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Abstract

A model describing odor causing volatile organic compounds (VOC-odor) transport

in a ventilated airspace influenced by heterogeneity of adsorption surface of ambient

aerosol and air mixing pattern is proposed and analyzed based on a transfer function

modeling technique. In this study an advection–reaction impulse/step response function

for VOC-odor is assumed. The system process presented by an ensemble transfer

function is solved analytically in the Laplace domain. The analytical results are then

numerically inverted using a modified fast Fourier transform algorithm. The model

requires the specification of probability density function for residence time of airflow

and for both equilibrium linear partitioning and first-order mass transfer rate para-

meters to quantify the specific air mixing pattern and transport processes. The model

predicts the ensemble mean VOC-odor concentrations for a variety of adsorption ki-

netics and mixing pattern combinations as a function of the boundary impulse/step

response inputs as well as residence time and adsorption rate statistics. The general

behavior of output VOC-odor profiles is analyzed through the effects of mean adsorp-

tion rate coefficient, mean linear partitioning constant, mixing efficiency, mean residence

time and coefficient of variations of both linear partitioning and rate coefficients. It
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indicates that when mixing/adsorption heterogeneity exists, simple complete mixing

assumption and simple distribution of rate constant is inherently not sufficient to rep-

resent a more generally distributed mixing/adsorption process of VOC-odor transport in

a ventilated airspace.

� 2002 Elsevier Science Inc. All rights reserved.
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Nomenclature

a, b positive constants in the linear free-energy relationships (LFERs)
cðx; tÞ odor causing volatile organic compounds (VOC-odor) concen-

tration, kg m�3

C0 initial concentration of VOC-odor, kg m�3

C�ðT ;X Þ dimensionless variable of VOC-odor concentrationbCC�ðX ; sÞ Laplace-transformed C�ðT ;X ÞbCCðX ; sÞ ensemble mean of bCC�ðX ; sÞ
CVk, CVs coefficients of variations of K and s
d constant (d ¼ 1 � b)
E½�� mathematical expectation operator

hðtÞ density function

ĥhðsÞ transfer function for the rate-limiting processesbHH ðsÞ ensemble mean of ĥhðsÞ
k adsorption rate coefficient, h�1

kd linear partition coefficient between gas and solid phases at sorp-

tion equilibrium, m3 kg�1

K dimensionless adsorption rate coefficient
K mean of gamma distribution of K

KD dimensionless equilibrium linear partitioning coefficient

KD mean linear partitioning coefficient

L0 length of animal unit, m

Pd gamma probability density function (pdf) of KD

Pdk bivariate pdf of KD and K

Pk gamma pdf of K

Ps gamma pdf of s
Q volumetric airflow rate, m3 s�1

qðx; tÞ concentration of adsorbed VOC-odor on aerosol surface, kg m�3

qe equilibrium adsorbed phase concentration, kg kg�1

q� dimensionless variable of q

q̂q�ðsÞ Laplace-transformed q�

s Laplace variable
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1. Introduction

The transport of VOC-odor in a ventilated animal housing, subject to rate

limitation of mass transfer between the heterogeneous mixing patterns and the

interaction among VOC-odor, ambient aerosol, and adsorbed VOC-odor (or

called dust-borne VOC-odor), is increasingly the focus of research in bio-

environmental control engineering [1–6].

Conventional approaches to deal with the airflow mixing problem often
assume that mixing patterns are homogeneous or can be represented as an

equivalent complete mixing mechanism so that every mixing process can be

described in a deterministic manner. It is evident that this assumption is not

always valid. Barber and Ogilvie [7] suggested that departure from complete

mixing might be caused by the formation of multiple flow regions within the

sds, sdk standard deviation of gamma distributions for s and K

t time, h
�tt nominal mean residence time, h

T dimensionless variable of t

UðtÞ unit step function

v air velocity, m s�1

V dimensionless variable of m
Vc air volume occupied by complete mixing, m3

Vi air volume occupied by incomplete mixing, m3

Vp air volume occupied by piston flow, m3

VT total volume in the system, m3

x mean direction of airflow, m

X dimensionless variable of x

Greek letters

as, bs shape and scale parameters of gamma distribution of s
ak, bk shape and scale parameters of gamma distribution of K

c gamma distribution

q aerosol density, kg m�3

h mixing volume factor I

hm surface volumetric moisture content of aerosol, v/v

s dimensionless residence time of VOC-odor
�ss mean of gamma distribution of s
l mixing efficiency

g mixing volume factor II

f dummy variable of integration in gamma function

Cð	Þ gamma function

C.-M. Liao et al. / Appl. Math. Comput. 140 (2003) 255–277 257



airspace or short-circuiting of supply air to exhaust outlet. A work presented

by Chen et al. [8] regarding the methods to measure dust production and de-
position rates in buildings indicated that the assumption of complete mixing

was not valid during tests. Their experimental data showed that tanks-in-series

flow, i.e., different flow regions behaving as a number of mixed tanks connected

in series dominated the overall mixing process within the ventilated airspace.

Their work also suggested that a more complicated multi-zone mixing model

might be needed to account for heterogeneous mixing to better understand the

behavior of dust local transport mechanisms.

Simulation models for the transport of VOC-odor in ventilated animal
housing are important tools for testing our understanding of transport pheno-

mena and for designing management strategies for creating a healthy micro-

climate for animals. From a management perspective, knowing both when a

VOC-odor will arrive at a given location in a ventilated airspace and how much

of the air exchange rate purges the VOC-odor are of extreme important.

Assessment of indoor air quality issues regarding odor/VOC-odor transport

in ventilated animal housing requires the consideration of different control

strategies and various air pollution control options. The decision making
process leading to the optimal control strategy now relies heavily on quanti-

tative computer models of airflow and odor transport in ventilated airspace.

These approaches in turn call for model development of the pertinent physico-

chemical and biological processes. Thus, we need a detailed understanding of

the phenomena controlling VOC-odor sorption and dust-borne VOC-odor

deposition, and we must be able to rely on quantitative models, which are able

to capture the main features of these processes.

For VOC-odor, a key process to include in any transport model is ad-
sorption. Many models have assumed linear equilibrium sorption, yet many

laboratory and field observations cannot be accurately simulated using the

assumption of linear equilibrium sorption [4]. At the particle scale, the gov-

erning processes of kinetic adsorption/desorption are complex and poorly

understood. A variety of processes, all related to the complexity and hetero-

geneity of VOC-odor and ambient aerosol profile occur. In addition, to particle

scale processes, large scale heterogeneity can create physical nonequilibrium,

due to multiple airflow regions of heterogeneous mixing and stagnant airflow,
that may be observed in the transport of adsorbed and nonadsorbed VOC-

odors.

A reactive VOC-odor moving through a medium of ambient aerosol or

bioaerosol in the mean airflow direction x is illustrated in Fig. 1. Sorption

reactions often affect the movement and fate of VOC-odor in a highly dusty

livestock environment (Fig. 1A). The sorption of VOC-odor on airborne dust

has been shown to be dominated by the behavior of the interactions among

VOC-odor, airborne dust, and dust-borne VOC-odor [5]. The mechanistic
function of airborne dust in uptake of VOC-odor may be partitioning and/or
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adsorption (Fig. 1B). The ventilated airspace is composed of a heterogeneous
mixing airflow field and a continuum of sorbing surfaces of ambient aerosol/

bioaerosol (Fig. 1C). The VOC-odor can be sorbed either instantaneously or

Fig. 1. An integrated scheme showing mixing/adsorption heterogeneity in a ventilated animal unit:

(A) VOC-odor (
) and airborne dust (d) mixture in a ventilated airspace where the heterogeneous

air mixing is described by a continuous pdf of RTD, (B) adsorption and diffusion behaviors be-

tween VOC-odor and airborne dust where the mechanistic function of airborne dust in uptake of

VOC-odor may be partitioning and/or adsorption, and (C) VOC-odor in the mean airflow direction

and sorption in airborne dust medium with different particle sizes described by a continuous pdf of

adsorption rate coefficient.
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time-dependently onto a fraction of the surface of airborne dust during

transport. The term ‘‘surface’’ here does not necessarily mean a distinct
physical point but a sorbing domain or portion of the sorbing site of airborne

dust envisioned as a fraction having uniform local sorption properties.

The sorption mechanisms at each surface presumed to be either a diffusion

controlled process or a combination of diffusion and sorption kinetics. A

nonequilibrium model has to have a sufficient capability to represent a variety

of adsorption/desorption and transport mechanisms including sorption rate

limitations, first-order approximations of diffusion and physical nonequilib-

rium. With the presence of mixing/sorption heterogeneity, nonequilibrium
conditions for a given ventilated airflow system were examined.

Given the heterogeneity in air mixing, in size, shape, and composition of

ambient aerosol, a stochastic approach may be incorporated and it is assumed

that the residence time, sorption equilibrium constant, first-order mass transfer

rate constant, and/or diffusion coefficient are continuously distributed. The

objective of this paper is to generalize a dynamic transport model of VOC-odor

in ventilated animal housing under heterogeneity of both air mixing and ad-

sorption kinetics, with a pdf describing both residence time of VOC-odor, as
well as adsorption rate parameters in the first-order mass transfer process

approximated at a local scale.

In this paper we present a transfer function modeling technique [9] to de-

scribe the dynamic response between adsorbed- and gas-phase VOC-odor. The

determination of the transfer function of a system, i.e., the determination of a

dynamic input–output model that can show the effect on the output of a system

subject to any given series of inputs. Transfer function model building is im-

portant because it is only when the dynamic characteristics of a system are
understood that manipulation and control of the system is possible. Methods

for estimating transfer function models based on deterministic perturbations of

the boundary inputs such as step and impulse response functions were pre-

sented.

2. Mathematical model

2.1. Transfer function modeling

We employ here a commonly used model, a one-dimensional form of the

advection–dispersion–reaction equation incorporating sorption equilibrium

and rate expression [10], to describe the dynamic transport of VOC-odor in a

heterogeneous mixing/sorption ventilated airspace. The transport of VOC-

odor with mixing/sorption kinetics heterogeneity may be characterized by the
time evolution of the VOC-odor concentration cðx; tÞ (kg m�3) and the con-

centration of adsorbed VOC-odor (or dust-borne VOC-odor) qðx; tÞ (kg kg�1)
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on the ambient aerosol surface. These two concentrations are both functions of

the mean airflow direction x and the time t.
Two model simplifications are inherent in our analysis: (1) neglect of local

dispersion and molecular diffusion processes, and (2) neglect of ambient

aerosol and adsorbed VOC-odor deposition.

Neglect of dispersion processes. This simplification represents a reasonable

approximation, since only within a few airflow regions, where airborne dust

concentration changes rapidly, can dispersion be important [8,11]. By exclud-

ing such regions, any dispersion effects can be safely neglected. Reliable esti-

mates of the dispersivity that may be scale-dependent, however, are very
difficult to obtain. The dispersive effect is also characterized by other limita-

tions. Liu et al. [12] and Hoff and Bundy [13] pointed out that the theoretical

foundation for the dispersive effect in multiple airflow regions is not sound for

systems other than an air jet with turbulent or laminar flow. The model as-

sumes that molecular diffusion is negligible indicating the existing gaseous or

particulate contaminates and air is identical and both are related to the dis-

tribution of air velocities. This condition, however, is not that restrictive since

molecular diffusion is negligible compared with mechanical dispersion in most
situations, especially in large-scale systems.

Neglect of solid-phase deposition. A simple criterion to ascertain the validity

of this approximation is to show that the product of the deposition rate co-

efficient and the average residence time is not considerably larger than unity

[5]. A theoretical study by Liao et al. [5] shows that the ratios between ad-

sorption and deposition rates for two different aerosol profiles of 2 and 8 lm

geometric mean diameters in a ventilated airspace have the magnitudes ranged

from about 10–102. Thus, a relative comparison with adsorption and venti-
lation, deposition reflects an insignificant contribution to the transport

mechanisms.

Although local dispersion and molecular diffusion have been omitted, the

macroscopic dispersive effects retained through the ensemble approaches de-

scribed later for random velocity field and its heterogeneous mixing patterns.

The equation of the single population model for the specified VOC-odor and

adsorbed-phase therefore can be coupled by a simple advection–reaction

equation as,

oc
ot

¼ �vðxÞ oc
ox

� q
hm

oqe

oc
oc
ot

�
� kðkdc� qÞ

�
; ð1Þ

the second-term of right-handed side of Eq. (1) is an equilibrium adsorption

isotherm, whereas the third-term is a first-order mass transfer approximation,

oq
ot

¼ kðkdc� qÞ; ð2Þ
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where v is the air velocity (m s�1), q is the aerosol density (kg m�3), hm is the

surface volumetric moisture content of aerosol (%, v/v), qe is the equilibrium
adsorbed phase concentration (kg kg�1), k is the adsorption rate coefficient

(h�1), and kd is the linear partition coefficient between gas and solid phases at

sorption equilibrium (m3 kg�1).

In order to simplify the complications of the aerosol geometric specification

required in the diffusion formulation, we adopted the commonly used first-

order mass transfer approximation (Eq. (2)) at the local scale. The rate coef-

ficient in Eq. (2) inherently lumps all the local geometric influence as if a

diffusion mechanism dominants. A first-order mass transfer or a diffusion
process presented in Eq. (2) can generally use a density function describing the

process of mass sorption/desorption between the mixing airspace and the

sorbing surfaces. The adsorbed VOC-odor qðx; tÞ can then be described by a

convolution integral,

q
hm

qðx; tÞ ¼
Z 1

0

cðx; t0Þhðt � t0Þdt0; ð3Þ

where hðtÞ is a density function.

Nondimensionalizing Eqs. (1) and (3) by introducing dimensionless vari-

ables, X ¼ x=L0, T ¼ t=�tt, C� ¼ c=C0, q� ¼ qq=hmC0, V ¼ v�tt=L0, and KD ¼ kdq=
hm, with a linear isotherm: qe ¼ kdc, Eqs. (1) and (3) can be reduced to the

following dimensionless forms,

oC�

oT
ð1 þ KDÞ ¼ �V ðX Þ oC

�

oX
� oq�

oT
ð4Þ

and

q�ðX ; T Þ ¼
Z 1

0

C�ðX ; T 0ÞhðT � T 0ÞdT 0; ð5Þ

where the reference parameters L0, �tt, and C0 can be chosen as the length of

animal housing, nominal mean residence time (�tt ¼ VT=Q, where VT (m3) is the

total volume in the system and Q (m3 s�1) is the volumetric airflow rate), and

input concentration, respectively.

Under zero initial conditions of C� and q�, and a constant input of unit mass

at X ¼ 0: C�ðT ;X ¼ 0Þ ¼ UðT Þ, where UðT Þ is an unit step function defined
from the positive direction; Eqs. (4) and (5) can be solved in the Laplace do-

main,

bCC�ðsÞ ¼ s�1 exp½�ssð1 þ KD þ ĥhðsÞÞ� ð6Þ

and

ĥhðsÞ ¼ q̂q�ðsÞbCC�ðsÞ
; ð7Þ
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where s is the Laplace variable. In Eq. (6) s is the residence time of VOC-odor

that was released at the inlet X ¼ 0 and reached the outlet X ¼ 1 with air
velocity V under no influence of any rate-limiting processes, and has the form,

s ¼
Z 1

0

dX
V ðX Þ : ð8Þ

The air velocity V may be envisioned in the microscopic point of view, as a

mean projection of the three-dimensionally oriented velocity along the gas-

phase trajectory onto the X-coordinate. In Eq. (7), ĥhðsÞ is called the transfer

function for the rate-limiting processes.

The dimensionless form of the first-order mass transfer approximation in

Eq. (2) can be written as,

oq�

oT
¼ KðKDC� � q�Þ; ð9Þ

where K is the dimensionless rate coefficient, K ¼ k�tt. Taking the Laplace

transform of Eq. (9) gives

ĥhðsÞ ¼ q̂q�ðsÞbCC�ðsÞ
¼ KKD

sþ K
: ð10Þ

2.2. Statistical ensemble modeling

We are considering now the time history of velocity measured in a ventilated

airspace to be representative of a broader set of data. The set of all velocity

time histories that would be obtained under sensibly identical conditions in-

volving air exchange rate, air speed and shear, and surface characteristics, for

instance, forms an ensemble of records, and is viewed as generated by a sto-

chastic process. This ensemble is generally an infinite set of functions. There-

fore, we are interested in knowing the probability laws for mixing/adsorption

heterogeneity as a physical phenomenon, not just a frequency functions
counted from a finite set of finite records.

Liao and Liang [14] developed a model called multiple airflow regions

gamma model (MARGM) that is based on a continuous distribution of resi-

dence time for predicting the mixing behavior in a ventilated airspace. The

MARGM takes the form of a two-parameter gamma distribution and accounts

for different mixing patterns such as incomplete, complete–incomplete, in-

complete–complete-piston flow, and various combinations of the above types.

The applicability of MARGM was tested by several case studies. Simula-
tion results showed that heterogeneous mixing models gave a better fit than a

homogeneous one, suggesting that the candidate pdf for the residence time

distribution (RTD) s, psðsÞ is a two-parameter gamma distribution.
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The gamma distribution is a distribution of the Pearson�s Type III in sta-

tistics. The unique feature of the gamma distribution is that one end of the
distribution is bound to a fixed value, whereas the other end is distributed over

a large scale of variate. The overall shape of the gamma distribution is not

balanced as a normal distribution. The other reason to utilize the gamma

distribution is that this approach may reduce the mathematical terms in the

analytical solution. The gamma pdf of s is given by

psðs;X ¼ 1Þ � cðs; as; bsÞ ¼
b�as

s sas�1

CðasÞ
exp

�
� s

bs

�
; ð11Þ

where as (the shape parameter) and bs (the scale parameter) are positive para-
meters, CðasÞ is the gamma function as CðasÞ ¼

R1
0

nas�1 expð�nÞdn, where n is

a dummy variable of integration, and psðs;X ¼ 1Þds is the probability for a

VOC-odor to have residence time between s and ds before exiting the system at

X ¼ 1. It should be noted that the mean residence time in dimensionless form is

always unity. With the gamma model, the mean and standard deviation of the

distribution are �ss ¼ asbs and sds ¼ a1=2
s bs, respectively.

The shape and scale parameters as and bs in the MARGM can be deter-

mined by the following relations [14],

as ¼

VT

Vp þ Vc þ lVi
¼ 1

1
h þ l 1 � 1

h

� 	 ; l P 0:5;

VT

Vp þ Vc þ ð1 � lÞVi
¼ 1

1
h þ ð1 � lÞ 1 � 1

h

� 	 ; l6 0:5;

8>><
>>: ð12Þ

bs ¼
1

as
VT

VcþlVi

� � ¼ 1

as

1

gh

�
þ l � l

h

�
; ð13Þ

in which

h ¼ VT

Vc þ Vp

ð14Þ

and

g ¼ VT

hVc

; ð15Þ

where Vc, Vp and Vi represent the air volumes occupied by complete mixing,

piston flow and incomplete mixing, respectively; VT ¼ Vc þ Vp þ Vi is the total

volume in the system; l is the mixing efficiency; h and g may be referred to as

the mixing volume factors I and II, respectively. The mixing efficiency l is
defined to describe the extent of heterogeneous mixing resulting from factors

other than molecular diffusion: l ¼ 1 for complete mixing, l ¼ 0 for piston

flow, and heterogeneous mixing is characterized by 0 < l < 1.
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In the proposed first-order approximation, some variations in VOC-odor

components and within the ambient aerosol size fraction distribution that may
cause considerable fluctuations of the local rate process as the VOC-odor

diffusion through or adsorbs onto the aerosol surface, are lumped into the two

parameters: the equilibrium partition coefficient (KD) and the adsorption rate

constant (K). It is reasonable to treat both KD and K as randomly distributed

variables.

Based on the concept of LFERs [10,15], the logarithms of equilibrium

constants associated with changes in reactant structure in parallel reactions

should be linearly related to each other and are often negatively correlated. In
this study, we employ the LFERs concept to approximate the relationship

between the two log-transformed parameters, logKD and logK, (i.e., linear

logKD � logK) and thus has the form as,

KD ¼ aK�b; ð16Þ

where a and b are two positive constants. As b takes zero or nonzero values,

two extreme cases of correlation are represented by Eq. (16), i.e., if b ¼ 0, a

completely independent relationship exists between KD and K; whereas any

nonzero value of b gives a perfect correlation between KD and K. Therefore, a

perfect correlation would simplify the bivariate pdf ðpkðKD;KÞÞ to being uni-

variate. The resulting univariate pdf can be represented either by the pdf of

KDðpdðKDÞÞ or by the pdf of KðpkðKÞÞ. In this paper, we assume KD is constant
at all adsorption surfaces, thus, a pdf of KðpkðKÞÞ is used to characterize the

variations.

Liao et al. [16] recently developed a mathematical model to predict the

adsorption rate constant of VOC-odor on the ambient airborne dust based on

a gamma distribution of adsorption rates and with the consideration of a

distributed Fick�s diffusion model as experimental test data. Results showed

that the model had successfully fit the test data using a gamma distribution of

rate coefficients. The use of a gamma distribution of rate constants is to assume
a continuum of ‘‘physical lumps’’ in an ambient aerosol profile with each

‘‘lump’’ being characterized by its own adsorption rate constant.

The gamma pdf of K is given by

pkðKÞ � cðK; ak; bkÞ ¼
b�ak
k Kak�1

CðakÞ
exp

�
� K

bk

�
: ð17Þ

where ak is the shape parameter, bk is the scale parameter, and CðakÞ is the

gamma function. The mean and standard deviation of the distribution are

K ¼ akbk and sdk ¼ a1=2
k bk, respectively.

Other pdfs may be also available. For example, local VOC-odor diffusion

and adsorption rate coefficients have been related to ambient aerosol particle

size that is typically considered to be a log–normal distribution [4,5], suggesting
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that the log–normal distribution would also be a potential candidate to de-

scribe the mass transfer rate distribution. The primary interest of this research,
however, is not on the attributions of different pdfs.

By knowing the pdfs of RTD and rate coefficient as shown in Eqs. (11) and

(17), the expected output concentration and mean transfer function for the

first-order mass transfer can be calculated through Eqs. (6) and (10), respec-

tively, by taking a mathematical expectation operator E½�� in the Laplace do-

main as,

bCCðX ¼ 1; sÞ ¼ E½bCC�ðsÞ� ¼
Z 1

0

bCC�ðsÞpsðs;X ¼ 1Þds ð18Þ

and

bHH ðsÞ ¼ E½ĥhðsÞ� ¼
Z 1

0

aKd

sþ K
pkðKÞdK: ð19Þ

where d ¼ 1 � b. By substituting Eqs. (11), (16) and (17), into Eqs. (18) and

(19), respectively, the final expression is,

bCCðX ¼ 1; sÞ

¼
Z 1

0

Z 1

0

s�1 exp½�ssð1 þ aK�b þ ĤHðsÞÞ�cðK; ak; bkÞcðs; as; bsÞdK ds;

ð20Þ

where bHH ðsÞ has the following forms as

bHH ðsÞ ¼
Z 1

0

aKd

sþ K
cðK; ak; bkÞdK; ð21Þ

Eq. (21) reveals that ensemble transfer function includes four parameters:

two common constants, a and d (d ¼ 1 � b); two specific, ak and bk. The four

parameters, however, may be reduced to three after subjecting the constraint of

the sample-averaged KD as,

E½KD� ¼ KD ¼ aE½K�b�; ð22Þ

where E½K�b� is the bth moment in the statistical sense,

E½K�b� ¼ bb
k

Cðak � bÞ
CðakÞ

: ð23Þ

Substituting Eq. (23) into Eq. (22) results in four parameters that are all

constrained to the known value of E½KD�. This means that whenever three of

them are chosen, the fourth is automatically determined by Eq. (22).
The inverse Laplace transform of bCCðX ¼ 1; sÞ in Eq. (20) provides an ex-

pected concentration output across the exit plane at X ¼ 1 under the corre-

sponding unit step input boundary conditions in a ventilation system. In the
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case of a Dirac (impulse) input boundary condition were also discussed later in

that bCC�ðsÞ in Eq. (6) becomesbCC�ðsÞ ¼ exp½�ssð1 þ KD þ ĥhðsÞÞ�: ð24Þ
Fig. 2 illustrates a conceptual algorithm showing the system process, system

transfer function, governing equations and computational procedures.

Fig. 2. Schematic illustration of a conceptual algorithm showing the system transport process,

system transfer function, governing equations, and computational procedures in the case of a

boundary unit step response function.
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Analytical inversion of Eq. (20) may be possible yet would probably lead to

complex integrals. Therefore, numerical inversion to obtain the solution is
adopted. Numerous algorithms that have been successfully applied to nu-

merically invert the Laplace transformed analytical solution include the Steh-

fest algorithm [17], the Talbot algorithm [18], the Crump algorithm [19] and the

de Hoog et al. algorithm [20]. In the present research, we selected the de Hoog

et al. algorithm, a modified fast Fourier transform algorithm, to perform the

inversion of Eq. (20) because it provides a good accuracy for a wide variety of

functions and it also performs reasonably well in the neighborhood of a dis-

continuity (i.e., the shape front). The Laplace transform parameter has to be
declared as a complex variable in computation when the de Hoog et al. algo-

rithm is used. A FORTRAN subroutine DINLAP/LINAP [21] based on the de

Hoog et al. algorithm is employed to perform the Laplace transform. (The

program is available upon request from the authors.)

3. Model analysis

The effects of mean adsorption rate coefficient (K), mean residence time of

VOC-odor (�ss), mean partitioning coefficient (KD), coefficient of variation (CV)

for K and s (CVk and CVs) on VOC-odor transport were performed system-

atically as seven cases based on the input parameters given in Table 1. Three

different mixing patterns, incomplete mixing, complete–incomplete mixing, and

complete–incomplete-piston flow, are applied in this study.
Simulation results in the cases of impulse and unit step inputs boundary

conditions are presented in Figs. 3–6. Table 2 gives the calculated peak con-

centrations and the time to peak concentrations, whereas Table 3 listed the

calculated equilibrium concentrations and the times to 99% equilibrium con-

centration. Generally, the equilibrium concentrations are higher than the peak

concentrations at the same simulation conditions (Tables 2 and 3).

Comparison between model simulated output dynamics from the mixing/

adsorption heterogeneity under different K values at different �ss of 1 and 4 is
illustrated in Fig. 3 (for cases 1 and 2). Fig. 3 shows that the peak and the

equilibrium concentrations of the output curves decreased as the K values in-

creased from 4 to 100, indicating high dependence upon the relative adsorption

rate coefficient during the transport process.

When the K value is low, sorption is generally slower than transport and

nonequilibrium conditions are present. This implies that most VOC-odor by-

pass a continuum of adsorption surfaces of airborne dust, resulting in a sharp

peak and a very small amount of sorbed VOC-odor to produce a flattened
curve tail (Fig. 3A and B). In the high K value case, nonequilibrium conditions

are less severe, and most VOC-odors have sufficient time to diffuse to or react
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Table 1

Input parameter used for simulation of VOC-odor transport under mixing/adsorption heterogeneity

Mixing pattern Cases K ak bk CVk as bs CVs a b KD la

Incompleteb 1a 4 2 2 0.707 1 1 1 2 1 4 0.502

1b 10 5 2 0.707 1 1 1 2 1 1 0.502

1c 40 20 2 0.707 1 1 1 2 1 0.211 0.502

1d 100 50 2 0.707 1 1 1 2 1 0.082 0.502

2a 4 2 2 0.707 4 1 1 2 1 4 0.502

2b 10 5 2 0.707 4 1 1 2 1 1 0.502

2c 40 20 2 0.707 4 1 1 2 1 0.211 0.502

2d 100 50 2 0.707 4 1 1 2 1 0.082 0.502

3a 4 2 2 0.707 2 1 1 2 1 4 0.502

3b 4 20 0.2 2.236 2 1 1 2 1 0.021 0.502

4a 0.4 2 0.2 2.236 2 2 0.707 2 1 0.4 0.502

4b 1 2 0.5 1.414 2 2 0.707 2 1 1 0.502

4c 10 2 5 0.447 2 2 0.707 2 1 10 0.502

4d 40 2 20 0.224 2 2 0.707 2 1 40 0.502

4e 100 2 50 0.141 2 2 0.707 2 1 100 0.502

Complete–incompleteb 5a 10 2 5 0.447 2 0.2 2.236 2 1 10 0.671

5b 10 2 5 0.447 0.2 2 0.707 2 1 10 0.671

6a 10 2 5 0.447 2 2 0.707 2 1 10 0.671

6b 10 2 5 0.447 5 0.8 1.124 2 1 10 0.671

Complete–incomplete-

pistonb

7a 4 2 2 0.707 2 2 0.707 1 0 1 0.312

7b 4 2 2 0.707 2 2 0.707 10 0 10 0.312

7c 4 2 2 0.707 2 2 0.707 2 0.1 1.07 0.312

7d 4 2 2 0.707 2 2 0.707 2 1 4 0.312

a Values are determined based on Eqs. (12)–(15).
b Mixing pattern is determined based on the relations of VT ¼ Vc þ Vp þ Vi and Eq. (11).
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Fig. 3. Effect of mean adsorption rate coefficient (K) on output VOC-odor concentration in an

incomplete mixing regime (l ¼ 0:502) for impulse (A and B) and unit step (C and D) response

functions based on cases 1 and 2.
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Fig. 4. Effect of CV of KðCVkÞ on output VOC-odor concentration in an incomplete mixing regime

(l ¼ 0:502) for impulse (A and B) and unit step (C and D) response functions based on cases 3

and 4.
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Fig. 5. Effect of CV of sðCVsÞ and mean residence time (�ss) on output VOC-odor concentration in a

complete–incomplete mixing regime (l ¼ 0:671) for impulse (A and B) and unit step (C and D)

response functions based on cases 5 and 6.
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with the continuum of adsorption surfaces of ambient aerosol, giving a wider

peak.

When the model less affected by K, further indicating the complimentary

effect of assuming a range of sorption surfaces. As seen from the current

simulations where the same CVk ¼ 0:707 were both used for K in cases 1 and 2,

substantial deviation between output curves still exists, indicating sorption

surface heterogeneity. The high dependence on K may also imply that this
model can be highly air velocity-dependent.

The effects of different CVk and K at �ss of 1 and 4 are shown in Fig. 4 (for

cases 3 and 4) in that Fig. 4A and C has the same K but different CVk, whereas

the different K and CVk for Fig. 4B and D. Theoretically, when the value of

the CVk tends to zero, representing homogeneous sorption behavior. Fig. 4B

shows that an apparently higher variability of sorption rate would spread the

VOC-odor peak more significantly, peak spreading is limited in the model since

the increase of the sorption rate variability means that the rate deviation in-
creases between the distinct surfaces. That is to say, the higher K values at

lower CVk results in a distributed instead of a more sharpened peak.

Table 2 indicates that in the cases 4, the predicted peak concentration

varied by up to one order of magnitude as the order of magnitude of K values

Fig. 6. Effect of mean linear partitioning coefficient (KD) on output VOC-odor concentration in a

complete–incomplete-piston flow mixing regime (l ¼ 0:312) for impulse (A) and unit step (B) re-

sponse functions based on case 7.
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increasing from <10 to 102, but not for the unit step response function pre-

sented in Table 3.

Fig. 5 (for cases 5 and 7) compares the influence of different �ss and CVs

values on the simulation results. When the �ss values is high, the peak and the

equilibrium concentrations are generally higher and the times to the peak and

the equilibrium concentrations are longer as well (Tables 2 and 3). At large

residence time (�ss) means at low airflow rate as well, the VOC-odor remains

longer in the ventilated airspace, indicating that there is more time for diffusion
into airborne dust. This causes the differences between the output curves at

different �ss values. The shape of the output curve is then determined by the ratio

of airflow rate and adsorption rate. Fig. 5C shows that higher CVs values

would spread the VOC-odor peak more significantly, indicating heterogeneous

mixing behavior. In the present study, the form of dispersion is not included in

the model. Dispersion, however, mainly affects the initial part of the output

curve and becomes less significant when diffusion into airborne dust becomes

more important.

Table 2

Calculated peak concentrations and the time to peak concentrations in the case of impulse response

function

Cases Peak concentration

(––)

Time to peak concentration

(––)

1a 0.368 1

1b 0.367 1

1c 0.046 1

1d 3:81 � 10�13 1

2a 0.224 3

2b 0.223 3

2c 0.028 3

2d 1:83 � 10�13 3

3a 0.368 1

3b 0.367 1

4a 0.185 2

4b 0.184 2

4c 0.181 2

4d 0.081 2

4e 0.022 2

5a 0.166 1

5b 0.113 1

6a 0.181 2

6b 0.238 3

7a 0.184 2

7b 0.184 2

7c 0.184 2

7d 0.184 2
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The influence of different KD values on the simulation results is illustrated in

Fig. 6 (for case 7). As was shown in Fig. 6, the simulation results indicate that

KD values have less influence on output profiles. An increase in KD increases

the peak as well as the concentration level in the output curves. Therefore,

when a pdf of K is incorporated into the model, a change in KD would not

significantly change the model predictions. This indicates that the present

model, with no correlation between KD and K, may approximate the cases

where KD and K are not strictly correlated (as in Eq. (16)).
Results of this simulation study show that when mixing/adsorption hetero-

geneity exists, simple assumptions are questionable to sufficiently represent a

more generally distributed adsorption process. The attempt to lump the effect

of nonequilibrium processes into an effective dispersion coefficient or to find a

simple equivalent representation for a more complex mechanistic model may

be effective for homogeneous systems having a uniform equilibration rate or

adsorption properties and for processes over a relatively short time scale. This

observation will be further verified with experimental data in the subsequent
work on VOC-odor transport.

Table 3

Calculated equilibrium concentrations and the time to 99% equilibrium concentrations in the case

of step response function

Cases Equilibrium concentration

(––)

Time to equilibrium concentration

(––)

1a 0.992 5

1b 0.991 5

1c 0.124 5

1d 1:13 � 10�24 5

2a 0.993 11

2b 0.992 11

2c 0.124 11

2d 8:45 � 10�13 11

3a 0.993 8

3b 0.993 8

4a 0.994 11

4b 0.989 11

4c 0.797 11

4d 0.438 11

4e 0.121 11

5a 0.979 2

5b 0.483 2

6a 0.797 11

6b 0.983 11

7a 0.902 11

7b 0.902 11

7c 0.902 11

7d 0.902 11
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4. Conclusions

For a heterogeneous mixing/adsorption system in a ventilated airspace,

which is characterized by a wide particle size distribution, particle surface,

heterogeneous physicochemical–biological composition on particle surface,

and various mixing patterns, the transport of VOC-odor is inherently complex.

Any mathematical model, assumption may bias results. The present model

assumes isotherm linearity. The concept of sorption equilibrium which pro-

poses that, given a sufficient time, a predictable ratio of gaseous-phase to

adsorbed-phase VOC-odor will occur for any airborne dust/VOC-odor com-
positions. There are many complicating issues in developing this correlation,

such as the difficulty in determining an appropriate partitioning coefficient and

correlation to airflow velocity or adsorption rate coefficient.

It is likely that the heterogeneity of the physicochemical/biological charac-

teristics of airborne dust/VOC-odor compositions and the resulting variability

of adsorption rates was large, requiring the diversity of rate controls inherent

in the sophisticated kinetic model for successful prediction of the adsorption

and transport of VOC-odor in a ventilated airspace within a dusty medium.
Additional experiments are needed to establish the generality of the model.

The implication of the present predictive model is that there are heterogeneous

rate controls on the adsorption of the VOC-odor on the aerosol surface, and

there are heterogeneous air mixing that affect the residence time of VOC-odor

and consequently affect the effectiveness performance of a ventilation system.

Inclusion of an instantaneous equilibrium ‘‘lump’’ and a nonequilibrium

‘‘lump’’ with a distribution of adsorption rate coefficients was needed to suc-

cessfully predict transport behavior. Thus, this complex description of ad-
sorption kinetics and incomplete mixing of air was required.
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