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article  concentration  dynamics  in  the  ventilation  duct  after  an
rtificial  release:  For  countering  potential  bioterrorist  attack
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 i  g  h  l  i  g  h  t  s

Potential  ways  of  harmful  agents  releasing  in  the  ventilation  duct  are  identified.
Models  of  particle  concentration  dynamics  for  these  releasing  events  are  proposed.
A  series  of  wind  tunnel  experiments  are  conducted  to  validate  the  proposed  models.
The  models  provide  the  basis  for  assessing  risk  of  harmful  agents  releasing  events.
Indoor  airborne  particle  concentration  models  were  derived.
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a  b  s  t  r  a  c  t

Ventilation  duct serves  as  a potential  target  for  bioterrorist  attack.  Understanding  the  dynamics  of
aerosolized  harmful  agents  in the  ventilation  ducts  provides  the  fundamentals  for  effective  control  and
management,  e.g., risk  assessment.  In this  work,  new  models  for predicting  the  concentration  dynam-
ics  in  the  ventilation  duct  after  a particle  resuspension  (representing  the  case  that  harmful  agents  are
dosed when  the ventilation  is  off  and subsequently  being  turned  on)  or puff  injection  (representing  the
case  that harmful  agents  are  dosed  when  the ventilation  is  running)  event  were  derived  based  on  the
mass  balance  model.  The  models  were  validated  by  a series  of wind  tunnel  experiments.  Indoor  airborne
ioterrorist attack
entilation duct
oncentration dynamics model
esuspension

njection

particle  concentration  models  were  derived  by incorporating  the  proposed  ventilation  duct  models  for
resuspension  and  injection  cases.  The  effects  of  resuspension  and injection  in the  duct  on  indoor  airborne
particle  concentration  were  examined  by two hypothetical  cases  of  Bacillus  anthracis  dosage  using the
derived  models.  For  the same  amount  of BW  agent  dosage  in the  ventilation  duct,  the  resuspension  type
release  prolongs  the  exposure  of harmful  agents  whereas  the  injection  type  release  produces  a  higher
peak  concentration.
. Introduction

The bioterrorist attack by the intentional release of biological
eapons (BW) (e.g., viruses and bacteria) has drawn increasing

ttention worldwide since the anthrax letter attack of 2001 in
he United States. The bioterrorist attack, once occurs, could pro-
uce great panic in the public due to its potential for causing
assive civilian casualties. The economic impact of a bioterrorist

ttack could be as high as about $26.2 billion per 100,000 persons
xposed to BW agents, suggesting the great economic burden to
he society [1]. Hence, it is necessary to have effective measures

o mitigate the attack once it happens. As one of important meas-
res, the risk assessment of bioterrorist attack could provide useful

nformation for defending against and mitigating the attack [2].

∗ Corresponding author. Tel.: +65 67905498; fax: +65 6792 4062.
E-mail addresses: mpwan@ntu.edu.sg, manpunwan@gmail.com (M.P. Wan).
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However, a robust risk assessment requires the knowledge about
how BW agents are transmitted in the environment [3,4].

Recently, the United States government has warned that the
ventilation systems of buildings are an ideal target for bioterrorism
[5]. Actually, there was  evidence showing that some terrorists were
trained to inject harmful agents toward the air intake of a build-
ing [6]. Previous study [7] identified the role of ventilation duct in
the dispersion of anthrax spores and indicated that even a small
amount release of spores could be distributed throughout a high-
rise building. However, there are still limited studies assessing the
risk of bioterrorist attack through ventilation systems. The accurate
risk assessment of ventilation-duct-based attack is further limited
by the poor knowledge about the agent concentration variation in
the duct. Hence, a model that can predict the dynamics of BW agent

concentration in the ventilation duct after a deliberate release is
of fundamental importance. Such model allows the prediction of
indoor BW agent concentration and thus the exposure of residents
to the agents.

dx.doi.org/10.1016/j.jhazmat.2013.12.058
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2013.12.058&domain=pdf
mailto:mpwan@ntu.edu.sg
mailto:manpunwan@gmail.com
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The bioterrorist attack through ventilation systems can be
ccomplished by two ways. Firstly, terrorists could deliberately
lace the BW agents onto the duct surface when the ventilation
ystem is off (usually at night, therefore more covert). Some of
hese agents could be resuspended and transported into indoor
nvironment once the ventilation is running, leading to mass con-
amination, as suggested by the existing studies [8–10]. Secondly,
t is possible that the BW agents are directly injected into the duct

hen the ventilation is running. Some of these injected agents
ould be instantly transported into indoor environment along with

he airflow, causing mass contamination.
Few studies have been conducted to investigate the particle

oncentration dynamics in the ventilation duct following a BW
gent resuspension or injection event. Until recently, Zhou et al.
11] proposed a model for the particle concentration dynamics
n the ventilation duct considering resuspension. However, their

odel was constructed based on the assumption that both the par-
icle deposition and resuspension occur uniformly along the whole
ength of ventilation duct. This naturally makes their model inap-
ropriate for cases where high concentration of particles are dosed

n a small area in the duct and the initial resuspension occurs
rom that small area, usually in the case of bioterrorist attack.
he governing equation in [11] was specifically organized to have

 term accounting for the particle resuspension along the whole
ength. In the case of resuspension from a small area, this gover-
ing equation in [11] no longer holds and a simple substitution of
he resuspension term in the governing equation is not physically
easonable. A different method is needed to solve the new gover-
ing equation corresponding to the case that initial resuspension
ccurs from a small area. Based on the mass balance approach, this
ork proposed new models for particle concentration dynamics in

he ventilation duct following a resuspension or injection event.
he proposed models were validated by a series of wind tunnel
xperiments. Indoor airborne particle concentration models were
hen derived by incorporating the proposed ventilation duct mod-
ls for resuspension and injection cases. The effects of resuspension
nd injection in the duct on indoor airborne particle concentration
re examined, respectively, by two hypothetical cases using the
erived models.

. Model derivation

.1. Model for particle resuspension case

This part of model derivation concerns the case that particles
BW agents) are dosed into the ventilation duct when the venti-
ation system is off. The particles deposit (primary deposition) on

 small area in the duct and are subsequently resuspended (pri-
ary resuspension) into the airflow stream when the ventilation

s turned on. Only the initial (primary) resuspension is consid-
red here, because (1) it plays the dominant role in affecting the
irborne particle concentration over the secondary resuspension
subsequent resuspension of particles deposited on the duct surface
ownstream); (2) the amount of particles for secondary deposition

s small and the amount for secondary resuspension would be even
ar smaller than that for secondary deposition, meaning that the
et deposition could be well approximated by the secondary depo-
ition; (3) the further consideration of the secondary resuspension
ill be a traversal problem that is prohibitive to solve. It is assumed

⎧⎪ C exp(−(v P + v P
C (x, t) =
⎪⎨
⎪⎪⎩

t0 dfv f dwv w

N0Sr1

Qs
(

t − Ax/Qs
)r2

exp(−(vdfvPf + vdwvPw + vdcvPc)x/Qs) + C
S, N0

Fig. 1. A schematic of the particle resuspension in a duct.

that the length of the ventilation duct is much larger than the height
and width of the duct. The transient particle concentration variation
along the stream-wise directionC(x,t) is concerned in the proposed
model. The dimensions of the cross section of the wind tunnel’s test
section is 20 cm (W) × 20 cm (H) For such cross sectional dimension,
the particle concentration variation in the bulk flow in the trans-
verse direction of the cross-sectional plane is generally within a
factor of 5 as shown previously [12,13]. Hence, particle concentra-
tion is assumed homogenous in the cross-section at any given point
in x and t for simplifying the model development. Similar assump-
tion was also adopted in the model of Zhou et al. [11]. As shown in
Fig. 1, the particle resuspension occurs within the area of S (dose
area of BW agents) where the particle surface number concentra-
tion is N0. The particle concentration upstream the resuspension
area is C0, while the particle concentration downstream the resus-
pension area is C(x,t). According to the conservation of mass, the
mass balance model about C(x,t) can be written as:

A
∂C(x, t)

∂t
+ Qs

∂C(x, t)
∂x

= −vdvC(x, t)P (1)

with the boundary condition of

C (x, t) |x=0 = C0 + N0S�(t)
Qs

(2)

and the initial condition of

C (x, t) |t=0 = Ct0, (3)

where A is the cross sectional area of duct, Qs is the volumetric flow
rate, vdv is the particle deposition velocity, P is the cross sectional
perimeter of duct and � is the particle resuspension rate defined
as the fraction of particles resuspended per unit time. The resus-
pension rate generally has a power law relationship versus time:
�(t) = r1t−r2 [14–16]. After plugging the resuspension rate expres-
sion into Eq. (1), the solution of Eq. (1) is derived as (see Appendix
A):

C (x, t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ct0e
−

vdvPt

A

(
0 < t ≤ Ax

Qs

)

N0Sr1

Qs

(
t − Ax/Qs

)r2
e

−
vdvPx

Qs + C0e
−

vdvPx

Qs

(
Ax

Qs
< t

) . (4)

In Eq. (4), Ax/Qs defines the time when the location x will be
affected by the resuspended particles. That is, when 0 < t ≤ Ax/Qs,
the location x will have a concentration variation affected by the
deposition only. Otherwise, the location x will have a concentration
variation influenced by both particle resuspension and deposition.

Considering that the particle deposition velocities onto floor,
wall and ceiling are different due to the effect of gravity, Eq. (4) is
modified to

P )t/A)
(

0 < t ≤ Ax
)

dcv c Qs

0 exp(−(vdfvPf + vdwvPw + vdcvPc)x/Qs)
(

Ax

Qs
< t

) , (5)
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is similar to the one described in [25]. The loaded substrates would
be used for the subsequent resuspension experiments in the wind
Fig. 2. A schematic of the particle injection in a duct.

here vdfv, vdwv and vdcv are the deposition velocities of particles
nto the floor, wall and ceiling of duct, respectively, and Pf, Pw

nd Pc are the width of floor, wall and ceiling, respectively. The
stimation of deposition velocities onto different surfaces of duct
ill follow the reported method [17]. The particle surface number

oncentration N0 is calculated as

0 = M0rf

Sm
, (6)

here M0r is the mass of particles released to the surface for resus-
ension. m = �/6d3

p�p is the mass of a particle with diameter dp and
ensity �p. f denotes the fraction of deposited particles belonging to

he size bin of dp, which can be obtained from the particle size dis-
ribution. The resuspension rate is estimated based on the previous
mpirical models of Loosmore [15] or Kim et al. [14]. Two  models
nd three models have been developed in [15] and [14], respec-
ively. Because the different models from the same study generally
roduced similar results, one model from each of these studies was
elected for the comparison purpose: emp1 (denoted as Model 1)
rom [15] and Model II-A (denoted as Model 2) from [14].

odel 1 : � = 0.42
u∗2.13d0.17

p

t0.92R0.32
q �0.76

p
(7)

nd

odel 2 :
�dp

u∗ = 8.521 × 10−3
(

�p

�a

)−0.3028
(

u∗t

dp

)−1.0135

(
Rq

dp

)−0.3269(
A132

d3
pu∗2�a

)−0.2961

, (8)

C (x, t) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

C

(
C0 + I

Q

C

here t is the time, �a is the density of air, Rq is the roughness of
urface, u* is the friction velocity and A132 is the Hamaker constant.
 Materials 267 (2014) 183– 193 185

2.2. Model for particle injection case

For the injection case (Fig. 2), the same mass balance model (Eq.
(1)) holds but the boundary condition is modified to

C (x, t) |x=0 =

⎧⎨
⎩

C0 + I

Qs

C0

(0 < t < T)

(t ≥ T)

, (9)

where I is the number of particles injected into the duct per unit
time and could be estimated by n/T with T the injection duration
and n = fM0i/m the number of injected particles within a certain
size bin during the period of T. M0i is the total mass of particles
injected into the duct. Corresponding to Eq. (9), the solution of Eq.
(1) could be derived following a similar procedure as

C (x, t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ct0e
−

vdvPt

A
(

0 < t ≤ Ax

Qs

)

(
C0 + I

Qs

)
e

−
vdvPx

Qs

(
Ax

Qs
< t <

Ax

Qs
+ T

)

C0e
−

vdvPx

Qs

(
Ax

Qs
+ T ≤ t

)
. (10)

The solution suggests that the concentration variation at the
location x responds like a pulse function versus time. As Ax/Qs <
t < Ax/Qs + T , the location x will be affected by both particle injec-
tion and injection. Considering the different deposition velocities
of particles onto the different surfaces of duct, Eq. (10) is modified
to:

p(−(vdfvPf + vdwvPw + vdcvPc)t/A)
(

0 < t ≤ Ax

Qs

)

p(−(vdfvPf + vdwvPw + vdcvPc)x/Qs)
(

Ax

Q
< t <

Ax

Qs
+ T

)

(−(vdfvPf + vdwvPw + vdcvPc)x/Qs)
(

Ax

Qs
+ T ≤ t

)
. (11)

The estimation of deposition velocities onto different surfaces
will also follow the method of [17].

3. Validation experiments

3.1. Particle resuspension experiments

3.1.1. Roughness measurement
The roughness of substrate is required to estimate the resuspen-

sion rate with Eqs. (7) and (8). In the resuspension experiments,
three types of materials (stainless steel, aluminum and plastic)
were tested, as they are commonly used materials for ventilation
duct [18–21]. 5 pieces of 4 cm × 4 cm square-shaped substrate were
prepared from each material and the roughness of each substrate
was measured using a surface roughness tester (Mitutoyo, SJ301)
at three random locations. The averaged root mean square (RMS)
roughness for each material was  listed in Table 1. The other mate-
rial properties required for the resuspension rate calculation are
also given in Table 1.

3.1.2. Sample preparation
A deposition chamber was used to load the test particles (ISO

12103-1 A1 Arizona test dust) onto the substrates to mimic  BW
agent dose during ventilation off period. The deposition procedure
tunnel. The size of test particles ranges from 1 to 10 �m which cov-
ers the size ranges of some common BW agents such as Bacillus
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Table  1
The parameters required for the resuspension rate estimation.

u*(m/s) �p (kg/m3) �a (kg/m3) dp(�m) Rq(�m) A132
a(×10−20J)

Aluminum 0.278 2650 1.2 2/4.75 0.44 15.7
Stainless steel 0.278 2650 1.2 2/4.75 0.09 2.7
Plastic  0.278 2650 1.2 2/4.75 0.02 7.3

a A132 =
√

A11A22, with A11 the Hamaker constant of substrate and A22 = 6.8 × 10−20 J the

steel  and plastic are 36.0 × 10−20[22], 1.0 × 10−20[23] and 7.8 × 10−20 J [24], respectively.
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Fig. 3. The cumulative size distribution of particles.

nthracis and Botulinum toxin [26]. The cumulative size distribu-
ion of particles in terms of volume is shown by Fig. 3. The weights
f each piece of substrate before and after the deposition proce-
ure were measured by an analytical balance (Radwag XA 110/X)
nd denoted as M1r and M2r, respectively. The deposited mass of
articles is calculated as M0r = M2r − M1r and listed in Table 2. More
etails about the deposition chamber and procedure could be found

n [25].

.1.3. Resuspension experiments
Resuspension experiments were conducted in a suckdown wind

unnel setup (Fig. 4) with a test section of 20 cm (W) × 20 cm
H) × 100 cm (L). A flow straightener was installed in front of the
ontraction part to smooth flow and the turbulators were paved
ehind the contraction part to induce a turbulent boundary layer.

 23.5 cm (L) × 20.0 cm (W) supportive plastic substrate base with
 4.0 cm (L) × 4.0 cm (W) trough for fitting the test substrate was
xed in the test section. The distance between the center of the
rough and the inlet of the test section was 48.5 cm.  The substrate
ase has a 10◦ wedge to allow smooth change of flow direction.
he speed of fan (Kruger Engineering Pte Ltd, FSA200/CM), i.e., the
ree stream velocity, was controlled by a frequency inverter. An

erosol spectrometer (Grimm, model 1.109) was employed with
he probe 15 cm downstream the substrate to measure the par-
icle concentration at the sampling interval of 6 s. The height of
he probe from the floor of test section was 9 cm.  This one-point

able 2
he deposited and injected mass of particles and the upstream particle concentration.

M0r/M0i (g)

Aluminum 0.01161 (0.00357)a

Resuspension Stainless steel 0.01290 (0.00475) 

Plastic 0.01347 (0.00480) 

Injection – 0.02611 (0.00895) 

a The standard deviations are shown within brackets.
 Hamaker constant of particles [14]. The Hamaker constants for aluminum, stainless

measurement approach was  adopted based on the assumption that
particle concentration is homogeneous in the cross-sectional plane,
as adopted in the model derivation. The experimental uncertainties
that could potentially be introduced by the cross-sectional homo-
geneous assumption and one-point measurement approach will be
discussed in Section 4.1.3.

Before the resuspension experiment, the relationship between
the friction velocity (required for resuspension rate calculation)
and free stream velocity was determined based on the boundary
layer velocity profile measured with a set of hot wire anemome-
ter (developed by The University of Newcastle). A height gauge
(Mitutoyo, series 192) was used to control the vertical movement of
the anemometer probe. A pitot-tube with an inclined manometer
(Airflow Developments Ltd) was used to measure the free stream
velocity and calibrate the hot wire anemometer. The detailed pro-
cedure of determining the friction velocity is given in Appendix B.
A linear relationship between the friction velocity and free stream
velocity was  found as u* = 0.0710u − 0.0056 with the residual sum
of square R2 = 0.988.

The free stream velocity of 4.0 m/s  (Re = 53,000) was used during
the resuspension experiments, which fell into the range of common
free stream velocities in the ventilation ducts (2–9 m/s  and Re ≈ 20,
000 − 60, 000) [27]. An annular aspiration inlet was employed for
particle sampling. Under the free stream velocity of 4.0 m/s, the
overall sampling efficiency of the inlet was estimated to be larger
than 95% for particles smaller than 10 �m in size, according to the
existing theory [28]. This suggested that an approximately isoki-
netic sampling condition was achieved. At the beginning of each
resuspension experiment, the background concentration, the aver-
age of which served as the upstream concentration C0 (Table 2)
for the model prediction, was measured for 2 min. The substrate
was then mounted on the substrate base in the wind tunnel for the
resuspension experiment and the particle concentration in the tun-
nel was measured for another 2 min. For each material, all 5 pieces
of substrate were tested in the resuspension experiments and the
measured concentrations for them were averaged for the model
validation. The relative humidity and temperature in the wind tun-
nel were measured to be 85% ± 2% and 27 ◦C ± 2 ◦C, respectively,
using a RH-temperature sensor (OMEGA, RH-USB).

3.2. Injection experiments
For the injection experiments, the substrate base used for the
resuspension experiments was taken out from the test section
of wind tunnel. A circular inlet port being 0.5 m upstream the

C0 (#/m3)

2 �m 4.75 �m 8.25 �m

201,650 (50,010) 5817 (2007) –
225,252 (72,351) 3306 (1691) –
200,367 (20,991) 4282 (1670) –
261,780 (59,166) 6600 (2427) 540 (214)
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Fig. 4. A schematic 

pectrometer probe was drilled at the ceiling of the test section. The
est particles were injected into the test section through the inlet
ort with a syringe. The free stream velocity of 2.5 m/s  was used for
he injection experiments. Just before the injection experiment, the
eight (M1i) of syringe loaded with particles was  measured with

he analytical balance. The background concentration was mea-
ured for 2 min  firstly, the average of which served as the upstream
oncentration C0 (Table 2) for the model predictions. Then, the par-
icles were slowly injected into the tunnel by pushing the rod of
yringe at an even rate of 15 times/min for 1 min. After the injection,
he particle concentration was measured for two more minutes
nd the syringe was again sent to the balance for the weight mea-
urement (M2i). The mass of injected particles was calculated as

0i = M1i − M2i, which was used to estimate the number of injected
articles, n, in Eq. (9). The test section was then cleaned before

 new run of experiment. A total of five runs of experiments were
onducted and the data of all five runs were averaged for the model
alidation.

. Results and Discussion

.1. Model validation

.1.1. Resuspension case
In the resuspension case, the time limit, Ax/Qs, (Eq. (5)), is equal

o 0.0375 s, suggesting that the resuspended particles would pass
he measurement point within a negligibly short period of time
ompared with the sampling interval of 6 s. Therefore, the concen-
ration variation as 0 < t ≤ Ax/Qs in Eq. (5) is not considered in
he following validation. The concentration variations due to the
esuspension for the particles larger than 6.5 �m are very small,
herefore they are not considered in the validation for the statisti-
al significance of analysis. The considered particles were divided
nto 2 size bins: 1–3, 3–6.5 �m,  with the denoted mean diameters
f 2 and 4.75 �m,  respectively. The estimated resuspension rates
nd deposition velocities of various cases are shown in Table 3. The
odel validation is shown by Fig. 5. Since the measurement interval

f spectrometer is 6 s, the time axis starts from 6 s in Fig. 5.
It is shown that the concentration dynamics after the parti-

le resuspension is reasonably captured by the proposed model.
oth the experimental and modeling results show that the parti-
le concentration becomes 1.5–3 times and 4–8 times higher than
he upstream one immediately after the initiation of airflow for

 �m and 4.75 �m particles, respectively, and gradually decreases
fterwards. Once the airflow was initiated, the airflow resuspended
he particles on the substrate and quickly pushed them forwards
he measurement point, leading to the significant concentration
ncrease. The subsequent concentration decline was mainly caused

y three aspects based on the proposed model: (1) the resus-
ension rate decreases as the time goes on; (2) the ventilation
ontinuously refreshes the air in the tunnel (dilution effect); (3)
ome of the resuspended particles deposit onto the duct surfaces.
 wind tunnel setup.

Actually, it could be expected that the particle concentration should
be asymptotic to the upstream one, C0.

The comparison between the model predictions based on the
empirical resuspension model of [15] (Model 1) and that based
on the one of [14] (Model 2) shows that the latter-based model
provides larger but generally better predictions than former-based
model. The larger predictions for the Model 2-based model cor-
respond to the calculated larger resuspension rate coefficient, r1
(Table 3).

4.1.2. Injection case
Similar to the resuspension case, the concentration variation as

0 < t ≤ Ax/Qs is also disregarded in the injection case. The parti-
cles were divided into 3 size bins: 1–3, 3–6.5 and 6.5–10 �m with
the denoted mean diameters of 2, 4.75 and 8.25 �m,  respectively.
The estimated deposition velocities for various cases are listed in
Table 3. The model validation is shown by Fig. 6.

It is shown that the trend of particle concentration variation dur-
ing and after particle injection is reasonably predicted by the model.
The difference between model predictions and experimental data
generally fall within a range of 30%. The model overestimates the
concentration for the larger particles (4.75 and 8.25 �m)  during the
injection period by a factor of 1.3 which is larger than that (a factor
of 1.1) for the smallest particles (2 �m).  This should be related to
the larger inertia of the larger particles, leading to worse mixing of
particles in the air stream before reaching the measurement point.
The measured concentration shows a slight growth within the ini-
tial 6–12 s which is not predicted by the model. This initial growth
period might correspond to (1) the time taken to reach steady mea-
surement for the spectrometer for a sudden concentration increase,
as observed previously [29,30], and (2) the time taken to make the
injection steady. Once the particle injection ceases, the concentra-
tion quickly decreases to the upstream level due to the dilution
effect of ventilation in the duct.

The comparison between Figs. 5 and 6 shows that the patterns
of concentration variation between the resuspension and injec-
tion cases are entirely different. Although the amount of particles
injected into the tunnel is about double of that deposited onto the
substrate, the fraction of particles transported downstream in the
injection case is about 2–3 orders of magnitude larger than that in
the resuspension case. Hence, it is necessary to correctly identify
the actual way  of particle release for a bioterrorist attack and take
the control and prevention measures (e.g., risk assessment) cor-
respondingly, and the proposed models could potentially serve as
such a tool of indentifying the way  of release.

A uniform particle injection was used in the current work for
the ease of data analysis and the repeatability of experiments. In
real situations, the particle may not necessarily be injected uni-
formly but intermittently into the ventilation duct. However, the

manner of concentration variation could still be speculated based
on the proposed model. Although the particle injection may  not
be uniform over the whole injection period, it could be approxi-
mately uniform over small enough time lengths. The concentration
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Table  3
The resuspension rates and deposition velocities of various cases.

I Experimental cases Resuspension Injection

Aluminum Stainless steel Plastic

dp (�m) 2 4.75 2 4.75 2 4.75 2 4.75 8.25

� = r1t−r2 Model 1 r1 0.0008 0.0009 0.0013 0.0015 0.0022 0.0025 –
r2 0.92 0.92 0.92 0.92 0.92 0.92

Model 2 r1 0.0018 0.0053 0.0052 0.0151 0.0063 0.0183
r2 1.0135 1.0135 1.0135 1.0135 1.0135 1.0135

vdfv (m/s) 0.0014 0.0058 0.0014 0.0058 0.0014 0.0058 0.0004 0.0022 0.0063
vdwv (m/s) 0.0005 0.0018 0.0005 0.0018 0.0005 0.0018 0.0001 0.0002 0.0005
vdcv (m/s) 0.0010 0.0031 0.0010 0.0031 0.0010 0.0031 0.0003 0.0007 0.0012

1.0E+05

2.0E+05

3.0E+05

4.0E+05

6 26 46 66 86 10 6

Exper iment
Model 1
Model 2

0.0E+00

1.5E+04

3.0E+04

4.5E+04

6.0E+04

6 26 46 66 86 106

Exper iment
Model 1
Model 2

0.0E+00

2.0E+05

4.0E+05

6.0E+05

8.0E+05

6 26 46 66 86 10 6

Experim ent
Model 1
Model 2

0.0E+00

2.0E+04

4.0E+04

6.0E+04

8.0E+04

6 26 46 66 86 10 6

Exper iment
Model 1
Model 2

1.0E+05

2.0E+05

3.0E+05

4.0E+05

5.0E+05

6 26 46 66 86 106

Exper iment
Model 1
Model 2

0.0E+00

1.0E+04

2.0E+04

3.0E+04

4.0E+04

5.0E+04

6 26 46 66 86 106

Experiment
Model 1
Model 2

(a) | i (a) | i i 

(b) | i (b) | ii 

 ii | )c( i | )c(

Fig. 5. The comparison between the measured and modeled concentration variations after particle resuspension for the substrates of (a) aluminum (i: 2 �m; ii: 4.75 �m),
(b)  stainless steel (i: 2 �m;  ii: 4.75 �m)  and (c) plastic (i: 2 �m; ii: 4.75 �m). The error bars denote one standard deviation.
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Fig. 6. The comparison between the measured and modeled concentration variations: (a) 2 �m;  (b) 4.75 �m;  (c) 8.25 �m.  The error bars denote one standard deviation. The
vertical dash line at 60 s indicates the time of stopping the particle injection.
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4.2.2. Case study
Based on Eqs. (15) and (18), the influences of resuspension and

injection in the ventilation duct toward indoor particle concentra-
S. You, M.P. Wan  / Journal of Haza

ariation over the whole injection period would be the combina-
ion of the variations over these smaller time lengths following
he proposed model. Therefore, the concentration would behave
ike a fluctuated rectangular pulse function during the injection
eriod and restore to the background concentration after injection.
urthermore, for the risk assessment, it is important to know the
mount of particles entering indoor environment from the ventila-
ion system. The assumption of uniform injection actually will not
ffect the estimation of the amount of particles entering indoors
nce the amount of injected particles is set whatever the injection
ethod is. Therefore, the proposed model for uniform injection is

till suitable for the future risk analysis by regulating the amount
f injected particles in the model.

.1.3. Potential uncertainties associated with the cross-sectional
omogeneous assumption

It is should be noted that particle concentration is assumed
omogenous in the cross-section in the current models. In order
o further model the potential spanwise and transverse concentra-
ion variations, it is necessary to understand the three-dimensional
ow field in the duct. A model based on CFD simulation could
erve as the potential solution for such purpose, which will be
eyond the scope of the current study and left for the future study.
FD-based models have the potential to achieve a higher accuracy
y modeling three-dimensional concentration distribution and
llow tracking of pathogens. However, CFD-based models require
ignificantly more computational effort and thus time than the
odels developed in this work, while time is critical for post-attack

esponses.
One potential uncertainty from the homogeneous concentration

ssumption could have been reflected in the standard deviations
f experimental data used for model validation. As shown above,
he experimental data bear the standard deviation up to 30% of
he mean for both resuspension and injection cases. This uncer-
ainty of experimental data may  have been resultant from the
ne-point measurement under the homogeneous concentration
ssumption. Another potential uncertainty that could be induced
y the homogeneous concentration assumption is the estimation
f the effect of particle deposition onto duct surfaces, that is, the
eposition effect. However, the effect of deposition on particle con-
entration variation is minor under the settings considered in this
tudy (as inferred from the results discussed in Appendix C). It
s believed that the homogeneous particle concentration assump-
ion has limited effect on the estimation of the total amount of
articles that enter indoors following a resuspension or injection
vent. As a result, the practical application of the developed models
ill not be affected by the assumption of uniform cross-sectional

oncentration.

.2. Model application

.2.1. Indoor airborne particle concentration modeling
The application of the ventilation duct models (resuspension

nd injection) developed in Section 2 for indoor particle concen-
ration prediction is demonstrated by incorporating the ventilation
uct models into the indoor airborne mass balance model based on
ell-mixed assumption. The well-mixed assumption was widely

dopted for modeling indoor particle concentration dynamics
31–34]. The indoor airborne mass balance model is

dCi

dt
= aCov − bCi (12)
ith the initial condition of Ci (0). Ci is the indoor airborne
article concentration. Cov is the particle concentration in the
entilation duct from a resuspension or injection event. a is
he entrance rate of the resuspended or injected particles from
 Materials 267 (2014) 183– 193 189

the duct. a = (1 − Rr) (1 − �r)dvpb˛a. ˛a is the air exchange rate.
Rr is the recirculation fraction of indoor exiting air. �r is the
removal efficiency of filter in the duct and could be obtained
from the study of Riley et al. [35] for some commonly used
commercial filters (e.g., 40% and 85% ASHRAE filters). dv =
exp

(
−(vdfvPf + vdwvPw + vdcvPc)x/(1 − Rr)Qs)

)
is the parameter

accounting for the effect of particle deposition in the ventilation
duct as suggested by Eqs. (5) and (11). pb is the aerosol pene-
tration through bends for the resuspended or injected particles
in the ventilation duct and could be estimated by the model
proposed by McFarland et al. [36]. b = ˛a − Rrdvi (1 − �r) pbi˛a +(

(vdfAf + vdwAw + vdcAc) /V
)

+
(

ˇbnp/V
)

is the loss rate of indoor
particles vdf, vdw and vdc are the particle deposition velocities onto
the indoor floor, wall and ceiling, respectively, and can be esti-
mated by the model of Lai and Nazaroff [37] or by experimental
data [38]. Af, Aw and Ac are the areas of indoor floor, wall and
ceiling, respectively. ˇb is the breathing rate of occupant. np is
the number of occupants. V is the volume of indoor space dvi =
exp

(
−

(
(vdfvPf + vdwvPw + vdcvPc)xvi/RrQs

))
accounts for the effect

of particle deposition in the ventilation duct for the particles in the
recirculated air xvi is the duct length passed by the recirculated air
pbi is the aerosol penetration through bends in the ventilation duct
for the particles in the recirculated air Qs = ˛aV is the ventilation
rate.

In the resuspension case, Cov is obtained from the developed
model, Eq. (5) as

Cov = N0Sr1

Qstr2
+ C0 (13)

The terms accounting for the deposition effect are not included,
because they have been considered by a in the mass balance model.
Substituting Eq. (13) into Eq. (12) and rearranging yield

dCi

dt
+ bCi = a

(
N0Sr1

Qstr2
+ C0

)
(14)

The solution to Eq. (14) is

Ci (t) = e−btCi (0) + aC0

b

(
1 − e−bt

)
+ aN0Sr1

Qs
e−bt

t∫
0

ebt

tr2
dt (15)

In the injection case, Cov is obtained from the developed model,
Eq. (11) as

Cov =
(

C0 + I

Qs

)
(16)

Similar to the resuspension case, the terms accounting for the
deposition effect are not included. Substituting Eq. (16) into Eq. (12)
and rearranging yield

dCi

dt
+ bCi = a

(
C0 + I

Qs

)
(17)

The solution to Eq. (17) is

Ci (t) = e−btCi (0) +
a
(

C0 + I/Qs
)

b

(
1 − e−bt

)
(18)
tion are explored through two  hypothetical cases for resuspension
and injection, respectively. The considered BW agent is B. anthracis
which is a Gram-positive, spore-forming bacillus with the approx-
imate size of 1 �m × 5 �m [39].
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Table  4
The parameters for calculating the resuspension rate.

Parameters Meaning Unit Value Source

dp Particle diameter �m 3 [39]
A132 Hamaker constant J 7.12 × 10−20a [14]
u* Friction velocity m/s  0.247 Section 3.1.3
�p Particle density kg/m3 1200 [8]
�a Air density kg/m3 1.2 [40]
Rq Surface roughness �m 5 [8]

a : A =
√

A A , where A = 6.5 × 10−20 J and A =7.8×10−20 J are the
H

4
s
o
d
r
i
p
[
f
e
t
T
u
T
p

times of that for the injection case. As a whole, the resuspen-
sion case intends to prolong occupants’ exposure to harmful

T
T

132 11 22 11 22

amaker constant of particle and surface, respectively [14].

.2.2.1. Resuspension case. In this case, 10 grams of B. anthracis
pores are covertly dosed onto the duct floor when the ventilation is
ff. The ventilation duct is made of plastic with the cross-sectional
imension of 0.25 m (W) × 0.25 m (H) [17]. It is assumed that the
elationship between the friction velocity and free stream velocity
n the wind tunnel experiments of this work also holds. The resus-
ension rate is obtained as the average of the emp1 (Eq. (7)) from
15] and the model II-A (Eq. (8)) from [14]. The parameters needed
or calculating the resuspension rate are listed in Table 4. The pen-
tration coefficients through bends (pb and pbi) are approximated
o be 100% for the considered airflow condition and agent size [36].
he duct lengths (x and xvi) are assumed to be 20 m.  The parameters
sed for modeling the airborne concentration are summarized in

able 5. The modeled indoor airborne concentration within a 5-h
eriod is shown by Fig. 7(a).

able 5
he parameters required by modeling of two cases.

Parameter Meaning 

˛a (1/s) Air exchange rate 

Rr Fraction of recirculated air
�r Filter efficiency 

pb and pbi Penetration through bend(s) 

dv and dvi Deposition loss in the duct 

vdf (m/s) Deposition velocity onto floor 

vdw (m/s) Deposition velocity onto wall 

vdc (m/s) Deposition velocity onto ceiling 

x and xvi (m) Duct lengths
Af (m2) Area of floor 

Aw (m2) Area of wall 

Ac (m2) Area of ceiling 

V  (m3) Indoor space volume 

ˇb (m3/s) Breathing rate 

np Number of occupants 

Ci(0) (#/m3) Initial indoor airborne concentration 

Co (#/m3) Pathogen concentration upstream the resuspension or injectio
�  (1/s) Resuspension rate 

I (#/s) Injection rate
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Fig. 7. The variation of airborne pathogen concentration
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4.2.2.2. Injection case. In this case, 10 grams of B. anthracis spores
are directly dosed into the duct during a 1-min period when the
ventilation is on. The relevant parameters are listed in Table 5. Sim-
ilar to the resuspension case, the airborne concentration variation
during a 5-h period is modeled as shown by Fig. 7(b).

For the resuspension case, it is shown that the airborne con-
centration indoors increases to the level of 4.9 × 105 #/m3 at about
0.005 h and then declines quickly up to about 2 h followed by a slow
decrease afterwards. The airborne concentration only decreases by
one half (from 1300 #/m3 to 530 #/m3) for the 2–5 h period. These
phenomena are related to the fact that the resuspension decays as
time in the manner of power law relation: the decay rate of resus-
pension rate decreases as time. For the injection case, it is shown
that the airborne concentration increases to the level of 1.37 × 107

#/m3 during the injection period (1 min) and then declines expo-
nentially afterwards due to the loss mechanisms (e.g., deposition
and ventilation). After 2.2 h, the airborne concentration indoors
goes down to about 1 #/m3.

Comparing Fig. 7(a) and (b) shows that the variation patterns
are different between the two  cases. Under the same BW agent
dosage, the resultant peak airborne concentration indoors for the
resuspension case is about one thirtieth of that for the injec-
tion case. On the other hand, the airborne concentration indoors
after 2 h for the resuspension case is more than one thousand
agents, while the injection case intends to produce a larger peak
concentration.

Resuspension case Injection case Source

1.39 × 10−3 1.39 × 10−3 [41]
0.8 0.8 [17]
0.8 0.8 [35]
1 1 [36]
0.98 0.98 –
2.0 × 10−3 2.0 × 10−3 [37]
6.0 × 10−5 6.0 × 10−5 [37]
3.0 × 10−6 3.0 × 10−6 [37]
20 20 –
64 64 –
80 80 –
64 64 –
160 160 –
2.83 × 10−4 2.83 × 10−4 [42]
3 3 –
0 0 –

n site 0 0 –
1.3 × 10−3t−0.97 – [14,15]
0 982,438,750 –
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s for (a) resuspension case and (b) injection case.
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. Conclusions

In this work, the models of particle concentration dynamics in
he ventilation duct following a resuspension or injection event
ere developed from the mass balance model. The proposed mod-

ls were validated against a series of wind tunnel experiments. The
ariation patterns of particle concentration in the duct are differ-
nt between the resuspension and injection cases, suggesting the
ecessity of correctly indentifying the actual way  of release. The
roposed models could potentially serve as such a tool of indenti-
ying the way of release and provide the foundation for predicting
he BW agent concentration in the supply air and in the occupied
pace. The proposed ventilation duct models for resuspension and
njection were applied to derive the indoor airborne particle con-
entration models using the indoor airborne mass balance model.
he effects of resuspension and injection events in the duct on
ndoor airborne particle concentration were examined in terms of
wo hypothetical cases using the derived models. Under the same
W agent dosage, the resuspension case prolongs occupants’ expo-
ure to harmful agents whereas the injection case produces a higher
eak concentration.
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ppendix A. Model Derivation

Derivation of the solution of the equation

∂C(x, t)
∂t

+  Qs
∂C(x, t)

∂x
= −vdvC(x, t)P (A.1)

ith the boundary condition of

(x, t) |x=0 = C0 + N0Sr1t−r2

Qs
(A.2)

nd the initial condition of

(x, t) |t=0 = Ct0. (A.3)

Make a coordination transformation to t and x with � = t,
 = Qst − Ax and have ω

(
�, �

)
= C

(
x
(

�, �
)

, t(�, �)
)

. Hence, we will
ave

∂C

∂t
= ∂ω

∂�

∂�

∂t
+ ∂ω

∂�

∂�

∂t
= ∂ω

∂�
+ Qs

∂ω

∂�
(A.4)

nd

∂C

∂x
= ∂ω

∂�

∂�

∂x
+ ∂ω

∂�

∂�

∂x
= −A

∂ω

∂�
. (A.5)

And Eq. (A.1) becomes

∂ω

∂�
+ vdvP

A
ω = 0 (A.6)

hich can be further changed to

∂
∂�

(e
vdvP

A
�ω) =  0. (A.7)

Integrating Eq. (A.7) with respect to � results in
vdvP

A
�ω = f (�) (A.8)
hich gives

 = f (�) e− vdvP

A
�. (A.9)
 Materials 267 (2014) 183– 193 191

Substituting �(x, t) and �(x, t) back into Eq. (A.9) leads to

C (x, t) = f (Qst − Ax)e− vdvP

A
x. (A.10)

Based on the boundary condition, Eq. (A.2), the differentiable
function f in Eq. (A.10) can be defined and Eq. (A.10) becomes

C (x, t) = N0Sr1

Qs
(

t − Ax/Qs
)r2

e− vdvPx

Qs + C0e− vdvPx

Qs . (A.11)

Obviously, if t ≤ Ax/Qs, Eq. (A.11) will become unreasonable.
Actually, when t ≤ Ax/Qs, the location x will not be affected by the
particle resuspension and upstream concentration C0. Considering
the initial condition, Eq. (A.3), the solution of Eq. (A.1) should be
finalized as

C (x, t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ct0

(
0 < t ≤ Ax

Qs

)

N0Sr1

Qs

(
t − Ax/Qs

)r2
e

−
vdvPx

Qs + C0e
−

vdvPx

Qs

(
Ax

Qs
< t

) . (A.12)

Appendix B. Friction velocity determination

Before the measurement of boundary layer velocity profile, the
pitot-tube with the manometer was used to calibrate the hotwire
anemometer following the method of [43]. Then, the boundary
layer velocity profile was  measured by traversing the anemometer
probe from the height of 0.1 to 0.27 mm at the increment of 0.01 mm
for each of six free stream velocities: 1.85, 2.45, 3.07, 3.59, 4.19 and
5.20 m/s. For turbulent boundary layers, the velocity profile can be
formulated with the Prandtl equation:

u = u∗



ln

(
z

z0

)
, (B.1)

where 
 is the von Kármán constant (
 = 0.41), z is the vertical
distance from the surface and z0 is the aerodynamic roughness
length. In order to determine the friction velocity, the recorded
velocity data would be fitted to the Prandtl equation. And simi-
lar to the method introduced by [44], the velocity profile is shown
as ln(z) versus u (Fig. B.1(a)) and the friction velocity correspond-
ing to each free stream velocity could be found based on the slope
of fitted curve. Finally, a linear relationship between the friction
velocity and free stream velocity could be found as illustrated in
Fig. B.1(b), where u* = 0.0710u − 0.0056 with the residual sum of
square R2 = 0.988.

Appendix C. Lengthwise spatial concentration variation

The concentration variation along the duct after resuspension
and injection at different time points (10, 20, 30 s) is explored using
the proposed models. The dosing location is located at the origin
(0 m)  of duct length. For the resuspension case, 2 �m particles on
plastic substrate are used. For the injection case, 2 �m particles are
used with the adjusted injection duration of 20 s. All other param-
eters required by modeling are kept the same as above. The results
are shown in Fig. C.1.

It is shown by Fig. C.1(a) that the particle concentration increases
along with the duct until the concentration peak which is the
furthest location the airflow carrying resuspended particles could
reach by the time. The concentration peak decreases with time
(10–30 s) because more particles are lost due to deposition. This
decrease in concentration is about 16% of the peak concentration,
suggesting that deposition has a minor impact on the concen-

tration for 2 �m particles, compared to primary resuspension.
Further down from the concentration peak, the concentration is
not affected by the primary resuspension but decreases slowly due
to deposition, compared to the initial concentration, Ct0.
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Fig. B.1. (a) The boundary layer velocity profiles at various free stream velocities. (b) The relationship between the friction velocity and free stream velocity.
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Fig. C.1. The spatial variation of particle concentration in the duct at v

Fig. C.1(b) shows that the concentration variation exhibits a rect-
ngular pulse response in the injection case. The airflow pushes
he injected particles forward and a concentration pulse is formed
panning the duct length of airflow velocity × injection duration.
he pulse moves downstream as the time goes on and the mag-
itude of the pulse decreases due to particle deposition. However,
he concentration decrease due to deposition is minor compared to
he pulse peak concentration, suggesting the weak effect of deposi-
ion in reducing concentration. Comparing Fig. C.1(a) and (b) shows
hat the concentration variation patterns in these two cases are
ifferent, indicating that the way of dosing in case of bioterrorist
ttack has a huge impact on the way that the BW agents are deliv-
red downstream in the ventilation system. This might significantly
nfluence the corresponding control and prevention measures (e.g.,
isk assessment) to be used. The above conclusions also hold for
he case of larger particles (e.g., 10 �m,  not shown here to avoiding
epetition).
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