inner walls. Fo r these reasons has been 
the reactor fo rmed by a combinat ion of straight parts and 180° bends in the "hel ical" arrangement , 
which we expect should combine the advantages of straight pipes-small dispersion with the easier 
cleaning. 

Ill this study the axial dispersion is determined experimentally in the described reactor 
both in the transition and turbulent regions. The obtained results should be applied 
to its optimum geometrical arrangement. 

In flow of fluids through circular pipes bent into the f o r m of a helix, a secondary flow appears 
due to the action of the centrifugal force (it can be characterized as a circulating flow in the plane 
perpendicular to the pipe axis) which is combined with the velocity distribution in the axial direc-
tion so that fluid particles follow a spiral pa th in the pipe axis. 

For laminar flow, when the secondary flow is combined with a parabolic velocity distribution, 
D e a n 1 has obtained analytical expressions of the components of this spiral flow by solving the 
Navier-Stokes equations analytically for incompressible viscous fluid. By solving these equations 
under certain simplifying assumptions Ru thven 2 succeeded fully to calculate the mean residence 
t ime of fluid particles or, by combinat ion with the equat ion for dispersion mass transfer, de-
te rmined 3 relations for calculation of the dispersion coefficient D. 

In the turbulent region a similar calculation is not yet available since the solution of Navier-Sto-
kes equations for bent pipes has not been succesfull under the given flow conditions. We are thus 
limited only to experimental data for determinat ion of axial dispersion. Qualitatively, it is pos-
sible to say: At turbulent fluid flow in circular pipes bent into the shape of a helix the axial disper-
sion is affected by two counteract ing mechanisms. The first promotes axial dispersion due to the 
velocity profile and due to various lengths of particle paths in bent pipes. The second mechanism 
which is the result of secondary flow impedes axial dispersion due to transverse mixing. In the 
same way acts the radial dispersion resulting f r o m turbulent diffusivity. 

It is obvious that the flow character in the combined reactor (formed by straight pipes and 
bends) is complicated. The velocity profile and the secondary flow are in bends with different 
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angles of the bend different while a great role is played by various lengths of straight parts between 
bends. 

Many authors have paid attention to correlations of the dispersion number D/iid (where D 
is the dispersion coefficient and u is the mean flow velocity and d the pipe diameter) both for 
straight pipes and reactors with bent parts. Conclusions of some lately made studies, which con-
cern dispersion of liquid characterized by the dispersion number D/ud in the transition and turbu-
lent regions of straight pipes, are given further. These are first of all studies by Kenney and Thwai-
tes4, Woodhead, White and Yesberg5 and Sittel and coworkers6. First two papers are pre-
senting the results in the form of graphs (Fig. 1) while Sittel and coworkers6 present for D the 
relation 

D = 3-594 . 10~6 . R e 0 , 7 6 4 (m2 s _ 1 ) , (1) 

for Re > 4 . 104. 

As one of the fundamental studies can be considered the paper by Koutsky and Adler7 in which 
is studied the axial dispersion in tubular reactors bent into the shape of a helix. The most im-
portant conclusion they have made is that dispersion in the helix is in the turbulent region also 
lower than in the straight pipe due to the fully developed secondary flow. In this study are also 
given graphs from which the dispersion number can be determined for the given Re number, 
ellipticity (i.e. ratio of lengths of both axes of the ellipse into which the pipe is at its bending 
flattened) of the pipe forming the helix and the radius of curvature. Aunicky8, Cassel and Pe-
rona9 and Park and Gomezplata10 have been measuring the dispersion of bends 45 — 90° and 
pipe systems with such bends. They all claim that the presence of 90° bends in the piping increases 
the axial dispersion. Although it is not possible to compare directly the flow in the helix and in the 
bends alone, completely contradictory conclusions on axial dispersion in both types of arrange-
ments are surprising. In our last study11 the tubular reactor has been modelled with a hose 
bent around two cylindres. The distance of both cylindres has been altered from the finite di-
stance to zero i.e. the axis of both cylinders have merged and the hose has bent on one cylinder 
only in a form of a helix. The results demonstrate that the axial dispersion of this system decreased 
with the increase of the number of 180° bends but was always, i.e. also for a helix, greater than 
for the straight pipe (Fig. 1). The dispersion number was calculated for parameters of this helical 
reactor (length 58 m, pipe diameter 25 mm, elipticity = 1, diameter of the cylinder 32 cm) 
according to the graph given in the study7. The calculated values were lower than the experimental 
results, but nevertheles greater than for the straight pipe. For a reliable design of a considered 
combined reactor type it proves to be necessary to make more detailed measurements of axial 
dispersion on a model unit at different geometrical arrangements. 

EXPERIMENTAL 

Experimental apparatus. The tubular reactor was modelled by a polyethylene hose with inside 
diameter 8 mm 26-32 m long which was helically bent around a pair of steal cylinders. Three 
models in total have been measured with diameters of cylinders 60, 108 and 150 mm, i.e. the 
radius of curvature of bent parts has differred while the diameter of the reactor pipe remained 
the same. The arrangements have made possible to change the distance of both cylinders and thus 
the ratio of lengths of straight and bent parts of the reactor. The maximum distance of axis 
of cylinders was 2-20 m, the second limiting case has been represented by a reactor formed only 
by a helix. The two-way valve situated at the inlet into the tubular pipe reactor has made possible 
an instantaneous feeding of the impuls of the tracer solution beside the flow of the liquid simulat-
ing the reaction medium. For liquid has been used the deionised water. The impuls of the tracer 
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(ostazine brillant red S-5B) was realized by switching the two-way valve from the pressure vessel 
with water to the pressure vessel with the tracer solution with which was simultaneously con-
nected the circuit of the time switch and of the regulator which at the chosen time interval (several 
tenths of a second) has returned the valve into the original position. The outlet f rom the reactor 
has been analyzed continuously colorimetrically by the modi§ed collorimeter Spekol. 

Experimental measuring procedure. For the selected geometrical arrangement of the reactor 
and after steadying the water flow rate the impuls of the tracer solution was introduced and the 
C-curve was registered on the recording of the colorimeter. By the method of moments1 2 were 
calculated values of the dispersion number. Each experiment has been performed three times and 
for the following calculations the arithmetic mean of these three measurements has been taken. 
The velocity of flow inside the reactor has been altered so that six values of Re number in the 
range from 5000 to 20000 have been obtained. Calibration of the colorimeter and all measure-
ments have been made at the wave length 520 nm. 

We have assumed at the evaluation of experimental data that dispersion at the inlet into the 
reactor is negligible in comparison with the dispersion at the outlet which was reliably ensured 
by the type of the two-way cock used. Also the phenomena appearing at the sudden stoppage 
of liquid delivery were also neglected. An uniform distribution of bends as possible along the 
reactor length has been arranged for. With regard to the small value of the dispersion number, 

F I G . 1 

Experimental Axial Dispersions of Straight 
Pipes and Pipes with Bends 

Theoretical relations for straight 
pipes5 (Sc = Schmidt number) theo-
retical relations for straight pipes4; - • - • -
experimental data for pipes with 90° bends9 

for various number of bends n; o experiment-
al data4 , • experimental data for a helix11; 
O calculated according to7 for experimental 
data of a helix11. 

F I G . 2 

Dependence of the Dispersion Number on 
Geometrical Parameters of the Reactor 

R, mm: • 36; o 60; © 81. 
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for calculation was used the simplified relation 

D/itd ~ d212(L Id), (2) 

where D is the dispersion coefficient, u mean velocity of fluid in the pipe, d diameter of reactor, 
L length of reactor, and d2 dimensionless variance of values of the C-curve. Validity of the rela-
tion (2) for our conditions has been proved by calculation. All the arrangements used are sum-
marized in Table I. 

R E S U L T S A N D D I S C U S S I O N 

T h e d ispers ion n u m b e r D/ud is fo r all used a r r a n g e m e n t s of the r eac to r wi th t he bends 
180° grea te r t h a n fo r a s t ra ight p ipe a n d fo r the given exper imenta l cond i t i ons its 
values a re in the range f r o m 0-79 to 5-62. W i t h increas ing Re n u m b e r the value of the 
d i spers ion n u m b e r decreases in the range of cons ide red exper imenta l values . 

TABLE I 

Experimental Conditions (Djud ) Re 

Radius of 
curvatures 

mm 

Distance of axes 
of cylinders 

m 

Total length 
of bends 
Lu, m 

(Lr)/(LhR) [D/(ud)] Re 

36 2-16 103 2-836 18 530 
36 1-38 1-17 2-497 23 260 
36 0-96 2-28 1-281 30 210 
36 0-63 3-35 0-861 24 340 
36 0-16 7-61 0-384 16 110 
36 0 25-68 0-114 22 230 

60 2-20 1-44 1-217 36 600 
60 1-33 2-90 0-604 22 960 
60 0-98 4-18 0-419 14 210 
60 0-66 4-99 0-351 13 210 
60 0-18 13-30 0-132 16 200 
60 0 25-52 0-0686 18 160 

81 2-20 3-45 0-377 19 190 
81 1-38 5-06 0-257 23 100 
81 1-00 611 0-213 27 400 
81 0-72 12-50 0-104 32 700 
81 0-24 18-00 0-0722 35 900 
81 0 25-70 0-0506 37 600 
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The graph ica l dependence of the d ispers ion n u m b e r on Re n u m b e r fo r individual 
a r r a n g e m e n t s resul ted in the cor re la t ion re la t ion 

where C a n d m a re cons tan t s . 
Values of the cor re la t ion coeff icients of the given re la t ion were a b o u t equal to 0-98 

wi th the c o n s t a n t s C a n d m de t e rmined by the least square m e t h o d . As it was no t 
possible t o p rove the dependence of the cons t an t m o n any o ther quan t i t y it has been 
conc luded tha t di f ferences in its values are the resul t of exper imenta l er rors . I ts ave-
rage va lue is —1-003. I n the fo l lowing we are cons ide r ing this quant i ty as equa l 
t o —1-0 which is wi th in the 95% interval of reliabil i ty. T h u s it ho lds 

Coeff icient C is charac te r iz ing the geometr ica l a r r a n g e m e n t of the r eac to r a n d is 
f o r indiv idual a r r a n g e m e n t s only a f u n c t i o n of th is geomet ry . 

F o r d e t e r m i n a t i o n of the effect of geometr ica l a r r a n g e m e n t on coeff ic ient of axial 
d ispers ion, the lef t h a n d side quan t i t y of Eq . (4) has been p lo t t ed in dependence on 
a n u m b e r of d imensionless quan t i t i e s represen t ing the geometr ica l s imilari ty. As t he 
mos t sui table has p roved to be the n u m b e r inc luding the length quant i t i es ( L r ) j L b R 
(where L b is the to ta l length of ben t pa r t s of the pipe, L length of the reac to r pipe, 
r in te rna l d i ame te r of the reac to r p ipe a n d R r ad ius of cu rva tu re of bends ) (Fig. 2). 

W e d id n o t succeed in expressing the curves analyt ical ly. But it is obv ious tha t in 
the r ange of the cons idered geometr ica l a r r a n g e m e n t s of the r eac to r there exists 
a n a r r o w reg ion where the p r o d u c t of d imens ion less n u m b e r s ( D j u d ) Re is pass ing 
t h r o u g h the m i n i m u m . As resul ted f r o m the s tudy 7 this m i n i m u m does no t corres-
p o n d to the geomet ry of the helix bu t t o the value ( L r ) j { L h R ) = 0-3 —0-5. This pheno -
m e n o n is quant i ta t ive ly expla ined in the fo l lowing m a n n e r : Let us cons ider the tubu la r 
r eac to r wi th one d iamete r of cyl inders a n d with the var iable l eng th of s t ra ight pa r t s 
in be tween the 180° bends a n d let us t ake in to cons ide ra t ion the m e c h a n i s m affect ing 
the axial d ispers ion . If the cyl inders a re s i tuated sufficiently f a r one f r o m the o the r 
t h e axial d ispers ion is relatively small a n d is a p p r o a c h i n g t h a t of the s t ra ight pipe. 
This is because the n u m b e r of bends is small a n d the leng th of s t ra ight pa r t s is suffi-
c ient f o r the f low t o become s teady beh ind the bend wi th the velocity profi le fully 
developed. If the cyl inders are moved closer together , axial d ispers ion slightly increa-
ses due t o the increas ing n u m b e r of bends as the secondary flow is still insignif icant 
wi th the m e c h a n i s m suppor t i ng d ispers ion in con t ro l . 

F r o m some value of the ra t io of the to ta l l eng th to the length of bends , d ispers ion 
begins t o decrease as the effect of secondary flow acts m o r e s t rongly ( length of s t ra ight 
pa r t s beh ind the b e n d s is no t sufficient fo r s teadying the helical flow or ig ina ted in the 
b e n d s a n d t h u s f o r deve lopmen t of a perfect velocity profile). T h e m e c h a n i s m sup-

Djud = C Re m , 

(Djud) Re = C . W 
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pressing dispersion prevails up to a certain value of the ratio (Lr)/(Lbi?) at which the 
dispersion is reaching its minimum. With the cylinders pushed still closer together 
(when the arrangements become close to that of a helix) dispersion again increases as 
the effect of secondary flow begins to be overlapped by a considerably different path 
lengths of particles on the internal and external circumferences. Together with the 
different ratio of lengths of straight and curved parts acts the effect of different radius 
of curvature. This takes place with individual maxima and minima appearing at vari-
ous geometrical arrangements while the product of dimensionless numbers (L/Lb) 
and (r/i?) is still about constant. 
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