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Abstract—A general outline theory is constructed of aerosol penetration through small capillaries in
which the gas flow is mainly laminar. The rate of particle transfer through a capillary is linearly
related to the standard leak rate (SLR) of the capillary when no particle sampling or deposition
losses occur, but the experiments of Mitchell et al. show that particle penetration falls sharply at
SLR =~ 10~*Pam3s~ 1. The expected scaling of this possible cutoff in penetration with capillary
dimensions and pressure changes is discussed, including the use of a laminar Stokes number to
represent entrainment effects at the capillary entrance.

A rigorous proof is given that, provided aerosol deposits remain in position and do not break off,
the total aerosol transmission through a leak should be independent of initial aerosol concentration
as long as it is not high enough to change the flow. If deposition occurs by impaction in a limited
region near the capillary entrance, a scaling relation is postulated for this behaviour which relates
the capillary length and external pressures. Experimental evidence supports the relationship, but
does not give decisive results on the scaling of a penetration cutoff with changes to the capillary
length and radius.

Experimental results have been obtained by Burton et al. for aerosol penetration in capillary flows
produced by varying the upstream pressure, and are shown to be consistent with an initial
penetration efficiency close to unity in most cases. Exceptions occur where deposition is taking place
at low pressure differences. The total mass deposited in a capillary is deduced for a case when aerosol
penetration is cut off and the corresponding length of the deposit is 0.6 mm. Whilst considerable
deposition in these capillaries is expected without any diminution in the gas flow, the very small
reduction in flow in this case is difficult to reconcile with a deposit of this size.

NOMENCLATURE

area
concentration of aerosol {p,/p,)
capillary diameter
particle diffusivity
acceleration due to gravity
time interval
mass current
constant (equation (6))
constant (equation (23))
capillary length
Ly deposition length
L, gas leakage rate
My total mass transmitted
AM mass transmitted in time interval
N particle number concentration
AN number of particles transmitted in time interval
p pressure
p1,p. final and initial values of downstream pressure, pa
Ap pressure difference (p, — pa)
Q. aerosol mass flux
Q. aerosol leakage flux
Q. gas mass flux
Q, gas volumetric flux
r radial co-ordinate in capillary
R radius of capillary
R; gas constant
Re Reynolds number
R, particle radius
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S area
SLR standard leak rate
St, laminar Stokes number
t time
T temperature
vy deposition velocity

7, gas flow velocity
v, sedimentation velocity

v mean laminar flow velocity
z distance along capillary

Greek letters
o inverse particle response timescale
n gas viscosity
¥, gas molecular weight
p density
py, density of aerosol deposit

Subscripts
a pertaining to aerosol
d pertaining to downstream
Dep pertaining to deposit

En pertaining to capillary entry

Ex pertaining to capillary exit
g pertaining to gas
s pertaining to standard value
u pertaining to upstream

1. INTRODUCTION

Containment buildings and transport flasks act as barriers to the airborne transmission of
radioactivity. Small leaks via capillariés or other leak paths could traverse these barriers
and are thus important safety issues. For reactor containments under accident conditions,
the issues have been discussed by Morewitz (1982) and Van de Vate (1988). The related
theory of particle deposition and plugging has recently been discussed by Williams (1994).
For transport flasks, leakage is subject to international regulations (IAEA, 1985) and the
U.K. Atomic Energy Code of Practice describes methods for the leakage testing of transport
and storage packages (AEA Technology, 1992). The present time-consuming testing process
extends to very low gas leakage rates in order to demonstrate compliance with the necessary
regulations. If particle leakage did not occur at the lowest rates, simpler and cheaper tests
might demonstrate compliance, and an experimental programme has been undertaken to
measure aerosol leakage through small capillaries (Mitchell et al., 1990; Morton et al., 1991;
Mitchell et al., 1992; Burton et al., 1993a,b). This paper describes associated theoretical
work on gas and particle transport and the analysis of experimental results obtained by the
programme, and accompanies a report of the experiments on the influence of pressure on
aerosol penetration (Morton and Mitchell, 1995).

The experiments of Curren and Bond (1980) showed that critical orifices would block
when some particles had dimensions greater than the leak aperture. Experiments sum-
marized by Morewitz (1982) for leak paths up to large sizes showed that plugging occurred
after a total aerosol mass leakage proportional to the cube of the leak path diameter.
Exceptions have been found to this rule (Novick, 1990), and in most of the experimental
work the leakage gas flow was turbulent and aerosol deposition occurred by impaction. The
recent theory of Williams (1994) mainly describes the buildup of a plug by deposition from
turbulent flow. The object of the present work is to examine theoretically gas and aerosol
flows through capillaries in the laminar regime where different criteria could apply. The
theory is restricted to general results which can immediately be applied to analyze experi-
mental data. Stopford and Williams (1991, 1992) have performed numerical calculations for
particle trajectories in laminar flow to investigate particle sampling by, and deposition in,
capillaries, and their results provide a valuable guide to factors which could lead to lack of
aerosol penetration.

In Section 2, we describe properties of gas and aerosol flows through a capillary. The leak
rate used in the Code of Practice (AEA Technology, 1992) and the standard leak rate (SLR)
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are related to the mass and volumetric gas leak rates, and thus to the aerosol particle
penetration rate for no loss of particle penetration.

The initial aerosol sampling could possibly be limited by entrainment and a laminar
Stokes number is defined to represent its characteristics. The final aerosol concentration
emerging from a capillary is related to its initial value at the entrance by assuming
a deposition velocity over a certain length of the tube, which gives a general expression in
terms of the variables describing the flow as to where aerosol penetration would cut off.

In Section 3, aerosol penetration and plugging is treated in more detail, and we first show
that, subject to a general limitation on the aerosol concentration, the total mass transmitted
before plugging should be independent of the entrance concentration. Possible cutoffs in
penetration from particle diffusion, gravitational settling and impaction are considered, and
a general scaling law for cutoff by impaction is obtained which relates capillary length to the
upstream and downstream pressures whose difference drives the flow. A number of possibil-
ities are described for the scaling which would relate cutoff dimensions of the length and
radius of a capillary.

Comparisons with experiment are described in Section 4. We show that particle penetra-
tion results (Mitchell et al., 1992) indicate a cutoff in penetration at low gas leakage rates.
Experimental information on the scaling of this cutoff is also examined and we find support
for the pressure-length scaling from the experiments in which the driving pressure difference
for the flow was varied (Burton et al., 1993a, b; Morton and Mitchell, 1995). Absolute values
are obtained for the particle penetration efficiencies in these experiments, and the amount of
deposition which occurred in a case when the aerosol penetration efficiency reduced to zero
is deduced. Its value is discussed in relation to the experimental observation that aerosol
penetration could be reduced to zero with hardly any diminution in the gas flow.

Finally, in Section 5, we draw conclusions on the theory and information gained by
comparison with experiment.

2. GAS AND AEROSOL FLOW

Consider the flow of gas containing aerosol through a capillary of length L and radius R.
The variables describing the flow induced by a pressure difference (p, — ps) are shown in
Fig. 1. The mass discharge of the gas is Q,, and mass fluxes of the acrosol of relative mass
concentration (¢) are denoted by Q,. We now describe the flows in detail.

P R p, Gasflow —/’p
u i3 ——p d
~ v Qnm R
L
Gas flow in capillary

QaEn Ea c=pa/pg QaEx
¢

* CEn Va {Qapep CEx

Associated aerosol flow

Fig. 1. Variables describing gas and aerosol flow through a capillary.
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2.1. Laminar gas flow

For the laminar viscous flow of a perfect gas, the first order solution to the problem,
which allows the gas to be compressible, is that the discharge (Q,,) is given by (Landau and
Lifshitz, 1959)

. pR*

Om= NRngE =77

2 2
= - 1
16 ﬂLRgT(pu pd)’ ( )

where y, is the gas molecular weight, n the gas viscosity, Rg the gas constant and T the
temperature.

This result applies to a sufficiently long capillary (L > R), when a temperature fall due to
the pressure drop can be ignored. In practice, such a temperature fall in laminar flow would
only have a very small effect on the gas flow but, as discussed by Clement (1992), induced
thermophoretic velocities could affect aerosol deposition. The gas stream velocity for the
laminar flow has the well-known parabolic profile,

v(r) = %(R2 —r?). )]

The discharge gives the volumetric leak rate at the mean density given by the perfect gas
law:

1
_3(py + pa)
pg_ﬂg RGT £ (3)
0.=% TR @
v_pg—Sanu Da)-

When the pressure factor is restored, this gives the leak rate used in a Code of Practice (AEA
Technology, 1992 (based on Burrows, 1961)) which is used to predict the measured leak
rates by Morton and Mitchell (1995):

t d4 Pu + Pd
La - E(pu + pd)Qv = k(pu - pd)ﬁ_-_z—' » (5)

where the diameter d = 2R is used to conform to the formula used in the Code and the
constant is

k= 1L28 =245x10"23(Pam3s~ 1) (Pa)~2(um) *(kgm~'s~!) (mm). (6)

The final number is given to yield L, in Pam?®s ™! when p,, p, are measured in Pa,d in ym,
Lin mm, and nin kgm~'s™ !,

The standard leak rate, SLR, used to represent measured rates (Mitchell et al., 1990;
Morton and Mitchell, 1995), is obtained from the experimentally measured rise in pressure

of the downstream chamber, volume V, from p; = p, to py in a time H:

VT, n(pd — p%)}
= 1 —— |, 7
SLR =g (pr — P2) [ns(pﬁ —pd) @

where the result is normalized to reference conditions, T, = 298K, n =1.85x10"°
kgm~!s™ ! p, = 1bar = 100kPa and p, = 0.
In such a measurement, the mass rise in the downstream chamber would be

g1 — p2)V
AM=0Q H="——"— 8
0 7 ®
assuming a perfect gas, which results in
— RsT
V(p: Pz)= G 0n=L, ©)

H 7.

directly, from equations (1) and (4).
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The normalization of this leak rate to a standard pressure difference and viscosity is
useful, but the temperature normalization in equation (7) is superfluous because L, has no
explicit temperature dependence. The omission of T,/T would make no practical difference
to the results obtained (Mitchell et al., 1990).

Also in the above standard formulas, temperature differences between upstream and
downstream chambers are neglected. Such differences could arise from adiabatic expansion,
but, because of restoration to a uniform temperature by heat transfer in practice, it is best
not to include this effect. Finally, experiments to measure the leak rate must, as has been the
case in the experiments referred to here (Mitchell et al., 1990; Morton and Mitchell, 1995),
ensure that the change from p, to p, does not materially affect the pressure difference
p2 — p3 in the definition (7). In practice, this is easy to ensure if py < p,.

2.2. Aerosol flow and deposition

The problem of the passage of aerosol through capillaries divides naturally into two
parts. The first part concerns entrance into the capillary and is closely related to the
problem of calm air sampling. In the experiments (Mitchell et al., 1990), the air in the
chamber sampled by the capillary was only subject to small mixing velocities associated
‘with aerosol suspension in the fluidized bed, and could be regarded as calm. The second
part is whether deposition limits transit along the capillary. The discussion here is mainly
confined to the second problem, but we first mention some aspects of the sampling problem.

The capillaries used in the experiments (Mitchell e al., 1990) behaved as blunt samplers
because their bores were very small (< 100 um). Mitchell et al. (1990) discussed the sampling
in terms of the criteria of Davies (1968) and Agarwal and Liu (1980) based on the effects of
gravity and particle inertia. Gravity only has an effect when the entrance is vertically
upwards from the sampling region, as in the experiments, but any bias on size-sampling
from gravitational settling was calculated to be negligible (Mitchell et al., 1990). According
to the Davies (1968) criterion, sampling bias could have occurred from particle inertia, but,
based on the size distributions observed (Mitchell et al., 1990), this did not occur for
capillaries for which most of the aerosol was transmitted. When cutoffs in penetration
occurred, practically all of the size distribution was affected (Mitchell et al., 1990). Numer-
ical trajectory calculations have been performed by Stopford and Williams (1991), but the
size selectivity found does not explain large reduction in aerosol penetration. On the other
hand, numerical calculations including impaction and rebound inside the tube entrances
(Stopford and Williams, 1992) show that considerable deposition can occur by impaction
inside the capillaries not far from the entrance.

The conclusion is therefore that aerosol passage is not primarily being limited by aerosol
entrance or sampling effects. However, because the amount of aerosol entrainment and
impact into the walls appears to play a role in limiting penetration, it is possible that
penetration could depend on a dimensionless quantity relating velocity changes within the
capillary to the particle response time to acceleration. This quantity could be defined as
a laminar Stokes number:

——(Pu — Pa)s (10

where ¢ is the laminar flow velocity and the second expression arises from the use of
equation (1).

The quantity « is the usual inverse response timescale of an aerosol particle to acceler-
ation, which, for a spherical particle radius, R, is

9n

a=—" 11)
2p,R3 (

where p, is the particle density.
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The scaling shown in equation (10) is examined in relation to the experimental data in
Section 4.2.

We now describe the aerosol flow through the tube using the variables defined in Fig. 1.
At any given time, the aerosol mass flow entering the tube is

Qa. En = j JA dA = nRzpaﬁEn’ (12)

where p, could be modified by entrance sampling effects.
This flux is clearly proportional to the gas flux (1) so that

Q. 0 = 22 Qu. (13)
P

g

However, unlike the gas flux which is conserved through the tube, the acrosol entering the
tube can partly be deposited with a total rate

Qa,pep = j palads, (14)
walls

where v, is a net deposition velocity.
If the deposition is assumed to be uniform over a length L, of the tube surface, and g, is
the average density deposited.

Qa, Dep = 2nRLdﬁavd- (15)

Suitable choices for Ly and v4 can be made for all deposition mechanisms, for example
L4 = L for gravity and Ly < L for inertial deposition near the entrance. For these cases the
uniformity assumption is expected to be fairly good, subject to only a small reduction in
aerosol concentration for gravitational deposition. When the concentration is greatly
reduced by diffusional deposition, there will be a non-uniform falloff in deposition with
distance.

Clearly, from mass conservation, the aerosol flux leaving the tube is

Qa. Ex — 77"Izzpa,ExﬁEx = Qa.En - Qa,Dep- (16)

Since equation (13) applies at the exit with p, replaced by p, g,, we have

Qa. Dep = (cEn - CEx)Qm’ (17)

where the aerosol concentration is

c=Fs (18)
Pe
For uniform deposition, we obtain from equations (1) and (15),
0, 2L
Cin = Cpo — P20 (192)
PRV

0, 16nLL

= cpy — L2 1 (19b)

Py R (py — pa)’
where equations (1) and (3) have been used to obtain the second expression (19b).
Since p,/p, is the average concentration, we see that penetration becomes small when

16nLL
_311__9&‘_ ~ 1. (20)
R7(pu — ps)
The implications of this result are examined in Section 3.2.
If the initial aerosol density is expressed in terms of a particle number concentration (N

particles per unit volume) we can find the number (AN) passing through the tube when there
are no losses in transit. Clearly, in this case the number transmitted is proportional to the
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mass of gas transmitted:
AN AM H
— = =—1L,, (21)
N pu P
where p, is the upstream density and we have used equations (8) and (9).
The rate of particle transfer is therefore

AN N NT [ ny(pZ — pi)]
=L = SLR.
H p, poT ['ld(PsZ - pd)

Comparison of a measured particle transmission rate to a measured leak rate can therefore
be used to see whether deposition is taking place. This is done for the relevant experiments
in question in Section 4.1.

(22)

3. AEROSOL PENETRATION AND PLUGGING

For any capillary or leak path in which net deposition of aerosol takes place, the path will
always eventually become plugged. The only way this could normally be prevented would
be that deposits break off periodically and emerge from the path. Generally, plugging is
observed to occur, as described by Morewitz (1982), but not all cases have the simple criteria
that he described (Novick, 1990). For the large ducts and turbulent-flow mainly considered
by Morewitz (1982) the data are consistent with the simple model of Vaughan (1978) which
gives a cube law for the total amount of aerosol mass flow, before plugging,

MT = I(Qa, Ex dt = KRs, (23)

where K is a constant.
We first prove a general result applicable to both turbulent and laminar flow before
discussing penetration cutoffs in detail.

3.1. Dependence on aerosol concentration

The proposed law (23) implies that the total aerosol transmission through a crack or tube
would be almost independent of the upstream aerosol concentration (c,). This result can be
made rigorous under two assumptions which are not restrictive:

(A1) The gas flow is independent of aerosol concentration and only depends on the
pressure difference and geometry of the tube.

(A2) At any time, the mean flow along the tube is uniform so that there is a steady-state
discharge. This does not prevent the flow being turbulent in nature.

Both assumptions rely on the aerosol concentration being not too high. Assumption (Al)
breaks down if the contribution of the aerosol to the total fluid density is considerable.
Assumption (A2) fails if the aerosol deposition changes the wall geometry and the flow
during the transit time of the flow through the tube.

Although the proof can be made more general, we consider a tube of radius (R(z, t)) for
definiteness, where z is the distance along the tube. This is changing with time according to
the local deposition rate, which in a continuum form may be written as

0c(R)
or |
where p,,, is the density of the deposit, and deposition may occur with a radial deposition

velocity (v4) or by diffusion.
This deposition rate is scaled with the upstream concentration by writing

oR —”—[iud(k) —p,? (ﬂ’i))] (25)

a(cut) - Pap | Cu P 5; Cu

JR _ p
5 ()= — o l:C(R)Ud(R) - D,

dp

24
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The dependence of the scaled concentration on r, z is determined by the steady-state flow

equation
o (C> [gd(c> (C)]’ 29
Cy Cu c,

where v(r, z) is the local flow velocity.
By assumption (A2) the steady flow v¢ only depends on time through R;

ve = ve(r, R(z,1), Ap). 27

If we change the time variable to u = c,t, equations (25) and (26) have a unique solution
R(z,u), v¢(r, R(z,u), Ap) and c(r, u)/c, starting from the same state at u = 0. This proves that
changing the concentration, c,, just changes the timescale for wall deposition. The leak rate
at time ¢t may then be written as

Qa, Ex(t) = chL(u = Cut) (28)

since the fraction getting through is only a function of R(u).
The total leak rate in time ¢ is

t 1 u=cyt u=cut
f Qa ma(t') At = — f Q. ex(W)du’ = f QL(w)du'. (29)
0 Cu Jo 0

If plugging occurs and deposits do not break off, this integral tends to a constant value as
u — oo ort — oo as shownin Fig. 2. At small times, however, the leak rate is proportional
to ¢, since

Quu=c,t =0)= Q. (R(z,t = 0)). (30)

The above argument still holds when the flow in the tube is turbulent as long as R does not
change significantly during the timescale of a turbulent fluctuation. The timescale for
deposition must be long compared to the fluctuations. The same conclusion holds when
a stochastic element is introduced into deposition via random trajectories for individual
aerosol particles (Stopford and Williams, 1991, 1992). The random patterns that could
result will just occur at different times when ¢,, or the number of trajectories per unit time, is
varied. The patterns themselves will just be functions of u.

3.2. Cutoffs in penetration

Aerosol penetration through a capillary is expected to cut off, in that most of the incident
aerosol is deposited, when the criterion (20) is satisfied. We first consider the possibility that
particle diffusion could cut off penetration with a particle diffusivity in terms of a radius, R,

of
_ keT

Common asymptote

D,

ann”
-
-
.
-

Total mass leaked
7]
=}
=

& cak rate proportional to ¢

Time —»

Fig. 2. Dependence of the total aerosol mass leaked on time for different aerosol concentrations.
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One might guess that penetration would be cut off by diffusion with the choice in equation
(20) of

La=1L, (32)
D
Vg = 7{2. (33)

The exact solution is known for particle penetration subject to diffusion alone in laminar
flow (e.g. Williams and Loyalka, 1991 (7.35)), and is given in terms of the dimensionless
group (20) with v, specified by equation (33). The penetration decreases exponentially with
the value of the group and is approximately 0.13 for the value 1, i.c.

16nL*D,
M= g, 34
R*(py — pa) Y
For particles in air with n = 1.85x 10" 5kgm~*s™!,
1.18x 10~ 1!
L8107 s (35)

————— m .
P R, (pm)

which gives numerical values in equation (34) much too small to account for the cutoffs
observed in the experiments of Mitchell ez al. (1990). However, it is clear that increasing L or
reducing R or p, — pg would eventually lead to a cutoff in penetration by diffusion
deposition. In practice, a provision would be that any lift forces from thermophoresis
(Clement, 1992) or the Saffman lift force (Stopford and Williams, 1991} were too small to
prevent diffusive deposition.

For a horizontal capillary, we again need to take Ly = L but with the constant gravi-
tational settling velocity, which for spherical particles is

2 ppgR3
=p =——". 36
by Ug 9 n ( )
This gives the dimensionless group (20) in the form
32 p,gR;L?  0.3488p,(10°kgm ™~ *)R}(um)L?(mm) (37)

9 R¥(py —pa) (Pu — Pa) (bar) R?(um) ’

where dimensions appropriate to the experiments of Mitchell et al. (1990) have been used.
The capillaries were vertical in these experiments but, had they been horizontal, it is clear
that a gravitational cutoff would have been seen in many cases, especially for larger
particles.
For deposition by impaction near the capillary entrance, we certainly expect Ly to
depend on R and not L and put

Ly ~R. (38)

From equation (1) and the gas law (3) for a point in the capillary where the pressure is p, the
flow velocity is

1 Rz 2 2
V= —— - pd). 39
v 16an(pu pa) (39)
This means that entrance flows must be identical for
2 _ 2
Qﬁp—d) = constant (40)

with a similar scaling for exit flows with p4 in the denominator.

Thus the entrance deposition velocity from impaction can only depend on this combined
variable, i.e. v4(R, Lp,/(p2 — p?)). From equation (19a), we see that the precise criterion for
change in the aerosol concentration at the entrance depends on the same variables as vy.
This gives the following predicted scaling results.
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Deposition behaviour and any cutoff to aerosol penetration through a capillary should,
for constant p, and R, scale as Lp,/(p2 — p1), if the main deposition mechanism is
impaction near the entrance.

This general result is illustrated in Fig. 3 and is understandable from the point of view
that, for entrance behaviour including deposition, it should not matter whether the vel-
ocities with the same ¥ arise from the capillary being long with a large pressure drop, or
short with a smaller pressure drop.

Like the scaling for the concentration, the scaling represented by equation (40) extends to
the build-up of deposits because it does not involve R directly.

Actual aerosol deposition will involve a sticking probability, S,, which, in the formalism
used here, must be a factor of vy. The work of Stopford and Wilhams (1992), who calculated
particle trajectories including the particle~wall rebound model of Tsai et al. (1990), shows
that particles stick better when their velocity normal to the wall is relatively small. Particles
with large normal velocities rebound. Experiments, for example Aylor and Ferrandino
(1985) have shown that the tangential velocity also can be important in causing rebound.
Deposition patterns found for particles of different sizes were concentrated in lengths L, of
order R centred at different points near to the entrance of a capillary (50-250 um inside
capillaries of diameter 15 and 25 um).

These results suggest that deposition depends on the particle velocity, as well as the
degree of entrainment represented by the Stokes number, St; (equation (10)). The basic
scaling of the onset of large deposition rates and cutoff of penetration with R cannot
therefore be simply deduced from equations (19) and (20), and some possibilities are listed in
Table 1. In addition to scalings in terms of R and L already apparent in equation (10) and
the laminar velocity of equation (1), we could postulate a dependence on this velocity

R
P Aerosol
—— 110

" deposition

Fig. 3. Identical acrosol deposition near the entrance for capillaries with the same values of R and
(pi — pd/p.L.

Table 1. Possible scalings with capillary radius R and length L of a cutoff in particle
penetration through capillaries

Scaling Physical origin

R/L Entrainment: Stokes number St; (equation (10))

R?/L Flow velocity (equation (1))

R3/L Reynolds number for flow velocity, Re (equation (41))

R3/1? Uniform deposition (e.g. gravity equation (37))
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through a Reynolds number for the flow:

2p,0R 1 R3
Re = 0 = oy (00 = pd). (1)
There is no guarantee that any scaling found from experimental information for aerosol of
one composition would work for another composition, except where v4 is explicit such as
for gravitational settling when the sticking probability would appear directly in equations
(36) and (37). If sticking were the dominant influence on deposition, the probability would
depend on the normial velocity times a function dependent on material properties.

4. COMPARISON WITH EXPERIMENT

Using the theoretical results obtained above, we now examine the experimental data from
a series of experiments by Mitchell and collaborators on aerosol penetration through
capillaries (Mitchell et al., 1990; Morton et al., 1991; Mitchell et al., 1992; Burton et al.,
1993a, b; Morton and Mitchell, 1995).

4.1. Aerosol penetration dependence on leakage rate

Experiments were performed on the penetration through capillaries of acrosols consisting
of glass microspheres and cerium oxide particles. The resulting penetration rates were
summarized by Mitchell et al. (1992) in terms of the associated air leakage rates of the
capillaries. Aerosols were generated using a fluidized bed system, and the aerosol penetra-
tion rate was measured by counting transmitted particles. The results can therefore be
analyzed using equations (21) or (22) on the assumption of complete particle transmission
with the gas, which gives

N
AN (particlesh™!) = 5.4 x 10* N(particlescm ~3)SLR(Pam3s7!). 42)

Lines corresponding to N = 70 particlescm ™3, the quoted number, and N = 700 par-
ticlescm ™3, are shown in Fig. 4 compared to the experimental data. It is clear that the
assumption that there was little or no deposition or holdup by the capillaries describes the
data for SLR > 10"*Pam3s~1, if the upstream number concentration varied by up to
a factor of 10 above 70cm 3.

For SLR between 107 3-10"*Pam?®s~!, although experimental results may not be
reliable below particle numbers of about 50h ™!, the limit of the particle detector efficiency,

there are strong indications of a cutoff in particle penetration through the capillaries.

. O Glass microspheres

= 10" e Cerium oxide particles N=700cm™>

w

:%_i 108 |- No deposition °.
s | °

g 10 o0

210t} *

£ 3

g0 - N=70cm™

g Y

2 1 #—— possible cutoff

L10 from deposition 1

<1 L ——onpo L —L -

10 10°% 104 103 102 107!

Air leakage rate (Pam®s™!)

Fig. 4. Observed (Mitchell e al., 1992) and theoretical dependence of aerosol penetration rates
through capillaries on the air leakage rate.
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4.2. Scaling of penetration cutoff

From equations (19) and (20) and the results of the last section, we can generally
understand why penetration could be cut off with changes of the capillary variables,
specifically increase in L and decrease in R. Originally, experiments were performed in
which one of these dimensions was varied whilst the other was kept fixed (Mitchell et al.,
1990). Sharp cutoffs were indeed seen in particle penetration, and their observed values are
compared in Table 2 with the possible scalings suggested in Table 1. For a given scaling law
to explain the observed cutoffs, the numbers in the two columns should be the same. In
addition, for the validity of the possible scaling with R, discussed below, the numbers in the
two rows for R, = 1 um and R, = 0.5 um should also be identical.

The results appear to favour the R/L scaling associated with the inertial or postulated
Stokes number (10) discussed earlier which, in this case, is given by

R
Sty = 8.1 7 (A (5 — pa) (bar)p, (10° kg m ) R3 ) @3)
oy R{um)
=21 () RZ(um) (44)

for the glass spheres of density 2.60 x 10°kgm ™3 and p, — ps = 1 bar (Mitchell et al., 1990).

This correlation would predict a strong dependence on aerosol size. There is little
evidence of a strong size selective value of the cutoff in the size distributions of the
penetrating particles (Figs 11 and 12 of Mitchell ez al., 1990), although small particles of
R, < 0.5 ym appear to be cut off at L = 10mm for the 10 um capillaries and R = 22.5 um
for the 50 mm capillaries. In only the first case does the scaling shown in Table 2 support the
Stokes number description, and, for particles larger than R,, = 1 um, there appears to be no
evident scaling with R,.

In the experiments of Morton et al. (1991) on short capillaries, the experiments appeared
to be divided between cases where penetration was seen and cases where it was not. The
data and possible scalings are shown in Table 3 where we see that penetration generally
occurred when the ratios were large, but was cut off at small ratios (small R or large L).
Although most of the data are consistent with any of the possible scalings, in that the values
of the ratios for penetration are always greater than those for no penetration, there are some
anomalies (underlined) for the R/L and R®/L? scalings. Thus these data would tend to
support the velocity-based R?/L or R3/L scalings.

In the pressure variation experiments (Burton et al, 1993a,b; Morton and Mitchell,
1995), penetration of glass microsphere aerosols through capillaries of length L = 20mm
and radius R = 15 + 0.5 um was measured as a function of the pressure difference, p, — pq,
with p; = 100kPa.

Much higher aerosol concentrations were used than the earlier experiments (Mitchell
et al., 1990), and, after an initial period, a total lack of penetration and plugging from
deposition occurred at the lower pressure differences.

Table 2. Observed cutoffs in L and R in the experiments of Mitchell et al. (1990) and
scaling ratios obtained from values of R, L and R,

Fixed capillary dimension R =10pum L = 50mm
Experimental penetration

cutoff in variable dimension for R, = 1 um L =30mm R=15+5um
Scaling ratios

R/L 0.33 03

R*/L 33 45

R3/L 33 67.5

R3/L? 1.11 1.35

R ﬁR/L 033 0.3
Experimental penetration

cutoff in variable dimension for R, = 0.5um L =10mm R =225pum

Scaling ratio
R ﬁ R/L 025 0.11
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Table 3. Data for short capillaries from Morton et al. (1991)

Radius R (um) Length L (mm) Penetration R/L R?/L R3/L R3/L?
993 4.54 Yes 2.19 21.7 216 47.5
9.73 5.58 Yes 1.74 17.0 165 29.6
9.94 722 Yes 1.38 13.7 136 18.8
9.69 10.05 Yes 0.96 9.34 90.5 9.01
9.87 19.82 No 0.50 492 48.5 245
994 20.69 No 0.48 478 47.5 2.29
9.88 20.38 No 048 4.72 46.6 2.26
9.87 25.18 No 0.39 3.87 38.2 1.52
6.28 4,60 No 137 8.57 538 117
5.64 470 No 1.20 6.77 38.2 8.12
5.64 10.78 No 0.52 295 16.6 1.54
5.64 10.60 No 0.53 3.00 16.9 1.60
1.75 6.08 No 0.29 0.50 0.88 0.14

The results are comparable to the experiments (Mitchell et al., 1990) with capillaries of
length L = 50 mm, where particle penetration was cut off at R &~ 15 um (see Table 2). The
pressure were p, = 200kPa and ps = 100 kPa, and we can use the proposed scaling relation
(40) to see where the cutoff would be predicted to be in the pressure variation experiments
(Burton et al., 1993a, b; Morton and Mitchell, 1995):

(P2 — 100%) _ (2002 — 100?)
20p. 50 x 200

(45)

The solution to the quadraticis p, = 134 kPa, and the value p, — p; = 34 kPa is precisely in
the region between 40 and 20 kPa where rapid deposition begins to take place (Burton et al.,
1993a,b). In the constant pressure tests at Ap = 20kPa, aerosol penetration ceased after
a 10min period (Burton et al., 1993a). Thus the scaling relation (40} is supported by the
combined results of the experiments (Mitchell et al., 1990; Burton et al., 1993a, b; Morton
and Mitchell, 1995).

4.3. Aerosol and gas penetration

In the pressure variation experiments (Burton et al, 1993a,b; Morton and Mitchell,
1995), values of the upstream aerosol concentration (p, in mgl~!) and particle penetration
rates (particlesh™!) were obtained at 10min intervals (Burton et al., 1993a). For each
separate experiment, an initial value of the efficiency of the aerosol penetration was
obtained by normalizing the ratio of the penetration rate to the aerosol concentration such
that its maximum value was equal to 1. Here, we obtain absolute values of the aerosol
penetration efficiency by normalizing the rates between experiments.

The actual aerosol penetration is proportional to the actual gas flow rate as well as the
concentration and is given by equation (22), which in the present case is numerically:

602 p,(mgl~*){(p,(kPa)/100)* — 1] SLR(Pam?®s~?)

m,,(mg)p, (kPa)
where m,, is the mean particle mass used to transform the observed aerosol mass concentra-
tion p, into the equivalent number concentration.

An absolute transmission efficiency can therefore be defined as
£ AN (particlesh ™ ')m,(mg)p,(kPa)

"~ 3600p,(mgl~!)[(p.(kPa)/100)> — 1]SLR(Pam?3s~1)’
To evaluate this quantity, the experimental information for the 10min interval with
maximum relative transmission was used together with the initial value of SLR for the

capillary and the pressure, p, (kPa) = 100 + Ap(kPa). The mean particle mass was taken
from the count median geometric diameter of 3.0um L (= 2R,) based on the volume

AN(particlesh™ 1) = ,  (46)

@7
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equivalent diameter (Ball et al., 1989) and a density of 2.4gcm ™

m, =3%nR}p, = 10.87107° mg. (48)

The results are shown in Table 4 and, considering the large variation in concentrations and
the averaging over a 10min interval, show a remarkable consistency with the hypothesis
that the transmission efficiency was close to unity. However, in two of the low pressure
difference cases when the aerosol penetration ceased in the following interval, the low values
of the efficiency obtained indicate that there must have been considerable deposition in the
interval in question.

To calculate the amount of material that deposited and caused lack of penetration is not
possible in the cases of sudden plugging (Ap = 20kPa). However, we can perform the
calculation in the case of Ap = 40kPa where particle penetration gradually decreased to
zero over seven 10min periods, under the assumption that the transmission efficiency
started at unity during the first period. The total mass deposited is obtained by multiplying
the mass transmission (equation (22)) by (1-efficiency) for each 10 min period and summing:

600 ((p,(kPa)/100)2 — 1)SLR(Pam®s~")
B p.(kPa)

The data are reproduced in Table 5 from which we find My = 1.09 x 10~ > mg. At a density
of 2.4 gem 3 this corresponds to a volume of 4.54 x 10~*mm?. For a capillary of diameter
31 um (Test 3, see Burton et al., 1993a), the length plugged would be 0.60 mm. This length is
much less than that of the capillary (20 mm), confirming the supposition and experimental
observation that aerosol deposition was localized near the entrance. However, if all the
deposition occurred inside the capillary, it does make it difficult to explain why the final
observed gas leak rate (2.83 x 10 *Pam?®s™1!) is so little reduced from the initial value
(2.86 x 10 *Pam?®s~ ') unless the deposit was dislodged (Morton and Mitchell, 1995) as
discussed below.

A qualitative explanation can be given as to why considerable deposition in the capillary
does not significantly reduce the gas flow rate. From equations (1), (7) and (9) the average

M,y Y. pa(mgl™ (1 — E,)mg.  (49)

Table 4. Aerosol penetration efficiencies in the pressure variation experiments of Burton et al.

(1993a,b)
Ap Conc. p, SLR Pen. rate AN Efficiency

Test no. (kPa) (mgl™1) (Pam®s™ ) (particleh ™) E

1 80 0.67 3.64x1074 270,000 195

2 60 0.71 326x107% 330,000 2.57

3 40 1.33 2.86x107% 273,000 148

4* 20 3.22 1.24 x 1074 6000 0.048

S* 20 0.14 200x 1074 12,000 1.35

6* 20 424 2.57x107¢ 119,400 0.35

7* 20 0.33 219x 107 45,000 1.96

8 60 0.04 8.88x10°¢ 60,000 3.03

9 80 1.18 1.33x107¢ 360,000 4.05
10 100 43 410%x 1074 1,830,000 1.96

*Cases for which no penetration was observed for the next 10 min interval.

Table 5. Deposited mass in Test 3 with Ap = 40kPa

End of time Cone. (p,) Efficiency Deposited
interval minutes (mgl™!) E, mass (mg)
10 1.33 1 —

20 0.51 0.886 6.82x10°°
30 0.52 0.436 345x107¢
40 0.28 0.262 243x107¢
50 0.19 0.154 1.89 x 1074
60 0.13 0.163 1.28x107*

70 0.10 0 1.18 x 1074
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gas velocity is related to the leak rate and tube radius by

p2—p? 2SLR 1 728 m
——— — — S
ps — p3pu + pamR®  R*(um)

for a capillary at p, = 140kPa, py; = 100kPa, and SLR = 2.86 x 10" *Pam3s L.

With the initial radius of 15.5 um, 7 = 3.03ms ™! which is over two orders of magnitude
less than the limiting sound and choked velocities for the capillary. Local deposits will just
cause local acceleration and a higher velocity for the gas so that the total drag on the flow
will bardly be increased in a long capillary. There is an absolute limit to the radius of an
aperture which would maintain the same flow rate, and this would correspond to
R =~ 1.5um in this case. An aperture of this size or, more likely, a set of equivalent small
apertures in a loose deposit structure would prevent aerosol penetration but allow a similar
gas flow. Deposits were observed to have a loose dendritic structure (Morton and Mitchell,
1995).

This explanation of little reduction in gas leak rates will certainly work up to a certain
level of deposition, but the quantitative difficulty with the capillary in question is why it
should still hold for a deposit which almost fills the capillary for a distance of 600 um. It is
possible, however, that the deposit in this capillary was dislodged before the final gas leak
rate was observed (Morton and Mitchell, 1995).

The gas acceleration near a deposit also provides a qualitative explanation of why the
deposition rate should rapidly increase with time once deposition reaches a certain level.
This is shown in Table 5 where, after small initial deposition, the rate increases very rapidly
after 20 min.

5:

! (50)

5. CONCLUSIONS

An outline theory on the transport of aerosol through small capillaries has been
constructed and used to examine the experimental results obtained by Mitchell et al. (1990,
1992), Morton et al. (1991) and Burton et al. (1993a, b), Morton and Mitchell (1995). The
theory is outline in nature because it obtains general results based on a postulated
deposition velocity and distance, and does not attempt to solve the detailed transport
equations. The principal conclusions of this work are the following.

(a) A cutoffin aerosol penetration through capillaries is expected to occur (equations (19)
and (20)) at low laminar flow rates corresponding to small capillary radius, long capillary
length, or small pressure difference. The experiments support the existence of this cutoff
(Fig. 4) at air leakage rates between 10~ and 10"* Pam3®s™ 1.

(b) If any net deposition occurs in a capillary or leak path, the path will always plug and
aerosol penetration will be reduced to zero. The total aerosol mass transmitted before
plugging is predicted to be independent of initial aerosol concentration. The experiments
(Burton et al, 1993a,b) show that plugging does occur, but that deposits can break off,
generally when the gas flow changes. Quantitative experimental information on the depend-
ence of plugging on aerosol concentration is lacking. Concentrations in the experiments of
Burton et al. (1993a,b) spanned a suitable range, but varied during the course of each
experiment.

(c) The experimental results support the proposed general scaling relation (40) relating
capillary length and upstream and downstream pressures at which aerosol penetration cuts
off rapidly. This relation follows if aerosol deposition occurs over a limited capillary length
by impaction near the entrance, a supposition which is backed up by direct experimental
observation (Burton et al., 1993a,b; Morton and Mitchell, 1995) and by calculations of
particle trajectories (Stopford and Williams, 1992). These calculations describe strongly
convergent streamlines for gas flow into a narrow entrance in a flat wall with the particle
trajectories causing deposition meeting the wall at distances inside the capillary from three
to over 10 times the capillary radius, depending on particle size.

(d) The scaling of the penetration cutoff with capillary radius depends on details of
aerosol entrainment and deposition (including bounce), near the capillary entrance. Various
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physical processes would give differing scaling dependences on capillary radius (R) and
length (L) about which the available experimental evidence is not decisive. A general
dependence on R"/L with n = 1-3 is supported, but a rigorous scaling as R*/(L*R2) is
expected (where R, is the particle radius) for gravitational settling, which would occur in
horizontal capillary or leaks (not in the current experiments).

(¢) The absolute penetration efficiencies deduced for the maximum penetrations in the
experiments of Burton et al. (1993a, b), Morton and Mitchell (1995) are consistently close to
unity, showing that, in most cases, periods occurred when practically all the aerosol
particles penetrated the capillaries. Once deposition begins, the rapid cutoff in penetration
is attributed to acceleration in the gas flows near deposits and an increase in the aerosol
impaction rate.

(f) For initially slow laminar gas flows, considerable localized deposition is possible
before the total gas leakage rate is reduced. However, it is difficult to reconcile a deposit of
length 0.6 mm, deduced for one of the plugged cases seen by Burton et al. (1993a,b), with
practically no observed reduction in the rate unless the deposit was dislodged before final
gas leak rate testing (Morton and Mitchell, 1995).

Impaction near the entrance appears to play the major role in cutting off aerosol
penetration through capillaries in the experiments performed. This might not be the case
universalily: in horizontal capillaries sedimentation and even diffusion for fine particles in
very long capillaries could be important. Also, thermophoresis and vapour condensation,
not discussed here but previously considered (Clement, 1982), could effect deposition
velocities, especially for cases of large pressure drops.

In conclusion, we see that, for laminar gas flow through leak paths or capillaries, aerosol
behaviour is not as uniform as it probably is in turbulent flows where impaction will always
take place. Under some conditions for laminar flow practically no aerosol will be deposited,
but sharp changes to complete lack of penetration can occur when small changes take place
in the flow and when gas flows accelerate past existing deposits. Complete explanations of
these changes are still lacking, but the theory given here provides a framework in which to
examine experimental evidence on the subject.
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