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I SUMMARY.




I SUMMARY.

The mixing processes whigh ocecur in a liquld
flowing through a packed tower have been studled and meas-
ured. |

Water was passed up a packed tower, and an in-

dicator solution of methylene blue injected at the axis.

The rate at which mixing occurred was determined by taking

éamples from varlous points and measuring thelr concent-
rations. The process of mixing was found to conform to
the normal'diffusion law, or to the law derived from
"rendom walk" theory. (the two give very nearly the same
expression), and an.?abparent diffusion coefficient" D

could be célculated %rom the distribution.
For spherical particles (with which most of the

De - oosske) "
M

(where (Re) is the modified Reynolds' number), when (Re)

work was done)$

was in the range 10 - 100.

In this range it 1s consldered that flow is
turbulent in some parts of the packing, and streamline in
others. The mixing process is thought to be caused by:



local turbulence (leading to "eddy diffusion) : splitting
and scattering of streams by channeling (caused by |
fluctuations in the specific resistance to flow of various
parts of the packing) ¢ and possibly by displacement of
elements of the 11quid'when they impinge on the partilcles,
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ZL’ INTRODUCTION

Utilitarian aspect of the problem. At the moment fixed-bed catalytic

reactors are designed largely on the “hit-or-miss" or "build-and-try"
principle, simply because it is nof possible to calculate the dimenéions V
and other characteristics of & reactor from small-scale experiments.
Since the rate of a gaseous reaction at any point in the catalyst bed
depends on the temperature and composition of the gas, it is clear that
the rationaliéation of reactor design must depend on a knowledge of the
coefficients of heat-®nd-mass -transfer through the bed. As regards the
latter, it is nown that the molecules of the gas do not in‘general tfavel
in straight lines parsllel to the apparent.axis of flow, but follow a |
devioﬁs path, so thaot mixing takes place transversely and longitudinally.
The temperature and composition of the gas at any point will, therefore,
d;pend, among pthef things, on the rate at which this mixing takes pleace.

Object of Present Work. The experimental work desecribed in this

thesis was designed to throw some light on the mechanism and cuantitative
characteristics of the mixing which occurs when a fluid flows through a
bed of particles of uniform size and shape. Since liquids are easier to
handle than gases, it was decided to do the preliminary work using water
as the moving fluid, on the supposition that there would be a general
similarity to the case of a gas-gstream, particularly at comparable
Reynold!s numbers; Although it was désirable to cover the range of
Reynolds! numbers which might be expected in a catalytic reactor, it was
also of interest to gain a picture of the behavior of the system over

as wide a range as possible. In practice, the upper limit of flow rate



was fixed by the limitations of the apparatus, and the lower by limita-
tions in the technigque of ﬁeasﬁrement employed; the higher Reynolds!
-numbers were of the order of magnitud? of those which might be encountered
in a reactor.

Neture of the Phenomenon. In a gas-stream, mixing mey be expected

to occur in several ways during passage through a packing: normal diffu-~
sion, caused by thermal motion of the molecules: mixing due to turbulence:
and possibly scattering caused by the diversion of various parts of the
stream as they impinge on solid~surfa§es. In a liquid it was assumed
(eand with justification, as the experiments showed) that the normal dif-
fusion coefficient would be negligibly small in comparison with the other
effects at the rates of flow employed. We are thus left with turbulent
mixing (or eddy-diffusion) and with the possibility of another distinguish-
able mechanism, which will be called displacemenf mixing.

Although no previous work on packed tubes had been published, a good
deal has been done on eddy-~diffusion in open tubes. Mixing occurs in a
fluid in turbulent flow, because any element of fluid may have a backward,
forward or sideways component of velocity superimposed on its mean flow
velocity. The size of the "element" undergoing these fluctuations, the mag-
nitude of the random velocities attained and the mean distance travelled
between changes of direction are indeterminate; but the effective result
is a mixing process, analogous to molecular diffusion, and susceptible to
similar mathematical treatment. -

In the case of molecular diffusion, the coefficient of diffusion Dl

'is defined by the expression

4.2‘__ - Y Ae
e A‘DA' Ax



where %% is the rate at which molecules of the diffusing species cross
area A of a plane at right-angles to the X-éoordinate, ¢ being the con--
cenﬁration of the diffusing species in molecules per unit volume. This
is equivalent to the expression . |

V¢ =z A ‘ )_?..c_

— D
2€ VT A%

The foregoing expressions are true for the case where the concentration
varies in one dimensipn only. For the more general case of variation

in 3 dimensions:
de. ‘b“ 7"¢ %
2 = AD 2)“ ? t a2

The general validity of thes? diffu51on laws can be demonstrated
by considering tﬂe effects éf random, independent movements of the
diffusing molecules, such as occur in a gas. In a stagnant mass of gas,
for instance, containiﬁg two or more species of molecule; any macroscopic
VAQiations in composiﬁidn will in time disappear, because purely random
movement will cause a net transfer of molecules of each species from re—
gions where their concentration is high into regions where it is low.

It is only necessary to assume that an individual molecule is equally
likely to move in any direction at any moment, and that the mean length
of individual displacements in all directions is equal to show that the
diffusion laws given above will follow; (éee Kemnard's "Kinetic Theory of
Ga5es!) Sobjeat f5 IRe limitations mentioned [afey.

In turbulent motion the elements undergéing random displacement are
of macroscopic dimensions, and not individual molecules; the velocify of
displacement‘will be comparable to the flow-velocity, and hence much slower

than the thermal velocity in a gas; and the "mean free path' will no



doubt be much greater than for molecular movements. If Would be expected,
however, that the net effect, in a system large enought to dwarf the
fluctuations due to turbulence, would be analogo?s to the molecular dif-
fusion.

The theory of eddy diffusion, which will not be discussed in detail
here,has been developed largely by G. I. Taylor (10); the work of v. Karman
(11), Prandtl (20), Dryden (‘12), ‘Sherwood and Woertz (13), Murphree (14),
Goldstein (15) may also be consulted. In place of the "mean free path" of
kinetic theory the c;néept of "mixing length% is employed——the mixing
length being the mean distance which an eddy travels before breaking up
and losing its identity; and the root mean square veloéity is replaced
by the mean instantaneous deviating velocity in & direction perpendicular
to the main flow. Neither of these quantities can readily be derived
from the parametus of the system; in fact the present state of the theory
does not admit of a priori predictions of the eddy diffusivity (or eddyA
diffusion coefficient) such as can be made for the molecular diffusivity
D from kinetic theory.

However, experimental work has shown that the turbulent mixing process
can be described'by the normal mathematicsl diffusion laws, subétituting
an eddy-diffusivity E in place of Dl — see Shérwood and Woertz (13),
Sherwood and Towle (5), Weddell (17), Hawthorne (18), all of whom were
investigating turbulence in open tubes, containing no packing. A similar
conclusion was reached by Kalinske and Pien (19), who investigated mixing
in open troughs. :

When a fluid flows through a bed of solid particles at a sufficient

rate to give rise to turbuleng§3 therefore, it is to be expected that a



diffusion-like mixing process will be ceused by eddy-diffusion, but it

is not possible to make quantitative predictions. At lower rates of

flow, where turbulence is non-existent or negligible, it would appear
doubtful at first sight whether mixing would occur at all; it might be
expected that any two p&tticles which entered the system close together
would remain close together. This certainly is the case in a fluid in
streamline flow past a single sphere (see Fig. IV(i). However, considera-—
tion of conditions in an assembly of spheres suggest that two particles
which are separated by the splitting of the stream by a sphere may never
regain their former relative positions, dwning to the diversion of strezams
of fluid by other spheres in the assembly into the "gap" between the
particles‘(see Fig. IV'(ii)). Thus it is possible, without postulating
discontinuities in the velocity distribution such as occur in turbulent
motion, to conceive of purely streamline or viscous flow leading to per—
manent separation'of‘particles which were originally close together.

This is in effect a mixing process, and an attempt has been madg to derive
an expression for the corresponding mixing or diffusion coefficient,

making certain simplifying assumptions (see Appendix "A"). This coeffibient
is referred to as thé "geometrical"'mixiné coefficient, and‘the process as
displacement mixing. However, considerationé‘advanced in Appendix B suggest
that the situation is complicatgd b& the existence of channels in the‘éacking,
which lead to gross variations in the masglvelocity from region to region,
so that the path of a perticle is probably not determined soldy or.even
predominantly by the configuration of the solids in its immediate neigh- .

bourhood.



The only experimental investigations of fluld mixing

in a packed tower have been carrled out by Rabinowitz and
Roessel (4) , who worked out the apparatus and technique
which ha?e, wlth certain modlfications, been used in the
bresent work. It is thought, however, that their quantit-
ative results were probably in error, owing to the excessilve
rate at which the indicator solution was introduced (see
Appendix E ).

Diffusion and random scattering. Rabinowitz and Roessel

used an equation known as the Wilson equation (6) to calculate
the mixing or apparent diffusion coefficlent kmxzx from
measurements of concentration at various points in the tower.
The Wilson equation is a solutlion of the general diffusion
equation given earlier in this section, after the approp-
riate condltions have been inserted, and making the assum-
ptlon that diffusion parallel to the axis of flow (1.e.
longitudinal mixing) may be ignored. The present authors
~derlved an equation simllar to that used by Kalinske and

Pien (19), by considering the distribution attained by
partiéles undergoing random scattering; the derivation

and final form of this "probability equation" is given in
Appendix C. There is aldiscrepancy between ihe Wilson equation
and the probabllity equation, althoﬁéh ynder the conditions

of the experiments described here the divergence was within



the experimental error. The reson for the discrepancy

between the two equations is dlscussed in Appendix C.
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EEEZ Apparatus and Procedure (See Appendix E forfurther details)
'~ Apparatus. This consisted of a constant head tank, )
providing a flow of water which was metered by an orifice
and manometer.v The water flowed up through a container filled
with coarse packing, and then through a 4-inch glass tower
which contained the packing under investigation (supported
on wire gauze), and finally overflowed at the top of the
tower, The indilcabor solution was introduced at the bottom
of the tower by a capillary tube set on the axis. Samples
pould be wlthdrawn from various points on th e packing by means
of five l/G# inch steel caplllary tubes inserted into the
packing from above; these were rigidly mounted on a metal
frame which held them vertically with thelr open ends in
one horizontal plane and sltuated along a dlameter of the
tower. The samples were collected simultaneously in five
test-tubes by applylng a vacuum to the alr-spaces of the latter.
The tips of the sampling tubes were usually about an inch
below the upper surface of the packling, and the total depth
of packing in the tower was varied as convenient.

Procedure. Water was admitted at thedesired constant
rate, and then the indicator solution ( methylene blue, 25
gms./litre) was admitted thrdugh the injection tube. The rate
of Injection of indicator was adjusted to glive a convenient
depth of colour for the concentratiqn determinations (see
Appen@ix E). When steady state hed been reached a vacuum was
applied to the colleéting-tubes, and samples withdrawn from
the tower, The first portions of liquid collected were thrown
away, as they served to wash out the collecting-tubes. The
samples proper:v were then collected. . It appeared desirable

to do this as slowly as possible, to avold drawing into the
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tubes; liquid from remote parts of the system. The. time required
to withdraw 1iquid thvough the capillary tubes at the same
linear veloclty as that: of the stream through. the packing;wowldi
heve been prohibitive, so the 1owest;convenienﬁurate was used
-=30-20 minutes for a sample:of about 25ce. from each tube--i,e,
2-20 times the linean*flow velocity of the stream. The effect. of
this was to:increase: the effective: area of cross section: from
which the: sample: was withdrawn; 1t is not belleved to:rhave dls-—
-torted the results, It had been determined (see Appendix C)that
the: interpretation of the results did not depend on a constant
rate of Injectlon of indicator, as long as the mean concentration
of the effluent was used for C%# in the computation, Since the
injection rate was not positively controlled, samples of
effluent were taken at regular intervals during the sampling

- period, and mixed. There was a tendency for air to come out
of solution and form bubkiles on the packlng, and 1t was feared
that this might affect the results. Preheating of the water
was8 tried and found to be useless., The effect was mitigated by
stirring the packing before each run, thus disloagiﬁg the
bubbles, which did not reachy a size comparable with the packiling
partlicles during the course of a run.

Colorimetric analysis of methylene blue solutions, Methylene

blue was used a3 an indicator because it can be estimated
accurately and easily by its colour?at great dilutions., Owlng
to the limitations on the rate of injection of indicator (dis-
cussed in Appendix E), the concentrations to be measured were
as low as 1/4000 that of the indicator solution injected., The
solution used, since it contained only 25 gms. of methylene
blue to a litre, was consldered unlikely to differ

greatly in density or viscosity



from pﬁré water.

A Duboscg type colofimeter was uced. The standard solution uced for
analysis was & iﬁ%ﬁ- dilution of the indicator solution. A curve was con-
structed experimentally, showiné color—denéity as a function of concentra-
tion (departure from Beer's law is great). A number of sub-standards of
various concentrations were also used. To determine the concentration of
a spample, its color-density was determined by comparison in the colorimeter
with one of the standards (the nearest one, because color as Wéll as den-
sity appeared to alter with concentration) and its concentration rezd off
the curve.

Pressure—gradient Measurements. In order to messure the pressure-

gradient through the packing at various velocities, pressure-taps were
inserted below the gauze supporting the packing and abové the top of the‘
p:.cking, and connected to a manometer. This arrangement gave very erratic
fesults, probably because air bubbles collected under the gauze and much
inéreased its resistance. Since the greatecst conéeivable pPitot effect
was estimated to be negligible, it was decided to insert tubes directly
into the packing. A Ypressure-probe" of the type shown}in Fig. VIII was
used, the ends of the.tubes‘being turned upwards to prevent any bubbles
éntering or blocking them. Although results‘were ipclined to be erratic,
they were very much more reproducible than with the original esrrsngement.

Calculation of Diffusion Coefficients. Several sets of samples having

been taken with the flow velocity constant, a plot was made of

Cx Y2
[ cx XY
oa (0 C*' s %

/2



3

cX
('5;(:) being averaged for all samples with the same v and ) and the best
straight line consistent with the "probability" equation was drawn through
the points. Either the slope or intercept of the line gave the value of

FD. Details of the calculation are given in Appendix F.
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IV RESULTS

The following is a table of the results obtained in this investigation |

see appendix B

Packing type |Free Superficial Reynolds Number Friction Factor Pressure gradient Diffu§i?n
and size volume  |Velocity CS/sec Coetf clent
Dynes/sq. CM/CM CMS </sec.
6 mm glass 0.36 0.25 11.99 61 0.0129 0.0103
beads
0.314 15.05 52.0 0.0174 0.0165
|
0.32 15.31 51.5 0.0179 0.0200 |
\
1.07 51.3 24.5 0.0956 0.0834 i
1.66 79.5 19.5 0.183 0.196 (
1.85 88.7 17.5 0.204 0.225
2.30 110. 15.5 0.279 0.389 i
L mm glass 0.36 0.28 8.93 75.5 0.0301 0.0105
beads
: 0.69 21.9 41.0 0.0995 0.0334
1.22 38.9 29.0 0.220 0.0812
2.36 75.3 20.0 0.568 0.224,
K/B"\‘c.atalyst 0.40 1.06 92,2 11.4 0.0240 0.0201
- “'spheres 1.06 92.2 11.4 0.0240 0.228
{4" Berl Saddles| 0.59 1.91 97 (nominal) 32.8% 0.0766 0.354

' *rB/B—inch was manufacturer's nominal diameter. Displacement measurement of volume gave mean diameter as 11 mam.
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V. Discussion of Results

Accuracy of Experimental Work. The chief source of inaccuracy

was the fact that the concentration distribution was not continuous;
particuiarly at low rates of flow, the concentration varied sharply
fram point to point. Since the samples were withdrawn in effect from
a point source, it was necessary to take a considerable number of in-
dividual samples and average their concentrations in order to achieve
reliable results., The situation is analogous to that of plotting the
density of shots on a target; if samples consist of small, constant
areas of the target, the deviation between individual samples taken in
the same region will be least at the centre, and will become larger as
one goes outwards to regions of lower density. In the same way, the
variation between individual samples taken in corresponding positions
became greater as one moveq further from the axis of the tower.
An experiment was performed to show the point-to-point variations

in concentration. The five sampling tubes were arranged so that they
formed two compact groups, the members of each group being very close

together, The following results were obtained:

A (ems):0.97 1.6 L1uh0 sieevenee.onnn2.87 310
C (a') 311003 18'Llf 803 oc-ooc-oooooooo.BB 0

———

* ,,
CT 1) : 940 2503 1he2 “vevervvnnneens0437 0

The samples (b) were taken immediately after (a), without disturbing
the apparatus, It can be seen that the relative concentrations do not
decrease uniformly as 9 increases, that large variations occur within

short distances, and that the configuration changes somewhat with time.
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In the above experiment (Runs 67 and 68) the value of JC was 20 cms,
and of the Reynolds' number 16.

It is felt that the error in the measurements of concentration
was negligible, compared to those arising from the above effect, since
they were reproducible to within about 3%.

A possibility of error lay in the fact that the linear rate at which
samples were withdrawn through the sampling tubes was greater than the
linear velocity through the tower (see Section III). The effect of this
was to draw in liquid from regions remote from the actual sampling-point.
Here, again, however, it is felt that since the velocity of withdrawal
was at most 30 times the rate of :10w, and hence the effective sampling
area was only about 5 times that of the tube in diameter, the error in-
troduced was small compared to that due to fluctuations in the concentra-
tion. Indeed, by averaging the concentration over a wider area than the
cross-section of the sampling-tube, the sample-to-éample variation may
have been reduced. |

Other sources of error which have been considered, and which are
felt to be probabl& unimportant are: the excess of the speed of injection
of indicator over the flow velocity, and the influence of air.bubbles on
the effective shape and free volume of the packing (see section III.)

The nett error in the diffusion coefficient is difficult to estimate.
From the consistency of the graphical correlation plots, it is considered
that the maximum error is about 30%, and the average error between 5Z§nd
10%.

The error in the measurement of the pressure-drop through the pack-
ing was of the order of 3‘: O+ 2, cms. of water for 20 cms. of pack-
ing. The reason for this error (when using the "probe" described in
Appendix E) is not known; it obviously amount to a considerable relative

error at low velocities and in the case of packings of low specific
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resistance, such as 3/8-inch spheres and Berl saddles. In future it
might be desirable to use a considerably greater depth of packing to
measure pressure-gradients,

Agreement with distribution equations. An inspection of graphs

9 - 18 will show that considerihg the discontinuities in the system,

the distribution of concentration as found by averaging several measure-
ments agreed remarkably well with either the Wilson or the probability
equation. From an engineering point of view it is immaterial which law
(if either) is followed exactly; however, the probability expression is
more convenient, since it is easily integrated over a circular section;
it is thus possible to calculate, for instance, the length of a tower of
given diameter which is required, under given conditions, to!iron-out"
or homogenise a fluid stream of non-uniform concentration (such a cal-
culation is made, for example, on pages 21, 22 of Vol. I of the original
lab, notes). Under the conditions obtaining in a catalyﬁic reactor it
is thought that abrupt discontinuities in concentration are unlikely to
be encountered. In the first place, the Reynolds' number is likely to
be such that considerable turbulent mixing will take place; secondly,
the gaseous melecular diffusion co-efficient may be of the same order of
magnitude as the coefficient of mixing due to flow, so that interdiffu-
sion will occur between neighboring regions at all rates of flow.

Correlation of Results. Assuming that the magnitude of D depends

only on the superficial velocity 7} the fractional free volume, F, the
densityWQ and viscositqkﬁb/of the fluid, and the diameter of the pack-

ing particles d, and that the tower diameter does not influence it (see



Appendix B), dimensional analysis shows:

"d%, is a function of (F’ Q@%ﬁ)

)’L is a function of (F fﬁ)_’_f)

For the spherical packings, all but D, v and d are constant. Graph V
shows a plot of D against é;;’—e .

Since the friction factér f, defined for spherical particles as

:4/ oA

Z.E,,f

(where A p is the pressure drop in absolute units through a depth L of
packing) is a unique function of the Reynolds' number (see Appendix B),
D was also plotted against f (graph IV). Within the range of conditions

covered by the experiments, these plots show that, approximately:-

L(.—a °35(Re )"
> ,2—- B{f)—z%

(F was constant at 0.36 for all the experiments except those involving
11 mm.beads and Berl saddles; hence its part in the correlation cannot be
determined.) It is clear that whatever the exact form of these two func-
tions, d can be eliminated between them; this would be true even for non-
spherical particles, using arbitrary values of d. Thus for any given
shape of particle, it must be possible to express D as a function of

F ) /A&IZQ)’ li_ and of some dimensionless factor to account for varia-
tions in the fractional free volume., If it is desired to correlate data

in which the shape of the particles and the fractional free volume vary

independently of each other and of the other variables, then an empirical

/8
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factor may have to be introduced to account for each of these. However,
it appeared to the authors that shape and free volume might not appear
in the correlation expression as independent variables, since their ef-
fects might be absorbed into l?;%: . Hence dimensional analysis was

. . . . ¢~
applied on the assumption th§t jD is a function of ZBZZ ) f ) s

only, and it was found that

M is a function of Vil //0'/
f)‘ VB/— /- ,[)..3 P:-

Slnce/jbfand ‘7 were constant throughout, D was plotted against 43
3
(Graph VII) Lv

For the spherical particles,

p walte2)(L2C)

and the single value of_jD for Berl saddles was within 15% of that given
by this expression. Although not conclusive, this is a promising result,
since Berl saddles are far removed from the sphere in shape, and their
fractional free volume was 1.6 times that for the spherical packings.

If further experimental work on non-spherical packings confirms the
validity of this relationship, it should be extremely useful, since it
woula enable values 035‘29 to be predicted for such packings from
pressure-drop measurements alone, and these are relatively easy to carry
~out or (in some cases) to find in the iiterature, while any expression
involving the friction factor or Reynolds number suffers from the indeter-

minacy of these numbers for irregular shapes.
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It is interesting to note that if the quhold's number for 1/4-inch
Berl saddles is calculated using this nominal diameter as d, the single
value of D obtained for this packing falls close to the same line as that
relating D to Re for spheres. However, it is not felt that this is more
than a coincidence in view of the considerations put forward in Appendix B.
In particular, the free volume for the saddles is much larger than for the
spheres (0.59 and 0.36 respectively), and since there is every reason to
believe that D depends on the free volume, it should enter into the correla-
tion., In addition, there is some reason for thinking that the "nominal" Reynolds!
number for Berl saddles does not correspond numerically with the Reynolds'
number for spheres-- i,e. that the change from turbulent to streamline flow
does not occur over the same numerical range inlthe two cases. (See Appen-

dix B).

Interpretation of Results. It does not appear feasible to provide a de-

tailed and quantitative picture of the phenomena which lead to the type of
mixing observed. There is good reason to believe that in all cases the
flow through the packing was turbulent in some spots and streamline in
others; hence one would not expect the diffusion co-efficients to bear any
more simple a relationship to the Reynolds number in this region than does
the friction-factor. It is suspected that at least two mechanisms are
effective in this range-- turbuig;§7%§ eddy-diffusivity, and "displacement"
mixing; since the relative effects of the‘two mechanisms are probably vary—
ing in importance, a quantiqtétive analysis would be difficult, even were
it possible to predict the effect of one mechanism alone, which it is not.
The fact that the simplified "geometrical" displacement co-efficient de-

rived in Appendix B gives an approximation to the observed results at ...
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low rates of flow may or may not be significant. (Graph VI shows a plot

of the values of D predicted by this expression for varying values of the
Reynolds number; taking F= 0-34 ) f= [ y M ’0'0//:723;, the relation-
ship has the form D = 0,00065 (Rg) ). Further experiments at still
lower rates of flow would be required to show whether the apparent agreement
is coincidental. As far as could be observed in qualitative experiments,
channelling, caused by fluctuations in the specific resistance to flow from
point to point in the packing, is respbnsible for some of the mixing which
took place. No quantitative theory of this effect is offered; it would be

expected to lead to a "random-walk" type of distribution, but the value
of the coefficient is difficult to estimte. It would not appear necess-
arily to lead to a coefficient of the same magnitude as that calculated
for the “geometrical' coefficient. |

The experimental results indicate that there is probably a mixing-ef-

fect even when the flow-velocity is so low (i.e. Reynolds'! number less than
5) that flow is completely streamline. In such conditions point-concentra-
tions would be expected to vary abruptly between.zero and the original indica-
tor concentration; the"mixing" would consist in the scattering of filaments
of the indicator across the tower. In a regular1y~arranged bed of isometric
particles channelling could presumably not occur. It would be interesting
to investigate such a system at low Reynolds numbers.

Comparison with Heat-Transfer Data. Since experiments on the transfer of

heat in a packed tower through which a fluid is flowing are being carried
out at the Institute at the moment, some ;emarks may be made on the bearing
of ﬁhe present work on the subject. The overall heat-transfer coefficient
or apparent conductivity in a stream of gas passing through a packed tower

is presumably due to three different types of mechanism —-transfer due to

the mass-transfer caused by the mechanism investigated in the present work;



nprmal thermal conductlivity of the gas; and transfer of heat
- from gas to solid, conduction through theé solid, and re-transfer
to the gas beyond. The following expression includes a term for
each mechanlsm: |
K's SpD + Fhkg + gk, 6 p, s p)

where k' 1s the overall apparent coqductivity, D 1s the apparent
diffusion coefficient as measured in the presenﬁ work,? the
density of the gas, and S 1ts Specific heat. F 1ls bhe fractional
free volume - also equal to the fraction of any plan€ free from
80lids and hence avallable for gaseous conductivity; ¢ (ks, 2/ )
is a functlon of the conductivity of the material of which the
packing is composed and of the veloclty and physical properties
of the geas.

Stadlg (2/) has shown that for air at a Reynolds' number in
the neighboufhoéd of 100, the value of k' is of the ofder of
0.2 But.u / hr.-ft.- F., when the packing used was j-in. Berl
saddles, Using our value of D for Berl saddles at a comparable
Reynolds' number, it 1s found that the first term is about 1/10

of k', while Fk_ is about 1/40 of k'. Hence most of the trans-

g
fer apparently takes place by the third mechanism ~ i.e. by the

path gas-solid-gas,
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VI CONCLUSIONS.

(a) Mixing, in the sense of scattering of elements of fluid
throﬁgh the packling, occurs over the entlre range studled -
Reynolds' numbers from 10 to 110.

(b)«'The general form of the concentration-distributin in the
tower at éteady state was consistent with either the Wilson
diffusion equation or with the probabllity equation derived
from the"random walk"theory. These lead to slightly different
expréssiéns, but undér the conditions of the experiments the
difference between the two was less than the experimental error.,

(¢c) The apparent diffusion-coefficient so determined inc-
reases with flow-velocity and with the diameter of the particles.

4F“or spheres? 7/%? _ 0-035‘6@’,)/"7‘

over the range studled. .
2
3 . 0
(q) The expression: }:Mﬂ/p/..'v’ w AF _
which does not refer to particle diameter, correlates the single

value obtained for Berl saddles reasonably well with those for
spheres,

(e) The nature of the flow through the packing is considered
td?;iséoué in some parts of the packing and turbulent in others
over this range of Reynolds' numbers. Mixing is thought to be
caused partly by local turbﬁlence; partly by the divergences of
flow caused by channeling ( which is in turn caused by local
fluctuations in the specific resistance to flow ); and also,
pefhaps, partly by divergences caused éf when the stream divides
to flow past packing-particles.

(f) The distribution of concentration of the indicator in
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these experiments gppeared to be discontinuous, particularly
at the lower rates of flow, when it varied sharply frol point
to point;'at higher rates turbulence seemed partially to even out
these discontinuitles. In all cases it was necessary to make
and average many 1nd1vidﬁa1 point measurements to obtain reli-
able results. There appeared to be quite a marked change in
the appearance of the stream leaving the packing for relatively
small changes in Reynolds' number, when the latter was about 40.

(g) As long as the diameter of the tower 1s more than five
or six times that of the particles, it is concluded that none
of the characteristics of flow (e.g., pressure-gradient,
apparent diffusion—coefficient)ﬂare affected by the ratio of the

two.,.



Vi, RECOMENDATIONS FOR FUTURE WORK.




VII Recommendations for Future Work

Recommendations for future work will be made under the following heads ——

(i) Variation of fluid properties and velocity.
(ii) Variation of packing.

(iii) Pressure-gradient measurements.

(iv) Elimination of air-bubbles from water.

(v) Qualitative experiments bearing on mechanism.
(vi) Improved methods of sampling.

(vii) Other modifications to apparatus.

(1) All the present work was carried out in the transition region
between streamline and turbulent flow. It would be of interest to

extend the measurements to the purely streamline amd purely turbulent
regions. The former requires an improved sampling technique, the lat-
ter various changes in the apparatus. The viscosity of the water might
be altered cdnsiderably by adding small quantities of cellulose ethers.
Finally the investigation should be extended to gases.

(ii) Further work on spheres of different sizes, on Berl saddles and on
irregular particles is required, particularly to see whether the mixing
can be correlated with the pressure gradient., It would be of interest

to investigate the effect of changes in free volume in the case of a pack-
ing (such as Berl saddles) where this can be varied independently of other
factors.

iii) Correlation with pressure gradient requires an improved technique for
* measuring the latter, with greater accuracy than the method used by the
present authors. It may well be advisable to measure pressure-drops through

considerably greater depths of packing.



(i¥) The formation of air bubbles on the packing may prove to be serious

in some circumstances-e.g. when using a very fine packing. The trouble
could be eliminated, it is thought, by giving the water from the taps no
chance to warm up while on its way to, or in passage through, the tower.
Thus the constant head tank and all pipes might be lagged, and the ‘tower
itself waterjacketed., The addition of a wetting agent to the water might
prevent bubbles clinging to surfaces in the tower.

(v) The use of a two-~dimensional transparent model might give some in-

_ sight into the mechanism of the mixing process =~ e.g. cylindrical blocks
between two sheets of glass, or standing upright in a shallow tray through
which water flows. If cryolite crystals, which have the same refractive
index as water, were used as the packing particles, it should be possible

to see a good deal more of what is going on than when glass beads are used.
(vi) As has been mentioned, point sampling is unsatisfactory, particularly
at low Reynolds numbers, because of the point to point fluctuations in con-
centration. This means that a large number of samples must be taken and
their concentrations averaged. It is suggested that area sampling be used.
It has been shown that a standard probability distribution is followed; the
integration of this expression over a circular area concentric with the in-
jection-axis is simple. All that is required is a method of finding the
mean concentration of indicator in the fluid flowing through a given circular
cross-section. A suggested experimental arrangement is shown in Fig. XI.
The diameter of the sampling-tube should be carefully chosen with regard

to conditions so that approximately halfrthe indicator flows through it,
otherwise results will not be accurate.

(vii) If packing-particles of larger diamgter than those used by the pres-
ent authors are used, it would be advisable to construct a tower of greater

diameter, To obtain reasonable results samples must be taken a good many

packing-diameters from the injection point; on the other hand, samples must

26



be taken at cross—sections where the concentration at the wall is small
compared to that at the éentre. These two reéuirements will be incom-
patible if the packing diameter is more than about 1/10 that of the tower.
It may also be advisable, particularly when using packings of low specific
resistance, to use a larger calming section at the bottom of the tower to
ensure that flow is symmetrical. The container used for the purpose was

felt to be too small to act efficiently at high rates of flow.
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APPENDIX A

The Geometry of Spherical Packings and Derivation of s

Geometrical mixing Coefficient.

If a mass of spheres of uniform size is placed
in a glass vessel, it can be seen that the arrangement of
the spheres 1s not regular. Tapping the vessel or
running a rod through it increases the regularity of the
packing on the lower parts of the wall and decreases
the volume of.the sggregate; however, 1t can be seen
that the afrangement of the spheres in contact with
the upper parts of the walls, and of the spheres at
the surface, 1s far from regular. It appears that the
system as a whole departs widely from any geometrically
regular system of packing; experlments designed to find
the free volumeF indicated that the closeness of packing
varies considerably with variations in the way in which
the system is treated (e.g., tapped, stirred, rammed).

The sphere-dlameter, d, and the fraction of
the total volume not occupled by the substance of the
spheres, F, are the important numerical characteriestics
of a spherical packing. d, of couree, 1s quite definite
and constant. F, which may be expected to have an
important influence on fluid flow through the packing

is, as already remarked, dependent on various factors.
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It is felt however that under the conditions of the
experiment its value was essentially constant, since
the packing was thoroughly stirred w sclu under water
between each run, so that the spheres may be assumed
to have settled into thelr equilibrium position under
much the same conditions each time.

Neglecting for the moment the effect of the
wall of the confinling vessel, we may regard the packing
to be 1lsotroplc and uniform, in the mass. If the
fraction of free volume is F, and the number of spheres

in unit volume is N, we have

F=1-2%nNnad

6

Consider a plane drawn through the packing;
the fraction of the area of this plane lylng outslde
the spheres is A, Hence in a lamina of thickness dh,
the free volume will be Adh, Thus in a finite volume
compogsed of a very large number of such laminae, in
each of which the free‘volumﬁis Adh, the total free
volume will be |Adh = Ah. Since the total volume will

©

be h, we have
Ah _ A

F=w=

h
i.e., the fractional free area ln any plane 1s equal

numerically to the fractional free volume of the mass.
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By a similar argument it can be shown that if
& stralght line 1s drawn through the packing, the frac-
tion of its length which lies outside the spheres 1is
equal to F, Such a straight line will cut every sphere
whose centre lles in a cylinder centered on the 1line
and of dlameter 4 (the sphere diameter). The volume of
such a cylinder willl be 3%3 units per unit length, and
since there are N spheres per unit volume, and hence N

sphere-centres per unit volume, the line will cut

=== or =3=z-Z-=i. gpheres per unit length,

Similarly, unit area of any plane cuts all the

spheres lying in a volume of 24, which is -2&1_2-22 spheres.
‘naz

Furnas (1) argues that the effective free area
for the flow of a fluld is not F. He concedes that the
fractional free area of a plane drawn through the
packing would be F, but argues that this is not the
cross-sectlon avallable for fluld flow, since " rrree
area' 1s by no means all effective in allowing the passage
of (fluid) as the bulk of the area 1s blocked by overlying
Pleces of so0lid material, He mentions, but does not
reproduce, geometrical considerations which show the
effective free area for spherical packlings to be a frac-

tion of F, The authors are unable to agree with his

argument, so fer as they understand it, and consider that



3/

at any rate for smooth, non-re—entraht shapes such as
spheres the free area must be taken as F. i

Furnas devotes a good deal of attention to the
effect of the wall of the confining vessel on the
pressure-gradient--flow-rate relationshlp of the packing.
There is a prima facle case for.supposing that the
effect of the wall is to increase the free volume in
the layer of spheres immediastely adjacent to 1t, and
thus to offer s path of lower resistance than through
the maln body of the packing. Consider a layer of spheres
resting on a plane; there 1is a considerable amount of
free volume between'the plane and the spheres. If now
the Surface of the plane were embossed with hemiépheri—
cal humps, these would partially flll the spaces between
the spheres and the plane, and reduce the free volume,
This latter arrangement may be supposed to approximate
more closely to the conditions in the body of thé
packing. However, as has already been mentioned, the
spheres in contact with the walls tend to be more
regularly arrenged, as far as can be seen, than those
in the body of the packing; under the condltlons of
our..experiquents, quite a close approach to hexagonal
packing was attalned oveb the major part of the tower-
wall, This would tend to reduce the free volume 1n the
outer layer. A calculation has been made to find the
free volume in a layer of thickness d/2 adjacent to a

plane on which spheres of dlameter 4 are lylng 1n hexa-
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gonal (1.e., closest possible) packing (see Fig.I);

The vaelue of F in this layer is about 0.4, and since
the value of F in the body of the packing is about 0.36,
the difference is not great. More will be said in
Appendix B on this subject in relation to flow. A

number of experiments were carried out to find the

?\/a/p‘/aus,&(af/;zjdﬂ‘/-“j&;
overall free volume in packing confined in essel% in

' wall grea

which the ratio varlied widely, with a

total volume

view to extrapolating to zero value of this ratlo to
find the value of F in the body of the packing. The
earlier experiments appeared to show a trend of the
type which would be expected--i.e., F decreased as the
proportion of wall area to volume of the vessel de-
creased. At this time, however, the effect of the
treatment of the packing on F was not fully realized.
A later set of experliments, conducted in cylindrical
vessels, in which the packing was consolidated under
water to a constant volume by a standardlzed method of
ramming before F was determined, showed that the value
of F was substantially constant at 0.36 = 0.37 provided
that the diameter of the contalning vessel was more
than say five times greater than the dlameter of the
packing.

It 1s considered that the increase of free

volume above a certain value of the dlameter ratio is



Table

Free Volumes for Glass Spheres in
Cylindrical Towers

Particle.diameter
Tower dlameter

247 0
.225 0
.160 v o.
.130 0
.064 0
,043 0

due to an effect on the mode of packing in the interlor
of the vessel, rather than to an excess of volds in the
1mmediate vicinity of:the wall,

The 11 mm. spheres (noﬁlnal diameter 3/8 ins,)
gave a value of F of 0.4; ratio of particle to tower
diameter.waé 042. But the particles were not entirely
uniform 1n-sizé and shape, which may account for this
high value. v

AThe free volume was determined in one of two
ﬁayé:

(a) Some water was poured into a cylindrical
vessel, some packing added and consblidated, and the
apparent volume, E, of the pa;ked reglon and total volume
Va, of packing and water measured. More packing was then
added and consolidated as described; the apparent (Vs)

) Th
and total /volumes were noted again, en —



(b) Packing was consolidated under water in
SLﬁLlin the tower of the apparatus. Water was run off
from a tap at the bottom of the tower until the sur-
face stood at a certaln height in the tower; a measured
volume of water was then run off,and the fall in height
of the water surface was observed.

Both these methods eliminate the "end-effects"
which might be expected at the bottom and top of the

vessel.

Dgrivation of g "Geometricel" Mixing Co-efficlent.

Preliminary consideration of the mixing of
fluids in a bed of spheres led to the idea of basing
a derivation of a "mixing-coefficient" on premises which,
while probably unrealistic, might yet give an ldea of
the order of magnitude of the actual co-efficient under
limiting conditions. The derivation 1s based on the
1dea of the splitting of streams in streamline motion
throﬁgh the bed--discussed in the Intfoduction end 1llus-
trated in Figure IV (11).

Consider an inelastlc particle of negligible
size falling through a bed of spheres whose'diameter is
d. The particle will move in a vertical straight line
until it strikes a sphere; 1t will then "skirt" the

3¢
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sphere in a great circle path (taking the shortest route
to the edge) until it rolls off and falls in a straight
line to the next sphere.

It hes been shown earlier in this appendix thst

a straight line drawn through a bed of spheres cuts

~i=-Z-=’ gpheres per unit length, where F is the

fractional free volume. It was also shown that the
fraction of the length lying outside the spheres is F.

F
Hence the mean free path between spheres is 5%_9_,,_.

A 1ittle conslideration will show that the>path
of the particle considered cen cut no new sphere while
it is skirting a sphere, whereas a stralght line drawn
through the packing can cut no new sphere while it 1s

"inside" a sphere. Hence

- e s o e ) e B e > T W " S o s ] M o o e ED DD am e ey e e e e e e o e e e o W > - - —— o -

total length total length

l __lenggh inside_spheres

total length
' path _
dist. dropped in skirting/
Free length of particle peth _ Total vertical dist.-vertlcsl /

PSPt = Fngubgiiiguipes Pty Wprbpuiphepuupupeup-aping gy P e~ P AP <A -co ot g o~ PP PP AP~ Pt Y S

Total vertical dist. dropped - Total vertical dlstance

:'-'1- —————————————————————
Total vertical distance



As Figure II is intended to convey, 1f a
vertical stralght line strikes a sphere at a certain
spot, the length of the line lylng within the sphere
will be twlce the vertical distance dropped by the
particle, if it strikes the same spot,‘while it 1s
skirting the sphere. Since a straight line cuts

g—t. Sl-g~§l spheres per unit length, and (1 - F) of

of 1ts length lies inside the spheres, the mean length

of 1ts path through a sphere 1is -gg. Hence the mean
3
vertical distance dropped by the particle while skirting

a sphere is half of this, or %. Since the number of
spheres struck by the particle per unit length of free
vertical path 1s the same as the number cut by the
etraight line per unit length of free path, it can
eaglly be shown that the number of spheres struck by the

particle in unit length of total verticel path is §%l-:—§%
a(l +

The projection of a sphere oﬁto a horizontal
plane 1s a circle of diaméter d, and the perticle mey
fall anywhere wilthin this circle. 7The probability that
1t fells at a dlstance r from the centre of the circle
v hence the average velue of the
distances fﬁgm the centred?or ell possible points of

2

impact 18 |, 8rdr_ _ 8_ |yp2qp = d

Tas o 3

az- ~ a2

o o

3¢
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Hence Zris the mean horizontal displacement undergone
by the particle per impact. Now suppose that the
particle moves at a constant vertlcal velocity u. In
unit time it will undergogeggeééé horizontal displace-
-ments of mean value-gé . Thege displacements wlll be
completely random in direction, in that the direction
of any one will be unrelated to that preceding it.
Under these circumstances we can apply the "random walk"
theory to calculate the mean net horlzontal dlsplacement
of the particle in a given time., (The theory is dis-
cussed in Kennard's “"Kinetic Theory of Gases“)z')The
expression for displacements bccurring in three dimen-

sions (as in a gas) is

—2 2

X = [_/f.)z

- /3
. -2 ~
where )X 1s the mean square of the net displacement, fL
1s the mean length of one displacement, t the time, and
Z the freaquency of displacements. In a gas, an individual
displacement may be in any direction in space, and j%;-
is the mean of the projections of the individual displace-
ments onto a single straight line. The displacements
which we are considering take place horlzontally only,
so that the mean of the projeections of individual

displacements onto a given line will be,ﬁé , (e having
2.
the value already calculated,_ﬂé . Hence for the particle

(w’)z

under consideration,
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B8ince Z had been shown to be ’
Sw/l—-F£
P . A (/+2/
- == a&-(.« {—F
Mwa Mal .22—_- b [ (= F)

NP
If a large number of particles move through the bed in

the way described, the result will be that a process
analogous to diffusion will take place horlzontally.

It can be shown (see Kennard's "Kinetic Theory of Gases")(iz)
that the diffusion co-efficient D will be '

—_—2

)= X

Zzf

hence for the system considered

D = da(1-F)
14(/+€)
for horizontal diffusion,

For particles of other than spherical shape, a
similar (but more difficult) treatment would also glve
an expresslion of the form

j?z /(,xaﬁk/
where Kf is a constant.
The free volume of the 4-hm. and 6-mm. spheres

used 1n_this work, F= 0.37. Substituting in the expression

glven above u = Fv  and (Re) = dvr/ s, We have
D= A L (=F) = LL fi=F ."/g«;/&)
: , F 24 I+F F z2¢ Ure) P
Substituting F= 0.37, we have D = 0.00065 (Re). This ex-
pPression 1s piotted on Graph Vi, where it is compéred
with the line obtalned by extrapolating the expérimental

plot of D vs, (Re) .
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APPENDIX B

| Fluid Flow through Packed Towers.

~ The treatment of fluid flow through beds of
solids is much more complicated than for that through
geometrically simple condults, and the correlation of
experimental data has been at the best seml-empirical,
with the théoretical background of the expressions open
to some doubt. Three pepers by Furnas (1), Chilton
and Colburn (2) and Meyer and Work (3) present most of
what 1s known on the subject. A summary is given in
Perry's “Chemiéél Engineer's Hendbook", (?») e

The basis of the correlation equations 1s a

modified Reynold's Number (hereafter referred to simplys

as the Reynold's number):

(R)= L

and the Fanning Equation:
2.
AZ = zﬁz‘ P
where d = particle dlameter (actual or fictitious), v =
superficisl fluid velocity--i.e., linear rate of flow 1if
packing were removed from contalning tower.
. Consider a fluld flowing through a bed of
spheres at a velocity so low1that turbulence is ruled
out; and follow a single particle in the fluid through

the bedl At any instant 1t can be pictured as flowing

through a conduit of irregular and changing cross—-section.
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If 1t is nesr the center of such z conduit it will be
travelling faster than if it 1s near the wall; a section
through the bed would show a number of such "conduits"?
where flow is brisk, surrounded by}mﬂes of decreasing
veiocity, with stagnancy at the surfaces of the spheres.
However, the maximum velocity through all these condults
1s not equal; fluctuations in the arrangement of the
spheres provide "“channels", which are conduits whose
.cross-eections are by chance lerger than the average
for a considerable distance. These channels are not
continuous throughout the depth of the bed {unless flow-
rates are high enough to 1ift the spheres), but peter
out and are replaced by others in other'bartsvof the
cross-section. In any crqss-sectibn, therefore, thefe
are regions in which the maximum veloclty is much higher
than the average, and others ih which it is much less,
As the location of these channels varles from section
to section, the particle willAwandep with fespect to its
original axlis of flow as 1t passes through the packing.
Moreover, two particles which are originally close to-
gether may become widely separated in this fashion. This
type of behavior 1s in marked cantrast to that of a fluild
| "flowing past an isdlatgd sphere'in streamline motionas

The flow~paths of particles of fluid in this {alfep
case are shown in Figure Iv (1); 1t can be seen that
ény particle has the séme'situatiop wlth respect to the

axls of the sphere before and after the encounter, so



that no displacement or splitting of the stream can
occur, Mixing by channeling does not exclude mixing
by the mechanism 1llustrated in Figure IV (11) and dis-
cussed in the Introduction.—ie 1(5&5%[4&%6%6’”&4@20;;}:

.~ Ag a further consequence of channeling, 1t may
occur that a stream in & condult reaches a relatively
high velocity and then debouches into a region where
the velocity is low. As a result, turbulence may be
set up locslly even when flow in most regions 1s stream-
line,

This picture of the nature of the flow through
the packing is supported by some qualltative experiments
carried out with 6-mm. glass spheres in an 8-om. glass
tube. A layer of the spheres 4 or 5 diameters thick was
supported on a wire gauze, and water was run through the
tube at such é veloclty that flow in the open part of
the tube was steamline. This was.confirmed by injecting
a solution 6f methylene blue through a capillary tube
beneath the layer of packing; the llnear rate of injec=-
tlon was lees than that of floﬁ, so that the dye was
drawn out into a smooth filamgnt. The following phen-
omena were observed:

() On several occasions the filament, after
broadening to a ribbon a few millimetres wide, split
into two dlstinet parts (with apparently no colsut in the
intervening region), which then diverged and entered the

4/



pecking at points some 6-8 éuﬁf dismeters apart, well
off the axis of the tube.

(b) Filaments which entered the packing emerged
from the top elther distorted into broad and irregular
sheets, or split into several stréams; the edges were
sharp, and remained so up the tube. The extreme dis-
ténce apart of any two parts of the visible cméﬂvv was
not more than 3-4 sphere diameters.

(¢) The colowed streams emerging from the
top of the paq@ng did not emerge in a directlon parallel
to the axis of the 'tube, but inclined at small and
various angles to it. At steady state an emergent
filament appeafed a8 a stationary line of a curved or
spifal shape, tending to straighten out higher up the
tube.

(a) When the colowed filament first entered
the packing; 1t could be seen to accelerate, and the
emergent stréams could be seen to be moving considerable -
faster than the average veloclty of the water in the
open tube. Under some conditions, turbulence could be
seen in the shape of very fine, un;form ripples at the
boundary between an emergent fllament and the relatively
stagnant fluid surrounding 1t:

Figure V shows a typlcal sltuation,

When the rate of flow was increased to the point
at which the flow in the open tube was turbulent, the

filament leaving the injector tube was considerably
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shredded and contorted before reaqhing the packing,
Instead of passing steadily through one point in thé
bed, it oscillated rapldly over the whole surface. In
the course of routine experiments it was observed thet
at higher rates of flow some kind of oscillation or
fluttering of the coloured fluld was golng on 1in the
packing near the 1njec£ion—point. There was a marked
change in appearance of the fluid &aving the top of the
packing as the veloclty was increased. At low velocities
the colour emerged in stresks or filaments -~ 1.e., there
were dlscontinulties in the concentration; at high vel-
ocltles the colour distribution from point to point was
continuous. The change occurred at a Reynold's number
(calculated for the packing) in the neighborhood of 40,
| When using ll-mm, white alumina spheres, obser-
vations could be made on filamenﬁs of colour which
channeling brought to the wall of the tube. <t could
be seen that providing Re was not too high, an almost
steady state was reached, the poéition of a filament
herdly changing, except for local turbulence in spots.
The path of such a filament was very devious. It ap-
peared to be governed by channeling effects, rather thasn
by purely geometrical displa;ements, such as those con-
sidered in Appendix A.

Whatever the exact nature of the mechanlsm of
flow through pacing, i1t 1s generally admitted that there

is no abrupt transition from streamline to turbulent



motion., For spheres the flow is entirely streamline
below Reynolds Number = 5 (3); the pressure-gradient
through the packing 1s then proportional to the velocity--
l.e., the friction factor f in the Fanning equation is
inversely proportional to-the Reynolds Number., At suf=-
ficiently high Reynolds numbers (the lower limit is not
accurately known), flow appears to become entirely tur-
bulent, and f is proportional to the (~0.15) power of
Reynolds Number. There i1s a transition region where the
exponential relatibnship between f and Re varies con-
tinuously (see Graph I and Perry (9))

All the experiments conducted by us were prob-
ably in the transtion reglon;--values of Re (Reynolds
Number) lay between 10 and 1{0.

It 1s suggested that the behaviour of the
coloured filament immedlately before and after entering
the packing in the experiments described shows in an
exaggerated form the processes occurring within the
packing--splitting by channeling, and localised turbu-
lence which may lead to eddy-mixing. _It cannot be said
that this picture of the flow gives any reason to suppose
that the geometrical mixing qp4efficient derived in
Appendix A will correspond to the facts; however, experi-
ments show this to be actuallyia fair spproximation for
the value of the co~efficlent observed at low rates of

flow (see Graph VI),

44
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As regards the influence of the wall of the
confining vessel on the distribution of the elements
of the packlng, and hence on flﬁid flow, 1t has already
been stated in Appendix A that, for the case of spheres,
both geometrlcal considerations and actual measurements
of F'indicate that the free volume in the part of the
packing adjadent to the wall is equal or very nearly
equél to that in the body of the packing. Furnas (1)
derived a semi-empirical expression for a co-efficient

A to be used in a modified form of the Fanning equation:

/ 2
AP. (A -v"¢f
/ L 2A

where / is supposed to be a factor which is the same

for all sizes of particle at a given Reynolds Number,
while Af 1s a function of the ratio of the particle
diameter to the tube diameter, which corrects for the
influence of the tube wall on the free volume of the
packing (Perry (9)).

jﬁe-a/qﬁbﬁ;experiments on free volume, already referred
to, indlcated that the overall ffee volume is constant
as long as the tube dlameter 18 at least 5 times as great
as the particle diameter. Moreover, both White (7) and
‘Uchida and Fujita (8) found that the pressure-drop was
- uninfluenced by the ratio of particle dlameter to tube
dlameter as long as this was less than 1/6.

;Jﬂ%acuwl%bﬁofried to perform a critical ex-

periment on this question. The tower of the apparatus



wag packed normally with G-mm; glass spheres, water was
run through at an ascertalned veloclty, and the pressure-
gradient through the packing observed. A thin sheet

.of metal was then rolled into a rough cylinder or

spiral scroll, and thrust co-axlally into the packing

in the tower. The area of the metal surface (counting
both sides) was about equal to the area of the tower
wall in contact wlith the paoking; if, therefore, the
layer of packlng immedlately adjacent to a flat surface
offers a path of lower specific resistance to the flow
of liquid than the body of the packing, one would have
expected the pressure-gradient to be lower, at the same
veloclty, than before. Unfortunately, owing to the un-
certainty involved 1n the pressure;gradient measurements
(see Appendix E), all that can be sald is that if there
was an effect 1t was about of the same order of magni-
tude as the experimental uncertainty. Onre would have
expected, following Furnas(l), that the pressure through
the packing would drop by some O.1 = 0.2 inches of water,
but unfortunately the measurements were not reproducible
to a greater accuracy than this,

Chilton and Colburn (2) used the factor Af_given
by Furnas in correlating thei; experimental results and
those of previous workers. As far as their own data are
concerned, we have re-plotted them without reference to’
Af --1,6., plottiquﬁ , as calculated from the normal
Fanning equation, against the Reynolds Number. J%wéf&uw{

4é
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that for those experiments in which the ratio of
particle dlameter to tube dlameter was less than 1/6,
the correlation obtained was ae good as, or better than,
'that obtained when using Af—; when this ratio was
greater than 1/5, the friction factor was markedly low.

Finally,iﬁkféuw¥5¢4; have measured pressure-
gradlents and calculated from them friction-factors
(without using Af) for 4-mm, and 6-mm. beads in a
tower 9 cms. diameter. The friction-factors for given
Reynolds‘ numbers for the two slzes are very close to-
gether (see Graph I); it is true that the values of f
for the smaller size appear to be some 5% higher then
for the larger size, but in view of the errors in the
Pressure-gradient measurements,LZQJaﬁu%%q%hether this
is significant.

To sum up, our own free-volume measurements,
Chilton and Colburn's data, and the opinions of other
investigators appear to lead to the conclusion that as
long as the dlameter of the confining tube is 5 or 6
times as great as the diameter of the packing particles,
varlations in the former wlll not affect the flow thrdugh
the packing.

This implies that in/iede experiments the linear
rate of flow was substantially constant, in the mean,
in all parts of the cross-section of the tower. The
matter has been stressed because it is of some importance

in correlating any measurements concerned with flow



through packings. In particular, the equations /}(aa,aA(ow
used to calculate the diffusion co-efficients from
concentration measurements were derived o the assump~
tion that the mean linear rate of flow is uniform

across the tower. Were this not so, a correction would
have to be‘applied in order to calculate the true mean
linear veloclty from the volumetric rate of flow..

The treatment of non-spherical particles is
more difficult, and it is necessary to define thelr
diameter arbitrarily.

White (7) has correlated pressure-drop data for
Raschlg Rings and Berl saddles in the followlng way:
for a given shape of packing, an emplirical relationship
is drawn up between the nominal diameter dﬁ of the
particles and a corrected diameter dﬁzﬁﬂ; The nomlnal
dlameter is used to calculete the Reynold's number, and
then the friction factor corresponding to this 1is read
off the Chilton-Colburn curve. The pressure—gradient
can then be calculated by using the Fanning equation,
with this value of the friction factor, and '%A in
place of the diameter. In other words, the pressure-

gredient for an 1fregu1ar shape 1s equal to that for
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spheres at the same Re (using hominal dlameter of particles),

multiplied by the factor (j%); or we may say that the

friction factor for an irregulsr shape is that for spheres

at the same Re, divided by (f, ) using the nominal
particle diameter throughout. The data for Berl saddles



are scanty, but for rings the procedure is justified in |
that the /L vs. Re curve "breaks" at the same value of
Re as for spherés. This may not be so for Berl saddles;
White's data afé all in the turbulent region and do not
cover the "bresk". (See also hda.ta on 1/4-inch Berl
seddles, plotted on Graph II.)‘ Formulae forj%kfor rings
and saddles are given in Perry (9).

It would be more satisfactory, when dealing
with non-spherical perticles, to use a correlating ex-
pression containing no reference to perticle dismeter,
and an attempt has been made to derive one (see "Cor-
relation of Results"). |

’ If the free volume F can vary lndependently of
the particle shape, then F must 8lso be introduced into
the correleting expressions. The Subject was studled
by Meyer and Work (3); see also Perry (9). This prob-

lem, however, did not occur in ﬁﬁh worke



Append ix C
Derivation of "Probability" Equation for computation of Diffusion
e —

Coefficient from Concentration Messurements, Comparison with Wilson

-

Diffusion Equation

In the course of flow through a packing, mixing may be expected to '
to occur in several ways--e.g. molecular diffusion, eddy diffusion,
end mixing caused by the geometrical characteristics of the packing;
These are all alike in that they are caused by displacements of ele=
ments of the fluid which are lsrge in number, random in dirsection,
and small compaved to the mean total displacements to be measured.

The aﬂfectivéneés of these various processes in causing mixing depends
on the frequency and average length of these random displacements; in
the case of a liquid, the mean free path of a molecule in thermal mo-
tion is so small that prolecular diffusion plays a negligible part
under under the conditions of experiment.

The distribution of a number of particles which, starting from a
Gommon &Gsntre, have undergone displacements of the kind described
(random, numerous, small) i% given by the "normal probability func~
tion", This function expresses the probability of a particle which
was originally at the origin being now in a plane which cuts the
X = axis perpendicularly at x: -~—-

. - . X% 2
* T yarx* - - dx

where X< is the mean square of the x~ coordinates of all the particles,

= e P
/? i Qﬂfl ' VZ;

Similarly:
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for displacement along the y~- coordinate. This if displacement along
the X & y coordinates only is considered, & if we take 5('2 equal to '3"3

at any time (i.e. diffusion isotropic) we have

;  ~Ivax® '
"ley’ = ’2/1‘22 < ,/(X&{Z/
where ‘ F*= ><1+7‘

and PXy is the Probability of the X & y coordinates having simultanecusly
the values (X,y). '
Consider a very thin stream of an indicator fed into the axis of
a stream of moving fluid, & suppose for the moment that diffusion
talkes place only in directions at right-angles to the direction of
flow. Then the above e:;-pression gives the probability of a given mo-
lecule of the ihdicator being at a specified point at a distance T
from the axlis, when X% Tofers to all the indicator molecules enter-’
ing the stream at the same instant., _
It can be shown (see Kennardfa))that the co-efficient of dif-

fusion, D, will be given by the expression

p. X
| 2c
where 4t is the time which has elapsed since the indicator entered the
stream. (The validity of this expression is discussed later in this

sppendix). Hcuce

., “r24e D
5= Hmed - Ax. Ay

for the probability of a particle being at a specified point-distant

" Y'from the axis, in a plane distant ut from the point of entry, where
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u = linear flow velocity (see fig. X) M

B
"
£
rT
sampling —
point. = ::; Fig, X
‘LL

Since all the indicator molecules entering the stream at a given ins-
tant reach this plané at the same time, the expression for Pr also
gives the fraction of the total number of indicator molecules enter=-
ing the stream whiéh pess through the differential area dX. dy. Thus
if N molecules enter in unit time, then NP pass through this area in
wnit time. For the purposes of measurement, a sampling tube of small
but finite cross-section a is useds it is assumed that P is effectively
constant over this area,

In any plane drawn through the packing perpendicular to the direc-
tion of flow the free area wnoccupied by the subtance o.f the packing
is a fraction F of the total. The average linear velocity across the
plane will then be v/f, where v = V/A, V being the volumetric rate of
flow, & A the total area., Thus in unit time a volume av/F of fluid
flows through an element a of free area. Now P. exprésses the pro=-
bability of a particle being in a given overall area of the cross-
gsection; since some of this area is occupied by the substance of the
packing, & the particle cannot be in this part, the probability of it
being in in an equal element of free area is P./F. Thus the total
nunber of indicator molecules passing through a small element a of
free area in unit time is NaPr , and their concentration

Fix.dy
is therefore
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NEr N Yees

c s V.Ax‘o(f, . 4ﬂ_L—DU-)

If the sampling - point is situated in a plane distant X from the point
at which the indicator enters,
= u,t = L
X F

also N = C * V, where C* is the average concentration of indicator in

the entire .:ifiuid. stream.. Hence . /
~r-v
cx _ VY . 4P Dx
c*  4mFD
It can bé seen from the derivation of this expression that if samp-

ling is continued at a constwnt rate for a finite time, & if C is the
mean concentration of the sample so collected, whid@ C* is the mean con-
centration of the e{ﬁuent over the same period; Xhken providing all the
octher factors remain constant, Vafiations in the rate of injection of
indicator are inmaterial.

This expression is only valid so long as diffusion in directions
parallel to the axis of flow can be neglected without error. Otherwise,
similer reasoning leads to the expression:

< ggwgy_( v ¥ ~[f’+(x‘§)zj
ck ¢-o ™ wwg) € s AE

However, the simpler expression seems Justified by the experimen-
tal results. ' o | .

_Previous workers (4, 5) have employed, the Wilson Equation for the
evaluation of D. This equation wWas originallyiderived (6) for the con-
duction of heat from a point source tbroug,hk an isotropié stream of moving

fluid, but owning to the mathematical identity between the fundamental
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equations for heat transfer & for diffusion, can be applied with equal
validity to the latter., Like the probability equation, it neglects the
effect of diffusion in the direction of flow.

For an open tube, the Wilson Equation has the form:

A ~w (Vi —x)
C = é 2D
G Dy X e+

Coxecting for the space effect of the packing & transforming by multi-~

rlying top & bottom of the exponent by VX'HrE +x ) , We have

A ~ VI 2 RD(VARYT ¢ x
C = harp/rrert /

— 2 2
-——Zr = 4rFDd

This form show that the expression 1s identical with the Probability
Equation when ¥ =0, & that it will approximate it closely when Y*<X X%
Since under our experimental conditions Y° was never more than:1/10

of x° (& usually much 1ess)/).(T+_rl_\ was never more than X//T ., or
1.05 times X. Hence the maximum variation in the co-efficients would
be 5%, in the exraments 2,5%, ‘as between.the two expressions. The ex-
perimental error was greater than this, so ’chat. no comparison can be
made between the two.

The Probability Equation was used because its derivation was more
fully understood, because it appears to correspond to the mechanism of
the mixing process, & because it is mathematically somewhat simpler
. than the Wilson Equation (e.g. it can be essily integrated). Assum-
ing that both the Wilson Equation & the Probsbility Equation have
been derived from their starting assumptions without error, the dis=-

crepancy can only be due to the non-validity of the expression:
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where ia 1s the mean square displacement undergone by an element

of fluid in time t . It was by using this expression to sub-
stitute for X° in the"random-walk" distribution that D was
introduced into the p;obability e&uation. The derivation of
this’expression is given in Kennard (22). In the course of the
derivation it is tacltily assumed that the concentration gradient
in any direction 1s constant; since, in fact, in the case under
consideration the gradient varlies in all three dimensions,a
discrepancy will arise from this assumption, and D in the dif-
fusion equation 1s not, in fact, equlvalent to x2/2t in the
random walk theory in such a case.

Since the probabllity equablon has been used throughout,
D 1s defined as iz/ét s however, a numerically equal value
would have been obtained had the Wilson equation been used, and
D defined accordingly. More accurate experiments would be re-
quired to determine which expression more nearly corresponds to
the facts; it 1s clear that nelther can be more than an approx-
imation, since both lead to finite values of the concentration
at all distances from the axis, while practically the concentrat-
ion falls to zero at a finite distance. Moreover, both are con-
tinuous functlons, while actual diffusion of any kind involves
the movement of dlscrete elements of matter. A general survey
of the valldity of the diffusion and-proabllity treatments 1s
given in the following notes.

(a) The diffusion equation is an arbitrary or empirical
expression with no theoretical basls. The expression which it
gives for the rate of transfer at a point refers only to the con-
centration~-gradients at that point, and not to conditions in

other parts of the system.

5
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(b) The probability equation is derived from the random
walk*tﬁeofy, and will be strictly true when transfer is due
to random displacements of the type specified in that theory.

(¢) For the speclal case when the concenﬁration-gradiént
on aﬁy4axis in the system 1s constant along that axis (extrapol-
ated to infinity), it has been shown by Einstein thatthe prob-
_ability and diffﬁsion-equations are identical in form, and that
D in the former is then equivalent to 12/2t in the latter,

(d) However, for the generél case the two are not
equi%aient; it 1s clear that they cannot bé, since the diffusion
equation refers only to conditlions at a point, while to express
in terms of the random walk théory the quantity of materlal
crossing a glven plane requires a knowledge of the concentration
of the substance at all distanceé away from the plane in both
directions. (The fact that :Ex«in the Wilson equation, for
instance, the difference is not great 1ls because in fact 1t
1s those parts of the system which are close to the plane in
question which contribute most to the transfer across it; the
error ln assuming the concentratlion-gradlent constant over a short
distance wlll not be great, while at greater distances the con-
tribution to the total will be so small that large errors in
assessing this contribution are of little importance).

(e) Thus $he diffusion equation is onlj=strictly applicable

in cases where the physlical conditions afé&suchf%hat the con-
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centration-gradient 1s constant :along any given axis, It is
clear that this can never be the case when a solution cbntaining
a finite concentration of the diffusing substance is injected into

the pure solvent.

o2
\\\ "f“\'
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If the arrangement used in the present work were replaced,
for ipstance, by that shown above, indicator solution being
injected from a linear source, and the dlrectlion of diffusion \
being limited to the x-axis, it is clear that the concentration-
gradlent on the latter would vary with x .The diffusion and
Probability distribution functions would still be of'differeﬁt
forme; in other words, the discredancy 1s not due to the

 geometrical conditions imposed by the polnt-lnjection, radial

diffusion arrangenment used in the present work.
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Appendix D. Cglibration of Flow Manometer and Colbrimetric Standards.

Flow Manometer. Water was run through the apparatus and through the

manometer until it was certain that no air was left in the tubes, The
constant-head tank was allowed to fill until overflow was constant; the
flow-rate was then adjusted to a chésen value by the control-valve. A
reading of the pressure-drop across the orifice was then taken, and the
flow-rate obtained by timing the collection of a measured volume (about
10,000 cc) of water as it over flowed from the tower. A second reading

of the manometer was then taken; if it differed from the first, the two
were averaged., When the volumetric rate of flow was plotted against the
manometer head on'ikg-l%g paper, the slope was exactly 1/2. The plot was
is shown in Graph 22.

Colorimetric Standards., A portion of the original indicator solution

made up (24.80 gms/litre) was diluted 1,000 times, and used as a reference
standard (referred to in the lab. notes as 8/1000).> Methylene blue solu-
tions of various other known concentrations were then compared.with the 5/1000
in the Duboscq colorimeter. The color-densities of the various soiutions
were plotted against their concentrations, thus givingca%urve from which

the concentration of any solution of known color—den;ity could be deter-
mined. It was noticed that it was advisable to compare solutions which

were as close as possible in concentration, as the color appeared to vary
with the concentration., Tap-water was used as the diluent throughout.

The color-density/concentration curves are given in graphs 20 and 21.
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Appendix E Addittional Notes on Experimental 'rechmg”ue.

Eggg;gggenmoet of the work was done with 4-mm. and 6-nm.:glass heads.
These were cleaned with chromic aclid before starting the experiments
to discourage air-bubbles from clinging to them.

It is necessary to ireat the packing in a standardised way in
ordef to keep.the free:volnme constant. In this work, the glass
beads were stirred under water with a,thin rod after every run,
and measurements of free volume and pressure-gradlent were made
'with.the packing in a similarsale of consolidation.

The 3/8-in.4(n0mina1:diameter) spheres and 3-in. Berl saddles
couid not be stirred in this way; They were dnmped into the tower
when 1t was fUll of water and lightly tamped down.

The alumina spheres as received were not uniform ln shape or
size., so they were sorted by hand to remove the more obviously
deformed or outsize ones. The volume of a known number of the
sortea spheres was then measured by displacement, anq the mean
‘diameter calculated. It was found to be 11 mm. (O 43 1n)Awhich
1s not very close to the nominal diameter of 3/8 (O 375) inch.

Methylene Blue Solutions. It wes found advisable to warm the solution
vwhen making it up, to meke certain that all the dye dissolved.
It dlssolves slowly, and it 1s difficult to see whether any solid
is left. The exact concentration of the indicator solution need.
not be known, since 1t does not enter into the calculation. A
solutlion containing 25 - 30 gms/iitre was used; thls approaching
saturation, and as will be explalned later, the highest practlcable

concentration was requlred.



A concentration of about 1/1000 of this was founnd to be the easiest
to estimate accurately and qui.ékly. When less than % of this concént«w
ration, the accuracy of the determination is poor, ahd when more than
2 or 3 times this, the sample must be diuted to give accurate results.

For a superficial flow velocity ¥= 1 cm/sec, using a packing of
spheres, the true ﬁxean Einea¥ velocity. through the packing is about
'?Oc%gc/cs.elc?’ ﬂ:éi/:éewﬁl?ﬁﬁe?éf oo{ gzoinjector tube was approximately
.08 cm., injection of indicator solution at the t¥tte linear flow, velo-
city ( as was originally considered desirable) would give an effluent

solution with a concentration egual to

dxmxlot)” i atbowl 002 of le
70 J :

indicator solufion. Since the concentration of the effluent gives an
idea of the range of concentration of the sampleé which will have to
be analyzed, and since the concentration of the methyléne blus solu=-
tion can not be greatly increased, it is necessary to inject the in-
dicator solution at a higher velocit;.y"f' (say 2-5 times as fast) than that
of the main stream if samples of a suitable range of concent;ation are
to be obtained. No significant variation in the observable results
was noticed when the injection rate was varied, so that the proce- |
dure was probably permissible.

Apparatus. The nanometers used to meter the flow are shown in

Fig. VII, There was a tendency for air to collect in the tubes lead-
ing from the metering orifice to the namometer, so the latter were so

constructéd = to allow water to be run through them and flush out air

6o



before readings were taken. In the case of- the water manometer, used
for flow rates wup to“about 150 cc/se., water was allowed to run out of
the right-hand limb, the lower stop~cock was then closed, and the puffer
used to force the water levels over into the two left-hand limbs (slugs
of air which formed in the left~hand limbs in the process could be re-
moved by raising and lowering the levels by alternately puffing i{n air
and allowing it to escape). The upper stop-cock was then closed, to
prevent alr being sucked in through the puffer by the negetive pressure
developed beneath the metering orifice when the ﬁater valve was wide 6pen.
The mercury manometer, used only at the highest attainable flow-rates,
was so désigned that when the mercury reservoir was lowered, water could
be run through both 1limbs and out of the lower stop~cock.

The steel capillary tubes used to collect the samples were very
flexible, and in order to fix the position of their open ends with cer-
tainty it was necessary to attach them to a rigid frame, which is shown in
Fig. IX. It was considered desirable for the liguid leaving the top of
the tower to overflow symmetrically, at any rate at low flow-velocities,
in order not to distort the flow in the tower. To ensure this, a 6-inch
high metal extension was attached to the top of the glass tower, and 6
equally-spaced 1/10 inch holes were drilled in it, in a horizontal plane
some 4 inches from the top. While at higher rates of flow the water
overflowed at the top of this extension—pieéé, at lower rates it flowed
exclusively through the six holes; the flow through each was equal and
practically unéffected by any small tilt of the tower, because this would

produce only a small fractional change in the head above any one hole,

£/



The connections between the metal container at the bottom of the
tower, the tower itself, and the extension piece at the top were secured
and made lesk-proof by the use of rim cement, and by a plastic water-

proofing material which was forced tightly into the joint after assembly.

£2
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APPENDIX F, SAMPLE CALCULATION

Analysis of Runs 76 - 83 inclusive. All concentrations of the samples are expressed,

as was the general case throughout, with reference to a standard solution of 1

1000

the concentration of the original indicator solution injected. The concentrations

of the effluent and the samples were found as outlined in Section III (Procedure).

The general statement of the probability expression used throughout these analyses

is of the form

where

an— -

cx .V Ve
c* 4T F) .

Concentration of sample collected

Concentration of effluent liquid

Volume of water flow c.c./sec.

Free volume of the packing

c

c*

X axial distance between the injector capillary and sampling plane
v

F

D

r

v

Diffusion coefficient Cms 2/sec.
Radial sampling distance from axis of the tower

'Superficial flow velocity of water. Cms/sec.

The general approach is to plot Log Q;ZL Vs. {i/// when the slope of the

line is given by -.%Eifﬂ and the intercept by Log, .‘ The best line is

4TF,

drawn through the points obtained, consistent with satisfyfﬁg the equation above.

Upon averaging the individual results of Runs 76-83, Table A is obtained. Table B
shows the results for the individual runs.

TABLE A

Run Tube cx Log _CXC 2 | Volumetric rate| Superficial
C* N i X | of flow Tlow velocity
Numbers: Number R k L
average) |(average) (cic./sec) ‘CMS/sec”
1 288 2.460 0
76-83 2 224 2.350 0,011 21.7 0.0314
3 143 2.156 0.064
L 60.2 1.780 0.129
5 10.8 1.034 ‘ 0.225




2
A plot is made of Log %%(.__ Vs, _r
(average) X
It is seen that the slope of the line on the plot = — =——% = =575

9.2 FD

or substituting F Dz -+ 0.314 = 0,0059,
9.2 X 5.75

But the intercept on the -graph at _?_2_ = 0 is given by loglo \')
X LT FD
Intercept = 2.464L = logl N where V is the volume of flow /sec.cc.
O 47 FD |
Then 291'.'. 21'7
LT FD
.. F D= 0.,00594

i.e. the values of F D as calculated from the slope and the intercept

on the plot, give the same value for F D .

HoieD = :0059h = .00504 = 0.0165 cm 2/
f/@((e T F. 7036

0.3 Sec

Centre-Line Sampling Method. In some cases samples were taken on

the centre-line of the tower only. Then: Cx - Vv
¢t 4#TF)

thus, for a given value of V, it 1s only necessary to avergge_

the values of CX for all the samples to find the best value of FD.

cF
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Tube c X c* Sx g%
No: _ ¢l r X
1| 0.795{ 23.5| 0.051| 364 0 0
2| 0.860 394 | 0.266| 0.0113
3| 0.230 105 | 1.51 | 0.064
4} 0.110 50.5| 3.05 | 0.129
51 0.020 9.17/ 5.30 | 0.225
1| 4.38 | 25.65] 0.245 | &#18 | 0 | ©
2| 5.15 492 10,266 | 0.0113
3 3.70 354 |1.51 | 0.064
41 1.45 138 | 3.05 | 0.129
51 044 | | 42 |5.,30 | 0.225
1 790 | 23.5| 0.675 | 275 o 0
2 5.10 178 |0.26 0.0113
3| 3,20 112 |1.51 | 0.064
41 2.63 91.6/3.05 | 0.129
5| 0.187 6.52|5.30 | 0.225
1| 2.15 | 23.5| 0.46 |110 | © 0
2| 1.93 98 |0.266| 0.0113
2.1 1,68 86 1.51 0.064
4| 0.63 32,2|3.05 0.124
5 0.105 5.37|5.30 0.225
1| 5.50 | 25.5| 0.368 340 | O 0
2| 2.40 154 |6.266 | 0.0113
) 1.15 T4 |1.51 |0.064
41 0,51 32.713.05 0.129
1| 5.07 | 25.5| 0.255| 470 | 0 | ©
2| 2.50 : 231 |0.266 | 0.0113
3| 1.62 150 |1.51 |0.064
41 0.24 22,2(3.,05 |0.129
k% 0.015 1.3915.30 |0.225
1| 1.072| 25.5] 0.205(124% | 0 | ©
2| 0.63 75 (0.266 |0.0113
3| 0.060 6.95[{1.51 |0.064
4| 0.020 2,34(3.05 |0.129
5 mmemm=l | [ eeeeteeccecbcea e
1| 1.17 | 25.6| 0.135[216 | 0 | ©
2| 0.995 176 |0.266 |0.0113
3| 1,07 189 |1.51 |0.064
4 | o0.545 96.3(3.05 |0.129
51| 0.09 15.9/5.30 |0.225
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Appendix H. Nomenclature, definitions and symbols.

cross—-sectional area of tower - sq. cms.

factor to be used in fam#ing equation to correct for variations in
ratio of particle diameter to tower diameter.

root mean square velocity of partlcle in random motion (in 3 dimen-~
sions).

concentration of sample taken at pon.nt (X , 4 ) =--1000 x(ce. of
injected indicator solution per cc. of sample).(/e. selalive b f/m f/&«/mﬂy

mean concentration of total stream passing through tower-same units
as C.

particle diameter ——-cms.

nominal particle diameter (cms) for irregular shapes —ey. 'Berl saddles.

~ apparent diffusion co~efficient (sq. oms per sec.) as defined in Ap-

pendix C.
co~efficient of molecular diffusion

eddy diffusion coefficient.

fanning friction factor, as defined in Appendix B.

fraction of overall volume of packing which is not occupied by the
substance of the packing particles.

depth (cms) (measured parallel to axis of tower) of packing through
which pressure drop is AP dynes per 8q.cm. when superficial velocity
is v cms. per sec.,

number of molecules (defined by context.)

number of spheres ih unit overall volume of packing.

pressure-drop (dynes per sq.cm., unless otherwise stated) through
depth L cms. of packing at superficial velocity v cms. per sec.

distance of sampling-points from axis of tower (cms).
time (secs.) (

mean linear velocity ( in direction parallel to tower axis) of fluid
through interstices of packing - cms per sec.
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il

= volumetric rate of flow divided by cross-sectional area of tower,
or superficial velocity of flow (cms. per sec.)

volumetric rate of flow, or volume of fluid flowing through tower in
unit time --cc. per sec.

distance of cross-sectional plane in which sample is taken from that
of injection-point-cms. (See Appendix C).

collision frequency, or frequency with which particle in random motion
changes direction. .

densily of fluicl — gmsfec,

VI'SGOSt‘(‘Y Of f‘/ucbl —_— yws/sec.~c4w
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TABULATION OF RESULTS.
GRAFHS.
FIGURES..



RUN NUMBERS |[PACKING TYPE ngggg%ggq: FREE migg¥w é})%ﬁngii'é‘ég;h | -g-g‘-- Average value of %é-: Radial Sampling distance OMS
TNCLUSTVE ~ |AND DTAMBIER DYQMS 2/ sec VOLUNE F- CMS/SEC POP?:Z}&I;LII(\I’SQ czgsfai TUBE 1. '£Ii1113h | TI[[J\BIE T\LI‘BE TUBE 1 T%E %IIJ?LE T%&n T\L;BE | TUBE I|TUBE 11 TLII?% T&IGE T%BE
2-8 6 mm 0.082 0.36 1.07 0 | 1.03 |2.06 |3.14 |43
glass beads ,
2 (a) 10.25 160 107 10.9 | ~== | ==
2 (b) 10.25 186.. 68 20,2 | = | ===
3 (a) 10.25 130 | 49.5 6.3 | === | =
3 (b) 10.25 175 32.3 3.58| === | ===
b 10.25 128 188 i8L{49.9 | =~-
2= 4 157 | 89 | 2.4 | 9.9 |---
5 20.5 156 131 | 47.5 | 4.87 |-—-
6 20.5 130 | 135 75,72 | -—- -
7 20.5 188 166 37.,  |12.1 —-
8 20.5 326|233 [152.0 [50.0 | ---
2-8 200 | 158 | 78 |16.6 | -
9 - 15 6 mm 0.196 0.36 1.66 0 1.03 | 2.06 | 3.14 | 4.3
glass beads
9 10.6 102 | 62.5 |15.9 | 0.63
10 10.6 1222 | 66.0 [19.6 |O.44 | ---
1 10,6 16, | 55.2 | 6.5 |- | -
12 10.6 98 43.7 |10.1 _— —
9 =12 121 |55.6 | 12.9 |0.53 | ---
13 15.15 |62 | 113 [30.4 |0.57 | ----
1 155|129 | w0 (3.2 |0.95 |-—-
L 15.15 131 | 90.5 [13.1 |0.79 |----
13-15 w1l |81l 25.9 [0.77 | ---




RUN NUMBERS PACKING TYPE | DIFFUSION [ FREE | FLOW AXTAL DISTANCE cx. Average Value of G Radial Sampling distance CKS
. ’ VELOCITY | FROM INJECTOR C* c*

INCLUSIVE | AND DIAMETERCOEFFICIENT| VOLUME F, TO SAMPLING TUBE I|TUBE I TUBE | TU3E |TUBE |TUBE I| TUBE |TUBE | TUBE [TUBE | TUBE | TUBE | TUBE | TUBE TUBE
| » D cus?/sec CMS/SEC | PLANE CMS centra] III [T IV | v II III | IV v |1 T 11 v v
-2 o 0.225 0.36 1.85 0 1.03 | 2.06 | 3.4 4.3

plass beads
16 12.9 76.6 | 62.5 |15.9 3.64 | 1.01
17 57.0 | 121 3.39 0.645| =~-
18 99.5 | 59.0 [17.3 | 0.555| ---
19 167 |152  |19.8 | 1.27 | ---
16 - 19 100 | 714 | k.1 | 1.55 |---
20 9.75 163 | 71.9 [10.0 1.03| --
1 103 | 42.6 [16.6 0.545 ===
22 96.9 | 120 | 5.2 0.73 | -—-
23 131 | 70.5 | 6.8 2.1 | -—-
20 - 23 126 76 9.6 1.11 | -—-—-
2 - 31 6 .ma 0.0103 0.36 0.25 ] o 0.535 | 1.08 1.66 | 2.26
glass beads

2L | 12.3 352 |2, |u6.2 |0.79 | ---

25 216 | 72.2 |22.9 0.6 | ---

26 297,512 |38.9 |14 | —-

21 Wl.5| 124 [79.0 2,66 | —-=-
2 - 27 249 200 40.1 | 3.92 | ---

28 17.15 KBI1 | 291 | 55.7 | b3 | ==

29 397 | 230 {129 | -— |---

30 393 | 215 |40.0 |9.3 |-—

A 361 | 24 |222 |21.0 |-—-
2, - 31 387 46 112 8.75
32 - 40 600 ponqs| 'O 0.36 0.32

2 17.2 318 | 160 259 |--— | -

33 332 151 [100.0 | === |==--

3 25, | 258 |95 38.7 | -

3 241 183 99.0 49.5 -—-

36 172 485 1106 35 —




RUN NUMBERS |PACKING TYPE [DIFFUSION X cxX Radial Sampling distance CMS
v FREE FLOW AXIAL DISTANCES C¥* Average value of C¥
“INCLUSIVE |AND DIAMETER |COEFFICIENT FROM INJECTOR - Tug® | fUBES |TUBE | TUBB TUBE
5 VOLUME F | VELOCITY TO SAMPLING |TUBE:I| TUBE | TUBE | TUBE | TUBE | TUBE | TUBE |TUBE |TUBE |TUBE I II 111 IV v
D CMS “/sec CMS/SEC PLANE ~CMS central| II III Iv v I II 111 TV v ,
32 - 36 266 158 85 41.5
37 13.65 Lo |268 67.3 | -—- ——
38 13.65 2,0 |112 67.7 | === | =---
39 13.65 g7 |12 116 | 37.4 | ==
40 13.65 93  |156 105 2.0 16.8
38 - 40 206 162 79 19.7 4.2
41 - 19 4 mm 0.0105 0.36 0.28 0 0.535 1.08 | 1.66 |2.26
glass beads
L1 17.35 225 238 48,0 |5.8 -
“ 360 218  [105.4 |6.3 —
v 338 | 510 |300 39.9 _—
b 423 [ 260 130 3.25 —
b5 il |38y | 72 L5 -
L1 = 45 352 314 131 |20.0 |--
L6 21.9 221|294 199 33.2 _—
47 21.9 4LO5 | 306 79.5 10.3 -
L8 21.9 2,2 127  |63.5 14.9
49 21.9 536|333 120 68.0
: 1,
46 - L4 376 265 113 | 31.6




RUN NUMBERS [PACKING TYPE | DIFFUSION FREE FLOW AXTAL DISTANCE CX Average value of SX Radial Sampling distance CMS
COEFFICIENT VOLUME F VELOCITY FROM INJECTOR AR C*TU’BA [4 1 R
INCLUSIVE AND DIAMETER D CMS 2 /s ec CMS /SEC TO DA%B&I!\IG PLANh:entral T ITI T%E TU9E~ »T[IIBE TU%% Tl{%ﬁl‘. T%E TU%IL ! Iﬁ . Tg?E Tlll?% Tg‘B,E TU‘D;E
50 = 57 4 mav. 0.033 0.36 0.69 375 | 282 153 | 37.5 [13.4 [ O |0.535| 1.08 | 1.66 |2.26
glass beads
50 18.2 383 450 220 43.3 ——
51 18.2 262 116 | 135 | == | --- |
52 18.2 330 23, | 214 66 11.6
53 18.2 364 405 290 35.2 9.26
54 18.2 277 196 60.0 29 5.5
55 18.2 528 107 64.5 21.2 1.9
56 18.2 396 211 120 35.3 6.47
57 18.2 480 521 |1217.2 7.0 | 73.0
glass beads
59 16.05 133 152 35 3.52 —
60 16.05 302 123 8.025 -— ——
61 16.05 201 66.4 | 4.69 —_— ——
62 16.05 212 51.2 | 44.1 —— -
59 ~ 62 212 98 15.0 | --- -—
63 22.35 202 89 PINA 1.69 —
él.; 22.35 214 140 | 30.1 6.65 -
65 22.35 176 104 |30.5 | --- -—
66 22 . 35 160 l‘.5 . 7 4201 h . 1 m—
63 - 66 188 9‘405 3108 3016 ————
67 :
6 Experiment&l runs For trial | purposes only.
8
69 - 75 L mm 0.0812 0.36 1.22 CENTER LINE SAMPLI JE— o b AMTTIN
glass beads | - ! b LING CENTHR LINE BAMPLING
69 IANA 139
70 6.7 155
71 8.95 188
72 16.30 259
73 18.90 248
, 21.6 273
75 18.1 210




P

RUN MUMBERS PACKING TYPE |DIFFUSION FREE FLOW AXTAL DISTANCE EX Average value of X Radial Sampling Distance
' UE T VELOCITY FHOM INJECTCR - c C¥* (cms.)
) : VOLUME .
INCLUSIVE | AND DIAMETER ’OEFFICHZ‘?T TO SAMPLING TUBE’] TUBE| TUBE | TUBE | TUBE | TUBE |TUBE |TUBE |TUBE [[UBE
DcMs “sec CMS/SEC PLANE CMS gentral II | III | Iy v I II |III IV v

92 = 103 (cont)

101 22.60 72.5
102 22.55 79.8
103 22,40 101.5
104 - 115 4 mm glass |  0.224 0.36 2.36 -—- CENTHE LINE| SAMPLING 160 CEJ’TER TINE SAMPLING
beads
104 22,0 175
105 ' 22.1 183
106 21.9 | - {197
107 2,1 179
108 | 22.2 147
109 22.1 167
110 ' | 22,0 162
111 22.0 130
112 | : 22.0 215
13 21.9 111
114 | | 22,0 129
115 22.2 123 CENTER LINE SAMPLING
16 - 121 1/l inch 0.354 0.59 1.91 ——— ~-=  |CENTRE|LINE SAMPLING 50.2
Berl saddles
116 : 13.3 5443
117 13.5 34.0
118 13.5 | 55.3
119 : 13.2 71.2
120 12.7 38.8

121 13.1 47.8




— CIC
RUN NUMBERS | PACKING DIFFUSION |  FREE FLOW AXTAL DISTANCE %_ Average value of =% Radial Sencline Distan o oy
, , ICI v ; ‘ M INJECTOR i
INCLUSIVE %‘;’gﬁ COEFF ijm VOLUME F | VELOCITY ?3‘35 AMPLIN(T;O TUBE 1| TUBE | TUBE TUBE| TUBE | TUBE | TUBE | TUBE | TUBE |TUBE TUBE| TUBE | TUBE | TUBE | TUBE
D CMS  sec CMS/SEC | PLANE _ CMS central II ITI IV ' I 11 I1I IV \') I II 11T Iy '
72 - 75 2,6
: . 2.29
% -8 | 6mm 0.0165 0.36 0.314 23.5 268 | 22, |143.@|60.2 |j0.8 | O [0-515 | 1.22 |1.7A
: blass beads
76 364 394 105 50.5 9.17
77 418 492 354 138 L2
78 215 | 178 178 | 92 6.5
79 110 98 86 32 5.4
80 340 154 Th 33 2.2
8l 470|231 150  p2.2 1.39
82 124 73 7 2.34 -
83 216|176 189 96.3 15.9 0 1.08 | 2.2 3.35 4.1l
8, - 91 L mm 0.172 0.36 2.26 20.6 169 126 | 13.08 |1.3 -=
' glass beads
©I o~ 18k : 182 93 15.9 1,13 | ---
85 130 |77 7.22 | == |---
86 296 124 24,7 - ---
88 135 70.5 6530 -— -—
89 11 116 |5.40 — —
90 184 171 [16.25 7.47 ——
91 173 208  [25.0 —- ——- 4
CENTRE LINE SAMPLING
92 - 103 6 mm 0.389 0.36 2,30 —_—— CINTKE LINE SAMPLING 90
glass beads
92 22.5 93.5
93 22.5 76.5
9% 22.5 101
96 22.75 91.0
97 22.75 93.0
98 22.15 91;.5‘
99 22.50 145
| 2.70 85
100 (continued) 22.7




. ' cX ¢
- COEFFICIENT ] FROM INJECTOR
INCLUSIVE |AND DIAMETER 2/ VOLUME F. VELOCITY  fpo gAMPLING PLANE| TUBE | TUBE | TUBE | TUBE | TUBE | TUBE |TUBE |TUBE | TUBE |TUBE
D CMS =/ sec CMS/SEG cus I 11 1 | 1y |y 11 I | v i

; . CENTRE LINE SJAMPLING
122 =130 |3/g" A1203 0.200 0.40 1.057 CENTRH LINE SKMPLING 72.8

122 catalyst 13.5 65.3

spheres

123 13.8 64.8

124 4.1 36.8

125 13.5 73.5

126 13.2 100

127 14.0 L3.4

128 14.1 139

129 14.0 58.0

130 13. 1

-3 3.5 ol CENTRE LINE PAMPLING
131 -.142 3/8" A1,0, 0.227 0.40 1.057 CENTR[: LINE 9AMPLING 63.5

131 | catalyst 13.5 37.8 ”

: spheres

132 14.2 57.8

133 13.9 76.7

134 13.9 62.2

135 14.0 57.8

136 .2 50.2

137 1.7 67.4

138 13.75 9%.5

139 13.75 102

140 13.50 55.4

141 13.50 20.2

142 13.50

50.0
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