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Abstract-Preliminary experimental measurements are reported on residence time distributions obtained 
for unsteady flows in a baffled tube. A single baffled tube geometry is examined with a fixed net flow through 
the tube. An oscillatory motion is then superimposed and it is found fluid oscillations can have a significant 
effect on the systems residence time distribution. Conditions have been found where the device can operate 
in a near plug flow mode, and in this situation flow visualisation observations show that efficient radial and 
axial eddy mixing has been achieved. Results are presented in terms of dimensionless residence time 
distributions and a single-parameter axial dispersion coefficient. 

INTRODUCTION 

This paper shows that by a suitable combination of 
baffle geometry and fluid oscillation it is possible to 
generate flows in a tube where, at a modest peak 
oscillatory Reynolds number, the radial and axial 
velocity components appear to be of comparable 
magnitude. Flows giving efficient mixing can be 
readily obtained and it has been found that a near plug 
flow residence time distribution (RTD) can be 
achieved. The fluid mixing is generated primarily from 
the oscillatory motion and the mixing can be de- 
coupled from any net flow that might be applied 
through the tube. These and other factors suggest that 
the system has useful applications in a number of 
process engineering situations. 

Previous work on oscillatory flow has been mainly 
directed at the flow in straight, sm.ooth walled tubes 
(Chan and Baird, 1974; Sergeev, 1966), although 
Bellhouse et al. (1973) and Stephanoff et al. (1980) have 
studied flow patterns and transport behaviour for 
oscillatory flow in furrowed channels. Extensive work 
on both experimental and theoretical modeliing of 
RTDs for steady flows in straight pipes has been 
carried out, in both laminar and turbulent flow [see, 
for example, Denbigh and Turner (1971)]. In terms of 
oscillatory fiow At-is (1960) has predicted the RTD 
response for a straight pipe, but the combination of 
oscillatory flow and baffled tubes does not appear to 
have been previously examined. In many ways this is 
rather surprising because the benefits of oscillatory 
flow in, for example, packed beds has been extensively 
studied and exploited in the use of pulsed packed 
columns [see, for example, Baird and Garstang (1967) 
and Goebel et al. (1986)]. 

Motivation for work reported in this paper on 
oscillatory flow in baffled tubes came from previous 
observations carried out on the effect of reversing 

iAuthor to whom correspondence should be addressed. 

flows near sharp edges. Knott and Mackley (1980) 
observed the flow patterns and energy losses of oscil- 
latory flow into an open bellmouth and sharp edged 
tube. They found that sharp edges caused flow separ- 
ation and vortex rings to be formed on each flow 
oscillation. Brunold er al. (1989) examined oscillatory 
flow in closed systems and, in particular, found that 
reversing flows in a tube with periodically spaced 
baffles could readily generate complex flow patterns 
with large-scale eddy mixing within each cavity. From 
the flow patterns that were observed it was thought 
that each cavity could behave essentially as a continu- 
ously stirred tank (CST), and if a net flow was added to 
the oscillations there was the possibility that the 
system would behave as a large number of CSTs in 
series, thereby giving an overall plug flow response. 

VARIABLE PARAMETERS 

There are a number of variable parameters that can 
be explored for the system under investigation, and 
results presented in this paper are restricted to those 
parameters which are considered to be the most 
sensitive variables. Concerning the geometry, the 
shape, area restriction of the baffle and baffle spacing 
within the tube are all variables that can be expected 

to influence behaviour. From previous flow visu- 
alisation studies (Brunold er al., 1989) it was found 
that a Row constriction giving a tube area reduction of 
about 30% is desirable, and in order to maximise the 
chance of flow separation a sharp baffle inner edge is 
advantageous. The observations also showed that a 
baffle spacing of about 1% tube diameters also would 
give near-optimum mixing between baffles (Brunold et 
al., 1986). 

The flow can be characterised by three dimen- 
sionless groups. The oscillatory flow can be described 
by a peak Reynolds number Re, where 

2U,R 
Re,=- 

v 
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where CJ, is the maximum oscillatory flow velocity, R 
the tube radius, and w the kinematic viscosity. For a 
sinusoidal oscillation this can be written as Re, 

=wx,2R/v, where o is the angular frequency of 
oscillation and x, the centre-to-peak amplitude of 
oscillation. A second group for the oscillatory flow is 

required and the Strouhal number St is often used, 
where 

COR R 
St=- 

mJ,=2Kx,- 

If a net flow is added to the flow, a net flow Reynolds 
number Re, can be defined where 

u2R 
Rem=- 

V 

where tl is the superficial net flow velocity through the 
tube. 

In the results to be presented here the geometry of 
the tube and baffles has been fixed to a single setting. 
The net flow Reynolds number was also fixed at a 
value of 110 and the effect of the fluid oscillation 
amplitude x, explored for a fixed frequency 
o ~23 fad/s. In terms of the Strouhal number the 
range a3 to - 0.3 was examined over a range of peak 
oscillatory Reynolds number from 0 to -3000. 

EXPERIMENTAL 

Apparatus 

RTD measurements made on a 23 mm I.D. baffled 
tube are reported. The general experimental arrange- 
ment is shown in Fig. 1. For the purposes of these 
initial experimental tests the fluid oscillation is excited 
by means of two connected pistons that are driven 
from a cam and an oscillatory drive unit. In this way 
both the frequency and amplitude of oscillation can be 
varied if required. The water feed for the net flow is 
provided by a peristaltic pump and the magnitude of 
the flow monitored by a rotameter downstream of the 

h 

exit port. RTDs for the apparatus were determined in 
the standard way by injecting a known amount of the 
tracer potassium chloride (KCI) at the entry port and 
monitoring the conductivity as a function of time at 
the exit. In addition flow visualisation photographs 
we1-e taken using a technique: described previously 
(Knott and Mackley, 1980). 

The apparatus consists of a fixed horizontally 
mounted glass tube, manufactured by “Amicon 
Wright” which is usually used as a medium-pressure 
laboratory column. The column has adjustable piston 
seals at both ends and these were found to provide 
satisfactory excitation of oscillatory motion in the 
tube. The adjustable piston seals were externally con- 
nected to each other by rods, thus ensuring a uniform 
oscillatory motion within the tube. The oscillation was 
excited by means of a printed circuit motor that could 
oscillate about part of an arc with a chosen amplitude 
B, and angular frequency o. This motor was con- 
nected to the piston seals via a cam as shown in Fig. 2. 
The final motion of the piston is given approximately 
by an expression of the form 

~~=d~+d~-Z2d~d~cos(~,+~, sinot) 

for d, NX, where d, and d, are the lengths of the cam 
and piston rod, respectively. The net motion is not 
sinusoidal. However, a typical trace of the oscillation 
is shown in Fig. 3, indicating that the oscillation is 
periodic and smooth. The displacement shown in 
Fig. 3 was obtained from a linear potentiometer di- 

rectly coupled to the piston, and from data of the form 
shown both the amplitude and the frequency of the 
piston movement were obtained for any given cxper- 
iment. 

The baffles used within the tube were made from 
PTFE and their relevant dimensions together with 
other dimensional details are given in Table 1. The 
baffles were designed to give a “push fit” seal when 
positioned in the tube. Glass entry and exit ports were 
introduced at each end of the tube and a three-way 

steady flow I 

Fig. 1. Schematic diagram of apparatus. 

Fig. 2. DetaiIs of cam piston drive assembly. 
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Fig. 3. Trace of piston displacement as a function of time 

Table 1. Experimental details 

Tube dimensions 

Baffles 

External water flow 
Oscillation 

Tracer 

Length 
Internal diameter 
Number 
Internal diameter 
External diameter 
Outer thickness 
Angle of inner 

sharp edge 
Baffle spacing 

Frequency 

Amplitude 
(centre to maximum) 

0.67 m 
0.023 m 
20 
0.013 m 
0.023 m 
0.005 m 

45” 
0.03 m 
2kO.t ml/s 
-3.5 Hz 

See Table 2 for details 
&5 mm 

See Table 2 for details 
3 ml of 2 M KCI 

(aqueous) 

valve connected immediately upstream of the entry 
port. A steady through flow of water was provided by 
means of a peristaltic pump followed by a buffer to 
eliminate small non-uniformities in the flow from the 
pump. Jn the experimental results to be described only 
one flowrate was used, namely 2 ml/s. This gave 
within the tube a laminar flow Reynolds number of 
110 based on the tube diameter. 

Procedure 
Injection of tracer was carried out by injecting 3 ml 

of 2 M KC1 (aqueous) with a syringe at the three-way 
entry port. Flow visualisation of the entry region 
enabled optimisation to be achieved and injection 
over a period of about 3 s appeared to give the most 
satisfactory results. In general it was found that all 
experimental results when oscillations were present 
were insensitive to the details of tracer injection, for 
example injection from the port on the top or bottom 
of the tube made little difference to the observed 
concentration profile. 

The concentration of KCI at the exit port was 
measured by means of a suitably calibrated small- 
volume conductivity cell (Phillips PW 9505). The con- 
ductivity voltage was amplified and measured as a 
function of time using a BBC micro computer. The 
background conductivity for water was subtracted 
from the signal and calibration procedures confirmed 
that, within the range used, the conductivity varied in 

a linear way with concentration. The conductivity 
measurements were logged every 0.04 s and averaged 
over a period of 5 s. Typically data were collected over 
a period of up to 25 min. 

In the experiments to be described, only one baffle 
type and one baffle spacing was examined in detail. 
Sharp edged circular baffles having a flow area of 
approximately one-third of the tube area were chosen. 
A baffle spacing of approximately 1.5 times the tube 
diameter was also chosen and this gave 20 baffles in 
the tube under test (Brunold et al., 1986). 

RESULTS 

This paper presents the initial results where the 

oscillation, if present, has been generally restricted to a 
single frequency of order 3.5 Hz. It was found that the 
amplitude of the oscillation is the primary variable of 
interest, although the net flow, baffle geometry, baffle 
spacing, tube diameter and frequency of oscillation 
will all receive detailed attention in future publi- 
cations. 

In order to demonstrate the basic effect that was 
observed, Figs 4 and 5 initially show traces of concen- 
tration as a function of time for different flow condi- 
tions. Figure 4 shows the concentration profile for 
three separate experiments, and details for these and 
subsequent experiments are collated in Table 2. 

Data 1 corresponds to the case where no baffles or 
oscillation is present. The curve is typical of that for a 
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Fig. 4. Experimental plot of concentration as a function of 
time data 1-3. 

Fig. 5. Experimental plot of concentration as a function of 
time data 4, 3 and 5. 

Table 2. Experimental data 

Data 
number 

Frequency 
U-Ix) 

Amplitude 
(mm) 

Bafl?es 
present 

Computed 
KC1 Mean h Variance D 

(mmol) (s) 02 z 

1 
2 

: 
5 
6 
7 
8 

1:: 
11 
12 
13 
14 
15 
16 
17 
18 

:: 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

3: 
33 

3.6 
3.6 
3.6 
3.6 
3.6 

z 
3:7 
3.7 
3.8 
3.0 
3.7 
3.7 
3.6 
3.7 
3.6 
3.7 
3.6 
3.6 
3.6 
3.6 
3.4 
3.6 
3.6 
3.6 
3.6 
3.6 
5.9 
5.9 
7.9 
7.9 

- 
- 
1.0 
0.2 

::: 
0.7 
1.3 

$8 
3:o 
4.7 
0.3 
1.1 
4.3 
0.1 
2.5 
1.7 

:f: 
2:2 
5.5 
4.6 
0.6 
0.4 
0.1 
3.4 
0.9 
1.5 
0.9 
0.9 
1.0 
1.0 

No 5.2 454 10.102 1.532 
Yes 4.7 369 6.010 1.121 
Yes 6.1 125 0.052 0.025 
Yes 6.0 237 1.082 0.354 
Yes 6.0 126 0.326 0.135 
Yes 6.1 151 0.174 0.078 
Yes 5.8 122 0.056 0.027 
Yes 6.3 125 0.068 0.032 
Yes 5.9 12s 0.084 0.040 
Yes 5.9 137 0.113 0.053 
YeS 6.0 134 0.246 0.106 
Yes 5.8 174 0.714 0.258 
Yes 6.3 134 0.136 0.062 
Yes 6.3 124 0.070 0.083 
Yes 6.5 129 0.198 cLOR7 
Yes 5.5 365 5.772 1.093 
Yes 6.2 145 0.284 0.120 
Yes 6.3 t43 0.080 0.038 
Yes 5.4 123 0.058 0.028 
Yes 6.5 127 0.124 0.057 
Yes 6.1 122 0.099 0.046 
YeS 6.6 127 0.304 0.128 
YCS 6.2 126 0.141 0.064 
Yes 6.2 128 0.03 1 0.034 
YeS 6.5 133 0.116 0.054 
Yes 5.4 265 2.693 0.63 1 
Yes 6.3 131 0.230 0.100 
Yes 5.8 123 0.055 0.026 
Yes 6.2 129 0.090 0.043 
Yes 6.3 125 0.049 0.024 
Yes 6.1 122 0.042 0.020 
Yes 6.1 127 0.131 0.060 
Yes 6.3 133 0.072 0.034 

laminar flow in a tube, and is characterised by a lag 
period of about 2 min followed by a sharp break- 
through when the “nose” of the parabolic concentra- 
tion profile reaches the exit port, followed by a decay 
curve with a long tail corresponding to the arrival of 
fluid elements that have travelled in different radial 
positions and consequently have moved through the 
tube with velocities less than the centreline peak 

velocity. Data 2 corresponds to the situation when 
bafftes have been introduced but again no oscillation 

superimposed. Rather surprisingly it was found that 
the concentration profile was essentially unchanged 
from the straight-tube case. 

A self-consistency cheek can be performed on the 

results by integrating the area under the curve and 
comparing with the injection concentration of tracer, 
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Fig. 6. Dimensionless plot of E* as a function of B* (data 4,6 
and 7). 

and the results for this are also given in Table 2, 
expressed as the computed initial injected molar mass 
of KCl: 

5 

m 
cdt=E 

0 V 

where m is the total molar mass of injected KC& and L) 
the volumetric flowrate through the tube. It was 
generally found that experiments conducted without 
oscillation gave a consistently lower total concentra- 
tion from the area than that injected. This effect is well 
known and is usually ascribed to difficulties associated 
with measuring small concentrations over very long 
periods, which is a direct consequence of the long 
residence ‘times of the tracer near the walls of the 
vessel. Data 3 shows the concentration profile ob- 
tained with baffles and a l-mm amplitude of oscil- 
lation measured as the distance from the neutraI 
position to the maximum amplitude. The profile has 
striking features in that the breakthrough occurs at 
about the same position as the laminar flow case, 
namely after about 2 min. However, at this “optimum” 
amplitude of oscillation the-peak is very sharp and the 
profile is essentially symmetric about the peak. This 
leads to the important feature of a sharp cut off at the 
tail of the concentration profile distribution, which 
contrasts with the case where no baffles were present. 
When oscillations were present it was generally found, 
as shown in Table 2, that the concentration measured 
from the integrated area matched the injection con- 
centration, indicating that little if any of the tracer was 
left in the tube. 

Figure 5 shows on an expanded time scale the 
systematic effect of oscillation amplitude. Data 4 
corresponds to 0.2-mm amplitude, data 3= 1.0 mm 
and data 6 = 4.1 mm. It can be seen that at low 
amplitudes of oscillation the profile approaches a 
similar form to that of laminar flow. At l-‘mm ampli- 
tude the profile is sharp and symmetric, and at higher 
amplitudes the profile broadens about both sides of 
the maximum concentration. 

It was chosen to characterise the observed concen- 
tration profiles be two parameters, namely the mean 

residence time f and the variance u*: 

J 

OD 
m tc dt (t2 - r2)c dt 

f= 0 I 

s 

e== O 

cdt 
s 

cdt 
0 0 

Values of these parameters are given in Table 2 for 
each of the experimental runs reported. 

For pulse injection the RTD E(r) is related to the 
concentration profile c(t) by 

E(r)=%(t) 
m 

where v is the volumetric Bowrate, and m the total 

mass of KC1 injected. In terms of modelling RTDs 
dimensionless groups are often used, namely, dimen- 
sionless RTD E* and dimensionless time 8’ 

E*=rE(t) i3*=f 
t 

where r= V/u, V is the vessel volume, and u the 
volumetric flowrate through the vessel. Figures C-8 
present dimensionless RTDs for six different ampli- 
tudes of oscillations. Again it can be seen that the 

Fig. 7. Dimensionless plot of E* as a function of 0* (data 3,X 
and 91 

2-5 
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Fig. 8. Dimensionless plot of E* as a function of 0 (data 10, 
1 I and 5). 
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distribution appears in its sharpest form at a l-mm 
amplitude of oscillation. 

Finally the experimental section presents photo- 
graphs of the Bow observed between the baffles. Figure 
9 shows the flow associated with steady flow and no 
oscillations corresponding to data 2. The observed 
flow pattern was essentially independent of time and 
shows laminar flow in the central section of the tube 
and large quiescent regions in the outer regions be- 
tween the baffles. Figure 10 shows two photographs, 
taken _at different times, of the flow when l-mm 
amplitude oscillations were applied. Within the total 
period of oscillation the flow pattern is very variable. 
However, at all times it was noted that no quiescent 
regions were present. Eddies were successively gener- 
ated at the tips of the baffles and then ejected into the 

fluid. No clear radial velocity profile was detectable 
across the tube and eddies were randomly distributed 
throughout the volume between each baffle. In par- 
ticular the presence of eddies prevented the formation 
of any detectable boundary layer near the walls of the 
vessel. Figure 1 I shows the flow pattern observed for 
an amplitude of oscillation of 4 mm. In this case larger 
eddies are seen, and again the flow pattern changes 
during the period of oscillation. 

MODELLING AND lNTERPRETATlON OF RESULTS 

A number of flow models exist [see, for example, 
Levenspiel (1979)] and their USC depends on whether 
the flow is controlled by a radial velocity distribution 
(convection) or some form of dispersion. The two 

Fig. 9. Photograph of flow pattern seen under laminar flow conditions given by data 2 (direction of flow 
right to left in photograph). Exposure time =A s. 

Fig. 10. Photographs of flow patterns seen at different parts of the oscillation cycle for conditions given by 

data 3 (l-mm amplitude of oscillation). Exposure time=& s. 
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Fig. I 1. Photograph of typical flow pattern seen during part of oscillation cycle for condition given by data 
5 (4. l-mm amplitude of oscillation). 

Fig. 12. Dimensionless plot of E* as a function of @* for 
laminar flow simulation and flow conditions given by data 1 

(no baffles, no oscillation, v = 2 ml/s). 

parameters of importance that characterise the flow 

are the dimensionless groups Bo =D/uL and L/2R, 

where u = mean net flow velocity, D = dispersion coef- 
ficient, and L = length of vessel. When no oscillations 
are present and for the case examined experimental 
parameters are given by: 

2R = 0.023 m L=O.67 m ~=2.0 x 10P6 m3/s 

u = 0.0048 m/s and for water DE lo-’ m’/s. 

Bo= 1.1 x 104 L/2R = 29 

These figures indicate that the flow regime is inter- 
mediate between that of pure convection and disper- 
sion. The RTD function for pure convection flow is 
given by, amongst others, Levenspiel (19791, and this 
model is compared in Fig. 12 with that for the case of 
no baffles and no oscillations. Agreement is reason- 
ably good, although finite dispersion in the tube and at 
the entry and exit ports will occur, leading to the loss 
of the sharp breakthrough peak seen on the model 
RTD. 

From the general form of the RTDs seen in the 
experiments during oscillation it would appear that 
the dispersion model will most accurately describe the 
results. From the flow visualisation it would appear 
that radial dispersion would not be dominant. How- 

._ 
Amplitude of oscillation I mm 1 

Fig. 13. Graph of log dispersion D/uL as a function of log 
amplitude of oscillation. 

ever, it might be expected that the generation of eddies 
may lead under certain circumstances to significant 
axial dispersion. Amongst others, Levenspiel and 
Smith (1957) have determined the RTD for plug flow 
with axial dispersion. From their analysis they arrive 

at a relation between the group D/uL and the variance 
of the distribution: 

This relation was used to determine values of D/uL 

from the experimentally determined variances, and 
these results for each experimental run are given in 
Table 2. The results are also shown in Fig. 13, plotted 
as a function of amplitude on a double logarithmic 
plot. These results are felt to be of significance as they 
clearly show that there is a pronounced minimum in 

the value of D/uL as a function of amplitude. When 
there is no oscillation present or its magnitude is small, 
the variance of the distribution is large, and this is 
reflected in a large value of D/uL. With increasing 
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amplitude the variance decreases and the value of 
D/uL. correspondingly drops. A minimum in the dis- 

persion is found in the region of l-mm amplitude of 
oscillation. With a further increase in the amplitude of 
oscillation the dispersion further increases. 

An alternative way to simulate the system is to use 
the tanks in series model (Levenspiel, 1979). When the 
deviation from plug flow is small the group D/uL can 

be related to the number N of stirred tanks in series by 

D I 
-=p, 
UL 2N 

In the present experiment 20 baffles were used, and if it 
is assumed that each region between a baffle essen- 
tially acts as a stirred tank. Taking N as 20 and using 

the above equation gives a value of D/uL= 0.025. This 
value is remarkably close to that shown in Fig. 12 at 
the minimum of the curve. 

DISCUSSION 

The preliminary flow visualisation and RTD results 
presented in this paper suggest that flow oscillations 
can have a pronounced effect on the steady flow of 
fluid within a baffled tube. Ln addition it has been 
shown that, for a given volumetric flow and frequency 
of oscillation, a pronounced optimum amplitude of 
oscillation exists where near plug flow characteristics 
are achieved. It is found that for the present exper- 
imental conditions the optimum amplitude of oscil- 
lation is in the region of 1 mm. This value is modest in 
magnitude and would reflect a very low power con- 
sumption for the device. If the objective is to achieve 
good mixing alone it would appear that operating the 
device at an amplitude equal or greater to that which 
gives a minimum value of D/uL, is desirable. If, in 
addition, plug flow characteristics are required the 
device should be operated at the amplitude that gives 

the minimum D/uL. In this situation it would appear 
that eddies of sufficient intensity are being generated 
to give good mixing between individual baffles. At 
higher amplitudes of oscillation larger-scale eddies are 
being generated, causing strong axial dispersion along 
the length of the tube. 

The objective of this paper has been to report the 
basic features of the observed effect. Further detailed 
studies of other variables will be reported later and, 
when all the design parameters have been fully estab- 

lished, no potential problems are seen in scaling the 
device. In addition the excitation of the flow oscil- 
lation could bc achieved in a number of alternative 

ways. It is believed at present that the system could, 
under certain circumstances, be usefully used as a 
reacting vessel, a crystalliser, a mixer or plausibly to 
assist in cross-flow filtration and/or ultrafiltration. 
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NOTATION 

dimensionless group. Bo = uZR/D 
concentration, mmol/l 
lengths of cams 
diffusivity 
residence time distribution 
dimensionless residence time distribution, 
E* = rE(t) 
tube length 
molar mass of injected tracer, mmol 
number of stirred tanks 
tube diameter 

net flow Reynolds number, Re, = u2R/v 
maximum oscillatory Reynolds number, Re, 
= wx,ZR/v 

Strouhal number, St = R/Znx,, 
mean residence time 
mean velocity of flow in tube 
volumetric flowrate in tube 
tube volume 
maximum amplitude of oscillation 

Greek letters 

00 initial starting angle 
0, maximum angular displacement from start- 

ing position 

e* dimensionless time 
V kinematic viscosity of fluid 
rT2 variance of residence time distribution 
7 time, 7 = V/v 
w angular frequency of oscillation 

REFERENCES 

Aris, R., 1960, On the dispersion of a solute in pulsating flow 
through a tube. Proc. R. Sac. Land. A259, 37&376. 

Baird, M. H. I. and Garstang, J. H., 1967, Power con- 
sumption and gas hold up in pulsed columns. Chem. Engng 
Sci. 22, 1663-1673. 

Bellhouse, B. J., Bellhouse, F. H., Curl, C. M., MacMillan, T. I., 
Gunning, A. J., Spratt, E. H., MacMurray, S. B. and 
Nelerns, I. M., 1973, A high efficiency membrane oxy- 
genator and pulsatile pumping system, and its application 
to animal trials. Trans. Am. Sot. artif: internal Organs 19, 
72-79. 

Brunold, C. R., Dickens, A., Hunns, J. C. B., Mackley, M. R. 
and Williams, H., 1986, Improvements in or relating to 
mixing apparatus and processes. Int. PCT Patent 8516344. 

Brunold, C. R., Hunns, J. C. B., Mackley, M. R. and 
Thompson, J. W., 1989, Experimental observations on 
flow patterns and energy losses for oscillatory flow in ducts 
r;ont&niny sharp cdg& Chem. Engng Sci. (i-n press). 

Ghan, K. W. and haird, M. H. I., 1974. Wall friction in 
oscillatmg hquid columns. Chem. Engng Sci. 29, 
2093-2099. 

Denbigh, K. G. and Turner, J. C. R., 1971. Chemical Reactor 
Theory, 2nd Edition, pp. 9clOl. Cambridge University 
Press, Cambridge. 

Goebel, J. C., Booij, K. and Fortuin, J. M. H., 1986, Axial 
dispersion in single phase flow in pulsed packed columns. 
Chem. Engng Sci. 41, 3197-3203. 



Experimental residence time distribution measurements 1479 

Knott, G. F. and Mackley, M. R., 1980, On eddy motions 227-233. 
near plates and ducts induced by water waves and periodic Sergeev, S. I., 1966, Fluid oscillations in pipes at moderate 
flows. Phil. Trans R. Sot. 294, 599-628. Reynolds numbers. Fluid Dynamics 1, 121-122. 

Levenspiel, O., 1979, The Chemical Reactor Omnibook. OSU Stephanoff, K. D., Sobey, I. J. and Bellhouse, 8. J., 1980, On 
Bookstores, Corvallis, OR. flow through furrowed channels, Part 2, observed fiow 

Levenspiel, 0. and Smith, K. W., 1957, Chem. Engng Sci. 6, patterns. J. Fluid Mech. 96, 27-32. 

CES 44:7-e 


