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1 | INTRODUCTION

| Yu-Tong Mu? | Yan-JunDai' | Yin-Ping Zhang® |

Abstract

In this paper, a three-dimensional non-isothermal computational model for predicting
indoor SVOC distribution is proposed, considering the effects of turbulence diffusion
and suspended particles. The realizable k-¢ model is introduced for turbulent flow
simulation in a room. The Euler-Euler method is adopted to deal with the gas-particle
two-phase flow coupled problem. Inertia slip velocity and irreversible first-order ab-
sorption boundary are employed for more accurate prediction of particle motion. The
simulated curve of outlet gas-phase di-2-ethylhexyl phthalate (DEHP) concentration
with emission time is verified by available experimental data. The emission process of
DEHP in a 15 m? room in Beijing during 100 days with or without air cleaner is simu-
lated by the developed model considering air leak through window and door gaps. It
is found that if the air cleaner keeps on all the time during 100 days the gas-phase
DEHP concentration in the room will tend to be uniform, while the emission process
is far from equilibrium without an air cleaner even the emission lasts 100 days. Results
also suggest that floor heating, decrease of particle concentration, weaken of heat
transfer, enhancement of mass transfer, and air infiltration in window gap contribute

to decrease DEHP concentration.

KEYWORDS
convective mass transfer, di-2-ethylhexyl phthalate, first-order absorption boundary, inertia
slip velocity, numerical simulation model, semi-volatile organic compound

for instance, allergy, endocrine imbalance, disorder of metabolism,

etc.?®

Nowadays, organic materials and their products are widely exist-
ing in a room, such as additives, polyvinylchloride (PVC) products,
chemical commodities, etc. These materials can continuously release
the alleged semi-volatile organic compounds (SVOCs), which are or-
ganic compounds that have a boiling point of 240-400°C.! It has

been confirmed that SVOCs may cause various kinds of diseases,

© 2021 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

With the purpose of studying the transport and diffusion charac-
teristics of SVOCs, their emission characteristics from indoor source
materials must be revealed. SVOC emission process has been exper-

imentally*~? and numerically*-*°

studied by a considering number of
researchers. Their studies mainly focus on the SVOC concentration

variation in a number of experimental chambers, such as Field and

Indoor Air. 2021;00:1-17.
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Laboratory Emission Cell (FLEC)*Y etc., within which the studied
source materials exist.

Hu and Chen established!! and later improvedlz’13 a mathe-
matical model including laminar flow field, gas-phase DEHP con-
centration field and particle-phase DEHP concentration field. In
their research, the SVOC concentration distributions in chambers
are simulated. However, for the transport and diffusion of SVOCs
in a real room, the above models should be extended in the fol-
lowing three aspects. (a) The present simulations are based on
isothermal condition which is good enough to simulate the SVOC
concentration evolution in a small test chamber. For a real room,
the influence of temperature on SVOC emission characteristics has
not been fully modeled. Previous experimental results have shown
great impact of temperature on the emissions of SVOCs.>”"? Wu

et al.®

exhibited that temperature in a room may differ 10 K,
showing that temperature may be diverse in different positions
of a room. Present isothermal model may cause an error due to
a high response of temperature on the SVOC surface absorption
characteristics.® (b) The concentrations of particle-phase SVOCs
are affected by suspended particle concentration in the room.°
In the numerical model, boundary conditions play an important
role on the accuracy of the physical field prediction. However, the
boundary conditions of suspended particle concentration equa-
tion assumed in the previous work do not match real-world con-
ditions. Damkohler number (Da) is defined as the dimensionless
absorption rate on the wall.? In the previous study of CFD simula-
tion about FLEC, steel is used as the absorption surface, boundary
condition of which is either assumed zero (full absorption bound-
ary, Da = ), or no flux boundary (full reflect boundary, Da — 0).
Whereas in the actual wall of a room, Da value is finite.!? (c) The
importance of flow turbulence should be taken more into account.
In FLEC, the flow is regular and laminar. However, in an actual
room, the flow field is very complex and flow turbulence needs to
be considered.?%?! Furthermore, turbulent pulsating velocity will
have an impact on the scalar transport?2 in a room. Therefore, in
the simulation of species transport equation in a room, it would be
more accurate considering turbulent pulsating effect.?®

The objective of this paper is to improve numerical model
through the above-mentioned three aspects: (a) to develop non-
isothermal SVOC emission process prediction model and to show
the superiority of non-isothermal model compared with the isother-
mal model in some circumstances, (b) to introduce an irreversible
one-order absorption model near the wall for particle absorption
and to show the more consistence of that with the experimental data
compared with full absorption boundary and full reflect boundary,
(c) to introduce turbulent pulsating effect and an inertia slip velocity
into the governing equations referring to the parameters in the liter-
ature. The logic of this paper is organized as follows. In Section 2, a
3D numerical model for predicting indoor SVOC variation including
turbulent flow, heat transfer (conduction, convection, and radiation),
particle motion, gas-phase, and particle-phase DEHP distribution is
established. In Section 3, the numerical model is verified by two ex-
periments, deposition experiment of particles in a single room and

Practical Implications

Our study proposes a comprehensive three-dimensional
non-isothermal SVOC emission and transport model.
An irreversible first-order model is provided to simulate
PM2.5 absorption boundary, the correction and necessity
of this model are clarified. An actual bare room including
PM2.5 air cleaner, window/door gaps, and floor heating
is simulated. DEHP distribution characteristics with and
without air cleaner are analyzed and compared in detail.
These findings are useful for developing SVOC emission
and transport numerical model, and also reveal the essen-
tial effects of convection and temperature non-uniformity

on SVOC transport process in a room.

DEHP transport process experiment without suspended particles in
FLEC. The emission processes of DEHP from PVC floor in a 15 m?
bedroom in Beijing are simulated with PM2.5 air cleaner being on
and off. Simulation results for 100 days in winter are presented and
discussed in detail as well. Finally, Section 4 summarizes the findings
and draws some important conclusions.

2 | NUMERICAL METHOD

There are two phases of SVOCs in indoor air: gas-phase and particle-
phase. In this paper, Euler method is used to deal with this coupled
gas-particle two-phase flow problem. The gas-phase SVOC concen-
tration (cgp, pg/m?) distribution is calculated by the continuum me-
dium multi-component model. The particle concentration (cp, pg/mS)
and volume-average SVOC concentration attaching to suspended
particles (cpp, pg/m3) are simulated by convection-diffusion equa-
tions considering velocity slip between particle and gas.

2.1 | Gas-phase SVOC transport in the air

Flow field in a room is governed by Reynolds-time averaged continu-
ity equation and momentum equation, as shown below,

d
a—)(i(pgu;) =0 (1)
a(pguj) a(pgu,-ui) ap ) au;
—— 5 P24 — | -8 2
o T ox, ox, o [(” * ”‘)ax,-] 008 (2)

where x;and X (m) are the direction vectors, u;and u; (m/s) are the time-
averaged velocities, p (Pa) is time-averaged pressure, u (Pa-s) and y, are
molecular viscosity and turbulent viscosity, respectively, g (m/s?) is the
gravity acceleration, p, (kg/m?®) is the density of the air and 3; (unit: 1)
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is the Kronecker symbol, number “3” in which means the direction of
gravity and 653 = 1.0.

In Equation (2), Py varies with space. For considering the natural
convection in a room, the Boussinesq approximation is applied,24
and the density in the gravitational term in the momentum equation
can be written as

Pg = Pg0 [1 - V(T— To)] 3)

in which, T, (K) is reference temperature, Pgo is the density of the air at
To v (K'Y is the thermal expansion coefficient.

For the turbulence flow in a room, the realizable k-¢ model is used
which has been shown successfully in the study of Wang et al.2>%!
The governing equations of the turbulence fluctuation kinetic en-
ergy k (m?/s%) and its dissipation rate (m?/s%) are

J ok

9 -9 A\ ok _
5 (pgk) + o, (pgku;) = o [(M + Prk> 0Xj] + G+ Gy —pge  (4)

+ Cy.pSe = Copp +Ca EGb

2
&
k+ v ue/p

9 ey P ey = 2 [ (s ) 26
ot {pge) + ox; {pgeu) = ox; [(M * Pré> ox;

where C,, = max (0.43, Skik56 ), S=14/25;S; Sij= % (g—: + 3—2)7

(533u;)
(uu)

C;, =tanh

C,, is constant, Pr, and Pr, are the turbulent Prandtl number for k
and ¢, respectively, and G, (kg/m/s%) and G, (kg/m/s®) are turbulence
kinetic energy generation due to the local mean velocity gradients
and the buoyancy, respectively, which can be calculated by

Hy oT
G =uS% Gy = “vgzp—rtT ox; (6)

in which, Pr; is turbulent Prandtl number for temperature.
Turbulent viscosity 4, can be obtained by

kZ
He = ch " 7)

The coefficient Cﬂ is calculated by

CI‘ = ;’(
Ay + A SUS,-,»;

where
| V658

(55

For wall treatment of turbulence model, enhanced wall function

Ay =404, A, = \/Zcosq&, ¢= %cos

treatment is adopted‘25 Parameters in the turbulent model C,, in

Equation (5), Pr, in Equation (4), Pr, in Equation (5), Pry in Equation

(6) and Pr, (wall Prandtl number in enhanced wall function treat-
ment25) take values of 1.9,%¢ 1.0,2%2% 1.2,2%26 0.852728 and 0.85,%8
respectively.

Based on the calculated fluid flow field, the time-averaged
mass concentrations of gas-phase SVOCs can be obtained by a
convection-diffusion equation®?

a(cgp) N 0 (uicgp _ 0 0Cg, s
ot ax,  ox; &M ox

¢gp

In the equation, the influence of turbulence is considered by an

effective diffusion coefficient (D m?/s) instead of Dy, in the gen-

gp,eff’
eral convection-diffusion equation.??

Hi

D =D, +D,,;=D,, + ——
gp, eff gp gp.t gp
SCiepPe

(11)

in which Sctygp is turbulent Schmidt number of DEHP. For high-content
gas components in the flow (for instance, nitrogen and oxygen in the
air), Sctygp is assumed as 0.7.28 For trace suspended particles, Scthp is
assumed as 1.0.2%%?7 SVOCs in indoor air are trace gas components in

the flow. Therefore, Sc, __is assumed as 0.9.

tgp
It has been revealed by Lyman®°C that the effect of temperature
on the diffusion coefficient of gas-phase SVOCs in the air can be

expressed by

T 1.75
Dy = Dyer (T_> (12)

ref

inwhich T = 296 K, D, = 3.46 x 107 m?/s.
Sc‘g_p in Equation (10) is the DEHP source term which shows how
much gas-phase SVOCs transfers to particle phase, determined as

follows:

s —h [Nac, - S (13)
agp— ''m p’'pTgp Kpdp

where Cop is the particle-phase SVOC concentration. The derivation of

1.1* with some modifi-

Equation (13) is based on the literature of Hu et a
cations. The derivation details are shown in the Appendix S2.

In Equation (13), Kp (unit: 1) is the particle surface partition coef-
ficient whose value will be discussed later, and h,, (m/s) is the mass

transfer coefficient, calculated according to Cao's literature®!

h = 2Dgp 1+ Kn (14)
" dy 140377Kn + 1.333Kn 1K

where « is the mass accommodation coefficient which takes 0.2,% Kn

is Knudsen number calculated from*!

2l 3D 8RT
=—t | =_F =1/ 15
Kn dp,lg m , U \/”M (15)
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where R (8.314 J/mol/K) s the gas constant, Ig (m), u, (m/s),M(0.391 kg/
mol for DEHP) are the mean free paths of SVOCs, mean molecular
speeds, molecular weights of SVOCs, respectively.

It should be noted that the emissions of SVOCs are subjected to
external convection control and the concentration distributions of
SVOCs within emission plate are nearly uniform.!” The concentra-
tions of the gas-phase SVOCs near the emission surface can be seen

as constant®®

at a specific temperature. Thus in the present paper,
the emission model is simplified as the following temperature-
dependent Dirichlet boundary condition for the gas-phase SVOC

transport equation.

— S
Cgp = z (16)

where ¢, (ng/m?) is the interior surface concentration of SVOCs which
is assumed as constant,’**” K_ (m) is surface partition coefficient of the
emission surface. The impact of temperature (or floor heating) can be
reflected on its influence on the surface partition coefficient of emis-
sion surface.

The condition of the absorption surface boundary is shown by
Equation (17).1*

d a
gp.eff % (Cgp) (17)

S

where K_ is the surface partition coefficient of the absorption surface.

Surface partition coefficients on surfaces (Equations 16 and 17)
and suspended particles (Equation 13) are affected by temperature.
It has been revealed by Zhang et al.®2 that the effect of temperature

on surface partition coefficient can be expressed by
Kyp = C, T ?exp(C,/T) (18)

in which C,, C, can be fitted by some experimental values.*"** For
absorption surfaces, fitting results are shown in Table 1. For emission
surface, substitute Equation (18) into Equation (16)

Cs Cs,eff

o C:VTexp (%) ) VTexo (2) (19)

C

gp

C, ot and C, take 8.29 x 10?? ng/m°-K®® and 1.48x10* K, respec-
tively, which are calculated from the experimental equilibrium gas-
phase DEHP concentrations in the reference temperatures (under
23°C, take 0.93 pg/m°®; under 47°C, take 38.0 pg/m®).

TABLE 1 Constants in surface partition coefficient

Steel Wall Particle
C, 1.61x 5.33x 107 490 x 1016 K02
10718 m.K05 m-K0-5
C, 13178K 17 336 K 17 336 K

Experimental research shows that humidity has little influence
on surface partition coefficient of DEHP.>® Hence, in this study, the
influence of humidity on the emission process of DEHP is ignored.

Whereas for other SVOCs, this influence may be considered.®®

2.2 | Particle-phase SVOC transport in the air
It is of great importance to model particle motion accurately because
particle-phase SVOCs are attached to the suspended particles in the
air. Volume fraction of particles is a criterion to judge the coupling re-
lation of particle and flow field. It is pointed out by Elghobashi,®* and
Alletto et al.® that influence of the particles on the continuous phase
can be ignored for particle volume fraction smaller than about 107, In
this study, the volume fraction of particles is assumed to be lower than
2x10710 (normal situation of a conventional living room), only the ef-
fect of flow field on particle motion need to be considered. The main-
stream velocity of particle is assumed identical to the gas. Different
from main flow field, two slip velocities of particles, settling slip veloc-
ity and inertia slip velocity, should be considered and introduced as
follows.

The settling slip velocity of particle Uis is caused by the differ-
ent effects of gravity on air and particle, which can be calculated by
Equation (20).3¢

2
g = 225 (20)
18u

Noting that Equation (20) is only applied for the case when
dp > 1 pm, Rep < 1(defined by particle diameter, slip velocity and gas
viscosity) and Pp (assumed to be 1670 kg/m337) >> P Particles like
PM2.5 or PM10 satisfy these conditions.

According to the hypothesis, a single particle remains relatively
static in the reference system (mainstream of airflow) at a constant
velocity. When the airflow accelerates or turns around, an inertia
acceleration a; (m/s?) needs to be introduced, as shown in Figure 1.
This inertia acceleration can be obtained by the minus of material

derivative of velocity

-=-3
S

. PM2.5

uair

aair

FIGURE 1 Inertia acceleration of suspended particle
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=" \or THox (21)

The inertia slip velocity Ui caused by the inertia force of particle
can be calculated from*®
2
ppdpail

up = 18” . (22)

Based on the above discussion, conservation of particle concen-
tration can be obtained by

oley) oflui+uis+ue] o < % ) (23)

or 0x; = 6_)(J peff ()_X}

1
where Dpyeff (m?/s) is the effective diffusion coefficient of particles

Hy

Dpest =Dpp + =——
pe > SCipg

(24)

Sct,p is turbulent Schmidt number of the suspended particles which
is assumed as 1.0.2% D, is the diffusivity caused by Brownian

movement,*®

_ ksTCc

b~ 3zud, (25)

where k; (1.38x1072 J/K) is the Boltzmann constant, C. is Cunningham

t36

constant®® which can be calculated from

Ag dp
Cc=1+-2 [2.514 + 0.8exp <—O.55—>] (26)
dy Ag

where 7, (um) is the mean free length of air molecules (0.066 pm at
293 K, 101 kPa).

Inlet boundary condition of cpat window gap is assumed to be of
the first type whose value takes the environmental particle concen-
tration, as is shown in Table 1 of the Appendix S1. Boundary condi-
tion of particle concentration on the wall is assumed as absorption
boundary condition,

ac

_Dp,eff a_: =KsCp (27)

S

where «, (m/s) is absorption rate of boundary, and n is the exterior
normal-vector of the wall. The value of «, is difficult to measure and dif-
ferent under each individual surface condition. In this study, «, is approx-
imately selected as an average value of a room, which is obtained by the
overall loss rate (s in the well-mixed mass-balance model®? as follows.

First, for a well-mixed room we may assume:

= —fcya (28)

where Cpa is the average particle concentration in the room. The lost
particles are assumed to be absorbed by the room walls. Based on

mass conservation law, we have
ac, ac,
[l 5= | - oneren 29)
% A

Overall loss rates are experimentally studied for different par-
ticle diameters by Thatcher et al.% In their research, a well-mixed
room, whose concentration of particles is nearly uniform, is studied.

Assuming Cpa = Cpr comparing Equations (27), (28) and (29), we have

ke = 1M g (30)

In an actual room, the velocity is not high enough to guarantee
the well-mixed character of suspended particles, thus local concen-
tration of particles near the surface is used to calculate the absorp-
tion in Equation (27).

Particle-phase SVOCs are attached to the suspended particle.
Based on the above equations about suspended particle (Equations
23-30), volume-average concentration of SVOCs attaching to sus-
pended particles (particle-phase SVOCs) Cpp €AN be calculated by the
following governing equation and boundary conditions:

P} o lu: + u: )
(o) | 0L+ tis + Ueyo] _ o <D Cp">+5c,g-p (31)

ot ox; T oox \Peffox;

OCpp

_Dp,eff W = K€, (32)

s“pp

C, =
PP [inlet

In Equations (13, 14, 15, 20, 22, 25, 26), diameter of the sus-
pended particles (dp) is included and assumed as 1.473 pm. Hinds®¢
pointed out that the diameter of suspended particles in the air fol-

lows lognormal distribution, as shown in Equation (34).

1 exp [—(Indp_ﬂ)z] d,>0
f(dp) =49 V 271:0'01p 202 P
0, d <0

p=>

(34)

in which u is the average of the logarithms of the diameters, ¢ is the
standard deviation of the logarithms of the diameters. They can be fit-
ted from the experimental result.° Fitting result is y = 2.1927 pm, ¢
= 1.2555 pum, and are shown in Figure 2. The average diameter lower
than 2.5 um can be calculated as Equation (35).

p= e = 1473 um (35)

eX] -
0 V2zod, P [ 202
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FIGURE 2 Diameter distribution of suspended particles in a
room

2.3 | Non-isothermal model

Temperature distribution follows energy equation and radiation

heat transfer equation

AosD) [ 2eD _ 0 [( . ﬁ) a_T] (36)

ot " oox 0x; ; Pry ) ox

in which 2 (W/m/K) is thermal conductivity and < (J/kg/K) is specific
heat capacity. Temperatures of both the air and the solid regions (wall,
door, window) are considered. Window gap inlet temperature is iden-
tical to the outdoor value, as is shown in Table 1 of the Appendix S1.
Boundary condition of the room exterior wall and that of the indoor
underground are considered as the convective boundary conditions

oT
AL T -T 37
A (T, - T.) (37)

where T_ is the average temperature of the heat transfer fluid (outer air
or water in floor heating system). h (W/m?/K) is convective heat trans-
fer coefficient. Since the temperatures of the room inner surfaces are
to be determined during the simulation, and temperatures of different
walls may be different, the radiation heat transfer between different
walls should be taken into account.

The surface-to-surface radiation model*! is applied for the radi-
ation heat transfer among walls. Heat flux conservation equation of

each surface element can be calculated by
g =eoT +(1-e)pq (38)

where double subscript (j) implies summation over the room enclosure
surfaces, g; (W/m?) is the net efferent heat flux (radiosity), & is Planck's

constant (5.67 x 1078 W/m?/K%), e is emissivity of the wall which is
assumed as 0.9,%2 and ?i; is the angle factor between surface j and sur-

face i which can be calculated by

r2
AA

7

1 [ [ cosb;cosb;
@ij = EJ 5;dAdA; (39)

in which r (m) is the distance of the two surfaces, 0; is the included
angle between distance vector and surface normal direction of the in-
finitesimal surface. g; can be obtained by the simultaneous solutions of
Equation (38) in all surface elements. The flux of radiation heat transfer
can be calculated by

eiUT,-4 —3q;

Gradi = —1 5, (40)

€

Equation (40) is treated as source term coupled of Equation (36)
for the ground, ceiling, and the indoor air side of the walls.

2.4 | Numerical procedure

The above equations are solved by finite volume method in 64-core
parallel ANSYS FLUENT 17.2 with user-defined function (UDF).
Implicit method is used for transient simulation. Second-order up-
wind difference is applied for the discretizations of the convection
terms in all of the equations. The flow field should be in steady-state
at the initial time. The usual initialization method assumes the initial
fields to be zero. This method failed to accurately predict the turbu-
lence viscosity with an error of 2-4 order of magnitude. Turbulent
viscosity is a critical factor in turbulent thermal conductivity and
the turbulent diffusion coefficients of particle, gas-phase DEHP,
particle-phase DEHP concentrations. Hence, the steady-state fluid
and temperature fields are simulated at first and the results are used
as the initial fields. The convergence criteria of the initial steady-
state fields include both residuals <10™* and relative change rate of
average velocity and the turbulent viscosity lower than 0.1% within
2000 iteration steps.

3 | RESULTS AND DISCUSSION

3.1 | Validations of the present model

The above established non-isothermal model for predicting the
transport process of indoor SVOCs is quite comprehensive. Apart
from non-isothermal turbulent flow of air (governing Equations 1,
2,4, 5, 36, and 38), it also includes the following three models: (1)
The transport model of gas-phase SVOC concentration, Equation
(10); (2) The transport model of particles, Equation (23), and (3) The
transport model of particle-phase SVOCs, Equations (31-33). To the
authors’ knowledge, it is very difficult to find some experimental
data that can verify all the above prediction models simultaneously.
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Fortunately, we found two experimental studies which can provide

some data for partial validation of our models.

3.1.1 | Deposition process of particle in a
single room

Particle deposition plays an important role in the study of indoor
SVOC transport characteristics. Special measurements were con-
ducted in an isolated room® to study the particle deposition rate
under different furnishing and indoor airflow conditions. The iso-
lated room (2.2 x 2.7 x 2.4 m®) is a closed room within which there
are four electric fans and a particle generator generating particles in
certain range of diameter, as shown in Figure 3A. The room is well-
sealed, isolated from any external disturbances. The four fans are
helped to create the well-mixed condition effectively. Typical meas-
ured results for particles with diameter from 1.7 to 2.1 um in the
room without furniture are shown in Figure 3. In the figure, the par-
ticle concentration value for the first 30 min represents the baseline
of the particle concentration in the room. After 30 min, particles are
emitted from the generator and particle concentration rises rapidly
(about 3 min) to 61.5 cm 2. In the simulation, the sorption rate of sur-
face, «,, takes 9.88 x 107> m/s. Due to the mixing effect by the fans,
the concentration decay rate becomes stable after three minutes of
particle generation, and the linear part of the curve can be used to
calculate the particle deposition rate.

This testing process is simulated by our models. Three grid and
time step systems are examined, (a) grid number of 1.9026 x 10° and
time step of 300 s, (b) grid number of 0.657 x 10° and time step of
300 s, (c) grid number of 1.9026 x 10° and time step of 1 s. Two
additional cases with zero value particle boundary (full absorption
boundary, Case (d)) and no flux particle boundary (full reflect bound-
ary, Case (e)) are simulated under the same grid and time step sys-
tem with Case (a). The simulated concentration variation with time is
shown in Figures 3B and 3C . From Figure 3B, it can be seen that the
results of the three grid-time step systems are almost the same and
consistent with the test data very well. The result of system (b) can
be regarded as the grid-independent and time-step-independent

solution and the average relative deviation between systems (b) and

(c) is 0.72%. The average relative deviation between system (b) and
the experiment result is 5.46%. From Figure 3C, we can see that the
result with either zero value (full absorption) boundary or zero flux
(full reflect) boundary shows a larger deviation compared with the
experiment result, which indicates the necessity of first-order ab-
sorption boundary.

31.2 |
in FLEC

DEHP transport process without particle

A numerical FLEC model with the same size of an experimental
model in Zhang's research>*?is built. As is shown in Figure 4A, DEHP
emission surface (PVC) is put on the bottom of the test space. Steel
absorption surface is set on the top of the model. Clean air flows into
the chamber around the model. Dirty air with DEHP flows out of the
chamber at the top outlet of the center. Airflow rate is 450 mL/min.
Flow is assumed as laminar. Emission surface is assumed as a fixed
concentration boundary while the absorption surface is assumed as
a fixed flux boundary, numerically treated by Equations (16) and (17).
Cgp at the emission surface is set as 38 pg/m3‘ K, of the absorption
surface is 100. The grid independence assessment has been imple-
mented, and the final grid number is 81 760. Time step issetas 0.1 s
in the first 10 s, 1 s within 10 s ~ 1 min, 1 min within 1 min ~1 h,
15 min within 1 h ~1 day, and 30 min after 1 day.

The variation of the outlet DEHP concentration normalized by
the bottom surface concentration versus time is shown in Figure 4B.
We can see that the simulation results are consistent well with the
experiment data.’> The relative DEHP concentration increases rap-
idly to 0.4 at the very beginning time (first several seconds). The
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results of Hu et al.”* and Xu et al.”” reached the similar conclusion.

3.2 | Conditions of simulated room and grid system
The developed numerical models are now used to study the tran-
sient transport characteristics of DEHP for a 15 m? bedroom (see
Figure 5) in Beijing in winter time. In this subsection, the simulation

conditions and grid system will be presented and the simulation
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‘ FIGURE 4 Simulation of the emission
Outlet of DEHP in a Field and Laboratory
Emission Cell (FLEC)
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FIGURE 5 Computational domain of Beijing 15 m? bedroom

results of the transport characteristics in the room will be provided board (thickness: 0.07 m) is set as the outer layer for insulation. Beton
and discussed in Section 3.3. is adopted as the inner layer (thickness: 0.25 m). Ceiling and other

The floor area of the room is 4.2 m x 3.6 m and the ceiling height inner walls in the room are one-layer structure with beton (thick-
is 2.9 m (volume = 43.8 m®). Outside wall (3.6 m x 2.9 m, facing to- ness: 0.2 m). 1.7 m x 1.5 m window with two-layer insulating glass is

ward south) is double-layer structure. Polystyrene heat preservation put in the center of the outside wall. Total thickness and center air
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TABLE 2 Thermophysical properties of

. Inner
material in a room

beton

p (kg/m®) 1000

c, (J/kg/K) 1500

A (W/m/K) 1

layer thickness of the window are 0.021 and 0.009 m, respectively.
1.2 m x 2.0 m wood door, 0.26 m distance from the west wall, is
set in the north wall. Outside air flows into the room through the
window gaps (16 mm) and out of the room through the door gaps
(6 mm), gas-phase and particle-phase DEHP concentrations of which
are assumed to be zero. Air change rate through the window gaps
and door gaps is 0.2 h™*, meaning that 20% of the air in the room is
exchanged per hour. A PM2.5 air cleaner (length x width x height
=0.6 mx0.2m x 0.7 m) is set against east wall and 1.62 m dis-
tance from north wall for PM2.5 purification. Clean air delivery rate
(CADR) of air cleaner is 168 m®/h. Floor heating system is established
underground. Water temperature in the floor heating system is set
as 40°C. For heating water and outdoor air, h is assumed as 3056 W/
(m?K) and 23 W/(m?K)*2, respectively. Thermophysical properties
of the materials are shown in Table 2. Local temperature is applied
for all of the temperature-dependent parameters, such as Dgp in
Equation (11), h | in Equation (13), K in Equation (16), etc. The ab-
sorption rate of the surface, «, takes 4.40 x 107 and 4.67 x 10> m/s
when air cleaner “on” and “of f”, respectively (calculated from Figure 5
in Thatcher's literature®’ according to Equation 30).

Assumptions of the simulating room are listed as follows. (1) The
room is assumed as a bare room with an air cleaner. Furnishings are
not considered. (2) The influence of human movement on the indoor
flow field is ignored. The flow field in the room is only caused by air
cleaner and the ventilation leakage through window and door gaps.
Air flows into the air cleaner through two opposite surfaces and out
of that through the top surface, shown in Figure 5C. (3) Thermal
boundary conditions of the exterior sides of the ceiling and walls (ex-
cept outside wall) are assumed to be adiabatic boundaries due to the
symmetry with other rooms. (4) Solar radiation on the outside wall
is assumed as a surface heat source. (5) The PM2.5 air cleaner has
a complete purification effect on PM2.5 and particle-phase DEHP
but has no purification effect on gas-phase DEHP. (6) PVC floor is
the only DEHP emission surface. Ceiling and walls are absorption
surfaces, and initial room DEHP concentrations are 0. Related pa-
rameters of K . are shown in Table 1. (7) It's assumed that the en-
vironmental air has no DEHP in either gas-phase or particle-phase.

The actual meteorological data (temperature, solar radiation, and
PM2.5 concentration, shown in Table 1 of the Appendix S1) are used
as the outside environmental conditions for the boundary condition
of outside wall and window gap. 90% and 38% (solar heat gain coef-
ficient) of solar radiation heat enter into the room through the out-
side wall and window. Two cases (air cleaner state: on/off, called “on”
case and “of f” case, respectively, referring particularly to air cleaner
state hereafter this paper) are simulated. In January 1st, new polyvi-
nylchloride (PVC) flooring have just installed which will emit DEHP.

Outer

beton Steel Window Door Polystyrene
1800 8030 2800 540 1050

1278 502.48 705.36 2394 45.71

1.75 16.27 3.1 0.15 0.046

TABLE 3 Personal active time in the room

Time segment when
person is at home

Working day 0:00~7:00, 19:00~24:00
Weekend 0:00~8:00, 12:00~14:00,
21:00~24:00

In “on” case, when people stay in the room, the heating system will
open otherwise it will turn off. Personal activity time in the room is
shown in Table 3. In “of f” case, floor heating is open all the time due
to a low convection heat transfer. In both “on” case and “off” case,
floor heating stops on March 15th. A period of 100 days is simulated.
Patched two-block multiple structural grid system is generated
for simulation. The procedures are as follows. (1) First, as shown in
Figure 5B, surface grids are generated on the corner of the window
gap and door gap. Then the same surface grids are copied onto the
corner of the window and door. (2) Then the two blocks of dense
surface grids are projected to sparse grid on the windows and door
surfaces, as is shown in Figures 5B,E. (3) Later, the surface grids on
outside (south) wall and north wall are projected based on the edge
of the window gap and door gap. (4) Finally, the two blocks of sur-
face grids are projected to 3D grids along the 4.2 m edge. An inter-
face is formed between the two blocks. Grid size variations near all
the walls follow an exponential law, shown in Figure 5D. Total cell
numberis 2.91 x 10°. Volumes of each grid cell is smaller than that in
isolated room deposition test Case (b), where the mesh independent
characteristics of this grid system are clearly demonstrated.

3.3 | Transport of SVOCs in the room with or
without air cleaner

From numerical results the average values of temperature, PM2.5
concentration, gas-phase DEHP concentration, and particle-phase
DEHP concentration at five horizontal planes, that are, floor plane,
z = 0.5 m plane (nose height of a lying person), z = 1.0 m plane (nose
height of a sitting person), z = 1.55 m plane (nose height of a stand-
ing person) and ceiling plane (z = 2.9 m) of the room, are presented
in Figures 6 and 7 for “on” case and “off” case, respectively. In the
figures, curves represent the values of concentration or tempera-
ture, and their locations are indicated by tached z-coordinate values.

Overall, in “on” case, as shown in Figure 6, the DEHP gas-phase
concentration near the emission surface fluctuates rapidly in a
narrow range. Temperature in the room is nearly uniform while

that of the floor is a little higher due to an intense convection heat



s
2
C
2

BAI ET AL.

10

Gas-phase DEHP concentration (ug/m’)

(A)

Floor heating off

0 10 20 30 40 50 60 70 74 80 9 100
Time (Day)
Floor heating off
PASoand I
=29 Room average, z=0.5, z=1.0, z = 1.55 : S
o 20f ! I
5 (B) -
—_ 1
= '
® 10F .
s 1
=9
S
= 0F
1
1
1
10 Environment :
1 1 1 1 ' 1
0 10 20 30 40 50 60 70 74 80 90 100
Time (Day)
1000 T
. Room average, z = 0.5, z=1.0, z=1.55 : Floor heating off
— Environment '
E,, 100 i
= "
~ |
5 :
2 10 5 !
b
=
<
: 1 Wil
) 1g
< \ |
n
g d : I
0.1 {
~ z=29 |
©) |
0.01 1 1 1 ' 1
0 10 20 30 40 50 60 70 74 80 90 100
Time (Day)
10" .
= ! Floor heating off
S) (D) Room average, z=0.5, z=1.0, z=1.55 :
= |
et 1
= ﬁ [
2
s 10 ﬂ 1 |
= \ \
8 |
| RN
3 s : | \
E 10 '
: b m h 'i - '
o 1
3 1
= 1
= '
< '
A~ 10° L L L ! L
0 10 20 30 40 50 60 70 74 80 90 100
Time (Day)
Room Average z=0 (Floor) z=05 z=1.0
z=1.55 ———7=2.9 (Ceiling) Environment

FIGURE 6 Simulation results of four parameters for air cleaner “on” case



BAI ET AL.

Wi LEYJj

10'F (A) | Floor heating off

10°f

Room average

107

Gas-phase DEHP concentration (pg/m”)

10°
0 10 20 30 40 50 60 70 74 80 90 100
Time (Day)
40 T
z=0 » Floor heating off
30 z=2.9
6 Room average, z = 0.5 A
€ AANMAAAMARAMAVARAMAAN ; |
£ 2= 155 ! \ i i
N
£ 10t z=1.0 X n m
g ]
]
= 0K i
1
) 1
-10 - Environment :
(B) |
) | | | |
0 10 20 30 40 50 60 70 74 80 90 100
Time (Day)
1000 T
: Floor heating off
En )
g A Environment 1 2=05
) N A ¢ % A [
c I TA—z:=10 A | ) Nl ’;'E 1 ’
£ ' : j NV oY N PR PR
= i !
D 1
g \ !
| v 1
S 10 H / ! | } / | l
w, W g d y !
= : Room average
z=1.55
© :
1 1 1 1 ' 1
0 10 20 30 40 50 60 70 74 80 90 100
Time (Day)
—~
»,E T
= | Floor heating off
2 Iy 2=05 Room average .
5 LA N/ :
< \ A k . W A2 A
E I AL AN ’f/f A /‘ 9 1o
S i fy Ui 4 | f f / i / ‘ ‘ f / Al |
g f "By | / i I\ 7/ / | (] \
1 i Y [ W WwAN \
-9 D h f ! \ ! & Y M Y \
= v % ;’ AR YU 'YW ;_/" W
2 ey Y i YN |
a =155 /A f\ i
E] I W /f
2 ' W ‘y
1 v
y (D) |
3 1
= 0.01 L L L L
= 0 10 20 30 40 50 60 70 74 80 90 100
A
Time (Day)
Room Average z=0 (Floor) z=05 z=1.0
z=1.55 ———z=2.9 (Ceiling) Environment

FIGURE 7 Simulation results of four parameters for air cleaner “off” case



BAI ET AL.

il—Wl LEY

transfer. It should be noted that at the final state of DEHP emis-
sion process, DEHP concentration in the room will be equal to the
concentration near the emission surface. This state is alleged as
equilibrium state and the average DEHP concentration normalized
by the DEHP concentration near the emission surface is equal to
1. In general, the room average value of DEHP concentration is
an order of magnitude lower than that near the floor. Gas-phase
DEHP concentrations near ceiling and floor (emission surface) are
0.396 and 2.498 pg/m3, respectively, at the end of the 74th day,
meaning that the emission DEHP is far from equilibrium state.
After 74th day, the closing of heating leads to a sharp decrease
of temperature in the floor, so does C,p NEQr the emission surface.
Finally, gas-phase DEHP concentration in the room tends to be
uniform. Floor heating and convection mass transfer jointly pro-
mote the emission process. Due to the deposition and the purifica-
tion of PM2.5 by air cleaner, volume-average PM2.5 concentration
is lower than 30 pg/m3 in most of the time while particle-phase
DEHP concentration is in the magnitude of 10™ to 5x1072 pg/m?3,
which also contributes to the decrease of gas-phase DEHP con-
centration in the room due to the absorption of DEHP into PM2.5
and finally removed by the air cleaner.

In “off” case, as shown in Figure 7, floor temperature is the
highest. Wall temperatures are medium due to the radiation effect
and high heat conductivity of concrete wall. Air temperature is the
lowest. A higher temperature near the emission surface leads to a
higher DEHP concentration near the emission surface. Gas-phase
DEHP concentrations near ceiling and floor are 0.020 and 5.707 pg/
md, respectively, at the end of the 74th day, meaning that the emis-
sion process of DEHP is far from equilibrium state. Average PM2.5
concentration in the room is much higher than that in “on” case.
Quantities of gas-phase DEHP attaches to the suspended particles,
leading to the particle-phase DEHP concentration is 1-2 orders of
magnitude higher than that in “on” case, which will finally settle on
the floor or absorb onto the wall. After 74th day, with the turning off
of floor heating, DEHP concentration near the floor is also decrease.
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FIGURE 8 Pathlines and velocity distribution clouds (m/s) after 1 day
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Finally, gas-phase DEHP concentrations near ceiling and floor are
0.019 and 0.271 pg/ms, respectively, far from reaching equilibrium
status.

Figures 8A and B show air path lines in “on” case and “off” case,
respectively. In “on” case, the velocity caused by air infiltration is sig-
nificantly lower than air cleaner outlet velocity. Airflow in the room
is mainly driven by air cleaner, leading to violent convection heat and
mass transfer. Therefore, room average,z=0.5,z=1.0and z = 1.55
values are nearly in coincidence in “on” case (Figure 6). Several com-
plex vortexes and violent convection are formed. However, in “of f”
case, airflow in the room is mainly driven by air infiltration through
window gap and door gap. A few vortexes are formed at the corners
near window gap.

There are three heat transfer modes in the room, heat conduc-
tion of concrete and heat preservation board, convection (natural
convection and forced convection) of the air, and radiation among
inner walls. Figures 9A and B give the temperature distributions on
the y-direction middle cross-section after 1 day in “on” case and
“off” case, respectively. As shown, in “on” case, the violent forced
convection is dominant, leading to a relatively uniform tempera-
ture field. Therefore in “on” case, room average temperature rapidly
rises (Figure 6B). In contrast, in “off” case, forced convection effect
is not intensive enough to make the temperature field uniform.
Floor heating process is slow and radiation heat transfer is domi-
nant. Temperature near the ceiling is relatively high radiated from
the heating floor. Room average temperature is largely determined
by environmental temperature (Figure 7B) due to the air infiltration
through window gap. Because of the slow convection, heat in the
walls are difficult to release, leading to an extremely high wall tem-
perature, especially on the floor (34°C approximately), as shown in
Figure 9B. In addition, at the vertex zones on the upper and lower
side of the window, air temperatures are higher due to a relative
strong convection heat transfer. Furthermore, in “off” case, because
of a higher floor temperature, the surface partition coefficient of the
floor is lower compared with “on” case. According to Equation (16),
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FIGURE 9 Temperature (K) contours on middle z-x cross-section at y = 1.8 m of the room after 1 day

gas-phase DEHP concentration near the floor in “off” case is higher
than that in “on” case. Moreover, temperature also shows an impact
on several physical properties, such as mass transfer coefficient in
Equation (13), Brownian diffusion coefficient in Equation (25), and
DEHP diffusion coefficient in Equation (10).

From Figures 6 and 7, it is obvious that increase of indoor par-
ticle concentration, enhancement of heat transfer, weaken of mass
transfer and the air infiltration through window gap all contribute
to decrease gas-phase DEHP concentration. The increase of the in-
door particle concentration will result in an enhancement of transfer
rate from gas-phase to particle-phase DEHP which will be purified
by air cleaner or deposition onto the wall. The enhancement of heat
transfer will reduce the temperature and the gas-phase DEHP con-
centration near the emission surface (or steady DEHP concentra-
tion). The weakening of convection will reduce the mass transfer
rate of DEHP to the absorption wall. The fresh air infiltrated through
window gap will slow the emission of DEHP to higher positions in
the room. Statistical results from Figures 6 and 7 show that average
gas-phase DEHP concentrations of “on” case and “off” case during
the 20th~70th days are 0.389 and 0.232 pg/m3, respectively. This
is because, gas-phase DEHP concentration near the emission sur-
face is lower in “on” case (in average, 4.752 pg/m° in “off” case and
2.473 pg/m° in “on” case during the 20th~70th days, which contrib-
ute to a lower steady DEHP concentration) while the convection ef-
fect is more obvious (which contribute to a higher DEHP transport
rate) compared with these in “off” case. Moreover, average particle-
phase DEHP concentrations of “on” case and “off” case during the
20th ~70th days are 6.58 x 107° and 0.282 pg/m® respectively. The
extremely low particle-phase DEHP concentration in “on” case is
due to the air cleaner purification effect for particle-phase DEHP.

Figures 10A and B give the PM2.5 concentration distributions on
the z-x cross-section at y = 0.14 m of the room and room middle x-z
cross-section at y = 1.8 m after 1 day in “on” case. From Figures 6C
and 7C, we can statistics that the average particle concentrations
during the period from 20th to 70th days in “off” case and “on” case

are 47.21 and 3.379 pg/m?, respectively. In “on” case, as shown in
Figure 10, forced convection of air cleaner is dominant. The whole
room is filled with the clean gas discharged from air cleaner, lead-
ing to fine PM2.5 purification. In addition, due to the existence of
vortex, inertial separation effect of particle at the wall corner will
promote the deposition of PM2.5 on the wall. In “off” case, as shown
in Figure 11, gravity deposition process of suspended particles and
vortexes caused by the infiltration wind are the main driving force
of PM2.5 motion.

Figures 12 and 13 give gas-phase DEHP concentration distribu-
tion variations on the room middle x-z cross-section aty = 1.8 m in
“on” case and “off” case, respectively. As shown in the figures, for
“on” case room gas-phase DEHP concentration is nearly uniform and
gradually increase (also see Figure 6A). In “off” case, at the initial
time, gas-phase DEHP concentration near the floor increase rapidly
due to the rise of temperature. Later, weak convection and turbulent
diffusion cause an extremely slow emission process. At the corner
near the window, gas-phase DEHP increase relatively faster due
to the airflow vortexes. Clean air infiltrated through window gap
restrain DEHP emitting into the whole room. Furthermore, high
temperatures in the floor and walls cause high surface partition co-
efficients, leading to an enhanced emission surface concentration
and absorption process.

Distributions of particle-phase DEHP concentration are given in
Figure 14. From Figures 6 and 7, we can statistics that average rel-
ative particle-phase DEHP concentrations compared with the room
average total DEHP concentration during day 20-70 in “off” case
and “on” case are 0.282/(0.232 + 0.282) = 54.9% and 6.58 x 107%/
(0.389 + 6.58 x 107%) = 1.7%, respectively. In “on” case, the low
particle-phase DEHP concentration is simply because of the air
cleaner purification effect of the carrier, suspended particle. In “off”
case, due to the low fluid velocity, longer time is provided for the
non-equilibrium absorption process into PM2.5, considering grav-
ity settling, leading to a higher particle-phase DEHP concentra-
tion. Moreover, due to the effect of vortex, particle-phase DEHP
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FIGURE 10 PM2.5 concentration (pg/m?®) contours and velocity vector diagram after 1 day in air cleaner “on” case
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FIGURE 11 PM2.5 concentration (pg/m°) distribution contour
and velocity vector diagram on middle x-z cross-sectionaty = 1.8 m
after 1 day in air cleaner “off” case

concentration is higher at the corner near the windows. However,
particle-phase DEHP concentration near upper window gap vortex
zone is extremely low. This is because of that, on the one hand, gas-
phase DEHP concentration is low in the zone. On the other hand,
due to gravity settlement, injection of PM2.5 through the upper
window gap finally contributes to the particle-phase DEHP concen-
tration in the bottom of the room. It should be noted that in the sim-
ulation model of this paper, in the equilibrium state, the proportion
of particle-phase DEHP in the total DEHP concentration is 88.2%
(calculated by Equation 13) at 18°C, 20 pg/m® PM2.5 concentration,
which agrees with the experimental result of Lunderberg et al.*” The
simulated particle-phase DEHP proportion (53.6%) in this paper is
lower than their experimental findings. The reasons are as follows.
(1) Average temperature in our simulation is about 23.3°C, which is
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FIGURE 12 Gas-phase di-2-ethylhexyl phthalate (DEHP)
concentration (pg/m°) distribution variation on middle x-z cross-
section at y = 1.8 m in air cleaner “on” case
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FIGURE 13 Gas-phase di-2-ethylhexyl phthalate (DEHP)
concentration (ug/ms) distribution variation on middle x-z cross-
section at y = 1.8 min air cleaner “off” case
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higher than that in Lunderberg's experiment. Equilibrium particle-
phase DEHP proportion is only 72.2% at 23.3°C, 20 ug/m3 PM2.5
concentration. (2) The simulated particle-phase DEHP proportion
(53.6%) is lower than the equilibrium value (72.2%). This is because
in Lunderberg's experiment, during the vacant period, average DEHP
concentrations are roughly equivalent between the indoors and
outdoors.®” Suspended particles are put in DEHP equilibrium-state
concentration, leading to an adequate time for DEHP absorption
process into particles. While in this simulation, the emission process
from PVC floor is studied. In “off” case, gas-phase DEHP concentra-
tion near the emission surface is much higher than that in other re-
gions, as is shown in Figure 7. When suspended particles move into
the high concentration region, due to settlement and floor absorp-
tion, particles will be deposited onto the floor soon. DEHP absorp-
tion process from gas-phase to particle-phase is mainly performed
in the low gas-phase DEHP concentration region. Partitioning speed
of DEHP between the particles and gas is slow in the high gas-phase
DEHP concentration region, causing that the DEHP absorption pro-
cess into suspended particles doesn't reach the equilibrium state.
These are the reasons why our simulated particle-phase DEHP pro-
portion is lower than that in Lunderberg's experiment.

Finally, a comparison of non-isothermal model and isothermal
model is developed. According to the simulation result of “off” case,
average temperature of the whole room during 20th to 70th days is
23.3°C (isothermal model). Average temperatures of the floor, ceil-
ing, and intermediate region (between surface z = 0.5 and surface z
= 1.55) are 34.09, 29.87, and 22.09°C, respectively (non-isothermal
model). Due to the complexity of the room-scale model, it is diffi-
cult to compare isothermal and non-isothermal model quantita-
tively in that scale. The above temperature is applied in FLEC model
(Figure 4A) for comparison. Simulation results are shown in Figure 15.
We can see that for the test FLEC, isothermal model will underesti-

mate steady concentration by 82% and underestimate steady time
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FIGURE 14 Particle-phase di-2-ethylhexyl phthalate (DEHP) concentration (pg/ms) distribution contour and velocity vector diagram on

middle x-z cross-section at y = 1.8 m after 1 day
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FIGURE 15 Comparation of isothermal and non-isothermal
models

by 54% compared with the non-isothermal model, showing the ne-
cessity of the non-isothermal model in this circumstance.

4 | CONCLUSION

In this research, a 3-dimensional non-isothermal computational fluid
dynamics model has been developed to study the emission process
of DEHP in a room. The model considers turbulent flow field, ab-
sorption boundary of mass, convective and radiative heat transfer,
particle motion, gas-phase, and particle-phase DEHP distribution.
The SVOC transport processes in a 15 m? room in Beijing, includ-
ing window gap, door gap, and floor heating, in 100 days when air
cleaner “on” and “off” are simulated by the developed model. The
predicted gas-phase and particle-phase DEHP distribution charac-
teristics are analyzed. The main contributions and conclusions of
this paper may be summarized in two aspects as follows:

1. From aspect of numerical prediction model, the major contri-
butions of the present indoor SVOC transport numerical simulation
are as follows:

1. Non-isothermal SVOC emission process prediction model is
developed, including heat conduction, convection (natural con-
vection and forced convection), and radiation heat transfer
modes.

2. Anirreversible first-order model is provided as absorption bound-
ary condition of particle and particle-phase SVOCs in a real room
and the necessity of this model is analyzed.

3. Aninertia slip velocity is introduced into the particle and particle-

phase SVOC motion governing equation.
2. From aspect of practical application:

1. Floor heating will promote the emission process at a wide range
while wind infiltration through the window gap will restrain
the overall emission process.

2. When air cleaner is always open, the final gas-phase DEHP
concentration in the room tends to be uniform while the

emission process is far from equilibrium even emission process
lasts 100 days when air cleaner is closed.

3. Increase of indoor particle concentration, enhancement of heat
transfer, weaken of mass transfer, and the air infiltration through win-

dow gap all contribute to decrease gas-phase DEHP concentration.
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