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Turbulent axial velocity fluctuations at sixteen radial positions in a circular pipe are measuredsimultaneously,
and contour line maps of the velocity are drawn in time-radial position coordinates. Onthe basis of these maps, the
change in velocity radial distribution with time is regarded as a pattern, and the time- and space-scales of the lower-
frequency eddy-group which is predicted to influence the diffusion of fluid element are discussed. By a statistical
method based on pattern analysis, the radial distribution of averaged space-scales of eddies is obtained.
Additionally, smaller eddies which cannot be found by the statistical method are extracted through direct reading
from the contour line maps, and the usefulness of regarding the turbulent flow field as a pattern is made clear.

Introduction

Transport phenomena and chemical reactions in
chemical equipment depend greatly upon the flow
condition. Particularly, the structure of turbulent flow
is one of the important factors that control the
capacity of the equipment.
It has been considered that the velocity fluctuation

in a turbulent flow field consists of various frequen-
cies, and energy spectra have been used to express the
structure. In the previous paper,4) a formula for the
one-dimensional energy spectrum function for wide
wavenumberranges was proposed under the assump-
tion that the turbulent flow field consists of eddy-
groups, and it can be predicted that the space-scale of
the lower-frequency eddy-group, which has many
effects on the diffusion of fluid element, is large.

In the case of turbulent flow in a circular pipe,
which is a representative item of equipment, the
velocity has been measured independently at each
radial position, and the characteristics of the turbu-
lent flow are analyzed according to the measured
velocity. But in the lower-frequency eddy-group,
which is estimated to have a large space-scale, the

velocity at each radial position doesn't fluctuate inde-
pendently of one another and the movementof the
eddy-group will have an influence upon the transport
phenomena in the flow field. Therefore, simultaneous
measurements of velocities at each radial position are
indispensable in order to investigate the scale of the
lower-frequency eddy-groups. However, simul-

taneous measurementhas hardly been done even in
the pipe flow of Newtonian fluids.
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The purpose of the present study is to gain infor-
mation about the scale of the lower-frequency eddy-

group in turbulent pipe flow from the viewpoint of
pattern analysis. For that purpose, the velocity fluc-
tuations at sixteen radial positions were measured

simultaneously and contour line maps concerning the
velocity were drawn in the two-dimensional space

consisting of time and radial position. By making use
of these maps, the shapes and the scales of eddies
which correspond to the lower-frequency eddy-group
will be discussed.
1. Experiments

The experimental apparatus is illustrated schemati-
cally in Fig. 1. The electrolyte solution as the test
liquid in a reservoir tank is fed into an overflow tank
with a pump. It flows down through the test pipe
connected to the bottom of the overflow tank and
returns to the reservoir tank. The overflow water from
the overflow tank flows back to the reservoir tank
directly. The test pipe, made of acrylic resin (69.7 mm
inner diameter and 8. 1 m total length) is set vertically.
The velocity-measuring probe is set at a distance

7.5 m downstream from the inlet of the test pipe.
The rate of flow is regulated by a needle valve

connected to the test pipe downstream of the test
section.

An electrochemical probe which consists of sixteen
platinum spheres (0.5mm diameter and 2.18mm=
0.0637? interval between adjacent spheres) on an
acrylic resin plate as shown in Fig. 2 was used to
measure the velocity fluctuations at sixteen radial
positions simultaneously. It was already confirmed2'3)
that the axial velocity fluctuations could be measured
by using these platinum sphere electrodes.
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Fig. 1. Experimental apparatus.

Fig. 2. Velocity-measuring probe.

Output of the probe was recorded on magnetic
tapes at sampling intervals of 0.005 s (=200Hz) by a
multi-channel digital data recorder, and these data

were analyzed by a computer. The sampling interval
of 0.005 s was determined after confirmation5} that the
order of the average frequency of the lower-frequency
eddy-group is the range of 1-5Hz for the turbulent

flow in the test pipe.
The experiments were carried out in the range of
Reynolds numbers from 5900 to 21000, which cor-
responds to the region from undeveloped to fully

developed turbulent flow.

2. Experimental Results
In the following, all contour line maps will be

shown in coordinates of r/R and / because the original
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data were obtained by an Eulerian method.
2.1 Change in velocity distribution with time

Figure 3 shows an example of the change in axial
velocity distribution with time at a Reynolds number
of 17200 in the three-dimensional space consisting of
dimensionless radial position (r/R), time (f) and axial
velocity (U). In this figure, measured data are con-
nected by straight lines to express velocity fluc-

tuations which have larger scales than the intervals of
adjacent measuring positions clearly. The simul-
taneous behavior of liquid elements at a few sequen-
tial radial positions can be observed in some regions,
and these regions are predicted to be occupied by the
lower-frequency eddy-group.
2.2 Contour line map of velocity
To express the lower-frequency eddy-groups clear-
ly, contour line maps of velocity were drawn. Figure
4(a) and (b) are examples of these contour line maps.
Abscissa and ordinate are dimensionless radial po-
sition and time, respectively. Each of these maps is
drawn by using 65 velocity distribution data which
are sampled at intervals of 0.1s (=10Hz). These

maps are drawn by a least square method, which has
been confirmed to be normal by comparing axial
mean velocity profiles estimated from the contour line
maps with universal ones. The regions between ad-
jacent radial measuring positions are drawn by in-

terpolation, so the contour lines of the velocity in such
interpolated regions, particularly the regions near
the pipe wall, may not be expressed completely.
Accordingly, attention is paid to an eddy which
extends over more than two radial measuring po-
sitions, so the shape of the contour lines in these
regions have little influence on the analysis in this
paper. The contour lines are drawn at intervals of
l.Ocm/s and each numerical value in these figure
expresses the velocity of each line. In these maps,
regions where the contour lines are extended in the
radial direction can be observed, and it can be said
that the liquid elements in these regions behave
simultaneously. These regions are predicted to be
occupied by the lower-frequency eddy-groups. And
from these maps, it becomes clear that the frequency
of fluctuation increases with increasing Reynolds
number. In the following sections, these maps are

regarded as turbulent flow patterns.

3. Analysis of the Turbulent Flow Patterns
3.1 Statistical method

First, the turbulent flow patterns are analyzed
statistically according to an old method.

The contour line maps are treated as two-
dimensional geometrical patterns. The data are ar-
ranged as shown in Fig. 5 where abscissa and ordinate
are dimensionless radial position and time, respec-

tively, and the dots express the places where the data
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Fig. 3. Change in axial velocity distribution with time.

Fig. 4. Contour line map of velocity, (a) ite=21000; (b)

/te=9000.

Fig. 5. Arrangement of data in the contour line map.

exist. The velocity at the point of radial position-/ and
time-7 is designated U{iJ) and the fluctuating part at
U(i,j) is defined as

u(iJ)= U{iJ)- U(i) (1)

where U{i) is the local mean velocity at radial
position-/. To analyze the contour line maps quanti-
tatively, the data which compose the maps are ex-
panded into one-dimensional sequential data which
are then arranged in order of time as follows:

u(\,j-n), u(2,j-n), à"à"å , u{ij-n), à"à"à"

,1/(16,./-w), u(lj-(n-l)l à".à"9 u(ij-(n-l)),-'

,u(l,j-l), -', u(l6J-l),u(l,j)9 u(2j), à"à"-

,W(16J), M(l,y+1), à"à"à", t/(16,y+l), ^(1,7+2)

(2)

where n is an arbitrary integer.
Using this arrangement, the data can be analyzed

statistically without consideration of the time and

position, and the datum at every 16th data point is for
the same radial position. Considering that there is a
distance of 1/16 between two adjacent data, the
distance between the noticed datum u(ij) and an

arbitrary datum u(m,j+ri) can be shown as
d=(m-i)/16+n (3)

Therefore, when u(ij) is set at w(0), u(m,j+ri) can
be written as u(d). The correlation coefficient between
m(0) and u(d) is defined as the following function ofd:

_ u{0)u(d ) (4)
l~ u't2

where u[ is the intensity of velocity fluctuation at
radial position-/.

This correlation coefficient can be obtained as an
ensemble mean of 1848 arrangements of data. Figure

6(a), (b), (c) and (d) show some examples of the

VOL 20 NO. 2 1987
113



Fig. 6. Correlation curve, (a) /te=17200, r/R=0.0; (b)

ite=17200, r/R=0.938; (c) /te=9000, r/^=0.0; (d) Re=
9000, r/7?=0.938.

correlation curves according to the wayof thinking
described above. In someof them, somepeaks appear
periodically, and the height of the peaks decrease with
increase of absolute value of d. The period of the
appearance of the peak is about 1.0, and the peri-
odicity shows that structures which are due to the
lower-frequency eddy-groups exist near the noticed

radial position. Additionally, the decrease in height of
the peaks reveals the decay of the structures with
increase of absolute value ofd. On the other hand, in
Fig. 6(a), the peak under the condition of Re= 17200
at r/R=0.0 does not seem to be periodical. This
shows that a structure which is due to the lower-

frequency eddy-groups decays more rapidly than the
sampling interval in the higher Reynolds number
ranges. Additionally, it can be said that the perio-

dicity of the peaks near the pipe wall is clearer than
that near the center of the pipe.

Figure 7 shows a typical part of the correlation

curve. Width (W) and height (Cmax) of the peak are
defined by using an appropriate threshold of C=0.1
as shown in this figure. The width of the peak seems
114

Fig. 7. Definition of width and height of peak.

to be a representative scale whichcorresponds to the
radial space-scale of the lower-frequency eddy-group,
and the height of the peak will show the degree of
correlation between two points. These values, i.e. W
and Cmax, are measured for all peaks in each objective
correlation curve and the average of all Wvalues, W,
and the summation of all Cmaxvalues, £Cmax, are
calculated.
1) W_ Though it is very difficult to classify the
operational conditions into low-ite group and high-
Re group. ite= 10000 is taken as the representative
threshold value as a trial. By using the threshold, the
operational conditions are divided into two Reynolds
number groups. The average values of Wat each
radial position is calculated, and the results are shown
in Fig. 8. There is no difference in the shape of the
distribution for the low Reynolds number group from
that for the high Reynolds number group. Wtakes
maximumvalue at r/R=0.5, and approaches zero at
r/R= 1. This result predicts that the pipe wall disturbs
the appearance of the lower-frequency eddy-groups.
On the other hand, it seems that the shape of the
distribution of W resembles that of eddy diffusivity
which is reported by Hinze1}, though the dimensions
of the two quantities are different from each other.
This result maysuggest that the radial space-scale of
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Fig. 8. Radial distribution of W.

the lower-frequency eddy-group has some relation to
the diffusion phenomena.
2) £Cmax The summation of the height of peaks
becomesan index which expresses the amount of time

scale concerning the lower-frequency eddy-group.

The averages ofZCmaxat each radial position for the
two Reynolds number groups are calculated in the

same way as in the case of W9and the results are
shown in Fig. 9. At any radial position, ICmax is

larger at the low Reynolds number group than that at
the high Reynolds number group. This confirms the

prediction that the time-scale of the lower-frequency
eddy-group for the low Reynolds number group is
larger than that for the high Reynolds number group.

In the following section, some information about

the lower-frequency eddy-groups is obtained from the
patterns directly by observation and the results are

comparedwith those obtained in this section.
3.2 Direct method
Figure 10(a) and (b) are contour line maps of the

dimensionless velocity fluctuation (u/u'). The contour
lines are drawn at intervals of dimensionless velocity
fluctuation of 0.25, and each numerical value in these

figures expresses the value of the line. The regions
occupied by the lower-frequency eddy-groups are

determined with the eye by the following steps.
1. Find a contour line which is closed and is

extended over more than two radial positions.
2. Outermost contour line is taken to be the
boundary of the region.

The shaded portion in Fig. 10(a) is an example of
such a region.
All regions that meet these criteria are taken out of

the maps, and their dimensionless radial sizes (L) are
measured by using pipe inner radius. The determi-
nation of the intervals of the contour lines is impor-
tant, because the size of the eddy-group described

VOL 20 NO. 2 1987

Fig. 9. Radial distribution ofICm

Fig. 10. Contour line map of dimensionless velocity fluc-
tuation, (a) ite=21000; (b) /te=9000.
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above depends greatly upon the intervals. If the
contour lines are drawn moredensely, more regions
where contour lines are closed appear in the maps.
But, in the newly appearing regions, the values of the
dimensionless velocity fluctuations are predicted to be
larger or smaller by 0.1 or 0.2 at most than those in
the surrounding regions and the velocity fluctuations
in these regions are predicted to contribute hardly at
all to energy-spectra. Therefore, it is not necessary to
draw contour lines more densely. Figure ll(a) and (b)
showexamples of the radial distributions of L. The
solid curve in the figures shows the radial distribution
of ^obtained in the previous section. One-half of the
value of Wat each radial position is taken as the
representative threshold that divides the distributions
into the two groups as a trial. One group, which has a
larger radial space-scale than the threshold, is ex-

pressed with white keys, and the other group, which
has a smaller radial space-scale than the threshold, is

expressed with black keys in these figures. There is
little difference between the radial distribution of
white keys and the solid curve of Wat any Reynolds
number, and the distribution of black keys is almost
flat over the cross section of the pipe. Fromthe results
described above, it can be seen that the capacity of
mixing at each radial position does not depend on the
smaller eddy but on the larger one. This prediction is
derived from the similarity between the distribution of
eddy diffusivity and that of the scale of the larger
eddy.

Because most of the smaller eddies are contained in
a larger one, it is very difficult to find the smaller eddy
statistically by the old statistical method. In this
section, it is made clear that both the smaller and the
larger eddies can be found directly from the contour
line maps of the velocity fluctuation.

Conclusion

Contour line maps of velocity and velocity fluc-
tuation in turbulent pipe flow are drawn in order to
reveal the turbulent structure. The shape and the scale
of the lower-frequency eddy-group are shown clearly
by these maps. By analyzing the maps with the
statistical method, two indices concerning the scale of
the lower-frequency eddy-group are defined. One of

them corresponds to the time-scale, the other to the
radial space-scale. On the other hand, by analyzing

the maps by the direct method, the radial space-scale
of the lower-frequency eddy-group is determined with
the eye. From the radial distribution of this scale, it is
found that there is a small eddy which has constant
scale regardless of radial position in the lower-
frequency eddy-groups from the view-point of the
radial space-scale.

By using the contour line maps, new information
about the radial space-scale of the lower-frequency
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Fig. ll. Radial distribution ofL. (a) 7te=21000; (b) Re=
9000.

eddy-group is obtained, and it is expected that more
detailed consideration of the maps will introduce new
information about the turbulent structure.

Nomenclature
C = correlation coefficient for one-dimensional

arrangement of data [-]
d - distance between two data in one-dimensional

arrangement of data [-]
L - radial space-scale of eddy on contour

line map [-]
R = pipe inner radius [m]
Re = Reynolds number [-]
r - radius [m]
t = time [s]
U = axial velocity [m/s]
u = fluctuating part of axial velocity [m/s]
u' = turbulent intensity [m/s]

W = width of a peak in correlation curve [-]
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FORMATION OF NICKEL CONCENTRATION PROFILE
IN NICKEL/ALUMINA CATALYST DURING
POST-IMPREGNATION DRYING
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Nickel concentration profiles were studied for impregnated nickel/alumina catalysts prepared by impregnating
two types of spherical aluminas with nickel (II) chloride aqueous solution and applying a wide range of post-
impregnation drying conditions. Migration of nickel (II) ion towards the outer surface of alumina occurred during
post-impregnation drying. The fraction of migrated nickel (II) ion increased with increase of the constant drying
rate, and was held at a constant value, 0.5, at values of the constant drying rate larger than 2 x l0~4kg-m~2 -s~1.

A model of solute migration during post-impregnation drying, combining solution movement by a capillary force
with solute diffusion, was proposed. The observed nickel concentration profiles of the nickel/alumina catalysts
showed good agreement with the results calculated by the model over the whole range of drying conditions.

Introduction

Impregnation is one of the most important in-
dustrial methods of preparing supported catalysts.
Since Maatmanlo'n) introduced the concept of move-
ment of an active material precursor within supports
during impregnation, many studies5'6'9'16) of the
phenomena have been reported. Recently, the ma-

jority1'7'14) of such studies are concerned with control
of the profile of an active material precursor. It seems
that the techniques to obtain a desired concentration
profile of an active material precursor during impreg-
nation are established to some extent. However, the

profile formed during impregnation maybe destroyed
by post-impregnation drying, which causes migration
of an active material precursor toward the outer
surface of supports, i.e., surface segregation.4'7'15)

Kotter et al.8) reported that addition of hy-

droxyethylcellulose to the impregnating solution de-
pressed the surface segregation. However, the de-
crease of penetration rate of the impregnating so-

lutions due to viscosity increase makesthe technique a
restricted one. To solve such a problem, quantitative
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investigation of the surface segregation of an active
material precursor is preferable, but no model for

interpreting that phenomenonquantitatively has beenfound.

In the present study, the effects of the post-
impregnation drying conditions on the nickel con-
centration profiles of impregnated nickel/alumina cat-
alysts were investigated by impregnating two types of
spherical aluminas with nickel (II) chloride aqueous
solution and applying a wide range of drying con-
ditions. Furthermore, a model of solute migration
during post-impregnation drying is proposed to de-
scribe the nickel concentration profiles.
1. Experimental

1.1 Preparation of catalysts
Eighteen kinds of impregnated nickel/alumina cat-

alysts were prepared by using two types of aluminas
(JRC-ALO-1 and JRC-ALO-3 supplied by Catalysis
Society of Japan) and applying nine kinds of post-
impregnation drying conditions. The typical proper-
ties of the supports and the preparation conditions
are presented in Table 1.

1) Impregnation Spherical aluminas of average
diameter about 3mmwere impregnated with nickel

117


