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An advanced pod E-cigarette, launched by Shenzhen Woody Vapes Technology Co., Ltd., 
was researched and analysed in this paper with the help of computational fluid dynamics 
(CFD) simulation. The standard k-ε turbulent model was introduced to simulate the flow 
of air, the Broadband Noise Source model adapted to measure the noise and the Discrete 
Phase Model (DPM) used to calculate the trajectories of the aerosols. The pressure, 
velocity and noise fields, the trajectories of the aerosols, obtained by Reynolds-Averaged 
Navier-Stokes (RANS) simulation, were analysed to optimize the structure design of this 
pod system. Several related experiments were performed and significant improvement 
was also confirmed. 
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1. Introduction 
 

The use and awareness of electronic cigarette (e-cigarette), which is known as representing an 
alternative nicotine delivery system to conventional combustible cigarettes, has increased rapidly in 
the past years [1-3]. The working principle of e-cigarette is to vaporize a solution containing nicotine 
to produce aerosol as a result of the mixture of cold air and hot vapor. As reported by Williams and 
Talbot [4], to increase the release of nicotine, these nicotine delivery systems usually improved 
significantly stronger airflow and higher pressure drop to produce aerosol. However, enhanced 
airflow will bring noise problems. Thus, an urgent problem confronting us is how to minimize noise 
under the premise of stronger airflow. And beyond that the emission of e-cigarettes is aerosol 
containing nicotine, water and glycerol, propylene glycol and flavors, etc. [5]. Due to the 
miniaturization of e-cigarette and the short residence time of aerosol in the airway, it is difficult to 
study the movement of aerosols by experimental methods. In recent years, with the rapid 
development of simulation technology, CFD has been applied to the study on the aerosol deposition 
in respiratory tract [6-15]. However, there are few related studies on aerosol motion and flow noise 
in electronic cigarette airway by CFD. 

In order to study the characteristics of aerosol motion in the e-cigarette, it is necessary to 
establish a suitable mathematical model. Firstly, the aerosol produced by e-cigarette is a mixture of 
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air and small droplets actually [5]. A number of studies have shown that the total particulate matter 
(TPM) of pod E-cigarette per puff is between 5mg and 15mg (about 0.004ml to 0.02ml) under 
pumping capacity at 55ml [16-18]. In other words, the volume concentration of the droplet is less 
than 0.1%. Thus, the flow of aerosol can be approximated as the flow of air in the e-cigarette without 
considering the motion of droplets [4]. In fact, the flow rate of pod E-cigarette was less than 30 mL/s 
according to vapers’ mean puff duration and 17.5ml/s or 18.3ml/s is often used in actual 
experimental tests [4,17,20]. At the flow rate of 18.3ml/s, the flow velocity of aerosol in the E-
cigarette airway is less than 30m/s, due to minimum hole size shall not be less than 0.5mm. Thus, the 
flow Mach number in the airway will not exceed 0.1, the aerosol flow in the e-cigarette can be 
regarded as incompressible air flow without considering the motion of droplets. In this article, the 
incompressible NS equations and the Broadband Noise model was adapted to describe the airflow 
and noise assessment inside the e-cigarette, which can be solved by the finite volume method 
[7,9,22,23]. In addition, when the aerosols contact the wall of the airway, some droplets will be 
captured by the wall, which will cause the formation of condensate liquid. To reduce the generation 
of condensate liquid, the droplets motion should be researched. The spherical droplets move with 
the air in the airway and its particle size satisfies the normal distribution. To obtain the droplets 
motion information, a discrete phase model was introduced to simulate the motion of droplets by 
getting these trajectories. 

In this paper, we report an optimization method to research the aerosol motion inside the e-
cigarette. The method, based on the CFD simulation, contained the model to calculate the suction 
resistance and airflow noise and the model to simulate the trajectories of the droplets. The accuracy 
of the method was also verified by the related experimental method. Then this method was applied 
to optimize the structure design of our ZOOVOO products. 
 
2. Methodology 
 

Firstly, as mentioned, the flow characteristics in the airway can be obtained by approximately 
continuous air flow. Secondly, as known, noise have no obvious frequency domain, and the sound 
energy is continuously distributed in a wide frequency range, which involves the problem of 
broadband noise. To model acoustic field in the e-cigarette, the broadband noise model is used, the 
turbulence parameters are obtained by the Reynolds time average equation, and then the acoustic 
power of the surface element or volume element is calculated by the semi empirical correction model 
[13,14,22-24]. In addition, to model the movement of aerosols in the e-cigarette, the Eulerian-
Lagrangian approach is applied, known as the Discrete Phase Model (DPM) [15-17]. In CFD-DPM 
simulations, the fluid phase is modeled as a continuum while droplets are treated as a discrete phase 
[11,12,15]. In the DPM, the interaction between droplets and continuous phase can be unidirectional, 
which means that the fluid can affect the momentum and energy of droplets, but the movement of 
droplets will not affect the flow field of the continuous phase [26,27]. To account for particle-particle 
collisions, the DPM approach can be extended using the Discrete Element Method (DEM). To take 
the ZOOVOO product of Shenzhen Woody Technology Co., Ltd as an example, we apply these 
methods to help optimize the design of e-cigarettes. 
 
2.1 Continuous Phase Modelling 
 

A large number of test results show that the airflow in the e-cigarette can be treated as in-
compressible flow [4,17,18,20,25]. Thus, the governing equations of airway fluid flow in the e-
cigarette are given as [28] 
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Where ρrepresents the fluid density and ϑ its kinematic viscosity, 𝑢𝑖  stands for the ith time-averaged 
component of the fluid velocity, 𝑝 the static pressure, t the time, xi the ith coordinate, δij is the 

Kronecker delta, gi the gravity term and 𝑢𝑖
’𝑢𝑗

’ , known as Reynolds-stress tensor, can be determined 

by the turbulence model. The general transport equations for the turbulence kinetic energy k and 
the turbulence dissipation rate 𝜀 of the standard 𝑘 − 𝜀 turbulent model, can be described as 
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where 𝜇 is the dynamic viscosity 𝐶1𝜀=1.44 and𝐶2𝜀=1.92 are model constants, 𝜎𝑘=1.0 and𝜎𝜀=1.3 are 
the turbulent Prandtl numbers for k and 𝜀, respectively. 
 
2.2 Acoustic Field Modelling 
 

Far-field sound, generated by turbulent boundary layer flow can be solved by the 
Broadband Noise Source Model. The acoustic pressure 𝑝′ can be written as [29] 
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where 𝑎0  is the far-field sound speed, 𝑡 −
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 the emission time, 𝑛𝑖  the wall-normal direction and 

𝑆  represents the integration surface. Thus, the sound intensity in the far field can then be 
approximated by 
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where 𝐴𝑐 is the correlation area and 𝜃is the angle between (𝑥𝑖 − 𝑦𝑖) and the wall-normal direction 
𝑛𝑖 . The measure of the local contribution to acoustic power per unit surface, known as Surface 
Acoustic Power (SAP), can be computed from 
 

𝑆𝐴𝑃 =
1

𝜌𝑎0
[∫ ∫ 𝑝′2̅̅ ̅̅𝜋

0

2𝜋

0
𝑟2𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝛾] = ∫ 𝐼(𝑦⃗)𝑑𝑆(𝑦⃗) = ∫

𝐴𝑐(𝑦⃗⃗)

12𝜋𝜌𝑎0
3 (

𝜕𝑝

𝜕𝑡
)
2̅̅ ̅̅ ̅̅ ̅
𝑑𝑆(𝑦⃗)     (7) 

 
where 𝐼(𝑦⃗) is the directional acoustic intensity per unit surface. The SAP can be also reported in 
dimensional units(W/m2) and in dB 
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2.3 Discrete Phase Modelling 
 

The droplets can be solved as a discrete phase, and the trajectories of the droplets can be 
computed by the Second Newtonian Law. Through integrating the force balance written in a 
Lagrangian reference frame, the governing equations of the droplets can be shown as [30] 
 
𝑑𝑢𝑑⃗⃗ ⃗⃗ ⃗⃗

𝑑𝑡
= 𝐹𝐷 + 𝑔⃗
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where 𝑢⃗⃗ is the fluid velocity, 𝑢𝑑⃗⃗ ⃗⃗⃗ the droplet velocity, 𝜌𝑑 the droplet density, 𝐹⃗ denotes an additional 
acceleration term and 𝐹𝐷(𝑢⃗⃗ − 𝑢𝑑⃗⃗ ⃗⃗⃗) is the drag force per unit mass, given by 
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where 𝑑𝑝 is the droplets diameter and the drag coefficient 𝐶𝐷 for spherical droplets can be defined 

as 
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where 𝑎1, 𝑎2, and 𝑎3are coefficients determined by the relative Reynolds number 𝑅𝑒𝑑, which can be 
calculated as 
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2.4 Boundary Conditions and Numerical Schemes 
 

In order to match the actual situation, pressure-inlet and mass-flow-outlet boundary condition 
were used for the simulations. The no-slip boundary condition was adapted in the walls. The droplet 
size distribution was positive and the injection mass flow of droplets was fixed. For the pressure-inlet 
inlet and mass-flow-outlet an “escape” condition is prescribed and near the solid boundaries a “trap” 
condition is prescribed. 

In this paper, the CFD software Fluent 19.2 is used for modelling the fluid flow, the acoustic field 
analysis and the movement of droplets. The transport equations for the fluid flow were solved using 
the segregated Coupled algorithm. The gradients were discretized using the Least Square Cell Based, 
Pressure and Momentum using a second order upwind scheme and turbulent energy and turbulent 
dissipation using a first order upwind scheme, respectively. Particle tracking was carried out by an 
implicit trapezoidal rule and a particle time step was set of 5E10−5s. A convergence tolerance of 10−5s 
was used in all simulations. 

The strategy during the solution procedure can be summarized in the following steps 
i. The flow field without droplets is first calculated with steady state to convergence. 

ii. The Broadband Noise Source Model is introduced to simulate the acoustic field. 
iii. Close the Broadband Noise Source Model and the DPM is introduced to calculate the 

droplets trajectories. 
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3. Results 
3.1 Main Characteristics of the Flow Field 
 

The simulation is carried out in an e-cigarette as shown in Figure 1. The flow field without droplets 
is first calculated with steady state to convergence with the following conditions as shown in Table 
1. To check of grid independence, a preliminary test about grid independence of the computational 
domain showed that it is unnecessary to increase the number of the cells beyond that it is 
unnecessary to increase the number of the cells beyond 1188690 as shown in Figure 2. Similar to the 
method in a study by Liu et al., [21], Table 2 presents the comparison between the numerical results 
and the experimental data. According to comparison, one can see that all the four turbulence models 
may produce the acceptable prediction. 

Figure 3 shows the air velocity profiles in vertical middle plane and Figure 4 shows the streamlines 
in the airway of the E-cigarette. From Figure 3 and Figure 4, the cross-sectional area of the flow 
passage changes suddenly, a larger velocity field will be generated, in which the maximum velocity 
occurs in the narrow inlet passage at the entrance. The air velocity profile has a great influence on 
the pressure drop and the pressure profiles are present in the Figure 5. The pressure drop at the inlet 
and outlet of the airway was 505Pa. To verify the accuracy of the results from the study by Williams 
and Talbot [4], the pressure drops under different test conditions were simulated and the 
experimental results were displayed in Figure 6. The errors between the present and average 
experimental results were shown in Table 3. As shown, the simulation results were in good 
agreement with the experimental results. 
 

  

(a) (b) 

Fig. 1. Schematic drawing of an e-cigarette 
(a) Structure diagram of atomization 
chamber and (b) the airway in the e-
cigarette 

 
Table 1 
The physical parameters and simulation conditions 
Parameter Value 

Inlet pressure (Pa) 101325 
Outlet volume flow rate (ml/s) 18.3 
Density of air (kg/m3) 1.225 
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Fig. 2. The results of grid independence verification 

 
Table 2 
Performance of turbulence models in predicting experimental results 
Turbulence models Predicting results (Pa) Experiment results (Pa) Error (%) 

Standard 𝑘 − 𝜀 505 521 3.1 
Realizable 𝑘 − 𝜀 511 521 1.9 
Standard 𝑘 − 𝜔 496 521 4.8 
SST 𝑘 − 𝜔 501 521 3.8 

 

 

 

 

 

 
Fig. 3. Air velocity profiles in 
vertical middle plane 

 Fig. 4. Streamlines in the 
airway of the E-cigarette 

 Fig. 5. Pressure 
profiles in the airway 
of the E-cigarette 
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Fig. 6. The pressure drops under different test conditions 

 
Table 3 
The physical parameters and simulation conditions 
Volume flow rate (ml/s) Present results (Pa) Experiment results (Pa) Error (%) 

11.6 204 194 4.7 
18.3 505 521 3.1 
24 786 820 4.1 

 
In fact, the product's resistance requirement is 700Pa. To match this resistance, the inlet diameter 

is adjusted from 1mm to 0.6mm and the pressure drops are shown in Table 4. The pressure drop will 
increase to 694Pa, when the inlet diameter is designed to be 0.8mm. 
 

Table 4 
Pressure drops in the airway with different inlet 
diameters 
Inlet diameter (mm) Pressure drops (Pa) 

1 505 
0.8 694 
0.6 1399 

 
3.2 Acoustic Fields of the E-cigarette 
 

Open the Broadband Noise Source Model, the acoustic fields can be simulated present as Figure 
7. The maximum speed occurs where the section area is smallest. Through the distribution cloud of 
sound field intensity, it can be seen that there will be a larger sound field intensity at the abrupt 
change of the passage, especially near the bend of the entrance. Therefore, it is necessary to smooth 
the bend to avoid the sudden change of physical field and reduce the intensity of turbulent flow field, 
so as to reduce the airway noise. As shown in Figure 8, after optimization, the sound field intensity 
and the noise of the airway are reduced and the maximum acoustic power is reduced to 100.6dB. 
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Fig. 7. Acoustic fields in 
the airway 

 Fig. 8. Optimized acoustic 
fields in the airway 

 
3.3 The Droplets Trajectories in the Airway 
 

CFD results obtained with the droplet transport model applied to airway are presented. The 
additional physical parameters are displayed in Table 5. As shown in Figure 9 and Figure 10, trajectory 
of the discrete phase movement and cloud diagram of droplet attachment are presented. It can be 
seen that air velocity has great influence on droplets velocity and size distribution. The movement of 
the droplets is consistent with the flow of air and as the flow develops, larger droplets gradually move 
closer to the wall. As presented in Figure 9, there are fewer particles in the middle area of the pipe. 
The reason is that the large air flow rate of the injecting surface and the offset of the air flow velocity 
on the cross-section as displayed in Figure 11 result in the separation of particle flow. 
In order to verify the accuracy of the results, The adhesion rate of the wall is calculated by simulation 
and experiment results, respectively. The adhesion rate of experimental test 𝜑𝑒 and the adhesion 
rate of simulation 𝜑𝑐 can be calculated as: 
 

Table 5 
The physical parameters of droplets 
Parameter Value 

Density of droplet(kg/m3) 1130 
Injecting flow rate(mg/s) 3.3 
Density of vapor (kg/m3) 3.1 
Mean particle size(μm) 0.745 
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Fig. 9. The trajectories of the discrete 
droplets in the airway 

 

 
Fig. 10. The cloud diagram of droplet 
attachment in the airway 

 

 

Fig. 11. Air velocity profiles at 
cross-section of Z=20mm 

 

𝜑𝑒 = 1 −
𝑚1−𝑚2

𝑚𝑜𝑖𝑙
                       (13) 

 

𝜑𝑐 = 1 −
𝑄𝑖𝑛−𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
                       (14) 
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where 𝑚1  represents the initial mass of atomizing bomb, 𝑚2  the mass of atomizing bomb after 
suction, 𝑚𝑜𝑖𝑙 the mass of oil, 𝑄𝑖𝑛 the injection particle flow, and 𝑄𝑜𝑢𝑡 the particle flow of the outlet. 
The main experimental steps are described as following 

i. Inject 2ml oil into the atomizing bomb, and record the weight of the smoke oil 𝑚𝑜𝑖𝑙 
ii. Measuring the initial mass of atomizing bomb 𝑚1 

iii. According to the suction standard in the literature until the oil is exhausted, then 
measuring the mass of atomizing bomb 𝑚2 [4] 

iv. Calculate the adhesion rate. 
 

Figure 12 show a comparison of the simulated adhesion rate against 100 experiments for the 
airway. As can be seen, As can be seen, simulate adhesion rate are now mainly within 5% of the 
measured values and it is feasible to simulate the motion of droplets in the airway with the DPM 
model. In addition, most of the experimental values are higher than simulated results, because little 
oil in the atomizing bomb could not be consumed completely in the experimental tests. 
 

 
Fig. 12. Comparison of the simulated adhesion rate against 100 
experiments 

 
To reduce wall adhesion, the cases with different diameters of the cross-section below the 

injecting surface and pressure drop, as shown in Table 6, are performed and the adhesion rates of 
different cases are calculated. As seen, with the diameter of the cross-section below the injecting 
surface decreasing and the volume flow rate increasing, the velocity of the droplet increases and the 
adhesion rate will increase. Higher velocity also leads to larger pressure drop. Thus, a larger pressure 
drop helps reduce the adhesion rate. 
 

Table 6 
The adhesion rates of different cases 
Case number Volume flow rate (ml/s) Area of the cross-section (mm2) The adhesion rate 

1 18.3 2.183 6.7% 
2 11.6 2.183 4.2% 
3 24.0 2.183 9% 
4 18.3 3.417 8.4% 
5 18.3 1.201 6.1% 
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4. Conclusions 
 

An optimization method has been successfully applied to help the structure design of E-
cigarettes. The method can not only help to evaluate the suction resistance and sound noise of the 
airway inside the E-cigarette, but also calculate the location of droplets accumulation and the 
effectiveness of this method has been proved by comparing with the experimental results. Several 
findings of simulation work can be summarized as following 

 
i. The flow characteristics of aerosols in the E-cigarette airway can be approximately 

calculated by incompressible air and the pressure drop can be increased by reducing the 
inlet diameter of the airway. 

ii. Smoothing the suddenly changing section and reducing flow vortex can effectively 
weaken the intensity of the sound field. 

iii. It is appropriate to simulate the motion of aerosols in the airway with the DPM model. In 
addition, reducing the airflow cross-section below the injecting surface can increase the 
air velocity and pressure drop, and stronger airflow and higher pressure drop contribute 
to reducing wall adhesion. 
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