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ABSTRACT.

This thesis is primarily concerned with the study of techniques which enable flow
~ conditions in complex geomeirical arrangements to be measured and analysed. The
liquid side in a packed absorpfion tower is chasen to ilfustrate the principles in-

volved. ' _ \

The analysis of disturbance testing involves the evaluation of the moments of the
reéulting residence time distribution curves. It has in the pas'f been found that

this method ofien produces misleading results due to the magnifiéafi on of experi-
mental errors. An improved method of moment analysis is introduced in this work
in an attempt to lessen this effect, It is also shown that much more useful informa-
tion con be obtained by measuring the response to a disturbance at a number of
selected positions in the bed rather than a single determination at the outlet from

the column.

Two mathematical modeis are chosen to describe the ob:arved flow situation. The
values of their characteristic parameters, as defermined from the disturbance testing,
are shown te exhibii a number of interesting features which enhance our knowledge

of liquid side flow conditions.

Finally, a technique is introduced to study flow behaviour from chemical reaction
data, The experimental results obtained are shown to agree very closely with

theoretically derived values.
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SECTION |

INTRODUCTION

 The effect of liquid side dynamics on the performance of a packed
gas absorption column has recently been the subject of numerous investigationst =9,
In nearly all cases a simplified flow situation has been chosen to i'nferpref ob-
served mass transfer rates. A thorough knowledge of the actual flow conditions
existing in such a system is as yet incomplete. . This has been due to the complex
geometrical nature of the system and the difficulties involved in determining
these conditions experimentally. Direct measurement of the velocity profile
across the film of liquid os it passes over the packing at a particular point would
be difficult enough in itself, whereas a complete knowledge would require this
measurement to be performed ct all points throughout the bed. - It follows,
therefore, that a study of the flow behaviour in such a system will have to be

approached by indirect measurements.
It would be as well ot this stage to discuss the need for an accurate
representation of the dynamics of the liquid phase in absorption studies.  The

rate of qas absorption in a packed bed depens on:

(a) The physical and chemical properties of the gas and liquid. These



properties have been thoroughly investigated for a large number of

systems and accurate values are generally available.
(b) The flow conditions existing in both phases,

If the absorption procéss is liquid side controlling and the column is
operated below the loading boinf, the flow conditions existing in the Ii.,qu:jd phase, -
especially in the neighbourhood of the interface, will be important in determining |
the rate of mass transfer. Interfacial conditions are as yet not fully understood on
account of the problenis involved in mecxsui'irig the extent of the effective inter=
facial area and the surface flow characteristics. The former has been widely
studied*®™1 2, howeyer, as a number of these results seem to be contradictory* 4 ,
their value appears dubious.  Even if this quantity could be accurately deter-
mined, it is also likely that some sections of the area will be more effective than
others, and that the relative contribution to the resistance of mass transfer of the
~ various sections will be dependent on the type of absorption process occurring.
This postulate appears to be borne out by the results of Danckwerts and Roberts 5
who discovered that, on the assumption of validity of the "Surface Renewal "
model, the effective area for obsor_pﬁoh accompanied by reaction in the liquid

bulk was higher than that for pure physical absorption.

Original theories assumed that the liguid phase was in ideal plug
flow. Based on this, reasonable correlations weré: obtained for physical ab-
sorption* ®™ 7 however, for absorption accompanied by reaction in the liquid
phase, the position is not as clear. Apart from the above-mentioned depen-
dence of cbsorption rate on the effecfi\feness of the inferfaci_cl areq, it can

be also shown (see Section 2.81) that the percentage error involved in calcu-



Iating the rate constant of a first order absorption process on the assumption of
plug flow is proportional to the value of the constant. This would indicate
that the faster the absorption process the greufer will be the significance of
the departure from plug flow behaviour of the liquid side. - There is every
reason to believe that this trend will be true for all liquid side controlling

absorption processes,

With the advent of "Stimulus Response" techniques, whereby the
distribution of resid ence times of a fluid in a sysiem could be determined ex-
perimentally, new light was thrown on the dynamic behaviour of the liquid
phase.. However, as this technique describes only the varying ages of the
elements of fluid, it can only be applied to rate processes which are depen-
dent on this factor alone. This limitation will, of course, rule out its direct
application to many absorption processes. If the rate of absorption across any

element of interface can be written as:

& kC, - C (1.1)
where k and Ce are constants throughout the bed and C is the concentration in
the bulk of the liquid immediately below that elément d interface, then a
knowledge of the distribution of residence times alone will be sufficient to

take into account the deviation from ideal flow conditions which might exist

in an actual bed. A few aksorption processes have been found to follow equation
(1.1); an example being the physical cbsorption of o pure gas. For all other
processas and especially those which deperd on chemical reaction mechanisms,

the absorpﬁén will depend not only on the oges of each element, but on their



environment, This means that the elements of liquid can no longer be re-
garded as independent entities as they now have an intimate effect on one
another, In order to determine obsorption rates, therefore, it would be
necessary to know exactly where each element resided while it passed through
the column. This, of course, wo uld be the ideal situation, but one which would
be extremely difficult to determine in proctfce.' It does, however, stress fhe

need for a more detailed understanding of the actual flow conditions.

Due to the expected complexities of »thes.e conditions it is nece-~
ssary from a practical point of view to represent the actual flow pattern by
relatively simple mathematical models, which will contain a number of
characteristic parameters. The problem then reduces to one of selecting a
mode! which agrees most closely with measured phenomena. . There must be
some basis on which to judge the degree of fit as well as a procedure of investi-
gation which will qualitatively indicate the structure of the model. The ful=

filment of these two factors can be approached in the following manner:

(a) From visual observations and theoretical reasoning, an idea of the

basic nature of the model can be obtained.

(b) The form of the moments of the residenc: iime disiribution curve for
the madel can be compared with those from experimentally measured

distributions.

(c) Credter detdils concerning the flow conditions can be obtained by

raccsuring residence time distrii-utions ot selected points within the bed.



(d) A second or higher order homogeneous chemical reaction can be performed
in the liquid phase, the measured average conversion being compared with

that which would be expected if the mode! held exactly.

 The steps just outlined were foilowed in the present study and the
- experimental work which follows has been divided into two seciions =
Section 2, which deals with pulse t=sting end Section 3 in which chemical

~ reaction runs are analysed.



SECTION 2

INVESTIGATION OF FLOW BEHAVIOUR

BY DISTURBANCE TECHNIGUES

2.1 _APPLICATION OF STIMULUS RESPONSE TECHNIGUES TO FLUID
DYNAMICS ‘ '

Danckwerts2%has introduced a system of nomenc}cfure, definitions
and basic principles for treating non-ideal flow. These will be largely adhered
" to in this section. The quantity which is of most practical inﬁporfcmce is the “ex
ternal age distribution" function, E{t). = This function can be determined
experimenfully by a number of methods, ali of which can be classed as "stimulus
response” techniques. The procedure is to disturb the system and to analyse the
resulting response. The disturbance can be of many types, the most common
being the injection of a tracer material in the form of a pulse?*™23 step?4™28
sinusoidal26=28 or random signal2®.  In this analysis the pulse will be the
only case considered cs, in the form of a dirac delta signal, it yields the E(t)
function directly and is compardtively easy to realise in practice to a fair
degree of accuracy. Even if the latter consideration is significantly in error
this type of function is amenable to correction as will be demonstrated in

Sécﬁon 2:22,
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2.2 MATHEMATICAL BACKGROUND

2.21  Characterisation of the response of a system to a dirac delta concentration

input signal .

"It can be shown®°  that E(t) is directly proportional to C{t), where C(t) is
the concentration of tracer material in the oitlet stream of the system at a time t
from the injection of the tracer in the inlet stream. To enable vresidence time
distribution measurements for different systems to be quantitatively compared, it is
- necessary to choose a number of parameters which will characterize the distributions,
Danckwerts 2°  chose two quantities which he called "Holdback" and "Segregation”.
These he defined reépect:ivei\/,' as: |

Tm

| | 1 : ' _ . | |
H = = F(t) dt : _ 2.1)
;Tm / ' ' o

where Tm is the mean residence time and

t
F o - / Ee @2
' . o fc ‘ : Ji‘C ' | .
and S = [ @ - eaf/Tm) dt - ~.:-.- f F(t)dt (2.3)
v m
where .t = =Ty n ['ﬁ - F(i'c):’ o o (2.4)

The two quantities are measures of the deviations from the two ideal flow

conditions, namely plug flow and complete mixing respectively.

_In this study it has been decided to use the momenis of the distribution
curves os a means of characterisation, as these are far more sensitive o small changes

in the form of the E(t) curves. Although it is true that the



higher the moment, the greater this sensitivity, it is not advisable to extend
the dnvol‘ysis' beyond the third moment as small experimental errors may be
magnified to such an extent that the results become meaningless. Even for
lower moments this is to o degree a drawback and will be the subject of dis-

cussion in Section 2.23.

The definition of moments to be used ir this work can be written

as follows: -

(%)) Zero moment, 0,
G = j Clr) ¢t (2.5)
0 | |
(b) First moment about the origin, i.e. the mean
, 1. ¢
T = = | t Cft)dt 2.6
m , / ) (2.6)
o .
(c) Second moment about T, , i.e, the sprecd
- 1 , |
T2 = - / (=T C(t) dt | (2.7)
%o
, [0}
d) ‘Third moment about T, i.e. the sikew.

2= L f(f4fm)3C(f) dt @8
P [+
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2,22  System transfer function in terms of the moments of the distribution curve.

The La Place Transformation of a function f(t) is by definition®?
o
FGs) = f o™ f(t) dt 2.9)
0 | | o
The dynamic process under consideration can be expreésed as a
transfer function Gf(s) on a block diagram with input signal 6; and output g,.

If 6; is aunitdirac deltc function
6o = C(t) : (2.10)
Denoting the transformed signals as 6; and ¢,

ei - ] . | | (2.]”
ad g =Jdcu) =fe-§fC(f)df .(2,12)

By block diagrom algebra®*

64 |
& = GO (2.13)
ie. GG = & = [ et ciydr @

. -st . .
Expanding @ ~ s a Maclaurin series

G(S) = oy < 5o 4";2—'042 v- 'g" O (2.]5)
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where g = [ C)dt (2.16)
. :
@ = fm t C(t) dt (2.17)
o]
@ = f t°Ct) dt ' (2.18)
[o] ’ .
s = £ Cl)adt (2.19)
o -
- R Gy o”) ‘52 Gy 5-3
In G(s) = fna + Infl - ?01: s t ‘B; 7 - "07;‘ 5 )

(2.20)
Expanding the second term on the right hand side of this equation

and rearranging terms in increasing powers of s,

o - mas (Do i - (25]
f (2.21)

From the definitions of Tm, T aond Ta® it follows that:
InG(s) = 5 -~ T + MZs? - T80 (2.22)
If a number of dynamic systems with transfer functions G, (s ), G, (s)

G, (s) etc., oceur in series, the overall transfer function, G(s) can be written

as 81 :=



G(s)

In G(s)

11

G (). G, (5). G5 (s)

(2.24)

InG, () + InG (s) + InG (s) + ......

(2.25)

Thus for such a combination the moments § ,Tp,, T¢2, 1’03 _etc, are additive,

This follows from equation (2.22).,

3

Tm

S
3
TO

LS

= 81 + 82+ 83+ -0‘#96.,

=T

m
= T 2 + T 2 + T 2 + C AL B IR 2 N 2
5 S2 53 -
= T 3 + T 3 + T 3 + LR B N N
a, a, Jag _

+ Tm2 + Tm3 +¢ou‘oono

(2.26)

(2.27)
(2.28)
(2.29)

For parallel combination of the same transfer functions®3 :

Ge) = G() + G () + G (5)... (2.30)

only the moments about the origin are additive as can be sen from equation

(2.15)

Oz

= Gy + Oy + O3
= %y v o + s
= Oy + Oz 4+ G2
= G+ 032 * Oz

2.31)
(2.32)
(2.33)
(2.34)

The point raised in section 2,1 «s to corrections which may have

to be applied if the iniécﬁon in the inlet stream is not exactly a dirac delta

signal, cun now be considered. It follows from equations (2;24; - 2,29)
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‘that; if both the output and input distribution curves are measured, the moments
of the dynamic system will be the difference between the moments calculated

from these distributions.

" The following relationships will also be frequen“y used in this work..

The first set are derived from equation (2,22) :-

s - [—ln G(s)]s e - (2.35)
' _ dInG(s) | v ' |
T = [ . ’:} U | (2.36)
| R s - ;
| T52 - l: ds? s >0 ' (2.37)
I3 - '"E?.E).] (2.38)
a s > o
The remainder follow from equation (2,15) :=-
P - [G(s)]s-»o | (2.39)
- 466 |
% - ds Hs » 0 . (2.40)
' ' - ~d? G(s) ' ' ,
% - l_ ds? ]s - 0 (2.41)
- ~d® Cfs) o
Oz = ‘—:;"m:’ s 5o _ (2.42)
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2,23  Occurrenge and Minimization of Errors in Experimental Monent

Detérmianion

It was found during the analysis of the experimental results that
small errors in the measured distribution could have significant effects on the
second and third moments. This was particularly so if the curves had long
tails as these points would be df large time intervals away from the mean about
which moments are usually taken. They are thus magnified by the (t - T )2
and (t = T_F factors in equations (2.7) and (2.8) respectively., If the
system contains a large proportion of "decd time" (as would be the case for
long beds), the value of T, could also be similarly offected as this moment
is generally taken about the origin. It follows logically, therefore, that the
above-mentioned errors would be reduced if the time axis about which moments
are to be calculated is shifted towards the tail region of the curve.  Denoting

T q as the qth moment about fhis'new axis, 7 , and letting the error in

determining E(t) be e, then
. -]
(r ¥ = / -+ ) EO) L) dt  (2.43)
[e] ' '

If t, is the break-away point (i.e. the point at which the E(t) curve leaves
the time axis) and t,, the approximate return point (i.e. the point at which
* the curve becomes effectively zero). then the iimits of integration in equation

(2.43) can be dltered such that:

n
( ré)q, = / t =7 )T €L ) (2.44)
] .
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€ can be considered independent of t, becduse the main source
of error in such determinations is generally the measurement of the deflection
on a recorder trace, which in the case of this work could be obtained to ap- -

proximately X 0.1 mm.

n

forgt - [ ¢ - 7o) E) ot

+€/ t - | ™ )q -~ dt :(2.45)

(N.B.  The second term in equation (2.,.45) has been rearranged to ensure that -

errors for odd moments reinforce rather than cancel each other.)

If the error in caleulating ( Tq)q is gq, then

T’f‘
£q =€"/(T -+ ds
t1
n q |
+ ¢ (=7 )" dt (2.46)
o
+1 . gt
=gF (Pt gy by T )

2.47)
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d{
3'7% = € ("; wty )q - eft, - 1™ )q (2.48)
For minimum error d Cq = 0

are

Forq #0 , either €= 0 or

T e tf = fn - T l::: (2 . 49)
ST —- i.ﬂ ) +v f’ ) | . (2 .50)
2 v

This result indicates that moments should be taken about the
arithmetic mean of the break~away and return points. Once these moments
have been calculated, they can be transferred to the mean via the relation=

ships which will now be developed.

T = / (‘l‘ -T"‘) E(‘I‘) di

= / t E@t)dr - /oo E(t) dt
e ' o
= 1, - ™ ‘ - (2.51)
e, T = =+ ' (2.52)
e - ]” ‘[(i' =T ) - (TE- Tm):r E(t) dt
0 '
= Ts2 + (-T2 (2.53)
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e, T2 = e (reTy) - (2.54)
S [ [(r-Tm) - (- Tm)T E (1)

= ‘ov'r‘ = 3( " =T) T2 = (7% =Tp)? (2.55)
e, T2 = 7'33 +3( - T ) T2+ (7%= Tm)3 (2.56)

A further drawback concemmg moment analysns is the estimation
of tns  Lavenspiel 30 mentions this problem and suggests a value of 2T,
Another suggestion24 is the fitting of a Ganssian distribution to the tail. |t
has been found in the present wark that an exponential decay function can be
adequately fitted to the tails of the curves obtained. llustratio ns of the degree
of fit are presented in Appendix 1.1.

If t i is the time above which the curve can be expressed as:

-Rt

f @) = Qe (2.57)

then the conmbuhon of this secnon of fhe distribution to the moments of the

entire curve can be evaluated as follows

ft) Qe Nt (2.58)

£0) = f() e ¢ (2.59)

F(ty) e XTI (2.60)
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- where T, = t - 1

Taking moments about t

L) -2}

f f(t) dt = fl)) /e"R Tar = féﬂ.) . (2.,62;)
f 0
o » © ) . f(
/_ (t -t)) ft)dt = f(q)[ T, e R‘T| d 7 = "Ezl . (2.63)
1’| ' ' 6 ' x
[ : (f-f|)2 fit)dt = £(t}) f T3 | e"-R " dvp = _ngi‘)_ ' : (2.64)
fl | o k* - :
7 7 - 6.'. .
[ _(f-i'l)s fi)dr = f(fl)/ T’s e "RTI d T = ::” (2.65)
t 0 :

Equations (2.62 - 2.65) can then be transfarred to yield their contribution of the

-moments about any other tiime axis by the method previously outlined in this section.



18

2.3  PREVIOUS INVESTIGATIONS

A number of methods have been employed to measure dynamic re-
sponses by the four types of disturbances mentioned in section 2.1.  Injec-
tion of the tracer into the inlet stream was generally accomplished with the aid of o
manually operated hypodermic syringe or an electrically operated solenoid

valve which controlled the flow of tracer.

The types of tracers which have been used are radioactive materials,
dyes and concentrated acid, alkali and salt solutions.  The concentration -
measurements for the first two have usually been performed by Geiger tubes??
and colorimetric photometers®®respectively, whereas for the last group,
titratio? and conductivity cells*® ~are favoured. Except in the cose of
titration, the measuring equipment produced a continuous electrical signal which

was recorded on a high speed pen recorder or oscillograph.

The usual approach to the theoretical anaiysis of experimental
results has been essentially that of solving a proposed mathematical model for
the input signal used and 'fesfi.ng- for ogreement with these results. If agreement
was satisfactory, the characteristic model parameters were then evaluated.
The three mathematical models whlch have found wost favour among authors
attempting to describe the non-ideal behov:our of liquid in o packed bed are
the "Taylor diffusion model ", the "Cascade of mixers model” and the Turner

model ",

In the "Taylor diffusion modal", the dispersion of a soluble tracer

is considered to be equivalent to fhct of a plug flow stream w:fh superimposed
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Iongifud_‘iinol. diffusion. The équaﬁon describing this process was first proposed
by G.l. Taylor 2273410 account for dispersion in pige flow and was later modi-
fied by several weorkers®®728, |t involves an effective axial diffusion coéfficient
which has been shown by  Aris®®to be equai to the sum of the molecular diffusion
coefficient and a diffusion coefficient due to the velocity distribution. Experi-
mental results for turbulant flow in straight smooth tubes4°~42 indicate that this
model as modified by Tichacek et al. 2 can also be applied to this regime of
flow., The procedure has since been carried a step further and the same equa-
tion has been used for packed bed flow.23=28  The diffusion coefficient in

this case is ot present regarded as merely an effective parameter which has to be

experimentally determined.

The'"cascade of mixers model" 22 postulates that the deviation from
plug flow results from a number of completely mixed cells connected in series.
As in the case of the previous model, the characteristic parameter, i.e. number

of mixers, has not os yet been related theoretically to the physical set up.

The "Turner Model" was first proposed by G.A. Turner®4 to
account for diffusion into stagnant pockets in single phase packed bed flow. The
treatment was extended by Glaser and Liti*® , who derived the first and second
moments of the model in terms of three shape fartors, which are functions of
the packing alone. Their analyses applies only to laminar flow, but could be
extended to the general cose with the introduction of furiher porameters. It is |
probable that this model is basically closer to the actual system than the former
two with the result that the porameters of such a mcdel will have for more
physicai significance. It has the disadvantage, however, of containing a

larger. number of parametwrs and would prove more difficult to manipulate mathe~
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matically when applied to the study of reaction kinetics and mass transfer.

‘The majority of experimental data for packed beds has been for
single phase flow??326,27,28,43 ° Mixing of the liquid stream in two phase
gas-liquid flow with Raschig ring packings was studied by Otake and Kbnqgita 48,

who correlated their results by the equation:

au 2 3 ys : |
= Oa527< pzp'> <ii‘p 5:8> | ‘ (2.66)

where D is the effective axial diffusion coefficient. The results of King® , who

'::E<

used 0.6 cm. Raschig rings agreed fairly well with this correlation.

Glaser and Litt45 obtained residence time distribution data for a
1" 1.D. column packed with 10 to 14 mesh particles of low liquid rates.

Their results could be correlated by the e‘quoﬁon:

: Ts’a o d up '
2= 5% =k +A1< > . . (2.67)

m

where A, and A, are fu'ncﬁorzms of the bed géometry and physical properties
of the quu'id Equation (2 67) is a venflcohon of the "Turner model” in the

laminar flow regime*s ,
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2.4 . THEORETICAL ANALYSIS

2,41 Models to be used in the present $>udy.

Two models have been selected for the present work. The first, to
be labelled "iModel A" is basically the same as the "Taylor Diffusion Model",
however, allowance is to be made for a possible variation in the mean longi-
tudinal velocity and effective axial diffusion coefficient according to radial
'ppsifion in the bed., The "Taylor Diffusion Model" is chosen to describe the
flow. conditions in a particular channel in the packing because of its ciose degree
of fit to systems of a similar nature, e.g. pipe~fiow®? and film flow®° ., The
modifications which are to be imposad will enable an assessment to be made of

the effects of non-uniform liquid distribution.

The mcdel postulates that the liquid flows down a number of preferential
channeis in the bed. If these are numbered from 1 to n, then for the rth stream
the concentration of the tracer af distance x from the top of the bed and time t
from the injection of a pulse is Clxrt)e I the liquid flows with mean linear

velocity U, and hes a longitudingl coefficient of dispersion D, then a mass

r
balance over a small increment of this channel results in the equatior??

2 ] |
2 c (x,t) _ g 2 C.(x,%) 3¢ (x1t) (2.68)
9x= ox - ot

The boundary conditions for this equation are:-

(a) For a unit dirac delia function at x =0 ;

Cr ©,5) = 1 : (2.69)
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(b) When t = 0, the conceértration is zero ot all -
x> 0

i.e. C (x0) = 0 | (2.70)

(c) The third boundary condition for the diffusion equation has been the subject
of much discussion in the literature*” . The one favoured by most authors is

the condition of negligible longitudinal dispersion ot large stream lengths, i.e.

lim 2Co(x, 1) _ .
‘> @ .._,...%.;__... = 0 (2.71)

The second model "Model B", is to be introduced in an attempt to
estimate the mass transfer coefficient by means of a purely hydrédynamic tech~
nique, such as the pulse testing, employed in this woik. The model considers
each of the streams as a thin film in laminar flow. Due to the discontinuous
nature of the packing, it is postulated that a certain amount of lateral mixing
oceurs to varying degrees as the liquid passes down a channel in the bed. ‘The
derivation and solution of the equation describing the dispension of soluble matter
in this sysiem would ke too complicated to handle as such, Instead the approach
can be simpiified by saying that the actual conditions postulated can be fitted to
a mode! where compieie lateral mixing of the film occurs at equal intervals down
the bed. The form of the model is similar to that of Higbie2 for gas absorption
ina pavc:ked.column. This is the so-catled "Penetration Model" which assumes
 thai the bulk of the liguid sh"e»c:m mixes with the interfacial layers ot fixed inter-
vals down the bed, thus exposing fresh surface o the gas at these points. The
steady~state diffusion equation for the absorotion of a gos in the laminar film
between eush mixing section has been solved for o number of processes? .

For the purposes of this andlysis the transient equation for the dispersion of



23

tracer in this film is required. As the shape of the velocity profile will have a
profound effect on the solution, one of the aims of Model B is to describe the
development of this profile from a uniform value at the mixing points to one

which tends to a parabolic form lower down the film.

Figure 1 gives a diagrammatic picture of a section of the rth chan-
nel. Considering the region between any two mixing points, the equation

describing the concentration C, (xsy,t) of asoluble material in the film is:

3;(_:4)‘-3 Zlf)‘ - - Ur(XIY) 3@5_@(_56_&'9 (2.72)
at ‘ x |

This assumes that all terms, apart from the longitudinal convection

term, are negligible. Boundary conditions for this equation are:
(@  When t=0, Cr(xys0) =0 (2.73)
(b) For a unit dirac delta input ot x = 0;

C. (Oyss) = .74)
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2,42 Derivation of moments for Model A.

Transforming equation (2.68) by La Place with respect to x

and t, denoting P and s as the transforms of x and t respectively,

| D,[Pz C, (1) - PGHOs) - G, (o,s)] ':’r[ PG (Pis) - (Or’)J

= s Cr (F,s) - Cr (x,0) ‘ (2.75)
where C,* (O,5) = ™ .?%_(1‘132. | (2.76)
-> b ) -

Substituting equations (2.69) and (2.70) in (2.75)

'Cr (P,s)'{: - :': - [-;r ] = P - .L_’..'l + C'(o,s) (2.77)
Dr r . Dr
C. (Prs) . P+ Fo (2.78)

P + B )(P+F2)

- =
where Bo = - l'_'); + Cr' (ors) ' (2.79)
o r
= - EI +\/ G)rz + ,—s—
By 2D, D2 Dr (2.80) .
- I .
U, g Dre s
s, = -5 - 72 + 5 | (2.81)
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Inverse transforming (2.78) with respect to, P

. '~_ By x ’ -6
\ICr (x,8) = (8o ﬁj) 1% _(Bo—B,) T2

B2-84

ox (ﬁz“ﬁz ) /32;‘1@1

Using equation (2.71),

2 Cr(x,s) - B3 (ﬁo“’ﬁ1) e"ﬁzx +EZ.£EQ_:E&2. e "ﬁzx

B2=F

(2. 82)

1n 2006 _ lim 2B (Bo-fy ) e-ﬁ’zx; B2 (BoFs ) e—ﬁzx:]

x> o0 ax X o B2-B,

=0 (2.84)
. =By x  _
Now, lim e =0 (2.85) .-
1X">oo :
but )l(': e Fax £ 0 | (2.86)
Bo = Ba - (2.87)

Substituting (2.87) in (2.82)

Clas) = e 71X (2.88)

If the concentration of trazer i the stream is measured ot distance L from

the top of the bed,

: , G;;__ » JI,? .2 st
G as) = o0 55 -\ 7p, ¢ '5"]

(2.89)
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Applying equations  (2.35), 2.36), 2.37 and (2.38):

8 = 0 _ (2.90)

r
L
.Tmi‘ = -5— (2.91)
) |
12 = 20 (2.92)
u5
r
rs = 12LD° 2.93
ar - s ( 49
R

r

If the quantity ¢ is defined by the equation:

¢ = ImTd® (2.94)

then for any stream of Model A,

Tmr Tars
¢ = T 4 —-, = 3 (2'95)
sr
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2.43  Derivation of Momants for Model B.

" Transforming equation (2.72) with ?es;aec? to te

. : acy(xl )'l 5)
3 Cr (%syrs) - G (x;y,0)  "‘" - Ur Ky y) == (2.96)
dax :

Substituting boundary condition (a)

oC, {x:y25) | ~ -5 I X - 2 97-

) o (xsyrs) - Qr(xi)') -97)
Cr(x'l Y s) | x!

Cr(xl Y S) f _ﬁ‘ai 2

/ ———— . = - Ur (x’y) ( '98)
C; (Xryrs) 0

Cr(ol Ys 5)_ ‘

Using boundary condition (b)

Cr (xll )’l S)

G"p[}s / u (xa)')

e .- SWr (x",)’)

- (2.99)
x! |
(! = 2. S :
where Wr (x'sy) / Ty ry) (2.100)
o]

If ot x' the film is suddenly mixed to give a unif orm concentration Cp (x',t),
then by material balance af this poini:

1

_ Up X0y
Cr <! t) = f — Cr (x,'y,t) dy (2.101)
' v
: r

(o]
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Transforming with respect tot,

-

Cr (x;s) = fﬂi—’l—)- C, (x'sy,s) dy (2.102)

0 r
ho Y xy) - sW, (x',y) =
= [ A TR Yy, (2.103)
i"i’
o]

Expanding the exponential term,

] ‘ t 1 !
Cp (xys) = f ur(f'” dy - s '/'U'r"(j'” Welxr'y) dy

Yr
.0 0
. U '! )}
+ % s?_f _'..E’_(__zz [Wr(x,'y):r dy
Jr o
(o}
tessansasacsseavenusas (2.104)
The mean velocity Jr = / Ur(x',y) dy (2.105)
; ' .
’ v ix',y)
%' =f~%—-dy = 1 | (2.106)
J r
Loup (xYy) :
o f—-—-—¥-— W, (') dy | (2.107)
1.4 (x, '
oy’ ":f o oy Wi (x'sy) dy (2.108)
o Y 4 3
a.3, = / Url(( Y) [\N; (xl'y)] d)’ (2‘109)
r
Q
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From the rel"aﬁonships derived in Section 2,22

Tm' = o 2.110)

(Y = & - (q) (2.111)
n 3 3

T = o - 3wle! 2(qn”  @.012)

I the total number of mixing stages in o bed Iengﬂfn L.1s cf,

i.e, L = gx (2.113)

Toe = QT (2.114)
12 o= q(h (2:115)
Te® = qlt)? (2.116)

The above relationships result from the fact that the individudl

regions making up the total stream occur in series.

To determine Ty, Ty ? aond T 2 , the integrals in equations
(2.107), (2.108) and (2.109) will have to be evaluated. This requires the
velocity profile to be known cs a function of x and y. Wang and Longwell*®
have calculated theoretical velocity profiles at the entrance region of two
paraliel plates placed in a fluid moving with uniform velocity. Their analysis
involved the numerical solution of the momentum equations. The profile for a
laminar film will be expected to be the some as that for flow between parallel

plates from the surface of one to the centre plane. The latter will correspond
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to the interface. It is proposed for the purpose of this work to fit a simple

algebraic equation to their results. The equation chosen is:

U (xl)') : 1 '
— = ’ ‘ (2.117)
u, 1 - HZ
h H = i ' 2 (2.118)
where | = 0= (2.
. : .
Z = 1 - pra— (2.119)

and m is a constant, _
‘In Appendix 1:2 the velocity profiles obtained from equation (2.117) are com-
pared with those of Wang and Longwell as well as those of Schlichting as
reported by them 8
Using equation (2.117)

_ z
: Wr (x',y) Sz f W. (2.120)
where z' = 1 - .,.L,., (2.121)
, . T+ mx'
Integrating:
x' 1-2', lv - HZ! :
Willey) = = (- = )[] —Zi - HIn(1-Z9) - 1:]
r ) v
(2.122)
’ L V - 7!
1 = B 5{‘ (Li.;Z;) (2.123)
. r’v,v, N
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where B,

Tmr
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A Z
= B, (=) (—= )
2 U.,I- ) Z

= 3(""’") ("_"'

f 1oz

1

_ 1 1 - HZ!

S| T-HZ | T=Z°

) [ - HZ!
/ 1 - 1-70
: |

1-HZ'
1 -2

..(2,124)

(2.125)

3

(2.126)

HoIn (127 - 1] dy

- Hln(1-2") - l]iiy‘ |

- HIn(1-2Y -lj dy  (2.127)

(2.128)

(2.129)

(2.130)
2.131)

(2.132)
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2,44 Moments of a single outlet stream which has been formed by combining a

number of parallel streams,

The moments of parallel stream models have been discussed by the
“author in arecent paper®*,  The foliowing is the application of principles

which were iniroduced to the case of n parallel channels in a packed bed.

if C (E., t) is the concentration of tracer in the r‘fh channel ot
‘the base of a packed height L, Ar the fraction of the total flow of liquid
passing down this channel and Col(L, 1) the ouvilet concentration from the column:
when all streams are combined, ' ' |

AC, (Lot) (2.133)

e
i

inglly

CO(Llf) =

,
I
—

Transforming with respect to t,
CLs) = L ACrlLes) (2.134)
| r=1i

Comparing this with equation (2.30) and using the relcfi;onships derived in
, Section 2.22,

% = 5 A o (2.135)
o = A oy | - (2.136)
o = 3 A G | (2.137)
@ = 5 A asy | 2.138)

r
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Now for each stream,

0o = 1 (normaiisad distribution) (2.139)
oy = Tmr ' (2.140)
- 2 - 2 y
Gy L T (2.141)
‘ = 3 .
oy TS + 32T o+ T3 (2.142)
Oy
Therefore: T, = 3: = g L (2 .143) |
= % ALy 2
T2 = @& ~(@f=bil + bol? (2.144)
_ O 3 %z Oy & 3 '
To =76 = 4z 2(z) |
= GL 4+ G2 o+ CuLS (2.145)
where o =3 Ar Toar /L | (2.146)
br =3 ATg2/L (2.147)
be =3  ATR2/L2 - (ZA T, /U2 (2.148)
a« =3 AT | (2.149)
e = 35 AT, T.2/# - 3pAT A AT 2/NZ
(2.150)
Cz = b ArTmrs/Ls - 32 /'\rTmrz/Lz Z ArTmr/L

+2( EATm: /L) @.151)

As Trpe To? and Ty> ore proportional to L for both Model A
and B, the parameiers a., by, bo, ¢;, ¢,and cz are independent of hed heighf.

(Note: whenever the symbol 3 has been used in this subseciion it refersto 2 ).
r=1
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2,5 APPARATUS AND EXPERIMENTAL PROCEDURE

The bosic apparatus consisted of a 3" 1.D. glass columh which could
be packed to depths up to 9 ft. The packing used in all runs was 2" porcelain
Berl saddles. A schematic diagram of the column crrcngemeht is shown in Fig.2(a).
The input and output signals were measured by means of conductivity cells which |
are also shown in this diagrom. The cells were each connected to two similar
recording systems, one of which is shown diagrammatically in Fig. 2(b). For the

radial residence time distribution measurements the base of the tower was modi-

fied os illustrated in Fig. 2(z).

‘The water rotameter was calibrated by weighing the effluent from the
column over a given period of time. The curve of water rate versus rotameter

scale reading is presented in Fig.3.‘

~ Calibration of the concentration meosu.ring system involved the pre-
paration of a set of standard NaOH solutions. The outlet from the cdnduct.ivity
cell wes closed and the cell filled with each solution in turn. The recorder was
zeroed by adjusting the balancing pofenﬁdmefer in the Wheatstone Bridge when
~ water alone filled the cell. Without altering the electrical set up, the deflec-
tion on the recorder was read for various alkaline concentrations. The results
are plotted in Fig.4. It can be seen that the response of the measuring system
is linear, with the resuli that the recorder deflections can be used directly to

obtain the E (t) curves.

Before commencing a series of runs at a given packed height, the
liquid was allowed to flow for 5 to 10 minutes at a rate considerably higher

“than the value to be used. After adjusting to the required flow rate, a further
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10 minutes was allowed before a pulse of coneentrated NaOH was Iniécted with a
hyperde:mic syringe. The measurement of the output curve was terminated when

the reading on the recorder was less than about 0.3 mm. A series of such runs was
performed at four flow rates, each at four different packed heights with a constant
air-rate of 40 litres/min. The above procedure was twice repeated so that a total

of three results was obtained for each height and flow rate used.

For the radial measurements, the injection of the pulse was performed
seven times under steady flow conditions, Prior to the iniecti'oh, the output recor-
der was connected in turn to eash of the cells ot the base of the tower and the
recorder set o zero deflection. On compieﬁo‘n of the seven residence time
- distribution curves, the flow rate from each cell was measured. This was done by
collecting liquid samples from the outlet of the individual cells over a given

period of time and determining their volumes with the aid of a measuring cylinder.
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2.6  RESULTS

Typical input and output curves as read from the recorder chart are
shown in Figs. 5(a) and 5 (b) respeciively. Smooih curves could genéal ly be
.drawn through the data obtained from the recorder irace with the exception of
a few runs at‘ low packed heights. These showed very small, almost pericdic
fluctuations superimposed on the general trends of the output curves particularly
in the regions before the peaké., It is postulated that these are due to siall
variations in the fiquid flow rate caused by a drpging action from one packing
piece to another. The phenomenon was clearly visible ot a number of points on
the column wall when the tower was in operation. As the concentration-time
curves are steepast in the regions just before the peaks, variations of this nature
would be expected to have most effect here. For the purposes of analysing the

results by determining moments, smoothed vclues were used in these regions.

, The choice of moment characterisation and the definitions of the
parameiers involved have been discussed in Section 2.21. The first, second
and third rioments have been determined for the input and output tracer distri-
‘bution curves for all the runs performed. As moments are additive for transfer
functions in series, the moments of the system can be obtained by sub tracting
input moments from tie corresponding output mciments. Calculations were per-
formed on an 1.C.T, 1301 digital computer, the program for which is discussed

in Appendix 2.1,

A preliminary set of results was perforived to investigate the effect of
air rate oin the moments of the liquid side residence time distribution curve. The
values for a packed height of 114 ems. and a water rate of 33.6 ml/sec. are

tabulated below:
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 TABLE 1.
AR RATE T, T2 T3
(litres/min.)  (secs.) (sec ?) (sec? )
0 33.0 40.8 . 234
20 32.8 42.3 257
40 34,1 41,2 223

* These results indicate that the air rate has no apparent effect in the range
of flow rates used. All subsequent runs were performed with an air rate of 40 litres/min.
with the exception of the series of seven point radicl measurements where no gas |
rate wos used, This was due to the fact that the sampling system ot the base of
the tower for these runs left insufficient space to accommodate a gas inlet arron=

gement,

The results for the column with single outlet are presented in Table 2.
The first set are numbered from 1 to 16, the secon: from 17 to 32 and the
third from 33 to 48. In Appendix 1.3, the values of the moments for input

and output signals. are recorded.

TABLE 2.
RUN | WATER RATE | PACKED HEIGHT T T2 TS
No. f (ml./sec.) | (cms.) (secs.) (cec.?) (sec )
1 14 54.3 157 2110
2 v 84 39.7 109 1380
| 15.4
3 | 69 32.3 88 1130
4 38 16.9 52 690
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5 114 98 1061
6 84 32.8 64.6 535
20.2
7 | 69 26.6 50.7 422
8 38 14.6 29.2 236
9 114 37.5 58.2 368
1 4 . ) 2
0 2.2 8 27.3 39.9 09
n 69 22.3 32.8 168
12 38 12,6 18.0 89
13 114 32.6 43.0 193
14 84 23.1 29.4 123
33.6
15 69 19.0 23.4 100
16 38 10.0 130 56
17 14 54.3 166 2766
18 : 84 39.9 112 1641
15.4
19 69 32.2 88.5 1416 .
20 38 17.0 47.4 688
21 114 45.9 108 1421
22 - 84 33.0 66.8 666
20.2 '
23 69 27.0 52.4 580
24 38 14.5 27.7 284
25 114 38.5 65.5 664
2 84 27.7 441 300
26.2
27 69 23.1 36.4 284
28 38 12.2 19.1

129.
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10.4

29 114 34.3 39:3 263
30 84 23.5 29.5 19
- 33.6 |
31 69 19.4 24.0 120
32 38 10.3 12,7  54.8
33 114 54.9 176 - 2670
34 54 84 40.6 120 1891
35 ' 69 32.5 %8 1688
36 38 17.4 51.9 721
37 114 46.8 90.6 952
38 | 84 33.3 69.7 657
20.2 | |
39 | 69 27.9 54.2 611
40 38 15.1 28.9 300
41 114 39.1 75.3 763
42 84 28.1 45.4 334
26.2
43 69 23.6 39.4 302
44 38 12.6 21.4 139
45 14 34.5 40.4 287
46 | 84 24.1 3.2 206
| 33.6 |
47 69 20.1 25.3 157
48 38 13.2 62.3

These volues are ploffed in Figs. 6(0), 6 (b) and 6(c). The solid

- lines represent the best linear fit for each flow rate and are described by the
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equations:

P L | (2.152)

Tm = ‘ ) ,
T2 = P Lz (@8
TS = P, L3 | (2.154)

The values of P, , P, and P; as determined from the graphical

plots are tabulated below.
TARLE 3

WATERRATE P, P, P,

(ml./sec.) (sec/ecm) (sec®/cm) {(sec.’®/cm)

15.4 472 1.34 19.8
20.2 .39 79 8.1
126.2 .331 .52 3.8
133.6 280 .35 1.9

Table 4 contains the results of the seven point radial residence

time distribution measurcments. A, is the fraction of the total flowleaving

" the outlet of the r th cell.
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TABLE 4
RUN| WATER | PACKED | RADIAL LA T T TS
NO. RATE | HEIGHT | POSN. | ¢
(ml/sec) | (cms) (secs) (se¢ 2)  (sec3)
49 1 047 | 12.8 367 346 | 3.29
| 50 2 057 | 13.1  38.1 348 | 3.14
51 : 3 | .48 | 181 67.0 823 | 3.32
52 | 15.4 | 305 | 4 | .079 | 151 552 708 | 3.51
| 53 5 041 | 171 63.8 728 | 3.06
54 6 | .088 | 158 60.9 831 | 3.54
| 55 7 JI1 | 14.8 499 520 | 3.09
56 1 .052 | 10.2 19.2 122 3.37
57 2 070 | 10.0 18.7 141 | 4.03
| 58 3 L045 | 13,7 30.5 248 | 3.65
59 | 202 | 305 | 4 065 | 10.9  20.4 134 | 3.51
60 5 068 | 13.1  30.4 246 | 3.49
61 6 .074 | 10.8 19,8 131 | 3.61
62 7 .09 | 1.6 23.3 158 | 3.38
63 ] .059 8.9 12.8 61.3 | 3.33
64 2 07 | 8.8 12.3 703 | 4.10
65 3 052 | 1.0  15.4  72.9 | 3.38
66 | 26,2 30.5 4 .058 9.7 14.6 84.6 | 3.85
67 5 073 | 10.7 16,3 83.2 | 3.35
68 6 068 | 9.7  13.9 8.9 | 3.46
69 L7 .08 | 9.1  12.0 62.3 | 3.9
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70 1 066 | 7.8 8.8 34.9 | 3.52
71 2 065 | 8.0 9.8 43.2 | 3.60
72 3 050 | 8.6 9.3  31.7 | 3.15
73 | 33.6 | 30.5 | 4 050 | 8.4 9.6 375 | 3.42
74 | s 071 | 8.8 103 42.9 | 3.56
75 6 070 | 8.3 9.9 45,1 | 3.82
| 76 7 .082 8.0 9.1 43.2 | 4.09
77 1| .004 | 39.3 135.4 1941 4.16
78 2 006 | 33.9 ' 82.0 877 4.42
79 3 103 | 35.1  87.8 955 4.35
80 | 15.4 | 76 4 020 | 37.4  129.5 1861 4.15
81 5 007 | 35.6 119.8 1988 4.93
82 6 165 | 36.5 103.9 1428 4.83
83 7 104 | 34.3  101.0 1228 4.13
84 1 019 | 302 757 791 | 4.7
85 2 012 | 27.5 57,8 706 | 5.81
86 3 084 | 29.3  64.6 668 | 4.69
87 | 20.2 | 76 4 022 | 31,1 78.0 808 | 4.13
88 5 Lol | 264 433 369 | 5.20
89 6 19 | 30,1  57.5 556 | 5.06
| 90 7 092 | 26,7 51,9 439

4.35
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021

46 .4

4.25

91 1 25,6 357
92 2 .008 | 25.0 43.0 305 | 4.13
93 '3 084 | 27.2 40.5 298 | 4.95
9 | 26,2 | 76 4 022 | 27.2  42.0 287 | 4.43
95 5 028 | 24.4 37.6 286 | 4.94
| 96 6 | .180 | 25.4 39.1 248 | 4.12
97 7 | .09 | 240 4001 277 | 4.3
93 1 .02 | 21,8 28:3 178 | 4.84
99 2 010 | 2009  25.8 152 | 4.76
100 3 | .07 | 22.8 25.0 137 | 4.99
101 | 33.6 | 76 4 020 | 23.6 26,6 145 | 4.83
102 5 070 | 21.0 243 45 | 5.7
103 6 | 163 | 21.6 247 142 | 5.0
104 7 .09 | 20.8 249 146 | 4.89 |
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2.7 ANALYSIS OF RESULTS

2 ;7] Geheral

The resulis of the single outlet measurements indicate a fairly close fit

to straight litie relaiionships as can be seen from Figures é(a), 6(b) and 6(c).

' Aécording to equations (2.143), (2.144) and (2.145) this should be true only if

bi , ¢> and c; are negligible. To estimate the values of these parameters the

. iﬁ" - 3
radial measurements will be used.

If the assumpiion is made that the seven point radiacl moments which have

been determined are representative of all the flow sireams at the base of the tower,

‘then the various summations can be perfofmed with n =7 and A; replaced by

r ;
flow rate of liquid in the r th channel divided by the combined flow rate collected .

A/ % A. The latter has the effect of modifying Ap so that it becomes the
r=o

from the seven cells. Substituting the values from Table 4 in the set of equations

from (2.145) to (2.151) preduces the resuits tabulated below.

TABLE S

RUN a, b, b, c, c, ¢,

NOS. I(sec/cm.) (sec2/ecm) (sec?/cnf) (sec3/cm) (sec3/cm2) (secs /em3 ')
49 - 55 | 458 1.739 .0025 20,34 .045 .0000
56 - 62 | .374 0.752 - .0036 5,42  -,009 - -.0015
63 - 69 316 0.452 .0008 2.34 .004 - .0000
[70 - 756 | .270 .313 ,0001  1.32  .000 .0000
77 - 83 | .469 1.324 .0002 16,92 .008 -.0002
84 - 90 | .383 0.779 .0003 7.57  .003 .0000
9 - 97 | .335 0.527  .0010 3.61  .000 .~ -.0005
98 -104 | .285  0.330 0001 1.90  .000 .0000
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The above table indicates that b, , c; and ¢ are small and, therefore
we can wrife:

Tm

» oL (2.155)
T 2 » b, L | (2.156)
T,s ~ e L (2.157)

which agrees with the results of run numbers 1 to 48.

It would be of interest to compare the above values of a, , b, and ¢,
with those of B, , P, and P5 determined from the slopes of the graphical plots
for the moments of fhe single outlet runs. This will give an indication of the
degree to which the saven poinis analysed are representative of the entire
cross-section at the base of the packing. in the table below a; , by and ¢,

are the average vaiues for the two heights of packing used.

TABLE 6

WATER RATE P, a, P, b, . Py e
(ml/sec) (sec/ em){sec/cm) (sec 2/em) (sec? /em) (sec3/cm) (sec3/cm)
15.4 472 484 1.34 1.53 19.8 18.6
20.2 396 279 - 079 -0.77 8.1 6.5
26,2 «331 326 0.52 0.49 3.8 . 3.0
33.6 280 278 035 0.32 1.9 1.6

Considering that less than half the tofal flow from the packed section was col-
- lected by the seven cells, the results cbove show surorisingly good agreement.
That the mecsurements made were fairly representative of the cross-section as a

whole is thus definiiely confirmed.
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2.72  Evdluation of Mo‘denlf A Parameters.

Equations (2.91), (2.92) and (2.93) express the moments for each
stream in terms of the parameters of Model A, As this mode!l involves only two
parameters for each stream; i.e. U ¢ and Dy, * these can be evaluated from the
experimental dota for T and T 2 . The third moment was also measured and
~ it can therefore be used to give some indication on the degree of fit of the model .
This can be most conveniently done by applying the result of equation (2,95),
where the ratio ¢ is found to be 3. It can be seen from Table 4 that the
experisﬁenm! values of ¢ are reasonably close to this theoretical value for o
packed height of 30.5 cms., but for the higher height of 76 cms. a larger
deviation exists. It should be stressed that ¢ is very sensitive to small.changes
in the distribuﬁoh curve, especially when analysing a system which is close to
plug flow; as is the case with the pirbesenf study. This point is illustrated in’

Appendix 1.4,

From equation (2.91),

—

5 . WA (2.158)
TABLE 7
BED  |WATER _ ‘Jr (cm/sec)
HEIGHT | RATE W T RADIAL POSITION
L (cms) | (ml/sec) . 2 3 4 5 6 >

15.4 | 2.38 2,33 1.69 2.02 1.78 1,93  2.06
20.2 | 2.99 3.05 2.22 2.80 2.33 2.82  2.63
26,2 3.43 3.47.2.77 3.14 2.8 3.14 3.35
33.6 | 3.91 3.8i 3.55 3,63 3.47 3.68 3.8

30.05




56

(Table 7 continued)

BED | WATER | 5y (emfsec)

HEIGHT| RATEW
L (cms) | (ml/sec) “RADIAL POSITION
| : 1 2 3 4 5 6 7

15.4 | 1.93 2.24 2,16 2.03 2.14 2.08° 2.2
20.2 | 2.52 2.76 2.59 2.44 2.88 2.52 2.85
2.2 | 2.97 3.04 2.79 2.79 3.11 2.99  3.16
33.6 | 3.48 3.64 3.33 3.22 3.62 3.52 3.65

76

Comparing these results with those for A; 'in Table 4, there appears to be no cor-
reiation between this quantity and Gr at a given flow rate and packed height,
On the other hand a distinct relationship exists between U and W. This trend
“is particularly interesting for the packed height of 30.5 cms., where the form of
the correlation varies with radial position. Letting

- ' b ’

ur = AW - (2.159)
the values of A and b con be determined from a log~log plot as shown in Fig.7(a).
To avoid confusion only two lines are drawn through the data. A summary of the

results is given in Table 8. Their significance will be discussed in Section 2.74,

| TABLE 8
RADIAL POSITION  AVERAGE A, A b
9 0.059 0.63 0.70
2 0.065 0.3 0.70
3 0.049 0.13 0.9
4 0.063 0.33 0.69
5 0.063 0.18 0.85
6 0.075 033  0.69
7

0.094 0.22 0.82
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For fhe';iock_ed height of 76 ems., the cbove variation is not as
pronounced, as can be seen from Fig. 7(b). [t would thus be expected that
these results con be correlated as a whole by the same ecjuafion as for the singfe
outlet measurements. Fig. 7(c) is a plot of log U versus log W for the latter
runs, where: U has been determined from the equation:

-~ _ 1
v = 5 {2.160)

Values of B have been exfr&cfed from Table 3. The set of data is very well cor=
related by equation (2.159), with a =0.34 and b = 0.67. In Fig. 7(b) the solid
line represenis the same equation. It can be seen that good agreement is obtdined.
The longitudinal dispersion coefficient, Dy can be determined from
equations (2.91) and (2.92):
L2 Tg#

D, = | (2.161)
2T m

TABLE § |
Bed Water | D, (cn? /sec)
He'gh" Rate W f RADIAL POSITION
L (ems) | (ml/sec) | 1 2 '3 4 5 6 7
15.4 | 8.13 7.87 5.2¢ 7.4 5.9 7.7 7.14
20,2 | 8.42 8.70 5.52 7.30 6.28 7.31 6.9

30.5
26,2 8.44 8.41 538 7.4 7.2 7.08 7.4]
- 33.6 8.63 8.90 6.80 7.54 7.02 8.06 9.26
15.4 6.43 6.07 5.86 7.16 7.67 6.17 7.22
76 20.2 7.92 8.03 7.43 7.51 6.80 6.08 7.89

26.2 7.98 7,9 5.82 6.03 7.44 6.89 9.39
- 33.6 7.86 8.19 6.07 5.82 7.55 7.06 8.99
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The volues for each position show only smai! variations with W,
There is a general trend for Dr to increase with increasing flow rate, but o
larger range of W would be necessary to eiable a more conclusive correlation

to be proposed.

According to equation (2.66), the effective axial diffusion co-
o
efficient for the single outlet runs should be proportional to(u )JEV. Fig.8
illustrates that reasoncble agreement is obtained. The values of D and U have

been calculated from the results in Table 2 according to the equations:
2 2 ’
p = HTs O (2.162)
27 °

-m

= YT, | (2.163)

cl
|

and

2,73  Evaludtion of Model B parameter.

The parameier of Model B which is of most interest is x', the
height of film between mixing poinis. -From equation (2.129) and (2.130),
B, T2 o, Z*

x' = 2.]64
T s (-2Y (2.164)

Z'; B, and B, were determined from the computer resulis of the program in |
- Appendix 2.2, when the value of B; B; /B? was the same as the experi-

mental value of ¢ .
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TABLE 10
BED WATER x! (cms) -
HEIGHT | RATE W RADIAL POSITION
L(ems) | (mi/sec) | 1 2 3 4 5 6 7
154 50.2 48.9 44.7 52.3 48.1 52.4 50.4
20.2 40.1 39.0 34.6 37.1 38.2 36.3 37.6
30.5 26.2 35,3 33.1 27.6 32.8 31.1 31.9 30.4
33.6 31,2 32.9 27.6 29.4 28.7 30.4 29.6
15.4 45.2 36.3 36.3 47.7 46.7 38.7 44.4
20.2 42.8 35.6 37.6 41.7 30.0 31.0 37.1
76 26.2 36.2 35.6 26.9 28.7 31.0 31.4  36.0
33.6 29.4 29.3 23.6 23.7 26.8 25.8 28.4

2.74

The results are presented graphicdlly in Figs. 9(c) and 9(b). The

same trend as was found in the case of I;r is again present here. At the packed

height of 30.5 cms. a variation of x! according to radial position:is evident,

whereas for 76 cms. this is not as marked. The results for the former also show

a tendency to flatten off to a onstant value af the highest flow rate used. The

latter do not exhibit this tendency to the same degree.

Discussion

The results of the radial point measurements have shown that the

moments of the residence time distribution curves do vory from one point to

- another af the base of a given packed section. The analysis in Section 2.71,"

however, indicates that this variation has only a small effect on the moments
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of the curve which is obtained when all the individual streams are combined.
The donclusion one can draw from this is that, unless its limifations are realised,
distutbance testing with a single outlet measuring point could give a completely

misleading picture of the .hydrodyndmic conditions.

| The andlysis of the flow models introduced in this study has pro-
duced a number of interesting fectures. The parameter which is common to both,

i.e. U has been shown to fit a correlation of the form of equation (2,159).

rl
The value of b in this equation was found to vary from one stream to another,
particularly for o bed height of 30.5 cms. [f a stream behaved as on ideal
laminar film flowing down a fiat plate®? , b would have the value of 7,
whered if it were totally enclosed by solid boundaries, b would be equal to 1.
Tcble 8 shows that all the experimental measurements for b lie between these two
values. One may infer from this that initially some of the streams consist of
partially enclosed channels due to the high local flow rate at points in the
vicinity of the column inlet. As the liquid passes down the bed, however, it

is dispersed by the packing to form a more even radia distribuﬁdn. Under

these conditions film~type flow should prevail. Thus we find that b is very

close to the theoretical value of %/ for the packed height of 76 cms.

There is also the possibility that a fair amount of cross=flow takes
place between the various axial channels in the bed. This would explain why
the values of :Jr and x* for 30.5 cms. bed height show far larger variations from
one radial point to another than those for 76 cms. The cross=flow would cause
the individual streams vo lose their identity to a certain degree as the axial flow
paths lengrhen. The results in Table 5 tend to support this theory as the values

of b, and c; are found in most cases to be higher for the packed height of

30.5 cms.
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2,8  APPLICATIONS OF MODELS TO LIGUID SIDE MASS TRANSFER
STUDIES ’

2,81 Correcrige: of mass transfer coefficient for non-ideal behaviour of the

liquid side.

It is intended $o determine the ef fect of non=plug f[ow behaviour
of the liquid stream on a simple dbsorption process. Model A will be used to
analyse this effect as numerical methods of solution are not necessary when it
is applied to the case o afirt order absorption mechanism. An example of
this is the physical absorption of a pure gas, such as carbon dioxide with water

as solvent,
Rate of oEsdfp;ion = El a.(!Ce -C) = ka Ci (2;165)
where C' = C-GCe - (2.166)

As in the case of a first order reaction®2 :

f e M enyar 2.167)

Therefore, substituting equation (2.89)

Cf'
'C’Ol

]

Cf' ’ ."“ ) I ""_‘2 2 kQOLz
—_ exp [—%‘5 - \/ -l-’zﬁ"—z— + 5 ] - (2.169)

i
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Solving for kia,

- Cet N
k!a = — - L In CL' (2.170)
o _ o
If plug flow is assumed, then for the same amount cbsbrbed",
_ Cfl
—t— = eXP ("k} .Q L/‘J ) (2‘ ]7])
Co' | .

where ki 'a is the mass transfer coefficient on the assumption of plug flow.
In —— = -kj'a L/T (2.172)

Substituting in  (2.170)

k.;o -

Dk} 'a
m—— = [ 2.1
k' | = ( 73.)

Values of l(l’a have been estimated from the data of Sherwood and Holloway
for berl saddles. Unfortunately these workers did not use 3" saddles, but the

estimated values will serve to illustrate the principles involved.
For model A,

P‘; = % T52 . = % (2.]74)
u? '

—
o}

m
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TABLE 11
w D/ w2 k ta _ ki'a
(ml/sec) | (sec) : (sec™ ) Py
v : v iG
15.4 42 Lo 1.0169
20.2 | 1.00 .0147 1.0147
26.2 | 0.79 0172 1.0136
33,6 o 0,62 .0194 1.0120

The results in Table 11 indicate that errors of between 1% ond 2%
can be expected for this system. It would thus appear that the assumption of plug
flow is a fairly good one for slow processes such as physical absorption. However,
it is obvious from equation (2.173) tha t the faster the absorption rate, the larger
will be the error involved. It is possible, t%‘nerefouje, that in cases where the rate
of absorption is enhanced by the presence of a chemical reaction in the liquid
phose, the assumption of piug flow may lead to serious errors in the evaluation of
the mass transfer coefficients. This factor could be a contributary cousé to
the present lack of sucecess in the theoretical analysis of such data. By applying
Model A in o similar fashion as above, it is possible to correct the data as
presented by investigators who have assumed ideal flow conditions in their
equipment. At present, however, there is insufficient residence time distribution
data to formulate a general correlation for D, i is .advisable, therefore, that
disturbance testing should be performed in conjunction with mass transfer studies

to enable the correction to be made.
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2.82 Prediction of kj from Model B

As indicated in Section 2.41, Model B was introduced in an attempt
to estimate tHe mass transfer coefficient, !<| from disturbance measurements. The
absorption of carbon dioxide in water is again chosen as an example, It will be
seen that the value calculated in this manner is considerably fower than the mass
transfer data would suggest. Exact coﬁnparison is difficult os this would require
the interfacial area to be known and as present experimental values for this
quantity are uncertain only an order of magniiude discrepancy between the

mass transfer measurements and the results for Model B will be calculated.

According to the penetration theory of Higbie, the mass transfer

coefficient for physical absorption is? :

k= (2.175)

where D' = molecular diffusivity of the gas in the solvent and 8= exposure

time between mixing.

As we are only interested in approximate values, 6 will be taken

as x/u. Using the values of x' and U from Section 2.7, an estimated
interfacial area from Shulman et al!?  ond with D' = 1.77 x 107® cm /sec*®

for CO, in water, Table 12 can be compiled. The experimental results of
Sherwood and Holloway2@ are presented for purposes of comparison. These are

the same as the ki 'a vaiues used in Section 2.81.



COTABLE 12

W 6 D' ¢ o X1t kla X106 k'
(ml/sec) (secs) 8 . o A

cny/sec) Csec t) ec™ ) ki*a

15.4 18.1 5.58 1.83 119 65

20.2 - 12.8 6.63 2.33 147 63

126.2 103 7.40 2,77 172 62

33.6 8.4  8.19 3.22 194 60

The ratio in the last column of the table above indicates that bulk
mixing as described by Model B, has véry little influence on the rate of mass
transfer. It could be that Mcdet B gives o completely incorrect picture of the
mechanism ‘of tracer dispersion in the film. On the other hand, however, it
seems highly feasible that the interfacial layers are mixed far more frequently
than those deeper in the film. ' The result of this would be to give an apparent
average mixed length much larger than that existing in o localised region near the

interface,
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2,9  COMCLUSIONS

The techni.ques introduced in measuring and analysing the response
of a physical flow system to a dirac delta input disturbance _hove produced
results which throw new light on the dynamic behavicur of the ifciu‘id side in a
packed absorption column. The use of the moments of the distribution curve fo
obtain m’eaﬁi’ngful values for the parameters of the mathematical models proposed
has been made possible mainly thtough the minimisation of errors s described in
Section 2.23.  The main conclusions that can be drawn from these results may

be summarised ac follows:

(o) The packed section consisis of a number of liquid streams
flowing in longitudinal channels. A significant amount of

cross—flow occurs between these channeis.

(b) The liquid in each stream flows over the packing in the
form of a film. Laminar fiow in the film is closely approached
but a certcin amount of mixing does occur,  This agitation
appears o take place predominantly in the vicinity of the gos/

liquid interface.
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Nomen¢lature for §GCHOU 2.

parametric corstant in eqn. (2.159)

paramefﬁc constanis in eqn. (2.67)

fraction of total flow rate in r th stream.

gas/liquid interfacial area per urii volume of tower.
parametric constant in eqn. (2.146)

defined by eqns. (2.126), (2.127), (2.128) resp.

parameiric constani in eqn. (2.159)

parametric consiant in eqns., (2.147), (2.148) resp.
concentration of tracer in outlet at time +

concentration of tracer in r th stream

saturated concentration of gas in liquid

final concentration of gas in liquid minus saturated concentration.
initial concentraiion of gas in liquid minus saturated concen-
tration. , ‘
parametric constants in eans. (2.149),(2.150),(2.151) resp.
effective axial diffusion ‘::oefﬁcz'enf‘.

effective oxial diffusion coefficient for liquid in r th streom.
molecular diffusion coefficient of gas in liquid. |
effective diameter of packing piece.

external age distribution function.

defined by eqn. (2.2)

La Place Tronsformati on of { (t) as defined by egn. (2.19)

~ arbitrary function of t,

arbitrary transfer function of a system

dcceleration due to gravity
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parameter of Model B as defined by eqn. (2.1 lu)

holdback as defined by eqn. (2.1)

liquid side mass transfer coefficient | »

mass transfer coefficient assuming plug flow on hquud side
mass transfer coefficient from Model B

height of packing

parameter of Model B - ’

total number of axial streams in a packed section. ,
p.arametric‘: constants in eqns. (2.152), (2.153), (2.154) resp.
La Place Transform variable of x

constani in eqn. (2.57)

label indicating moment number

number of mixing sections in a bed length L.

constant in egn.(2.57)

[abel indicating axial stream number

segregation as defined by eqn. (2.3)

La Place Transform variable of t.

mean residence time defined by eqn. (2.6)

spread of distribution curve about the mean vcﬁxs defined by
eqn. (2.7). |

skewness of distribution curve abo ut the mean as defined by
eqn. (2.8) | |

independent time variable

breck-away point on residence time distribution curve.
retuin vpoint on residence time diztribution curve

dafined by eqn. (2.4)

point axial velocity in r th stream
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mean axial velocity in r th stream.

average axial '\)elocity of liquid in bed.

defined by eqn. (2.100)

water flow rate

independent variable Adenoﬁng axial distance.

length of film between mixing points.

independent variable dencting distance into the film from
gas/liquid interface.

defined by egn. (2.119)

defined by eqn. (2.121)

moments of distribution curve as defined by eqns. (2.16),(2.17),
(2.18) and (2.19) resp. o

defined by eqns. (2.79), (2.80) and (2.81) resp.
coefficient of variance as defined by eqn. (2.67).
defined by 8 = In o |

error in q th moment

error in determining E (t)

exposure time between mixing points

arbitrary input signal

arbitrary output signal

viscosity of liquid

density of liquid ,

time axis about which moments must be taken for minimum error.
q th moménf of distribution curve cbout time axis 7%

moment ratio as defined by eqn. (2.94).
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SECTION 3

CHEMICAL REACTION. STUDIES

INTRODUCTION

The effects of deviations from the two ideal models, namely plug

flow and the continuous stirred tank, on the conversion of a chemical reaction

has recently been the subject of many theoretical investigations 29, However,

even in the case of a simple first order irreversible reaction, very littie has been

done experimentally to verify the theories proposed.

where

and

For the first order irreversible reaction

o

C ’ 1 .
E'ﬁ‘f = ] Kt (t) dt
Ao 5 '
CAé is the initial concentration of A

CAf is the final. cdncenfra’rion of A

k' is the reaction velocity consiant

E (t) is the exiernal age distribution function °

@)

The conversion for this type of reaction can, therefore, be calculated
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direcily from the resuits of pulse testing. in the case of o s2cond order reaction,
however, additional information is necessary 3© . Consider the reaction

k

A+B g ~ P+R,

To predict the outlet concentrations of A and B it would be necessary to know their
concentrations at all points within the system. If a particular flow model is chosen
which describes exactly the position of each element of fluid as it passes through
the system, then it would be expected that the model would predict the conversion
that would be obfained experimentally in the physical system, As it is possible
that the external age distribution of many marhematical models can be cpproxi-
mated to the measured distribution with almost equal degree of fit in each case,

the conversion for a second order reaction may differ for each model. The ex-
perimental determination of conversion for such a reaction in a flow system could,
therefore, be a useful means of cliosing a model from among those which have

similar residence time disiribution curves.

in selecting a reaction to perform in o particular system, the follow-

ing faciors will have io be taken into consideration.

(c) The recciion must be fairly rapid. As was illustrated

in Section 2.81, non-ideal flow effects are more signi-

ficant the faster the reaction rate.

(b) Thz reaction must be one which has been exhaustively

tested and whose kinetics are firmly established.

" {c) The analysis of samples must be quick and simple

to perform.
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- The reaction chosen was the saporification of ethy! acetcie by sodium hydroxide;
EfOAc + NaOH =  EtOH + NuOAc

This reaction has been studied by many workers and the rate equation has been

conclusively proved os being that of the second order and irreversible 42

r = kCp Cy | (3.2)
where C A= conceniration of ethyl acetale
and Cg = conceniration of sodium hydroxide

3.2 APPARATUS AND EXPERIMENTAL PROCEDURE

The same column was used as for the pulse testing, but inlet and outlet

positions were modified as shown in Fig.10. I was essential that the mixture of
sodium hydroxide and eihyl acetate be introduced befere much reaction could
take place. At the scme time the two liquids niust be well mixed, The inclusion
of a mixer in the iniet stream would inavitably have resulted in excessive pre=
conversion. It was decided i rely on a number of sudden changes in the direction

of the liquid stream to perform the function of mixing.

At the base of the column, the collecting and analysing technique

has to be both rapid and uccurcie. The former is exiremely important as the
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reaction rate is high and the loss of a second in time betwesn coliaziing and
analysing would have introduced a significant error in the runs performed. It

was therefore, necessary to halt ihe reaction as suon s the liquid left the bottom
of the packed section. This was achieved by allowing a previously standardised
solution of hydrochloric acid to mix continuously with the liquid at this point.

This solution also contained phenol phthalene so that its flow rate could be
adjusted to praduce an almost neutral solution with the reaction products. The
sample was colieéfeci as shown in Fig'.fO and after exact neutralisation was
analysed for unreacted ethyl acet cxie. To allow for the small amcunt of preconver-
sion, which would be expected, aduplicote iniet and outlet arf’angemmni’ was set uP
 as shown in Fig.10. The vclues obtained from this device were used as the

initial concentrofions of the two reacianis in the column calculations.

The detailed exéerimeni’dl procedure was as follows. With the valve
system set to allow both reactanis to pass into the top of the column, the flow rates
of these solutions were adjusted fo the required values. After about five minutes
had elapsed, the flow rate (V,, mi/sec) was measured by sampling at the base
of the tower over a given length of time and determining the volume collected.
The temperature of this solution was also recorded. Part of the sample was then
set aside and allowed to come to equilibrium conversion. This will be labelled

"sample W".

After collection of sampie W, the HCI soluiion was allowed to mix
with the reaction products at the base of the tower until the colour of the liquid
leaving the column was a faint pink. The volumetric flow rate (Vx ml/sec) of
this stream was also measured os before. A quantity of this sample, to be labelled

"sample X " was neutrclised with standard HCl (this generally required only a
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few drops). 50 ml. aliquots were then pipetted into stepnered Flasic which,
after tha addition of a known es:ess of a siandard NoOH solution, were sealed
and allowed to stand for several hours before the remaining NaOH was titrated
with standard HCl solution. As the concentration of NaOH was always greater
than EtOAc in all the 1uns performed, sample W was analysed by direct titration

of 50 ml. aliquois with siandurd HCI solution.

When the column run was completed the valves were arranged to
divert the reacianis fo the precouiversion unit, Here precisely the same procedure
was adopted as for the column, the samples being labelied "sample Y" and

"sorﬁple Z " where the former was for equilibrium determination purposes. The

fow rates were V), and Vj respectively.

From the stoichiometry of the reaction

Cg. (3.3}

G =~ Ch = Go=- Cho = G - Car o

CBe can be determined from samples W and Y. The values of Cgyy and Cgy

should be identical as should Vi and Vy.

CGe = Sgw = Gy - (3.4)

This was found to hold very closely for all the runs performed, indicating that
both the relative flow rates and concentrations of the reactants were steady for the

duration of the test.

The initial and final concentrations can be determined from mass

balances us foliows:=-

| v,
Cas = Cax v, @-5)
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S = a4 T G - G
} vz :

C AD T Caz -v; | (3.7)

S0 = Qo ¥ Cae 3.8)

3.3 THEORETICAL ANALYSIS

For the second order irreversible reaction, the equations describing the

concentration of reactant A are:=

(i) for Model A

d2 CA d Cp » _
D — - u - kC, (C, + C ~-C, ) =0
4 ‘ dx A CTA BO AO
3.9)
(ii) for Model B: ot a given value of y
dCA :
- u(x,y) ” - kCA (CA + CBO - CAO) = 0 (3.10

* These equations were solved num;-ricclly for C ¢ at given Cpy and CBO em=-
ploying values of the characteristic parameters of the models as determined in
Section 2. The results of Potts and Amis4® were used for the reaction velocity
constant k. The numerical techniques involved, the computer program descrip-

tion as well as a comparison between the results for the two models are presented
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in Appendix 2.3. . It was found that the models predicted almost i‘d‘e'nf'icai

results in the range of porameters used, model A giving a slightly higher valve
for CAf / CA(} ~ Due to this close cgréement a single line is used in Figs.11,
12 and 13 to represent both models when comparing these results with those de-

termined experimentally.

3.4  EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results are tabulated below and presented graphically
in Figs. 11, 12 and 13.

| TABLE 13

\ -
I:\IUCE;. . U i TEMP. CAO CBsO CAF Eﬁf

* o (g.moles (g.moles (g.moles C

(em/sec)  (oms) 9 Jlitre) / litre)  /litre) AO

1 38 22.3 .1100 .3001 0797 725
2 } 84 22.3 L1100 3000 L0561 510
3 3.1 130 22.3 1097 .2998 0400 .365
4 175 22.3 .1098 2999 0296 .270
5

221 22.3 .1098 2998  .0220 .200



RUN
NO.

0 ® N O

10

)
12
13
14
15

16
17
18-
19 .
20

2]
22
23
24
25

u

2.7

2,2

3.1

2.7

L

(cmfsec) (cms.)

38

84

130
175
221

38

130
175

221

38
84
130
175
221

38
84
130
175
221
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TEMP. C

AO
co Gin
22.3 .1098
22.3 .10%5
22.3 1090
22.3 .1094
22.3 .1097
22,3 .1098
22.3 .1097
22.3 . 1095
22,3 .1090
22.3 .1093
21.9 .1688
22,0 - .1682
22.2 ,1684
2.3 .1682
2.3 1678
21.8  .1683
22.0 .1682

22,1 .1680
22.3 .1682
22.3 .1676

CB@
(g.moles
/litte)
.2998
2996
2992
2995
.2998

2999
.2997
.2998

2992

.2994

.2887
2882
.2886
2882
2880

.2883
2382
,2880
.2884
.2879

r
A
Af

(g.moles
/litre)
.0762
.0509
.0349
.0250
.0180

.0710

.0442
.0284
.0186
.0126

.1260
.0520
.0699
,0543
.0427

1211
0853
.0632
0480
0366

AF

AO -

694
.465
320
229
164

.720
507
.376
.285
218
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RUN ¥ L TEMP.  C C C

NO. Ot (o mﬁlg | ( iiioés (¢ l:;fo’es b&&
(em/sec)  (cms) ("C) ;Etre) ' 'g/iifre) g/iitr;) AQ
26 | 38 21.7 1678 L2876 L1129 673
27 84 21.9 1680 L2879 L0760 .452
28 2.2 130 22.1 1680 .2880 0530 315
29 75 22,2 1682 .2881 0387 230
30 21 22.3 6742876 0279 . 167
3t 38 25,7 1672 5520 .0908 .543
32 84 . 25.7 1669 5518 L0412 247
33 130 25.7  .1668 5518 0214  .128
34 175 25.7 660 5511 0095 .057
35 221 25.7, L1454 5506 L0045 .027
36 38 25.7 1666 L5517 0825 495
37 84 25,7  .1663 5516 .0345 .207
38 2.7 130 25.7 1668 5520 L0172 103
39 | 75 257 L1664 L5513 L0097 058
40 221 25.7 650 L5499 L0025  .015
a 38 25.7 1672 5522 L0714 427
42 84 25.7 1664 SE17 .0258 155
48 22 130 25.7 1660 5510 0087 .52
44 7 25.7 - .1665  .5517  .0050 .030

45 ' 221 25.7 . 1660 5514 ,0017 .010



0-8

0-2

8 8

MODELS A &B
0 DATA

l l 1 ' ]

50 100 150 200
L cms)

FIGURETT RUN NQOS 1-15

250
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1-0 I ] | T

MODELS A &B
08 .0 DATA

Cae
Cho

0'4 .

0-0 .
0 50 100 150 200
- L{cms)

FIGURE12 RUN NOS.16-30

250



SO

-0 T | | x

—— MODELS A&B
081 : o DATA

061"

Cro
0.4 .

O'O ' i 1 ‘ 1 —y
- 0 50 1QO 150 200
L cms)

FIGURET3 RUN NOS. 31— 45

250
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It can be seen that very good agréement exists between
‘experiment and theory éparf from a few results in Fig.13. Here the experimental
values of Cpg/Cac are slightly higher than those predicted by the models. This
_ tendency leads one to show some preference for model A (See Apﬁehdﬁiig 2.3),
however, it should be borne in mind that the concentrations of the reaé?an'fs
used in runs 31 to 45 were such that experimental errors would be expected

to be higher than in the previous runs.

3.5 CONCLUSIONS

The use of a second order chemical reaction to confirm bosfulated flow
mechanisins has been demonstrated. The application of the technique to the liquid
side in a pocked bed presented a number of anclytical difficulties. On account of
 the close degree of approach to plug flow and the ﬁmail residence times involved,
a fast feaction had to be performed to enable the non-plug flow behaviour to be
sufficiently detectable. Extreme care had to be exercised to eliminate time lags
in the inlet and measuring systems. From the results presented in this section it

is fairly evident that the procedure finally adopted fulfilled these requirements.

It has bean shown that the theoretical values for Models A and B are
very similar ~ the differences being smaller than the expected experimental
error. For this reason it is impossible to say with certainty which model fits the
data to a closer degree. This is to be expected, however, as it can be postulated
that a Model A stream is equivalent to a Model B stream with the effective coef-

ficient of axial diffusivity D, tcking into account the velocity profile and



mixing regions. This con be eppraached in a similar fastion to the theoretical

analyses of Taylor®2 =24 and other workers 2628

Nomenclature for Sechion 3.

C, - conceniration of A, i.e, ethyl acetate.

A

Cg - conceniration of B, i.e. sodium hydroxide'.
C AO, CBO - initial concenirations of A and B resp.

C Af, CBf - final concenirations of A and B resp.

- Cae - equilibrium conecentraiion of B

Cax Caz - concentraiion of A in samples X and Z resp.

CBW, Cgy -  concentraiion of B in samples W and Y resp,
D - effective axidl diffusion coefficient for entire bed
Dp - - effective axia! diffusion coefficient for r th stream.
E () - external age distribution function.
k - second order reaction velocity consiant.
k* - first order reaction velocity constant,
L - height of packing.
ro- - rate of reastion.
U - Mean axial velocity of liquid i bed.
U - point axial velocity of liquid in film,
- Vy -  flow rate of Sample W |
Vi - flow rate of sample X
Vy - flow rate of sample Y
V, - fiow rate of sample Z
x - axial distance frdm top of bed.
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APPENDIX 1

1.1 _Fitting of 'tail of residence time distribution curve to a iqgarithmic decay

furiction.

The t&il of the curve was fiited to the equation:

f(t) = _ Ae.Rt

The plot of log. f(t) against t 'v%/os found to approximate to a straight line for all
the residence time distribution curves at t 2T, The examples tabulated below
have been tcken from a series of runs with @ packed height of 114 ems. ot the four

water rates used. The results are also presenied graphically in Fig. 14.

TABLE 14.

Ron No,17 Run No. 21 - Run No. 25 Run No. 29. -
L=114 cms. L = 114 cms, L = 114 cms. L = 114 cms.
W =15.4 ml/sec.| W= 20,2ml/sec. | W= 26.2mlfsec.|] W= 33.6ml/sec
T =68 secs.. | 7% = 54 secs. r¥= 46 secs. 7 = 38 secs.
) I'(s‘ecs) log f(t) | t(secs) log f(t) t(secs) Idg f(t) t(secs) log f(t)
| 68 1.00 54 1.08 46 1.02. 38 1.14
70 .92 - 56 .99 48 .90 40 1.01
72 .86 58 90 | 50 79 | 42 .89
74 79 | 60 .81 52 .69 44 .76
76 72 62 . 72 - 54 .58 46 62
78 64 64 .60 56 46 48 .52




o7
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70 80

60
t (secs)

04 &

FIGURE 14
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1.2 Development of the velocity prefile in a laminar film,

~ Values of E—-(:-!-ZJ corputed from equation (2.1 17) are ¢ompared with

those reported in the literature ,*®

TABLE 15

z 4 .. , ‘ v (x,'y)/-l-J _ Wang &
Equation (2.117) Schlichting ~ Longwell
0.95 0.774 0.705 0.828
0.9 1 0.889 1.007 0.99
0.8 0,959 1.040 1.082
0.7 0.985 1.040 1.027
0.6 . 0.9%8 1.040 1.021
0.05 0.5 | 1.006 1.040 1.018
0.4 1.010 1.040 1.016
0.3 1.014 ©1.040 1.014
0.2 Lole .04 1.013
0.1 1.017 1.040 1.013
0.0 1.017 - 1.040 1,012
0.95 0.461 o 0.3% | 0.426
0.9 - 0.666 0.720 0.762
0.8 0.854. 1.046 1.062
0.20 0.7 L 0.942 " 1.088 1.105
0.6 0.992 1.088 1.094
0.5 1.023 o 1,088 | 1.081

0.4 1.043 1.088 | 1.071



0.20

0.50

0.80

0.3
0.2
0.1
0.0

0.95
0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.2

0.1
0.0

0.95
0.9

0.8

0.7
0.6
0.5
0.4

vlyi/ v
Equation (2.117)

1.057
1.085
1.670
1.071

0.255
0.444
0.701

- 0.867

0.980
1.059
1.115
1.154
1.180
1.195
1.200

0.176
0.333
0.595
0.803
0.568
1,098
1.198

Schlichting

1
1

R

1

.088
.038
.088
.088

0.245
0.467
0.806

i

-1

1
1

I.
1.

i
i

.082

.130
.182
192
196
196
196

196

- 0.172
0.333

0.619
0.858

1
1
1

04
A75
265

- Wang &

Longwell

1.065
1.061
1.059 .
1.058

0.217
0.425
0.788
1.030
1.148
1.189
1.197
1.195
1.191
1.189
1.189

0.171
0.332
0.618

0.855
1.039

1.172
1.259



0.3
0.2
0.1
0.0

0.80

©0.95
0.9

0.8
0.7

| 0.6
0.90 0.5
0.4

0.3

0.2

0.1
0.0

1.3 Moments of input and output signals for single outiet column runs.

1.272

1.324

1.354

1.364

0.160
0.507
0.566
0.783
0.564
1,111
1.228
1.317
1,379
1.416

1.429

100

1.31/7
1.338

1.346
1.347

0.156
0.302
0.568
0.797

- 0,989

1,143
1.261

1.347

1.404
1,436

1.446

1.31
1.340
1.353
1.357

0.154
0.300
0.564

0.793
0.985
1,140
1.260
1.347
1.406
1.440
1.451

In the first set of datqa, i.e. run numbers 1 to 16, the mean residence

time of the input curve was used as the time origin. For the remaining runs an

arbitrary point ahead of the breakaway time of the input curve was selected as

origin.



All values of T, expressed in seconds,

TABLE 16

in (seconds) 2 and Ty in (seconds)?

" RUN INPUT OUTPUT
No. Tm Te T Tm Tz T3
1 0.0 2.8 9.3 54,3 160 2119
2 0.0 2.7 9.0 39.7 112 1389
3 0.0 2.8 9.7 32.3 91 1140
4 0.0 2.8 9.0 16.9 55 699
5 0.0 2.0 4.9 45.4 100 1065
6 0.0 2.0 5.3 32.8  66.6 540
7 0.0 2.0 5.5 2.6 527 428
8 0.0 2.1 6.0 14.6 313 242
9 0.0 0,83 1.4 37.5 59.0 369
10 0.0 0.87 1.5 | 27.3 40.8 211
1 0.0 0.79 1.3 22,3 33.6 169
12 0.0 0.80 1.5 12.6 18.8 o1
13 0.0 0.52 1.1 32.6 43.5 194
14 0.0 .50 0.9 23.1  29.9 124
15 0.0 0.48 0.9 19.0 239 101
16 0.0 0.42 0.8 10.0  13.4 57
17 2.2 2.9 10.0 56.5 169 2776
18 2.1 2.9 9.1 2.0 115 1650
19 2.1 3.0 10.3 3.3 9.5 1426
20 2.2 3.1 10.1 19.2 50.5° 698
21 1.6 2.1 5.3 47.5 105 1426
22 1.7 2.4 6.4 34.7  69.2 672
| 23 1.6 21 5.0 28.6 54.5 585
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0.48

1.0

RUN INPUT OUTPUT
No. Tm 12 T Tm [ To®
24 1.8 2.4 6.0 16.3 30.1 290
25 1.3 .99 1.5 39.8  66.5 666
26 1.3 .89 1.8 29.0  45.0 302
27 1.4 92 2.3 245 373 286 |
28 1.3 .90 1.9 13.5  20.0 131
29 1.0 55 1.0 35.3  39.9 264
30 1.0 .52 1.0 24.5 30.0 192
31 1.0 .61 1.2 20.4 24.6 121
32 1.0 .50 0.7 113 13.2 55.5
33 2.4 3.0 10.2 57.3 179 2880
34 2.0 2.9 9.7 42.6 123 1901
35 2.6 3.3 1.3 35.1 101 1699
36 2.0 2.8 9.0 19.4  54.7 730
37 1.9 2.2 5.6 48.7  92.8 958
38 1.7 2.3 6.6 1 35.0  72.0 704
39 1.7 2.1 5.0 29.6 56.3 616
40 1.7 2.1 5.3 16.8  31.0 305
4 1.3 ©0.88 1.5 40.4 76.2 765
42 1.3 0.97 2.0 29.4 46.4 336
43 1.6 0.80 1.3 25.2  40.2 1303
44 1.3 0.83 1.8 3.9 22.2 141
45 1.0 0.57 1.3 35.5 4.0 288
46 0.9 0.47 0.8 25.0 33.7 207
47 1.2 0.54 1.0 21.3 25.8 158
48 1.0 11.4 13.7 63.3
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1.4 Values of ¢ as plug flow is approached.

T T3
¢ = m a

For true plug flow the value of ¢ is indeterminate, as Tq3 =0
and T,# =0, As this condition is approached ¢ tends to widely different
values depending on the nature of the distribution curve. Two examples are

given below:

a) For a series of n mixed tanks each with time constant T,
G (S) | = _;I.—n
(Ts+ 1)
giving Tm = nT
T2 = nT?
T° = 2nT3
¢ = 2 fordln

As n -+ o - the system tends to plug flow, however, the value of ¢ s

still equal to 2.

(k) For a flow situation which ccn be described by‘cz' dead time T; and

a backmix region with time constant T,,

_ e=T1s
C(s) =

Tos + 1
T = I, + T,



T2
1o

a
¢

As plug flow is approached = T,

hence ¢

104

2(1, /1,
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1
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APPENDIX 2

Note: Machine print-out copies of the computer p}dgrdms have not been
presented in this appendix as a number of the symbols contained on
the printer of the 1,C.T. 1301 used do not conform to the Man=-

chester Auto=Code.

2.1  Moment analysis program.

The contribution of the first half of the curve to each of the moments
about 7* wes determined by intégration according to the rfapezfum rule. This
was performed in Chapter O, where the variables 8,C,D and E were the con-
tributors to the zero, first, second and third moments respectively. In Chapter 1
the moments about *  were computed for times greater than 7* . "Here vrhe
curve WGsvcssu.med to fit an exponential decay function. (see Appendix 1.1}, |
The two contributors were then added and normali.sed . Chapter 2 transfers the

first moment to the origin and the second as well as the third to the mean residence

time,
* The M.A.C. program used was as follows:

CHAPTER 1
A - 80
1) READ (X)
X = ¢ LOG {X)
Y = ¢ LOG (AT)

1]
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Z = ¢ DIVIDE (N, Y-X)
B = B - J5AT+ZAT

C =C+ ZZAT |

D = D + 2Z7ZAT

E = E + 6ZZZZAT

C = SC/8

D = SSD/8

E = SSSE/B

up

CLOSE

CHAPTER 2

VARIABLES 1

2) PRINT 'RUN NUMBER'
PRINT (W) 4,0

NEWLINE

PRINT *FM!

PRINT (C + ST) 4,4
 NEWLINE

 PRINT s

PRINT (D-CC) 4, 4
NEWLINE

PRINT *TAY

PRINT (E - 3CD + 2CCC) 4, 4

-~ NEWLINE

F=C+5T
G=D-CC
H =E - 3CD + 2CCC
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G = ¢ SQRT(G)
F = Gff
PRINT 'GAMMA 1"
PRINT (F) 2,4
NEWLINE
H = ¢ DIVIDE (H, GGG)
PRINT 'GAMMA 2*
PRINT (H) 2,4
INEW.IINE
H = HF
PRINT 'GAMMA RATIO"
CPRINT (H) 2,4
NEWLINE 2
uP
CLOSE.
CHAPTER O
VARIABLES 1
DREAD (W),
JUMP 4, W =0
READ (M)
READ @)
READ (S)
READ (N)
= M-1
2) 1 = 1+1
READ (Al)
JUMP3, I =T
JUMP 2



108

m QO 0
o0
o O

i

M) T

=B + Al

C + 1Al = TAI

=D + HAl - 2ITAl + TTAl
=.E + [UHAl - 3HTAI + SITTAI - TTTAl
REPEAT '
DOWN 1/1

DOWN 2/2

JUMP 1

4) END

CLOSE.

—
H

- A typical data card for this program read as foliows:

19 10 20 2 4 19 84 ]63 233 272 .271 250 213 180 143 113 46.
This set of data gave the prinf ouf:

RUN NUMBER 19

FM 34.3272

SM  91.5977

TM 1426.3953

CAMMA 1 0.2757

GAMMA 2 1.6295

GAMMA RATIO 5.8474
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2.2 ' Model B PrdQ‘rgm

B, » B, and B, were evaluated by integration of equations 2,142,

2,143 and 2.144 according to the tropezium rule for values of Z' from 0.3
B Bs

B2?

upwards in steps of 0,001,  The value of was also recorded.

The main program variabies used mere:

Z for Z!
A far B,
D for B,
E  for Bj
U for wlay)/u

The M,A.C. program read as follows:

CHAPTER |

U - 40

A - 40
B e 40

C - 40

U = .025U

A = L05A
8 = .0258

C = .05C
D = B-AA

E = C - 3AB + 2AAA

PRINT (2) 1,4
V = ¢ DIVIDE (AE,DD)
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PRINT (V) 2,
PRINT (V) 1, 4
FRINT (A) 1,4
PRINT ©) 1, 5

C PRINT () 1.6
NEWLINE
ACROSS 1/0
CLOSE

CHAPTER 0
VARIABLES 1

)z = 7+ .00

I = 0{1)39

Y = .025 |

H = 1.5 - 1.5YY

H = 1-1/H

G = ¢ DIVIDE(l - HZ, 1 - Z)
F = ¢ LOG (1 - 2) |
G

U

= G -HW -1
= ¢ DIVIDE {i, 1-HZ)
u = U |
Al = UG
Bl = UGG
Cl = UGGG
REPEAT

U = .5U0



A humber of the results abiained are tabulated below:

Zl

370
.380

.390

400
410
.420
.430
.440
.450

5655
.5903
6159
L6424
6698
6981
7275
.7530
7895
.8224

n ® >
il

U =
A =

c _

REPEAT

CLOGE,

TABLE

1il

SA0
530
5CO
1{1)39
U + Ul
A+ Al
C + (i

17.
8,

04536
.05042
.05599
L0621
.06833
.07623
08437
05332
10317
11401

Bs

.010569
.013971
.018203
.023436
.029878
.037777
.047425
.059175
073445
.090736

B,B,/B,2
2.9049
3.2439
3.5766
3.9031
4,2236
4.5383
4.8473
5.1507

 5.4484

5.7407
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2.3 Numerical solutions to eguations 3.9 and 3.10

The boundary conditicns for equation 3.9 are:

C A = C_AO a x =20 ‘
aC

A = O as X ® e
dx

On account of the second boundary condition the Runge~Kutta
method did not prove satisfactory. Since in all the runs performed the concentra-
tion of B was greater than A, equation 3.9 can be linearised over a small

increment A x . as follows.

<A - dCA
D~ - u - k CA (CB) = O
dx? dx average
where (CB) wérage was taken as the arithmetic mean concentration of B over

the increment. The solution to the above equation is o5 for a first order reaction ,

i.e,
C, G+ 4% {:a Ax /62( 03P K (C) aragel 8 x)z:!
= exp 2D L N & TR i— +
c, & V4P D

Commencivng at a large value of x where a value of Cp is cssumed, calculations
are performed for cach increment up the curve until the point x =0 is reached.
At this stage the current value of C A is compared with the required value of Cy
and if the discrepancy is too large the procedure is repeated with a new assumed

value of CA at the initic! vaive of x,
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The M.A.C. piogram used was:

CHAPTER 1

Y - 150
7) PRINT (D) 1,4
PRINT (8) 1,2
PRINT (C) 1,4

NEWLINE |

F = ¢  EXP(300CB)

E = ¢  DIVIDE & 1 -B)
%150 = ¢  DIVIDE (3E,E-1)

T = o)

4) Z = O

X = Y150

P = 149 (-1) O

I = o)

1) H = ¢  SQRT (DD + 2CDX - 2CDB)
! Co= b+ 0

H' = ¢  EXP(2H - 2D)
e = HY (P+1)

z = X

X = YP/2 + Y(P+1)/2
z = Z-X

z = 7z

JUMP 1, Z».006000005

JUMP T, | = 1

2) REPEAT



114

JUMP 10, YO > 1.0001
JUMP 3, T =1
Yi50 = Y150 + .00l
JUMP 4
10) Y150 = Y150 - .0001
T =1
JUNMP 4
3) ACROSS 3/0
CLOSE
CHAPYER O
 VARIABLES 1
8) NEWL INE 5
READ (D)
READ (C)
ACROSS 7/1
3) N =10 (10) 150
PRINT (2N) 3,0
PRINT (YN) 1,4
MEWLINE
REPEAT
STOP 1155
JUMP 8
CLOSE.

To solve equation 3.10, the film was divided into 40 layers of equal thick-
ness. The concentration of reactant A was evaluated after length of film x', 2x',

etc., assuming plug flow in each ioyar. At each mixing section o mass holonce was



performed to determine the average concentration of A, which in turn became the

initial concenttation for the next length of film.

M.A.C, program:

g CHAPTER 1
A = 40
G » 40
W o» 40
1) A
B

025 A
A = A" + B!
N+1
PRINT (NX) 3,2
PRINT (A) 1,4
PRINT (8) 1,4

il

i

F = ¢ DIVIDE (AE,BD)
F = ¢ LOG(F)
F = ¢ DIVIDE (FV,NXH'D - NXH'E)

PRINT (F) 1,4
PRINT (INXF) 3,2

AV = A
B* = B
up

CLOSE
CHAPTER 0

VARIABLES 1
1) NEWLINE 3
READ (D)
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READ (E)
READ (HY)
READ (Z)
READ (X)
READ (V)
A = D
B = E
N = O
2) NEWLINE
W = O
i = 0O(1)39
Y o= 025 |
H = 1.5 -1.5YY
H = 1 - I/H
zZv = 1-Z
F = ¢ LOG (Z"
G .= 1/Z'-HZ/Z'-HF -1
Gl = GzVYZ
wi = I/Gl
W = W+ W
REPEAT
A = O
I = 0()3%
G = .025GIWX/V
U = 4A0WW
G = ¢ ENP(GH'A' - GHBY)

Al = ¢ DIVIDE (A'G - B'G, G - BY/A")
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A . A = A+ Al

REPEAT

DOWN 1/1

JUMP 3, 21 SET
JUMP 2

3) END

JUMP 1

CLOSE.

A comparison between some of the results obtained for the two models is given below.

TABLE 18
| Bed Height CA
PARAMETERS L _ /CA0
_ ‘ | (cms.) | Medel A Model 8
U = 2.2 cmfsec <L 667 .663
X! = 35.0 cms 70 461 .458
= ,0941 litres/g. = | 105 .328 - .325
o mole sec., - 140 » .238 235
CAO0  =0.1100 g.moles/litre; 175 175 172
Cgo  =0.3001 g.moles/litre| 210 129 126
245 .09 .094
v = 2.2 cm/sec 35 | .425 407
X! = 35.0 cms. 70 .196 .185
k = ,1183 litres/g.mole 105 | .095 . - ,088
- sec,
Cho = 0.1660 140 .047 .043
| 175 .023 ,020
Cao = 0.5511 1210 .012 .010
| 245 .006 .005






