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* ABSTRACT

-

Breakthrough vdata :is presented for' dispersion in thO'

N

dimensional flow for particle Peclet numbegs in the range of 30 to

‘ "8000. Numericai simulations to predict the breakthrough forf

o various convection—dispersion models are shown and compared to the

experimental results~ Higher 1ongitudina1 dispersion rates than

‘poeviously reported in the lhterature for Peclet numbers above 150
) are’successfully modelled as proportional to 4. S*Pep, and roughly
gquivalent results are obtained if the factor of 4.5 is replaced
by the natural log of the product of porosity and Peclet number

: along ‘the ’ form predicted by quh & Brady (1985) : ‘Both the
':Lﬁtransient and the path length dependent forms ﬂpr the longitudinalh

'-dispersion coefficient are shown to reduce ‘the overall dispersion” 3
and not to. cause tailing in the breakthrough curves Simulation
v.results are shown to be unaffected by choice of boundary condition
__for the convection—dispersion equation (Danckwerts versus fixed)
:or choice of definition of average particle diameter (arithmetic

geometric etc.).' A. blank identification method of deconvolution

- 1s shown to be superior to- the traditional discrete deconvolution

-

';: scheme ;{_- )!

iv
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* aspect ratio, in.equation (1. 5.10)

b parameter of transience
Constants Ln equation (1 5.3)

mean area of mass ‘transfer relative to void volume

equation (4.2.1)

-—

icm /bm , in equation (2 2. 2 7)

parameter of lengthﬂggpendence, équatidn (4.2.2) .

. Bed'cross?sectidnal area .
Constant in Ergun equation, (1.1.16) '
Absorbance, equation (3.2.8) L

Ty

*

Absorbance data for blank runs, equation (3.2.7)
Total surface area of particles in bed - ¥
bohstant'in Ergun equation, (1.1.16) A

Interstltkal concengpatlon . .
* delLigny parameter equatlon (2 1. 32) ' i
* Feed concentratlon ,"gﬁ‘ﬁi“ S

. Concentration ,of fast .moving f1u1d in egtation .
._(2 2.2. 7) o - :

Sy T

‘ylf;Méan 1nterst1tia1;poncentrat;od

; Concentration at 2 equal tdléero
Conéenffation of slow mq§ing fluid-
in equation (2.2.2.7)
Concentfation at 2 = Zf
boncen£ration in dead end pores‘ equationi(%.2.1§l)
Column diameter - o '71; .’ : U

'l Hydrodynamic particle diameter, equation (2.2.2.2)

Partlcle d1ameter (d  is average)
p .

>

Dlsper51on matrix, tensor (
Iy \\
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'Distance; pore length in Pes‘ , ‘n_:‘; - ;ix Lo

e

Diffusion coefficlent .
Longitudinal dispersion coefficient

Transverse dispersion coefficient~”

t=Contribution to dispersion from ‘ difference‘ in

diffusivities between particle and surrounding fluid,
equation (2 1.18)

Convective contribution to dispersion, equation (2 1. 18)'

Diffusive contribution to dlspersion equat1on (2 1.18)

Dispersion coefficient of Chandrasekhara et al. (1980),

'equation (2.1.43)

White noise, equation (3.2,8) '

Flowing fraction, eduation (2.2.1.3)
*  Input function, equation (3.2.1)

Forchheimer’s coefficient
Step input;gequation?(S.z.S)

4 . . ’ . - ~ _
Formation resistivity factor, so tortuosity is (Fg¢) !

- oo

Gravitational constant
Transfer function

Transfer function of packed core, equation (3.2.6)
) - A .
Transfer function of fittings etc., equation (3.2.6)

Head pressure
Model parameter defined in (1 5. 9)

E
7

'Molar flux, equationf(1.4.3)

. Intrinsic permeability

~* Time step, equation (3 2.7)

Hydraulic conductlvity, k p g/u
'»,b‘{ v

,D1ffus1on coefficient for tracer in a porous medium

LIS

Mean overall mass transfer coefficient at interface ofv

flowing and- stagnant regions, equation (2. 2.2. 7)

.
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Bed length.

:1‘Particle Peclet number, U dp/D

-

- *  Number of. concentric cylindrical layers in thickness
- equal to. dp/Z equation (1.5.10) L

* Ratio of tracer solubilities equatiOn (2.1328)i
Mass transfer coefficient equation (2.2.1.4)
Constant in Ergun equation, (1 1.16) »

Number fraction in equation (1.5. 8)
- Order of pglynomial -PA, equation (3. 2'9)
Order of polynomial PB equation (3.2. 10)
Number of time steps in delay, equation (3.2.8) -
Tota} number of spheres in the bed ~ . '

:'{"? “ .
Pressure . . ~

Poly&omial in Z for output function equation (3.2. 8)
Polynomial in Z for the input function,_equatlon (3.2. 8)
Hydrodynamic Peclet nurber, equation (2.2.2. 4)

Dynamic longitudinal Peclet number equation (2. 2 2 1)

Dynamic tranverSe Peclet number, equation (2 2 2.3). é?.

‘Peclet number based on screening length U d kl/%/D

&

Pecleq number of Han et al (1985) ¢Pep/(1 ¢) g
ITPeclet number based on pore length U l/D
Thickness of concentric cylindrical layer o a

Molar flux along streamline directlon equation (1.8.2)
»

- Molar flux along direction transverse to streamllne

equation’ (1.6.3) e
Total volumetriC»flow rate.

o Reynolds number for equation (2 1. 43)
* Rate of reaction or. adsorption, equation (1 2 1)
* Tube radius equation (1. 2. 6)°

. X1V






- dispersioh model,.equation (2.1.2)

| Diffusivity ratio parameter, equation (2.1. 19)

3

' Adustable parameter (= 0.5) in Fried & Combarnous (1971)'

. v\'

Adustable parameter (a 0. 025) in Fried & .£ombarnousv

‘(1971) dispersion model, equation (2.1. 3) 7{ 9$ -

Parameter in equations (2.1.7) & (2 1. 8)

._Adustable power. (= 1. 2) in Fried & Combarnous (1971)“

dispersion model, equation (2.1.2) i w;m

Adustable power (= 1.1) in Fried & Combarnous (1971)
dispersidn model, equatfon (2.1.3)

* Koch & Brady (1985) parameter, eqn. (2.1. 28)

(Q de Ligny (1970) dispersion _parameter, eqn. (2. 1.32)

core wall boundary, equation (4.1. 2b)

boundary open to flow equation (4 1. Za)

* T1me equation (2. 2 2 8) _ v
* Dimensionless group for r951dence time, -eqn. "(1:2.4).

' de Ligny (1970) dispersion parameter, eqn (2.1.32)
'Dispersion (longitudinal) parameter in equatibn (2 1 4)
Dlspersion (transverse) parameter in equation (2. 1 S)

'D1spersion parameter in equation (2.1. 43)

Viscosity -

_ Kinematic Qiscosity, p/u _ .

domain of core, equation (4 1. 1)

,density

L o »
. Non—homogeneity factor in equation (2.1, 9)

* h/k , equation (2. 1 ‘43)
* .Tortuosity, (F¢)
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Dispersion in’porous.media is a subJect of interest to many
Y

‘including engineers, chromatographers and geo-~ scientists Given

the ease and successful use of Fick s equation for diffusion the

v goal has been to find a similarly convenient : result for the

dispersion of tracers in a fluid flowing in a porous - medium. . It

" would have ‘the ‘Same form (flux proportional to concentration

gradient) except that the dispersion coefficient replacing the

Adiffusion coefficient as the proportionality factor would .be '

-

-

primarily a function of velocity and various porous medium

- dependent~ parameters Applications include modelling of -

residence—time distributions for packed bed reactors groundwater

' contamination by hydrologists the transitioh zZone between salt’

o,
water and fresh water in coastal aquifiers movement of chemicals -

through“ the soil chromatography and miscible displacement in

' enhanced oil recovery (EOR) techniques

There have been many papers on this subject since the early
S e

- 1960’ s,. including several reviews Among the most recent of the:

reviews are Patel (1983) Dullien (1979) Greenkorn (1983) Cluff

»_'and Hawkes (1976) Rose (1977) vFriEd (ﬁ975) Schwartz (19774 andﬂ;.

Stalkup (1983) Greenkorn (1981) also presented a review on flow

: {through porous media with ‘a short- review on dispersion . Cluff

presents v'a ' chromatographer s viewpoint;nf Schwartz, = a

.geoscientist’s?iand Rose, a soil scientist s.  Of the more recent-'

'papers; the -one. by Han et al -(1985), -on column length ;and

¥



”Jv‘particle size distribution effects, and especially the Koch' &
, Brady (1985h 1987 i'& b) presentation of a theoretical dispersion ;

model for randomly packed unconsolidated pmrous media are the

)
b

_most interesting  These papers are discussed‘at length in'later

,sections,',

[}

? The obJective of this study is to review and evaluate the

v models proposed for the dispersion coefficients with an emphasis

“on finding one that gives both reasonable results in practice and
has a sound physical ba31s : The first chapter .contains the
relevant background information on the equations ~of flow and‘
.'dispersion for porous media, choice of boundary conditions
residencevtime requirement, porosity and. particle size variation
‘veffects, tensor formulation and stability theory The various
"dispersion models are described in the second chapter. The¢third
chapter details the experimental work including an in- dep;i look
at a topic (deconvolution) that has not been well presented in the

vliterature on dispersion The fourth chapter contains the results

hu.of the numericalzsimulations which provide the testing ground for

heY

the dispersion models and. their comparison to the experimental

data Conclusions and recommendations are then given concerning__'

K

-_the experimental work deconvolution and dispersion models.




'literature R

1 1 EQUATroNs OF CHANGE

Ty e

) For'-porous media,\ Reynolds” number is usually,definedas:'

o S ¢Ud P
o : IR Re = P
. . . ’ .

. (1.1.1)
I

vv'lhere. @ .is the'porosity, U is the interstitial or’ pore velocity,'
;dp‘ is the (average) particlemiameter p is density and i is‘
| viscosity Porosity may be a function of position and pressure;’
' for an ideal non-—deformable homogeneous isotropic porous medium,
it is usually assumed to be constant (Cheng, 1985) "It varies a
. from near unity at the wali to a constant value at - f1ve to seven

v particle diameters into the bed , Porosity is d1scussed in detail

later as it has been a topic_of recent discussion in the

[}
1

Different definitions of average particle sizes have been
used. ' One is the geometric average defined by Fair and Hatch _
( 1933)

I
o

R “_where X is the mass fraction of the total sample sieved .o_r the

,ratio ‘of mass .on a tray to the sample mass,‘ a?nd d is thev

,l

'geometric mean of the rated sizes (root of the produot of the

ey

'sizes) of adjacent sieve trays A second co‘mmon-ave'rag'e is_"that '



. v&‘

v

of Han et al. (1985):

X,
Lf—
_ ! . px. 2
d = _
P. xl
L ———
' pl dp.i
.. ’ l
R .
v
v = g -2
PR
kG R

where‘pi is the density of a particle, d

'particle,.vp is the volume of the particles

the surface area. of the part1c1es  This"

: proposed for cases of constant porosity,

(1979) in their review .\ third»definition.is presented 1niA11en’

(1981) as:
¥

-p iz ip,1

processes is the Peclet number
. ¢

is

An

is

by

the diameter of.a.
the bed and A (%

also the average»

(1.1.3)

-

MacDonald et al.

.(1.1}4)

'The 'dimehsionless group used to characterize dispersion

Qa(;,1..5)J



Y -

! .'Tiwhere D is the :

. (Bir‘d et al 1960):"

./\

:‘.definitions thaf have been used include using the superficial,
'-velocity instea.d of the por-e velocity, e. g as in Koch & Brady
v;'>[1(1985 1987) or using the quantity defined in (1 1 5) multiplied

"by a ratio involving the porosity For example, Han et al. (1985) |

» - ¢ Pe
Pe . = P
p, Han

R

(1.1.8)

The equation of‘ continuity, modified for po'"r‘vous.media, is

S8
¢'?ﬁ»= - ﬁ-pﬁo- ' (1.1.7)

U is the bed- average or superficial velocity vector
For flow in por'ous media the - commonly used equation- of.

motion is Darcy s law (Cheng, 1985)

Q “Ah - :
U =~ =-k — (1.1.8)
- | s AT | ‘
. where R e~
A - 3 -
..Ah=-A’z_f = T (1.1.9)

Q i_s-? the total flow rate, A is the bed ‘cross-sect fonal area, Z is-

,,;ffusion coef‘ficient of . the rsolute " Other'"



elevation and 1 is distance;"K;wis the hydraulic conauctivity,.

given by:
oo . . o ’ ) . . .
K= o - (.1.10) /
T | _ B . :
~where g is the, gravitational ‘constant. . The - intrinsic"

permeability, k, is essentially ‘dependent 'only_ on the medium '
microstructure. " and is  independent = of ‘temperature. . For

three—dimensional'flow, 1/k is assumed to be a sedondeorder'tensor'
. . (‘.

"Whose<e1ements’ values depend on the pore’. structure Darcy s law

is commonly written as, using matrix notatlon (double overbar. for

L a matrix and a s1ng1e overbar fsr a vector)

iR

(Tp-pg) - , (1.1.11)_ff

-{ The ratio- k/u is often termed the mobility in the petroleum“‘A
’engineering literature

,The flow regime in which Darcy s law 1s valid is given as: Rep‘.
less than ten by Bird et al (1960)~and-as Re .less.than one'by7 ,
'fcneenkorn (1981)  Others, e; £ Fand et al. (1988) put the 11m1tf?"
on this as- being bztween one and ten 3 Fand et al as 'well
f.consider the flow regimes in porous media to be |

1) 'Pre—Darcy Re < approximately 107° . | #

(2)100arcy Flow 10—5'< e < 3, approximately

‘(SQi Transition from Dafcy té Forchheimer flow RO o '

S



S et

.; -—; ',
(4) Forchheimer Flow 3 < Re < 100 ' v "gﬁt _
(55 Post—Forchheimer flow Re > -100. ;; o ' /%_
‘Turbulence 1s slgnificant in this ‘last regime ‘Bear (1973)

) explains the: phenomenon of a "pre—Darcy flow regime as being due

’to the non—Newtonian behaviour of fluids and to small currents

-,"

ey - S A N
that ‘run - counter tb _the. main - flow in the - pores. This

‘é asslfiCation : not be of much interest slnce it occurs at such

oW’ value of Rep, and has therefore avoided debate it has not

' been widely accepted in any case

The equation for one—dimensionanForchheimer flow is (Cheng,

1985)

: = - — . (1.1.12)

'Iwhere f; iS'Forchheimer’s;coefficlent; 'Based on expenimental data

for "is_othermal‘-flow of water at Re, (or Repi,k“2 dp 1y less than

18.1,ﬁthe following ratio was determined (Cheng, 1985)

. . \
. .
Af Lo Lo :
= 0. 55 & (1.1.13)
. 172 s C
s : k . R i . ‘ : .

AlternaJSQES _to Darcy’s Law include the Ergun equation

t SR
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dp .\ 150 (1-¢)% U, 175 (1-4) p Uoz-
- % - + - - T
dl ) ‘¢3 : d2 ¢3 T d.

C(1.1.14)
P R Cp '

Y
o ks — T . (1.1.15)
. Y 150 (1-¢) |
and.
N . 1T75d -

150 (1-¢) 4

(1.1:18)

 from equation*(iﬁlglz)”

vMacDohald étlél.;(1979) presehtéd:aiﬁddifred,Ergun”eqhéifbn»

* for smocth particles: | A

~+B - (L1.17)

":where‘n is 3, A'ié 180 ana B is 178. Fof the specific casg of
hsmobtﬁ uniforh épheriéa} paréicles, A and B have £h¢ valﬁés of 146
énq 1.47, respectively. "Usi-ng"ﬁlequ,al to 3.6 is ‘-'sug'ge;e,téd»'ﬁ for

best results, :‘ N hﬂff- e .~‘j f1'

Fbrithreefdimensional flow, Forchlieimer’s equation 1s~wrif£én




_'replaced with:

- vt

0 IU'= =
1 0

5 -JE

P S

Thi's reduces to Darcy s law when f is fzer‘*o

In using,_ D_arcy.s. law, the velocity obtained for a wa11 or

boundary is non—zero given a non—zero pressure gradient at that

..

Y

' vlocation. The many boundaries in dilute or. highly porous media §\J\

.make the inclusion of a viscous term necessary in order to- model

the f‘low prdperly ~ An empirical modif‘ication of Darcy*s Law

proposed by Brinkman (1947) that allows f‘or this viscous ef‘fect

is~given in Bird et al. (1960) as: T

)

A L I
Y% . 19

~(UpP-pg) =

The viscous term, ;LVZU' af‘f‘ects the velocity prof‘ile ‘to give a

momentum boundary layer of‘ thickness on the order of‘ k 2 (Haber

et al 1983; Chandrasekhara et al. ,1979)-. Darcy’s law_gi'ves'
quite similar results (Haber _ef al., 1983) if the boundary ¢

. oo SNl
condition .at the’ wall normally taken as a pressure condition, .is

cu =Yy w.g o 1.1, 20)

e



‘where “n' ’and “t" refer to. the normal and tangential directions,_’

irespectively, to the wall ' It }E expected that the effect of "the )
boundary 1ayer are 1nsignificant if hﬂ*ge .tube to particle
diameter ratios are used Brinkman s and Habervs corrections may
then be omitted safely . | -»"‘ | "f- ‘ ’

Vafai & Tien (1981) presented the following general equation

that uses Forchheimer s coefficient as presented in Cheng (1985)

ve

wU _"“'pf U R ‘ ;.1;.2___ ST :
. U I'— - VU oo (1.1.21)

Darcy’s law is relatiVely convenient  to use'in view of the.

‘type'of<correctfon§ or alternatives that are available It has

'

become the form most commonly used due to- both its convenience and

its reasonable results for a wide range of flow conditions

3 . ’ *

v

» . -

~1.2 DISPERSION - -

L The dispersion~convection equation is obtained"by a mass
¢ . . ' -

balance as:

ac _ .
. . "¢ — + V-(Ucg) = V-(¢D-TC) + R Lo(1.2.1)

”

where U- is the interstitial velocity vector, R is the rate of
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; 'adsorption or reaction and C is. thef pore} or‘ interstitial B

Q

: characterized by Pe for a givep porous medium. The convection
“term, V-(UC"¢) is of‘ten written as U VC¢ for incompressible fluids .
: by making use. of the continuity expression (1.1.7). The magnitude

.f‘ the dispersion efi‘ect depends on’ the flow velocity and type ofi

e .
porous media and can include effects from mixing due to

obstructions .and velocity gradients in the- f‘luid phase as well as

'

- adsorption agd dif‘f‘usion to and from stagnant regions such as dead

.end pores areas of closed streamlines and hydrodynamic boundary

~1ayers L If the (Darcy scale) vélocity Leld is one dimensional
through the packed bed the dispersion matrix - reduces to‘a
.diagonal : form of‘ten denoted as having the longitudinal {in the
direction .+ of flow) component Dl," and the tran‘gs:verse
(perpendicular to the direction of flow) component Dé. .‘i:The
analogous equation f‘or heat transf‘er is obtained by using enthalpy
and thermal diffusivity, respectively, instead of concentration

and mass dif‘fusivity in the above form (Koch &.Brady, 1985)

Applying this equation to the dispersion of 'a slug of tracer

"in a tube was i‘irst done by Taylor (1953 1954) in an attempt to

.noticed that a slug of‘ tracer injécted into’ laminar tube flow of

water eventually spreads out in a symmetrical manner about the

plane moving with the average velocity of‘ the water Taylor

a ,realized that two aspects of this needed explanation First the

'maximum speed of‘ the water . occurs at the centre of . the tube for -

11 -

:‘concentration 11 is the dispersion matrix. which is generally '

_explain the experimental observations of Grif‘fiths (1911) ‘who i



laminar flow profiles and this maximum speed is twice the mean

'speed of the water This means the clear water around the centre” .

- of the tube approaches the slug of tracer, absorbs it as it passes

exits the slug;- Second the velocity profile is parabolic and,n'

*,through then leaves it behind to become clear water again when it

hence asymmetric about the plane moving at the ‘mean velocity, yet‘w

3

.the dispersion of  the slug is symmetric about that plane. For‘

large values of time, _'One dimensional

coordinate mpﬁ?ng with the mean speed of flow as

N3

x=x'-Ut |,
m

“Taylor obtained the equation:

ac_ _ . a8

at ox

hicd

-flow and using the

(1.2.2)

(1.2.3).

Feo

RN

Cm is the mean concentration at‘distance x and ;time t and 1 is

gi#en the value of FR, the tube radius.

This tube dispersion

'problem has the solution, for initt%} slug concentration C;




c . 1 - e ~(x~U t)2= - S
= —75 OP(———. (1.2.5)

m
c iz
Lc :v2(1tDlt)._ S

\l’

which satisfies Grif‘fiths observation of‘ symmetric flow - Taylor
found an explicit formula for D for the ¢ase where diffusion is
neglected Aris (1956) extended this to lnclude dif‘fusion to

'obtain:

D =D + 2 o l(1.2.8)

It shows dispersion tc increase quickly ‘Qith"v'e-locity and »g.ith

" tube radius.

Certain aspects of the 'I‘aylor Aris theory presented _above are

| usef‘ul later in describmg other models Those dispersion models

’ are presented here in varying levels of detail in accordance with

 the following objective "For this study, a comparison of - the

i
various practical dispersion- models is the primary goal and- So

their many dif‘f‘erent derivations aire not dealt with in detail

here they are well presented in the reviews already mentioned

Emphasis is on evaluating models that may be used for practical

’;r

' calcul tions. 'G.ive'n % th'

equati n (1 2.1) can be derived (Greenkorn 1983) by "statist’ical
methods ‘(Schei-degger 1963), mixing cell models (Kramers et al.

‘»1953) and volume averaging (Carbonell et al 1983;' Whi‘taker,

¢

general form of the dispersionv.i



-1961);‘as well aSﬂby‘the ma955ba1ance5method aLreadyvstated the

,various geometric models (capillary. spatially periodic, etc. )

porous. medium structure on dispersion,‘ rather than “to give

practical models for dispersion calculations (Greenkorn, 1983),

are of secondary concern.

1.3 RESIDENCE TIME REQUIREMENT | : ' T

A tacit assumption of many dispersion models - is that D and

‘A‘D are not functions of residence time or- position in the packed

bed. It should not be so quickly overlooked as even in Taylor s
A

vthat have been proposed in attempts mainly to -show the effects of .

Y

¥
'original analysis of dispersion in a capillary tube-a "long timef

assumption (equation 1 2 4) had to be made before. a solutlon could

be obtained. A number of papers con51der this including Gill and.

’Sankarasubramanian (1970) Brenner (1980) Paine et al. (1983) and

Carbonell & Whitaker (1983). More .recently, ‘Dieulinv‘e§A 31;"’

(1881), Reis et al. (1979), Han et al. (1985) and Koch & Brady

o

* time-dependent dispersion tensor. Dieulin et al. assume that the

longitudinal dispersion coefficient is'%.function of time but that

for a simple one- dimensional dispersion and obtained excellent :

results better than those obtained by a~ non—transient "classical"

[

(1985, 1987 a & b) have ‘explored Athe implications of a
"the transverse coefficient is not. They demonstrate this method

" model or- a _.capacitance , model. (the dispersion models‘ are

11



' -.discussed in detail below

alr (1985) consider much of the published data for longitudinal

‘,described in detail later) 'The works by Han et al (1985) and

“Koch & Brady (1987 a & b) are. !Le most comprehensive and so arel'

Han et al. (1985) developed the following semi~empirica1 '

expression for the residence time . requirement

)

= 0.3 (1.3.1)

/ . o - - s
Here L is intended to be the path length through the bed (not

related to tortuosity but to the overall flow pattern) and Pe is

‘based on the average 1nterstitial velocity of a partlcle along

that path to the p01nt in question The1r data show D to grow

- with residence time until it reaches its. -asymptotic value Thus,

.for a glven Pep; the ratio of bed length to particle diameter must

'\

be large.enough to satisfy this criterion. If it is met “then D

Will be within $10% of its asymptotic@yalue If it is not met,

then the asymptotic value for D will be underestimated Han et

-

7

"dispersion coefficie ts at high Pe ‘to be ‘too low because this

’3.
tranverse coefficient Dt, was found

criterion “Was not met

' experimentally not to exhibit any. transience By adhering~to this

'the long—time asymptotic longitudinal dispersion coefficients will
- be, reliably obtained They do not supply a time—dependent

' expressien for Dl orlDt.' It should be noted that the form of this

"'r

cqpstraint in the design of an experiment Han et al. predé%t that o



constraint was derived in Carbonell & whitaker (1983) as nt/l
"being much greater than unity, where l is a characteristic length
‘of the pores This is the same ‘ds that obtained by Taylor (1953 C e

. 1954) for a capillary tube (equation 1.2. 4)

Koch & Brady (1985 1987 a & b) use ensemble averaging

techniques and statistical methods on the basic equations of

motion for random porous media in a new approach to the problem

_v'.

Their 1987 papers present a solution for the transience or, as -

they refer to it the . ' non—local 'dispersion". Koch & Brady
(1987b) treats the "non;mechanical" aspect,f while Koch & Brady
(1987a) describes the additional, albeit minor, coptribution: of

AN

convection to transience. » Their 1985 .paper . «briefly d%scussed

transience and managed to show that although D is :transient,. it

actually achieves its asymptotic value much more quickly than doés

.Dl}- This is due to &he stagnant volume and boundary layer
‘ contributions to. transient' dispersion. affecting only_‘the

AY . .
longitudinal and not the transverse processes Their 1987 papers

do not give explicitly the non—local response curve for a step

input, which is the experimental condition for this study, but dov

. for 'pulse inputs at high values of Pe for both porous  and

:non%borous particles Their results warrant some elaboration

In Figure (2) of . Koch & Brady (1987a) is shown, for cores of

3

different length

(1) the basic non—local solution for the pulse response if

s! agnant volume and boundary layer effects are ignored

(ZJT : the sodution obtained using non—local theory and

. ),.{3?2:.



”*.‘-"_ ¢5~";f;¢53f T"ﬂf"ffhfyﬂ'
R - ‘ y L S g t‘b‘t R
_} (3‘)" _ the solution obtained using th'e asymptotic form of the DR
equations for D & D or Iocal tgfory. from the Koch & Brady ; %

(1985) paper i S ’if #" '}a-

'These solutions were developed for a ¢Pe of~10 000 The main !

'feature of. these plots that concerns this work isethat the% sh&%

A how the breakthrough curves predicted using the non-local thle ‘
tend to - converge to their- local—solutions as the core length : ;f ffvé

'fﬁ residence time, is increased If ‘the boundary—layernandfstagnant,Lﬁdg#}h
‘volume contributions are omitted there is substantial error This
'implies ‘that the non—transient or "local”‘ theory may be used

provided certain residence -time criteria are met, which are

specified in Koch & Brady (1987b) as:

(1.3.2) .

C Ly d (¢ P )1/3
: N
kfor-boundary layer dispersion effects and
o .
L ‘;.aé (¢'Pep)" e - (1.3.3) o

K]

J: for holdup dispersion.' The latter is most significant if porous

- Lparticlesv or consolidated media' is used, which contain; a
significant amount. ‘of stagnant‘ fluid. , These criteria uere
'.derived in a manner similar to Han s, from the ratio of the time
.for a tracer to be convected the length of the bed to the time for
.it to diffuse into the boundary layers and - the time to diffuse

into stagnant volumes, respectively. For'this,‘as Paine et al.



e ® .
" (1983) and Carbonell”et al. (1983) found ‘the quasi-steady state'

assumption app ) ate 1is- that the’ magnitude of the spatial.

¢

‘<deviations in- conCentration do not vary greatly in time when
, compared to convective and diffusive effects (equations 29 to. 31

in Carbonell7 et al., 1983) i.e. In order to use the .

non-transient expression the . time necessary' for a particle to
Wi

diffuse to the boundaryalayers ‘and stagnant volumes must be’ much

bless than the time for it to pass through the bed. The. smaller

this ratio is gge smaller is the effect on ‘the breakthrough curve.

f of the diffusion to stagnant areas or areas of closed streamlines

-and the non—local or transient solution tends to converge to the
local or non-transient solutidn |

Koch & Brady’s (1987) constraints (1 32 and 1.3.3) are
similar to that (equation 1.3.1) employed by Han et ‘al. (1985)>as

they can be rearranged to the.form:

2

(1.3.4)

It is easy to see that if n is unity (corresponding to the"

tholdup value in equation 1. 3 3} the inequality changed to a less

stringent greater than or equal to and ¢ is given a "typical
value” of 0. 37 for unconsolidated media the above expression

becomes very similarf to “the semi—empirical result, equation

(1.3.1), of Han et al. (1985). In the latter; a constant of
oapproxi.nately 0 1 (for ¢ of 0.37) was found instead of 0. 37 this

includes the additional factor In equation (1.3.l)~ involving

Wi - c . R




b porosity, which is effectively constant at about three for a given o

porous medium.' whether the experimental result actually matches‘

the boundary layer ,(equation 1.3. 2) or the holdup constraint

(equation 1.3.3) 1s another question, as Koch & Brady do nq@ relax
their'"much greater than" inequality Since the power on Pepdin
(1. 3.2) is only one-third, the length requirement for the boundary

layer’contribution Is less than that for the holdup dispersion

and experimental results might be expected ‘to. be dominatedﬁ!w,

hholdup dispersion whenever it is present The expression obtained
by Han et al. (1985) presumably includes the holdup effect since

it has the same functional dependence on Pe as that predicted by

oéLEOCh & Brady (1987) for holdup dispersion However from the

desc ription of the experimental method used by ‘Han et al (1985) -

impermeable spheres, moderately high Pe i{ldz to,104 for d as

one—dimensional flow - holdup dispersion would not be expect d to

be significant There is ‘not much stagnant volume This imp

that the expression (1.3. 1) supplied by Han et al. must match the-»l

bo@ary layer contribution constraint (1.3.2) of Koch ‘& Brady

(1987) however the functional dependence is on. Pep invthe former
1/3 ot

andion Pe " in the latter The experimental result of Han ‘et

al. (1985), if accepted may therefore be limited to their tested

. range of Pe between 102 and 10 - It may be that their probes

interfered with the Iocal flow pattern and the resulting measured

v

/_large as -1.59 7qm) non—adsorbing & non—reactingg,tracer Iandv,

P

Ho

dispersion was greater at that point than should" have been“

»

recorded

T gt



An interesting re's%'ult of Koch & Brady s (1987b) non—local

model is ‘that - 1t predicts a bi- modal pqgfe response if the

'residence time is very ‘short. The first peak 09 this type of
' breakthrough is due. to the convected part of the dispersion,.the
. bulk of the input tracer is convected through the bed. The second

peak is due to the traceq.that was initially put into the slow

¢

moving boundary layer or stagnant region and had - to diffuse out

-

slowly before being convected.t ough the bed This result is

similar to that obtained by Paine et al. (1983) for the case of :
ﬁgyersible adsorption on a capillary,,tube. model _using' a

'-volume averaging technique

Finally it should. be noted that this non-local model compares
well with the relatively small amount of experimental data ias

given by Han et ‘al. .(1985) for unconsolidated media and by

Charlaix et al. (1987) for consolidated media (sintere&?glass

beads). The data of Charlaix et al. are in press and this

comparison is as related by Koch & Brady‘(1587).

- R 4
1.4 CONVECTION-DISPERSION EQUATION BOUNDARY CONDITIONS

The ‘choice" of boundary conditions for the convective -

v dispersion equation ( #) is not obvious and hz 9 been studied by

several workers, including Patel (1983) Pa{el & Greaves (1987),

Coats % Smith (1964) Danckwerts (1953), Kreft & Zuber (1978),

Rasmuson (19860), Parker K1984);and,Pearson.(igég); Kreft & Zuber -

“a

..



- ..{1978) are the most co'mprehe'nsi»Ve' T E

.
A cgnmon choice of boundary condition for the inlet to the

]

packed’ bed for a step input of feed is L -

il

[

vE C=¢C (1.4.1)
, : : £ e ’
, « :
This condition is used by Patel (1983) rPatel et al. (1987}, Coats'
' ~#¢ & Smith (1964) and Rasmuson (19860) however its use means that
. L the dispersion coefficient is not continuous over the domain of_
T
the packed bed because it would be g?ing from ron-zero in the bed
to zero at the boundary ST
" The convection dispersion equation (1.2.1) may be written in -
the form: ' nt\ ) R
. - A
G gsg \
¢ —+V.g=0 " (1.4.2)
at Qg
. where
e
J=Uce¢-¢bic | (1.4.3)
N - » ‘ o ' ,
- . The correct “boundary conditid to use for t\:? inlet is based on
equation (1.4.3); it is, as proposed by Danckwerts (1953)
R “}{S
: Q»}v“\k g . R ac
) ' UC =UC-D — (1.4.4)
5 £ S -
- 8 "
¢ \
o~



.‘x‘

‘where one dimensional flow and disper'sion is a.ssumed C is "the

1ntenst1t1a1 concentration within the packed bed, inc'luding the

boundaries and ' Dl is continuous over the same domain. . This

equation may be used 1n numerical work only iIf one—dimens'ional‘

dispersion ‘may be assumed at. the inlet ~then it may be integrated

from the boundar-y (2 =0; C = C) to a point just ‘across the

boundary that is a short distance into the packed bed 2 = 2

Assuming that the velocity is constant (one—dimensional) over thfr,é_\_,

and

very. short distance implies; , ' ' ' 2 o .
_é. C‘ .,
A. ) S Z_Z : Dl dC | ‘ ’
o ez = - [ = . (1.4.5)
L z=0 | c Vic-C '
, 0
. This has the solution: o | /k
{ . U 20 _ )
C =C - (C-C) exp (1.4.8)
o £. £ D i ,
’ o, . . » 1 - \\, .
which has
; ,
v C >C as D 50 e (1.4.7)
o £ 1 v s
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These last two equations shOw the limiting cases namely, for

4

. piston f‘léw with no dispersion the concentration is everywhere

v

27,

entrance and Jjust inside the o entrance converge to the fez7~

. ' v
concentration e R ' _

v

23

equal to. the f‘eed and, for large t1mes the concentrations at the.."'

Coats and Smith (1984) and Rasmuson (1986C) "show analytical '

solutions f‘or the one dimensional diSpersion for each case of‘

‘inlet boundary condition. While they examined slightly d1f‘f‘erent
- »

problems, as Rasmuson included particle diff‘usion eff‘ects they-

'have diff‘erent opinions regarding the ef‘i‘ects of the choice of
_boundary conditions/ For Coats et a'l.,A the solutions were
. ronghly" the same accuracy; for Rasmuson whose solution involves

v

a °dif‘f‘icu1t numerical integration of a rapidly oscillating
integrand the solutions were more substantially diff‘erent Patel
(1983) rr—.\nd Patel et al. (1987) studied the case numerically and

'found that there was only a slight dif‘ference in the- breakthrough

' -_curves when a moderately long bed and large aspect ratio .are used-

'(67 2 centirletres bed length and r'atio of‘ tube diameter to d of
- 228, i’n their case); these conditions .make the ef‘fect of the

; /
,boundary condition less marked

The Danckwerts boundary condition may be applied at the exit gf Pl ’

'of‘ the bed as well (Parker 1984); howeverbln that case . C

«represents the concentration outside the bed and C inside the bed

° o, ' {

L e
S

4

J@ Q)



both of which are unknown To deal with this,\

assumption made for finite beds is to set the two concentrations

\
equal;, or equivalently, set the derivative to zero:
ac '
— =0 . (1.4.9)
©,02|z=L . " . -
'PhySically, “this correSponds to ‘they condition E(Coats et al.
1964): - y N R
N T Ay
; . S T I Tl (1.4.10)
i : Exit Chamber Bed

i. e., that m1xing in the exit chamber or tube is much less than

the mlx1ng that occurs ins1de the packed bed It is:also used as-

. the eklt condition for semi infin1te beds:

L e Tt e
P 0 lmit — e o (1.4.11)

| —\\ R

As an exit conditlon: the following has also been employed

(Coats and ‘Smith, 1964):

v

limit- - C(2) =.0

(1.4.12)
Z > .

Coats % Smith find it to be slightly superlor to equation (1. 4. 11)

for. the semi- -infinite case. The zero slope condition, equation

v

2

Kd

the - common



;(1.4.9)._is'physical1y more realistic for finite beds:"

1.5 POROSITY AND. PARTICLE SIZE .VARIATION EFFECTS

Recently the effects of porosity and particle size variations
on flow processes have been subject to renewed interest neither-
effect has been completely characterized to ddte. Their existence
is- well established for - both heat and mass transfer the concern
here is that small differences in void fraction (Carbonell 1979‘
1980) and the width of the particle size distributlon (Han et al.
1985) may have strong effects on the value of the longitudinal
dispersion coefficient Regarding the former \the channelling
»'caused by the wall effects on porosity is greater (Chandrasekhara
‘et_‘al.;_ 1979) than that caused by the non-linear term in
Forchheimer;S‘equation | E

r

As one of the original experimental works (Benenati et ai.
1962) showed the radial. variation w1th1n a paqked ‘bed of
uniform spheres has been found to vary sinusoidally from unity at
‘the wall to about 38A in the bulk or centre of the bed _ This is
‘due ‘to the layer of spheres nearest to the wall tending to‘be
“highly ordered the next layer having somewhat less -order and so
on until the bulk of ‘the bed where they are randomly located:uu
fExperimental work since then shows the same pattern with thed

heavily damped oscillations reaching their bulk value at about

 four or five particle diameters into the bed as long as the'

-



LY

’ " aspect ratio,,d /d is greater than about ten (Govindarao et al.

K

1986; Cohen & Metzner, 1981). If the aspect ratio is less than

about six; a bulk or steady .value for porosity is not reached

This same effect was also observed for a binary mixture of spheres

for systems with particle diameter ratios. greater - than 0.4,

provided that the average diameter is properly chosen (Ridgeway et

ai., 1966): For beds with a wider distribution of sizes it is

obvious that this oscillatory variation will be unpredictable and

e

probably much more heavily ~damped 51nce the smallgfiparticles may

fit between the larger ones and signiflcantly decrease the

.voidage, ?specially in the wall area.

Amo g the papers on the porosity varlatlon :useful reviews
,are gi_en by Govindarao et al. (1986) and Cohen et al (1981)
Govindarao describes the currently avallable methods for dealing
with por051ty varlatlons as using elther the exper1menta1 data of
.‘Benenati et al. (1982) .or. as’ using wvarious semi—empirical

equations .such as an exponent1a1 type (Chandrasekhara et al.,

1979 Vortmeyer et al., 1983 Cheng et al 1988) a tri—regional:

trigonometric type (Cohen et 151;
-

sub- dividing the bed into regions of constant porosity (Carboneil ).

1880). Stanek et al. (1972) deal with regions of different but

lconstant porosity (not due to wall effects) and shows the very

strong effects of moderate porosity variations on flow patterns

For the simple sub division method described by Carbonell-

(1980) the bulk 90% of total area in the qpntre of the bed was

,assumed to have a constant porosity .of 0 40 while tﬁe remaining

s

, 1981) 'or even, simply'

26
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wall region was at 0 50. This was enough to result in theggrder e
of magnitude decrease in Nusselt number at low Peclet numbers

(less than ten) ‘as obtahped by previous investigators Porosity

Qvariation at’ the wall similarly affects dispersion Stephenson é%%y‘

- _al. (1986) ‘used their experimental data averaged over subdivisions

to obtain on “oscillatory profile for porosity. 'theirn"measured
values of Dl fon air in'_water did not vary along the

cross—section ‘However ‘their values of D dropped monotonically
from a bulk value to zero at. the wall which is surprising in that

the rate disper51on is expected to follow the Pe (which.depends.

°nm¢‘.Variations - . S -

The exponential equations used by Vafai et al. (1984),
- Chandrasekhara et al. (1979), Vortmeyer et al (1983) and Cheng

‘et al. (1986) are all of the form:

(1.5.1)

where ¢ is the bulk value of the porosity. and both c and N‘ are‘
empirical constants which depend slightly on the aspect ratio/
,‘d /d ‘ For flow between plates Cheng chose values of unity and
- two for c1 and N ; respectively Cheng also used this form for'
,the resulting permeabif?ty variation taking values of twenty and
'four for c. and N, -respectively, by comparison to the Ergun—type
permeability expressidﬂ (1.1. 15)

Jro



Cohen et al s

"applies for packed beds whose aspeot ratio, deﬁd

of seven to sixty }if

e
o,
. 1-¢
3'n—¢$
for X = 0 25.
L ]
’ ¢-¢b'ﬁv' =
1f¢b
for 0.25 < X < 8.
$ = ¢

for 8 =X < a.

Here X is the number of partlcle dlameters from the wall),

(1981)

=45 [x - - x|  (1.s.2) -

a exp( -a X) cos(a X—a )ﬁl .'fj(1.5;3)

semi—emplrlcal tri—regional modeilx

J"

i
s

.)‘x

‘.(1.5;4)‘

local porosity and the constants a to a, are reSpectively;’

and .

For beds. wrth an aspect ratio;iessﬁthan'teh,.only_the waLi and

a =
1

a ' =
2

a =
3

a =
4

0.3463 ,

0.4273 o 1.s.8)
- 2.4509

2.2011

is tn-the rahge-»

¢ is the




transition region equations (1 5 2 and 1 5. 3) are: used When the“

igaspect ratio is greater than thirty for Newtonian fluids (fifty
. for power law) wall corrections for average mass flux are
.unnecessary (Cohen et al 1981) |
Govindarao et al. (1986) present ‘a new, somewhat elaborate

semi—empirical modei that is based on dividing the cylindrical bed
into a- ‘number -of concentric layers of equal thickness -In this
method, the porosify in each layer is determined by -the fraction‘
of . the total number of spheres in the bed that have their centreA
in that, layer. For "the layers that are up to four or five
particle diameters’ from the wall, the number fractions are
correlated with the aspect ratio using experimental data from the

:literature His results are:

.-

. . h. S eme1 U e
¢, =1- —|n + (m—1/4) +3Y Xn b, (1.5.6)
N gl o . . J=m+1 ] .,J A '
-

for i= 1 to 2m. -

: “h 1+m-1. : : _
L9, = 1—‘—'"(nl_ n )(m—1/4) +3% Xn b - (1.5.7)
.8 " - y=t-mer? 1]

i
“for 1 = 2m, Here

b =m®-i%4j@i-4) - - ¢ . (1.5.8)




for i « am. . : “'nlb’ﬂ

In‘the‘above equations, X is number of sphere diameters from'the

-wall, n1 is the number fraction“in the ith'layer and

NT Ar . : .
. h = . : ) (1.5-9)
3L -

g

!

where'N is the total numbar of spheres in ‘the bed r is the

thickness of a concentrlc cylindrlcal layer (CCL) and L .is the bed

length. As well '57

g =2am-21i+1 (1.5.10)°

vwh?re "a", 1s the aspect ratfo and m'is the number of CCL's in a

| thickness equal to dp/i ' The quantity NT/L‘can be estimated from:

PR
v

‘N 3 ' ’ : .
= = 2(1 8)g, + (1- $)(a -q)° ©(1.5.11)
L im” Ar [1=1 -

T

1where'q 1s2ﬂthe-number of'CCL’s'being'used This method does not

. work if the aspect ratio is small or ‘infinite; it does work well

for large ‘aspect ratios. .

Particle size varlations present a number of problems they f

af%sct transport properties markedly (Han et al. 1985 Carbonell
197§\a & b) are not readily correlated (LeGoff et al. 1985) for

even the bulk porosity of" the bed (much less the wall 1nduced

s



: jvariation) and are themselves ‘not always reliably' measured or

" *

' characterized by standard sieving techniques (Allen, 1981)

Early wOrk on this was done by Niemann (1969) As related by..

Greenkorn et al (1969) Niemann used a glass—beads media which :

had "an approximately logarithmic distribution of diameters ‘and
found that the effective load diameter to be used in permeability
-calculations . was slightly above the 104 value - in the number

distribution. Most authors (Greenkorn 1969) take the 50% value

for .dispersion calculations His model for dispersion is .
presented in equation'(z 1.15); it shows that the dispersion can
be correlated to show a dependence on permeability,.interstitial
velocity, and the variance of the particle size distribution |
: Other early experimental work was correlate' in;Férkins.et'
.al.' (19863) to give. equations (2.1.9) and (2.1 10) forﬁ'the
'dispersion coefficients in Lﬁich an average particle diameter is
::used as well as an empirically based inhomogeneity factor "His>
1resu1t is different from Niemann s, showing a need for mdre:worh
in this area. . - ';.wﬁfﬁi
More recent attempts to capture the ‘effect of . pore- sizef

'l

distributions by Carbonell (1979 a & b) involVe a capillary

| -model in’ which a moment analysis yields a longitudinal model for

,wjdispersion that depends strongly on the standard deviation of the
.”pore size distribution ‘This suggests that Niemann s approach may

be- more fruitful “for-. actual random porous smedia ‘as his form

V. (r

includes the varfance of the particle size distribution

: In the most recent work Han et al.: (1985)d obtained_

31



- experimental results for random Unconsolidated porous media. They

ttested for the effects of using uniform spheres, spheres with a
.narrow size distribution (ratio of maximum to minimum ‘diameter of;
. 2.2) ‘and spheres with ‘a wide size distribution (ratio of 7. 3)
iMost experiments in the literature have been done with a verv.
~ narrow size distribution over ¢Pep/(1 #) in the. range of 10 to
10* for both longitudinal and lateral dispersivities. For the
,cases Qf uniform particle size and narrow size distribution,;the
longitudinal dispersivitites obtainedvexperimentally by Han et al.
were'quite similarg' The wide size distribution, however, resulted
in valueS'of Dl that were two to three times larger than those
obtained'forfuniform spheres. As well, the length of the.bed,-Q%‘
'-ﬁthe residence time requirement to measure steady dispersion
values, was greater for wider size distrihutions They suggest
that this is 1nd1cat1ve of the'medla;having a characteristic
length llarger than d ¢/(1—§) for cases ‘with wide ' size
distrihutionsrsi It should be noted that virtually the same
porosity.andsd ;ere obtained for all three size distributions
indicating that the wbdth of the d1str1bution is the important_
factor (Han et all,; 1985) Their column had a square
cross-section (27 cm in width) and the range of particle sizes
was.0.25 cm to 1.58 cm, hence the range.of their aspect ratio was.
.approximately»108 to- 17. As noted previously in this section,
aspect ratiqg less than 30 have significant porosity variations at

the walls with respect to the average maSs flux these low ~2spect

_ratio runs,may have given'the higher dispersion values ‘due to



channelling at the walls rather than due to Just the wide -

distribution of particle sizes

‘1.6 TENSOR FORM OF THE CONVECTION—DISPERSION EQUATION

Various papers use:e the following form of the
convection-dispersion equation for carte31an coordinate systEps
v'(Bachmat and Bear 1964, Fattah et al., 1985; Li et al., 1987;

Guin et al., 1972; Bear, 1961; Greenkorn, 1881)::i

“8C - 8C 8 ac

_,l + U1 ';, = —_ D1 P— (161)
ot = Tex. ex | Moax

a

,The coordinate system X may be set up for one~dimensional flow so

that one axis coincides with the d1rectlon of flow, thus reducing

the dispersion tensor D toy1ts;pr1n01pal components; Dl and_DC.
(1 e. D = 0 for izj). | |

i

If the flow is not one dimensional -then all components of

"D ; may have non—zero values. o The tensor form of the dispersion’

1)

}term may be used to account for this*’but the same result can be

v

,obtained geo;s;;;:ally, as shown “in -Peaceman (1986) In that

o

‘paper- the off- gonal components for the dispersion matrix are

straightforuardly calculated by rotating the coordinate axes and
Lt \ -

summing the contributions along each from both the streamline

. flux, q_. and the transverse-flux, q‘. This is done by,notingr

s




that theulongitndinal dispersion is proportional to the streamline

iy

concentration gradent, ac/bxs, by

q =-D — : .. (1.8.2)

and transverse dispersion is proportional to the' concentration
gradient 6C/BX ,  that is perpend1cu1ar or transverse to the

_streamllne and parallel to the potential,

q = -D — v (1.8.3)

Slnce X and X are. not parallel everywhere to their correspondlng

axes in the chosen coordlnate system i.e.. the flow is not

one- dimen51onal there are net mass flux contributions from both

D and D, é&%ng each ékrs _ Theh'calculations are somewhat

‘tedious.
: ) ke ‘ v . o : .
The "alternative process is -to use the following ‘general

tensor form of the dispersion—convect1on equatlon (with subscripts

for covarlant components and superscrlpts for contravariant ones):

Ih orden to write the matrix form of the dispension tensor. p'* f

e

the case of a cylindrical coordinate system (r,z) ‘with 'no



‘rotationalr(e) dependence, the potential-streaml ine (¢.w)'f0rm is

first given as:

L S e e

;. ’ 3
¥ o .

’ .

To transform a contravariant tensor to another coordinate system

the follow1ng 1dent1ty is used (Splegel 1974} :

. X P 8% :
T — — A " (1.8.8)
ax 1 ax o :

where X and X represent d1fferent coordlnate systems Hegil;dl/////

stream functiow and. _potential are nondlmen31ona112ed with the
X

h total volumetrlc flo&ggate and total pressure drop, respectlvely,

o

and then are redimensionallzed (to length) us1ng ‘the" radlus and

core length respectively

-

In' matrix form, equation (1.6.6) becomes:

<11 -12]. sl =1 11 12 =1 =2

A AT axt X [ AT AP ex! aX?| (1.8.7)
a2t 2| ,axi .aX2 Azr A22| | ax? ax* -
ax' ax® lax® ax?



_ ; S
o es ar]fp, o]fer o2
v = (26 ally o |[ov ool r6.8)
Cez ezt lar ez
lee ey o lew ey
and, finally:
‘ N
T 2 2 o
D [ar)® + D for)* © b 8z ar + D sz or
3 lag ay 8¢ 36 ay dy
b= ST o (1.6.9)
° ' Dt_ a._z §£ + Dl ?E?i Dt_ 8_2 + -Dl a_z
- 3¢ 3¢ 3ip 8y 3¢). Gl
g :
-'ewil . ;;:‘
'This may also be obta1nqd yglngﬁ h
T E : ."'_ 4!4 lr"Ub' o5
~ mentioned. S
N , R e

1.7 STABILITY CRITERIA

When' the densities and viscosities of the displacing and

displaced fluid do not meet a certain stabilit-_. criteria, the

. di-splacing fluid will finger through the displaced fluid.' That

"is as the displacement process begins ther'e is initlally a rather
well def‘lned front or tr'ansit,,ion zone between the displacing and

displaced fluids, in an unstable situation, the displacing fluid

36



will not maintain this front but will develop various isolated

A}

. protusions or fingers 1nto the displaced flqu -This process is

not described by 'the"convection—dispersion equation.‘ The

displaced fluid will have its concentration in the bed 'drop

'asymptotically to zero, with islands’of”it left in the bed that

[

are difficult to move.
e

The case has .been studied by Saffmankand Taylor (19%8) and .

Chuoke et al (1958) for the case of 1mmiscible fluids, with both

arriving at‘the form:

-2 u o« (p-p, ) gcos( z') >0 - (1.7;1)
K’ K-’ 2 -
o2 1

»

'The velocity;“U; is posit1ve for 11qu1d 1 d1sp acing liquid 2, K !
and. K" are. the effective pereabllltleS to their respective

fluiis and cos(-z’) is the directlon cosine between the vertical

axis and the axis normal to the (1n1t1a11y plane) -interface

“vbetween the two, liquids Generally, if the dr1v1ng fluid s

a

viscosity and den51ty are both greater than that of the displaced-

fluid there wil{ be no unstable growths or fingers.

Miscible displacement tends to be more stable than 1mmiscible :

due to ‘a transition zone rather than a sharp 1nterface, that

_exists betwegn’the two pure f1u1ds Even if small fingers are

‘formed momentarily, diffusion tends to make *them Join 2 | so

retards their growth Experimental‘work is presented by Perkins
. "
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“and -Johnston ‘(1983), Crane et al. i1963),' Fried & 'Combarnous d_'
(1971) and Chen - (1987).  More ‘necentlh'/, Charrg et al. (1987)
‘presented a stability analysis for miscible displacements and
reviewed the previous work in this field Unlike that previous
work, (e.g. Heller 1966), Chang et al. did ‘not linit the problem
“to a porous media that is. unbounded 1n the direction of flow.
Their motivation for considering a semi- 1nfinite porous med1a
comes from the recoénitlon that entrance effects can cause the
instabilities tovgrow if the system is unstable. In the Chang et>
ali analysis, it is concluded that if the v1scos1ty ratio, “1/#2,

is less than one then the d1splacement in the. porous medium will

be stable to small pertubat1ons as long as the two fluids have
equal densities andfare misc¢ible. However. the"disblacement will
not necessarily be unstable if the v1scos1ty ratio is greater than
_ one, If the concentration is changed suff1c1ent1y slbwly uith
‘time, the displacement.will‘be'stable,,no matter how unfavourable

the mobility ratio.

4
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2. DISPERSION MODELS

. .

.- /

ar . . . /
Ry - .

The'models‘prgsenfﬁdgip this section deal primarily with the
oconvecﬂtion dispersion equation (1.2.1). T There have ‘been other
defining equations proposed most notably the “capacitance" model

and some of these are discussed at the end of . the chapter
‘The: convection—dispersion equation"isv solved numerically

u51ng these dispersion models and those simulation results are

presented in the fourth chapter -

o

2.1 CONVECTION-DISPERSION MODELS - ST : ‘o
Dimensionless groups to be, used in dispersion models were

found by dimensional analysis V(Fried and Combarnous,v 1971),

~ assuming: - . ' . v?g’ e

. . s e L

el o PR

(1}~ mixing occurs without a volume @hange, ST

(2) the diffusion coefficient 1s constant and is denéfedéas
K for a porous medium and o S .ic ,é’

,j' CJE

/r‘ i

(3) g\the dispersion does not depend on the. mixture viscosity,

but only on the 1ndiv1dual v150081t1es of thé’flu1ds before
they are mixed : j, - | , ,[J;ii;/ .
Considering . eXperimental results,‘r they fo&nd that the.
dimensionless group,‘D/D _and the Pecle&anumber Pe o cankbe used
to adehuately characberise the dispe?%ion phenomenon Here D is

coond
the dispersion coefficient



.40
For uncons'olldated porous 1m('a'diAa. tnese dlmensionless groups.

l

can be used in correlations to desoribe five difﬁerent dispersion

:,,‘,

' regimes. These are. (Fried and Combarnoﬁs 1971) Ly

f

(1) Pep < Y approximat_:ely. There is essentially only pure
H ‘7 : N . :
diffust vi!he porous m'e;diu'm, where
- By y-,. b :" . R e
o D "D - . v '
K = 2| = 2| Zoer DU X T I
D D" - .
f]o .1 o :
. .r : . ’ : . S X
The magnitude varies for‘ ’diff‘erent packings. . .There are no .
, o 4 .

.velocity gradients, and particies ‘in the, “porous medium b'i-o':ycl__;f

“or impede the diffusion process. The subséript "o" deno_-tesv

the low velocity or diffusion asympto_te. L

(2) 0.15 < Pe < 6, approximately. Here mechanical dispersion
begins to superimpose onto the diffusion process for botf‘n
. 1ongitud1nal and transverse processes_. ' No‘ correlation was

given, but equations (2.1.2) and (2.1.3) may be assumeif‘

(3)' 8 < Pe < 260, approximately The general_ forms of the .

1

dispersion models are given as:’ ) ' ‘ <
. s L]
D D B ’ o
L I S (2.1.2)
, 1 P ;
S D .
£ £lo .
and
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AR B
*
N

Lo

e | a1
(2.1.3)

Approximatioqs for al,bat, B and B are glven as 0.5, 0. 025

1.2 and 1 1,0 respectively, practical values corresponding to
partiqular experimental data are found by curve- fitting The
effeoﬁ’ of mechan;cal dispersion Is  predominant over the
diffusive process in this region.. fhe longitudinal parameter

-

values dif‘fer from the tra.nsverse values’ even for an

‘isotropic porous Wedium, hence ‘they cannot merely be ‘medium
) properties (Dullien, 1879). The value of the exponent "B"

,* 4 _ '

; may bé roughly stated to lie in the range 1 = 8 =< 1.2, for a

Lo g . , o : ‘ 4

general dispersion model applicable over & < Pep < 2.x 10°.

For “a’ capillary | tube, Bl is; two; this would be the
.theoretical_upper limit for porous media.

4

(4)- 280 < Peg < 2 x 105, approkimately. Here the diffusion
. X R P

contribution 18 ‘insignificant compared to the mechanical

dispersion Genera ly,

' A Pe_ - (2.1.4)
.5 & ‘
. where A . : -
. . . <



+

T TR

4'(2;1."5)

where A is approximatgly the same as at. The transverse ‘and
gﬁslongitudinal forms can be seen here to be equivalent to those
in reglme ), éxcept that the exponent "B" now has a value
of unity.r L ‘-:‘cx“ |
(5) 2 .x‘V105XI< vPep, 5pproximate1y.' 'Here the flow may be
| becomirg ‘turbulent and' Darcy’s law - is no ionger‘ valid.
Darcy’s law is consiéered valid for Rep up to about toe range
“of 1 to 10 (Bird et ai, 1960). .For porous media, ﬁurbuleﬁce
is more significant at Rep:around 100.‘ There are few,results
in"this range and even some of these do not setisfy the -/
'res1dence time limitation of ‘Han et al. (1985) they must
therefore be considered as poss1b1y belng underestlmated v
There are other correlations av&fi%gle that are similar to -

il

the forms of eqyations (2.1.2) and (2.1h3). One of these is

a’referred'to as the powen—law model (Patel, 1983):

T L L2y - (2.1.6)

where F is.the formation .electrical restg/;rity factor, F¢ 'is the
flow tortuosity. and a and%ﬁ are constants The tortuosity term

is usually iInsignificant for a' velocity less than '10-4 cm/sec



(Patel, 1983),.. 'Bear (1972) ‘suggested that longitudinal and
transverse dispersion were directly proportional to ghe 5ore
velocity by the medium characteristic parameters q and“a :§(§E
- described by Dullien (1979) this model has been generalized for

.use in hydrogeology to the form: 4

and
D, = «uf C(2.1.8)

wherecthe parameters.al, a and B are again.obtainedvby cmrve
fitting. This- may work and give consistent values for the.
parameters as long as. the same media and tracer are used.
However, the dimgnsionless group form of equations (2.1. 2) to
(2.2.5) demonstrates - their more substantial physical basis the
adJustable parameters there should be more reliable ‘when diff‘erent
particle sizes and tracer dlffusion coefficients are béi‘ng
considered. | |

'More similar. t the classical model, ‘that being the one
described by Fried and Combarnous (1971) is the’ model of Perkins )

and Johnston (1963) for unif‘orm and non—unif‘orm media:

I



J
Dx. | 1 A
‘ ‘ — = — + 0.5,Pe ¢ : (2.1.9)
< D, F¢ - _ P o , ,
for Pe_ < 50 and ) J
: P . . .
. / . “L
b, 1 e ' S ’
— =—- + 0.055.Pe. ¢ ~ = - (2.1.10)
D F ¢ - P

for Pe less than 100. The non—homogénéity factor, o, is based on
. P . : : )

‘data from Raimondi et al. (1959) for non-uniform media. It h@

value of unity for ideal paéking; experimentally they show it to
increase as dp gets smaller, due to .bridging and the wider

particle size distribution common of smaller particles. - For beads

of approximately 0.3 or 0.4 mm in diameter,‘c is 3.5 to 4.0 as

read from Figure 18, p. 79, Perkins & Johnston (1863). Thus,

while this model has the same form as that presented by Fried éhd

R  (1971), its parameters have substantially different

£

"One of the earlier correlations presented was that' of
Harleman et al. (1963), which used Reynolds’ number based upon the

terstitial velocity:

D = 0.66 v|—2| (2.1.11)

a4

-
]
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L o ) - . ) o : V\
andt{ : ' . : ‘ \V

D = (2.1, 12) 2 h R
t ’ TR, . :
YRR
o o
V-
for 1072 < /b < 410, where Re' is based on the average

particle diameter d;. The upper limit is that for laminaer}ow

Here d is the average by weight as' per Han et al. (1985). To

show a Pep and Re dependence this«model may be rewritten in the &
: - ¢ n
form: o , ‘ 4
Dl Re 102 ‘
— =0.66 Pe [P : T (2.1.13)
9D . Ple
£

D, ' (Re 1793 Ly '
— % 0.036 Pe |-—P (2.1.14)
D, Ple

A more recent model that incorporates both the permeability
andlthe»particle size distribution is that of Niemann (1969), as

presented by Greenkorn (1983) He found that the longitudinal

' dispersion coefficient was a function ofv tne permeability,

velocity; and slope of the particle size distribution S, in .the ,‘f

following manner:



(2.1.15)

‘...
where ml was correlatedAasv{ngO + 0.54 log(k)} and m2 has a

value, of 0.07. These results have also been shown in the form

where D1 is proportional to Re " {Greenkorn, 1989), Previous to

Niemann’s work the only other model to explicitly 1nclude the .

effect of particle size distribut1ons was based on the data of

Brigham et al. (1961); ‘there, Perkins et_al. (1963) relied upon an

oy

semi<empirical relation presented earlier in this section.: Most.

Ki

models are used with an_average/diameter for this work.

Koch and’ Brady (1985, 1987 a & b) give asymptotic sdlutions -

to the diSpersiqn problem. In their first paper is derived a

mode1 that shows reasonable agreement, as they judge it, for both -

longltudlnal.and transverse dlsper51on coefficients when compared
to the experimental data as presented in Fried et al (1971).
Thfir 1987 paper’deals with the transient nature of dispersion and
will be discuss@d,later; it does support their 1985 model, but fis
applicable toﬁcores df any length and not just the eufficiently

long cores required of the previous model. The major feature of

these (1985 & 1987) models is that they may be used without

adJuvtable panameters eliminating curve- fitting’to breakthrough

data. Actually,*they lea\e room for adJustment but in effect
&N

offer a prediction for that correction factor A second, possibly

average diameter and an inhomogeneity fagior j in ° their .
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l particles

variations that is most significant at high Peclet numbers

L

‘ Q’very usef%l,'vattribute- 1s that they also apply .for permeable

qr
LI

The physical mechanisms described by Koch & Brady (1985) for "’

the dispersion are significant to varying degrees in different

flow regimes There is a convective mechanism due to the velocity

resulting effective diffusivities D/D grow linearly with ¢Pe:

At low ¢Pe , the zero velocity regions that exist inside permeable

particles cause D/D to grow as ¢ Pe#. At high ¢Pep, the low
[N )

velocity regions inside the boundary layer and regions of closed

streamlines gives terms that grow as ¢Pe ln(¢Pe } and ¢2Pep2,

reSpectlvely >

" To obtain these results, Brinkman’s equation is used instead
of Darcy?s law; it is integrated over' - the volume surrounding a
point.particle. Two pavticle interaction effects are added when
necessaryl The nesulting_asymptotic forms for the longitudinal

v onsvery:  dispersion coefficients are given in-Table 1 of
Koch & Brady (198c - upon inspection of their derivation it was
decided to_use the fu 1 form of their solution. i.e. Where their
scale or order-of-magr: tude analysis did not definitely'show.SOme
terms, which they droo, to be negligible in the flow regimes of
interest here, those terms were reinserted and the resulting more
general equations =~sed. This is oescr)bed in more detail later,

once the model h:s; been completely presented.

For f.ir analysis, ¢s' is defined ‘as the solid.§volume
s

2 . - )

fraction (porosity is then _I;¢Bl, m is the :ratio_;of the
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sblnﬁhili_t‘i%g Of the solute in the fluid to that in the particles

(m ,"is zero f‘or impermeable pa.rticles) ,and « is tﬁe ratio of
diffusfwityf in the particle to that in “the fluid,  all divided by

m, givimz ‘. /(D m). ak is zero for impermeable particles. For

@iilute bed. they .use dimensionless permeability, k, as given by:

3

-1 (2.1.18)

~
I
w I
o

The square root of the permeability is known as the screening

length A Peclet number based on screening length is: !
pe, =2YK 4 sgpe k172 C(2.1.17)
W koo D - p 1. P
£ ! '

”9‘
4‘ .
Their dispersion model contains;th?ge terms:

.

?1,’;' "

b=p%+ 0% + D T 2018y

. A

. gt
TE ‘

» & "

~where D" is the G!ﬁ‘fusion contrlbutioﬁ D is the particle ef‘fects

from the difference in dlff‘usivities and D* is the convective

i

The dispersion model as presented in Table 1 of

Koch & B?dy (1985) 1S as follows:

(1) For ¢Pep « _¢8U2 « 1,




- - (2)

—
D, 3 -1)¢ 2172 4%pe?
— = + . + P
D o+ 2 15 ¢ 172
£ k - 8
and.
D 3(a -1)¢ 2172 42pe?
t P
— = 1 + L+
D o+ 2 60 ¢ 172
f k. s ‘
In theSe, equations;;gthe first term
contribution, D",

included an extra term to this,

gi

%

is

the

(2.1.19)5

(2.1.20)

diffus1ve

-In their calculations (p. 420 Koch & Brady, 1985) was

ving:

“for impermeable

included as well for this study

2
Pe
k

For ¢

3/4

«

P
¢ e

S

df' zero)

« 1,

the

particles.

The third term qﬁﬂtaining

, is the convective contribution D

8%

AN

(2.1.21)

%hat term

9‘., ;‘fa

"Jeffrey correction",

is

o tim
R
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and

. \‘l " S
Dt : 3 —1;2 1 | 3 | -1 3‘ -2
—=1+D +k =+ —lPekl - 5|Pek| ‘
Df 4 4 -4
8,
& - , : .
. E[Ipekl-S _ llpekl“]m[lpekl . 1J 2123
2 2 P :
(3) For ¢ 172 ¢ #Pe  « 1 (or Pe » 1),
: ‘ s P, k
s,
‘ b 3, : LT
— = 1 + = ,,¢Pe l (2.1.247 ¢
D 4 P . .
f Ly
and ’ . .
D / )
= = 1+3¥2 42 (2.1.25) .
D, 8 N

(4) For ¢Pe » 1,



‘ Dl 3 1 =2 .
— =14+ = |¢Pe l + = q ¢sl¢Pe llnlqspe i
4 D 4 Pl s booe P
f . .
. B
. . . T D ) . .
. + 1 (142 —¢¢Pe © - (2.1.28)
S 15 _
. - . .‘mDp
F
D 7. ’ i
Lo +8v2 je l¢P ol o Co(2.1.27)
D 320 - -
TF <
where ’
: -1
) ¢S(1—m )
= — (2.1.28)
- ) 1-¢ (1-m )
_ s
o E T “

For D ‘in (2.1.26), the natural log term is the boundary

[

layer contnibution Koch & Brady state that the- funct1ona1 forg of ‘

thls equation is correct but that 1ts constant premult1p11er may

be adjusted, as necessary, to fit beds that ‘have a different

microstructureh i.e. The Stokes’ draz assumed for 1ts derivatlon'

o

may not be a reasonable approximation and so a certain amount of

\

“’"‘“’ -r adJusting of the result is expected to be hecessary.  Along- the

¢

‘same . ;_»i'lne of reasoning, t‘he dilu_te,bed permeab'i-lity’ (equation

~

2.1. 16) may @lso be subject to some reasonable variation such as

N

to that predlcted by Ergun s equation ‘The last term is ‘the

51
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) stagnant volume or "holdup" contribution " In their calculations,

equations (2 1. 28) and (2.1. 27) were used with a value of unity

for. ¢Pep as an_ arbitrary lower 1limit. The experimental:"data
. ) . ! Lo :7:

obtained here are for an - average ¢Pep_ above unity and so-“these'
(2‘.1.'28 and 2.1.27) . are the most relevant equations for this

,study. However Koch and Brady have over simplified them as they"

are presented. The D% termvis therefore retained, including its

'Jef‘f‘rey correction. As wéﬁ, the term that is first _order in

¢Peb;_ the first mechanical contribution of‘ D ‘is to _'be used in-

1ts full f‘orm instead of the f‘orm shown 'just above To do this,

the  full form of equation (3.14. 10) of Koch & Brady (1985) is used
Vo

£3r - D in the derivation of (2.1.26) &,(2.1.27). i.e. . All the

terms in equation (2.1.22) except the terms corresponding to Dm

and D% “are used to-replace the (3/4)¢Pe term, %1ving the

following complete express1on for longitudinal dispersion:

'Dll o« . -12 [ 3 : 3 | ~““-1 L -2
—=1+D +k [—,PeI—Z——,Pe, +3[Pe|

. k kil k
D, , o 2l _

U™ = o Poljes -]

) | B D [ Ty .
+ 12 |#Pe |1n|¢Pe | + Liaen? £ 4 ¢2pe? (2.1.29)
8 s p Plo1s - mp 50 P T
R P

-

To get D,». first consider equation (4.11a) o,f‘v Koch & Brady .

(1985): &
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‘ 4 , 3

. . X ’

o oo &y D =1 + 2_1_2_‘¢ 2.y , 82 D ¢ 172 (2.1.30)
Fie B A : 80@ ; g ** |
?“"_‘ ‘:. & ; I o _
e ‘'The factor ¢of ¢ 172 has been added to the- last term on the

right- hand side as they apparent}y had a misprint Substituting
" * the new form for D Just described (equaiﬁon 2.1. 28) 'into equation
(2 1.30) produces the following complete form fosz ;\\\

3: 1+ 21‘/’; 1 + p“* + k2 [ 3 pe _2'. -3 Pe -1
D 80 _ [ ,k, 2, k,

. 3,'pekl"“‘+ 3[,pek,-1 - ll"?ek,,‘s]'ln[lpek, v 1] J

.y D T

+1 1t2¢:s,,¢Pe~ L’lnl.¢p{e | + Lae? £ ¢_¢°Pe”
B8 P P R 15 mD . pJ
. G
3 L * , .
e s |1 - .L‘/; e L (2.1.31)
80 ¢ ] ' _ :

| & S
Due to the sim1lar1ty between these equatlons (2.1. 29 & 2.1.,31)

for D and D the computational effort to _use them is not as much
Por as it might at first ‘seem. One note- if permeable particles are
used and it is desired to use the Jeffrey (1973) correction then

the vﬁﬁu@@bf the correcti@n coefficient for the ¢ term for D%\

“must be changed as- per that paper



-~ o

2 P

One model that can be ldokéﬂ upon as being classical with a

b

correction factor on the Peclet number term is tﬁhg‘of de Ligny

(1970), which was derived by a statistical mgals:

Adu I
D=q9D + P : (2.1.32)
1+ CDf/(de)

[

Here U is the pore veloc1ty and 7y, A and C are constants He

gives the order of magnitude of 7 as 0.7. For spherlcal packlng“

and 11qu1d fluid Al is 2.5, Cl is 8.8_and A is 0.08. He does- not

give a value for Ct although by derivation itlis.expected-t04equa1

Cl. However, . he found experimentally that Ct is about'an‘order of

:magnitude above Cl for gaseous' fluids. ‘In any oese thisl*lt
. parameter may be adjusted to get the best fcurve fit -’ to -
&xperimental data. Similarly, Edwards and ‘Richerdson(g(lgs&);j
foundi ' v ».Jv“ ;i"v #Ek e

D ’ 0.5 Pe

— =073+ — 4 P (2143 e
B . .. Pé E / o ".
D, 1+ 9.7)Pe . P

for 0.0377 < a < 0.60 cm., 0.02 < Pe_ < 130 and 0.008 < 'Re "»-«50
This data was correlated from data obtained in exper1ments using
an argon tracer in air in a packed bed of spheres .

Previous to Koch and Brady, Saffman (1960) presented a model -

- based on random walks through straight uniform and randomly

54
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. , » ) a
,where Pesls given by U.I/Df,

';.Fbr the approximation of 1/R as 5,

)

A
While the final expression he obtalned

for D overestlmates its e perlmental value, the expression f‘or D

D \ D Pe Eohn S g
NENY Y é:" ._s( ln[— esJ - 1_7;...:,;}‘;% .ésJ (2.1.34)
D Do g 6 20 el 4
P 7 . ‘;5‘-":\*;"
¢
and

1 [BE] o (2.1.35)

i

the pore length, R is the pore

radius and (D/Df,)0 is the porous media diffusivity (approximated
as 2Dr /3).  He uses 1 ‘#with a}alue egdal t&@r

taken as 1/5. The rahge of applic

and then R,,ls

bility given '

1«Pe «8 (2.1.36)

th  above dimits become:

1« Pes"« 200 - (2.1.37) -

For Pets « 1, he found Bhe form, similar|\to the classical af F'r'ieg‘
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& Combarnous (1871): 4 . - o
D S |
2=2 41 pez (2.1.38)
D 3 15  °® ' .
£ T
Aand
5 D
‘ o2 41 pe (2.1.39)
D 3 0 =
- f

Dieulin et al. (1981) .presented a model in which. the

longitudinal dispersion coefficient'D is a function of time while

the transverse coefficient D is constant They obtained very

1mpressive results for a.one- dimensional system but do not show
how to get the dispersion coefficients for higher dimensional
systems. As mentioned previously, Han et "al. (1985) found no time

dependence experimentally for D yet did for D ‘thus supporting

the method of D1eu11n et al on.that point. Koch.and‘Brady'(iQ85,

5

,1987) show that both are functions of time; but ‘since . the

‘transverse coeff101ent reaches its final value very quickly oniy
the transience of the longitudinal coefficient is signlficant for

most applications Many of the non—transient model are . similar
i

in that the values of the dispersion coefficients are predicted

using adJustable parameters found from experimental data. While

the classical non-transient -and capacitance (to be presented

later) models use curve fitting to find two -or three parameters-

characterizing bneakthrough curve data, predictions _by the
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transient model of Dieulin et al. are procured using all of the

v

experimental run data. ' It must be pointed out -that the exact.
method used by Dieulin et al. is unclear and their 'success may be
’due to the prior knowledge and use of particular experimental

~data. That is, they decompose D into a product of two functions

{f(U)*g(x)} in a manner making use of breakthrough data then use

' that product to "predict” that same breakthrough data

. RoseA(1977) presents the following statistically—based model |

‘of Bear (1969) as having good agreement with the data of Pfannkuch

(1963) for 1/a having the value of unity

(2'.1_.'40)__' :

o
©

where l/a is taken to be the ratio of . the mean pore length to the

o

mean pore . radius. The .model for the porous medium is a random
network of pores of varying’ length and rad1us The expression for
le.obta1ned above is given as valid for .all values of Peclet

Lor

number.

Cluff et al. (1976) reviewed some seven hundred and fifty
data points (D /D Pe ) of eighteen investlgations and did a
stat1stica1 analysis to obtain a correlating equation for each of

the h1gh and low velocity regimes. . They not only included the

‘ prevnously mentioned dimensionless groups that characteriZe the'

' \dispersion phenomenon but - also somewhat speculatively used various




This results in a relatively lengthy (for a .

physical parameters

correlation) and perhaps questionable formulation For systems. .

o that have an, integral measuring technique, e.g. light-absorption

3f1u}‘_.over the .column. cross—section, they obtained the regression

Cs Cay formulae
. u,uFor low velocity (Re :30),
ot o, i JORE . S _ ‘ .
¢ ' ~
2 Pe | o . :
ol = P {?.01.+'7g34 %x 100 Pe -1.10d - 0.134 Re
D -2 P . p c . P
. £ T i g '
v%t o o ' ‘
" 2279 x 10® Pe 2+ 3.04 x 10712 pe ¥+ 214
4% _ ! I L o ‘
" L . .
£ 3.3 x10 5 08g4q? o (2.1.41)
5 . . 3 - e : - . :
oo, Pe T ' . A : : o
: 2 ) .\
For high velocfiy (Rep > 30)bf_ ‘V_i: 5;;
) 4 o e
. “ A Dl Pe ‘ : ) a ‘ Y ‘
SERTY S S [0.879 log(Pe ). - 1.22 log(Re ). - 3.00 log(d ) -
- : D 5 , D 2 DRI , “p
. £ ~ . ' ‘ T oa

. (%2."1“.4&)»'

+-0.0196 d 2]” LT
S e : L - .
) T A

“ - )
. ’ : : v . . .
L . R . . A
. B f v o . Y
. T e -

s 1

It is to be - expected that Pe : and 'Rep are statistically

+

51én1ficant in the above correlation but it ls surprising to find

_ that the column diameter d was,ascwell.f lpey state that d and

A REEERE : . .
) e ot . L. -



A . e . ]

d both have units of centimeters.-since log(d ) appears it’is not

clear how the unit- has been eliminated for that calculatidn

'Q'. ‘

while porosity is not explicity shown it is impiicit in the Pep:-

B )

and Re terms. The column length L, was not -found to be

Significant for integrated data, although it was for pOint data “",‘

Perhaps this ‘suggests that any non-local effects ,or transience are

substantially .reduced by using integrated measurements ' more

likely it ‘is merely the result of the- few improperly staged -

experiments, with respect to the residence time requirement

PP

hav1ng been done using point measurement tebhniques They do not ?tp

v

give an expression fon transverse dispersion .‘ As?te

<

‘ chromatographers they are less concerned with that aspect since )

they tend to, use relatively long and th1n columns in wh1ch

: -/
transverse affects would be less marked

2

Chandrasekhara et al (1980) use Brinkman’s equation to get
A

“the follow1ng expre851on for 10ngitud1nal dispersion 1n a porous"

medium between parallel plates

= , ' R R W
] . _

where . “

V-

distance bet&een piateslt

_ "~ 2h ‘
’:7;‘ P = h/k1/2 | '. “ vv‘vfk s
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| 2.2 ALTERNAT IVES TO THﬁ CONVECTION-DISPERSION EQUATION -
. . : ,

. This section will describe a few of the altefnative'models
available. Despite the various geometriefgsaeis (cépillary tube,
spatially periodic, etc.) available,vthe ones described here wefe
either -only reeently_presented.iﬁ the literature or h;Qe been more

successful in terms of fitting breakthrough data.

e

2.2.1 CAPACITANCE MODEL

This is the first alternative appearlng in the 11terature
As presented by Fried & Combarnous (1971) two of the original
papers = to wuse this approach (Fatt et al, 1960; Fatt and

Goodknight, 1963) described dispersion with:

—_—=t___4_ . (2.2.1.1) -.



and

2 (c-c) . (2.2.1.2)
8t 1 v @) :

.
where C (X,t). is the concentration in the dead—end pores, T is the
tortuosity, V1 Is the volume of@hevflow channels, Val is the total
volume of the dead—end pores, Vc is the volume of‘ one dead—end'

pore and l and A are the length and cross-sectional area of one

dead-end pore,&'respectively. These equations are somewhat

difficult to ~ because of the number of parameters involved.

Coats and i

.'
®

hith (1964) presénted a simplified version of the

ac ac 8% 8C

f — ¥ U — = D — - (1-r) X - (2.2.1.3)
at ax ax® at . :
and
, ac,
(1-£) —% =M(c-c) (2.2.1.4)
. 8t :

-

whose M is the mass tr'ansf‘er‘ coef‘ficient f 1is the flowing -
f‘r'action (w1thout dead-end por'es) and C is the concentration in
dead-end pores. This may easily be extended to a’ multidimensional

model. As presented in Yellig a.nd Baker‘ (1981) and ‘in Ba.ker_

¢
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(1977), these equatibns reduce to. the convection-dispersion form

L ‘by defining an effective dispersion cdefficient as:

~

D ... (1-£)% ? .
3 : Leff _ 4, (2.2.1.5)
D, D, M - ,

provided that the. following condition is met: i

a%c. 8%c

llmat‘ 21 - = 1 {(2.2.1.8)
X9 ax 8% ‘

.y

This equation is esseptially é length requiremént.

-vThese‘l:geﬁd(end pore" or "capacitance" ﬁodels do fit the
long, slowly comverging tail ;gsociatedeith'breakthrough curves >
bﬁt; as mentioned in fhe résidence time requirement section, this

may be- handled to a cert§}p degree ' using the non-local or

transient model of Koch and Brady (1987) or Dieulin (1981). -

2.2.2 CAPACITANCE TYPE CORRELATION

Miyauchi and Kikuchi (1975) prgseht a hode1»that is similaf
to the cépacitance model. in that théy éssume that there are -
stagnant aﬁd flowing regions; however, what they have provided is
as well.a‘correlation based on aata takeh‘from 11quid and gaseous

¥



systems;forbelectrolyte,
as a predictive'equation.

They use a dynamlc Peclet number

longitudinal dispersion as:

) U d _ ' ‘
Pe = ' . (2.2.2.1)
hl - .o -
D : o
1
' wher_*e'dh is the hydrodynamic diameter,_ﬂ_ : . ’
2¢4d o |
d = L4 ; , (2.2.2.2)
- 3(1-¢) . ,
For transverse processes,
Ud | :
Pe = . ' ‘ (2.2.2.3)
ht .
‘ D
t
- ‘J
and
' ’
U dh _ ' .
Pe = M (2.2.2.4)
D
£

¢ .
vThis last definition is given for the hydrodynamic Peclet number.

For the region of correlation of interest here, Pe in'the,range

_of 1.0 to 10% they use a Pe  -of 0.17.

powder and other.tracers. It mey be used’

which is defined for

They define_tortuosity,
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T = - (2.2.2.5)

where U' is the mean velocity of the f‘lowing fluid; and ¢, "and ¢
are . the volume fractions of the flowing and stagnant fluid

respectively, such that:

They presé%t the non4dimensionalized system aquatibns as:

.0
) -0
bo’c, uvaec K_a. . ac_ =
- — - —5 s (Cf -C)= -1 (2.2.2.7)
= 8z ¢ 82 ¢ . 36
£ £ »
and
2 s = -
D, &°C. K_a ac N
= 23+*si(cf_c)'= = ' (2.2.2.8)
° 92 ¢ . ¢ ae - o
where

C. and C_ -are the concentrations of the fast moving

fluid and stagnant fluid,'respectively,

N - . ) : &

',Ers is the mean overall.mass transfer coefficient at sthe

interface of the flowing.and stagnant:régions,
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£

ars s the mean area, of mass transfer relative to, void

: volumé .cm /bm ;o
' and S " 4 | : .

8 is time'®
. > | \
. f 3

Their correlatlon for the xegign Pe belanging to. the range

“T10,10* ] is: : ,
. L »
L % - ey
, (1~exp( 2x))| .
T S PR S (2.2.2.9)
' Pe T Pe Pe ' X - 2x & :
hl “Tht e
where X is obtained by thefcorrelation fcunn, 1969) .
o ; -
L x =38 S (2.2.2.10)"
N v Pe ' R ’
r ' l ? (h ¢ 4~

They alsp present two. sother correlations for X which are not

a

as dependent on Pe ‘as Gunn s correlatlon

. o “
For hlgh Peh ’
‘ A
:,;v ‘ - R Tﬂ
.'. . s - * » ‘et
: . X = =7 ‘ . R (2.2.2w11),:
L o Pe T .
. a S . : ' AT a
Tl ‘ " ' g .
-~ mand, for IBW'Pek; o ' ' . B .
*
!
. @ ) o
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' 2.2.35" ALTERNATING FLOW MODEL (AFM)

_w1th small aspect ratiosi

x = 22 . (2.2.2.12)
2/3 :
Peh "

This . is a very recently presented model from Klingman and Lee

(1987) It predicts the breakthrough curves given a packing

o 4

geometry, comparlng well with data in the range (5.6 < d /d <

.54 4) and (100 < Re X 1000) for both gases and liquids They

state that the AFM 1s therefore most useful for those packed beds

r

The premlse of this model is that the flow through a packed

bed may be considered as ordered ~the bed 1tse1f 1s considered as

‘-

“an ordered array o{ repeating: cells The cells are aIternately

t

. . N B
*offset so that the flow from one cell goes :into the two cells

- . . XS

downstream of it; the fIOW'tO'that one"ccll-comes.from theftwo'

‘

_cells upStream of it. The flow through the bed ‘is then a_ series‘

- i % . |

of flows through alternating annular plugs hence\the name of the

model.,‘ﬂithin each ceLl, plug fIOW is assumed ObViously. thqs ;Y

N L e
v . B RS

66

may be better mbdelled if, a~developing flow profile weré-used for -

s .

" each cell 1nstead of assuming (fully developed laminar or) plug

'\
flow but Klingman et al dld not consider this.-

The‘model predict% the breakthrough curves for.steadyfstate

«



Y
.

and transient inputs for high Re condltions (Re > 100). 1t does

> enot use ‘a dispersioP mode! each cell is assumed to have a
homogeneous concentration - 1.e. gerfect mixing . It connot
therefore be expected to give useful results for low Rep flow. Ag
the expeﬁimental 1Eonditions of this study do not include- aﬁ

,‘orgered bed, low ‘aspect ratlo or'exélusively oigh<yalues of Rep,

his algorithm is not discussed further here; for complete details

see Klingman et al. (1987).
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" worked on ‘a utheoretlcal

.~ -

_'flow and

'their dlsper31on calculatlonsx ) Slnce a more rigorous test _of

3. EXPERIMENTAL RESULTS . ¢ -

The experimental design and apparatus s presented first,

followed by a section on data analysis Experimental results are
* \
plotted at the end of this chapter. :

3.1 EXPERIMENTAL DESIGN AND APPARATUS - = _ &

There exists a great deal of experimental data on dispersion’

‘1n the 11terature for one dimensional flow but little worgkzas

been published for multid1mei"”"fpu' 5 Peaceman et al. (1962)

¥olving two ;dimen51onal

dispersion'with fingering, but assumed “one dimensional flow for
. .

K

N F
,

dispersion models ‘can be done\using a broad range of flow and
f

1spersion,s1tuamion were first obtained for- this study .

'Spec1f'ca11y, da ‘were colle ed for a two—dimen51onal disper51on “

i 4 h . ~
in two- dimensional flow for a stable m1sc1ble displacement ',z S

Sodium' dodecylbenzene sulphonate (SDBS) 1nit1a11y was cl‘iosen.' S
» . -

ito be USed as thg tracer compound ? It is. soluble 1n water (a '

E A

“ co

ireadlly ava11able souvent) and has been considered in’ industry for S

p the mlsc1b1e displacement of oil Tﬁere is- also a fair Q@ount of ;?‘

n.p

! :.11‘ - PR
techn1ca1 1nfonmation available 1n the llterature For example,

it satisfies the clogging criteria of Herzig et al (1970), i.e.
Lows - P

‘68 | ‘. &igﬁ




'its %iiameter and the diameter of its micelles (Hiemenz 1977%;

‘Cheng et al 1982) are too small to clog the

,bed used in ‘this study - Cheng et al. also give its aqueous

diffusion coefficient over a range of temperatur and salt

concentrations. The salt’ stabilizes the 1ilonic, strength of the

solution, giving more reproducible results Kalpackci et al.

(1881) discuss the flow of surfactants in porous media and the
;problems of permanent permeability modifications of the porous

media caused by ‘the $urfactants . for different surface

characteristics of the medium Trogus et al (1977) and Ramirez

:that the results- were d1ff1cult to reproduce because of the\e

“of. petroleum sulphonates.

et al. (1980) both considered adsorptlon of surfactants onto the

porous medium with the former also considering the spec1f1c case.

S

Howeder, in preliminany exper1ments using SDBS it -was found
'

v

v_tendency of the SDBS to adsorb strongly onto the tube \yalls.

: \. .
) Leavxng the system f1lled w1th distllled water dvernight, fo\allow,

the SDBS ‘to desorb and r1ns1ng 1t out over all of the follow1ng

day st1ll d1d not prevent blips .caused by slowly desorb?hg. ’

i surf ctant. These runs could only be done at low Reynolds number

~

”the next run wasg; quite dif?icult Sinoe the breakthrough curves.

even at the maximum pump settlngl so flusking out the system to do

Qv PSR

L from the short cores were significantly.distorted by the blips it

~

was decided that a. non—absorbing'tracer had to be used

<,

The.next tracer chosen was the dye Amaranth ftherwise known<

-as C I. Acid Red 27 or FD & C Red #2 Tinghui et a1 (1983) givg.

xres of the packed
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its radius and diffusion coefficient for aqueous solutions El
Mariah et al. (1984) also give its aqueous diffusion coefficient :
. at. various pH levels their result is quite close-to that of

Tinghui et al. Tke original work on Amaranth was done by McKeown
N

e

~et al. (1954); in th@l is presented a value for D of 6.9 x 10 e

cm./s at 25°C in & ch is acceptable for ‘use in this

i . .
; study;¢ Amaranth rsﬂ ‘ed, in colour for: concentratLons as ﬁow .
" as 107% molar which

.Eq ) v

That is -an asymmetric dispersion is readiiy not1ced and dat

that run- reliablycdlscounted, Another important attribute of this A

tracer is th¥ it absorbs light in an ‘area of the spectrum that is

1

well away from that of its solvent (water) qzi&there is' no
¥

1nterference in the absorbance 51gnal caused by minor variations

.

in* water quality °Fina11y, as Amaranth does not form micelles jt

“,1 . B ) \

’ea51ly satisfles Herz1g s clogging crlteria _ 'J .o N

The experﬁméntal methO?L%br thlS study was designed in part.
by consideri ‘a rev1ew (Cluff et ad . o 1978) of the exper;mentalv

techniques of 'eighteen 'investigators}b ' Effects such. as column o
diameter-v(dc), particle dlameter (dp},: as;;ct ratid Ui/@ )4

.

column length (L), particle type fluid and tracer used injection

- -

. > k" 3
.method ‘(step : pulse) and mode of measurement (pointi‘or
integrated absolute or relative) were. evaluated They obtained 3. "

s

cgrrelation for D based on’ most of these £actors as.P?Qsented:
»previously ' Qualitatively, one. of . their findings was that
' measurements taken’at.two»points,”one‘before ana'one after,the

. . X . -



.

core, glves a relative value for D that surprisingly tends to be

higher than the value obtained by Just measuring the "absolute“‘”'

value in ‘one’ location that being . Just after the core There

might have been s increased dispersion caused by the additional

e

: detectors‘in'the relative measurements, however It is expected

that measurements obtained by absolute methods" would be ,higher' -

than those obtained by a relative means unless those absolute

values are deconvolved "in. a manner described later' in’ this

o el
éﬁﬁpter in order to remove the effects on dispersion caused by

fittlngs and llnes A second and more significant result of their

o .

study was that the values of D obtalned by point measurement

technlques (e.g. conductivity probeés) con51stent1y were lower than

b

those obtalned by,integrated techn1ques “such as light absorption

over the cross—section of the tube. This may have been due in
. » . »

part to velocity effects on-: dlsperSLOn near the wall of a tube‘

that were not picked up by point measurements taken at the centre )

- N ﬂm-.

of the tube. Another considerat1on is that there may have been

sdme flow distortlon effects caused by. small 1nhomogene1ties in

the packing as well as by the: pomt measurement probe -1tse1§,~

leading to 1naccurate results at the probe location ) Integrated

3 ..

'measurements therefore .are likely to be more reliable They could -0

.
E

not ‘be. conclusive but suggest that - the step 1nput results may be

. better than pulse since it is ea51er.to de51gn a system that has a

sharp front upon injection for a step than for a,pulse It was

.‘/‘

found that the experiments done with step inputs tended to produce

loWer values for’ D . since those‘afame experiments were done

. . . . . -

«
o

“

.-
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' unfortunateiy only with point measurements the results may havey

“ 0}

L4

been strongly influenced as described aboVe Considering these

-wl . .

points, the, experimental procedure, designed for this study

.employed integrated (absorption) absolute (single measuring point

AR

after the core) measurements for step-inputs of ' concentration,

with Amaranth as the tracer - {,

\ - The s&Ze of the core relative to,the particle for a given Pep

»

“is an 1mportant parameter ‘as - discussed in the sections, on
residence time . requirement and por051ty variation . effects.

. ——
) However, while the core dimen31ons are obv1ously known, neither of

the ch01ce of definition of average particle 51ze dp,*nor the

E

ch01ce of vmethodf to use in 31ev1ng to obtain reliabie mass

[

. f‘ractions (Allen 1981 Shergold 1946) to be used . 1§teq@tlon5

for dp is obvious. - F%llowing the suggested approach of Allen

(1981), the (spherical glass) beads were dry sieved for nine -
_m1nutes on a Tyler Ro- Tap“51ev1ng machine. The four 51eves were’

nominally of 51zes 425, 417,,355 andi'oo microns (um) The beads.

supplied were nominally in the range of 295 to 415 um; beads on

.the 300 to 417 ym trays were kept. An optimum load of about 150

grams to use for each 31ev1ngl run on the Tyler Ro-Tap was3‘

! 3
determlned by dry 51ev1ng successively smaller masses until

-

, vfurther reductions in mass d1d not 51gn1ficantly affect 4the

. Tpercent retained on each tray (Allen 1981; Shergold, 1848): The

final‘total weights used were 421. O g at 4i7Jy(/384'8 g at 355 ym

and 326 5 g at 300 pm to give a. geometric d of 382 8 um using

equation (1 1. 2) an arithmetic average of 336.5 um using equation




) : R - R E

(1 1.3) and an average of 340 4 um using the definition of Allen
o

(1981) 'equation (1. 1 4). The effeot of particle diameter

u yo- a

definition isxshown in the chapter on numericaltsimulation

y z‘

The density of the glass beads was determined by measuring

the volume of distilled water displaced by a known mass of be4p

glving a value of 2.50 g/m at room tempéerature. This agrees

.

the value given by the manufacturer (Rotair)
The ' packed beds Were lucite ;cylindrical cores loaded with
‘spherical glass beads, to form an unconsol1dated porous medjum.

In order to facilitate testing of :the predicted dispersion

coefficients, four differently sized luc1te cores were used '

“Their dlmen51ons are given below in Table 1, corresponding to the

diagram in Figure 1.

Two requ1rements on the de31gn of the cores were that the

flow. through the resulting packed bed bexhqﬁogeneous and that -

they hold the beads in)place and not allow shlfting The former

condition was . not easily obtained It was found that any air

bubbles that were trapped 1n acking would markedly affect the

o flow pattern The way to circumvent this was fo remove all of the
air in the .void volume of a completely‘dry pac d COre by a vacuum

. »
‘ Y ot

{'pump and then Fill this us1ng the. vacuum »w1th deaerated water

»

There was - one recurring _problem; the glass beads tended to.»

interfere with the'bperation of the 1nside o-rlng by preventlng iti

from compre551ng Th1s meant that a seal. strong enough to. hold a

vacuum could nqt ‘be formed ‘a second o- ring seal was added to the:

outside of each mesh endplate to g1ve a doubly secure airtight
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‘seal. If the Vacuum necessary to load the water was not made, EE
attempts to fill the core with water would only partially saturate
it. The ‘beads would then have to be redried in a process taking
one' or two days, before another attempt to load the core with'
water could be made. The second o- ring seal” substantially limited
‘the occurence of this problem "This entire process is described
in more detail in the next paragraph. The other requirement for a o7
packed‘bed was more easily satisfied; mesh ringvendplates niceiy
held the bbeads inside the core while allowing essntially
unobstructed floﬁ.» The mesh rings had an opening for flow that
:was different for th inlet than»for the outlet'discs; for the’
inlet, there mas‘ a relatively small inlet diameter (0.474 'cm.
diameter), corresponding to the one quarter ‘inch feedline to the
‘dcore, while the outlet disc had ag its 1nside diameter the same
% value ask the. Inside core diameter - This allowed fon ‘a
. v'two—dimensionalv iniet fioﬁi but an essentlally one- dimensional

k4

1o B
P
gg’g“; ot&tlet flow. . A 325 mesh (44 um) mesh screen supported by a
v BRI .
R QIS

,‘q?f i stronger mesh was used for the discs The volume of ‘the packed
Shar

gas sllghtly affected by the additional volume of the screens
1?‘né§estimated dontributions are,listed beiow,in Table 10

. RS -
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CORE , = LENGTH ™, d_ MESH VOLUME - TOTAL VOLUME

c
# (cm) (cm) | _Lmll , Il(ml)‘
1 - . 7.54 i 2.88 - 1.23 ., 50. 42
2 7.51 3.90\? | ‘2.89 92.5
3, 15.00 2.88%/ S 1.23 | 99. 1
4 15.05."  3.90 ) cs 2.89 . 182.3
e |
. :

Table 1: Core Dimensions

By

‘Ji

Loy, Q

& .(gv
-

To fill a core, with dry glass beads ready to be evacdamed
one ' mesh endplate and cap were attached and the core ‘then

partially filled with water. Dry beads were added slowly, with

tapping on'the side of the core to help settle the,beadsf Damp
beads were not used as they would stick together and carry air

1nto the bed The level of the water in the core was always kept

above that ‘of the beads untlf the core was completely filled with

£

“the beads so’ that no air could get trapped 1ns1de the bed. Once

the core was f1lled w1th the beads the water was allowed to drain
4

‘-out and the exit mesh endplate and cap then attached. The-beads
in the core were- then dr1ed ‘by passing air through the bed at a
low flowrate This limited flowrate was' unavoidable as 'a high

,pressure drop could not be sustained by the. system. The core was

'deemed dry when measurements of its mass were essentially constant ;

;over four hours of dry1ng The ent;re drying processjusually took

Lo



3

from:

one or two‘days. A small electric vibrator, of. the type commonly

used in unconsolidated * core experiments was used in’ some
preliminary' runs to help pack the core but it gave no better
&

results, as measured by porosity, than did the tapping method

Por051ty was determined by noting thevay mass of beads added" to

. the core; with the known volume of the core (including the mesh‘

Screen contribution) andfthe density of theubeads,‘¢ is found

e
v

s N ‘ -

o
ngp e LIRSS, of.headsﬂ/(den31ty of beads)
e

total. ‘core volume'

| (:3'.1._i)_.

Cghsistent values of porosity were obtained

Loading the dry packed core w1th the fluid to be displaced
(water) was the next step.  Boiled dlstilled water was, used to
minimize  the effects of any contamlnants and to prevent any

9

dissolved a1r from appearing, and expanding, in‘ the evacuated

‘core. Once completely packed w1th dry beads, the core could be

isolated using Quick- Connect fittlngs and then evacuated . By
holdlng one end of the packed core under the surface of the waten
and opening its Quick- Connect fitting the core void volume would

fill with water If no air bubbles appeared on the walls of the

‘ core it was assumed that the core’ was a1r-free and ready for use.

Finally, it was put online With the pump (see Figure 2) and

d1stilled water sent’ through to the drain« any settling‘that the
\ S

\
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Figufe 2:  Experimental Apparatus
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‘-.beads might do or loss of fines, would pappen at aﬂis time -

o e e s e

~

’,

As shown in Figure 2, the feed stock solution pf Amaranth was

. contained in a 10 centimetre diamet‘er 2 2 1itre tank which fed.’

\:

. into an- Eldex dual synchronous pump vIt was pumped fro}m there

past a pulse damper and’ a two—way valve The' valve could be¥set

~

'to allow flow upwards to theA core ‘or .down to a. drain Flow'

"

downward-' through the score . was observed to be unstable the. -

‘Amar'anth solutionif‘inger‘s through the distilled water : All

Y:

. P _
experlimental runs were therefore made with flow ‘upwards. through
the packed core. Before Ztarting a run, the entire system (from-

_t‘he pump through tO*the spect’rophotometer) was filled +with
. o : :

distilled water and rinsed until no. residual tracer could be

det,ected by the spectrophotometer Then the valve was tur\ied‘to

-

5pumped through. the system, and out the drair‘if' until the

concentrat‘ion ’~a£ the drain valve. reached the . feedtank

T <

-"concentration' C‘_. This rinse out time for” Amaranth was determined .

‘by collecting effluent from that drain."valve 'unti'l its’

'
o

1Y

this plot a minimum time of fifteen minutes ' at the maximum
‘ e o _

. system @efor the core. After. the system was so saturated with

the Amara th solution up - to the valve a run- was initiated by

' turning the valve to direct flow ‘upwards. to the core and swi'tching

' . . . . N - . . .
on the pump to start the flow; run time was kept with a stopwatch

A

'dgain valve breakthrough curve is- shown in Figure 3. Based on"

' flowrate‘ vas allowed for each run or blank run for rinsing out the

direct flow to the drain and the. feedstock solution of Amaranth‘ v

.concentration ,effectively reached its asymptotic value of C"‘ 'The_ ‘, ’
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.

A beginning at the ‘moment that tKe First drop of effluent fell into v

N

the’ 50 mL buret - Once - the‘ stopwatCh was going, the data

.".

colléction"program on 'thex spectrophotometer waS'”started The

average flow rate for the run was taken as the effldent volume‘ T
‘n

divided by the run time as measured on the stopwatch : Blank runs

were conducted in the same maﬁher except that the core’ was removed

from the line and a~fitting, of roughly theQ%ame size as’ the

entrance and exit fittings to the core together, was put in its

place. The bfbakthrough curve of a. blank run’ gives the dispersion

'v

caused by the fittings and lines of the system and does not

1nc1ude the dispersion caused by 21 packed bed their use is -

discussed in some detail in the next section

The tracer (Amaranth) did not adsorb onto either of the glass

beads or, the tube walls so a core packéd and used in one run could

(]

v’

{

[
®

be s)mply rinsed with distllled water in order to recover its
l

original pristine state for use in the next run : vathere were fj

A

stagnant volumes that could not be rinsed out then lett1ng the

L

7

“ore sit.stagﬁant f@r a few hours (corresponding to the duration

f‘of the next planned run) would allow diffusion out of them to if‘ »

7

areas where convection did occur ‘}f it was not properly rinsed

,\

, g 5
then upon the next startup of the pump there would have to be a

S

blip or peak on an otherwise flat baseline caused by tracer

Pl .
+

reappearing from a stagnant volume » Th1s rarely happened when it 5‘

did the core was immediately dried out reloaded with fresh water

by vacuum and rinsed to make sure that neither tracer nor air

bubbles were remaining Through their flow distortion effect calir



bubbles " present in the” packing &buld - lead to ' more Stagnant
- . - [ .. . . mN T N

;volumes. , ;;,54. T , ,ffﬂ

The measurement process was programmed in BASIC on the

. Y

HP-8451A spectrdéﬂbtometer The measured Variable the absorbance l:‘
\in the visible region varies linearly with the, concentration of'

the tracer '.Amaranth‘s peak absorbance occurs ‘at approximately

ot

SZOV nanometres-' a 515 to 525 nanometre average absorbance was -

\ o

employed because it produces a significantly stronger response :

'than a 400 to - 600 nanometre one as shown in Figure 4: .5_Au‘

'.concentration ofJ3 X iO molar (aqueous Amaranth) was used To

~allow for baseline drift '¢he average absorbance over the range

‘J

690 to 700 nanometres was subtracted from this amount 3 Due to the

v

}strong absorbance of water and its impurlties in the range below{:'

b

300 nanometres, measurements in that ‘area. vwere‘ specifically_
avoided :*The: program on the HP8451A to measure the concentratlon.

:'used only’ a constant time step, ‘as a 11mitation of tHe machine g0 w

a \11,.

‘points could. not be " concentrated in the region of the. sharp front

To' speed the data storage the results are stored on disc by'

vgiving the number of points integration time and time step in’ thep'

t

:output file header infqamation followed by a single column of?

.absorbance data This -Was necessary as the steepness ~of theg‘n

3

breakthrough makes it difficult for‘ the spectrophotometer' tonf

measure and record the data when a small time step is used ‘All:\

‘breakthrough data " were normalized and smoothed using cubicV

‘splines before being used

The flowrate-waSJdetermined'by measuring thedeffluentxvolumel"

e
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' “anor the timevof the run S'If an air bubble got into the system,,»

'31e g through the on-line”filter before the pump. the flowrate was v
'*f{a;markedly affected ' Those runs could be discounted
“Tft_Unfortunately, this meant redrying and refilling the core to make

l;sure that there were no bubbles pnesent in the‘ core ‘hLTheir

’Q"

;advantage fof using transparent luoite 'cores is_ that they

breakthrough profile 1s clearly seen if it was not symmetric

possibly due to air bubbles, those' runs' could as well(‘be
discounted _- Either of an unusual flowrate orv an - asymmetric
» breakthrough as' seen through h : core’ would 'be cause for

discounting the result of a- particular run. -

Resigence time considerations were difficult to satisfx using

® \

‘the . criterion of . Han et al. (1985) as that equation (1.3. 1)

»

EEE N
.

explicitly only allows for one dimensiona@ f10w In this study,;

- o

the Peclet number varies from as high as 8730 at the coére entrance
to as low as 28 at the e\it for the same core. Based on | the
entrance Pep, only a few runs (those below about ‘3.5 ml/min for
the long cores, and the 1 5 ml/mln runs- for the short cbres) were

o

done which satisfy that constraint,‘ based ‘on the exit Peél

'however all of the runs easily meet the criterion . As’ ' the bulk

e
- of the core (about 2/3 for the short cores 5/6 for  the long

_cores) had one’ dimensional flow ‘at the low Pep exit, strong
'tailing was not expected ;fom this source ‘ | . »

Table 2 glveés a list of the runs and the corresponding data.
All "runs ' were at room temperature (23 to 25° C) angl effluent

' concentration was measured for seven to ten pore volumes Some of

-

G

“\;



Athe earlier runs. had measured pox‘bsities below 36% otherwise most

vruns measured around 37/ - The low porosity runs were the first

ST Ty

P . . L . _"T"

v ‘

. runs actually done. it is believed that some fine beads tha.t were :

-

" not- removed in the sieving process were lost in the bead washing -

-step done between runs, resulting in‘ the" slightly higher

.

porosities of‘ subSequent runs. “; o

Comparable magnitudes in the the dispersion for both run and

':'blank data are the motivation for the deconvolution process andv

that is presented along /ith the data in the next section
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18

18

RN FLOWRATE POROZATY CORE

# | ' (ml/min) r B ‘¥ Pep
— — — P
1 6.73 0.355 1 237
3 6.73 0,355 1 237
4 . B.73 0.358 1., 235
B 3.58 - 0.361° 1 124

7 156 < 0.381 1 :
8 2.40 0.361 1 83
10 0.82 £ 0.355 1 29
6.72 0.373 . 2 123
12 4.70 0.373 2 86
i3 2.98 . 0.373 2 54
a7 0.373 2 - 86
3.6 . 0.377 3 119
20 6.72 © 0.369 '3 227
21 3.03 0.366 - 2 56
22 3.02 0.366 2 56
23 6.73 10.370 4 124
25 4.69 0.370 4 86
27 302 0.370 4 56
28 a7 - 0.370 . . 4 87
31 2.42 v 0.365 3 83
32 1.58 0.365 3 54
33 0.80 - 0.365 .3 27
38 6.72 10.370 4: 124

R

' Table 2: Run Conditions
e
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3.2 DECONVOLUTION

Peculiar to small systems is the problem of the disperSion

»

caused by tube fittings, lines and the concentration measuring

ce11 being comparaﬂﬂe ‘in magnitude/to the dispersion caused by theh‘
'\

packed bed itself. . This typicaily_has not'been,conSLdered in

m1scib1e‘>disp1acement studies by“ petroleum engineers':orf in

'groundwater contamination‘ studies by hydrologists as they

generally use quite 1arge packed ‘beds, but has been a topic of"

concern | in chromatography (Wright et al. 1982) “where it is

commonly referred to as 1 extra—column band broadening , and in .

'medical applications (Diffey et al. 1976 Valentinuzzi et al

1975). The numerical technique to remove this effect frqm data is

:'referred to as "deconvolution

~ ]

It ‘can be shown (Wylie and Barret, 1982) that for an inputv»

-‘function f(t) to a systen, the output response y(t) -of that system

»ffs obtained as the convolgtion integral -

LI
t : S ey . C . o o
] y(t) = IR’(I) £(t-1) dr N TR D
X ‘ ‘ » . ‘/ 'd
or ., B
y(t® = fR(t—r) £/(t) dr + R(t) £(0) (3.2.2)

o -



‘_I

<;R(t) ls the characteristic response of the sys»ef to a‘unit step

'.In the Laplace domain,

ey

lmpulse input often referred to as the lmp

K

4

input and R or dR/Ht is : the responsz of - the system to an

se response function

é ‘a ton (3.2. 1) 1 simply' E

. S

ﬁ-using G to. replace R’ for the general transfer function notation

- If there are tw0 non—loading systems in series (see Figure 5), the

overall transfer function is the product of the two inleldual

transfer functlons (Ogata 1970)

- sl ' . - - .
f-~ "y =f
1 G, |- t 2

Figure 5: Non-loading Cascaded Elements

. ‘A " . . . I
- Y (9) '

2 JRDT :
2 =G.(s) *C(s) G2
£(s) 1 R . ‘(>4?~;

-

The‘ assumption‘ that ;dispersion systems are non-loading

{

~ (Wright et a1, 1982;s Valentinuzzi et “al:, 1975) for



N

o~
G

w
(1989) 'who obtained the same 0vera11

-
{

p wt'\\sections no matter what order the beds were in, It was therefore

. e \ -

t incompressible flow has been supported}experimentally by Niemann-

response on breakthrough .

curves for a system comprised of interchangable packed bed

- assumed that our: dispersion system could be written as three

non—loading cascaded elements comprised of the fittings and the

' 2‘3 lines. before the pac%ed bed (G ) the packed bed'itself (G ). andi

the lines fittings and measuring cell after the packed bed (G ),
& A

as shown. in the figure below .

, . ; Y4

’

Figure'S: 'Block_Diagram of System

% e g i
")
y. - . - v e
. -=G G G (s) . (3.2.5)
. 1 2 3 - ) . .
f .

Since they are non—loading, G and G can be moved toge her to give'

¢

- a total fittings line and measuring cell response G?, in line

with the core or packed »begr,e_s'po'n‘se,_ Gc, ‘as shown In‘Figure 7.
v C .“:#ﬁ' ‘

~




‘Figure.7: Block Diagram of Lumped System"’

/

- The - measured output absorbance Aﬁ for a step input, fs, to .

*

_the above system is: "'“.ﬂ (

;c'f(s) S G(s) (3.2.6)

’
.

The output concentration C, from the core transfer function G
. N e

is the input function to the fittings transfer function. Gf,land

-

1s the de51red packed bed

ly step response data i.e. It is the
- step response _breakthro "he, core. 1tse1f with ffno
contributions fromfthe Fitti gs, lines or measurlng cell dynachs

‘The‘"blank" 5bSorbanc‘

rtakdng ‘the pac, d core offline .The blank A (s) ‘is then the

s~

convolution of the step 1nput f (s), w1th fittlngs transfer .

function,,G (s) It is used Ub characterize the fittings trangger

function in a manner described in the next few paragraphs since'
the characteristic parameters of this. transfer function may change

'with flowrate blank runs were obtained for every ?ﬂowrate at

which runs were done

‘To obtain the C(t) data it Is necessary to solve equation -



~

[

' \\x.dec sions is‘not that “high. It should be pointed out that pulseggzw..*

S
’

e
~

' ? N L. ] . . . . S ‘\‘
‘..‘. * v E ' L /4-
(3.2.8) for f G_or C. This can be done by using the convolﬁtion

' theorem written in discrete form (Valentinuzzi et . ar 1975;
Diffey et a1 1972) £rom the integral (3. 2 1): R , [
‘ . . o . L 3
) o ’ ’ : L ® g
o~k o o
A =¥ A, (1) Cli- 1) at . (3.2.7)
. .1-0 . ; . o

y J

This is, noteasy given' experimental data that have-noise; the

¥

impulse'response function, A ’, is-found as the slope of the step

’ response data for the blank runs, i.e. runs done at the same

A .
flowrate but Without the packed core online : The inital sxlope\1

’(0) appears at each time step K in the calculation of A(k)\w///ﬂ
_thus making A(k) very dependent on that one: value However that
value is rather poorly known - because of the n01se on- the‘dataa
Taking the slope of noisey experimental data is always considered
risky,ithe problem is compounded here as it is just the initiaI‘ v
slope that is required Deciding where the breakthrough begins is
difficult enough and‘getting a reasonable estimate of the slope at
that noint becomes rather arbitrary, the reproducibility of these?;

e

requnses would suffer this .same limitation of finding the initialv“

\

breakthrough po1nt Nevertheless -a, straightforward discrete‘

E deconvolution based on equation (3. 2 7) was attempted and it did_~

-

diverge There the initial slope was taken\as that experimentally
obtained from the smoothed breakthrough data, no adJusting of its";;.
value was done as this would haveabeen subJective and thereforeb

. ‘ -

¥
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. . ) | - . i ' Q‘

not, reproducible., Fast Fourier transform techniques "provide a
popular means for solving such ihtegrals (Chen et al. 1987) but
suffer ﬁrom the same limitation in - the dependence on the inttial

-\
. value of the impulse response function The convolution integral,

4 must .be solved in a manner that does not depend so strongly on one

. zﬂ-'.,..c'

",

at

-

. For this method, a discrete time model {z-plane) 'is. assumed for ’

" poorly identified experimental value. S -
"The solution to this overdependence is straightforward using
identificationt techniques from control theory A simidar

. applicatio has been published recently (Van Zee et al. 1987) for
i _

- V

characterizing flow processes the goal there was to obtain the’

longitudinal dispersion coefficient for a one. dimensional problem

K3

- equation (3. 2 6) containing several parameters whose values are

g2

,obtained i e. 'identified by least squares curve fitting to the.ff

experimental data. - While there ,are . several model forms used in
E . .

t.l.

the literature (Ljung, 1987), the following (ARX model) was found

satisfactory for ﬁhis study

.

PA(z) y(t) = PB(z) f(t-nk) + eft)’ (3.2.8) .

Here e(t) is white noise, nk s the number of time step” delays

.r. .‘

between input and output and PA and PB are polynomials in 2, given

Sby: - . ,:i" ' ﬁ{.,'

» § ' ¢



v obtained by differencing the input function data, but a great deal»'

PA(z) =1 + PAZ '+ ...+ PA 2™ . (3.2.9)
. 1 na ) . , ,_
and : | o . : s
PB(z) = PB, + PB z .+ PBZ nb+1 (3.2.10)

.. .

Explicitly, equation (3.2;8) may be written as:

Y(t) + PA Y(t-1) + ... + PA_ Y(t-na) =
~ R § ‘ na .

PBlf(t—nk)+PBzf(t%§¥—1)+.;.+PBnbf(t—nk—nbf1)+e(t)

(3.2.11)

H

The parameters of PA(z) ar' PB(z) are identified by

§)

' least-squares comparison to expérimental data, which were in ‘his

case the blank runs. For the flow system used’ in this study, the

[
'

order oﬁ.PB(z) was taken as zero. i.e. Using PB(z) equal to PB

"which was then given the value of unity, -gave quite satisfactory

results. ‘Since the system data used was for a singl» step 1nput

using a higher order on PB(z) results in an 111—conditioned

matrix, That isvto be expect d since most entries in the matrik

would b~> the same- no new information about the system dynamics is

more comgutations ‘have to be done in order to solve ofor the

e



. 1.‘

s‘ignifica.nt para.meters of PA(z).
"The- equa.tion SOlVed by least squares for the. parameters of
PA(Z) was: o

Vo
~

 PAA (t)4PAA (t-1)+...+PA A (t-na)=f (t-nk) (3.2.12)
R DAY ‘na+1’ b s

M . “~
e
Note that PA was modified so that the coefficient of f is unity
1 e’*‘The parameters for thé‘ transfer function G were identified

, for‘ the form:

G (2) = — T (3.2.13)
PA, +PA2 L. .. +PA :

na+1l

From = eqiations . (3.2.8) -and (3.'2'_.'12), the concentration @

© breakthrough curve C(t) for a step input into only a packed core

S

 was found from:::“
‘PAIA(t)¥PA2}§(t-1)+'...+1?Ar'm Alt-na) = C(t-nk) = (3.2.14)

_Solving this equation for . C(t nk) is the actual deconvolution of
'the blank absorbance‘ data from the run data to obtain the
br'eakthrough response data This blank identification method may
k be used for any input f(t) _as long as exactly the same, input is:

‘_.e Tused for both the bla;nk and the ‘core runs. ~ Its major advantage

.



.d over, the integral deconvolution method is that the parameters of

PK(z) are obtained by least—squares using all of the data points“

.

of each blank run, it Is not. dependent on a. single experimental.

value like the integral deconvolution method However, if a

I3

reliable measurement of the initial slope of the step response can

be obtained then the integral deconvolution (e.g. Fast Fourier

transform)- ‘method 71s§ faster " and 'easier to do than the
* ) : :

vblank identif‘ication method ‘ . y

te

95

Before either method for deconvolution can be “used, »the'

Jinitial. point of the breakthrough must be determined, By
smoothing the data withva cubic spline least squares routine_from
the ;IfM:S.L. library: the spline coefficients' were'vusedV to
numerically generate an‘integral iover multiple steps if desired)
and derivatives for each point of the break‘hrough curve. - By
inspection the initial breakthrough point was chosen by coming

back in. time to the first point where the integral and- slope both

9

one or,two time_steps, and ‘this variation is later shown to ‘have.

virtuaily no effect dn the deconvolved breakthrough curves.

In order to do the identification of the ARX parameters (of

vequation 3 2 12) for a particular blank a’ program was written:

. that read in the experimental data and tha order of the polynomial
PA(2) desired for the ARX-model, then solved by least squares for
. those parameters. The check on this identification was done by

’plotting together the experimental curve and the curve regenerated

using &me newly obtained parameters in equation (3.2. 12) the-more

reached their minimum values ‘ Results were consistent to within B



.urves ‘were, the "better the: identification If

: coincident the two\

e regenerated curve was exactly coincident with the experimental
4

) curve then the parameters of PA(z) were identified correctly

However on the practical side, while increasing the number of

ﬁnarameters tended to give better fits, the relative magnitudes of o

3

the parameters of PA(z) were examined in order to make sure. that

" ‘no insignif,icant parameters were: obtained i.e. If too many‘

A

parameters were used most would have values in the range of 5 to-v-

30 but the , extra" ones would have values of 107} or less If
these relatively small and insigmficant values were carried and
-used in the deconvolution step, the result was . unpredictable and

varied for different numbers of parameters ' Those' s‘l.ightly
O : :

distorted deconvolutions were 'not reliable and this’ was"

especially the case.when the run data had slight blips; the

i ﬁeconvolution would be distorted at hhe location of the anomalies

For\\the typical number of five hundred to two thousand data p01nts 3

fo'r each blank , deconvolution results were ’almost 'exactly

comcident within the. range of six to eight parameters ' Usually,

the identii*cation would be slightly off for the four or five

parameter ‘cases and some parameter values tended to be low or'

insignificant if seven or more parameters were “calculated; in a

few cases three parameters gave a suff‘1c1ently accurate or stable

solution for which increasing the number of parameters did not

better while in others the results only stabilized if eight

parameters were used In most cases, the order of PA(z) was five

Figure 8 shows the identification for- blank #7, which is the

~



.one used for deconvolving all runs- done .at a pump. setting of 0 g

%

(see Tab&q73) It is quite evident from this figure that the

H

«parameters of PA(Z) have beéen adequately identified as the-
regenerated curves - made using those parameters are; virtuggﬁy .

coincident with the original data. The"order of'PA(Z) was taken

as five .in one case and as eight in’ another there was little
'difference between their respective regenerated curves. The lower
order identification was retained and used for the deconvolution
" step as it was the simpler form.

Figure g . shows the reproducibillty of - the blanks and the

deconvolutionsr the best identifications were for six and eight

’parameters, respectively, ‘for blank #7 and ‘blank #86. - The .~

deconvolution of run #11 is shown ‘for each blank\ The deconvolved

data become coin ident with the run data at the point in time when

~_the blank data reach their  final value of unity The:

\reproducibility in the data and in the deconvolution and in kte

,1dent1fication shown in Figure. 8 was typical for all runs Note.
that - this includes ‘the effecq', f' identlfying hthe- initia1>
breakthroughvpbintﬁ- It is important to realize that this blank'
vfldentificatlon method did not diverge at any time, an excellent‘

'5identification and deconvolution could be made for any run The '

. . 3.
. effect of using too many parameters for QA(Z) as mentioned

_epreviously, would introduce small vosci ations .or blips in the

deconvolved data, but even then the data would not be excessively :

shifted . Table 3 gives the experimental run numbers and blanks

. palred for the deconvolution.

. Sjc



Vv‘v )

Figures 10 to 13 are the deconydﬁved results for the runs

N o 4

listed in Table 3. The pattern of the names in the legends is ast'

follows: "GD“-number is from an acoounting system for the
Q

deconvolution trials and the traller'"R"-number refers to the run

number. = All plots have an upper tlme limit of 1500 seconds to

facllltate comparlsbns, complete data are in'the appendlces.

» ' ' ' . \L




‘PP " CORE | BLANK . TIME STEP

SETTING |1 2° 3 a4 [ ¥ (s)

24 " l1 11 20 23| e | . a3
: 13 .| 7

16 28 | 13
21 , .17

IECEE R

08 |7 - 32 - a1 o] g | i
| | 22 L .

. jf,p_'ZLU’: 'IébleljﬁfaDeconvolution Pairs

N B.i“(l) Runs are deconvolved with blanks that are at the sameéu

pump setting

- (2) The flowrates set for the large diameter gores were

’

‘offset to match the exit velocities for the small diameter ones
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4.  NUMERICAL SIMULATIONS

Numerical simulations based on the dispersion models listed

t
in, the second chapter are compared-.to ‘their corxesponding

experimental runs; With the wide range of flow and dispersion

* .

conditions for the variety of core geometries associated with the

ffexperimental data for this study, the dispersion models are well

tested ile. for a particular dlspersion model to pred1ct
L
.o SN

;_accurately the breakthrough data for all. of the experimental runs

M

it would have to be robust and 1ts adjustable parameters 1f any,'

o \

identified correctly
A brlef descriptlon of the numerlcal approach is glven below

'ﬂollowed by 31mu1at1on results conclu51ons and recommendat1ons

»

4.1 FINITE ELEMENT METHOD e -

There does not ex1st at present an analyt1ca1 solution to the
‘.convection dlsper51on .equatlon (1.2.1). ' NumerlcalA methods‘
avallable for its integration 1nclude f1n1te difference and finite -
'element with the latter favoured here due to 1ts ease of handling
.boundary ‘onditions (and irrEgular geometries) and 1ts accuracy
The development of the partlcular approach for the - disper51on
problem 1svdiscussed'in detail in'ﬂayes.and Tanguy (1988),,and\
outlined below. e ' :_ 3

", First, the continuity express1on (equation 1.1 7) is used to

generate a Darcy flow field corresponding ‘to a spec1fic

106



vexperimental run for the domain of the core Q. This result 1s

used in the solution of the convection dﬁspersion equation - i.e.

'substituting Darcy s law 1nto the continuity expresq’bn gives:

..

for 1sotherma1 incompressible flow through the packed core. The
above Laplace s equat1on over domain Q is. used w1th t following
- boundary cond1tions on F’ and F (Hayes and Tanguyl 1988) where rs

’ denotes the entrance and ex1t boundar1es open to flow and Flis'

‘the core wall boundary -

‘}5='r-' Con S ) (4.1.2a)
" and L
8F = 0" onT | N  (4.1.2bl
an, : . -
Here "n" referswto.the direetion normal to the boundary. The

value of P’ is different for the exit and entrance boundaries. ‘In
‘practice the pressure drop was: not measured ) The effective
permeabllity, for the purpose of determining the velocity fleld
‘only, ‘was . obtalned by a351gning P’ . the values of unity and zero
for the entrance and. ex1t boundaries, respectively,‘and using the

calculaied pressure drop for the one dimensional exit region and

the experinéntally obtained flowrate  to caloulate a hypothetical'-'
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P value f‘or- k. ~That - permeability was. used; along with the

. normallzed pressure dr‘op across the bed, to calculate' the Darcy
N L , . v e
‘\flow f'ield over the entire bed _ b

The convection dispersion equation (1 2 1) is solved us1ng.

Danckwerts boundary condition (equation 1.4. 4) at the inlet or,

LY

. mone us lly, the fixed inlet condition of':

.~

C=C.  at injection . (4:1.3)
%€ _p. (4.1.4)

o

on all other boundaries.

.The weak variational f‘or‘in f'or the Galer‘kln finite element

,method of the'pressure and dlspersmn equat1ons is g1ven as

(Hayes 'and Tanguy, 1988; '

';' ' ' (Vy,%P) =0 ° . (4a.1.5)
and .
aCc mosn e = \ :
¥, —[ + ($,U-VC) + (Vy,D-TC) = 0 (4.1.8)
-8t S
. )

where ¥ is the basis function and the inner prdduct, fﬂ xyd®, is
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"denoted as (x,y).’ Thé'resﬁeétive solutlions are approximated as: )
P=Zw P (4.1.7)
i . S
. and ' o SRR
I'e 3
C= z'wl c, : (4.1.8)
. i ) 7
for‘nodes i. .

- The time stepping was accqmplishedvusing the Gear schene:

‘QE _ 3Ct+At_4Ct;Ct—At

(4.1.9)
ot |t+At 24t

rather - than “the firs£ gorder'.imp1jcit .Euler scheme- (Hayes.vand

Tanguy, 1988): - . ¥
“ . tht- t .
8c =c € | - (4.1.10)

3t [t+At At

‘The advantage of- this éhoice isvless-humerical dispersion for a v

. ) .‘-u,;.‘&)‘
 given.t1me step (Hayes and Tanguy, 1988), although it r%gqﬁﬁeﬁg

more storage.

e
Ve




4.2 SIMULATION RESULTS

Numerical testing of the dispersion models with the motive of

. obtaining a practical model for computational purposes led to an
evaluation of two model types Koch & Brady (1985) (KB) analytical

and modified analytical results and Fried & Combarnous (1971), ‘

(FC) type correlations An alternative dispersion model based on
.the FC' and KB results is proposed that gives better - agreement

- with the experimental data in simulations Regarding .other types

0. dispersion models and'related effects it .was found ‘that the

.transient and the (to be discussed shortly) path length dependence
' forms, particle diameter def1n1t10n and type of boundary conditlon
employed were not dom1nant in'any 31tuation and they, along w1th

numerical,{dispersion, are  disc issed briefly in the next few

paragraphs. ‘A discussion of the simulation testing of ‘the'

dispersion models' is presented follbWing a review of the

preliminary checks on boundary condition and particle diameter

‘effects numerical dispersion _etc. The - simulatlon plots are’

'grouped at the end of this section, along7with tablesvdetailing
" the simulation runs and a'list of abbreviations used.

Typical particle diameter effects are shown in Figures 14 and

15 there is a slightly greater change for the higher flowrate run

-

v(#l 6.7 ml/min) than for the low flowrate run (#8 3.5 ml/mln)

but not a significant amount whjaaﬁompared to other effeCti/EQQQ v

as choice of dispersion model The definition of Han et al.

(1985) was used systematically for the model comparison runs.

110
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| The choice of boundary condition is shown to be of little
'importance for these ‘experimental. conditions in Figure 16,
v‘virtUally no difference is .seen between the two Since<the fiwed‘
‘condition (C=C at Z=O) 1s simpler, it was used consistently in
' ‘the comparison of the dispers1on models

To check numerical disper51on both the time step(s) and the
mesh ‘size have to. be considered They,are_mutUally dependent; a
coarserlmesh may be used when small time steps are .taken, and
Eelativelyplarge time steps may be:taken when fine meshes‘are

.employed. - The critical part’ of the simulation is when the

displac1ng front is in the narrow entrance region to the core; the

Peclet number is very high the gradlents steep, and the ve1001ty
field is highly two dimensional. If the quantity Uh/'Dl isigreater
than one, where h is the“localimesh size, numerical-dispersionvis
a problem; low velocity areask‘then help meet this constraint.
' When the- front has‘moved.past‘this’entrance section to the low

‘veloc1ty exit reg1on numerical. dlspersion is- less of a problem

A larger t1me step may be used at that point in t1me a small time

step is only necessary for the time  that the front is movingb

through the high velocity entrance region.. As shown in Figure 17
for a high flow rate run, the time step to‘use for a particular
flowrate is safely determlned to within a factor® of at least two

in that plot is shown the results for cases where both the init1a1

and the final time steps are halved with no appreciable effect on

the breakthnough,‘ In Figure 18, for the larger core and moderate

flowrate;,phangingvboth‘time'steps by a factor of three (from

AR}
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(1,3) to (0.33,1)) had no significant effect.

Figure 19, shows the minor effect g% changing the number of_“
elements in the axial direction from eighty to ninety Figure 20

shows the slight change brought about by concentrating the grid in

the entrance region compared to using a- uniform mesh Fbr the

“purpose of . calculation of the flow field (solving equation 4, 1 1)

\

an "injector region"‘was assumed Using this numerical dev1ce
‘alleviated the problem of numerical singularity in the pressure

‘boundary condition at the corner of the entrance wall. The number

of - elements to concentrate radially in this area was specifically

o

checked too many would: reduce the number available for the radial

distance _between the edge of the injector and the wall (hurting.

-the solution there) and too  few would not give a’ suff101ent1y

L

accurate flow field for the very 1mportant entrance region This

injector region was not used in the solution of the convection

\

dispersion equation (1 2.1). Figure 21 \shows no impact fromg.

”'varying the injector region mesh size in the @@lculation of the

Darcy flow field Finally, the general dispersion  effects that

were avoided are shown in Figure 22. Dispersion model comparisons

_were typically done using a 20x100 ﬂmsh (radial by axial 2x5 at
the inJector) with time steps of (0.5, 3) seconds for the high'

-velocity runs and (1 5, 3) seconds for the low velocity runs

Since the concentration proflle is roughly parabolic by the

time that the front has moved a third of the core length it was.

expected that transverse dispersion would contribute significantly

in the remaininggportion of the bed. However,las shown in Figures

Fad
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23 and 24, that was not the case In Figure 23 ‘the inlet al and

'the outlet B for the FC model were varied together to no effect
Figure 24 shows that ignoring transverSe dispersion entirely is
not unreasonable for the experimental conditions of this study

While Koch & Brady (1985 & 1987) do not give time dependent

equations suitable for use»here, ‘the effectjof using,transient

dispersion coefficients was examined'qualitatively; Longitudinal,

1éiispersion coefficients were,calulated using the FC or KB model,

but the result was then multiplied by a factor of the form

’factorslfexp(—a*t) - . (4. 2 b! o*

A
! s ' -
SR )
\ . . ' ‘ et

(or-0.1, whichever was greater, to avoid eliminating completely

dispersion) where "t" -denotes - the 'time"elapsed: since the

concentration at a node became ﬁan—zero e.g. greater than 0.001.

_ The parameter 2’ was varied over two orders of magnitude ’ as
wshown in F1gures 25 and 28 the primary result is simply decreased
dispersion with very little change in- the characteristic shape
(tailing) of the breakthrough curve‘ o Figure 25 shows the
application to a moderate flowrate run for the various values of
‘the tran51egt factor and Figure 28 shows the effect for varying
'flowrate |

A more ’straightforuard"attempt ‘to accomodate transient
.dispe sion coefficients was:. made by using the -experimental result

of Han et al. (1985). They show D to increase ‘in approximately

the same form as that given by equation (4 2 1) _using path length

TS



ninstead of time as the independent Jvariable. . Follbwing this

of the breakthrough A sample result is given in Figure 27¢ \The"‘;tga;

simulations are fully documented in tables however.

ALy AT e

‘ ' ' ' - ""‘,a‘" : '2:1{

“LVI

B

approach and multiplying the standard disperséfn coefficients by
)?}

. this path length factor gave once again a. primary result ‘of ‘h?f

decreased dispersion rather -than changing the characteristic shape ‘f'?.f‘

e

correction factor used was taken as the maximum of 0. 1 and <M_f ”%;iﬁﬁ
‘ } z . . | . . . ' — ’ '.' ' - " » . . . ,... : a;ha
: ~ ’ o ‘ R wt'-"'* " .
.(//i// factor=1jexp{—10.25?ald*(path length)/Pep} (4.2.2) }
1 . . . Tl ‘ " g

It is important to note that for 31mulation purposes it is

relatively straightforward to curve fit a dispersion model to a

'Qparticular set of breakthrough data given a sufficient number of

adJustable parameters\ ‘In order to obtain a general or reliable

.set of disper31on parameters 1t must also be shown that theyv

predict as accurately the breakthrough curves for a variety of
core dimensions and flowrates

Many different dispers1on model Varlat1ons were run but only

-,the most reasonbly successful plus a few included to 1llustrate

: certain< trends ‘are shown in the figures to follow; The

A few general points should be made regarding the results

Since the Peclet nUmber range is very large  (in the thousands at

the entrance dropping to as low as thirty. at the exit), it.is not
really expected that  one dispersion model or one set of -
parameters for a particular model, would suffice over‘the entire

domain;' As these results Show, i1t is necessary to have different



'models or model parameters for at least two flow regimes high

" Peclet: (greater than al 50) and low For the FC model there _

o

,are four adJustable parameters (efﬂectively two for our case,

R

- since transverse dispersion was not significant) while the KB

. longitudinal dispersion model allows for one significant

o adJustable factor on the (primary contributor) ¢Pe ‘ln(¢Pe ). tern.

'X\'-

_The standard dispersion models d%re tested for all runs to prov1de

base case comparisons for subsequent s1mu1ations and generally

:“'P

, tho»most successful of bhe latter predict higher dispersion at Pe

o ‘,. p
oger 150 than has been previously presented in the literature

vFor the purpose of comparing results between ‘cores, the exit

Peclet number was listed in Table 2 (Ghapter 3) for each run The
L

°correspondenca between cores ' of different d1ameters cannot be

“exact. QIFF‘ when the exit Pep are matched, the entrance: Pep

conditions in the thinner core have approximately twice _the

magnitude of those 1in the wider core. - : g,

Characteristlc of all of the experlmental breakthrough curves

aobtained here is a rapid climb fdllowed by a .very slow approach to

the final value;’ this talllng ‘was at first -assumed to be the

result of the boundary layer disper51on mechanism (transience) ‘as

described by Koch & Brady (1987 a- & b) as it is claimed there to

' vbe the cause of simllar ta111ng in other results. Th1s was

simulated in the transient and in the length dependent dispersion

4

'correction models, given as equations 4.2. 2 and 4 2.3, and those'

results show very little increased ‘tailing. . It became apparentlu

\

that -the only source . for .thevn,tailing was the \initia14

@




¥
‘parabolic—type concentration profiie that was always "matured"
before the front left the entrance region, the first third of the

‘core. Subsequent longitudinal dispersion can hide this effect if

the core is long or the low Peclet dispersion rate assumed is very'

high but usually only contributes to the leading edge of the
breakthrough Most of _the tailing was the result of very high
dispersion ratfs in the entrance region apd models that predict
that‘type of high Peclet ~ high dispersion behaviour gave the best
match to the experiments Plots are shown where these'high Peclet
_dispersion parameters are varied along with the cutoff Peclet
point The FC- KB model was then seen as the natural one to’ try,
becausgéfhe FC(2) model that gave the best results had a 4, S*Pep
dependence which is approximately the same as- 1n(¢Pe )*Pe’ for
Peclet numbers above. 200. and below 8000 Koch & Brady provide the
vphysical basis for _theqxnatural jlog‘ term, (boundary layer
dispersion) validating the substitution for at least high Peclet.
The followlng general patterns may be observed ':(1) better
\fits are obtalned as flow rates ‘are increased : (2) As the

particle paﬁgglength or duration of the run spent at low Peclet

vnumber (front moving through the ex1t potion of the core) is

increased the fit is better. 4 better fit may be generally

described as one -that better matches the tailing In fact very
-.acceptable results were obtained for the high flowrate large

(6x1. 5 inch) ~core for the standard FC- model, suggesting that

o entrance effects have been somewhat overshadowed by that point

swdéﬁt@also implies that it is only the entrance region model that

FEY
Wt
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% o
@nequires adJusting. at least for the higher flowrates and that

» the standard FC exit model works for low Pecle$ num%?rs (less than'

about- 150) All of the low flowrate runs underpredicted/tailing

As the core length increased for these runs the tailing was better'

h ]
matched, but not to the degree that was achieved in the higher

flowrate runs. , A r

For . the following discussion please refer. to the list of

-

abbrev1at10ns tables and plots at the end”of this,section. For . -

the .sake Qf gomparison, Tmote thy exit Peclét numbers were

approximately matched at 235 for\the le and 3x1 inch cores (runs.

s
20 and 1 respectively) at’ 125/40r the 3x1, le 5 and 3x1. 5 inch
cores (runs 6, 23 and 11 respectively) and at S5 for the 6x1,
» . 8

3x1, - 6x1.5 and 3x1.5 inch cores (runs 32, 7r 27 ,and 22

respectively). The tables are 1n order of run number.

Figurex 28 to 31§show the results for the small (3x1 1nch)§§

: 4
-core (Run #1) at high flowrate 6.73 ml. per minute. Figure 28

—

”shows a compar1son of the effect of changing the'powers (B) on.the
FC ‘models to changing the mult1p11ers (a). lhe change in inlet a
does ‘well for the. leadlng edge, but the trial with the very high
1nlet B does better on the tail. Various FC models are shown in
Figure 29 which presents the testing for the best value of cutoff
Peclet and for the best’ high Peclet dispersion model... The FC(2)
-Wwith « of 4.5 at the entra ith a cutoff Pe of 150 does ‘as
well as any there, but still does miss the taifing somewhat..

Figure 30 shows that an enhanced hlgh Peclet model does better

than a standard FC, but neither Ps completely acceptable.. Figure
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31 shows some . variations on the KB model none of which are -

. ®
~clear1y superior, although the KB(Z) does slightly better with

“respect to-tailing . » ' IR -

\'.'

The moderate flowrate (3 58 ml/min) 3x1 inch core (Run #6)

s&ﬁiations are. given in" F‘igures 32 and 33. No (FC) result shown

in Figure 32 does well on the tail but in Figure 33 the trend 1s'

that FC -KB ‘does the best, slightly better than FC(2), and

substantially better than KB. Compared to the higher flowrate

d
rg&;lts for run #1 these do not model the tail as well.

A complete round of plots for the low flowrate (1 56 ml/min)
"N,

\
small (3x1 inch) core (Run #7) are shown next. Figure. 34 shows

" that reatly increasing the FC dispersion does predict better. “yet
fails to produce t%illng Even a power of 1.6 on Pe# for the
'entrance region. does\hot have "a. strong enough effect; that power
does when it is applied for all Peclet Fi%%ge 35 shows that the
Pe cutoff point chosen is not critlcal for the FC models. Elgure
« ’ - .
'v36 shows that FC(2) does better than FC-KB here,“ and both better
‘than KB. The difference. in the results for the’ variations on KB,
shown in Figure 31, are not substantial. If the FCfﬁB model is

dgiven a boost on a{'(up from one), it might be thevbest mode1 for

lower Peclet. i.e. though it seemed to diverge for Run #1 which

has Peclet numbers roughly 4.5 times as large, this‘lower flow

: rate run has its dispersion underpredicted and an enhanced FC- KBA

might%k 3
. Y v ) @
Runﬁ#ll: high Tlowrate (6 7 ml/min) 3x1.5 inch core, results

are mote encouraging Figure 38 shows that a high povwer for a low
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cutoff Peclet completely overestimates the dispersion, while‘an
enhanced high Peclet region model with a slightly higher cutoff
does not. give. significantly different results from a’ standard FC.

Results better match tailing than for the small core. Figure 39
shows that varying the Peclet .cutoff above 150 does not have a
strong effect, and that greatly increasing the entrance a still

does completely capture the ta111ng Figure 40 shows the FC-KB

model to do sllghtly better than the FC(2) on the ta111ng, with KB

still not'achiev1ng ver¥ much. Figure 41 shows that the choice of

permeabllty for the KB models is not critical, while also showing

\that,1ncreaslng-KB_dispersion‘does not help in the tailing but

moves.-more to symmetry.

T

its s1mu1at10ns given in Figures 42. and 43. Theymciearly show -

that while . the’ FC(2) enhanced high Pe model (Figure,43)‘does
better‘ than the KB variations, more dispersion"is needed,
especially in the entrance hlgh Peclet reglon

‘,‘Figure 44, for the 6x1 inch high flowrate (6.7 ml/min) run,
shqws;that,either of a very high a or B f;r the entrance FC model
.stronély- overestimates the dispersion. ’ It also shows that a

standard FC does well on the initial part of the breakt hroUgh as

well as the’ FC(2) model having an entrance a of 4. 5, but does not-

o cover the talling like that FC(2). Results are significantly,.'

better for this core than for the 3x1 inch core. Figures 45 and

46 show the familiar pattern of the FC(2) model bettering the KB

and KB MOD variations. The leading edge can be obtained

119

. The moderate flowrate.run # 22 for the 3x1.5 inch core has' "
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.satlsfactorily, but not the taillng

The tailing for the low flowrate 1 58 ml/min, run #32 for /~*~

4the same 6x1 inch cdre is Tore closely approached by the FC models

»,

shown 1n Figure 47 large variations ﬁn parameter values did not

have‘ much effect because of the relatively low Peclet numbers

) ¢

involved The result is "in line w1th others in that - the longer

cores tend to  be better modelled by a standard FC equatlon

. However the tailing is still not completely matched The'FC—KB

model, shown in Figure 48 does not do as well as the‘FC(Z)

models, but both once again do 51gniflcantly better than KB or its - :

modlficatlons (Flgure 49) The results are better than for the
short core same flowrate run (#7) due to the: relat1vely increased

1nf1uence of . the low Peclet ex1t model for the longer core.

The h1gh flowraté large/core (6.7 ml/min, le 5- inch #23)

run was well reconstructed us1ng<g he - FC, th FC KB and

' particularly the FC(2), with the high' Peclet a of 4.5, odels.

See Figure'SO. The standard KB in Flgures 51~ and 52, still does

not capture the tailing, which by its prescence 1nd1cates that the?

entrance effects have not . been completely swamped These reSults

_are - the best of all of the simulatlons attempted The initial
climb is captured by all models although more d1spers1on may be -

needed at the entrance to c01nc1de exactly with the experimental_

s

’data the breakthrough is not as sensitlve “to entrance model

effects for this run as it is for. smaller cores 'andfclower
hads ' - : , 2

~ flowrates.

_ The- large core modeérate flowrate run. (6x1.5 _inch, 3.03 N

r
[d]

L)



4'.durat10n at low Peclet number. Speéifically,-the

ml/min #27) was not modelled quite as well as the high flowrate

4'run; the tailing was given best by a high power on an entrance

Pep, although a° moderate value (4.5) for u gives nearly the same -

result. The FC(Z) variations (Figure 53) generally miss slightly
on the tailing Shown in Figure 54, the standard KB model'still
does not do as well as either of FC(2) or “FC- -KB.  The KB
variations 1nvFigure 55 doinot exh1b1t the necessary tailing

4 -
Rev1ew1ng the runs whose exit Peclet s match it can be seen

that those runs which do not pick ‘up t e tailing, despite having _

-the same Peclet number for most of the cggg ware those that have

the shorter path length, i.e. those that have a relatlvely‘shorter

core runs 7 and - 22 have more talling than predlc ed (at Pep'of

55), while: the corresponding B 1nch core runs, 32 an¥ 27, were

'tbetter modelled * The dispersion in the exit region fomM those

.'longer cores, at; the ‘lou \Peclet ‘nUmber tends to be modelled‘”

successpully by a standard FC and that overshadows theé: entrance

,.-9—-—-—\
'effects Compar:ng the thln core runs 7 and 32 to the wide core

ones shows that the results for the wider cores better match the

tarllngu With the relatlvely higher Pe in thegentrance region

this is to be expected<‘ There is: also ‘a somewhat longer path.

length for the dispersion in a w1dg core over which the amount of

dispersion accumulates, masking _the. entrance effect' on the

breakthrough;

Tha higher ‘Peclet number runs were consistently better:.

modelled. This is due in part to the increased dispersion at. the

inch length"
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exit tending to overshadow the entrance effects but bthe“;best
results were' for those simulations that predicted enhanoed

. dispersion, either through a KB type log term or through a FC(Z)
model oontaining a large value for @, at high Peclet. . This.‘
allowed the tailing to be matched without. sacrificing’tthe.

'prediotion for the leading edge While the€ longer cores were

generally better matched because of tbe relatively long time thev~

o ]

e

front is moving at low Peclet number it may be that’ even the low.
Peclet number models slightly underestimate;/dispersion;‘ The
dlspers1on in the high . Peclet zonev was significantly
underestimated by the FC STD and KB models in contrast.
Whlle the KB runs ~did not do well'for:capturing the tailing,
they didfﬂnot-- well in predicting the .leading_ edgef_of: the
,bneakthrough; either lhe‘conolusion is that theyeunderphedict
jdispersion levels for high ?eclet numbers, and ovehpredlct_for
" low. The transitionfpolnt is.around a Pe of 150.
.Fof the following‘tables and plotsy the abbreviationsumsed
e . , :
FC' o  >: Fried & Combannous (1971) equations (2.1. Z)jand)

(2.1.32 app11ed for. all Pe -w1th parameters listed as (a ) @,

vel’-st) _ o
Fcstp . FC using (.5, .025, I.2, 1.1) in the above
» /u . ) R - oo
/ notation. A '
i | . .
/ FC(2) Using both the hlgh (eqn 2.1.4 & 2.1. 5) and the

/ low (FC STD) Peclet number models with the- cutoff Pe given in
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parenthesis. e.g. FC(Z)v(260)'was.the_defau1t dase. ‘
FC(2) STD - (1.8, .025; 1, 1) for high Pe ‘and FC STD for the
low Pe flow, from equations (2.1.2) to (2.1.5). ‘

- FC(2) STD Matching v (1.82, 0436 1, 1) for high Pe and FC
.fSTD for low. The parameters were set‘by matching the predicted
‘ivalue of the. dispersion coefficient at ‘the cutoff Pep{ i.e. As perv
Fried & Combarnous (1971) ‘the transitionvfrom the loszep model‘
to the high Pe one occurs at Pep approximately equal to i?p. for
a matching FC model the two are set so that they produce the same
number for the d1spers1on coefficient at that ‘common boundary

KB ' Standard Koch & Brady (1985) model equat1o§%

D

(2 1. 29) and (2 1. 31) Note that either a d1lute bed permeablllty
(eqn. 2.1,18{‘ assumed in the standard KB model) or a more
realistic:value (eqn. 1.1.15) produced using the Ergun equat1on
may‘he used; the choice is usually taken to Jbe the dilute one, but
if the Ergun one is applled it is noted 1n parenthesis after the
model name. e. g KB (Ergun) b__ ‘ |
KB MOD KB modified to give a AKB*¢Pe"1n(¢Pe ) term where -
: AKB is a constant subJect to change for various m1crostructures
AKB has a value of w ¢ /B in- the original KB model equation
;(2.1.29). .This adjustable parameter was . given by Koch & Brady
-(1985) as a qualiflcatlon on the1r model. B
hlfKB(Z) . KB MOD with different values for AKB for the h1gh
- and low Pep domains _ They are 1, .5 and 1, respectively, with the
cutoff Pe given in parenthe51s after the model name., e. g KB(2)

(150). " - B ) . ' , -



KB U : - KB based on interstitial velocity for Pe. : ire.

PeP is used everywhere in place of ¢Pep; Only a few runs of a

) speculative nature were tried on this model, as it produced far_o

1:,,

too much dispersion

'~‘FC—KB . L For low Pe#;_FC STD is used. For high Pe? {(over

..15Q)' ) o ' v | ) ‘ - : '%M;Lf:d
-
D, = Pe * In(¢Pe ) A (4.2.3)
1 P i P . :

This form was inspired by the KB model.

LD Length dependence, equationi(4u2.é)

FH. . . - Fair & Hatch d., equation (1.1: 2) "

F ,;-’ Fixed C= C boundary cond1t1on' (BC)? eqn. (1.4.lf-
b l ' Danckwerts boundary condition eqn.~(1.4;4)'

-

For the follow1ng tables, the mesh used Wwill be spec1f1ed as

the number of elements in the core (radial x axial) plus the

number used for the inJector area in the flow field calculatlon
The time steps used are spec1f1ed as (t i -t ) which refer to the
step used urfil fhe concentration front is out of the entrance

region (t1)' .and the step used thereafter (ta)' Except where

noted, th€ mesh was uniform ' (quadrilateral elements)nf' For the -

FC(2) models, the parameters for the hlgh Pe are'given'first
with those for the low Pe region are given in parenthesis in the

line below in the format (a,ﬂ& B B )

|
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.",#

- Mesh

60

61

63

84

- B85

66

67

77

89

95.”

g7.
113

185

10x100 .
2x5

Table 4:

Han

4

FC STD

'FC

BEL

FC .
(/5,.025,1.8,1.6)

FC -

(.5,.025,1.6,1.2) -

L ey,

. FC . ,“\ .

(.5,.025,1.2,1.4)

(.5,.025,1.1,1.3)

'FC(2). (260). ,
(1.8,.025,1,1)

" (.5,.025,1.1,1:3)

FC(2) STD

" FC(2) STD -

v
-

‘KB MOD I
AKB=H¢3/B -

- Run #1 Simulations (continued)

-

. i .
$45, . 025%4.6,1.5)

(.5,.025,1.6,1.5) .

(.6,.03,1.2,1.4) "y
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Mesh Time

Steps

©anzgv,
1.

Model

246

313

314

320

334

346

347

© 360

. 365

376

387

20x80 .5,.5

" -5x1

20x100  .5,3

2x5

20x

2x5

0

llﬁ

100 .5,3

Tgﬁ}e'4: Run #1

W, av 'y

z'fKB

FC(2) MATCH .
(14.086,.0436,1,1)

(.5,.025,1.2,1.1).

FC(2) STD_MATCH

FC(2) STD MATCH

‘Transient, a=.01

FC(2) .

*(1.52,.0436,1.6,1.1)

Low Peclet FC STD

FC(2)

"~ (1.52,.0436, :8, .8)

Low Peclet FQ'STD

FC(2)

(45,.0436,1,1) .
Low Peclet FC.STD -

FC(2) .
(4.5,.0438,1,1)
Low Peclet FC STD

FC(2) (150) - .
(4.5,.0436,1, 1)
Low Peclet FC STD

FC(2) (200)

(4.5,.0436,1,1)
Low Peclet FC STD

FC(2) (150)

(4.5,.0436,1.2,1.1)
Low Peclet FC STD

KB (Ergun?

KB U1 (Ergun)

Simulations (continued)
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# . Mesh Time = ‘BC d - ' Model
' Steps

‘ g ‘ , ‘
399 20%00 © .5,3  F  Han . KB MOD -

2x5 . - - AKB=1.65%2

400 -+ " " L KB MOD -
: = AKB=1.65*3 g

407 ", " o o ) KB(Z) (150)
, . ' ' (dilute)

424 B R R ~ FC(2) (150)
PO (4.5,.0436,1,1)
s Low Peclet FC STD

425 " 1,3 F ne "

428 o 5,3 o "

Table 4: Run #1‘§imu1ations



&

# Mesh Time °  BC d Model
Steps
39 10x60 4,3 D FH FC STD
' 2x5 '
40 10x100 4,3 " " "
2x5 -
a2 10x60 Y " " KB MOD
2x5 AKB=1t¢s/6
43 " n " Al len ."
44 " " n Han "
45 : " " " " FC )
| (.6,.03,1.2,1.1)
48 " n jl/ " %
' ( 5 .025,1. 15)
47 n n " " FC 4,1. ~‘ v ‘
. (.6,.03,1:25, 1. 15)
. “? G h S .
48 : - n n n 1] FC }
o (.5,.025,1.3,1.2)
49 ;u. " " 1" FC STD | ‘
50 . “ FH FC /L
(.6,.03,1:2,1.1;
51 n " " " ’\I:‘C ]
' (.5,.025,1.25,1. 15)
52 ", 41‘!‘ T n n FC )
(.8,.03, 1.25,1.15)
- 83 " 1 " n FC .
(.5,.025,1.3,1.2)
54 10x100 " " Han . Fc o7
1 2x%5 . (5 0251815)
k) g R
Table 5: Run #8 'Simulations (continued)
: S ) . . -
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" Model

Table 5: Run #6

# Mesh Time BC dp
' Steps
55 10x100 4,3 D Han.  FC -
2x5 ‘ (.5,.025,1.6,1.2)
68 " " u‘ " FC ’ . .
(.6,.03,1.2,1.4)
89 11} " H, "‘ . FC
A - (.5,.025,1.2,1.4)
70 " " n " FC
' ] (.5,.025,1.1,1.3)
79 n " n n FC ( 2 ) STD
81 n n n " Fc(z)
_ (1.8,.025,1,1)
. (.5,.025,1.3,1.1)
114 . 20x80 1,3 " . FC(2) STD .
5x10 .
130 " " " " F-C .
(.5;.025,1.22,1.12)
131 " " " " FC vME . j
- .(.04,._92,1.1'3', 1.05)
. 140 " Mu e " " FC -~ .
(.5,.025,1.1,1.05) .
152. " " 1] 1] FC - ) ) . L
' (.5,.01,1.2,1.1)
153 n n ". I;I FC ) ) -
' (.3,.025,1.2,1.1) -
154 " " n n FC A "
(.5,.025,1.2,.8)
155 ) " : .,'" [ " FC .
’ e (.5,.025,1.1,1,1)
162 " " " "

FC(2) STD ‘Match.

Simulations (continued)



Mesh

i
3
Kl

163

164

. 185 .

166

167

t 1168

184

192

193

194

v

195

20x80
2x5

FC(2) - Match.
(2.2,.0436,1,1)
(.723,.025,1.2,1.1)

FC(2) Match.
(1.4,.0436,1,1)

' (.46,.025,1.2,1.1)

FC(2) Match*
(1.8,.0438;1,1).
(.592,.025,1.2.1.1)

FC(2) Match
(1.8,.025,1,1)
(.592,.0143,1.2[1.1)

FC(2) Match
(1.52,.01,1,1)
(.5,.00573,1.2,1.1)

FC(2) Match °
(1.52,.06,1,1)

(.5,.0344,1.2,1.1)

KB MOD -

k%

FC(2) Match

(1.8,.025,1,1)
(.5,.025,1.23,1.1)

FC(2) Match

. 2(1.4,.025,1,1)
. (.5,.025,1.185,1.1)

FC(2) Match
€2.2,.025,1,1)

(.5,.025,1.266,1)

FC(2) Match
(2.2,.01,1,1). .
1.5,.025,1L286,.835)

Table 5: Run #6 Simulations (continued) -

‘)
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# Mesh Time BC d . Model
7 Steps

©

196 20x80 .. 1,3 D Han FC(2) Match .
5x10 i (2.2,.06,1,1),
(.5,.025,1.266, 1. 157).

. 197 " ) . ] " . " n 4 FC ( 2) Match ‘ _ ~1
‘ : (1.4,.06,1,1)" Co .
( 5,.025, 1. 185 1, 157) T

198 " " " S FC(2) Match
(1.4,.01,1, 1)
(.5,.025, 1 ‘185, 835)

v 231 . . " " " n ‘ Fc(z) Match .
: o (1.852,.158,1,1) .
(.5, 035 1. 2,1. 1)

232 " " oo FC(2) Match
' , : (4,.0436,1,1)
(1. 374 025 1.2, 1 1)

. 233 n " » " . n ’ i "Fc(z) mtch
. - o - (1.52,.403,1,1)
(.5,.025,1.2,1.5)

234 " & e A FC(2) Match 2
: ces 0 - (14.06, .0436,1,1)
(.5,:025/1.6,1.1)
21 e e FC(2) Match
o o o | © (130,.0438,1,1)
. : B SR (.5,.025,2,1.1)

242+ v B ' FC(2) Match
L - . (.025,.01,1,1)
B o ) (.025,.01,1,1)

n ‘ e ‘ ’ n ) - t X " ) : Fc(z) Match
. ' (14.06,.231,1,1) - _ L
(.5,.025,1.6,1.4) }

’ .f‘ " . - . " . aw u ‘ ) FC(Z ) Ma%h ) S . v
R (14.06,.00822,1,1) -
S e - | (.5,.025,1.6,.8)
S . - 5 : e
- .Table 5:  Run. #6 S1mulat1ons (continued)

PRI




Mesh

. 304

305

306

307,

1o

308

366

377

408

20x100
2x5-

Han -

- FC(2) STD Match. -

Transient, a=1

FC(2) Match.

- (14%6,.0436,1,1)
<(.5,.025,1.6,1.1)

Transient, a=20

FC(2) Match.

(14.08,.0436, 1, 1)
- (.5,.025,1.6,1.1)

Transient, a=1

FC(2) Match.

(14.06, .0436,1,1)
(.5,.025,1.6,1.1)

Transient{ a=.1
FC(2) Match.

(14.06,.0436,1,1)
(.5,.025,1.86,1.1)

Transient, a=.01

+

KB (Ergun)

KB U;}(Ergun)l

KB MOD

.AKB=1.65%2

Téble'S: Ruh #6 Simulations

.
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@ Mesh Time " BC d Model
- Steps .
56 10x100 4,3 D ~Han , FC. .
2x5 : i (.5,.025,1.6,1.5)
. 57 n [1] n n . FC ' )
b ] . (.5,.025,1.6,1.2)
' 58 n m n ) n . :_. FC STD a
5g - ' " " " n B FC
: (.5,.025,1.8,1.86)
117 20x80 1,3 " "o g FC(2) STD
2x5 )
188 " " u’ 'INV KB MOD )
- 5KB=n¢s/B
247 20x80 . . * . et " FC(2) Match.
5x10° co ' (14.06,.0438,1,1)
o (.5,.025,1.6,1.1)
315 20x100 1.5,3 » . FC(2) Match.
5x10 - (14.06,.231,1,1)
(.5,.025,1.6,1.4)
316 " " % FC(2) STD Match.
319 " . Y. FC(2) ,
’ (1.52,.0436, ™1)
Low Peclet FC STD
, 328 " " " " \ FC(2) - .'
: (1.52,.0436, .8, .8)
Low Peclet 'FC STD
337 " " ||‘ " Fc(z) .
‘ (15,.0436,1,1,;
Low Peclet FC STD
' 338 ;I 1 n

" FC(2) ,
' (4.5,.0436,1,1)
Low Peclet FC STD

' Table 6: Run #7 Simulatidhs - (continued)

&t
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Time

\Y

# Mesh BC X Model
‘Steps < | : AN
339 20x100  1.5,3 F Han " FC(2)
) o 2x5- '(45,.9438,1,1)
o Low Peclet .FC STD
342 " ",) @ n n Fc(z)(lso)
(4.5,.0438,1,1)“
Low Peclet FC STD
343 " " , " " FC(2) (200)
(4.5;.0435,1,1)
~Low Peclet FC STD
344 " " " " FC(2) (150) .
. (15,.0436,1, 1) .
Low Peclet FC STD
345 " " " " FC(2) (200)
(15,.0438,1,1)
Low Peclet FC STD
. 359 " ‘n no n A FC(Z) (1%) » .
(4.33,.0436,1.2,1)
Low Peclet FC STD
367 i‘ " " " KB (Ergun) -
378 o " " " KB UI (Ergun)
38‘9 1" n " " KB ..( Di lute )
398 " " n " ¢ KB (Di]‘.ute) .
- . ‘Mesh concentrated as
30% in 20% of core
409 " " R KB(2) (Dtlute)
418 (1] " n n FC_KB
Table 6: Run #7 Simulations
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Mesh

Time  BC d  Model ‘
Steps ' '

121

176

177

178

179
187
255

- 260

261"

. 285
‘311

323

kil

25x100

5x10

25%x100
2x5

Table 7:

5,3 ' D  Han FC(2) STD

FC¥2) STD Match.

FC(2) Match.
(1.8,.0436,1,1)
(.592,.025,1.2,1.1)

FC(2) Match.
(1.8,.025,1,1)
(.592,.0143,1.2,1.1)

FC(2) Match. -
(1.8,.01,1,1)

'- " " n KB MOD

AKB=1¢_/6

FC(2) Match.
- (14.06,.0822,1,1)
(.5,.025,1.8, .8)

FC(2) Match.
»(9.12,.0438,1,1)
/(3,}025,1.2,1.1)\

FC(2) Match.
(14.06,0,1,1)
. (.5,0,1.8,0)

11} »II ’ " . . FC STD m\’/’\‘.
.53 - F FC(2) STD Match.

» FC(2) Match. (100)
o ’ ' (1.52,.0436,1,1)
. Low Peclet FC STD

Run #11 Simulations (continued)

(.592,.00573,1.2,1.1)

" 4




4
Model

331

335

336

348

349

371
382
393

413

421

3
NP
EREE
e
LI
o -
R
T, .
° N

"

"
KAl

1

"

"

J

Table 7: Run #11 Simﬁlations o

- KB MOD A
- AKB=1.65*2.

.-FC—KB “;; ﬁfﬁ

Fc(2)
(1.52,.0436,.8,.8)
Low Peclet FC STD

FC(2)
(4,5,.0438,1, 1)

~ Low Peclet FC STD

Fe(2) |
(15, .0436,1.1)

~ Low Peclet FC STD

FC(2) (150)

. (4.5,.0436,1, 1)
LowgPéclet FC STD

. B : "d""-é
FC(2) (200)
(4.5,.0436,1,1)

" Low Peclet FC STD

KB'(Efgun)

,;KB”y;i(Ergun)
e .

KB (Dilute) ) i
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e

« 312 20x100

F  “Han ~ . FC(2) Match.’
2x5 : ' L "

¥
o

i3
>

324 " " “* - FC(2) (100). . :
: (1.52,.0436,1.6,1.1)
Low Peclet FC STD
'é B |
355 - " o S REC(2) (150). ,. ° ¥
- ’ (4.5,.0436,1,1)
Low Peclet FC STD

e,
W

e oo Fo@ asoy T
: ' (15,.0436,1,1) " *© b

. "“Low Peclet FC STD - . ‘
368 " T ,.KB (Ergun) ™ .-
s : " KB U, (Ergun) s
380" v " o KB (Dilute)
410 y " oo . KB MOD - - - Py
o AKB=1.65*2. - ' '
13
Table 8: Run #20 Simulations %
] . 'r .
;
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BN
' ~

¥
&7
' Mesh  Time BC d Model
7 w“« ¢ Stéps""
258 20x80 1,3 D  Han FC(2) Match,
* 5x10. | - (14.06,.00822,1, 1)
(.5,.025,1.8, .8)
. | >
301 . 20%100, F o FC(2) Match
2x5 (14.06,.0436, 1, 1)
P (.5,.025,1.6,1.1)
, LD, ald=15’
02 v, " S FC(2) Match.
¥ - (14.06,.0436, 1,1)
(.5,.025,1.6, 1.1
” LD, a =20 '
1d
303 s " o FC(2) STD Match.
o 3 LD, a_ =20
. . . P W
‘ ; ; _
2 7 25x100 v n FC(2) (150)
: 2x5 ° (4.5,.0436,1,1)
; Low Peclet FC STD
372 Con " " " i KB (Er‘gun) .
‘3. . " . KB U (Ergun)
394 . i N " n " KB (Dilute)
' Table 8: Run #22 Simulations
.
- .
U
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K |
139
# Mesh . Time . BC .d; Model
,Steps ‘ " 9
. :&”;‘%. . .
259 20x80 1,3 D Han FC(2) Match. :
5x10 _ : .(14.06,4g9436, 1, 1)
‘ . : o (.5,.025,1.6,1.1)
. . P o
310 zgﬁgoo- .5,3 F e FC(2) STD Match.
B 2 v [\/ | | |
325 " S oo " FC(2) (100)
(1.52,.0436,1.6,1.1)
x Low Peclet FC STD
327 " " L 7 FC(2) (100) ,
. : ) (1.52,.0436, .8, .8)
Low Peclet FC STD
340 "o noo woLt e FC(2) '(260)
~ - (15,.0436,1,1)
E Low Peclet FC STD
© 341 " B " " - FC(2) (280)
. (4.5,.04386,1,1)
Low Peclet FC STD
350 " oo o " . FC(2) (150)
' : . -, (4.5,.0436,1,1)
¥ _ Low Peclet FC STD
: ‘ . ' oo L R '
351 " o St relg)F(z00)
. . (47%5):0436,1,1)
o o - Low Peclet FC STD
a7a v KB (Ergun)
- 385 " " SR R KB U; (Ergun)
396 " " nhe KB (Dilute)
403 . v L m g KB MOD (Dilute)
' : AKB=1.85%2
408 , v woo woo : KB MOD (Dilute)
- , » - AKB=1.65*3 )
422 " ., [1] ' I H J@? FC"KB o

Table 10: Run #23 Simulations



Mesh

Model

293

294

2985

297

-298

299

300

309

326

362

B 2N

20x100
2x5

25x100
2x5

Table

.33,1

.5,3

L4

FC(2) STD Match.

KB MOD
| AKBén¢;/§

FC(2) STD Match.

FC(2) STD Match.

LD, a =15
. 1d

FC(2) STD Match.
LD,vald=20

2

O

T

FC(2) Match. U

(14.06, .0436,1,1)

(.5,.025,1.6,1.1)v

LD, a =15
. 1d

FC(2) Match.
(14.086,.0436,1, 1)
(.5,.025,1.6,1.1)
LD, a =20

FC(2) Match.
(14.06,.0436,1, 1)

(.5,.025,1.6,1..1)

Transient, a=0.01

FC(2)
(1.52,.0436;1.6,1.
Low. Peclet FC STD

%c(z) (150)

(1.52,.0436,1.6, 1.

1)

1)

Low Peclet FC STD

11: "Run #27 Simulations (continued)



# _Mesh Time  ° BC d Model . .
Steps ' o
- J
L ) . .
375 '25x100 .5,3 F  Han " ¥KB (Ergun)
f2x5’ . o
" " u‘ n v s / ) a1 O
386 KB U1 (Ergun) - - ' 'y
397 " " " " KB (Dilute) ., SRR
405 " " " " KB MOD (Dilute)
« AKB=1.65*2 .
406 " " no * 'KB“MOD (Dilute)
AKB=1.65*3 o @ |
416, " ", noo KB(2) (Dilute) ~ &
423 n L1} n £13 FC_KB ’
Table 11: Run #27 Simulations
i
£
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# Mesh Tine BC ' d , Modelg,; B
» Steps ' , ‘ % ’ .
KA TR -
* Q ; .-:'.,; ggf; Y
318 20100 “1.5,3 ° F  Hap FC¥2) .STD Match.
-' l"_,r}/ ; : : .‘ b
321 " " n J " .’, F:C(Z) . : ! .
: : ‘(1.52,.0438,1.6,1.1)' )
: Low Peclet FC STD I
» 357 .l.l " " wo Fc(z) (150)
: 7/} (4.,5,.0436,1,-1)
' ‘ Low Peclet FC STD
358 . " "o 'FC(2) (150)
, : (15,.0436,1,1) i
Low Peclet FC STD )
370 " " " " KB (Er‘gun)
381 " ‘n n n - KB U1 (Errgun)
‘9”,
302 " " " ! . KB (Dilute)
412 " " " KB MOD (Dilute)
S AKB=1. 65*2
420 w " n " FC_KB )
:}V
Table -12: Run #32 Simu}_ations )




143

UoTjRlIR

000 |

$1 2anSiy

— T T T T 1 T T T
L) - ~
B - \‘\I
- - Uy - THT19S -oeenn. \\
YPIBH R J1BJ — [¥PYS ------ /
i “% . - . \
x R /
/
N
i ‘
]
!
!
!
| 1]
] N
/ -
‘
i ) ‘
. -
¢ —
t s
!
- ‘ .
/1
3 ¥ ¢ -
3
A 3
+ -
r
- -
- !
N N
MWM . g
- A.
§ . \.\.. .
ot . \-))1;\.«4.\2.
— 1 1 i 1 _ 1 i 1 d _ |‘




144

uonyetre, p g# uny Gy eanfiy

o ~(S) AnIL
000} - a 005 .

f\B ~ T T T T — -v_ _..— ~
: . 10
f eI

S UBY — 9YEPS -----

. YOIBH % JI18y — QyZPpS ... \ .
T o UPH - 94¥PS - ——

:
|
|
L

%0 /2



145_

000!

T

T T T T

T T

SjpIeMNOUR) ~ TNHEYS -
PaxXly — T¥9%ES




146

T
o . .
r ’}
s 7
°0/0

' ,m.i.
>

9100 Trewg deig swrr )7 San I

- (s) gni )
oosi 0001 005 .0

&




‘147

00vc

&
-

9.10) od1eT deyg euryy “m:,. S

- (8) AAWIL
61 00V | .

!

pzmﬁm

j _ T L T A T ﬂ% .q ..~ L T ~ T + S r —
. \\\\lll _ O
/
R /7
b - : . , |
_ﬁ S MVH —_— N\Nmmmmm .......... . \
. P N . /
4 1S 1'8£°0 ~ L2HGBES -<---- / ,
L _ ;
!
Y
- o ]
!
/
!
- !
/ .
’ !
/
! 3
- \ | m
/
/
}
I \ ]
| ;
_... \ T
/ -
/
/
s
s 7 .
/ P
/
\,\
\\\
\0\\\\.\\
TTTTTTTTTTTTTT - _v
| i It L 1 ! i 1 1 1 1 1 R | N L )

09 / 9

~t



148 -

s -, v\
- _../ o0 . . ‘ .. ) N i .n,. . . | ) v ‘1
. - SI9®1H Ysel :gT eunSig
- (S) awiL
00G1 - 0001 ‘006
ﬁl T 1 R B " ' ' L _
r ‘ - 0 .
- - ‘
}9, —
, — _\
- A . N _n
- HSPH 06X02 — TULES - v |
, HSPH 08X02 — THGES «---rn | |
. . ) )
| B
! __ , | /
o - __— IJ qu
. Py , -
r w. L m ]
= A. v \ )
1 ) v
o u _~ ,.
\_ .
|
/
/



3

149.
;
I

~ . o ’
~

mpowﬁm NSECEED USo| QN m.pdmi

e

- (s) ami
0061 - 00bl . 006

[N

\J’ ) ﬁll u .~ T ”- LA — .— T T T — T T T - B
US9K 00TX02 WIOJIUN ~ LYBGES oo VA
|| 2100 0 %02 Ul US9K JO %0 — LUQEES ----- ! L
: . !
- o . ’ / )
- . ’ . ’ 1
R I . i
I
/
b e : \\.
!
| !
/. -
N \ .
\ -
/
. /
L !
. \\ s
B }... : .\
.mmf \\ ]
- L . .\\
. .\L\\ B




..~ 1 : HN : L \w. - | - o | |
10917 Usop 10308 ([Uu] ©i1g @andijg

(s) anz
-0

. o
- 00s! - 000l . 00¢%
_ ' ~ LT T A T T L e
-~ s . . : } .\\ _ O
. ; o
o OTXG — TYHLIPS -vooeen i
- , X
i GxXg - T¥9%ES ------ ! ]
r .
. i \ |
o _ .
« o . t N- .-
\ D | | R
) { o
- ) , . N
S M 15 O
. { ) R o
L { . i
] |
* - ~ .
. S 1
i ’ - g { / S
. Tﬂu. B : » . ] '0&
y.’..~ S ~ B
? y
: ! ; .
= ¢ .
. A . . N \l\\\
>, " N. ! 1 - L L 1 1 1 | 1 N N L |
. u.»wx,vu.- g .

¥



151

. N ) . « o s N | |
S}08]Jg uolsaadsig (eoltswiny -~ g2 eJdndig . . -
| (S) AWIL - _b
00St - 000t - . 008 0
e L A s S s ey B .
- . . -.1 O

GXZ+09X0T Ysey £y 8wl — 9469S ——
GXZ2+00TX0T Ysel{ :£'% W1 — 9YBLS

i GXZ+08X02 YSOW 'E'7 9WIL — QYHIIS ------ .
, 1 O

s, : =
] . 45 O

o
. L
j. - h u
T et 4 .
! 1 i 1 1 | 1 1 1 i I L 1 N L L




K IR i

R

wwomwhm.chzmymawﬁm mmpmymamw% yol

“ PEIES ~ QUEPES oo

821800 ~ QUPPES ------
Q SEQT0" ~ 9NEBTS ——
F\‘E.ﬁmo. - 9HLBIS --—

T

LS

%

e

99/2



)  S}08]JY 9sIsASURI] JO JWry  Hp
| | (S) anir |
00G 1 000} 006G 0

v ﬁl —~ . . - , r T T— .. T T T T T T )

| [ 3%ere estoasuess mam o TTHGGES. -
[ uols1adsip asiaasusl} ou — 1181988 ----=- | ./ 1

_ , \
: _\ )
- s F -
N - \r
[

o m... \ -4

/

- \
. - < /| y

\
!

o . ,\ &0
i * : ya ]
y _. S | 1 .||_|l.|l_... _ 1 i ,,_ l _ )] i .h IM




154

> ,m.co.ﬂmﬂm_\/ jusisue.a]. qer 2andry
L | (s) amir - |
0061 ooot : 00s 0

B

7_ T T T T T L— T T T T T

- SU90ES —— |
~ 9¥L0BS --— | ;\
10°0=% ~ 9YBOES ~—— |

— Qmo.vmm e . \\ , .




T

mpomtm pmmﬂm_ﬂ,gH .,..“@_m_. mpﬂmﬂﬁ

4

() amiz .~ - e
0001 005 e 0 N

=1 T ~T T T T T

T T T T T

e &

| D4 PIBPUBLS —" THETES ooivo|s
'q ymatsTRIL — TYPIES c--ei- |
04 PITPUIIS ~ooUZDTS

5 ‘,u.c.m.wmnou,ﬂ. = mmvomw o

&

(R AT o
* °
Yoo Ty R .
b . = . N - i3 ,
~ =
..-
o .
e
- . N .
B 7
~ »
‘ ' Su
- ———— - o a————— .\’\,'.D.b(,lf
- : N P
. - g v
- 1 1 ] < Y \ _ \ X \ , y
; " — .




R

A. . mwom

Al

0081

s

“«

S

tm mocmvcm Qm@ﬂp mcmq u

-3

| (S) FmiL.
ooct. 008

L

T .-. .- T — L T T T — 1 T

91 I2M0d X 'q 04 - 22HRSES - \\n e

S1="'" — 2zY10ES -----

N

DY .
02=F1s-~ z2uzoes ———




-

m,ﬁoﬁm.ﬁm\/,urm .”wm 2INTL]

(S) ANIL
009 ~ 00% 00¢
T T T T I !
. .. , . .. ..... \\ 1 o
(092) YOIBN 'PIS (2)0d ~ TYETIES ooee ;.\\
91 losod '@ WHH D4 — THORES ------ | \ 1
9'1 tosod !q 40T D4 ~ 1Y¥9¥ES —— i \ 1
m..v"*d QME oK lﬂmmvmm T \ \
| o otgeas —— | i S .
- /. i [
/ ™~
/ 480
. o
- F




158

- (8)od uwo sj00553 yjo3mp

(S) FWIL

‘6. 24Ny

.O 009 00% .00z :
N I T T T T :
8 T ]
- . ”Hmﬂmmw .......... \
7 . . _ ~ ..l.
. TYPEES ----- \
| TY99eS — i 1
Po) -
1409€S -~ — o i/
- 1¥eq9 —— . SRR 78 ]
— ‘ « ~\
1 , 4 ]




/

(S) ENLL

00¥

I

T# qzm,,domuﬁmmﬁou_ odf1 Hmﬁozmdm 251,

“ G'y=lo Qi 04 — THYPES
PI8PU®IS g ~ TYLBES’
, THEQD ———

- ‘




160

- (S) ANWIL
009 004 .
| ) .q ! _ T ,

- THY66ES e

‘ CTHLOPS mmne- .
THG9ES -~ |
TdLB8ES - - — \
THEQD ——

°2/0



161 .

a1 ie) OJ o E,zma.,
5 (S) AL S

000

o = T _ T Ly _ y _
| pavpums (2)od 9¥EQTS | [
B S 9d0¥eS “----- |, )
_ -o9yeees —— | )
R | S 9¥IaD ——
| 1 1 1 1 I 1 i 1 I



“a

$398530 od4], 1epoy pg” sinfiy g
e ®wm ‘

006G~

1
i

'~ UnBad gY - 9499ES ceean | -

: ._ . . §:-N ‘ o.o
s , : . o e PR . T

(2)0d - oueszss | . - /f e

B1-04 -“'9ug0¥S —0 0 | - -/
9d1an —_— .

N ~
At )
I . . . -
) - - -
18
.
h . 3
B &
' ‘ L
A &
| )
< - .
. P
. 7 ) )
. o,
. ! S . 2 f
- -
: o
- - v °
ro,
s o
. =
- . L : ..
%.n . . O o . ) . .
. <> N




163

" 005!

(S) . amiL
‘.. 008

mﬂomﬁﬁpm> od mvm mhdmww N

T J— = T

LYLYRS me---

LUGTES wvoever

LUBTES . :
pmmvmmqn,;u i .
wie ——j 1

.‘m ...v.

s

15

. = -

4 1 - 1 .

>



g~

164

EL

[

E  ;ANth”gHOme®mhm wHOpSMﬁ.
. o (S) ANIL |
006

00% 1

T T I o '

L

M LUBEES o

_s T.L82PES ----
LUBEES

ﬁ LY6GES -- —

_. J 10D ——

R . T —

00
|

[
& o |
T
- . s ]
. . .
- S
L] M v
-
-~ ' . | 4.
.
— - © ). 4 F
. - _ _ _ n . , | | 4 1 1 1 ] - .
- S ~- .
. - i n u |
R ~
-
e B ‘
‘ L
-
. -

.-

'GE 2Ny .



e .

165

w..mm smBly  —

00+ o - . 006 | ,v,.. . ~OO~V

- s199334 od4L 1opON
o (s) awiL

T T — - T T T T ~ T —<l T q. — “[u‘
B (2)od — LucvclPE;
|| PAsPUIS @Y — LuGOgRE-- - |

l
et 4
Lot . s, .
it e
QRS - -
 bataht -
P T T T . T S T . L e e e e e e e e m e - .-
A g i _
I L { 1 1 1 L ) L It L I 1 1 r
. -
~
. ;
. !
A * .
- . .
N -




i

muosﬁgﬁmx

(S) awiL
006

_ T

LY460VS ----- | N
LULIES - ——. : .

LY6BES --+—
LI1d9 ——

P

T

g
|
|

N A »\u L
1 1 | 1 1 1 1 1 1 1 I 1 ~ip,
E Ll
. . . N
r oL
* e LoemaT
, L Py

P



167

£

ae

000! ) ,..N ] . ' o§ | .v.,h
T e 1 T T T L I— 1 T -

.m.&.vﬂﬂ“

(2)

Y

od - T1d11€S

_TTdeees
- 11d8yES
S 11deadn

- I




.3 : S v .
rJ 1< ) N v *fn. v ) v
(2)04 o 10oym sroyny  igg eunsyy
A () I 171 A
- 0001 " - , 006 o
| | | _ ~ o T T,
- E . ..~A0
‘ R » !
| TTHGEES B S
- TTHBYES ------ . -
1149€ES - —— : | O
] 11dedn —— ,,,g
( SR
. , , ]
\ , ST,
| | | | ..u g
E e T G I
... : .. - .~ . - .‘.fl w\w |
.w, | A, ’ N,wwea o ' ) W
- ’ V . - ~

B




. . . -. . " . -

1093 2d4] JopoW  0p eanfig .

PR G I A
_ ! 00§ : S o .
o T T q

T T T T o I
.,. RS ‘ .ANVUL — .ﬂﬁmmvmm ..........
. o[| PIRPURIS @) '~ ITHEEES ----- S
Ll T -0d a1 IEYs —— | -
o e 1Tdead —— |

-t

/0




SUOWBLIEA 3 1§ 8unfiy -

. Amv ANWIL. . L N o -
,. o 005 .

T - T T T _ : ; — I._.. J
A TTEETHPS i N g
" TTYTLES e . -
- 11dg66S - —— |
11¥edD —— “ B
N : . |
[ .,.f
- & - ln\.{rv\ —- . >
- ' s ) | | \ ,\




© zz# unyg suoneriei o4 izh eanSig

(s) dniL CE e
00G| - 00c1 006 009 4t 00¢
T T T .H., T T 7 Y T T T T T ) T T . - .L.a ..

e \.\v. |

. Nmmmwmm A /! . 4 J

2248528 +--i- S0
. 2ed1an —— S
S
| 1 1 i 1 | 3 : 1 ;_[.~ L 1 ! | ..‘ L . _




Yooy od4y [apop

A . 1

£y oanfry

el

o (S) anig ﬁ
00t 00z 1 008 003 oo
h T T T | T T T T - _ﬂ , _ — |
| 1o
: ()04 - 22d£9ES. ki ,
[ ALNTIA 8 - 22H2LES -----
g NNDY¥d 8 - zzyrees ——
S 2291qH ——




173

X

muoﬁmwmwm\w oLl Juﬁ 2INFT

A Amv ,. m.:\,:rw |

oost ooot . 008 -0

T

|

T T T T T T T T T T

-

» 02¥yEEs ------
s .02u8ges ——
nmwmuwwomm 02Y8SES --—

| . 02¥eds ——-

PIUPUBIS (2)Dd — 0ZUETES -

. 1
/
i !
.
— R
<
—
-
xt .
s
b b
! /
LI
e T = \
............... S T
- = T
P - pamwe—— IR R s s
r’h I I 4 1 h L 1 1 1 h 1 . 1 1 r—

1 9/5



174

| .mco_.ﬂmﬁ,m\w odL 1 Hmvoz.,_., ,..m.v_ m,pzwrm.

(S) ANWIL

0051 S % 000t 006 R 0
_— I T T ﬂ. T , T T — T T T T ——— T T T T .
T 10
L(2)od = 02¥GSES F
" AL 8 - 02406ES ----- o T
o oomwead —— | . A
' u ) C
B an :/
. 416 ¢
. Q
- -1 4
4
 od .w~ -
&
. ‘;[4 .............. |
| 1 1 1 L’ _ { 1 L L { L L I 1 !

N
2N




. 175

SuonelIes g3

3 | -
(S) AWIL

00§ S, 000}

K

2

<

9% 2IN T

00S

—

ﬁl. ﬂ.._ K ! ! I i T v«; T T T 7 T T qa;

02WOTHS oy ]

| 02489ES ----- ,
0240668 - —— -

i 02¥Edn ——— 1

°0/0




-

\@OomN 

suon

BLIRA

(s) awiL

&

0002

s

-

Od

0051

1% eanBig

-

T T
R

T L
\,

T

T T

PIRPUBIS

mwvwh,w.

2EUBTES
ZEUT2ES -

e

: . 2EULSES ——
A : - 2LYUGSES --—
Vo 2ENTan
1 L L uh\/ i l L _ . _

. y : ']



o Ma T

‘.U | ,_.,___ | - muoﬂ m.ﬁ m> ,m@? .,. E woﬁ | 8% mpﬁmﬂm '

R EM-04 — ZEHOTYS —— | . IR

. o /
.. . R .« . - 2 o R -
N L . R . . ' g . o 3 #
. A . . E L B ) p

£

6osz i . - po0z . ~.toost 0001,

~h. T '-— T

. (@047~ eedgges e | B S G
[oobe - 2EdZEES t--a- | B A B

R .n ’ - : - T ; T 3 LR —— LS T - T T . .
L . ‘. e i M, T g L _ ] AN ) ‘.H' T fJ_ 0 N |

Col e JEEHIED | R

-




AWIL
Coo 008t

e

- - oo

S

Sy eansiy -

¢ - .
T T, - T

POES

s L4

| geuzeES ——

2EUSTHS oo
" 2EHOLES -----

a

284100 ——

o

T S

) : =




L

re S : . g

L L it : : :

R S TR : LT E . N oy

R R T - ooe

- SUONRLIBA DY QG eanfig

| PASRURIS (2)0d - £zdOTES
T T sauores
5 . ceulves --—
-] v e2d0seS ———

£2YEqD —-—

.

- - n ) i » 3
K T T T - T T T T
: 4..-., - . ' . v .

'




(S) amiL

. oo¥

- 006

o ' ﬂ T _ T T
- o - 5 . ‘\I lu.L
g (2)0d = B£ZUOGES - ]
© 8M ~ BRYYEES ------. |
[ g1-24 - £2d22¥S —— N
R . - £2¥edd —— | |
L w | .L
_—— e s s P R R q===-=T ] i
ﬂh ! N .;x 1 ! N | L |
o |

,.mH.,HoSm_Em.\/. mmmrﬁ .E.@O,E Hmm(ﬂﬁm@ o |



.".

.-

Lo w.w;f

SUOTyBLIE .> mvH | mmmpzm:m o

. (s @y .
L , 06 "~ . oov

| e2HE0PS s
S €2UPLES -anen
S . | eeu96es ——
e |- -€2HEQD ——

Pl




182

| _ suonjenrep D4 gg eandif -
e .0 T 00%T . e 006h 00%L o . 006

.-. — oy T il T - LI ﬁ‘j T, ﬂ, T . — T .- ] T T ﬁ

_ | 424E62S e L
: . L2H92ES ----- | T :
R | | Lz¥z9es — | -

SF S SR S R

s

OD//»D:



moﬂmﬁm\/ m&,ﬁgm@oE
o - (8) amie

= 00%e - 0061

¥S mpzmﬁ ,.,

006 ~

I T T T T T T T T T ™ r T T i
L] (2)od = L2dE9ES e .
o 8~ LZYMLEES ------

Sr | 8M-Dd - L2yeeys — ]
[ | L2Y81aH —— |
- ] m...v.
o .\\\\u\\\\\ ]
vvurrlrﬂt.n..w.'ilnlu|lu|ol|.|.||||/||..| 1,
_ 4 L L L A 1 It ! 1 l i s 1 N |



N

PR -

- suonjentes €Y igg eanBig

AWIL:
©0o¥L

T T T T it T ' 4 T T T

LZUGOPS oo
L2YOTYS ------
L2YGLES ——
LEYLBES -~ —

L2Y1q9 ———

09 /2



' high Peclet number is underestimated by models ayailabbe in the_

‘Z.literature and thlS s

<y

jor non-local dispersi

. 428 _CONCLUSIONS AND RECOMMENDATIONS . . L

<

‘s

aPe of 150 below this dispersion may. be estimated using the-

’.

standard Fried and Combarnous (1971) disper51on models .although.v

' The principal conclusion is that therate of dispersion at_\v

185

- that cannot be proved w1th these data as all runs had some o

disper31on at hlgh Peclet number

The Pe ‘1n(¢Pe ) dependence of the Koch & Brady (1985) model
is. the ruling term for the higher Peclet number region as shown ‘i

.by the success there for ﬂhe hybrld KB model. A 51mp1e model for»{

‘ longitudinal dispersion for Pe "over 150 is JUSt that term

E than 150) It may be very f‘ruitfuI to

form seems to be justlfied/ o _'.f | -

«

‘However the Koch & ‘Brady model seems”to overestimate dispersion

at’ moderate Peclet (50 to 150) ‘and undere himate at high (greater

Koch & Brady model reducing the contribution of the natural log

term stated above wh11e increasing its value at high Peclet ‘e. g

Instead of the (1, 1. 5) pa1r tried here .a wider range may  be
‘employed to better effect A transitlon region may be consice ad,

' between the high "and low\Eeclet number regions“ The functional_

3

For the high Peclet number (over approx1mate1y 150) domain

llongitudinal dispersion is. adequately described by a Fried &

‘1s

Combarnous type. correlation except that the value for ay

inue with am adjustable ,




No e | |
T(around.4.5, or slightly”greater, Instead of their advised number

:bf'1.8t0.4. This is roughly equiv lént o] using-the natural log

186 7 ..

term described above, as the valua of 1n(¢Pe ) ranges from 4. 3 to' v

e 8 for Pe in the range of 200 to 8000 ..The FC-KB. model. was used

to take advantage of that observation f

‘The effect of using transient . values for the long1tud1na1

: dispersion coefficient primarily was to reduce the total amount of

,f‘dispersion.- 1t did. very little to increase the amount of tailing

K C Ty —

*f._ Thls test was done in a qualitative manner by using a time .

. dependent factor on the dispersion coefffeﬁent the non—local

. - modeIs given in Koch & Brady (1987 a & bf have . not been tested

-—

'the transient model it 51mply decreased the»_total amount of -

: disper51on = 2 L "

to the dispersion coeffic1ent ‘%xhlﬁited the same result as did

here An offshoot model a551gn1ng a path length dependent value -

Deconvolution may be' reliably; if. somewhat tediously,

"..performed using the blank’ Qdentiflcation method given here The .-

o results are much -more stable and con51stent than 1f discrete

deconvolutlon is used. ©

“'.

The choice of boundary condition at the inlet ‘as either

fixed equal to the feed concentration or varying as the Dahckwerts

m
condltion did not make a significant differnce in the results

‘The effect is swamped by the choice of the adjustable parameters

for whatever disper31on model Ts being employed

The choice of definitidﬁ for average particle diameter makes

a very minor difference in the predicted breakthrough and that

Y

™~



e

difference is SWamped by the differences between the results for

_ the variety of disbersion models. The effect of varying ratio of

maximum to minimum bead diameter would be more’ significant

'especially it mixtures are considered where the smaller beads fit

‘in " the small voids between larger beads That was - not the

experimental condition for this work For beads of roughly

uniform size the choice of definition of average particle

'diameter is immaterial

S

As this study shows the high Peclet  number region to be

better modelled by u51ng the longitudinal disperSion coefficient

Yew

'as proportional to Pe by a larger factor than previously’ known a
P
'study aimed at "obtaining exact values 'for, this region . is

warranted, “A comparison of the form of constant multiplied by Pep

Tig7

with the form of a constant times ln(¢*Pe )*Pe , where ‘the values‘- )
P

o for the constant are different for 1ow transition and hlgh Peclet
“regimes is suggested | ‘

It would be very interesting to try the Koch & Brady.
adJustable model for dispersion in beds of porous beads Given

-that it has some success here with 1mpermeable glass spheres the

> *®

one term in his model whose functional form was not tested is the

_ one for porous particles

Transverse disperSion effects may be studied u51ng the same'

' core de51gn but much longer -cores; that dispersive action takes_

place in the 'one dimensional (exit) flow regime where the

concentration profile is roughly parabolic. - 'Entriéce effects

‘ would not be picked up, hgwever




.

La.i*ge packed beds may make collecting the data ea.sier) at -
least in the sense that. ‘the step of deconvolution may be avoided. v
Using pressur‘ized gas to force the flow may give steadier flow ' T .'“
than HPLC pumps can provide v '

. -4
. v N
Y ' .
v
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The f'ollowing plots contain the origlnal run and blank data that A_

v

were comblned to glve the deconvolved results presented 1n the
.- thlrd chapter A simi lar naming conventmn 1s ‘used ‘here; the run

data file names begin’ with "GOR", the' bla’nks with "GOB", the
. . .. , . N . 3 ‘ )
deconvolved runs with "GD"> ~and the s1mulat10n ru with "s",

These raw data have been smoothed and the initial /Ppoint of: the
breakthr‘ough 1dent1f‘1ed before plottlng _~The' smoothing was

‘ perf‘ormed although the no1se on’ the orlglnal data was ver‘y low

204 -

e



205’

2J0) youj

000S - 000¥

:

L

Qe

H%m.id_mwma.kmm  STV eansig

- (S) AWIL
.OOOW

000¢ .

ﬂ. T T T T '— i

- rd
J .
& g .
\‘\
o - ’ . |\..\|\l.\|\. ]
|.Il.|||\.|\
b - - — T T o  —
. e T TR T S e T T T

— - em——  wERET LTS T F e - m = - R A

5 I L ) 1 1 { il s I w/_ 1 1 1 1 | 1 L 1




206

o

%

e10) you] .n?mnﬁ ereq MEy gV

S (S) AWIL
000§ . 000%¥ . 000 ~ 000Z  00OL

—. T T T

q T T T T T T | Saac a4 T T T T T T T T 1.

- -




207 .

"

000%

LA

" (S) ANWIL

000¢

000¢

,....--

T

T

T T L8

b | ozuoo —
0 |.ged0n ——
: - T - EEY0D --—

- —— O S——— - - -

r

T . ~

T




510 You] g X9 0] BRQ MBY ¥ oInTig

(s A - .
- 000! -0

0005 000O¥ . 000§ - 000T .

T T T LA T 7 T T T T T T 1 T

L £2¥09 :
82M0D _
i L2¥0D ]

e



@ : ; B :
TN . . . - ) : RS o
. . SUNY - Muelq Jo] eje mey :G'V-oJdndig
- (S) FniL
100G 000! | - 00S
T _ ! _ T _ T T T
‘ i LE0D ——
- memOU ..........
® - PIH0D ------
) i 91800 -——
8TH0D --—-
: i | 12809 ———
yeH0D -—
B 1 1 1 1 L _ 1 ) i L i







