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TKREE- DIMENSIONAL COMPUTER MODELING OF PARTICULATE FLOW AROUND DUST MONITORS

B. D. Nichols and W. S. Gregory

’

Los Alamos National Laboratory
Los Alamos, New Mexico

ABRSTRACT

SOLA-DM {3 a three-dimensional finite-difference
computer code designed to model the dynamics of an
incompressidle fluid and the transport of discrete
particulaie material around obstacles impervious
to tlow. The numerical methods used in this code
are degcribed. SOLA-DM was used to predict the
particle flux sempled by the 10-mm Dorr-Oliiver Cy-
clone and MINIRAM dust monitors. Various geomet-
ric and dynamic varietions of monitor and airflow
combinations were tested. The code predictions are
shown in computer-generated graphic plots.

INTRODUCT ION

An improved understanding of the fluid dynamics
and particulate tra.sport as telated to dust moni-
tor sampling is desirable. The ajencies concerned
with monitoring respisable dust must contend with
errors coused by wind velocity, sempling velocity,
sampler inlet orientations, and geometric configu-
retions. These errors, whisrh collectively arn
teraed "inlet bies,” have Leen studied using mostly
snpirical matnods. However, under the asuspices of
the U.S. Bureau of Mines, we hove derveloped & com-
puter model that simulates the airflow and particle
tranuport around various sampling Gevices and then
predicts the parti.le sampling rate.

In the secend section, we describe the three-
dimensional numerical method (TOLA-DM) we used,
The SOLA-DM computrer cods solves the finite-
difference approximetion to the Navisr-Stokes
squations and the continuity equation for an
incompressible fiuid. The numerical mecdel for
particle transport simulates the inertial, pres-
sure differential, drag, and body forces. iIn
Sec. 111, we describe using SOUA-DM to similate
the fluid and particle flow around the Cycione and
MINIRAM dust monitors numerically. Por clerity,
our discussion includes computer-genarated piots of
the computational mesh configuration end velocity
plots of the flow field. Then. in tha next sec-
tion, we present the computationsl predictions of
the sampled particle flux for the dust monitors.

In the final section, we discuss the use of SOLA-DM
tor these calculations and make recommandations fot

T MASTER

SOLA-DM: A THREE-DIMENSIONAL NUMERICAL METHOD
SOLA-DM (Wilson et al., 1987) is a computer code
for modeling the dyrnamics of an incompressibla
fluid and the transport of discrete particulate ma-
terial in three spatial dimensions. SOLA-DM is a
modified version of the SOLA-ID code, which has
been used (in various forms) for a variety of ap-
plications (Hotchkiss and Hirt, 1972; Nichols and
Hirt, 1972; and Hirt and Ramshaw, 1976). The SOLA-
DM code 1is descrided in detail in a Los Alamos WNa-
tional Laboratory report that is in preparation.

SOLA-DM solves the three-dimensional Navier-
stokes equations for the fluid velocity components.
The differential equations are written in teras of
Cartesian coordinates (x, y, and z). Por cylindri-
cal coordinates (r, ¢, and 2), the x coordinate is
interpreted as the radial direction; the y coordi-
nate is transformed to the szimuthal coordinate,
ro; and z is used as the axial coordinate. Several
terms must be added to the Cartesian equations of
motion for cylindrical geometry. The following
equations include these terms by using the coeff!-
cient ¢, where ¢ = 0 corresponds to Cartesian coor-
dinates and § = | corresponds to cylindrical coor-

dinates. The momentum equations are written 4s
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The velocity components (u, v, and w) are {n the
coordinate directions (x, y. and z or r, 6, and 2):
P is the fluid pressure, p, divided by the constant
f1uld dennity, »; g5, 9y, Ond g3 are body accelera-
tions: end fy, f,. and ‘, are viscous accelerations
wristed with the constant kKinematic viscosity
(where v ® u/p):
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The mass conservation equation is expressed in
terms of the continuity condition:

u
ax o dy  z x : (3)

The numerical solution of these equations uses a
finite-difference mesh of parallelepiped celis with
edge lengths of &xy. alﬂ, and &z, ., where the sub-
acripts refer tc the 1§ cell in the x direc:ion,
the 3D cell in the y direction, and the kP cell
in the z direction. The [luid mesh region com-
prises IBAR cells in the x direction, JBAR cells {n
the y direction. and KBAR cells in the 2z direction.
The fluid mesh region is surrounded by & single
layer of fictitious cells that are used tc set
boundary conditions. Thus, there are usually

(IBAR ¢ 2) * (JBAR + 2) * (KBAR ¢ 2) cells 1in a
mesh. Using the boundary cells properly eliminates
the need for special finite-difference equations at
the boundaries. SOLA-DM has an automatic mesh gen-
erator thut constructs a mesh of computational
cells with varying spatial resolutions determined
by a few input parameters.

A cycle of calculations to advance the flow con-
figuration through a time interval, ét, consists of
the following two major steps.

1. Finlre-differance approximations of the momentum
equations [EQs. (1)) are used to obtain guesses
for new time-level velocities based on the ini-
tial conditions or previous time-level values
for all advective, viscous, pressure gradients
and body acceleration terms. The new veloci-
ties will hot necessarily satisfy the {ncom-
pressibility condition [Eq. (2)].

2. The pressure is adjusted in each cell to ensure
thet the finite-differance approrimation of
Bq. (2) is satisfied. These pressure adjust-
ments must be done lteratively because a change
in premsure in one cell will upset the balance
in neighboring cells. Suitable boundary condi-
tions must be imposed at all mesh boundaries at
each step. The number of i{teration sweeps
through the aesh that are needed to get a de-
sired level of convergence to Eq. (2) in all
cells varies with each problem. Typically, more
iterations are required to get a problem started
because large initial flow trancients require
large pressure edjustments. Fewer iterations
ale required as nearly steady f[low conditions
are approached. The {teratinon number drops to
unity when nteady conditions are reached.

From a mathemativcal point of view, the iteration
process is used to obtaln the solution of a Poisson
equation for pressure, but this equation is not
written enplicitly in the code., From & physical

standpoint, the pressure {teration is necessary to
account for the lona-range influence of rapidly
propagating acoustic ®ressure waves that maintain a
uniform density. In the orlginal SOLA codes (Hirt
et al.. 1975), the pressure was adjusted for each
cell (step 2 above) using a Newton-Raphson itera-
tion. However, SOLA-DM uses the preconditioned
conjugate residual method, which first was appiled
to 8 SOLA code by Daly and Torrey (Daly and Torrey,
1984). This iterative scheme as used here is de-
scribed in detail in the SOLA-DM report in prepara-
tion (Wilson et al., 1987).

A complete {luid dynamics iteration cycle re-
quires that the velocity and pressure be updatad at
all mesh boundaries. The mesh boundaries may be
rigid no-slip, for which the normal velocity at the
boundary i{s zero and the tangential velocity at the
boundary 1is zero or free-slip, for which the normal
velocity at the boundary is zero and the tangential
velocity gradient at the boundary is zero; continu-
ative outflow, for which the normal velocity deriv-
ative i3 set to zero when applying the momentum
equations and the tangential velocity gradient is
zero. A periodic boundary condition for any direc-
tion can be specified. A constant pressure bound-
ary condition at any fictitious cell boundary is
set by keeping the pressure constant in the layer
of fluid cells adjacent to the boundary and other-
wise treating the boundary as continuative outflow.
Any of these boundary conditions can be imposed by
setting input numbers. The user can specify in-
or outflow boundary conditions in the program.

Internal mesh cells may be defined as opaque to
flow. These obstacle cells &re set by input num-
bers. All six faces of an obstacle cell have zero
velocity, and the cell pressure is 2ero. 3imilar-
ly, any set of cell faces may be sperified as
opaque to flow, affectively creating a thin tuall.

SOLA-DM models the transport of discrete parti-
cles within the fluid mash. The numericsl model
for particle transport simulates the ineriial.
pressure differantial, drag, and body forces. 1In
cylindrical coordinates, centrifugal force alio i
included. The drag force, Py, may be deilined a3
proportional to the product of the cross-sectional
area of the particle and the dynamic pressure; that
18,
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where rp is the particle radius, pf {3 the constant
fluid density, and (Ug - Up) 18 the difference in
the fluid and particle velocities. The drag comft|
clent, Cp, for flow in the Stokes reginn (Re t« 1.0)
ls Cp = 24/Ry. where Ry = (Ug - Up) (2rpi/vg and v
is the tluid kinematic viscosity. Urit?ng a force
balance equation for a4 t1gid spherical particle and
solving for the particle acceleration in the r di
tection gives

du P 2
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where
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where v is the azimuthal fluid velocity component
and r is the radius of curvature of the particle
path. As noted above, § = 0 for Cartesian coordi-
nates and £ = 1 for cylindrical coordinates. This
is the form of the equation used in the code. The
pf in the pressure differential term is present be-
cause the code “pressure” is actually fluid pres-
sure, p. divided by the constant fluid density;
that 1s. P = p/pg. Equivalent equations express
the particle transport in the y and z directions,

The turbulent diffusion of the dust particle is
characterized by a particle diffusion coefticient,
NUP. The numerical model of turbulent diffusion
computes diffusion velocity components for eacn
particle. In this model, the fluid velocity com-
ponents (Ug., V¢, and VWg) at the location of each
particle are the sum of the mean velocity compo-
nents /linearly interpolated to the particle posi-
tion from the mean velocity fleld) and the random
turbulent velocity component. The basic idea
(Hotchains and Hirt, 1972) in determining the ran-
dom turbulent velocity is to consider the particle
as a point source that c¢iffuses for a time at. The
probablliity of where the particle is likely to move
1s given by a Gaussian distribution, with the width
of the distribution determined by the standard de-
vistion 4 « 8t - NUP. A random number generstor
selects the location sctually used within the dis-
tribution.

NUMERICAL SIMULATION OF
PARTICULATE FLOW AROUND MONITORS

Ve modeled the 10-mm Dorr Oliver nylon Cyclone
respirable mass sampler and the MINIRAM personal
dust monitor. They were modeled in standalone po-
sitions, that is, not mounted on a person. The
Cyclone system (Cecals et al., 198)) includes a cy-
lindrical collector, @ filter, and a pump to pro-
vide & steady inlet flow rate. Our Cyclone model
included only the cylin. ical collector part of th»
system. The Cyclone was modeled with and without a
1.0-cm-diam shiel'! arourd tte collectors. The ny-
lon cylinder has o 2.0 cm outside diameter and
containg the samp.ing inlet, which has & flow area
of 0.221 ¢ca by 0.:2] cm. we assumed that all par-
ticlen enteting this inlet were sampled,

Toe MINIRAM dust monitor (L.ilenfeld and Htern,
1982) i fully self contained and consists of a
minieturized light-scattering sensing confiquraetion
with pessive connective flow sampling. This dust
monitor is rectangular and is about 10 cm wide,

10 cm high, and 4 ~m thi~k. The thickneass is en-
larged an additional 1.6 cm over 8 portion of the
10-cm by 10-cm monitor fece by extending the sen
sing chamber. The sensing chambar provides a flow
path tor particles to move through the monitor for
sampling.

The dust monitors were modeled with different
coordinate systems. The circular cylinder configu-
ration of the Cyclone monitor was represented by a
cylindrical coordinate system, and the rectangular
MINIRAM monitor was modeled using a Cartesian coor-
dinate system. e modeled the 10-mm Dorr-Oliver
Cyclone dust monitor assuming three planes of sym-
metry. Two axial planes, one through the center of
the sampling inlet, were used to form a 90° section
of & cilrcular cylinder. Longitudinal symasetry a-
bout a horizontal plane through the vertical center
of the inlet was assumed. These assumptions al-
lowed a manageable finjte-difference mesh size with
acceptable spatial resclution. Figure ! shows
plots of x-, y-, and z-plane slices through the
three-dimensional mesh of cylindrical coordinate.
cells. The mesh has 42 cells in the radial (x) di-
rection, 16 cells in the azimuthal (y) direction,.
and 12 cells in the axial (z) direction, which 1s a
total of 8064 computational cells. The greastest
spatial resolution near the cylinder is G¢.11 cm 1in
each coordinate directiorn. As thown on the mesh
plane plots, the mesh dimensions are 1.0 cm to
10.0 cm radially. 0° to 90° azimuthally. and 0.0 to
2.0 cm axially for the unshielded Cyclone simula-
tions. The axial dimension was extended to 3.0 cm
for the simulations usiiig a shield that was simula-
ted by creating & wall impervious to fluid flow at
input-paraneter-specified cell faces. The shield
had a radius of 1.9 cm a&nd was 1.437 cm high. The
mesh cell Caces specifiad as walls were 0.% cm ra-
dially from the cylinder boundary. Seven cells in
the z direction were used to resolve the shield
height, and the cell faces specified as walls ex-
tended from 0° to 90° in the azimuthal direction.
Five cells, each with a redial dimension of 0.10 cm,
were used to resolve the distance between the Cy-
clone and the shield.

T
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FIGURE 1(a). The cell configuration in the x y
plane thtough tha three dimensiovnal cylindiical
coordinate mesh,
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FIGURE 1(b). The cell configuration in the x-2
plane through the three-dimensional cyilndrical
coordinate mesh.
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FIGURE l(c). The ce'l contiguration in the y-2
plane through the three-dimensional cylindricel
conrdinate rrsh.

Ve modeled the MININAM dust monitor and adjecent
space using & rectangular mesh in three dimensions.
A vertical plane of symmeltry was atSsumed through
the centet of the monitor to reduce the nusber of
menh cells required. Specifically, with the monit:
ter pospitioned so that the 10 by 10-cm face into
which the sensing chamber is integrated i3 normal
to the x direction, the full height (in the t di-
rection) is modeled, but only one-half of the mon}
tor width (in the y direction) .8 included in the
mesh. This is possible hecause of the symeetry in

the sensing chamber geometry and in the monitor
housing. The rectangular mesh contained 43 cells
in the x direction, 25 cells in the y direction,
and 35 cells in the z direction, which is a total
of 37 625 cells. The mesh dimensions were 0.0 cm
to 30.6 cm in the x direction, 0.0 to 11.0 em in
the y direction, and 0.0 to 20 cm in the z direc-
tion. The monitor was resolved spatially by 14
cells in the x direction, 1l cells in the y direc-
tion, and 20 cells in the z direction. 1In the x
and z directions, the monitor was approximately 1in
the center of the mesh. The typical cell dimension
in the monitor region was 0.3 cm, with the smallest
dimension hbeing 0.25 cm and the largest one being
0.38 cm. The mesh cells corresponding to the moni-
tor werc designated at obstacle cells by input pa-
rameters, and the faces of obstacle cells are im-
pervious to flow. 1In Fig. 2, plots of the x, y.
and z planes in the mesh show the cell configura-
tion.

We simulated the airflow past each wonitor by
first setting an initial flow field in the mesh and
specifying an inflow boundary condition at the mesh
boundary upwind of the monitor. A continuative
outflow boundary conditio.n downwind of the monitor
allows the airflow to leave the mesh with neqlig-
ible upstresm influence. 1tl1 planes of symmetry
and most of the other boundries were set as free-
slip boundaries, which sets a zero normal velocity
and a 2ero tangential velocity gradient at the
boundary. However, & nc-slip condition was set at
the Cycione wall. This sets a zero normail and tan-
gential velocity at the boundary. 1In Fig. 3, the
quasi-steady-state velocity field around the Cy-
clone in the x-y plane at the longitudinal plane of
sywmmetry and the x-z plane at the 0° axial plane of
symmetry is shown in a perspective view. The ve-
locity vectors are drawn from the center of each

[ ————— = —— ® - § o= - A

FIGURE 2(a). The cell configuration in the -y
plane through the three-dimensional cylindrical
cootdinate mesh,
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FIGURE 2(b). The cell configuration in the x-2z
plane through the three-dimensional Cartesian
coordinate mesh.
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FICURE 2(c). The cell configuration in the y-2
plane through the thres-dimensional Certeslan
coordinate mesh.

FIGURE 3. Quasi-steady-state velocity fleld ploc
in the x-y plane at the Cyclone longitudinal
plane of symmetry and the x-z plane at the 0°
axial plane of sysmetry in perspective view.

fluld cell. The quasi-steady-stete flow fleld a-
round the MINIRAM is shown in Figs. 4--6. The re-
gions without velocity vectors correspond to the
location of the monitor. In Fig. 4, the flow field
shown 18 in the x-y plane at the vertical center of
the sensing volume. The flow 18 from the left, as
indicated by the arrowheads on the vectors. The
region without vectors indicates the monitor loca-
tion. The expanded view in Fig. 4(b) shows the re-
circulation in the sansing volume in this plane,
Figure 5 shows the flow field in the x-2 plane at
the plane of symmetry. Becondary flow again occurs
in the expanded view in Fig. 9(b). The flow field
in Fig. 6 1s the y~z plane in the middle of the
sensing volume. The expanded view in Pig. 6(b)
shows the recirculating flow. The flow in the men-
sing volume 13 in three dimensions and is aore com-
plex than displayed by the slices throuyjh the re-
gion shown in the plots.

Por the particle transport calculation in this
study, we used a code feature that allows the user
to compute the particle transport in a previously
calculated quasi-steady-state fluid flow fleld.
This eliminates the computer time required to re-
generate the flow field for each particle transport
case. Tha particle transport wmodel does not simu-
late particle-pirticle interaction, and the parti-
cles do not influence the fluid dynamics. fPor
these reasons. the magnitude of particle concentra-
tion is chosen to provide an adequate concentration
of particles to be sampled by the monitor, but the
cost of computation also must pbe considered. In
these studies, the particle ~oncentration input up-
stream of the monitor may vary from 200 particles/
cmd for the MINIRAM simulation to 20 000 perticles/
cm? for the Cyclone simulation. The required vol-
ume of particle input is much smaller for the Cy-
clone. The particle tranaport time required by the
code is ubout 1U us/particle/cycle, where a cycle
is the computational cycle each time step. A
typical Cyclone particle transpoct calculation aay
be over & period of 50 ms, with a time step of
0.02 ms. which is 2900 cycles. At a concentration
of 20 000 particies/cm3, the total number of parti-
cles in the mesh at late times may approach 12 000.
This typicelly tequires less than 9 min on & Cray
computer.
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FIGURE 4(a). Quasi-steady-state velocity field
plot in the x-y plane at the vertical center of
the MINIRAM monitor sensing volume.
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FIOURE 4(b). Expanded view of the velocity fleld
in the x-y plane at the vertical center of the
RINIRAM monitor sensing voluma.

TR
L

FIGURE 5(a). Quasi-steady-atate velocity field
plot in the x-z plane at the vertical plane of
symmetry of the MINIRAM monitor.
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FIQURE 5(b). Expanded view of the velocity fleld
in 'he n-z plane at the vertical plane of
sysmetry of the MINIRAM monitor.
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FIGURE 6(a). Quasi-steady-state velocity field
plot in the y-z plane at the approximate middle
of the MINIRAM monitor sensing volume.

]

- - - e
L .

FIOQURE &(b). Expanded view of the velocity field
in the y-z plane at the approximate middle of
the MINIRAM monitor sensing volume.

SOLA-DM PREDICTIONS OF SAMPLED PARTICLE FLUX

To study their effects on the Cyclone particle
sampling rates, we varied the monitor orientation,
tne particle size, the wind speed, the sampling
flow rate, and the effect of a shield around the
inlet. The Cyclone inlet was oriented to face
directly into the wind at C® or perpendjcular to
the wind at 90°. @®Bach cf the simulations was run
with three particle sizes (aerodynamic diameters):
0.1 ym, 1.0 um, and 10.0 ym. Ve used wind speeds
of 152.4 and 406.4 cm/s and specified the sampling
flow rates as 1.2 and 2.0 L/min. A shield was
placed around the cyclone inlet that extended ra-
dially 0.5 cm beyond the Cyclone and was 1.437 cm
long.

The code simulations predicted that. of the con-
ditions modeled, the greatest effect on the Cyclone
sampling rate was the orientation of the monitor
relative to the wind direction. In the simulation
of the unshieldad Cyclone with an inlet flow rate
of 2.9 L/min and a wind speed of 152.4 cm/s. the
predicted average particle flux of all the parti-
cle sizes sampled at the 90° orientation is only
31\ of the particle flux at a 0° orientation. The
average particle flux data for high wind speed
(406.4 cm/s) indicate virtually the same reduction
in particle flux for a change in orientation from
0° to 90°. The code predicted that the shield re-
duces the effect of orientation on sampling rate.
The sampling rate for the shislded Cyclone at 90°
1s 48% of the sampling rate at 0°. Although the
magnitudes differ, the inlet sampling rates in-
crease about the same percentage from low to high
wind speed for the 0° and 90° orientation to the
wind direction for the unshielded simulations. At
a 0° orientation, a 67% increase in the inlet flow
rate increased the average particle flux by 71\,

At a 0° orientation, the predicted effect of
adding the 1.5-ca radius shield around the 1.0-cm-
radius Cyclone monitor was a reduction in sampling
rate for all particle rizes by IN. However, at a
90° orientation, the cuode predicted an increase of
71\ from unshielded to shielded simulations. These
results indicate that the particle inertia strongly
affects the predicted sampling rate.

The 10-ym-diam particles were not collected un-
der any of the cases that were simulated. A con-
servative analysis, described in Ref. 1, suggests
that these large-dlameter particles moved away from
the Cyclonc boundary area because of centrifugal
force. However, it is not understond why the
shlelded, 90° orientation simulation predicted zero
particle flux.

The MINIRAM moriitor simulations were for one or-
fentation and wind speed. Particles with aerody-
namic diameters of 0.10, 1.68. 3.36, 16.8, and
33.6 um were modeled. Ve computed the percentages
of the free-stream particle concentrations that
flow through the MINIRAM sensing volume. The sen-
sing volume corresponds to the MINIRAM scattering
volume defined by the intersection of the solid
angles formed by the light passing through the to-
cusing lenses of the light source and tue light de:
tector. The gensing volume is modeled in the code



by estimating the number of cells and the portions
of cells included in the intersection of these sol-
id angles.

The predicted particle concentration in the sen-
sing volume 1s affected by the size of the parti-
cle. The percentage of free-stream concerfration
varles from 90% for 0.l1-um-diam particles to only
60N for the rather large 33.6-uym-diam paiticles.

In our numerical model., this difference can be un-
derstood by noting the number of particles in each
computational cell in the sensing chamber. The
larger particles are concentrated near the rear
(downstream side) of the sensing chamber, which
only partially coincides with the sensing volume.
Consequently, the total count in the sensing volume
is less than that for the more evenly distributed
smaller particles. e made another measurement
that makes this observation even more obvious. The
probe used in an experimental study of dust flow
arcund and through the INIRAM by Asay and Hull
(Asay and Hull, 1986) was located near the front
(upstream side) of the sensing volume. To compare
the numerical predictions with the experimental
measurements of concentration, we counted the par-
ticles at the approximate probe location. The par-
ticle concentrations were 95%, 94\, 73\, 49%, and
10% of the free-stream values for the respective
particle aerodynamic diameters of 0.1 um, 1.68 ym,
3.26 um, 16.8 um, and 33.6 uyn. The concentratlions
at the probe location and in the sensing volurme are
within a few per cen. of each other for the smaller
particles but vary 28\ to 500 for the particles
greater than 10 wm. The larger particles probably
migrate to the back (downstieam) side of the moni-
tor sensing region because of thelr downstream in-
ertia as they enter the downward-turning flow in
the top sectlion of the sensing chamber.

CONCLUSTONS

The SOLA-DM computer code 1is well suited to per-
form the simulations in this study. The code's so-
lution algorithm is especially efficient with the
use of the preconditioned conjugate resldual itera-
tiorn method, which allows rapid convergence to an
accurate solution for the pressure field, The
SOLA-CM user's manual and the code's internal docu-
mentation make the code easy to use. These studies
were simplified by generating the flow tield only
once for each configuration and then injecting par-
tizles into the system. In this way, the parame-
ters controlling the particle behavior could be
evaluated easily.

The SOLA-DM code predicts that the factor hav-
ing the largest effect on the Cyclone monitor sam-
pling rate is the monitor orlentation relative to
the wind direction. This {s the case for both of
the wind speeds simylated. but this effect is mode-
rated by the addition of the shield. As expected,
the sampling rate for the 0° orientation is in-
creased for an increase in the wind speed. The
same pattern is true for the 90° orlentation, which
was not expected. At & 0* orientation, the sam-
pling rate was proportional to the inlet [low rate.
Several of the simulations indlcated that particle
inertia, and consequently particle size, affect the
Cyclone sampling rate. This effect is especially

notable for the 90° orientation because in no case
was the 10-um-diam particle collected. The approx-
imate analysis of particle motion around a cylinder
may explain this; however, the shield was expected
to have a greater effect on the particle hehavior
near the Cyclone than was predicted.

The MINIRAM monitor simulations indicate that
particle size i3 a major factor in particle concen-
tration in the sensing volume. The value of the
particle diffusion coefficlent also influences the
distribution of particles in the sensing chamber.
The value of 10.0 cm2/s seemed to be a good esti-
mate, but additional attention should be given to
tnls parameter.
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