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Abstract

Afully mechanized set-up was built for the experimental determination of bi-dimensional dispersion with high spatial resolutipm@400
Gravitational and wall effects in a single stream were evaluated by using time-based sampling and a micro-flow cell. Vertical upward and
downward flows as well as horizontal flows were investigated. Ethylene glycol (MEG) and Rhodamine B in MEG were used as carrier and
sample solutions, respectively. Longitudinal profiles were obtained by laser induced total fluorescence (LIF) at up to 19 transversal sites
and combined to generate high-resolution bi-dimensional profiles. A two frontal maxima pattern was observed for all flows. The volumetric
fraction of RB shape was highly stretched for downward flow and there was high asymmetry for horizontal flow. The sensitivity of three
dispersion parameters was evaluated: maximum peak value, peak half-width at half-height, and peak area.

Data modeling showed that the tanks-in-series was more sensitive to wall effects, had good adjustment with only one tank for upward and
horizontal flow and needed two tanks for downward flow which was attributed to the latter having higher dispersion. A black box empirical
modeling described better the gravitational effect and allowed to identify a parameter sensitive to upward and downward flow as well as
hinting to two inner streams within the horizontal flow. It also pointed to a wall dispersion contribution of twice that of the liquid—liquid
dispersion.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction intermolecular interactions and chemical processes like reac-

tions. This is the case in liquid—liqui@,3] and solid-liquid
Flow injection system¢l] rely on sample/reagents dis- extraction[4], sample dilutior{5], column chromatography

persion. From the viewpoint of molecular hydrodynamics, [6], nanodevice§7] and capillary electrophored8].

dispersion is the macroscopic evidence of the mutual molec-  Since the beginning of flow injection analysis dispersion

ular permeation of two or more liquids (either mass transport has been a concern among researchers, as it has been always

or molecular diffusion). Dispersion controls the interaction recognized as the most relevant parameter for increasing re-

between carrier, reagent and sample solutions, and leads taction yields and analytical throughpi#]. Within an un-
segmented flow system, dispersion takes place both along

- Gonesponcing author Tel +55 7168363126, fax: +55 71 2356166, (longitudinal or axial dispersion) and across (transversal or
E-mail addresscristina@ufba.br (C.M. Quintella). radial dispersion) the flow direction.
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Longitudinal dispersion has been exhaustively investi- 2. Black box and tanks-in-series models
gated and there are numerous texts reporting its dependence
on the main experimental parameters (injection type, sample  Several theoretical models have been proposed to describe
volume flow rate, analytical path length, reactor geometry, dispersion on both general and specific flow systems, as em-
detection cell characteristics, analyte molecular diffusion phasized in comprehensive reviews by Hull et[all] and
coefficient, occurrence of chemical reactions, ef@314]. Kolev [28]. Models for bi-dimensional dispersion, includ-
Earth’s gravitational acceleration affecting dispersion in inglongitudinal and transversal dispersi¢h3,29]generally
analytical flow systems has not yet been reported. It has beemredict parabolic profiles. Here an empirical (black box) and
found that the coils spatial orientation affects the retention a deterministic (tanks-in-series) model were selected.
of high-density particlef4]. Murugaiah et al[15] reported For the black box empirical model, the longitudinal dis-
an experimental study of transversal dispersion based onpersion profiles are initially fitted to Eq. (1) through the least-
radial dispersion profiles obtained by refractive index optics. squares approach
Data were obtained perpendlc.ularlly to the flow direction and F() = a(e P — ePory (1)
averaged over a 10 mm longitudinal flow-cell length. The
pioneering nature of the work should be emphasized, butwheret is the time elapsed ang, ;1 and g, are the em-
the measurements were characterized by low longitudinal pirical parameters of transversal dispersion. This presented
resolution and were obtained at only three transversal sites.three or more maxima and were modeled by fitting a sum of
Concerning high-resolution bi-dimensional experimental Gaussians, as previously descritj&d]:
determinations of dispersion, it seems that no information is ,
available in the literature.

The viscosity effect was previously reported by Li et al. Fr)= o+ 2,: Gi(r) @

[16] who observed that the peak shapes were dependent on . . , ) .

the sample and reagent injection sequence. They attributed?hereG is the Gaussian function the radial coordinateyo
this bulk effect to the different chemical diffusivity of the ~the data offset, and the number of Gaussians required for
chemical species within solutions. proper data fitting. o _ o

Dispersion depends not only on the geometry of the For the analytical deterministic model oftanksjln-senes_ls
flow system, experimental parameters and bulk interactionsYS€d & lumped parameter approach. The following equation
but also on wall interactions. For micro-flow cells (MF- S fitted to the longitudinal dispersion profiles:
cells), boundary layers are usually thicker than expected N
from traditional fluid mechanic§17], leading to a more  F(r) = kc(r) {1— e"/f(r)Z[
pronounced wall drag; chemical processes become then i=1
dominant.

At the tube walls, dispersion depends on the solid—liquid
interfacial tension {'sy). StaticI"s. can be determined by
sessile drop contact anglé.J measurementd8]. There is
a causal relationship between égsnd interfacial chemical
groups attheinterface, as well as their relative orient§fién h(x,r,t) = hm(x, 1)

t/t(r)
(i — 1)

wherek; is the constant (gain) the time constant; the
radial coordinate antl the number of tanks.

For transversal dispersion one of the possible equations
was proposed by Tayld80]:

” ) @

22]. A novel method to observe the relative dynarfig_for 2 2 4
liquids flowing on solid surfaces is being recently developed +:Du [_% + (%) — %(g) ] W (4)
[22—25] m

The aim of this work was to evaluate experimentally— wherehy, is the average concentration in the cross-section
with high-resolution—both transversal and longitudinal of the flow, b the tube radius or half a channel height (m),
dispersion in a flow injection system. For this task, a h the concentration (molm?), r the radial coordinate, the
fully mechanized system was designed. High-resolution time, Dy, the molecular diffusion coefficient (hs~1) andx
bi-dimensional measurements of sample total fluorescencethe distance in a Cartesian coordinate system (m).
were carried out within the carrier slices. In order to lessen
the reagents dispersion within the bulk, ethylene glycol
(MEG), a liquid with dynamic viscosity 23 times higher 3. Experimental
than watef26] was used as matrix for the sample and carrier
stream. The materials used for building-up the analytical 3.1. Reagents and solutions
path and flow cell were chosen in order to increase the
dispersion caused by liquid-wall drag. The effects of gravity =~ The carrier fluid was ethylene glycol (MEG) from Synth
dispersion due to different flow orientations (horizontal and (99.5% purity) with viscosity and density of 21 mPa and
vertical upward or downward) were also investigated. Data 1.11 gcnt? at 24.5+ 0.5°C.
were modeled by using either an empirical black box model  As water is much less viscous than MEG, bulk dispersion
or a theoretical tanks-in-series model. with MEG is lower. On the other hand, the static solid—liquid
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interfacial tension between borosilicate glass and water is Va
higher in relation to MEG, as determined By [22]. This F@7 .
makes MEG more suitable to study dispersion as not only . "—@‘—’
interfacial processes become less pronounced, but also bulk 5
dispersion becomes lower, thus easier to be observed. Rho- ﬁ@_
damine B (RB) from Merck (99.9% purity), dissolved in
MEG was used to mimic the sample due to its current usage
as a fluorescent probe and its high diffusion in the carrier. The /LDPE
1.25x 10~3mol L~ RB solution had density of 1.12 g cth Tygon® o
and the viscosity was 13% lower than pure MEG. The RB & e
concentration was chosen to avoid fluorescent aggregates that Level —
can serve as additional acceptors of the excitation energy and \Arg /
favor non-radiative excitation transpg®&1]. For the estab-
lished temperature, RB dissolved in MEG only dimerizes at
concentrations above £ 10~2mol L~ [32]. This value is
two orders of magnitude higher than in water or methanol,
which was attributed to much stronger electrostatic repul- Y |
sion between the positively charged moieties in ME@G sker
non-radiative energy transfer has a critical radius-66A {3
[33], thgs RB molecules should be, on average, further apart g — Detection
(ca. 75A) than this value. Area

The optical path length of the MF-cell was low enough
to avoid secondary effects on the fluorescence quantum yield
and the laser power was low enough to avoid transition satura-Fig. 1. Top: flow man_ifold; bottom: micro-flow cell (MF-cell); C carrier;
tion. The total fluorescence signal was obtained as afunctions: sample; Y: solenoid valves; x: confluence; D: MF-cellpPperistaltic
of RB concentration and laser power. The operating condi- pum
tions of the system were well within the linear region for
both parameters. RB concentration was chosen in order todispersion due to interaction with the walls. The relative in-
satisfy all constraints for the fluorescent probe (sample solu- terfacial interaction for chemical constituent of the tube was
tion), yet still providing a high signal-to-noise ratio for the evaluated in terms of the cosine of its contact anglesqgos
total fluorescence measurements. No degradation of the diswith MEG. When co$. increases, capillary and wetting ef-
solved RB due to the laser energy was observed for the liquidficiency increase in the same proport{d8], increasing dis-
flow. persion at the borders of the tube.

Fluorescence from dye adhering to the tubing inner wall PTFE® and low-density polyethylene (LDPE) presented
or present in the boundary solvent layer may differ from that high flexibility andé. of 68> and 76, respectively. Tubing of
of dye molecules in the bulk liquid. However, the contribu- these materials were then selected for building-up the man-
tion from fluorescence due to RB interacting directly with the ifold. LDPE has a~58% higher co8. and, consequently,
inner walls of the MF-cell did not exceed<10~° (0.001%). higher capillarity. It presents also low wall permeability to air
This estimate is based on an assumed thickness of the boundin contrast to PTFE, which led to production of air bubbles.
ary solvent layer of A x 25A and an optical path length  As the objective was to map the initial dispersion, the analyt-
ranging from 1 mm at the center of the MF-cell to 0.47 mm ical path was chosen as very short and the used LDPE tubing
atits borders. Absorption spectra obtained prior and after thewas not coiled. It should be stressed that straight tubes have
experiments showed that there was no remaining RB retainedbeen often used in investigating dispersion in unsegmented

on the MF-cell surface. flow analysis. Here, a 30 cm long LDPE tube with an inner
diameter of 0.8 mm was used.
3.2. Apparatus The MF-cell fFig. 1, bottom) consisted of a 7.5 cm borosil-

icate tube with an inner diameter of 1.0 mm. Although the di-

Fig. 1 (top) schematizes the flow manifold designed in ameters of flow injection manifolds are presently two or three
the single line configuration and involving time-based injec- times lower relatively to this diameter, the high MEG viscos-
tion [34] with two Neptune Research 161K031 three-way ity and the 0.055mm data acquisition resolution improved
solenoid valves (Y and \,) to select the sample (S) and the visualization of the dispersion, since the facial velocity is
carrier (C). The carrier (or sample) solution was aspirated at reduced in the MF-cell.
5.12mL mir? (10.9 cm s1) by a four-channel Gilson MP4 Borosilicate was chosen in view of its high optical trans-
peristaltic pump (Pp). parency within the working spectral range. It presented an an-

Contact anglest¢) were determined in order to choose gle of contact of 18 with MEG thus it induces pronounced
materials for tubes that maximize the contribution 4 to dispersion at the walls. The output and input LDPE tubes
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Fig. 2. Experimental set-up. Nd:YAG: laser; M: mirror; lenses; P polar-
izers; MF-cell: micro-flow detection cell; F: cut-off filter; PD: photodiode;
Int: integrator; I: interface; PC: personal computer; SP: sample positioning
system.

were connected to the MF-cell by means of two cylindrical
sleeves of high-density polyethylene (HDPE).
The tube length was multiplied by césof the material in
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The PD output was connected to a data acquisition and
control interface (I) and controlled by a personal computer
(PC).

The interface was developed for the parallel printer port. It
consisted of two 12 bit ADCs (ADS 7804 from Burr Brown
with 5.7us conversion time), two-step motor control units
and one four-channel micro-valve control unit. Sample and
carrier input valves (Y and \, in Fig. 1, top) as well as
the data acquisition were synchronized by the acquisition
software. The initial time was tagged by the pump duty cycle
by an in-house developed optical encoder, mounted on the
head of the pump, and connected to the interface.

As ethylene glycol is a high viscous solvent compared to
water, there is an increase in the fluorescence lifetime of the
probe[35,36] The laser pulse has a half-width of 7 ns and
the probe fluorescence lifetimeig ns under these experi-
mental condition§37]. An active area RC low filter (Int) was
built to integrated the fluorescence signal with atime constant
covering about 10 laser pulses (ca. 1s).

As a consequence of the cylindrical shape of the MF-cell
and front-surface fluorescence collectiofig( 2), some laser

order to evaluate the relative contribution to dispersion due light scattered along the detection axis when scanning ver-

to interfacial phenomena of the tube wdk2]. The LDPE
analytical path region had-a2.4-fold higher contribution to
dispersion, due té@'s, than the glass MF-cell.

Fig. 2shows the optical set-up for laser induced total flu-
orescenc§?5]. Briefly, a 532 nm Nd:YAG laser beam (Con-
tinuum Surelite SLII-10), at 0.55mJ per pulse and 10 Hz,
was deflected by mirror M and focused by lensihto the
sample, on a 5pm diameter spot. A vertical polarizei Bn-

sured 100% polarization. Fluorescence was collected by lens

tical flows off center in the cell. Because filter F eliminated
only 75% of the laser light, errors in polarization were noted.
In order to compensate this effect, the signal was acquired
with the MF-cell empty. After correction, vertical profiles
were found to be similar for both sides of the tube. The data
presented here correspond to duplicated half tube scans.
Each fluorescent profile was obtained at least three times
and then averaged in order to reduce random noise.
Data modeling employed the softwares MathLab 6.5 and

L2, at 40 to the incident laser beam, and passed through aOrigin 6.1.

550 nm cut-off filter F to block laser radiation. Polarizede-

lected fluorescence polarization. Fluorescence was collected
at detector PD from a solid angle of 0.02 sr. This detector, of 4, Results and discussion

in-house construction, consisted of a RS-Electronics BPW-21

photodiode with 7.5 mriof active area operated as a current-
to-voltage converter with seven optional sensitivity ranges.

3.3. Procedure

One 85+ 1 pL of sample plug was introduced in the car-
rier stream for 1.00s.

The initial vertical and horizontal positions of the MF-
cell were adjusted with a bubble levéii¢. 1, bottom) and

On afirst approximation, there are three possible indepen-
dent contributions to dispersion: the gravity, the walls drag
and the difference of viscosity between MEG and RB solu-
tion.

For downward vertical flow, gravity is against the pump
impulsion whereas for upward flow it cooperates; for hori-
zontal flow, the walls drag is perpendicular to both gravity
and pump impulsion. In this work, the flow system operates
at a constant averaged flow rate; therefore variations in dis-

confirmed by laser back-scattering. Detection started 50 mmpersion can be attributed mainly to the combined effects of

after the sample zone entered the MF-cell.

The MF-cell position was uniformly varied in relation to
the laser beam by a two-axis translation frg2@] with two
stepping motors remotely controlled through a QUICK BA-
SIC 4.5 software, permitting sample positioning and real-
time data acquisition with mechanical repeatability better
than 0.1%. The MF-cell was scanned by fixing its position
and, at each transversal positioy), (by acquiring fluores-

earth’s gravitational field and wall drag propagation. As the
densities of the sample and carrier solutions varied in less
than 0.1%, gravitational effects were assumed to be similar
for both.

By considering the flow systems and MF-cell as an infinite
tube[38] the Reynolds number is <7. Laminar flow is then
fully established at 20 mm, as the tube was 50 times longer
than wide. This is consistent with a boundary layer with a

cence peaks as a function of time with a synchronized samplepersistence length of 0.6 mm, i.e., wider than the mean MF-

plug flowing inside the cell.

cellradius. Thus, the flow consisted mainly of boundary layer
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Fig. 3. Concentration profiles for vertical flow at three transversal positions.

where fluid dynamic equations cannot be straightforward ap-
plied as the chemical interactions domint@].

Interfacial interaction due to capillarity at the tube walls
yields a drag that propagates throughout the liquid and slows
downstream atany direction. As the RB solution was 13% less
viscous than MEG, it becomes less sensitive to flow changes
caused by wall drag propagation.

Some LIF profiles are presented kig. 3 which shows
that for downward flow, dispersion was clearly lower than Fig. 4. Sample distribution maps of normalized laser induced total fluores-
for upward flow. In situations of horizontal flow, RB solution  cence (LIF) obtained by juxtaposing longitudinal dispersion profiles, show-
is mainly at the bottom half of the MF-cell. ing direction of flow velocity ¢) and of gravity @): (A) downward flow; (B)

The averaged profiles, obtained at up to 19 transversalupward flow; (C) horizontal flow.
positions, were juxtaposed in bi-dimensional maps of sample

00 p1 02 03 04 0506 07 08 0910
O

distribution Fig. 4). effect for downward flow increased at the wall neighborhood
The parameters related to dispersion were evaluated forin about 4, 24 and 17% fdd, W andA, respectively.
different flow geometries and are presentedable 1 In- Sample distribution maps for both downwalifeid. 4A)

trinsic total fluorescenceCp), corresponding to maximum  and upward flowsKig. 4B) exhibited two maxima at the
sample concentration, was determined under steady state corfront portion of the sample zone, suggesting annular flow.
ditions, by passing only RB solution in the flow system. The The two-maxima pattern of transversal dispersion was theo-
increase of the probe dispersion cauBgA andW to in- retically predicted by random walk simulation for a similar
crease. flow system[13] at low reduced dispersion times, i.e., for
Itis possible to infer that for downward flow, dispersionis short analytical paths, as in the present situation. For up-
always higher than for upward flow, regardless of the consid- ward flow,D is more sensitive to annular flow, as no disper-

ered parameter. This is also eviderfig. 4A and B. The walll sion is noted at the wall intermediary transversal position (
Table 1
Dispersion parameters obtained for vertical flow (upward and downward) and for horizontal flow, acquired at three transversalxositions (
Dispersion
D (Co/C) W(s) A (Counts s)

Center Intermediary Nearthewall Center Intermediary Nearthewall Center Intermediary  Near the wall

Vertical flow

Upward flow 1.2 1.0 1.3 56 58 61 57 72 76

Downward flow 18 1.8 19 116 114 144 78 77 91

Downward/upward 1.5 1.8 15 .p 20 24 14 11 12

Bottom wall Bottom intermediary Center Top intermediary Top wall

Horizontal flow

D 15 13 17 19 22

w 51 48 45 45 45

A 46 48 36 30 25

C: maximum peak valueZy: maximum peak value of concentrated solutidh;half-width at medium heighti: peak area.
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1.0). For downward flow) becomes least influenced by wall Downward
vicinity.

The concentration profile of RB solution is flatter at the
front relatively to the trailing edgeH{g. 4A—C). This is a
consequence of the viscosity effect. The lower viscosity
of RB solution, when compared to MEG, reduces the
liquid molecules cohesion, increasing the MEG efficiency
to deform the RB solution intermolecular bond network
and favoring MEG permeation through RB solution. MEG
penetration at the center of the RB zone increases the
transversal dispersion significantly. This effect explains the Upward
appearance of two lateral maxima typical of annular flow. tonon) |

ParameteA is sensitive to central penetration (fluid dy-
namical tunneling effect) of the RB solution by MEG. At
the intermediary regiorA values were similar to the values
near the wall for upward flow and to the central values for
downward flow. This is explained by the penetration of the
RB solution plug by the MEG plug being more efficient for (A) (B) ©) )
the downward flow.

The cell positioning effect can also be observed when hor-

(©) (D)

B

e )
A
A

B

izontal flow is concerned. There is a higher sample concen- Horizomtul
tration in the bottom half of the MF-cell, causigandA to
increase and to decreaseD is lowest at the bottom inter- @) / /
mediary position where lies the maximum concentratith.
is sensitive to dispersion only for the bottom half, increasing =
with the vicinity of the wall.A is highest at the bottom in- ®) f@j
termediary position where lies the maximum concentration.
For horizontal flow, the sum of the longitudinal profiles areas © )j
acquired at the MF-cell bottom was about 75% of the sum of
all the profiles probably due to the gravitational effect.

At the top of the tube, the downward pull of gravity op- D) ///O)]
posed the effect of interfacial tensiof'| ), thus lessening
drag at the interface and increasing it at the bottom wall. The
decreased drag at the top wall caused its propagation through- 0004 02 0304 050607 080810
outthe liquid to be lower relatively to the bottom wall, and RB CiCq

solution molecules tend to concentrate near the bottom wall.
In addition, the lower Viscosity of the RB solution Compared Fig. 5. Theoretical modeled maps for downward, upward and horizontal

to MEG, also favors deformation of the sample distribution f1oWs: (A)fitted longitudinal profiles using the black box model; (B) transver-
. sal and longitudinal fitted profiles using the black box model; (C) longitudinal
and penetration of MEG at the top of the flow. adjusted profiles using the tanks-in-series model; (D) both the longitudinal

The black boxr, 81 andg, empirical parameters were ad-  tanks-in-series adjustment and the transversal adjustment using Egs. (5) and
justed for different fixed values of transversal position. Then (6).
they were modeled as a function of the radial coordinate by
applying Eqg. (2), and the results are showrfig. 5A. For Wall influence was evaluated by adding the area of the lat-
modeling of the transversal dispersion associated to upwarderal Gaussians. It was similar f8§ andg» (about 70%). For
and downward flows, only three Gaussians were required e, it was much higher for upward flow than for downstream
whereas for horizontal flow four Gaussians were necessary.flow (about 87 and 45%). Thus, is quite sensible to wall
Fig. 5B present the maps including both longitudinal and lat- drag coupling with gravitational effects.
eral modeled distributionTable 2presents the area of the For horizontal flow, thex needed two Gaussians to ad-
fitted Gaussians for the lateral parameters. just the central flow, pointing out two different longitudinal
For the empirical black box modeling, it is assumed that streams within the flow. Parameteg and g2 were quite
the lateral Gaussians represent the region were dispersiorsensible to wall effects (>90%).
depends mainly onthe interaction withthe tube walls,andthat  Eq. (3), for similar tanks, was fitted to the longitudinal
the central Gaussians depend on the liquid—liquid dispersion.dispersion profiles acquired at each of the transversal sites.
FromTable 2 it is possible to observe thatis sensitive to In the present systerk is related to the steady situation in-
the upward and downward movement whergaandg, are volving laser signal and sample concentration, aisdelated
not susceptible to this. to the system residence time. The optimum number of tanks
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Table 2
Area of the fitted Gaussiand) for the black box model parametersf; and g2
o B1 B2
Left Central Right Left Central Right Left Central Right
Vertical flow, Ag (%)
Upward 43 13 43 34 31 34 34 32 34
Downward 22 55 22 33 34 33 36 29 36
Downward/upward B2 42 0.52 097 11 0.97 11 091 11
o B1 B2
Top Middle top Middle bottom Bottom Top Central Bottom Top Central Bottom
Horizontal flow,Aq (%) 8 18 54 20 24 6 70 29 08 63

(N) was one for both upward and horizontal flows and two first time. For downward flow, the maxima were longitudi-
for downward flow, being the latter attributed to its inherent nally stretched. For horizontal flow the maximum at the top
higher dispersionHig. 5C). half of the MF-cell was lower.

In order to obtain the transversal dispersion, the obtained
dynamical parametetsandg were modeled by using equa-
tions derived from Taylor equation (Eq. (4)) for axial disper-

sion:

For downward flow, the dispersion was higher than for up-
ward flow due to opposing wall drag and gravitational forces
in the former case. For horizontal flow, could be observed
high asymmetry of volumetric fraction of RB shape due to

the lower top MF-cell wall drag relative to bottom wall drag.

(A) Downward and upward vertical flows: Sensitivity to transversal dispersion varied for each

ke(r) = yr* + 812, w(r) = pr* + 812 (5) method of evaluating dispersion. The maximum peak value
(M) showed, for vertical flow, high sensitivity half way out
(B) Horizontal flow: from the center. The half-width at half-height/ showed
2 2 high sensitivity at the center for vertical flow and at the bor-
ke(r) = yre + ér, o(r) = yre+ér (6)

ders for horizontal flow. The peak are®) showed, for ver-

Note that for horizontal flow a different equation should be tical flow, quite low sensitivity.for dispersion at half Way.out
used, due to the non-symmetrical pattern of its radial dis- from the center and, for horizontal flow, presented higher
tribution. Fig. 5D presents the modeled profiles including Sensitivity near the cell borders. _

both longitudinal and transversal contributions. For tanks- _ Black boxfitting of the experimental data allowed to iden-
in-series, the model does not fit propei®8] as the sample tify a parameter sensitive to upward anq c_iownward.flow as
volume is not much lower than the reactor (plus detector) well as hinting to two inner streqms within the. honzpntal
inner volume. In addition, the fluorescence sampling volume flow. The parameterg; and g, point to a wall dispersion

is very low. contribution of twice that of the liquid—liquid dispersion.

The relative standard deviation (R.S.D.) associated with ~ The theoretical modeling with tanks-in-series for longi-
the area for each tanks-in-series fitted profile was evaluatedttdinal dispersion had good adjust with only one tank for
with respected to the area of the experimental profiles for ver- Upward and horizontal flow and needed two tanks for down-
tical and horizontal flows. For only longitudinal adjusted pro- Ward flow which was attributed to the latter having higher

files, the R.S.D. of upward and horizontal flows were lower dispersion. The inclusion of the lateral flow modeling proved
than for downward flow. Further studies may include dif- convenient for the downward flow and further studies are

ferent tanks in order to improve the model. The inclusion of Needed to determine which equations adjust better the other

transversal dispersion modeling increased R.S.D. for upwardflows.
and horizontal flows and decreased it for downward flow.
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