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FLOW OF AEROSOL PARTICLES THROUGH LARGE OPENINGS

SYNOPSIS

The first part of this paper describes a detailed study of the flow of aerosol
particles through large openings and the second part describes deposition
characteristics of aerosol particles in a single-zone chamber lined with
different types of materials, e.g. aluminium foil and carpet.

Tracer-gas and aerosol particles were injected into a naturally ventilated
room and their concentrations with time were monitored. The room was
fitted with a number of windows which allowed examination of single-sided
ventilation. The behaviour of particles within the zone with respect to
mixing, age-of-particles and particle effectiveness was also examined. The
deposition rate of particles was found to be dependent on the type of lining
material and size of particles used. Results indicated that particle exchange
rates were higher than tracer-gas exchange rates.

LIST OF SYMBOLS

C,o = concentration tracer-gas (ng/m’ or ppm) at time t

C,w =concentration tracer-gas (pg/m’ or ppm) at time t equals zero

C,» =concentration aerosol particle (pg/m’ or ppm) at time t

C,w =concentration aerosol particle (pg/m’ or ppm) at time t equals zero
=particle diameter (um)

I = tracer-gas exchange rate (ug/m’h or h)

P  =particle-exchange rate (pg/m°h or h)

C, =concentration measurement at time t equals zero (pg/m® or ppm)

C; =concentration measurement at j (pg/m’ or ppm)

Cy =final concentration measured (pg/m’ or ppm)

M  =number of measurements

At =sampling interval (min)

Ao, =slope in the exponential decay region

: =time of measurement j (min)

=total measuring time,t,= M.At (min)

=particle deposition rate (ng/m*h )

=volume of room (m%)

=total surface area of room (m?)

=height of sampling point from floor (m) [See Figure 1]

=location of sampling point from side window (m) [See Figure 1]

MO <R g

434



Ty =local age-of-tracer (min)

T,y =average age-of-tracer (min)
Tp =local age-of-particle (min)
Tsp =average age-of-particle (min)

g  =local tracer or particle-exchange indicator (%)
T, =the system's average nominal time constant (min)
T, =the local age-of-tracer (or particles) at a point (min)

®s =wind speed (m/s)

®p, =wind direction ( degrees N)

AT =indoor temperature - outdoor temperature (°C)
Vp =deposition velocity (cm/s)

1. INTRODUCTION

Particulate pollutants in buildings can have damaging effects on the health
of the occupants and studies have shown that indoor aerosol particles
strongly influence the incidence of sick building syndrome [1]. Indoor
aerosols are not only asociated with outdoor sources (e.g. car exhaust
emissions, coal and oil combustion, road dust) but also arise from a number
of indoor sources (e.g. cigarette smoke, building materials, personal
products). Aerosol particles can deposit in ventilation ducts and on surfaces
of rooms or can be transported between zones; this can have serious effects
in hospitals and buildings used by the pharmaceutical industry [2].
Deposition of airborne particles in museums and galleries can lead to
perceptible soiling within a short time and ultimately result in damage to
works of art.

The concentration of indoor aerosol particles can be reduced by mechanical
ventilation using extract fans or by natural ventiltion which allows air
exchange between the indoor and the outdoor environment via windows and
doorways. The distribution of fresh air and the total supply rate of fresh air
are important aspects of natural ventilation [3]. The airflow estimated using
tracer-gas techniques [4-5], is not sufficient to describe the removal of
particles as particle deposition rate, particle type, size, source and
concentration must be taken into consideraton. This paper describes a
detailed study of the flow of aerosol particles through large openings and
the deposition characteristics of particles on different types of materials e.g.
wood, aluminium foil and carpet.
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2. THEORY

Generally room air is not perfectly mixed, therefore in any volume of room
air, there are unequal portions of fresh air and air which has been resident
in the room for a period of time (ie stale air). The freshness of air in a
given volume may be described by the 'mean age' of air within it. The
room-mean age-of-air is defined as the average value of the local mean ages
of air for all points in a room [3]. This may be measured using the
concentration decay technique. The method involves the initial injection of
a tracer gas (e.g. SFy) and particles (e.g. oil-smoke) into a zone and is
followed by a period of mixing to establish a uniform concentration in the
zone. The decay of SF; tracer-gas and smoke particles is then measured
using suitable detectors over a given time interval. The rate of decrease of
tracer-gas and smoke-particle concentration is given by the following
equations:

Ceo=Comp e ™ M

_ -PT
Coo = Comy © Q

If the concentrations of the tracer-gas and particles are plotted against
elapsed time on semi-log paper, the negative slopes of the line are equal to
I and P respectively. '

The room-average age-of-air <7> at location j can be determined [6] using
the following equation :

<t> = First moment of measured area + First moment of Ie sidual area
Measured area + Residual area 3)
where:
M-1

First moment of measured area = 1/8 Co A1+ 1/2 Cy AtaM + Z_,Cj.1,.AT
First moment of residual area = Cyy /A, ( Ty + VA, )

Measured area = 1/2(C, + C,).At +»§;‘ CiAt

Residual area = Cy /A,

3. EXPERIMENTAL

Experimental work was carried out using a room 11.6m x 3.65 m with a
maximum height of 4.2m (Figure 1). The room was fitted with windows
which allowed single-sided flows to be examined. SF, tracer-gas and oil-
smoke particles were injected into the room and this was followed by a
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mixing period during which desk fans were used. Multipoint -sampling
units were then used to collect tracer-gas samples from the room for
subsequent injection into infra-red gas analysers type BINOS 1000,
manufactured by Rosemount Ltd; UK. The accuracy of the measurements
was estimated to be within £5%.

Particle concentrations and sizes were measured using a laser-particle dust
monitor type 1.102, manufactured by Grimm Ltd, Germany. The monitor
is capable of measuring particle concentrations in the range 0.0001 - 500
mg/m’ for particle size ranging between 0.5 - 10 pm in diameter with an
accuracy of +5%.

Aerosol particles were injected into the room using a smoke generator. The
generator has a microprocessor-controlled system capable of producing oil-
smoke particles between 0.1 - 2 pm in diameter with a mass median
diameter of < 0.3 pm.

4. RESULTS AND DISCUSSIONS
4.1 Measurements of tracer-gas and particle exchange rates

Experiments were performed in a room to determine tracer-gas and particle
exchange rates for the following conditions:

(i) One window fully-open

(ii) Two windows fully-open

The experimental procedure involved injection of SF, tracer-gas and smoke
particles in the room, Figure 1. After a mixing period of 15 minutes,
simultaneous concentration measurements of tracer-gas and smoke particles
(diameter 1 - 2 pm) were performed using the tracer-gas analyser and
particle monitor, respectively. Samples were taken at six locations within
the room at heights 0.8 and 1.2m from the floor to determine the local
concentrations of tracer-gas and particles (see Figure 1). The average
concentrations of tracer-gas and particles were also measured using
multipoint sampling systems. A special sampling arrangement was used to
reduce deposition of aerosol particles. The indoor and outdoor
temperatures, windspeed and direction were monitored during the tests.
Figures 2 - 4 show the variation of the concentration of particles and
tracer-gas with time for condition (i). The particle and tracer-gas decay
curves were found to be simple exponential functions for all conditions.

The local tracer (or particle)-exchange indicator €; was calculated using :
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& =1,/1, x 100 % ‘ @

Results indicated that local age-of-tracer is higher than the average age-of-
tracer. Local tracer-gas indicators were found to be in the ranges 0.72 -
0.92 and 0.7 - 1.16 for conditions (i) and (ii), respectively.

The local age-of-particles was found to be generally lower than the average
age-of-particles. For condition (i), local particle-exchange indicators were
found to be in the ranges 0.47 - 2.78 and 0.89 - 292 ford > 1 pm and d
> 2 pm, respectively.

The local average age-of-particles was found to be highest in the middle of
the room. The local average age-of-particles was found to increase with
increasing particle size. The age-of-tracer was greater than the age-of-
particles.

Particle exchange rates were higher than tracer-gas exchange rates. The
difference in tracer-gas and particle exchange rates is due to the deposition
(or adsorption effect) of particles on the surfaces of the room. This was
estimated using the following equation:

o={P-1I}*V/A )]

For condition (i), the deposition rates were in the ranges 0.92 - 6.57
(pg/m’h) and 0.83 - 3.85 (pg/m’h) for d > 1 pm and d > 2 pm,
respectively.

4.2 Measurements in a lined chamber

Experiments were performed in a chamber at different ventilation rates.
The chamber was lined with the following materials:

(i) wood (unlined chamber)
(ii) aluminium foil
(iii) carpet

For each material SF¢ tracer-gas and oil-smoke particles were injected into
the chamber. After a mixing period of . 1 hour, simultaneous measurements
of the concentrations of tracer-gas and oil-smoke particles were performed
using the infra-red gas analyser and particle monitor, respectively. The
tracer-gas and particle decay curves were found to be simple exponential
functions for all conditions.
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Table 3 shows experimental results for conditions (i) to (iii). Deposition
rate, O, is obtained using Equation 4. Figures 5 - 7 show the variation of
deposition rate with flow rate for wood, aluminium foil and carpet,
respectively. The deposition rate on all materials was found to be
dependent on the size of the particles. Particle exchange rates on wood and
carpet was found to increase at air exchange rates above 0.9 h' and 0.8 h',
respectively. For aluminium, the deposition rate was found to be highest
at an air exchange rate of 0.5 h" and then decreased. Similar results were
obtained when R10 (silica oxide, $i0,, from Particle Technology Ltd., UK)
aerosol particles were used instead of oil-smoke particles.

The deposition rate on wood and carpet was found to be several orders of
magnitude higher than on aluminium foil. Low deposition rate on
aluminium indicates that it would be possible to reduce particle deposition
in buildings by using highly polished metal surfaces. The results also
indicate that ventilation rate in buildings has a strong effect on particle
deposition.

Table 3 also shows the average deposition velocity of the oil-smoke
particles for various tests. The results indicated that the deposition velocity
increased with increasing particle size. Deposition velocities in the chamber
lined with wood and carpet were significantly higher than when aluminium
foil was used.

S. CONCLUSIONS

(i) The results showed that particle exchange rates were higher than
tracer-gas exchange rates. This was due to the deposition effect of
particles on the surfaces of the room and chamber.

(ii) Deposition rate was found to be dependent on the size of particles
and on the type of lining material used.

(iii) The results also indicated that ventilation rate in buildings has a
strong effect on deposition of particles.

(iv) The room age-of-tracer was found to be greater than room age-of-

particles.
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Table 1 Experimental Results; One Window Fully-open

H X Tr | Tar g vy (Dp) | AT

1.2 i 1546 | 14.29 0.92 3.44 (92) 17

5 19.02 § 14.29 0.75 344 (92) 17

1.2 6 1546 | 1143 0.74 4.12(138) 14

11 14451 1143 - 0.79 4.12(138) 14

1.2 4 13.62 | 10.02 0.74 4.2 (124) 15

7 9 1276 | 1002 | 0.79 4.2 (}124), 15

0.8 4 14.61 10.56 0.72 42 (92) 14

9 13.01 10.56 0.81 4.2 (92) 14

0.8 6 1283 | 11.18 0.87 3.3 (105) 19

11 1344 | 11.18 0.83 3.3 (105) 19

d>1um d>2 pm
Trp Tap LA o Trp Tap & o

1057 | 12.12 } 1.15 1.58 12.50 13.21 1.06 1.06
14.51 | 12,12 | 0.84 1.38 14.88 13.21 0.89 1.52
1245 | 5.83 047 0.92 10.96 10.03 0.92 0.84
694 | 583 | 0.84 0.94 8.97 10.03 1.12 1.16
848 | 1594 | 1.88 1.18 9.72 20.19 2.08 0.83
574 | 1594 | 2.78 6.57 6.91 20.19 292 3.54
787 | 10.14 | 1.29 343 9.05 10.07 1.11 1.63
988 | 10.14 | 1.03 1.39 10.6 10.07 0.95 248
807 | 8.63 1.07 2.50 8.06 10.78 1.34 2.34
507 | 8.63 1.70 2.83 5.89 10.78 1.83 3.85
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Table 2 Experimental Results; Two Windows Fully-open

H X Tt Tat g 05 (Wp) AT

1.2 1 7.33 6.60 0.90 3.84(67) 13

6 8.72 6.60 0.76 384(67) 13

12 4 7134 5.61 0.76 491(122) 15

9 6.96 561 0.81 491(122) 15

12 5 8.45 6.39 0.76 4.34(123) 12

11 7.86 6.39 0.81 4.34(123) 12

0.8 5 9.31 7.88 0.85 2.75(122) 16

9 6.82 7.88 1.16 2.75(122) 16

0.8 5 7.68 5.38 0.70 2.75(323) 16

11 746 5.38 0.72 2.75(323) 16

d>1pm d>2pm

Tip Tap g o Tip Tap g o

- 1.29 2.51 195 | 220 11.10 5.29 0.48 0
6.13 251 041 ] 271 6.89 529 0.77 1.67

10.51 16.78 1.60 0 1033 [ 24.14 | 234 0
498 16.78 | 337 | 3.58 7.12 24.14 | 3.39 0.01
8.00 5.35 0.67 § 2.66 6.75 6.94 1.03 1.13
3.50 535 1.53 1.44 5.34 6.94 1.30 3.32
*n.a. 5.88 na. | na. n.a. 747 n.a. n.a.
736 5.88 0.80 0 426 7.47 1.75 2.66
3.90 4.63 1.19 § 540 475 5.68 1.20 5.23
3.70 4.63 1251 4.52 341 5.68 1.67 4.08

*n.a, not available
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Table 3 Results For Lined Chamber

Material L () P, (ng/m’h)
d>.Spm | d>1pm | d >2pm
wood 0.308 0313 | 0413 1.309
0.595 1.076 1.203 2.231
0.994 1.099 1.765 2.280
1.359 3.773 2517 6.204
aluminium 0.199 0.369 0.480 0.541
0.637 0.993 1.129 1.348
1.020 1.138 1.208 1411
1.314 1.146 1.443 1.653
carpet 0.303 1.185 1572 1.993
0.583 1.244 1.546 1.766
0.839 1.597 1.876 2.160
1.004 3.650 3.853 4.564
o, (ng/m*h) Vp (x10%cm/s)

d>.5pm d>1pm d>2pm d>S5pm | d>lpm d>2pm
0.001 0.021 0.200 0.002 0.149 3.740
0.096 0.122 0327 0.464 4.893 56.46
0.021 0.154 0.257 0.091 2.077 10.49
0.483 0.232 0.969 4.576 11.56 384.6
0.034 0.056 0.068 0.071 0.146 0.219
0.071 0.098 0.142 0.119 0.190 0.342
0.024 0.038 0.078 0.080 0.106 0.257
0 0.026 0.068 0 0.036 0.110
0.177 0.254 0.338 1.289 2.160 4891
0.132 0.193 0.237 1.683 3.733 7.555
0.152 0.207 0.264 1.026 1.774 3.420
0.529 0.570 0.712 2384 5459 989.0
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