MG O A

DE85004921 Information Is our business.

DIFFUSIVITIES OF SYNTHESIS GAS AND
FISCHER-TROPSCH PRODUCTS IN SLURRY MEDIA.
QUARTERLY REPORT, SEPTEMBER-DECEMBER 1984

TEXAS A AND M UNIV., COLLEGE STATION.
DEPT. OF CHEMICAL ENGINEERING

JAN 1985

U.S. DEPARTMENT OF COMMERCE
Nationat Technical Information Service




DOE/PC/70032.T1

(DE85004921)
Distribution Category UC-90d

"DEBS004921 T T

i m

— e S

DIFFUSIVITIES OF SYNTHESIS GAS AND
FISCHER-TROPSCH PRODUCTS IN
SLURRY MEDIA

DE~-AC22-84PC70032

Quarterly Report
September-December 1984

e - —

{ _ meerobucepey:  INITES.
: us, _Il?aparlm-m of Commerce = |

Service
$Springfietd, Virginia 22161

————— L e e it e

Aydin Akgerman
Chemical Engineering Department
Texas A&M University
Cellege Station, Texas 77843

_—

REPRODUCED BY: BY: N'I'ET‘
ot U.S. Department urCommeru = ‘

! Technical inf Service
Springfield, Virginia 28




MEASUREMENT OF LIQUID PHASE DIFFUSION COEFFICIENTS

USING THE TAYLOR DISPERSION METHOD

Introduction

Diffusion, which is théAtraﬁséort of mass by random molecular
motion, i1s a significant contribution in many rate processes.
Examples of situations where liQuid phase diffusion of a solute
through a solvent is important are: dispersion of a pollutant
through a body of water; dissclution of a solid; and migration of
species to and from the surface of a catalyst during a chemical
reaction. The Fischer-Tropsch process is the focus for this study.

The Fischer-Tropsch reaction is one example of a three-phase
catalytic reaction in which gaseous reactants dissolve in a ligquid
phase, migrate to the surface of a catalyst by diffusion, and react.
The products must then diffuse away from the surface to the bulk
liquid. The reaction takes place at temperatures of 473 to 623 K,
and pressures from 1 to 3.5 MPa. Figure 1 illustrates the sequence
of steps required for the reaction to take place. It is clear that
the rate of transfer of mass to and from the surface may be a key
feature in determining the global reaction kinetics. The rate of
mass transfer is typically characterized by an empirical mass

transfer coefficient kg, defined by

The mass transfer coefficient in turn is typically correlated with

the Schmidt number and the Reynolds number:
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Role of Mass Transfer in Kinetic Sequence in Three-Phase Catalytic Reaction



kg = £(Re, SC) ‘ (2

Thus if the physical aspects (particle diameter, fluid velocity) and
thermophysical  properties (density, viscosity, and molecular
diffusivity) are Kknown, the mass transfer coefficient can, in
principle, be calculated. However, there are severe drawbacks to
this empirical approach. The main problem is that the thermophysical
properties, especially the diffusivity, are seldom known with any
degree of accuracy at reaction conditions; therefore, the
correlations may be unreliable.

The goal of this research is to develop a fast and accurate
method for measuring liquid diffusion coefficients for the Fischer-
Tropsch system at temperatures from ambient to 573 K and pressures
from ambient tc 7 MPa. The Taylor. dispersion technique will be
utilized for measuring the diffusivities of carbon menoxide,
nydrogen, heptane, octane, ncnane, decane, and decanol in molten
Fischer-Tropsch wax.

The Tavlor Dispersicn Esperiment

Liquid diffusion is a very large field, compassing phenomena
as diverse as diffusion of electrolytes in solutions and diffusion
of macromolecules like proteins in blood. A multitude of techniques
such as diaphragm cells, Gouy fringe measurement, optical 1light
scattering, nuclear magnetic rescnance, and chromatographic ﬁethods
have been devised to handle different types of systems. The
ménograph of Tyrrell and Harris (1984) provides a thorough review of

experimental methods of studying diffusion.




The Fischer;Tropsch system involves non-electrolytic, non-
polymeric systems. In this case the Taylor dispersion technique, a
chromatographic method, appears to be the most promising method. The
phenomena was first reported by Griffiths (1911) who, upon injecting
a pulse of colored solution into a clear tube in which water moved
in laminar flow, noted that the pulse dispersed uniformly about a
point moving with the mean speed of flow of the fluid. Taylor (1953,
195¢4) performed confirming experiments and developed the first
fairly rigorous mathematical analysis which successfully predicted
the phenomena. Others later extended the analysis (Aris, 1956, Hunt,
1876) and determined its limitations. Also, experimentation (Baldauf
and Knapp, 1983, Pratt and Wakeham, 1975) and numerical simulation
(Ananthakrishnan et al., 1965, Bailey and Grogarty, 1962} have bean
performed which define the conditions where Taylor dispersion holds.
However, under the appropriate conditions the criginal development
by Taylor is gquite accurate. The theory as outlined in Appendix A
combines the approach of Taylor (1953, 1954) and Hunt (1976). The
results of the derivation are as follows. Taylor and Aris showed
that dispersion of a solute pulse injected into a stream moving in
laminar flow with mean velocity Uy could be described by the
following differential equation:

2
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This is the continuity equation for a disk-shaped element of radius

R moving with the mean speed Uy ©of the laminar fluid. Here K is the



"effective dispersion coefficient” which combines the effects of

diffusion and the parabolic velocity profile. X is given by

b
R (4)
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We assume that a pulse of solute at a concentration CC is
injected into a tube at time zero and position zero. The tube has
approximately infinite length, with the initial and boundary

conditions

Ca (O,O) - C(a)

. (5)
Ca( ,t) = O

For an injected pulse of finite width the solution of eguation (3)

is (Crank, 19%6)

CO
¢ = 2 |err [R2ZY, n/2 + 2
a=3 erf [2=—= (6)
¥ UKt Y Kt

For a pulse of zero width {(delta input),

c, -_cg[ exp (—ZE/HKt)} )
VInKt
Equation 7 describes a normal curve, which corresponds to the
experimental observation that a pulse injected into a solvent
flowing in laminar flow will ultimately disperse into a symmetrical
plug whose center of gravity moves with the mean speed of flow. In

order to use this result in measuring diffusion coefficients we must




characterize the response curve and relate the response to the
parameter K, from which the molecular diffusivity D may be found.
Ramachandran and Smith (1978) review several methods of response
curve analysis and recommend the method of moments, which ié very
powerful if its limitations are considered. Radeke (1981) 1lists
these limitations as: (1) the model used for parameter estimation
should be known a priori to be realistic; (2) only.a small number of
parameters are.to be estimated; and (3) data in the "tail" régién of
the peak should be measured very accufately since the error fqr
higher order moments increases very rapidly in‘ this region. Feor
measuring the diffusiQity, limitations 1 and 2 above are satisfied
since the Tayler dispersion phenomena is weil established
theoreticalily and experimentally and only <the first three moments
are needed to determine a single parameter K, The problem of
accurately measuring the peak is a function of the detector used,
and indeed this is the largest source of error in using the Taylor
dispersion method.

We now consider analysis of moments under the ideal conditions
of cof the Taylor dispersion experiment. Discussion of error will be
presented later in this paper. The O0th moment or sum function H

corresponds to a mass balance and is given by

© *
H = -
/_,, ¢, (2) az (8)

-
N . N i - O -
where C, is the dimensionless concentration (Cy Cyp )/ (Cq Cap) -
The first moment Z corresponds to the center of gravity or mean

value of the peak and is given by



= 1 *
Z=p _E 2¢, (2)dz (9)

The second moment oz2 is the variance of the peak with respect to
the mean value 2:

3

;= B ./:.,(2 - )% ¢ (z)az (10)

Note that all moments are defined with respect to position at a
fixed instant in time. In practice, peak detection will be
accomplished by passing the pulse through a detector which is fixed
in position at some distance L from the injection point. The data
obtained will be concentration as a function of time, and it is

necessary to relate temporal moments to position moments. The Oth,

2

z are defined analogously

ist, and 2nd temporal moments H, t, and ¢

to the positicn moments:

® *
fi ‘f C, (t) at (11)
tc”
f 5 (t) dt (12)

.
t ﬁf (t-t) C;(t) dt (13)

)

Then for a pulse injection, the temporal and position moments are
related as follows (Van der Laan, 1958, Pratt and Wakeham, 1974,

Levenspiel and Smith, 1957):

t o= (L/u_) [1 « ¢%/yu Lt1 (14)
a z "a -
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Aris (1956) calculated the variance of the distribution of a square

pulse injection:

62 = 62(£0) + okt “g R -8 2 Dt
z 2 128 ¥: x I An [1—exp(-An EE)J (16)

A, is the nth root of the Bessel function of the first kind of order
zero, J,. Under the appropriate conditions, the last term’ of
equation (16) is negligible. In addition, equations (14) and (15)

may be simplified under ideal conditions to give

teLl/u =1 (17)
a L

and

2,2 2,2 (18)
ot/tL UZ/L

so that ultimately the diffusivity may be caiculated from the

equation

- 2 27 2
D uaR /UBK = R tL/ENot (19)

In summary, Taylor dispersion is described to a very good
approximation by the differential eguation (3). The parameter K
given by (4) combines the effects of bulk laminar flow and molecular
diffusion which causes the sclute to disperse. The solutions to (3)
for a delta injection or a finite pulse injection are eguations (7)

and (6), respectively. The variance of the resulting normal curve is



related to K by equation (16). Data is obtained aé. coﬁcentration
versus time, and the first temporal three moments are calculated
from equations (11) - (13). Then,vfof ideal conditions, the egquation
for determining the diffusivity D is given by (19). | . |

In the next section we will describe -an - apparatus :for
méasuring the ‘ﬁiffusiv;tiesr at elevated temperature and pressure
using the Taylor dispersion techniqgue. The criteria for the analysis
to hold will be given, along with a discussion of practical aspects
of the experiment which will lead to departures from the -ideal
analysis.

Apparatus Design

In accordance with the above discusﬁion, the essential
elerents of the apparatus are: (1) injection of a short, sguare
pulse into a stream in laminar Zflow; (2) a long smooth tube of
circular cross section in which dispersion occurs; (3) detection of
the solvent' peak with minimum disturbance> of the peak; and (4)
maintaining very precisely temperatures and pressures up to 623.K
and 7 MPa. An excellent and thorougthiscussion of the criteria for
censtructing a Taylor dispersion apparatus at moderate temperatures
and pressures (243 K and 0.1 ﬁPa) was given by Alizadeh et al.
(1980;. |

To maintain laminar flow, we reguire

Re = 2uaRp/u.< 2300 (20)
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To insure that axial diffusion contributes less that 0.01 % to the

second moment of the distribution, we require
©u, > 700 D/R | (21)

To insure that the equations for the second moment can be written in

a simple, closed form, we require
DL/ugR? = Dt/R? > 10 (22)

In a practical apparatus it is necessary to ccil the diffusion tube
so it can be placed in a thermostatic bath. To insure that secondary
flows resulting from flow in a coil contribute no more than 0.05% to

the seccnd moment, we reguire

'
L
S

L (23)

Ol

il —
=
-

When conditions (20C) through (23) are met, then an egquation for the

diffusivity, accurate to about 0.5%, is

RE [1+L ¢ 2 E2 ]1/2 + 3
D = 1D /" 1D - x (e 1 (126172
it ¢ n2 J172 2 =2 . 2 .2 a
2ty D4 opp /)] * 2 (o /) -
(24)

§. = 12.7997 £,

> -2 -2 -2 2 . /2
‘ 201p - tip v {tpp * Htip orp)
o e _ 2

(BtID UUID)
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Here typ and "IDZ are the first and second temporal moments which
would be obtained from an apparatus with no deviations from Taylor's

theory. These ideal guantities are related to the actual

experimental moments texp and °2exp by

Yip =t + I 6t

exp 1
2 2 T §0° (25)
91p = %exp !

The corrections ©&6t; and éoiz were developed by Alizedeh et 4&l.
(1980) to account for the following imperfections which will be
present in a real apparatus: (1) a finite volume of the detection
monitor; (2) a finite injection volume; (3) a length of connecting
tube between the diffusion tube and the detector monitor. These
corrections are given in Appendix E.

klizadeh et al. (1980) also show how to eliminate two other
possible imperfections in the equipment. The internal diameter of
the tube should be determined by measuring the volume of a fluid it
contains, rather than by relying on the nominal tube i.d. for the
calculation. Then any non-uniformities in cross-secticnal area will
have negligible effect on the calculations. Another possible
deviation from ideality is a non-circular <(elliptical) tube tube
cross-section. Alizadeh et al. (1980) show that if the cross-section
is elliptical with major and minor semiaxes a, and a,, the effect on
D is less than 0.7% if the ratio a /a, is greater that 0.866.

It remains to apply these design criteria using typical or

expected values of fluid and equipment properties to design the
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Taylor dispersion apparatus. For the normal alkane systems of
interest in this study, some typical ranges of physical and
thermophysical properties are shown in Table 1. Diffusivities are
based on those measured by Alizadeh and Wakeham (1982) for hexane,
heptane, and octane binary mixtures. For the heavy solvents (Cop and
heavier) typical of Fischer Tropsch mixtures, we expect
diffusivities to be about the same or smaller than theirs. The
viscosity wvalues shown were calculated from correlations of Reid et
al. (1977), for temperatures up to about 423 K. We note that the
temperature dependence of wviscosity is much stronger than that of
the density or diffusivity. We assume for design purposes that the

density is approximately constant.

Table 1
Approximate Thermophysical Properties of Alkanes used for

Design of Apparatus

Density, kg/m° 780
Viscosity, kg/m-~s 0.2 to 5 x 1073
Diffusivity, m2/s 0.1 to 5 x 1072

To meet criterion (22), the diffusion tubé radius R is on the
order of 0.5 x 10™°> m. & commercially available tubing .is 1.5875 x
1073 m o.d. stainless steel with a nominal i.d. of 5.08 x 107 % m. To
keep the size of the apparatus within feasible limits, we assume an

upper bound of 0.3048 m on the diameter for coiling the diffusion

13



tube. If we regard these dimensions as fixed, then we are left with
specifying diffusion  tube length L from the given criteria, and
average velocity u, (or the volumetric flow rate Q) from criteria
(21) and (23). These last two criteria may conflict, for they
describe the upper and lower bounds on uj.

If we solve both (21) and (23) for uy ve get

50uR
a 3
R7p (26)

Figure 2 is a plot of this egquation with D, R, Rc, and p fixed. The
viscosity is the independent variable and now we see from (26) how
the large decrease in viscosity will cause a pinch in u,. The result
is that at low viscosity, Reynolds number will increase and the
secondary flow effects begin to contribute more than 0.05%.
Practically speaking, if the viscosity drops appreciably below about
1 x 10'2 kg/m-s, neither R nor R, can 5e adjusted sufficiently to
prevent secondary flow effects. Therefore at this value of viscosity
or below, we expect to see small effects in the diffusivity
measurement resulting from ceoiling the tube. It will be necessary to
check the results from each measurement for effects of cciling the
tube. This may be done by repeating the measurement at different
flow rates.

The maximum value of u, from Figure 2 is on the order of 0.013
m/s. Using criteria (22), with R=5.08 x 10”9 m and D=2.2 x107% m, we
get a minimum value of L as 15.2 m. Tentative specifications for the
apparatus, based on the above discussion, are given in Table 2.

14
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Table 2

Tentative Equipment Specifications

Diffusion Tube Length, m 40
Diffusion tube i.d., m 5.08 x 1074
Radius of coiled tube, m 0.1524
Maximum flow rate, m3/min 0.6 & 107
Volume of piston pump, m ¢ x 107
i.d. of piston pump, m 0.0762
Stroke length ¢f piston pump, m 0.087
Detector volume, m 8 x 107
Injection volume, m <100 x 1079

Figure 3 shows a diagram of the proposed apparatus. The
objectives are to eliminate deviations from the theoretical model,
to design so that unavoidable deviations can be calculated, and to
build a rugged apparatus which can be automated. Thus, rapid
accumulation of good diffusivity data can be achieved. The pure
solvent will be placed on one side of a piston A and enclosed in a
thermostatic enclosure B, which can be maintained at temperatures up
to 573 K. An inert fluid, such as Dowtherm or a glycerin oil, will
be used to drive the piston. This fluid will be pumped from an
ambient reservoir C through a precision metering pump D. This
arrangement for pumping the solvent is used to avoid the
difficulties invoived in heating the precision metering pump. The
pure solvent flows through one side of the 6-port switching valve E,
through the coiled diffusion tube F, and then out of the
thermostatic enclosure to the detector G. The detector we plan to
begin with is a refractive index detector. It is common to fill the

reference side of the detector with fluid and let it remain

16
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Figure 3

Schematic of Taylor Dispersion Apparatus.
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stagnant; therefcre we plan to build the valve manifold H around the
detector so that fluid can be pumped through the sample side G(s)
and then arcund to £ill the refergnce side G(r). After filling and
pressuring both sides of the cell, the reference side will be
isclated from the flowing sample side by appropriate valving. The
éressure will be controlled by back pressure regulator Kl. 'This
arrangement saves sdlvent and elimihatgs the cost of an independent
pump fér the reference side.'Baseline sﬂift will help notify us as
to possible leaks or degradation of solvent on the reference side.

The sample fluid (solvent containing the desired amount of
solQént) wiil be prepared and placéd in anothér_piston I, contained
within ﬁhe thermostatic enclosure. Through the same means ©f pumping
an inert fluid, sample fluid will be pumped into the sample loop J
on theve-port sampling valve E. A back pressure regulator K2 on the
outlet of the sample loop can be set so that the sample fluid is at
the same. pressure as the fluid in the diffusion tube. Continuous
flow through the sample loop is not necessary; however, it will be
necessary to flush and refill the sample loop after each injection
into the diffusion tube. Thus, another swit;hing valve L is
installed so that the inert fluid can be diverted momentarily from
piston A to piston 1. The segquence of events from start up will thus

be as follows:

(1) Fill piston A with reference solvent and piston I with
solvent/ solute miXture.
(2) Allow enclosure B to come to desired temperature.

18




(3) Set switching valves L and E to pump reference fluid
through the diffusion tube coil and then to the detector. Fill
both sides of the detector with reference fluid at a pfessure
controlled by the back pressure regulator Ki.

(4) Isolate the reference side of the detector.

(5) Use valve L to divert inert fluid tec piston I. Fill the
sample loop J, then divert flow back to piston A.

(6) ﬁﬁe sw;tching valve E to inject the desired ‘amount of
solute from the sample loop, then switch back,tq the criginal
position.

(7) The sample will disperse through coil F, and a peak will be
recorded.

(8) When the peak has completely passed the detector, return to
step (4). Repetitions can be obtained until there is no maore

liquid left in the pistons.

A microprocessor and interfaces can be used to control the
pump and switching wvalves, and also to récord data from the
detector. Thus the process, except for start up steps (1) through
(4), can be autcmated tc provide repetitive measures of diffusivity.
It may be desirable to change flow rates or sample injection volume
between measurements, and this too can be easily accomplished via
computer control.

We now give more detailed description of the key features of

the apparatus. Figure 4 is a cross section of the physical layout of
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the thermostatic enclosure. It contains the piston pumps A and I,
switching valve E, and diffusion coil F. (Letters refer to both
Figures 3 and 4.) The pumps and valve will be mounted within a
aluminum enclosure M. The enclosure will be cylindrical with a
radius of 0.1524 m and an height of 0.15 to 0.25 m. The diffusion
tube will be coiled around the enclosure. The design will allow all
metal parts to come in good contact with the aluminum enclosure,
providing thermal mass and good conductive heat transfer for
temperature stability and control. The aluminum enclosure will be
wrapped with insulation N. Electric heaters 0 of various wattage
will be placed in and around the aluminum enclosure as necessary to
achieve the desired temperature. The inside will be filled with lead
or copper shot to increase thermal mass and conductive heat
transfer.

- The detector we are considering is a LDC/Milton Roy
Refractomonitor III. It has a detector cell with built-in heat
exchanger, which we will heat independently o©f the thermostatic
enclosure. Refractive index is very sensitive to temperature
fluctuations, thus the built-in heat exchanger. Also, heating the
de_tector cell will be necessary to keep heavy wax solvents from
freezing in the detector. This particular model shows most promise
among commercial detectors of being able to withstand pressures up
to 7 MPa. To achieve temperatures of up to 423 K in the detector it
may be necessary to replace the standard Teflon gaskets with some

cther material. (There are no commercially available RI detectors
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which could be placed intc the thermostatic enclosure.) Heating will
be accomplished by circulating Dowtherﬁ A through 'the cell heat
exchanger from a recirculating heating bath. The heat exchanger 1is
simply an enclosure filled with heating fluid. Sample and reference
flﬁid lines are coiled in the exchanger to insure enough time fof
temperature eguilibration. (Coiling of the sample'line will affect
the measured peak response. The magnitude of ‘the effect will be
ectimated from the dimensions of the detector cell and the
properties of the particular sample being tested.)

The solvent pump we are considering is' a LDC/ﬁilton Roy
Constametric 1II with purge valve and slow speed option. Its
capacity is 0.03 to 3.33 ml/minute at output pressure up to 40 MPa.
i1t has independent high and low pressure shut down logic and 1is
computer controllable. The automatic high/low pressure shutdown
feature is a key safety item for automated operation.

The six-port sample injection valve is a Valco‘ Instruments
model capable of 10 MPa and 573 K. We plan to purchase the
pneumatically driven switching option because this allows the valve
to change positions in less than 10 milliseconds (Hérvey ‘aﬁd
Stearns, 1984). Thus the sample can be injected with negligible
interruption of flow caused by valve switching. The volume injected
carn also be precisely controlled by controlling the time spent in
the "inject" position. The appropriate electronic interface with the

pneumatic driver makes this valve computer controllable, as well.
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The two piston pumps will be machihed in our Chemical
Engineering Thermodynamics laboratories, our thermodynamics
personnel have extensive experience with precision machining and
have built these kinds of pumps in the past. The bump is simply a
smooth bore cylinder with a piston and gaskets toc separate the
driving fluid from the samplé fluid. Leak prevention across the
piston is relatively easy, since the pressure difference across £he
pistoh is small (just large enough to overcome the friction along
the kalls of the éiston pump) .

We have not yet decided on the microprocessor we will use to
automate the equipment and record data. We are currently leaning
toward a Hewlett-Packard 96005. This machine would be compatible
with the Hewlett-Packard minicomputer which the Chemical Engineerihg
Department is purchasing for general computing purposes. Also, the
9600 1is designed for on-line control, déta acquisition, and
calculaticns. It would easily handle the tasks described in this
report and allow for additional duties, as well. o

Status of Purchasing and Budget

Thé approximate total cost of the metering pump, RI detector,
switching valves, pressure regulators, strip chart recdfder, and the
HP 96005 is in the neighborhood of $16,000. The budgeted amount for
special egquipment was $21,000,.ihus leaving an estimated 55,000 for
purchasing the material for the constant temperature environment,

piston pumps, pressure measuring eguipment, temperature measurement,

and other control instruments. We are currently seeking competitive
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bids, through the Research Foundation staff, for the detector, pump,
and switching valves. Investigation  into the most appropriate
microprocessor is still continuing. We anticipate purchase orders
for the major equipment items being placed shortly.
Conclusions

The theoretical criteria for measuring diffusivities by the
Taylor dispersion method have been given. In addition, the practical
departures from an ideal experiment have been discussed; correcfion
for the non-ideal conditions are found in Appendix B (Alizadeh et
al., 1980). The effect of varying viscosity on secondary flow
effects has been pointed out; it appears that under typical
laboratory space limitations, using commercially available tubing,
and with diffusivities on the order of 1079 m?/s, it will not be
possible to completely eliminate these effects. An apparatus for
measuring diffusivity at high temperatures and pressures, where data
nas heretofore been scarce, is presented. With this apparatus rapid
measurements may be made, and with the aid of computer control the
measurements may be repeated and large volumes of data generated
with minimum requirements of the operator. We anticipate our

accuracy being between 0.5 and 4%.
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NOMENCLATURE
Concentration
Ceoncentration averaged over tube cross-section
Average concentration in injected pulse
Interface concentraticn of component A
Bulk concentration of compconent A
Concentration of sclute in reference stream
Reduced concentration (C,-C,.)/(C.°-C )
Diffusivity
Oth position moment
Width of injected pulse
Effective dispersion coefficient
Mass transfer coefficient
Length of diffusion tube
Molar flux
Tube radius
Radius of coiled tube
Reynolds number
Schmidt number
lst temporal moment

l1st temporal moment for an ideal experiment

texp lst temporal moment for an actual experiment

ty, Time from injection to passing of peak
detector

Vp  Detector volume

V. Volume of sample injected

1
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u, Mean velocity in tube

z Coordinate moving with mean speed of flow; see equation (AB)
Z lst position moment
u viscosity

P density

o 2nd position moment

Ot 2nd temporal moment

oty Correction to lst moment for non-ideality in eguipment

6012 Correction to 2nd moment for non-ideality in eguipment
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APPENDIX A
Derivation of Tayler Dispersion Theory
The continuity equation for a species in terms of its molar
concentration C, at a fixed point (r,z), may be written in
cylindrical cocordinates:

2
1 4 aC 3 C
Plrw o 0

2
r oC aC
v, (- I * x5 (A1)

Here the diffusivity D is assumed constant, and the fluid is in

laminar flow with the familiar parabolic velocity profile

. 2
u{r) = ua []h (%) J (A2)

S5ince we measure concentration as averaged across the tube ross
section and not a point wvalue as in equation (Al), we def: the

average concentration by

2
Ca == fﬂcmr dr (A3)
e}

If we multiply eguation (Al) by 2r/R2 and integrate from 0 to R, we

o

obtain the averaged continuity equation:

32C Hu

aC oC
a a d (C_C ) r3dr = a + u T‘E
D + R az J, a ot a oz (Aé)

322

Taylor assumed that the experiment could be performed under
conditions where radial concentration gradients, caused by the axial
flow profile, would be rapidly damped out by radial diffusion. Under

such conditions he showed (Taylor, 1654) that
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2
R7u_ oC 2 y
a a 1 r -l r
o) 3R Tz @ (83)

When equation (A5) is substituted into equation (A4), and the

integration performed, we obtain directly

"
0 Ca ac ac
K a a : . (h6)

- u + ol
322 a 52 ot

where

R
K oD+ o2 S @an

Now eguation (A6) shows the continuity equation in terms of
concentration at a fixed pecint z as averaged across the tube cross
cection. The time derivative is with respect to a stationary point,
and K is the effective dispersion coefficient. (Dispersicn in
henceforth used to describe spreading of a solute pulse by any
combination of mechanisms, whereas diffusion refers strictly to
random mclecular motion, with no convective or bulk flow
contribution.) Since we observe experimentally that the peak
disperses about a point moving with the mean speed of the fluid, we
want to rewrite the derivative terms accofdingly. We define a

coordinate 2,
Z= 2 - ugt (AB)

and note that, for t held constant,

,g_- I L
b 'B_‘ ' — W —
- z 322 322
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We also make use of the total time derivative, which describes the
time rate of change as measured by an observer moving at a given

velocity. From Bird et al. (1960), the total time derivative d/dt is

a .3 3 3z : A9
dt = 3t * 32 3t (A9)

where dz/dt is in our case simply the velocity u,. Substituting for

the derivatives in eguation (A6), we get

3°c qc
a

(Al0)

which is the continuity equation for a disk-shaped element of radius

R moving with the mean speed U, of the laminar fluid.
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AFPENDIX B
Correcticns for Non-ldealities in the Taylor Dispersion Experiment
The following corrections for a practical Taylor dispersion
experiment were developed by Alizadeh et al. (1980). When the
detector at the end of the diffusion tube has a finite volume Vp
which acts as a perfectly mixed chamber, the corrections to tpp and

oIDZ are given by

_ v
6T, = %- 36, - 2
a/ aR"L -
(Bl)
2 L\2[ .2 (b \? o
sy = (5o} |'%%c V=) T %%ol
) a wRL wRL
For a finite injection veclume V,, the corrections are
- L V1
Stor T uC 2
a 2nRL
(B2)

V. 2
602 = -1 (-L—-—)Z —'-"——'l
2 12 \R nR2L

For a length of connecting tube of radius Ry and length 1

_ between the diffusion tube and the detector, the corrections are
. R 2 2 R2
6t3 = 1— (-R..EE) 1+ R E £ 14 ct
Vo gé \l/ 70 R2
c

2 [R 2
8 oi - (= (‘EE) Q—EE (E) £+ ﬁi_ Ly,2 |3t (B3)
)W) P Be o = (3)s e

o)
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The corrections are said to amount to no more than 0.5% in any
case, therefore the corrections can be made by first calculating the
moments as if the experiment were ideal, then calculating the
corrections from eguations Bl1~B3. Then the diffusivity is calculated

from equations (24) and (25).
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