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bstract

A mass transfer model is proposed to estimate the rates of chemical emissions from aqueous solutions spilled on hard surfaces inside buildings.
he model is presented in two forms: a set of four ordinary differential equations and a simplified exact solution. The latter can be implemented

n a spreadsheet. User input includes ten parameters, which represent either the properties of the source or those of the building. All of them can

e readily obtained. The proposed model is tested against and in good agreement with the measurements of simulated spill events in a room-sized
nvironmental chamber. This model can be used by emergency response planners to estimate the time history of contaminant concentrations in
ndoor air.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Accidental spillage or intentional release of toxic liquids
nside a building may pose a serious health threat to the occu-
ants and emergency response personnel. It is important for
mergency response planners to have some idea in advance about
hat to expect following a liquid spill, and it is desirable to make
redictions based on the properties of the liquid, the size of the
pill, and the features of the building. Many studies have been
onducted and many models have been developed for estimating
he emissions of chemicals from liquid spills, but most are for
utdoor environments. There are significant differences between
ndoor and outdoor spills. For instance, the scale of indoor spills
s much smaller; the indoor air speed is often much lower than
he wind speeds outside; many indoor flooring materials are not
een outside; and the indoor concentration is strongly affected
y building features. So far, published indoor spill models are

ll for pure liquids [1,2]. In this paper, we propose a mass trans-
er model for predicting the indoor concentrations following
pills of aqueous solutions, and report the preliminary results

∗ Corresponding author. Tel.: +1 919 541 0185; fax: +1 919 541 2157.
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f model evaluation with experimental data collected in a large
nvironmental chamber by using surrogate chemicals.

. Model description

The proposed model calculates the pollutant concentrations
n indoor air (C) and spilled liquid (CL) based on estimations
f the change of spill area over time (A), the rate of water
vaporation (Rw), and the emission rate of the solute (Rs).

.1. The change of spill area over time

When a spilled aqueous solution evaporates, both the area and
hickness of the liquid film may change over time. Modeling
oth variables has proven difficult. To simplify the case, it is
sually assumed that, as water vaporizes, only the area of the
et film changes while the film thickness remains the same [1,3].
hus, the spill area is proportional to the volume of the aqueous

olution remaining on the floor:

= A0
VL

VL0
= A0

ρ0W

ρW0
(1)

mailto:guo.zhishi@epa.gov
dx.doi.org/10.1016/j.jhazmat.2007.08.074
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Nomenclature

Symbols
A spill area at any time (m2)
A0 initial spill area (m2)
C solute concentration in room air (g/m3)
CL solute concentration in spilled liquid (g/m3)
CL0 initial solute concentration in spilled liquid (g/m3)
C∞ solute concentration in room air in equilibrium

with the liquid, C∞ = HCL (g/m3)
Da diffusivity of solute in air (m2/h)
DL diffusivity of solute in water (m2/h)
H dimensionless Henry’s constant (i.e, H = C∞/CL)
kgs gas-phase mass transfer coefficient for solute

(m/h)
kgw gas-phase mass transfer coefficient for water

vapor (m/h)
kLs liquid-phase mass transfer coefficient for solute

(m/h)
KOL overall liquid-phase mass transfer coefficient for

solute (m/h)
L characteristic length of the source and L = A0.5 (m)
m water vapor concentration in indoor air (g/m3)
mout water vapor concentration in ambient air or build-

ing supply air (g/m3)
msat saturated water vapor concentration in indoor air

(g/m3)
N air change rate of building and N = Q/V (h−1)
p lumped first-order decay constant for water evap-

oration (h−1)
Pw0 water vapor pressure (mmHg)
q lumped first-order decay constant for solute emis-

sion from liquid film (h−1)
Q air change flow rate of building (m3/h)
rh relative humidity in indoor air (fraction)
Re Reynolds number
Rs rate of solute emission from spilled liquid (g/h)
Rw rate of water evaporation from spilled liquid (g/h)
Sc Schmidt number
Sh Sherwood number
t time (h)
T liquid temperature (K)
V volume of the room (m3)
VL volume of aqueous solution remaining on the floor

and VL = Aθ (m3)
VL0 initial volume of aqueous solution spilled and

VL = A0θ (m3)
W mass of aqueous solution remaining on the floor

(g)
W0 mass of aqueous solution spilled (g)
xL molar fraction of solute in aqueous solution (frac-

tion)
xw molar fraction of water in aqueous solution (frac-

tion)

Greek letters
γ activity coefficient of a solute in water
θ liquid film thickness (m)
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ρ density of aqueous solution (g/cm )
ρ0 initial density of aqueous solution (g/cm3)

f the density of the liquid does not change significantly over
ime (i.e., ρ ≈ ρ0), Eq. (1) can be simplified:

= A0
W

W0
(2)

.2. The rate of water evaporation

The rate of water vaporization from an aqueous solution is
roportional to the area of the liquid surface, the gas-phase mass
ransfer coefficient for water vapor, and the concentration dif-
erence of water vapor between the water–air interface and the
ulk air [13]. Thus,

w = A kgw(xwmsat − m) (3)

here m – the water vapor concentration in indoor air – is a
ariable affected by water evaporation from the liquid film and
ndoor/outdoor air exchange. For a dilute solution, xw can be
gnored (i.e., xw ≈ 1).

.3. The rate of solute emission

Many models have been developed for estimating the rate of
olute emission from an aqueous solution. They fall into two
ategories: those based on Henry’s constant and overall mass
ransfer coefficient [4,5] and those based on Functional Group
ctivity Coefficients [6,7]. The latter is also known as the UNI-
AC method. One drawback of the UNIFAC method is that some
f the data are proprietary. In this work, the method based on
enry’s constant and overall mass transfer coefficient is used.
he advantage of this approach is that all data necessary are

eadily available in handbooks or can be easily calculated.
According to the two-layer theory [4], the rate of the solute

mission from the liquid film is determined by the liquid area,
verall mass transfer coefficient, and the concentration differ-
nce at the air–water interface adjusted by the fugacity capacity
1/H):

s = AKOL

(
CL − C

H

)
(4)

When Eq. (4) is applied to spill events, it is implicitly assumed
hat, at room temperatures, the solute is either a gas – such as
ydrogen cyanide (HCN), hydrogen chloride (HCl), hydrogen
uoride (HF), nitrogen pentoxide (N2O5) and ammonia (NH3)

or a volatile liquid, such as acetone and methanol. Thus, the

olute does not stay on the floor after the wet film dries up. If
he solute is less volatile than water, the emission from the “dry”
lm has to be considered.
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To simulate spill events in a repeatable manner, a remotely
operated spill apparatus was designed and constructed (Fig. 1).
The apparatus consists of three major components: a DC 12 V
gear motor (McMaster Carr, 0.01 horse power, 4 rotations per
46 Z. Guo et al. / Journal of Hazar

.4. The differential equation model and initial conditions

The proposed model consists of four differential equations
Eqs. (5)–(8)), which determine, respectively, the mass of solu-
ion remaining on the floor, water vapor concentration in indoor
ir, solute concentration in spilled solution, and solute concen-
ration in indoor air. Briefly, the loss rate of the solution mass
emaining on the floor is the sum of the emission rate of solute
nd that of water (Eq. (5)). The change of water vapor concen-
ration in room air is determined by the emission from the spill
nd indoor–outdoor air exchange (Eq. (6)). The loss rate of the
olute mass remaining in the spilled liquid is proportional to the
mission rate of the solute (Eq. (7)). The change of the solute
oncentration in room air is determined by the emission rate of
he solute and the indoor–outdoor air exchange assuming that
he solute concentration in the outdoor air is negligible (Eq. (8)).

dW

dt
= −Rw − Rs (5)

dm

dt
= Rw + Q(mout − m) (6)

L
dCL

dt
= −Rs (7)

dC

dt
= Rs − QC (8)

here Rw and Rs are determined by Eqs. (3) and (4), respectively.
Typical initial conditions are: W = W0, m = mout, CL = CL0,

nd C = 0 when t = 0.

.5. The simplified model

With additional assumptions and approximations, this dif-
erential equation model can be simplified to yield an exact
olution for solute concentration in indoor air (Eqs. (9) and (10)).
tep-by-step derivation is provided in Appendix A.

= A0KOLCL0

V (q − N)
[e−Nt − e−qt] (9)

here

= A0kgwmsat(1 − rh)

W0
+ KOL

θ
(10)

. Experimental

.1. Chemical agents and materials

Acetone and ammonia solutions were used in the spill exper-
ments. The former was selected as a surrogate of highly volatile
oxic liquids and the latter as one of toxic gases. The test solu-
ions were prepared by diluting acetone (Sigma/Aldrich, 99.9%
ure) and ammonia (ACROS, 0.1 and 0.5N solutions) with

PLC-grade water. Ammonia concentrations in stock solutions
ere verified by an independent laboratory.
Three types of materials were used as the receiving surfaces

f the spill: stainless steel sheet (used as a reference surface), F
Materials 153 (2008) 444–453

ousehold vinyl flooring, and carpet (medium pile with a fiber
acking).

.2. Test facility

Spill experiments were conducted in a 30 m3 (approximately
m L × 2.8 m W × 2.6 m H) stainless steel chamber equipped
ith clean air generation, air conditioning, and air distribution

ystems. Experimental conditions of temperature, air pressure,
elative humidity, and ventilation airflow rate can be set, main-
ained, and recorded through a control and data acquisition
ystem. The design and operation of this chamber conforms to
STM Standard Guide D-6670-01 [8]. During the spill experi-
ents, the chamber was operated in a single pass mode, where

upply air was exhausted from the chamber without recircula-
ion. A small fan was used to maintain good air mixing in the
hamber. To measure the temperature of the spilled liquid, a
emperature sensor was placed near the center of receiving sur-
ace. The tracer gas dilution method [9] was used as the primary
ethod for determining the air change rate and the concentra-

ion of the hexafluorine sulfide tracer gas was measured by a
hromatograph (HP 5890 Series II) with an electron capture
etector. The chamber air change flow was measured with a
alibrated pressure transducer and the results were used as the
ackup method for the tracer gas measurements. The targeted
ir change rates were 0.5 and 1.0 h−1. The air speed of chamber
ir over the receiving surface was measured at nine points with
Brüel & Kjær 1213 Indoor Air Climate Monitor. The mean air

peed for the spill tests ranged from 18.5 to 21 cm/s.
ig. 1. The remotely controlled spill apparatus. The cup is in the “spill” position.



dous

m
s
h
o
2
a
c

3

a
w
w
I
a
l
w

3

T
e
b
o
s
c
c
t
i
T
fi
a
5
b
a
a
a

4

4

f
T
T

m
s
i
a
t
i
7
t
a
1
p
w
s

4

4

S
r
t
a
t
w
s
a

T
S

T

1
1

Z. Guo et al. / Journal of Hazar

inute), a non-rotary air cylinder (10.2 cm stroke), and a hemi-
pheric polytetrafluoroethylene cup (100 or 150 mL) with a
inged lid. The rotation of the cup can be controlled from outside
f the chamber. The height of the spill cup can be adjusted from
4 to 107 cm. The device was placed on a rotating turntable to
llow it to be moved from the center of the chamber to near the
hamber wall after the spill.

.3. Air sampling and analyses

The acetone concentration in chamber air was measured by
n INNOVA 1314 Photoacoustic Infrared Multi-gas Analyzer
ith a calibrated No. 970 filter. The ammonia concentration
as monitored using a Model 5200 Ammonia Monitor (CEA

nstruments). The monitor was calibrated at the factory with
linear range from 0 to 500 ppm. The air sampling port was

ocated 114 cm above the chamber floor, 137 cm from the front
all, and 53 cm from the right-side wall.

.4. Measurement of the spill area

The spill area was determined by the digital imaging method.
he images of the liquid spills were captured by a digital cam-
ra located at the ceiling of the chamber, and then analyzed
y the AutoCAD LT 2005 software (Autodesk, Inc.). It was
bserved that the spill area consisted of pools, puddles, and
platters. The area of pools and puddles was determined by
hart integration with AutoCAD. This method was validated by
omparing the measured area of the standard grid in AutoCAD
o the physical measurements of the grid. However, estimat-
ng the areas of individual splatters was proven unpractical.
hus, the liquid area of splatters was determined in two steps:
rst, determining the splattered floor area, which is defined
s the floor area that contains at least 10 liquid droplets in a
cm × 5 cm grid; second, multiplying the splattered floor area

y 15%. This multiplying factor was determined based on the
nalyses of multiple images. Thus, the total spill area is the
rea of pools and puddles plus 15% of the splattered floor
rea.

4

b

able 1
ummary of experimental conditionsa

est ID Substrate
typeb

Solute name Concentration
(% w/w)

Solution
spilled (g)

Initia
area

1 SS Acetone 10.6 102 0.169
2 SS Acetone 10.6 101 0.158
3 SS Acetone 5.0 99.8 0.198
4 SS Acetone 5.0 100 0.170
5 Vinyl Acetone 5.0 99.0 0.136
6 Vinyl Acetone 5.0 97.9 0.093
7 Vinyl Acetone 5.0 99.4 0.090
8 Vinyl Acetone 5.3 149 0.107
9 Carpet Acetone 5.0 99.2 0.021
0 SS Ammonia 1.3 99.2 0.207
1 SS Ammonia 1.3 99.1 0.202

a Air temperature, relative humidity, and liquid temperature are given as mean ± st
b SS, stainless steel sheet; vinyl, vinyl flooring.
Materials 153 (2008) 444–453 447

. Results

.1. Summary of chamber experiments

Fifteen chamber experiments were conducted. Results of
our tests were discarded because of incomplete data collection.
hus, only 11 tests were used to evaluate the proposed model.
est conditions are summarized in Table 1.

In addition to routine quality assurance and quality control
easures implemented during the chamber experiments, the

olute recovery from the chamber experiments was used as an
ndicator of the overall data quality. The recovery is defined
s the ratio of the amount of solute detected in the chamber
o the amount of solute spilled. The former is calculated by
ntegrating the time-concentration data [8]. A recovery between
5% and 125% was considered acceptable. The recoveries for
he acetone experiments, ranging from 85% to 110%, were all
cceptable. The two experiments with ammonia (Tests 10 and
1) gave good precision but unacceptable recoveries. For the
urpose of model evaluation, the ammonia concentration data
ere adjusted to 100% recovery and, thus, should be considered

emi-quantitative.

.2. Estimation of model parameters

.2.1. User input
The simplified model requires user input for 10 parameters.

ix are used directly by the model: room volume, ventilation
ate, initial concentration of aqueous solution, amount of solu-
ion spilled, initial spill area, and relative humidity of indoor
ir. The remaining four parameters are needed to calculate the
wo mass transfer coefficients and saturation concentration of
ater vapor, and they are: dimensionless Henry’s constant for the

olute, temperature of indoor air, temperature of spilled liquid,
nd the average air speed over the liquid.
.2.2. Henry’s constants
Henry’s constants for acetone and ammonia were obtained

y averaging the literature values compiled by the National

l spill
(m2)

Temperature
of air (◦C)

Relative
humidity (%)

Temperature
of liquid (◦C)

Air change
rate (h−1)

24.8 ± 0.02 52.7 ± 1.5 20.9 ± 0.3 1.00
25.5 ± 0.10 51.6 ± 0.8 22.2 ± 0.4 1.01
23.0 ± 0.02 50.1 ± 0.1 19.0 ± 0.5 1.00
23.5 ± 0.03 69.3 ± 0.5 20.5 ± 0.1 0.51
23.3 ± 0.10 48.8 ± 1.4 21.6 ± 0.8 1.00
24.6 ± 0.04 51.0 ± 0.5 20.9 ± 0.1 0.47
24.6 ± 0.02 50.6 ± 0.7 21.2 ± 1.1 0.47
23.7 ± 0.02 51.1 ± 0.9 21.8 ± 1.1 1.01
23.8 ± 0.03 50.0 ± 1.1 20.3 ± 3.3 1.00
23.4 ± 0.02 69.6 ± 1.3 20.4 ± 1.1 0.51
23.4 ± 0.03 69.7 ± 0.8 20.3 ± 0.1 0.51

andard deviation for the first 5 h data.
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Table 2
Comparison of predicted concentrations by the differential equation model and
the simplified model for Test 1 (concentration unit: mg/m3)

Elapsed time (h) Differential
equation model

Simplified
model

R.S.D.

Peak time 222 223 0.3%
1.0 141 136 2.6%
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nstitute of Standards and Technology [10] with outliers dis-
arded. The results are 1.49 × 10−3 ± 1.91 × 10−4 (n = 14) for
cetone and 6.69 × 10−4 ± 6.82 × 10−5 (n = 14) for ammonia.
ote that Henry’s constants are reported in many different units.
he values shown here are the dimensionless air/water parti-

ion coefficients (i.e., the concentration in air divided by the
oncentration in solution at equilibrium).

.2.3. Calculated parameters
The gas-phase mass transfer coefficient for water vapor (kgw)

as calculated from the dimensionless Sherwood number (Sh)
11,12]:

h = kgwL

Da
(11)

here Sh is estimated from its correlations with Schmidt and
eynolds numbers. For instance, Eq. (12) is used for laminar
ows [11]:

h = 0.664S1/3
c R1/2

e (12)

he overall liquid-phase mass transfer coefficient for the solute
KOL) was calculated in two steps: first, calculating the liquid-
hase mass transfer coefficient (kLs) by a method (Eq. (13))
roposed by Guo and Roache [13], and then calculating the
verall liquid-phase mass transfer coefficient by its definition
Eq. (14)):

Ls = 2.99 D0.5
L (13)

here DL is calculated by the Hayduk and Laudie method [14].

1

KOL
= 1

kLs
+ 1

kgsH
(14)

he saturation concentration for water vapor (msat) at a given

emperature was converted from water vapor pressure (Pw0)
iven by Eq. (15) [15]:

og10 Pw0 = a + b

T
+ c log10T + dT + eT 2 (15)

[
a
i
m

able 3
redictive errors for peak, 1 h average, and 5 h average concentrations (mg/m3)a

est ID Peak 1 h average

Observed Modeled Error (%) Observed

1 295 223 −24 216
2 275 217 −21 204
3 116 112 −3.6 91.0
4 128 124 −2.8 111
5 99.1 102 3.1 82.6
6 123 132 7.4 105
7 125 112 −9.8 107
8 163 136 −17 123
9 71.6 53.2 −26 56.5
0b 28.7 33.9 18 23.4
1b 29.8 34.0 14 26.3

a Predictive error = (modeled − observed)/observed × 100%.
b Observed concentrations are semi-quantitative in this test.
.0 52.7 50.4 3.3%

.0 2.65 2.51 3.8%

here Pw0 is in (mmHg), T the temperature in (K), a = 29.8605,
= −3.1522 × 103, c = −7.3037, d = 2.4247 × 10−9, and
= 1.8090 × 10−6.

These calculations are not difficult but rather tedious. In
his work, computer program PARAMS was used [16]. This
rogram can be downloaded from the U.S. EPA website
ttp://www.epa.gov/appcdwww/iemb/model.htm. For the 11
ests listed in Table 1, kgw ranged from 9.07 to 16.3 m/h, KOL
rom 3.29 × 10−3 to 4.13 × 10−3 m/h, and msat from 16.5 to
0.1 g/m3.

.3. Evaluation of the simplified model

When the differential equation model and the simplified
odel were applied to the chamber data, their difference was

egligible (Table 2). Therefore, only the results of the simpli-
ed model are presented. Peak, 1 h average, and 5 h average
oncentrations calculated by the simplified model are compared
o the chamber concentration data in Table 3. On average, the
redicted error is 13.3% for the peak concentration, 13.2% for
h average and 4.9% for 5 h average. Figs. 2 and 3 show the

wo acetone experiments with the smallest and largest predic-
ive errors; Fig. 4 shows the modeling result for one ammonia
xperiment.

Three statistical methods recommended by ASTM 5157-97

17] were used to evaluate the model performance and the results
re presented in Table 4. Normalized mean square error (NMSE)
s an indicator of the overall performance of the model and nor-

alized or fractional bias (FB) is for assessing the bias of the

5 h average

Modeled Error (%) Observed Modeled Error (%)

172 −20 70.6 61.7 13
168 −17 66.3 60.7 −8.5
85.4 −6.1 31.4 30.3 −3.5

102 −7.3 57.1 55.3 −3.2
80.2 −2.9 31.7 29.8 −6

109 3.7 56.9 57.2 0.5
90.5 −16 57.7 57.4 −0.5

109 −12 47.3 47.3 0
37.2 −34 31.1 28.2 −9.3
27.9 19 15.1 14.7 −2.9
28.1 6.7 15.9 14.8 −7.2

http://www.epa.gov/appcdwww/iemb/model.htm
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Fig. 2. Modeling result with the smallest predictive errors among the 11 tests
(Test 5—acetone solution spilled on vinyl flooring).

Fig. 3. Modeling result with the largest predictive errors among the 11 tests
(Test 9—acetone solution spilled on carpet).

Fig. 4. Modeling result for Test 10 (ammonia solution spilled on carpet).

Table 4
Statistical evaluation of the proposed model

Test ID NMSE FB FB10

1 0.150 −0.133 −0.223
2 0.104 −0.097 −0.180
3 0.004 −0.029 −0.039
4 0.006 −0.024 −0.043
5 0.009 −0.056 −0.016
6 0.021 −0.005 −0.116
7 0.026 0.003 −0.128
8 0.040 0.007 −0.114
9 0.101 −0.080 −0.308

10 0.047 −0.007 0.134
11 0.034 −0.059 0.088
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odel. To evaluate the bias in the high concentration range, bias
n the mean of highest 10% of concentrations (FB10) is also cal-
ulated. According to ASTM 5157-97, the following values are
onsidered to be generally indicative of adequate model perfor-
ance: NMSE ≤ 0.25, FB and FB10 ≤ 0.25 (absolute value). As

hown in Table 4, all the results are within the range of ade-
uate performance except the FB10 in Test 9 (acetone solution
pilled on carpet). More discussion on applying the proposed
odel to fleecy surfaces such as carpet is provided in Section

.4.

. Discussion

.1. The differential equation model versus the simplified
odel

The simplified model (Eqs. (9) and (10)) is a single-zone
ndoor air quality model. It is derived by assuming that the air in
he room is well mixed. Therefore, the model gives the average
oncentration in the room. The simplified model is easier to use
han the differential equation model and, thus, can be used as a
ange-finding tool.

The differential equation model (Eqs. (5)–(8)) requires the
ssistance of computational software, but is more flexible. For
nstance, it can be incorporated into indoor air quality models
hat contain air cleaning devices, surface adsorption, and indoor
hemistry mechanisms; it can also be used in multi-zone indoor
ir quality models and computational fluid dynamic models. In
ddition, several parameters in the differential equation model
an be treated as variables. For instance, the density of the liquid
an change over time, and the two mass transfer coefficients (kgw
nd KOL) can be recalculated at each integration step to reflect
he change in spill area. Thus, the differential equation model is

ore suitable for use in complex indoor air quality models such
s multi-zone models.

.2. Temperature drop of spilled liquid
On average, the temperature of the spilled liquid was 2–4 ◦C
ower than the air temperature. An example of the temperature
rofiles are shown in Fig. 5.

ig. 5. Temperature drop of spilled liquid in Test 2 (10% acetone on stainless
teel sheet).
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ig. 6. The effect of substrate on indoor concentrations: stainless steel sheet
Test 3), vinyl flooring (Test 5), and carpet (Test 9).

.3. Effect of flooring materials on spill area

The initial spill area is determined by many factors, including
he properties of the surface (e.g., evenness, porosity, and wetta-
ility), the properties of the solution (e.g., viscosity and surface
ension), and the release height, which affects the impact speed.
t is observed that the area of spill on carpet is much smaller
han on hard surfaces. Consequently, the peak concentration for
arpet is much lower and appears later than stainless steel and
inyl flooring (Fig. 6).

.4. Applying the proposed model to fleecy or porous
urfaces

As shown in Tables 3 and 4, the proposed model gives greater
redictive errors for the spill test on carpet (Test 9). This can be
xplained by the fact that, for fleecy surfaces, the actual liq-
id area is greater than that estimated by the digital imaging
ethod. Adjusting the initial spill area can reduce the predic-

ive errors significantly. For instance, increasing the initial spill
rea in Test 9 by a factor of 1.8 reduces the predicted error
or the peak concentration from −26% to −2.4% (Fig. 7). It is
herefore recommended that the concept of “effective liquid film

hickness” be used for fleecy or porous surfaces. For instance,
n test 9, the effective initial spill area is equivalent to 0.038 m2

0.021 × 1.8) hard surface. Since the liquid volume is 99.2 mL or

ig. 7. Modeling results for spill of acetone solution on carpet (Test 9). Case 1:
easured spill area; case 2: measured spill area multiplied by 1.8.
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.92 × 10−5 m3, the effective liquid film thickness for the carpet
ested is 9.92 × 10−5 m3/0.038 m2 = 0.0026 m.

It is also observed that the spill area on carpet does not change
ignificantly over time. Therefore, for fleecy or porous flooring
aterials, the spill area can be treated as a constant (i.e., A = A0).
onsequently, Eq. (10) can be simplified to:

= KOL

θ
(16)

.5. The liquid spreading process

It was observed that, when an aqueous solution is spilled
nto the floor, it took approximately 1 min to reach the max-
mum area. The proposed model omits this spreading process
y assuming that the maximum area occurs immediately after
he spill. This omission causes the peak concentration in the
oom to appear slightly earlier. It is possible to add simulation
f the spreading process to the differential equation model (Eqs.
5)–(8)). The simplified model cannot accommodate the liquid
preading process.

.6. Data limitations

The results of model evaluation presented in this paper should
e considered preliminary because (1) the spill volume was lim-
ted to 100 mL, (2) only two solutes were tested, and (3) the
oncentration range was also limited (1–10%).

.7. Model limitations

The proposed model requires knowledge of Henry’s constant
f the solute. Most Henry’s constants in the literature are deter-
ined with dilute solutions. In this work, solute concentrations

anged to 1–10%. The applicability of the Henry’s constants
o event higher concentrations is yet to be evaluated. Further-

ore, the proposed model may not be applicable at all to highly
oncentrated aqueous solutions such as fuming nitric acid.

.8. Spill model based on activity coefficient

As described in Section 2.3, there are two approaches to mod-
ling the rate of solute emissions from aqueous solutions, and
he proposed model is based on the Henry’s constant and over-
ll mass transfer coefficient. However, the model can be easily
dapted to the activity coefficient approach. This can be done
y replacing Eq. (4) with Eq. (17).

s = Akgs(γxLCsat − C) (17)

he spill model based on Eq. (17) may be more useful for com-
lex aqueous solutions if the activity coefficient for the solute
f interest (γ) is known.
.9. Future research needs

To further evaluate the proposed model, the following exper-
ments are recommended: (1) experiments with greater spill
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olumes (e.g., in the range of 1 to 2 L), (2) experiments with
broad range of flooring materials, (3) experiments with chem-

cals covering a broader range of Henry’s constants, and (4)
xperiments with high solute concentrations.

. Conclusion

A mass transfer model is proposed to predict the concentra-
ions of hazardous chemicals inside buildings following spills
f aqueous solutions. The model is presented in two forms: a
ystem of differential equations and a simplified exact solution.
he former is more flexible while the latter easier to use. All
arameters required from the user can be readily obtained. Pre-
iminary evaluation with data from large chamber experiments
hows satisfactory performance for hard surfaces. The model
nderestimated the peak concentrations by 26% for the spill on
arpet because the actual emitting area is greater than the wet
rea captured by the digital camera. Such underestimation can
e corrected by introducing the concept of “effective liquid film
hickness”. To make the proposed model more useful in emer-
ency response planning, the effective liquid film thicknesses
or different flooring materials should be determined.

ppendix A. Derivation of the simplified model

.1. The differential equation model

The differential equation model described in Section 2 in the
ain body is given as Eqs. (A1)–(A5) below.

dW

dt
= −Rw − Rs

= −A kgw(xwmsat − m) − A KOL

(
CL − C

H

)
(A1)

dm

dt
= A kgw(xwmsat − m) + Q(mout − m) (A2)

L
dCL

dt
= −Rs = −A KOL

(
CL − C

H

)
(A3)

dC

dt
= Rs − Q C = AKOL

(
CL − C

H

)
− Q C (A4)

here

= A0
W

W0
(A5)

.2. Exact solution for the area of liquid film (A)

If the rate of water evaporation is much greater than that of

he solute (i.e., Rw � Rs), Eq. (A1) can be simplified to:

dW

dt
= −Rw = −Akgw(xwmsat − m) (A6)

w

Fig. A1. Relative humidity in chamber tests 4 and 5.

or dilute solutions (e.g., xw > 0.9), Eq. (A6) can be further
implified to:

dW

dt
= −A kgw(msat − m) (A7)

urthermore, if the moisture content in the building (i.e., m in Eq.
A7)) is approximately constant and is not significantly affected
y the evaporation water from spilled solution (see experimental
esults in Fig. A1), Eq. (A2) is no longer needed, and Eq. (A7)
an be rewritten:

dW

dt
= −A kgwmsat(1 − rh) (A8)

here rh is a constant. Substituting Eq. (A5) into (A8):

dW

dt
= −A0

W

W0
kgwmsat(1 − rh) (A9)

iven the initial conditions t = 0 and W = W0, Eq. (A9) can be
olved:

= W0 e−pt (A10)

here

= A0kgwmsat(1 − rh)

W0
(A11)

ubstituting Eq. (A10) into Eq. (A5) gives:

= A0 e−pt (A12)

.3. Exact solution for solute concentration in the
iquid-phase

If the concentration of the solute in indoor air is far below
ts equilibrium concentration (i.e., CL � C/H in Eq. (A3)), the
erm C/H can be ignored (see Appendix B for justification). Eq.
A3) then becomes:

L
dCL

dt
= −AKOLCL (A13)

earranging Eq. (A13) yields:
dCL

dt
= −KOLCL

θ
(A14)

here θ = VL/A.
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Note that the liquid film thickness (θ) is a constant as
xplained in Section 2.1. Given the initial concentrations t = 0
nd CL = CL0, Eq. (A14) can be solved:

L = CL0 eKOLt/θ (A15)

.4. Exact solution for pollutant concentration in indoor
ir

Similar simplification can be made to Eq. (A4) by ignoring
he term C/H:

dC

dt
= AKOLCL − QC (A16)

ubstituting Eqs. (A12) and (A15) into (A16):

dC

dt
= A0 e−ptKOLCL0 e−(KOL/θ)t − QC (A17)

r

dC

dt
= A0KOLCL0 e−(p+KOL/θ)t − QC (A18)

iven the initial conditions t = 0 and C = 0, Eq. (A18) gives:

= A0KOLCL0

V (q − N)
(e−Nt − e−qt) (A19)

here N = Q/V is the air change rate and q is given by:

= p + KOL

θ
= A0kgwmsat(1 − rh)

W0
+ KOL

θ
(A20)

ppendix B. Comparison of solute concentration in
ndoor air with its equilibrium concentration

In deriving the exact solution for the solute concentration in
ndoor air, it is assumed that the solute concentration in indoor air
s far below its concentration equilibrated with the liquid-phase
Section A.3 of Appendix A). Justification for such assumption
s given below.

.1. Air concentration in equilibrium with the liquid-phase

According the definition of Henry’s constant, the air concen-
ration can be calculated by Eq. (B1) at equilibrium conditions:

∞ = HCL (B1)

.2. Air concentration under the steady-state condition

The solute concentration in indoor air is given by Eq. (B2)
i.e., Eq. (5) in the main body).

dC

dt
= A0KOL

(
CL − C

H

)
− QC (B2)
t steady state, the left-hand side becomes zero:

= A0KOLH

A0KOL + QH
CL (B3)

[

[

ig. B1. The steady-state C/H values as function of H (CL = 100 g/m3).

.3. Comparing C/H with CL

The following “typical” values are used as an example
o compute the values of C/H by using Eq. (B3): A0 = 2 m2,

OL = 0.003 m/h, and Q = 100 m3 (1 air change per hour for a
00 m3 room). As shown in Fig. B1, with Henry’s constant rang-
ng from 0.001 to 1, the C/H ratio is less than 11% of the solute
oncentration in liquid-phase. Thus, the term C/H in Eq. (B2)
an be ignored.
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