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Abstract—A numerical model was used to study the homogeneous nucleation process of dibutyl phthalate (DBP)
vapor in a laminar flow diffusion chamber (LFDC); the spatial and temporal evolution of DBP droplet size distribu-
tion was governed by the population balance equation (PBE). In the PBE, the nucleation rate was calculated by the self-
consistent correction nucleation theory (SCCNT), droplet coagulation, vapor and droplet deposition losses were con-
sidered. The simulation results showed that the nucleation rate predicted by the SCCNT improved the underestima-
tion of that predicted by the classical nucleation theory. Due to vapor deposition before nucleation and droplet
deposition after nucleation on the wall, the DBP mass loss was severe, accounting for about 86.3% of the total inlet
vapor mass, and the droplet size distribution shifted towards larger diameters. The simulation results agreed well with
the experimental data in terms of the droplet size distribution and average number concentration at the outlet of the
LFDC because of the detailed droplet dynamic, transport and deposition mechanisms treated in this model. Based on
this model, the number of molecules in the critical cluster was calculated using the first nucleation theorem and found
to be larger about 50% than that calculated using the Gibbs-Thompson equation.
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INTRODUCTION

Homogeneous nucleation is fundamental to forming liquid drop-
lets or solid particles from the pure vapor. It plays an important
role in atmospheric and industrial processes, such as the forma-
tion of clouds, droplets, rain and ice [1-3] and the synthesis of var-
ious nanomaterials [4,5]. To understand the nucleation process and
obtain accurate nucleation rate, ie., the number of nuclei formed
in a unit volume per unit time [6], a large number of theoretical and
experimental studies have been conducted for over a century [7].
The classical theoretical equation to calculate the nucleation rate is
the Becker and Déring equation, also known as classical nucle-
ation theory (CNT) [8]:
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where S is the saturation ratio which is defined as the ratio of the
vapor partial pressure (p,) to the saturation pressure (p,) correspond-
ing to the given vapor temperature, that is S=p,/p.. Eq. (1) is based
on thermodynamic equilibrium and the assumption that the micro-
nudleus have well-defined macroscopic measurable quantities (equi-
librium vapor pressure, surface tension and density) [9]. In addition,
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many experimental devices have been developed to study homo-
geneous nucleation, such as the expansion cloud chamber [10],
shock tube [11], thermal diffusion cloud chamber [12], turbulent
jet [13] and laminar flow diffusion chamber (LFDC) [14]. The lat-
ter is also called laminar flow aerosol generator, laminar flow reac-
tor tube or laminar flow nucleation chamber. They all have almost
the same operation principles. LFDC has been applied to measure
the homogeneous nucleation rate with variable success from the
1970s [8,15]. In the LFDC, a particle free carrier gas first flows
through a high temperature saturator and mixes with the saturated
condensable vapor. Then the mixture is heated further to ensure
no vapor condenses before it enters the wall-cooled tube. Once the
mixture gets into the tube, a supersaturated zone is created at the
center of the tube due to simultaneous heat and mass transfer; subse-
quently; a sharp nucleation peak is formed [14]. To avoid diffusion
losses of the vapor and clusters on the tube wall as much as possi-
ble, it is favorable to use materials with the mass diffusivity smaller
than the thermal diffusivity; or a large Lewis number (Le). There-
fore, DBP is often used as a standard substance to study the homoge-
neous nucleation rate [9,16], because Le of DBP is much larger
than unity for many kinds of carrier gases. For example, Le~5.35
and 104 in argon and helium, respectively, under standard atmo-
spheric conditions [17].

In some previous studies, the theoretical homogeneous nucle-
ation rates of DBP did not agree well with the experimental data
[18], due to not only the inherent flaws of theoretical equation stated
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above, but also the improper calculation method of the nucleation
rate. A conventional method to calculate the maximum experimen-
tal nucleation rate J;,;" is based on the measured particle number
concentration (N,) at the outlet of the chamber [19]:
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where f is the ratio of the maximum theoretical nucleation rate

Jiheo to the total theoretical droplet number per unit time, [J.,dV;
which is calculated as:
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It is obvious that J;,, calculated by Eq. (2) does not take into
account the decrease of N, due to droplet coagulation and deposi-
tion losses in the LFDC. This is speculated to be the reason why
the experimental nucleation rate in [20] calculated by Eq. (2) does
not agree well with the theoretical value calculated by Eq. (1). The
former was 3 to 5 orders of magnitude larger than the theoretical
value. To account for a more complete description of the nucleation
process, computational fluid dynamics has been used for numeri-
cal study of this process. For example, a public package AeroSolved
[21] was developed by Frederix et al. [22] based on the formation
and transport of a single species of aerosol in an LFDC and whose
study indicated the stability and accuracy of numerical solutions.
The simulation results showed agreement with the experimental
data in terms of the temperature profile at the centreline and aver-
age droplet number concentration at the outlet of the LFDC [22].
However, detailed droplet dynamic, transport mechanisms, such as
different nucleation rate, droplet coagulation, vapor and droplet
deposition losses were not included, these will be considered and
discussed in this study.

The nucleation rate using the CNT cannot predict correctly the
Gibbs free energy change associated with the formation of small
clusters from the monomer vapor; Girshick and Chiu [23] pro-
posed a self-consistent correction nucleation theory (SCCNT) to
calculate the nucleation rate. The theoretical nucleation rates pre-
dicted by the SCCNT are in good agreement with the experimen-
tal results in many previous experimental and numerical studies.
For example, the nucleation rates calculated using the SCCNT agrees
well with reported data on the onset of nucleation for the SiH,/H,
and SiH,CL,/H, systems [24]. Based on the nucleation rates calcu-
lated using the SCCNT, the simulated particle size distribution of
silicon nanoparticles formed from the pyrolysis of monosilane agreed
well with the experimental value [25]. Recently, an Eulerian large-
eddy simulation was used to solve the PBE for DBP nucleation in
turbulent flows using the SCCNT. The results showed reasonable
agreement of predicted droplet number density with experimen-
tal data along the centreline of the LEDC [26]. It can be seen that
the nucleation rate using the SCCNT was more suitable than that
using the CNT in many previous simulation studies, so it was
adopted and validated in this studies.

Coagulation plays an important role in the evolution of the drop-
let size distribution (DSD) during the transport process. However,
it was often neglected in many previous theoretical studies and
numerical simulations [22,25]. Recently, droplet coagulation was
considered in the simulation of the rapid cooling of alcohol vapor.
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Results showed that coagulation is one of the dominant mecha-
nisms in the DSD evolution after nucleation [27]. In addition, the
mass loss due to vapor and droplet deposition on the wall was
shown to be significant in Nguyen et al. [18], who pointed out the
total mass loss of DBP was so high as 79.3% during the homoge-
neous nucleation and transport process in the LEDC. Neglecting
these losses in the simulation led to the overestimation of the drop-
let number concentration [22]. Therefore, the mass loss of both
vapor and droplet deposition was considered in this simulation.

The aim of this paper is (1) to improve the existing numerical
model [22] for predicting the DSD of DBP in a LFDC. In the im-
proved model, the SCCNT nucleation model was adopted, and
droplet coagulation, vapor and droplet deposition losses were con-
sidered; (2) to validate the simulated DSD with the experimental
values [18] and average number concentration with previous sim-
ulation results [22], respectively; and (3) to predict the number of
molecules in the critical cluster calculated using the first nucleation
theorem and compare that with the theoretical values.

NUMERICAL MODEL

In this section, the governing equations are introduced for solv-
ing the velocity; temperature and concentration profiles in the LFDC.
These equations are discretized using proper discretization schemes.
1. Governing Equations

A one-way coupling Euler-Euler method is used to describe the
homogeneous nucleation process of DBP in the LFDC. In the
Euler-Euler framework, both the fluid and droplets are considered
as continuous phase. The droplets are so small that they are assumed
to follow the flow precisely with the same velocity. It is reasonable
that the current system is a dilute system since the volume fraction
of the droplets is only about 1.9x10™* of the total volume as given in
Section 3.2. In this study, the mixture temperature drops rapidly
near the hot-cold zone interface, so a compressible formulation is
required due to the strong dependence of the mixture properties on
temperature [22]. The governing equations of the mixture model for
the conservation of mass, momentum and energy are as follows:
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In these equations, the mixture properties are assumed mass
fraction-weighted: p=2Y,0, t1=2Y s, ¢,=XYc,; and k=XYk,, with
Ps 1> C,; and k. ; being the corresponding density, viscosity, spe-
cific heat and thermal conductivity, respectively, Y; is the mass frac-
tion of the ith phase; here the phases are carrier gas, vapor and
droplets, respectively. Y. is defined as the ratio of the mass concen-
tration of the vapor (m,) to the total mass concentration of the mix-
ture (m) in the tube [28,29]. The definitions of Y, and Y, are similar

m m m
to that of Y,, and they are given as: Y.=—, T,=— and Y,;= -
m m m
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The sum of the mass fractions is equal to unity; or Y+Y,+Y,=1. For
each phase, the mass conservation Equation (Eq. (4)) is as follows:
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where S, ,, is the mass source term from the vapor to the droplet
which is contributed by the nucleation (S,) and growth (S,) pro-
cesses, and can be calculated as [24,27]:

8,5a=S,+S, (8a)
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where Y, , is saturated vapor mass fraction and expressed by the
ideal gas law and Dalton's law [28]:
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where J, is the nucleation rate which can be calculated by the CNT
(Eq. (1)) and the SCCNT, Jsecnr is given as [20,30]:
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where 6 is the reduced macroscopic surface tension and calcu-
lated as 6= os,/(k;T), and s,=(36v;)'"” is the surface area of a
monomer. J, calculated by the SCCNT (Eq. (10)) differs from that
by the CNT (Eq. (1)) by a factor €’/S only, which the term e’ comes
from the change in the cluster free-energy expression and S appears
due to normalization in the kinetic theory [9,30]. d in Eq. (8b) is
the diameter of the critical cluster and calculated by the Kelvin
equation as [31]:

* ZO'VO
" kpTInS

(11)

Then the theoretical number of molecules in the critical cluster, n",

*

3
is calculated using d" as n"= % Combining Eq. (11), n* can be
0

calculated as
2 3
n'= %0 - (12)
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which is the so called Gibbs-Thomson equation.
In Eq. (8¢), d is diameter of average mass and expressed in terms

of droplet mass fraction Y, and number concentration [26]:

d= (6'0—Yd))1/3 (13)

mpn(v, t

where n(v; t) is the continuous size distribution as a function of
time t and droplet volume v, v=(d})/6. It is governed by the gen-

eral dynamics equation, or the so called population balance equa-
tion (PBE), which is expressed as:
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On the left hand side of Eq. (14), the first term describes the
change of the droplet number concentration with time, the second
term is the change due to advection by the carrier gas, and the third
term is the change due to droplet growth. On the right hand side, the
first term represents the number of droplet produced by homoge-
neous nucleation, while the second term describes the change due to
droplet coagulation, where the coagulation rate is calculated by [32,33]:

= lf: A, v=v)n(, n(v-v', t)dv’
o (15)
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where Av, V) is the collision kernel, which depends on the flow
regions determined by Kn. In the continuum regime (Kn<0.1),

B, v)=K(" +v'”3)(+,3 + Lm) (162)
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where K=2k;T/3. In the slip flow regime (0.1<Kn<1),

Bl v) =K eyt S, S0 (16b)
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where C is the slip correction factor, C=1+1.246Kn. In the free
molecular regime (Kn>10),

B, v)=I~<(V1/3+V71/3)(%+$)1/2 y

where K= [3(4%)”16}(% )1/2.

The PBE (Eq. (14)) is coupled to governing equations Egs. (4)-
(6) via the velocity and mass source terms. To solve the PBE, the
sectional method was employed [34]. In the sectional formulation
of droplet size distribution, a finite sized domain is discretized into
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Fig. 1. A discretized size domain of droplet size distribution.
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I arbitrarily sized adjacent intervals, as shown in Fig. 1. v; is the
representative size at the ith section (with 0<i<I-1) with z<v,<z,,,
in which z is the size at the sectional interface position between
the (i-1)th and the ith section. Each section contains a representa-
tive size v; allocated to all droplets. This enables the size distribu-
tion to be written as a finite sum of Dirac delta functions as:

n(v, t)=Z,N,;8(v-v,)dv 17)

where N; is the total number of droplets per unit of volume or the
zeroth moment of the size distribution in the ith section:

N=[""n(v, tydv (18)

Rather than solving the PBE (Eq. (14)) in terms of n(v; t), N; is
solved by taking the integral over the internal [z, z,] of the PBE
with respect to v over each section. Here V,; is introduced to replace
N; and defined as M;=N/ It will be much more convenient numeri-
cally. Then the PBE takes the following form:
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where In,,:.[z'ﬂlndv and L,,:_[ZM J.dv. Both represent the inte-

gral of nucleation and coagulation terms over the internal [z, z,,,].
2. Numerical Schemes

The open source CFD software package OpenFOAM" was
used in the present simulation [35]. OpenFOAM provides a cell-
centered collocated finite volume framework that can be used to
solve the system of equations. In the finite volume method, Eq. (19)
is integrated over a computational volume V with faces F as

opM;
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with the convective flux ¢ as
#=(pw)y Ay @21

where N, ; represents the interpolation to the face f. The D-function
denotes the discrete counterpart of the divergence term as a function

of the specified flux, and defined as D(4M, ;)= \—lefE PPM,
Using the implicit Euler scheme, Eq. (20) may be integrated from
time tm at time m to t"*'=t"+At at time m+1, as:
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This equation can be solved using a modified PISO algorithm
by means of an implicit predictor step and a number of corrector
steps [22], the flow chart is shown in Fig, 2.

To solve Egs. (4)-(6) and (20), the temporal, divergence, gradi-
ent and Laplacian terms were discretized separately in the Open-
FOAM using proper discretization schemes. The time derivative
term (ddtShemes) used an Euler transient scheme for discretiza-
tion for transient simulations, Euler denotes a first-order implicit,
bounded scheme. The gradient term (gradSchemes) used a Gauss-
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pressure fieldp .
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corrected velocity field « .
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I Obtain corrected solutions T", Yc", )’\-", Yd andN".

Update variables, including the mixture properties y, c,.
k., and D.

Continue

No

to =ty AL

Fig. 2. The modified PISO algorithm.

ian linear scheme; when the Gauss discretization is chosen, the
gradient of the cell is obtained by Gausss theorem which converts
the volume integral into surface integral. These face values are then
calculated using the cell center values with linear interpolation.
The convective term (divSchemes) used Gauss linearUpwind lin-
ear scheme for U and T discretization, Gauss upwind scheme for
V, Gauss linear scheme for Y and p. Though upwind scheme used
here was only the first-order accurate, it was considered to be more
appropriate due to its boundedness characteristics. The diffusive
term (laplacianSchemes) used Gauss linear corrected scheme. The
corrected expresses the surface normal gradient scheme and indi-
cates an unbounded and second-order numerical behavior. For gra-
dient term, convection term and diffusive term, in order to convert
the cell center to the face center, an interpolation scheme (interpo-
lationSchemes) was set to default linear. The surface normal gradi-
ent (snGradSchemes) used an uncorrected scheme for discretization
[36]. The used standard schemes from OpenFOAM in this study
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Table 1. The standard schemes used from OpenFOAM in this study

Modeling term Keywords for Scheme Description Scheme
Time derivative ddtShemes Discretization of the first time derivative Euler
Gradient term gradSchemes Discretization of the gradient terms with an operator V Gauss linear
Convection term divSchemes Discretization of the divergence terms with an operator V Upwind
Diftusive term laplacianSchemes Discretization of the terms with the laplacian operator V* Gauss linearcorrected
Others interpolationSchemes Cell to face interpolations of the values Linear
snGradSchemes Component of the gradient normal to a cell face Corrected
are summarized in Table 1. Table 2. The boundary conditions
The transient state _s:)lution was used in the numerical studies Inlet Outlet Wall
with a time step of 10™" second. The convergence criterion for the
residual correctors was set to 10™° for u, Y,, Y,, Y, T, and 10 for p. Velocity u=U, ou_ u=0
The mass imbalance value was assigned as 10~ to ensure conver- ox
gence. Pressure Z_E 0 P=po— %p|u|2 gg -0
PHYSICAL MODEL AND MATERIALS Temperature T=T,  aT_, T=T,u
ox
L. Geometry of the LFDC Vapor mass fraction Y,=Y,, oy, Y,=0
This numerical study was validated using the experimental data % 0
[18] in terms of the measured temperature profiles at the center- . .
line, DSD and average number coicentratitl))n at the outlet. The Carrier gas mass fraction  Y.=1-Y,, oY =0 oY =0
schematic diagram of the LFDC used in the experiment and the Ox o
droplet formation, evolution and transport processes in the LFDC Droplet mass fraction  Y,=0 0¥y _ 0 ¥,=0
is shown in Fig. 3. The LFDC consists of two temperature zones ox
separated by a hot-cold zone interface, which the hot zone is the Droplet concentration  n(0,)=0 on(v,)_,  n(vt)=0
preheater and the cold zone is the condenser. The radius of the ox

tube is R=0.005 m, the lengths of the preheater and condenser are
L,=0.1 m and L.=0.65 m, respectively. The temperatures at the inlet,
walls of preheater and condenser are T, =375.15K, T,=375.15K
and T,=294.55 K, respectively. The flow rate is Q,=1.0 L/min. Before
the preheater, there is an additional tube long enough for the flow
to become fully developed.
2. Boundary Conditions

The inlet velocity distribution (U,,) in the x-direction is para-
bolic as follows:

U,,= 2U[1— Gj} (23)

The calculated Reynolds number is 46, which indicates that the

flow is laminar. To calculate the vapor and droplet deposition losses,
the trapped-type wall boundary condition was set. So the wall
boundary condition is assumed as Dirichlet-type, i.e., a prefect sink
for vapor and droplets, or Y,=0 and Y,=0 at the wall. This is dif-
ferent from that in Frederix et al. [22], which is Neumann-type or
0Y,/0y=0 and 0Y,/0y=0. Based on this assumption, the possibility
of heterogeneous nucleation on the wall is neglected. All the bound-
ary conditions including the velocity, pressure, temperature, mass
fraction of carrier gas, vapor and droplet, and droplet concentra-
tion are listed in Table 2, where p, is the atmospheric pressure and
set as py=101.325 pa, the inlet vapor is considered as a perfectly

e Lp, Tp >l Le, Tc -l
! Preheater ! Condenser !
]Hol cold zone \udeus )
I
y |interface Q R
Ly W _ooeo ‘Zﬁ_._._o‘ IR
' o o v «0
IQ]v : o© o
n
o ! @
i
Laminar, parabolic v v W v v
velocity profile Vapor Homogeneous Droplet Droplet Droplet
Deposition Nucleation Growth Coagulation  Deposition

Fig. 3. The schematic diagram of the LFDC used in the experiment and the droplet formation, evolution and transport processes in the

LFDC.
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Table 3. The physiochemical properties of DBP

Quantity Formula References
Yo 1047.0—0.81758(T—293.15) [26]
o 36.399—-0.08713(T—-273) [26]
Ps ( 5099 ) [18]
133. 16.27 -
33.3exp| 16.27 T-1093
D 0.03442(T"%/273.17) [41]

saturated flow at the inlet temperature (T;,), then the initial condi-
tion for Y, is set as Y, =r(t)Y, (T;,), where r(t) is a ramping func-
tion [22], Y, (T;,) is calculated by Eq. (9) at temperature T;, so the
initial condition Y,~1.8x10™* and the maximum mass fraction of
droplets is also 1.8x10™ according to mass conservation in the
phase transformation process; the corresponding maximum vol-
ume fraction of droplets is about 1.9x10™*,
3. Physiochemical Properties of DBP

The nudleation rate is affected by the physiochemical proper-
ties of DBP [9], such as the saturation pressure and the diffusion
coefficient of the vapor phase, the density and the surface tension
of the liquid phase, which are influenced by temperature. The equa-
tions used to calculate the physiochemical properties were selected
from the literature and listed in Table 3 with the reasons stated in
the Supplementary Materials.

RESULTS AND DISCUSSION

1. Model Validation

The mesh density is one of the key factors that determines the
accuracy of the numerical simulation. A two-dimensional wedge-
shaped geometry and structural meshes were used in this study.
Four different mesh densities with different numbers of cells N,
and N,, and the corresponding cell sizes of Ax and Ay in x and y
directions were tested, namely, coarse, medium, fine and very fine,
respectively; and the values are listed in Table 4.

The DSD was selected to evaluate the effect of the mesh den-
sity on the simulated results, which was assumed to follow the log-
normal size distribution as [33]:

NG [_ lnz(vlvg(t))) 1

i, t):3J2_7rlnag(t) 18In*(o(1)))V

24

where N(t) is the total number concentration of droplets, v,(t) is
the geometric mean volume and v,=(7)/6, d, is the geometric
mean diameter which equals to the count median diameter (CMD)
for the lognormal number distribution. The CMD is converted
from the diameter of the average droplet mass d in Eq. (13), using

Table 4. The values of N,, N,, Ax and Ay

N, N, Ax Ay
Coarse (480 cells) 60 8 0.0I25m  0.000625 m
Medium (1,536 cells) 9%6 16 0.0078m  0.000313 m
Fine (3,072 cells) 192 16 0.0039m 0.000313m
Very fine (16,384 cells) 512 32 0.0015m  0.000156 m
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Fig. 4. The effect of the mesh density on the DSD at the outlet of
the LFDC.

the Hatch - Choate equation as follows [31]:
CMD=d/ exp(l.Sln2 G (25)

Fig. 4 shows the effect of the mesh density on the DSDs at the
outlet of the LFDC. The results indicated that the DSDs calcu-
lated from the coarse and medium meshes deviated from the fine
and very fine meshes significantly, while the latter two generated
similar results. Therefore, 3,072 cells were used in the subsequent
simulations with considering the computational cost.

In the simulation, a correct temperature profile is the prerequi-
site to obtain a correct nucleation rate. The numerical temperature
profiles versus the experimental values at the wall and axis posi-
tions, respectively, are shown in Fig. 5(a). Wall temperature stays
uniform within the first 0.05m after the inlet and starts to drop
rapidly from 375.15K to 294.55K near the hot-cold zone inter-
face. The maximum difference between the present simulation and
experiment results [18] is 2%. For the axial temperature, the numeri-
cal results are slightly higher than the experimental values in the
preheater due to experimental uncertainties. In general, the simu-
lated temperature profiles can be regarded as reasonable. The vapor
partial pressure, saturation pressure and saturation ratio at the axis
of the LFDC are shown in Fig. 5(b). It shows that the partial pres-
sure decreases rapidly with decreasing temperature near the hot-
cold zone interface, which results in the saturation ratio rises steeply
and droplet nucleation will ensue.

2. Nucleation Rate

The numerical nucleation rates along the axial position without
considering droplet coagulation and deposition loss are shown in
Fig. 6. At the beginning, no clusters of liquid phase are formed
since the nucleation rate calculated by Eq. (10) is only valid for
$>1, meaning supersaturation. After S>1, clusters are formed in
the supersaturated vapor due to fluctuations; however, the clusters
are subcritical sizes at first, they are unstable and trend to get reduced.
When the clusters are supercritical, they are stable and grow to
macroscopic sizes. So there is a certain critical value S, for stable
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Fig. 6. The numerical nucleation rates along the axial position with-
out considering droplet coagulation and deposition loss.

formation, S,=7.11 at L,=0.14 m for SCCNT and S,=11.44 at L=
0.15m for CNT, respectively, in this study. That is the nucleation
predicted by the SCCNT occurs earlier than by the CNT. The rea-
son is that Jyooyr is larger than Joyr at a lower S by the factor e”/S.
With the nucleation rate increasing steeply, the nucleation peaks at
L,=0.21 m predicted by the SCCNT appear also earlier than that
at L,=0.25m predicted by the CNT, and the value of the nucle-
ation peak is 9.6x10” #/cm’s calculated by the SCCNT which is
higher than 4.6x10° #/ cm’s calculated by the CNT. Similar results
for the magnitude of nucleation peaks have been observed by Hameri
and Kulmala [15]. After cluster formation, consequent condensa-
tion growth will continue on the formed clusters. When (InS) goes
to infinitesimal for S—1, the exponent term in Eq. (10) becomes

35 va
30 - -/ —
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Fig. 7. The comparison of theoretical and simulated nucleation rates
with experimental results [18] at different temperatures (T,).

zero once the saturation drops below unity, so the nucleation stops
effectively.

Fig. 7 shows the comparison of the theoretical and simulated
homogeneous nucleation rates with the experimental results at dif-
ferent preheater temperatures (T,) of 363.0 K, 355.5 K and 350.5K
which were calculated by Eq. (2) using the measured droplet num-
ber concentration at the LFDC outlet [18].

Compared with the experimental values, the CNT underesti-
mates the nucleation rate up to six orders of magnitude. In com-
parison, the SCCNT overestimates the nucleation rate by only up
to two orders of magnitude, which is a significant improvement.
That is, the SSCNT is more suitable to calculate the nucleation rate
than the CNT. It can also be seen that the slopes of InJ versus InS
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Fig. 8. The comparison of DSDs at the outlet of the LFDC with and
without considering droplet coagulation with experimental
results [18].

calculated by both CNT and SCCNT are near constant, which con-
tain the information of the critical cluster size and will be discussed
in the last section.

3. Droplet Size Distribution

The droplet size distribution and average number concentra-
tion at the outlet of the LFDC were measured in the experimental
study [18] and used to validate the simulation results. The DSD is
affected by both droplet coagulation and vapor and droplet depo-
sition losses. First, only the role of droplet coagulation was consid-
ered, the simulated DSDs with and without considering droplet
coagulation are shown in Fig. 8. With coagulation, d, is 0.61 um
(dg o), which is a littler larger than 0.60 um (d, ,..) without coagula-
tion. However, o, predicted with coagulation is 1.18 (g ), which
is smaller than 1.34 (o ) without coagulation. N, is decreased sig-
nificantly from 2.7x10° #/cm’ (N, ) to 5.0x10” #/cm’ (N,.) when
droplet coagulation is considered. It can be seen that droplet coag-
ulation affects both the geometric standard deviation (o) and the
total number concentration (N;) significantly.

Secondly, the effect of vapor and droplet deposition losses on
the DSD was studied based on using the SCCNT and considering
of droplet coagulation. The wall boundary condition was set as
trapped-type. The numerical results of the mass fraction of the
remaining vapor and droplets, Y, and Y,, respectively, along the
axis are shown in Fig. 9.

Y, stays at the level of 1.8x10™* until L,=0.25 m, then it starts to
decrease slowly to 49x10™® at 1,=0.65 m. Due to droplet nucleation
peak at L,=0.21 m as shown in Fig. 6, Y, increases rapidly to 1.32x
10~ at 1,=033m and thereafter becomes stable. The vapor is
converted to droplets when § is larger than unity within the range
of 0.15 to 0.33m as shown in Fig. 5(b). It can be seen that Y, at
the inlet is 1.8x10™, which is much larger than the sum of Y, and
Y, at the outlet, 1.32x10™". That is, the vapor and droplet losses are
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Fig. 9. The vapor and droplet mass fractions along the axis.

severe in the LFDC.

To calculate both vapor deposited on the wall from the inlet of
the LFDC and droplets deposited after nucleation, the cumulative
fractional deposition loss is used and expressed as:

_1 L®
f=1- 70) (26)

where Y,(x), Y,(0) are the total mass fractions of vapor and droplets at

[ [Y,(x)+Y4(x)JudA
position x and inlet (x=0), respectively. Y,(x)= 4 ,
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Fig. 10. The cumulative total fractional deposition loss in x-direction.
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Fig. 10 displays the cumulative total fractional deposition loss in
x-direction. The total fractional loss at the outlet is 86.3%, which is
close to the experimental value of 79.3% [18]. To the best of our
knowledge, this is the first time to consider the vapor and the droplet
losses in the simulation, which helps to reduce the error between the
simulated and experimental results. Actually, the deposition mech-
anism is complex, such as thermophoresis deposition may be exist-
ing in the tube flow due to the temperature difference between the
centerline and wall as shown in Fig. 5(a) [37]. The deposition veloc-
ity increases with the increasing surface roughness, particularly for
small sized materials [38]. These are not considered in this model.

Fig. 11 shows the comparison of the simulated DSDs with and
without the consideration of vapor and droplet losses with experi-
mental results [18]. Without loss, d, is 0.61 um (d, ;) which is much
smaller than that with loss (d, ), 0.91 pm. The latter is closer to the
experimental result of 0.99 pm (d,,,). The difference between the
simulated diameter and experimental data is 8.08%. N, is 5.0x10’
#/cm® (N, ;) without considering loss, which is much higher than
that with loss (N;), 7.8x10° #/cm’. The latter is closer to the experi-
mental result of 4.8x10° #/cm’ (Ney)- N; of both simulation and
experiment is within the same order of magnitude. It is obvious that
DSDs are shifted towards larger diameters due to the vapor and drop-
let losses. That is, vapor and droplet losses affect the simulated
DSDs significantly and need to be considered in the simulation.

Fig. 12 shows the comparison of the average droplet number
concentration (N) at the outlet of LFDC for this study, previous
simulated results and experimental data. The simulations are per-
formed on a flow rate of 1.0 L/min, T,=282.1K and T,=368.0K,
363.1K, 358.1 K, 355.5K, 350.5 K, respectively. N is calculated by
the equation as follows:

108 1 | 1 | 1 | 1 | 1 | 1
Average droplet number concentration
, 1® ® @Exp.(Nguyen et al., 1987)
10 B4 o oSim. (Frederix et al., 2015)
* % % Sim. (This case)
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|0| l ] l L I L] I L] I L I L I L] l
340 345 350 355 360 365 370 375
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Fig. 12. The comparison of the simulated droplet number concen-
tration at the outlet of LFDC with previous data [18] at a
flow rate of 1.0 L/min, T,=282.1K and different preheater
temperatures.

1

N=
Aout

[, mou(v, DA @7)

where A, is the surface area and n,,(v, t) is the number concen-
tration at the outlet. The results show that N of both experiment
and simulation increase with the increasing preheater tempera-
ture. The prediction of N by both this model and previous model
is in reasonable agreement with the experimental data. But N pre-
dicted by this model is closer to the experimental data than that
by previous model [18,22]. For the low T, here T,<355K, this
model can reduce the overestimation by the previous model with
a consideration of vapor and droplet deposition losses as shown in
Fig. 11. For the high T;, here T;>355 K, this model can also improve
the accuracy for predicting the number concentration compared
to the previous model [22]. The reason may be that the large tem-
perature difference at high T, results in high saturation, and subse-
quent larger nucleation rate and formed droplets by the SCCNT
using this model than that by the CNT using previous model.

From the comparison of the DSDs in Fig. 8 and Fig. 11, and
average number concentration in Fig. 12 for without and with co-
agulation and deposition, it is clear that the droplet size and num-
ber concentration was not only affected by nucleation process, but
also by coagulation and deposition.
4. Critical Cluster Size

Using the slopes of the isothermal curves of InJ and InS as shown
in Fig. 7, the number of molecules in the critical cluster n, can be
calculated by the first nucleation theorem, the equation is as fol-
lows [39,40]:

_(2n]
n=(50) . @8)
The comparison of the predicted n, was calculated by Eq. (28) at
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Fig. 13. The simulated number of molecules in the critical cluster,
n,, plotted against that predicted of the Gibbs-Thompson
equation, n".

two different temperatures, T,=363 K (n,)) and 355K (n,,), respec-
tively, with the theoretical n* calculated by Eq. (12) shown in Fig.
13. Tt is seen that n, is about 50% more than n" in general, or the
Gibbs-Thompson equation under-predicts the critical cluster size.
However, when n, is near 40, the n, fluctuates around 1: 1 line. The
critical cluster size will be measured in future studies and used to
validate the simulated results. This can be used to make a better
understanding of the process of the droplet nucleation and formation.

CONCLUSION

Euler-Euler method was used in the OpenFOAM to study the
homogeneous nucleation process of DBP in the LFDC. Suitable
DBP physiochemical properties were selected and the effects of dif-
ferent nucleation models, droplet coagulation and deposition loss
were considered. The numerical results indicated that the nucle-
ation rate using the SCCNT explained the underestimation of that
using the CNT when compared with the experimental values. The
droplet coagulation process decreased the geometric standard devi-
ation and the total number of generated droplets. The vapor and
droplet deposition losses on the wall caused 86.3% mass loss and
resulted in a shift of DSDs towards larger diameters. Based on these
considerations the agreement between the simulated and experi-
mental DSDs improved. The predicted number of molecules in
the critical cluster calculated using the simulated nucleation rate
and saturation ratio is about 50% more than that calculated by the
Gibbs-Thompson equation. In the future, the droplet coagulation,
vapor and droplet deposition losses should be considered in the
simulation of the process of droplet formation, evolution and trans-
port. To further reduce the discrepancy between simulation pre-
diction and experimental data, a more detailed mechanism of droplet
formation and transport should be considered, such as heteroge-
neous nucleation on the wall and thermophoresis deposition to
the wall.
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NOMENCLATURE
A :cross section area of the tube [m’]
¢,  :specific heat [J/K]

: diffusion coefficient [cm?/s]

: Boltzmann constant [J/K]

: thermal conductivity [W/(m-K)]

: Knudsen number, Kn=24/d,

: molecular mass [kg]

: measured particle number concentration at the outlet [#/m’]
: pressure [pa]

: saturation pressure [pa]

: flow rate [L/min]

: production of enthalpy [J]

: vapor temperature [K]

: average velocity in the tube [m/s]

: molecular volume [m”]

: Kronecker delta

: mean free path of the gas [m]

:viscosity [m’/s]

: mixture density [kg/m’]

: droplet density [kg/m’]

: surface tension of the bulk vapor-liquid interface [mN/m]
: geometric standard deviation of the DSD
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SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Different equations in the literatures to predict the physicochem-
ical properties of DBP were examined for the accuracy in this
Supporting Materials. The equations of Hameri et al. [2], AIChE
[2], Frederix et al. [3] and Neuber et al. [4] were used to calculate
the saturation pressure of DBPB and the equations of Fuller et al.
[5], Bedanov et al. [6], Wilck et al. [7] and Frederix et al. [3] were

used to predict the diffusion coefficient of DBP in air. All of these
equations are summarized in Table S1. Calculated values using these
equations were compared with the experimental data in the tem-
perature range of 280 to 420K for the saturation pressure of Neu-
ber et al. [4] and the diffusion coefficient data of Lugg [8] and Davis
and Chorbajian [9]. As can be seen from Fig. S1, the equations

Table S1. The saturation pressure and diffusion coefficient of DBP in open literatures

Quantity Formula References
Saturation pressure p; (Pa) 1333 exp( 16.27— 5099 ) 1]
T-109.5
exp(160.25——16941 ~19.254InT+$83X10_ 6) 2]
T T
2.1965x10" exp(—1.1497x10*T") 3]
10—27.567+0.1IST—O.OOOIIZTZ [4]
Diffusion coefficient D (cm?/s) 0.25T"”/p (5]
0.0005T—-0.1088 (6]
0.03442(T"*7/273.17) (7]
0.0398(T/273.16)"* (3]

1X102 y PO [T TR NN W Y T (Y TN A S N L PR NN WO NN N T TR [T TN A S N
3 (a) saturation pressure E 0.10 - (b) Diffusion coefficient I
1x10' = = ] C
1x10° 3 =
= 3 E 2 § r
g ] ot
~ b = i L
1x10" 3 3
] E Fuller et al. (1969)
b ® ® ONeuberetal (2017) Bedanov et al. (1990)
1x10* 2 Mameri et al. (1996) - 0.01 - Wilck et al. (1998) —
E AIChE (1997) § g Frederix et al. (2015) -
E Frederix et al. (2015) 1 @ Lugg (1968); B
4] Neuber etal. (2017) | . ® O O, vis & Chorbajian (1974) [
leo- T I T I T l T l T I T I T T I T ] T I T I T l T l T
280 300 320 340 360 380 400 420 280 300 320 340 360 380 400 420
T (K) T(K)

Fig. S1. Effect of temperature on (a) saturation pressure, (b) diffusion coefficient in the temperature range of 280 to 420 K.



given by Hameri et al. [1] and Wilck et al. [7] agree well with the
previous experimental data and therefore are used in the present
simulation model.
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