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Abstract

The deposition of ambient air particles in tubes was investigated. Tests
were made in order to study the influence of different tube parameters
on the particle deposition. The results show that in tubes of 4.5 -
6.5 mm diameter at flow rates of 1.4 and 3 1/min the deposition is
strongly influenced by tube length and material, and to some extent
by previously deposited particles. No effects on deposition from tube
bending radius, orientation of tube or from tube diameter were found.
Influence from different tube parameters on the rate of deposition
was greater fcr large particles than for small ones.

INTRODUCTION

When collecting small samples of particulates on small filters for
subsequent physical analysis, a sampling train of the type shown in
fig. 1 is commonly used. This arrangement requires long tubing between
sanmpling probe and filter. It is well known that long tubing can cause
losses of particles due to deposition on the tube walls. This deposi-
tion is a function of many variables, the influence on the total
effect of which is, as pointed out by many authors, not yet fully
understocd and thus not fully predictable. The objective of this
investigation has therefore been to ascertain which of these variables
were of the greatest importance under normal ambient air conditions,
so that at least the order of magnitude of the particle losses can be
predicted in some practical cases. Tests have been performed with
tubes of diameters between 4.5 and 6.5 mm and flow rates of 1.4 and

3 1 air/min in such a way that influence of length, diameter, mate-"
rial, previously deposited particles and orientation of tube could be
determined for different particles size ranges. Whereas losses of
particles and consequently, too small samples cn the filter is the
expected result of using long tubings, the effect may, in a certain
case, be the opposite: If old tubes with walls covered by large
amounts of particles are exposed to a mechanical shock, some of these
particles will collect on the filter and result in an erroneously large
sample.
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Agerts that could influence the deposition are:
1. diffusional processes
2. gravitational forces
3. inertial "

4, electrostatic "

These will be dealt with separately in the following.

Diffusional processes

These can be of two kinds: Brownian and turbulent.

Losses due to Brownian diffusion can be calculated by the formulas given
by Gormeley and Kennedy (1949), which show that in this case - assuming
that particleé larger than 0,3 um constitute the main part of the total
mass - losses are negligible.

Losses from turbulent diffusion do not seem likely when considering that
turbulence normally does not occur at the Reynold numbers (Re) relevent
here, i.e. 300 - 1,000. It is not unlikely however that there are deviations
from a strict laminar flow. Some kind of turbulence could arise from an
wneven surface inside the tube from effects due to tube bends, or from
wneven pumping. Unfortunately, today there is no way by which the losses
due to turbulent diffusion can be predicted through theoretical calcula-
tion.

Gravitational forces

The effects of gravitational forces can be celculated at laminar flow
according to Fuchs (1964). The length of a circular, horisontally oriented
tube required for complete precipitation is:
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I =
cr
Where Vs = terminal rate of the settling of a particle, R = tube radius

and U = mean gas velocity.

In fig. 2 is shown Lcr as a function of particle diameter for spheres of

the density 2 g/cmg.
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Inertial forces

Inertial forces can cause deposition of particles in tube bends. A
particle passing thorugh a tube bend in a laminair flow will move a
distance da’ relative to the gas flow lines. After passing the bend
it will continue moving perpendicularly to the gas flow lines a di-
stance d_, after which due to drag forces it ceases to move in this
direction.

Under certain conditions the total displacement A = d, + d, is relati-

vely easy to calculate.

These conditions are:
a. Stokes law is obeyed.
b. The particle studied moves on a line of approximately
constant bending radius.
c. The velocity of the gas can be regarded as equal to
the mean gas velocity in all parts of the tube.

According to Fuchs (1964) the movement of a spherical particle travel-
ling in a straight line through a gas at low Reynold numbers can be
described by:

av
me—=Ft)~-3m=+-Dp- -V
dt
where m = particle mass
V = particle velocity perpendicularly to the flow lines
t = time
F = external force put upon particle {varies in general with time)
Dp = particel diameter
n = gas viscosity

In a tube bend with a bending radius of R and a mean gas velocity of u

we get
2 2
dV _m - u° - av . V. u
m*® — = -3m *Dp -V or —_— +t === = 0
- B at T r
where the relaxtion time T = -——m. —
3mm * Dp



The solution of this equation is:
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The distance d, travelled by the particle in the direction of V is then:

2 2
u
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a
According to Davies (1968), the distance travelled by a particle intro-
duced into still air at a velocity of Vl until it has reached the velo-

city zero is:

If a particle leaves the tube bend at t = tl and V = V1 the total dis-

placement can be written as follows (for a 90° tube bend):

u T prZ'ps-u
A=da+d='r F—-t = ’c—2—u= ®

which is independent of the bending radius.p . is the density of the
particle, and n the viscosity of the gas.

A - as a function of Dp for spherical particles of density 2 g/c:m3 at a
velocity of u = 3.25 m/s in air of 20°C is shown in fig. 3. This cal-
culation was, however, based on three assumptions. The first was that
Stoke's law is obeyed. This is normally the case for Re numbers lower
than 2. (The lower limit of Re for which Stoke's law is obeyed is of
little interest here, as the displacement of such a small particle in
this centrifugal field due to inertial forces would be negligible).

When calculating the Re number we have to take into account not only the
movement caused by inertial forces, but also the movement caused by gra-
vitational forces. In the most unfavourable orientation of the tube bend
the terminal setting velocity due to gravitation and Vl would add up to

give Vr' In the critical case (that is Re = 2) we get six equations:
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Where p is the density of the gas.
This system of equations have the solution

DD = 28.2 um, when

18.20 * 10 - 6 Ns/m?, o = 1.2045 kg/m®, s = 2000 kg/m’

=3
i

0.05 mand U = 3.25 m/s

5
"

Thus, the result from the calculation of the displacement as a function
of particle size in a tube bend with these conditions can not be used
for particles larger than 28 um diameter. (As Re then is > 2).

If r = 0.01 m, the maximum diameter will be 17 um.

The second condition for the calculation of the displacement is that

the particle is to move in a line of approximately constant bending
radius. In all cases of practical interest here this condition is ful-
filled, as the bending radius of the tube is large compared to the tube
diameter and thus also to the possible displacement. When the displacement
is larger than the tube diameter its exact value is of minor interest.




1.4

2.1

6.

The third condition is that the velocity of the gas can be regarded as
equal to the mean gas velocity in all parts of the tube.

This is probably not true in the practical case, since normally there is
a parabolic velocity distribution in a long tube with laminar flow. In the
straight part of the tube the maximum gas velocity is equal to twice the
mean velocity. In a tube bend this velocity distribution is likely to be
somewhat disformed as the gas in '"the inner curve" has a shorter run than
the gas travelling along the opposite wall. This will in some cases bring
turbulence into the flow in the tube bend and in the nearest straight part
of the tube (Davies, 1973). However, as the difference in "displacement
properties" are so clear between different particle sizes the result is
still useful in this context to determine the particle size ranges in which
deposition in tube bends due to inertial forces can be expected to occur

if laminar or close to laminar flow exists.

Electrostatic forces

The effects of electrostatic forces are difficult to predict by theoretical
calculations. However, it should be possible to detect such effects by prac-
tical tests with different materials and resistivity.

]
Since, as mentioned above, the total particle loss is a function of a large

number of variables, it was of interest to carry out measurements that
could add to clarification of how these variables influenced the total ef-
fect of deposition. These measurements are described in the following sections.

EXPERIMENTAL

The tests have been performed in two different ways: Measurement by
particle-counting and measurement by analysis of elements in total
particle mass.

Measurement by particlé-counting

These measurements were carried out at R3®, an experimental station, located
at the sea-side 46 km south of Cothenburg on the west coast of Sweden. Under
normal conditions R3S is regarded as a clean-air station and is used for

back-ground measurements of air pollutants.
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Samples were taken by drawing approx. 40 m3 air/hour through a large
sampling probe (fig. 4). From this air flow and under close-to-iso-
kinetic conditions, a smaller sample of 3 1/min. was drawn through a
glass probe connected to a particle counter by means of the tube to be
studied. The number of particles per 3 litres of air was determined
within the size ranges 0.3 - 0.4, 0.4 - 0.6, 0.6 - 1.0, 1.0 - 1.8,

1.8 - 3.4, 3.4 ~ 6.6, 5.6 - 13.0 and 13.0 uym projected diameters.

Each ccunting period being 1 minute, it was possible to make several
measurements under several different conditions within a relatively
short period of time. The aerosol composition was therefore regarded

as constant during each of these comparative measurements.

When the influence of a certain tube parameter was studied with respect
to the degree of particle deposition in the tube, a number of tubes
which were identical except for this parameter were used to transport
air from the glass probe to the particle counter.

The particle counter operated on a scheme of cne minute counting
period followed by one minute rest, then repeated the operation. The
comparative measurements were made permutatively. Thus, using four
tubes (a, b, ¢, d), the measurements were carried out as follows:
One-minute count using tube a, cne minute rest during which was ex-
changed for tube b, cne minute count with tube b, and so on with

¢, d, a, b, etc. Ong such counting period in this sequence (a - d) is
here called a "permutative counting period".

The reproducibility of the measurements and the influence from tube
length, diameter, material, previously deposited particles and orientation
of tube were studied. The results of the measurements are presented

in Table 1, together with details about test conditions and tube para-
meters studied.

Measurements by analysis of elements in total particle mass

Samples were taken with two sampling units of the same type as illu-
strated in fig. 1. In the first unit, the air passed through the sampling
probe, of 6 m length, a filter, ¢ gas meter and a pump. The second unit
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was identical tc the first one, except for the position of the filter,
which was placed directly behind the sampling probe. Millipore mem-
brane filters (mixed esters of cellulose) were used and the particles
collected were analysed by x-ray fluorescence (1971). Sampling was
done both at R3¢ and in Gothenburg for the purposec of obtaining samples
with different size distributions. The mass mean particle diameter

is normally larger in Gothenburg than at R38. The two sampling units
were used in parallel. One pair of units operated at R34 for the time
21 January - 17 April 1972 and another pair in Gothenburg from 20
March to 26 April 1972. Sampling was continucus and sampling time was
24 ~ 72 h. New tubes were installed before the measurements were
started and used throughout the entire measurement period.

The amount of S, CL and Si in particles sampled on the membrane filters
was determined. These elements were chosen because of their abundance
and also because they represent different size fractions: Sulphur has
been found mainly in particles smaller than 1V m (A & S 1973) and
silicon in larger particles (B + M 1972). Chlorine is represented
mostly by a size fraction between those of S and Si.

RESULTS

Measurement by particle counting

The results of these measurements are summarized in Table 1.

In measurements using four separatc tubes with as similar characteristics
as possible, the reproducibility with respect to tube specimen was better
for small particles (<0.6um than for large ones. The reproducibility

of mean values from ten permutative counts for each tube, expressed as
percentage standard deviation, is shown in Table 2.

Tube length

Fig. 5 illustrates the influence of tube length (L) on the particle loss.
The measured particle concentration is plotted against the tube length.




3.1.3

3.1.4

3.1.5

3.1.6

9.

If the curve is extrapolated to L = 0, it will be seen that the loss of
particles smaller than 13 m, is less than 20 percent at a tube length
of 1 m. A more accurate relationship between tube length and loss
could not be measured because other interfering parameters such as
equivalent particle settling velocity, diameter, particle charge,

tube surface roughness, etc. could not be measured or controlled. As
in the case of reproducibility, it seems that the losses of large
particles are influenced somewhat more by variation in tube length
than losses of smaller particles. (table 1)

Tube diameters_

The result indicates nc difference in deposition rate between tubes
with diameters ranging from 4.5 to 6.5 mm. It is however, not possible
to entirely isolate the effect of a change in tube diameter as this
also influences the residence time for a particle in the tube.

Tube _material

Tube material has a marked effect on particle loss. The "affinity" to
the particles was least for glass, but increased with copper, Dekoron

P, PVC and Teflon, in that order. (Dekoron P is a polyetylen tube).

Particle losses in a tube increased with the length of time it had
been in use. When the tube was exposed to a mechanical shock, a very
high particle concentration was observed on the particle counter.

Orientation

When a cut was made perpendicular to the tube axis in the Dekoron P
tube which had been used in sampling for some time and a piece of the
tube was held against the light, one could easily see that particles
were deposited in the lower part of the inside of the tube. This implied
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that gravitational forces had caused some of the particle loss. To

assess the magnitude of this loss, measurements were made with alter-
natively vertical and horizontal orientation of the tube in which the
aerosol was transported to the particle counter. No difference could,

however, be.detected.

Measurements by analysis of elements in total particle mass

The results of the measurements at R3® are shown in Table 3.

The mean values of losses of particle-bornme Si was 52 percent. 22
percent of particle-borne Cl was lost. As for S, an excess of 7 percent
was measured on the filter placed behind a 6 m tube. This result con-
firms the indications of the measurements by particle counting that
losses of large particles are greater than losses of small particles,
Large particles are here represented by Si and small particles by S.
The same tendency is found when examining the results of the measure-
ments in Gothenburg (Table Y4) where the average particle diameter is
expected to be larger than at R&8. The mean value of the losses of
particle-borne Si was 85 percent, of Cl 28 percent and of S it was

24 percent.

From Table 3 it can be seen that in some cases, contrary to expectation,
much higher values were obtained on the filter placed behind a 6 m
tube than on the filter in front of the tube.

DISCUSSION OF RESULTS
£

As mentioned in the Introduction, the causes of particle deposition in
tubes can be referred to

1) diffusional processes

2) gravitational forces

3) inertial forces

4) electrostatic forces
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It is of interest here to see what theoretical models for the deposi-
tion that would best agree with the findings of this study:

4.1 Diffusional processes

4.1.1 Brownian diffusion

According to this theory, the diffusion velocity is higher for small
particles than for large particles and will not cause any deposition

of importance in this case of particles larger then 0.3 um.

The results of the tests described above (including those which show
that losses of large particles are greater than of small ones) confirm
that mere Brownian diffusion cannot affect the deposition to any larger
extent.

4.1.2  Turbulent diffusion
Accerding to common theories about turbulent flow in tubes, turbulence
occurs in the middle of the tube, and laminar flow occurs close to the
walls. A particle in the turbulent part would then have to pass both through
turbulent and through laminar flow before deposition on the wall. The
slowest step would determine the total deposition velocity. The turbulent
diffusion velocity is difficult to predict but it is generally known
to be faster than the Brownian diffusion. Thus for the submicron particles
studied here the total deposition velocity would be relatively slow,
(determined by the Brownian diffusion) which in fact it was. The transport
of the larger particles through the laminar part of the flow could be
relatively fast, as the inertial forces, (introduced by turbulence)
then could make these particles go straight through it.

The result of the tests reported above does qualitatively agree with this model.
The differences in the amount of deposited particles due to variations

in tube length and tube material are greater when the particles are

large: than when they are small. It is also in agreement with the model

that the surface properties of the tube wall influence the deposition.
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Cravitational forces

In accordance with the theory (1.2), particle losses in a 4 m tube
should be observed only for particles with a Stoke's diameter > 6,6 um
Since the density of the particles was not known during the comparative
measurcments performed by particle counting, this theory could not be
used to explain why no effect of gravitational forces could be observed
in the size range 6.6 - 13 um particle diameter. A turbulent flow in the
tube, would counteract sedimentation of particles.

Inertial forces

The theory described earlier (1.3) purports that an effect of inertial
forces when having pure laminar flow would be observed in comparative
measurements by particle counting involving a horizontal, straight tube
and horizontal tubes with loops of different diameters. The results of
the comparative test did not show any difference between the tubes. This
could only be explained, provided the density of all particles larger
then 5 um was much less than 1 g/cm3. If there was a turbulent flow

in the tubes, inertial forces could be regarded as responsible for the
particle losses according to the theory mentioned in the discussion on
the turbulent diffusion (4.1.2).

Electrostatic forces

Although the surface of the copper tube seemed relatively rough compared
to the plastic materials, the particle deposition in a copper tube was
less than in a Dekoron-P tube. This indicates that electrostatic forces
influence the deposition rate. To further support this is the fact that
among the plastic materials the greatest loss of particles occurred in
a Teflon tube. As Teflon has the highest resistivity of all these mate-
rials it can also easily keep high charges unevenly distributed over its
surface.
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Table 2.

Reproducibility with respect to tube specimen expressed
as percentage standard deviation of mean values from 10
permutative particle counts after 4 tubes of equal size

Particle size range (Mm)

0.3-0.4 0.4-0.6 0.6-1.0 1.0-1.8 1.8~3.4 3.4-6.6 6.6-14

Standard

deviation 2.8 6.5 12 7.0 79 8.9 8.7
(%)

13



Table 3

Results from comparative sampling on membrane filters at R38 and subsequent
x-ray fluorescence analysis

Date for concentration, measured concentration, measured
sampling with filter placed directly with filter placed behind
bechind sampling probe pProbe and a 6m tube
(ps/ m’ ) (pe/ m )
S0, Cl 8i0, S0, c1 810,
21 - 23.1 1,8 0,0 0,2 5,0 0,0 0,2
24 - 25,1 3.7 0,0 11,0 16,0 0,1 3,7
26 - 27.1 12,5 0,0 2,4 11,5 0,0 1,9
28 - 30.1 6,3 0,0 1.9 5,0 0,0 1,1
2 - 3.2 10,6 0,1 3,5 10,5 0,0 2,5
S - 10.2 1,8 0,0 0,3 5,1 0,0 0,2
18 - 20.2 10,2 0,0 3,3 10,1 0,0 2,0
21 - 22.2 3,2 0,0 11,0 13,4 0,0 3,5
23 - 24,2 % 0,0 3,4 6,4 0,0 ¥
25 - 27,2 6,3 0,0 1,9 6,0 0,0 0,8
28 - 29.2 4,9 0.1 4,6 2,4 0,1 1,2
1- 2.3 6,0 0,1 o3 | 1,6 0,1 0,38
3 - 5.3 5,6 0,0 1.3 11,0 0,0 2,0
6 -~ 9.3 6,1 0,2 3,8 6,0 0,1 27
10 - 12.3 3,8 0,7 2,2 B 0,3 1,3
13 - 15.3 12,7 0,1 12,4 11,7 0,0 4,5
15 - 17.3 15,5 0,0 5,0 16,6 0,0 2,6
17 - 20.3 6,0 0,1 3,3 6,5 0,0 1,6
20 - 21.3 8,5 1,8 3,8 7,4 1,0 1,3
22 - 24,3 1,9 5,4 0,6 1,9 6,4 0,4
24 - 27,3 5,1 2 o8 2,1 4,6 1,9 142
27 - 29.3 2,8 4,8 0,8 2,1 3,5 0,6
29.3- 5.4 3,0 4,7 1,1 2,5 3,2 0,8
5 - 7.4 3,5 2.5 ¢ | 4,9 1.7 1,0
7 - 10.4 6,3 0,1 0,6 5,4 0,3 045
10 - 12.4 7,0 0,2 2.7 6,6 0,3 1,5
12 - 14,4 15,2 0,8 10,5 0,k
14 - 17.4 6,4 4,4 6,9 2,6



Table 4

Results from comparative sampling on membrane filters in Gothenburg and

subsequent x-ray fluorescence analysis

Date for concentration, measured concentration, measured
sampling with filter placed directly with filter placed behind
behind sampling probe probe and a 6m tube
(ng/m>) Gue/m®)
SO3 C1 SiO2 803 (011 SiO2
20 - 22.3 9,1 1,7 43,5 6,3 0,8 3,2
22 - 24,3 3,8 5,3 36,5 2,0 2,3 2,7
24 - 27,3 6,2 1,2 18,0 4 ,u 1,4 1,9
27 - 29.3 4,6 3,3 9,3 2,3 1,4 1,3
29.3-5.4 3,3 2,0 14,2 2,6 1,9 2,0
5 - 7.4 7,9 1,9 12,7 5,8 1,6 1,5
7 - 10.4 6,7 0,4 6,9 5,2 0,5 0,9
10 - 14,4 10,0 15,4 8,2 2,0
14 - 17.4 11,4 16,1 10,3 7,3
19 - 21.4 3,5 10,3 2.7 1,8
21 - 24,4 3,7 851 2is5 2,8
24 - 26.4 4,7 25,4 3,6 3,2
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Length (Ler) of a circular horisontally oriented Fig. 2.
tube, with inner diameter = 4.5 mm and a flow
of 3 l/min, required for complete gravitational
precipitation of spheres, as a function of *

particle size, at 20°C. BE
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Particle size,

Diameter in yM

The displacement relative to the flow lines of

a spherical particle with density 2 g/cm3

during passage of a tube bend of 90° at20°C and a
velocity of 3.25 m/s as a function of

particle size.
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Comparative tests of particle losses in

tubes by particle counting ,



Particle diameters
a Number of particles
* 0.3-0.4 pm

10000
\\ ° 0.4-0.6 ym
L\ s 0.6 - 1.0 um

= x 1,0 - 1.8 um

Tube length (m)

>

Al T T T L i f 1 T

Particle diameters
X 18 = 3.4 -um

1000
e 34 -6.6 um

500 -

‘\‘\ Tube length (m)

—»

t Number of particles Particle diameters

Fig. 5
Influence of tube length on particle loss .
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