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Abstract 

MORE EFFECTIVE DESIGN FOR VENTILATION SYSTEMS TO 

ELIMINATE VOLATILE ORGANIC COMPOUNDS FROM DIFFERENT 

TYPES OF CONSTRUCTION WALLS 

by  

TAN ZHANG NENG (DB-726742) 

XU DE RUN (DB-727019) 

 Project Supervisor  

Prof. Yan, SU 

Volatile organic compounds which are known as VOCs, are easily discovered in the 

buildings.  It may emit from construction walls to affect indoor air quality and health safety. 

By controlling  the indoor air quality, in this present work, it designs a square model with three 

different wall models that contains volatile organic compounds mixed with solid walls with 

various volume  fractions, also the ventilation system implemented with an inlet and two open 

outlets for  cleaning emitted volatile organic compounds. These cases apply the theory Lattice 

Boltzmann  Method by solving mass transfer diffusion and convection of volatile organic 

compounds in  the inner room. The computation tool is MATrix LABoratory which is known 

as MATLAB, to  perform simulation of this model. The transient concentration distribution, 

streamline and  comparing the average concentration are shown in the result section. 
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CHAPTER 1: INTRODUCTION 
 

1-1 VOCs IN OUR DAILY LIFE 

Volatile organic compounds which are known as VOCs, define as the organic chemicals which 

carry out a high vapor-pressure at room temperature. High vapor pressure correlates with a low 

boiling point, which relates to the number of the sample's molecules in the surrounding air, a 

trait known as volatility.[1] VOCs play an important role in construction, especially indoor air 

quality measurement in our daily routine. Some of the VOCs are harmful to our health or the 

environment, for example, butanal, ethanol and toluene. On the other hand, most of the toxicity 

of VOCs is not high but it may affect human’s health in the long term.  

There is a study in Hong Kong that shows that VOCs emissions have an indirect impact on 

human health safety during cooking, but the potential impacts must be considered. In the study, 

they choose two typical dwellings in Hong Kong, where Dwelling A is a family with five 

members stay in apartment with a total flat area of 70 𝑚2. Its kitchen’s volume is 17.6 𝑚3 and 

equipped with a 4-head stove, which town gas was used as cooking fuel. Other than that, 

Dwelling B is two resident stay in an apartment  flat area of 48 𝑚2. Its kitchen’s volume is 11.7 

𝑚3 and equipped with a 2-head stove and LPG was used as cooking fuel. There was no finding 

of indoor emission sources in the apartments and kitchens.[2] They collected the VOCs and 

carbonyls information right over the cooking stoves, meanwhile, they also measured the air 

exchange rate. Below is the measurement that lasted for 4 days by them and the families cooked 

six common dishes.  
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Table 1.1: A summary of dishes prepared in the domestic kitchens in this study.[2] 

Dish Oil(amount

) 

Ingredients(amount

) 

Condiments 

(amount) 

Cookin

g styles 

Cookin

g 

duration 

(min) 

Oil 

temp 

(◦C) 

Deep 

fried pork 

chops 

Canola oil 

(200 mL) 

Pork Chop (525 ± 

25 g), egg (2 

pieces) 

Breadcrumb

s (124 ± 24.8 

g), corn 

starch (16.7 

g), salt (3.3 

g), sugar 

(5.3 g) 

Deep-

fry 

27.9 ± 

3.7 

164.

0 ± 

2.9 

Curry 

chickens 

with 

potatoes 

Canola oil 

(50 mL 

Chicken (500 ± 25 

g), potato (350 g), 

water (200 ± 100 

mL) 

Curry 

powder 

(11.5 g), 

corn starch 

(5.6 g), salt 

(4.0 g), 

sugar (5.3 g) 

Stir-fry 

and boil 

28.4 ± 

3.6 

133.

7 ± 

8.8 

Stir fried 

beefs with 

vegetable

s 

Canola oil 

(50 mL 

Lean beef (150 g), 

Chinese cabbage 

(300 g), water (50 

mL) 

Sugar 

(prepare + 

cook)a [7.4 g 

(=5.3 + 

2.1g)], corn 

starch 

(prepare + 

cook)a [5.6 g 

(=2.8 + 2.8 

g)], soy 

sauce (2 

mL), salt 

(2.7 g) 

Stir-fry 8.1 ± 

1.1 

143.

5 ± 

14.4 

Stir fried 

Choy 

Sum 

Canola oil 

(50 mL 

Choy Sum (600 g) Salt (4.0 g) Stir-fry 7.8 ± 

1.8 

134.

8 ± 

11.4 

Steamed 

fish 

Canola oil 

(15 mL 

Fish (350 ± 50 g), 

ginger (50 g), onion 

(10 g) 

Soy sauce 

(15 mL), salt 

(2.7 g) 

Stream 11 ± 1.8  97.1 

± 

0.7  
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Red and 

green 

carrots 

with pork 

soup 

none Red carrot (450 g), 

green carrot (375 ± 

25 g), pork (450 g), 

water (2.5 L) 

Salt (13.3 g) Boil 90 N.A. 

In the experiment, they focused the carbonyl compounds, because those chemicals have 

possibility adverse human health and it is an important role in atmospheric chemistry which 

can act as precursors to free radicals, ozone, and peroxyacyl nitrates.[13] Then, they traced the 

VOCs in the LPG and town gas fuels were quantitatively detected by a GC/MS (6890 GC/5973 

MS, Hewlett Packard, Palo Alto, CA) with the U.S. EPA TO-14 method.[4] After that, among 

the VOC components only pentane and butane were detected above the limits in the LPG. 

However, the VOCs were detected as impurities in the town gas. 

They used Chronic daily intake (CDI) as an index to measure the carcinogenic risks for the 

healthy risk. The aim of this index to estimate the probability of a human get cancers from a 

lifetime exposed in VOCs or carbonyls continuously, the CDI estimation equation shown in 

Eq. (1), where Ca regard as the contaminant concentration (𝑚𝑔 𝑚−3⁄ ), IR regard as the 

inhalation rate (𝑚3 ℎ⁄ ), ET regard as the exposure time (ℎ 𝑑𝑎𝑦⁄ ), EF is the exposure frequency 

(𝑑𝑎𝑦 𝑦𝑒𝑎𝑟⁄ ), ED is exposure duration (year), BW is the body weight (kg), and AT is the 

average lifetime (year). 

𝐶𝐷𝐼 =
𝐶𝑎 ×𝐼𝑅×𝐸𝑇×𝐸𝐹×𝐸𝐷

𝐵𝑊×𝐴𝑇×365
   (1) 

 

The United States Environmental Protection Agency (U.S. EPA) suggests standard values for 

the average body weight and the amount of air breathed per day for adults and children.[4]The 

lifetime cancer hazard risk (R) calculation shown in Eq. (2), where PF is the cancer potency 
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factor in the unit of 𝑘𝑔 𝑑𝑎𝑦 ∙ 𝑚𝑔⁄ of a specific cancer substance and CDI listed in Eq. (1). The 

values of PF are obtained from the Integrated Risk Information System (IRIS) developed by 

U.S. EPA.[5] 

𝑅 =  𝐶𝐷𝐼 ×  𝑃𝐹  (2) 

Finally, the lifetime cancer hazard risks associated with formaldehyde in dwelling A and B are 

1.57 × 10−5 and 1.57 ×  10−5. The ratio of formaldehyde contributing to the risks are 68% 

for dwelling A and 100% for dwelling B.[2] Therefore, the cancer hazard of VOCs must be 

considered, and regulations should be carried out to limit the emission of VOCs. 

Anthropogenic VOCs are regulated by law, especially indoors, where concentrations are the 

highest. Some countries such as French, Germany and Belgium have passed laws and 

regulations to restrict the emission of VOCs from the products. And there are also some 

measurements of VOCs in the industry, such as EMICODE,[6]M1,[7]Blue Angel[8]and Indoor 

Air Comfort.[9] And in the United States, California Standard CDPH Section 01350[10] is the 

most common standard to restrict the emission of VOCs with regulations and standards 

controlling the emission of VOCs in the product. 

As the above evidence proof that VOCs is indirect harmful to human health, so in this present 

project aim to design effective ventilation system to clean the VOCs emission from the wall. 
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1-2 LATTICE-BOLTZMANN METHOD  

The Lattice-Boltzmann Method, the abbreviation is LBM, is a relatively modern simulation 

computation method  and great options for solving complex fluid systems. It has attracted 

researchers that are familiar in computational physics which study the fluid involving fictive 

particles by modelling, and the fictive particles execute continuous transmission and collision 

activities inside a discrete lattice. 

Other than that, speed models act as crucial criteria for the initial simulation work. The 

definition of D represents the dimension of the model system and Q represents the speed 

direction of particles in the speed model. D2Q9 and D3Q27 is the common speed model 

consideration and well-known in researcher’s simulation model.  In this present work, authors 

are considering the D2Q9 as the speed model due to the time consuming for 3 dimensional, so 

it considers 2 dimensional as well.  

Nevertheless, the important computation steps applied in the method are the collision step 

which solved for the governing equation correlated with the mass transfer and heat transfer, 

such as diffusion and conduction in microscopic views, and the streaming step which solved 

the governing equation correlate with the heat transfer, such as convection. 
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Figure 1.1: Schematic D2Q9 speed model and discrete velocity diagram  

The velocities in those directions are c0(0,0),c1(1, 0),c2(0, 1), c3(-1, 0),c4(0,-1),c5(1, 1), c6(-1, 

1),c7(-1,-1) and c8(1,-1).  

The weight factors are: 

𝑤0 =
4

9
 

𝑤1 = 𝑤2 = 𝑤3 = 𝑤4 =
1

9
 

𝑤5 = 𝑤6 = 𝑤7 = 𝑤8 =
1

36
 

The c is the discrete velocity, it does not change continuously, and w is the weighting factor, 

we applied it with the corresponding distribution function that discuss in chapter 3. 

For the general equation of collision step are shown in Eq. (3), it proposed from the Bhatnagar 

Broos and Krook(BGK)[2] model for relaxation to equilibrium with collisions between the 
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molecules of fluid. The  𝑓𝑖
𝑒𝑞(𝑥𝑖, 𝑡⃗⃗⃗⃗⃗⃗  ⃗) is the equilibrium density along direction i at the current 

density point. The model assumes that the fluid locally relaxes to equilibrium over a 

characteristic timescale, 𝜏𝑓, and it can determine the kinematic viscosity of the fluid where the 

larger 𝜏𝑓, the larger kinematic viscosity. 

Collision step general equation: 

𝑓𝑖(𝑥𝑖⃗⃗  ⃗, 𝑡 + 𝛿𝑡) = 𝑓𝑖(𝑥𝑖⃗⃗  ⃗, 𝑡) +
𝑓𝑖

𝑒𝑞
(𝑥𝑖,𝑡⃗⃗⃗⃗⃗⃗  ⃗)−𝑓𝑖(𝑥𝑖⃗⃗  ⃗,𝑡)

𝜏𝑓
  (3) 

The general streaming step are shown in Eq. (4), where the  𝑓𝑖(𝑥𝑖⃗⃗  ⃗, 𝑡) is the fluid density at point 

𝑥  and time t, 𝑒𝑖⃗⃗   represents the instantaneous velocity. At the 𝑡 + 𝛿𝑡 which represent the next 

timestep, the velocity will change into 𝑥 + 𝑒𝑖⃗⃗  . 

Streaming step general equation: 

𝑓𝑖(𝑥 + 𝑒𝑖⃗⃗  , 𝑡 + 𝛿𝑡) = 𝑓𝑖(𝑥𝑖⃗⃗  ⃗, 𝑡)  (4) 

Furthermore, boundary conditions are one of the crucial problems needed to solve in fluid 

dynamics numerically and it concerns the boundary conditions of LBM simulation on 

computation of the problem. Additionally, there are mainly six types of boundary conditions 

for fluid flow which bounce back when fluid meets solid boundary, boundary condition with 

known velocity, equilibrium or non-equilibrium boundary condition, open boundary condition, 

periodic boundary condition, and symmetry condition. So, the boundary conditions introduced 

for fluid flow are the bounce back conditions and the adiabatic condition for mass transfer in 

the following paragraphs. 
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It has three types of  general bounce back conditions applied in fluid flow in which the flow 

meets solid stationary boundary, such as wall, obstacles, then moving boundary condition, non-

slip condition, or flow-over obstacles. [14]  

In Figure 1.2, it presents the schematic diagram of boundary conditions that applied for the 

LBM simulation and it discusses the case of D2Q9 model meets solid stationary in present 

work. In the view of  present work, the inlet boundary conditions should consider 𝑓4, 𝑓7, 𝑓8as 

the unknown value, but it can obtain from 𝑓2 , 𝑓5 , 𝑓6  from the streaming process and the 

equations detailed in chapter 3. Then, the bounce back conditions, when the fluid flow to west 

boundary, the 𝑓3 , 𝑓7 , 𝑓6  are known from the streaming process at the adjacent layer, so it 

obtains the unknown function from these three functions. So, 𝑓1 = 𝑓3, 𝑓5 = 𝑓7 and 𝑓8 = 𝑓6 and 

note that 𝑓3 at node (i,j) are equals to node (i-1,j) after streaming step, this valid for 𝑓7 and 𝑓6. 

Therefore, the boundary conditions must be applied after the streaming process. 

 

Figure 1.2: Schematic diagram of boundary conditions of mass transfer and flow. 
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CHAPTER 2: STRUCTURE MODEL 

In this project, it designs three wall models with different combinations of volume fraction for 

each case. This wall model holds three phases of materials, two of which regard as volatile 

organic compounds with various mass diffusivity and designs ventilation ports which are an 

inlet and two outlets, the wall model will show in Figure 2.1. The mesoscopic volume fraction 

of material phase at dimensionless position x* are defined in Eq. (5), the superscript 

𝑁𝑝𝑠 identify as the material phase in the wall. 

𝑉∗
(𝑥∗)
(𝑛)

=
𝑉(𝑥)

(𝑛)

∑ 𝑉(𝑥)
(𝑚)𝑁𝑝𝑠

𝑚=1

  (5) 

In Table 2.1, it listed the combination of three phases of materials in these cases. These three-

case designed with different volume fractions of phase 1 and phase 3 to investigate 

the  relationship between the volume of phase 1 and effectiveness of the ventilation system.  

Table 2.1: Volume fraction combination of three cases.  

 𝜙(1) 𝜙(2) 𝜙(3) 

Case 1 0.4 0.3 0.3 

Case 2 0.5 0.3 0.2 

Case 3 0.6 0.3 0.1 
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In Figure 2.1, it presented three different cases of wall model and it comprises black 

particles  which is phase 1 material and represents low mass diffusivity of volatile organic 

compounds,  red particles which phase 2 material and represents high mass diffusivity of 

volatile organic  compounds, and blue particles which is phase 3 material and represents fluid. 

Also, the  eliminated parts are the inner room and ventilation port of the inlet and outlet 

regarded as clean air and  the shape of particles in the wall are growth in square. The 

corresponding effective porosity of  0.3 and mesoscopic particle character diameter where d* 

is 5 for each case.   

 

(a)       (b)           (c) 

Figure 2.1 : VOCs distribution of (a) case 1,(b) case 2 and (c) case 3.  
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CHAPTER 3: NUMERICAL METHOD 

3-1 GOVERNING EQUATION 

The scaling of the present kinetic model is mesoscopic scale which obtained microscopic 

kinetic model behaviour process and macroscopic physical. According to Su et.al[12],the 

mesoscopic dimensionless mass transfer governing equation during the diffusion process is 

defined as Eq. (6). Dimensionless mass diffusivity of each material can be determined from Eq. 

(7). 

𝜕∗𝐶∗

𝜕∗𝑡∗
= 𝐷∗𝑀𝑎𝑙∇

∗2𝐶∗
 (6) 

𝐷(𝑥∗)
∗ =

𝐷(𝑥∗)

𝐷(3) =
𝐷(𝑛)

𝐷(3)  (7) 

When the centre concentration reaches critical criteria, the ventilation system will activate 

which can be denoted as 𝑡𝑜𝑝𝑒𝑛
∗ , now the mesoscopic dimensionless mass transfer governing 

will be denoted as Eq. (8), and the dimensionless momentum governing equation define as Eq. 

(9).  

𝜕∗𝐶∗

𝜕∗𝑡∗
+ ∇∗ ⋅ (𝜓𝑣∗𝐶∗) =

1

𝑃𝑒𝑐,𝑙
∇∗2𝐶∗ + 𝑄𝑐,𝑙

∗
   (8) 

𝜕∗𝑉∗

𝜕∗𝑡∗
+ ∇∗ ⋅ (𝑣∗𝑣∗) = −∇∗𝑝𝑓

∗  +
1

𝑅𝑒𝑐,𝑙
∇∗2𝑣∗ + 𝐹𝑐,𝑙

∗
  (9) 

3-2 LATTICE BOLTZMANN METHOD EQUATION 

In our present work, it is considered as non-isothermal incompressible fluid flow in LBM. The 

computation algorithm of the Lattice Boltzmann Method contains four parts which are initial 
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conditions, collision step, streaming step and boundary conditions of fluid behaviour and fluid 

flow.  

The collision step of mass transfer and fluid flow momentum equations are Eq. (10) and Eq. 

(11), where the f represents the density distribution function in this model and g represents the 

concentration distribution function in this model. In Eq. (10) contains dimensionless force term 

which is shown in Eq. (12). In the following equation, the k represents the ascending order 

from 0 to 8, as the MATLAB array cannot be zero, so it used 9 to replace 0 in present work. 

In the Eq. (12), the  effective porosity, 𝜓 in the fluid phase is 0.3. 

𝑓𝑘
∗(𝑥∗, 𝑡𝑚

∗ ) = 𝑓𝑘
∗(𝑥∗, 𝑡∗) −

1

𝜏𝑓
∗ [𝑓𝑘

∗(𝑥∗, 𝑡∗) − 𝑓𝑘
𝑒𝑞∗

(𝑥∗, 𝑡∗)] + 𝐹𝑘
∗  (10) 

𝑔𝑘
∗(𝑥∗, 𝑡𝑚

∗ ) = 𝑔𝑘
∗(𝑥∗, 𝑡∗) −

1

𝜏𝑔
∗ [𝑔𝑘

∗(𝑥∗, 𝑡∗) − 𝑔𝑘
𝑒𝑞∗

(𝑥∗, 𝑡∗)]   (11) 

𝐹𝑘
∗ = 𝑤𝑘𝜓(

𝑐𝑘
∗ ∙𝑒𝑣

∗

𝑐𝑠
∗2

) 𝐹𝑐,𝑙
∗   (12) 

The streaming step of mass transfer and momentum equation are Eq. (13) and Eq. (14). In both 

equations, the 𝑐𝑘
∗  are the dimensionless speed introduced in chapter 1 and the 𝑡𝑚

∗  are between 

t* and t*+1. 

𝑓𝑘
∗(𝑥∗ + 𝑐𝑘

∗ , 𝑡∗ + 1) = 𝑓𝑘
∗(𝑥∗, 𝑡𝑚

∗ ) (13) 

𝑔𝑘
∗(𝑥∗ + 𝑐𝑘

∗ , 𝑡∗ + 1) = 𝑔𝑘
∗(𝑥∗, 𝑡𝑚

∗ ) (14) 

According to the Bhatnagar-Gross-Krook (BGK) model, it obtains the local equilibrium 

equation in Eq. (15) and Eq. (16). 

𝑓𝑘
𝑒𝑞∗

= 𝑤𝑘𝜁(𝑐𝑘
∗ , 𝑉∗)𝜌∗   (15)  



 

13 

 

𝑔𝑘
𝑒𝑞∗

= 𝑤𝑘𝜁(𝑐𝑘
∗ , 𝑉∗)𝐶∗  (16) 

𝜁(𝑐𝑘
∗ , 𝑉∗

) = [1+ (
𝑐𝑘
∗ ⋅𝑣∗

𝑐𝑠
∗2

) +
1

2
(
𝑐𝑘
∗ ⋅𝑣∗

𝑐𝑠
∗2

)
2

−
1

2
(
𝑣∗⋅𝑣∗

𝑐𝑠
∗2

)]   (17) 

𝑐𝑠
∗ =

1

√3
   (18) 

The governing equation of LBM evolves momentum and mass transfer relaxation time, which 

have been listed from Eq. (19) to Eq. (21). Note that Eq. (20) applied when 𝑡∗ < 𝑡𝑜𝑝𝑒𝑛
∗ , while 

the Eq. (21) applied when ventilation is on.  

𝜏𝑓
∗ =

1

𝑐𝑠
∗2𝑅𝑒𝑐,𝑙

+
1

2
  (19) 

𝜏𝑔
∗ =

𝐷∗𝑀𝑎𝑙

𝑐𝑠
∗2

+
1

2
  (20) 

 𝜏𝑔
∗ =

1

𝑐𝑠
∗2𝑃𝑒𝑐,𝑙

+
1

2
  (21) 

The mesoscopic governing parameters that correlated with the above equation from Eq. (22) 

to Eq. (25) shown below. Note that the dimensionless Mach number of Eq. (22) used before 

the ventilation activate, the c is dimensionless mass diffusivity in here and the phase 3 

dimensionless mass diffusivity (𝐷(3)) is 1.4 × 10−5 for present work . When the ventilation is 

activated, it refers to the Eq. (25) where the c represents the inlet velocity and the U which is 

the macroscopic velocity, generally by assuming U as 0.1 for obtaining better approximation, 

but the author assumed U as 1.7 for present work. 

𝑀𝑎𝑙 =
𝐷(3)

𝑙𝑐
  (22) 

𝑃𝑒𝑐,𝑙 =
𝑃𝑒𝑈,𝑙

𝐶𝑠
∗𝑀𝑎𝑙

=
𝑅𝑒𝑈,𝑙

𝐶𝑠
∗𝑀𝑎𝑙

𝑆𝑐𝑚  (23) 
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𝑅𝑒𝑐,𝑙 =
𝑐𝑙

𝑣𝑓
=

𝑅𝑒𝑈,𝑙

𝐶𝑠
∗𝑀𝑎𝑙

 (24) 

𝑀𝑎𝑙 =
𝑈

𝐶𝑠
∗⋅𝑐

   (25) 

Note that Eq. (26), the 𝑆𝑐𝑓 denote the Schmidt number of fluids which is the air in present work 

and this equation correlates with the dimensionless Peclet number in Eq. (23). The Eq. (27) is 

the equation of scaled Reynold numbers, it applied 100 in present work. 

𝑆𝑐𝑚 =
𝑆𝑐𝑓

𝐷∗     (26) 

𝑅𝑒𝑈,𝑙 =
𝑈𝑙

𝑣𝑓
= (

𝑙

𝐿
)𝑅𝑒𝑈,𝐿  (27) 

3-3 BOUNDARY CONDITION 

In the present work, the author assumes the initial dimensionless concentration at phase 2 

material fills the max value, which is 100 times from the reference concentration. According 

to AIHA standard  it finds the reference concentration is 50 𝜇𝑔 𝑚3⁄  for Formaldehyde.[15], 

then the other phase assumes 0, the condition listed in Eq. (28). When the ventilation system is 

opened, Eq. (29) needs to be applied in the inlet of the ventilation port, where the k represents 

2,5,6 and the opposite direction whose abbreviation as od is 4,7,8. 

{
𝐶0

∗ = 100  

𝐶0
∗ = 0 

  (28) 

𝑔𝑘
∗ = 𝐶𝑖𝑛

∗ (𝑤𝑘 + 𝑤𝑘𝑜𝑑
) − 𝑔𝑘

∗
𝑜𝑑

 (29) 

The boundary condition of this work for concentration is treated as adiabatic condition, by 

neglecting the wall body in the model, so the w in Eq. (31) considered 0 or 300 of the grids. 
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Furthermore, the fluid flow boundary condition in Eq.(30) needs to consider the wall body as 

a solid when particles hit the wall and bounce back,  w-1 in here regard as the adjacent layer of 

the wall surface in this equation. 

𝑓𝑘,𝑤
∗ = 𝑓𝑘,𝑤−1

∗   (30) 

𝑔𝑘,𝑤
∗ = 𝑔𝑘,𝑤−1

∗  (31) 

The outlet boundary conditions of this model act as open conditions in both equations when 

the ventilation system is activated. The Eq. (32) is the equation of fluid flow when open, w-1 

is the adjacent layer, w-2 is the next of the adjacent layer at the outlet. The Eq. (33) is the open 

boundary conditions which like Eq. (31), the w-1 also is the adjacent layer of the outlet layer. 

𝑓𝑘,𝑤
∗ = 2 ⋅ 𝑓𝑘

∗
,𝑤−1

+ 𝑓𝑘
∗
,𝑤−2

  (32) 

𝑔𝑘,𝑤
∗ = 𝑔𝑘

∗
,𝑤−1

   (33) 
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CHAPTER 4: RESULTS AND DISCUSSION 

In this project, author designed wall model with the grid size is 300 x 300, and the scaled 

Reynold numbers (𝑅𝑒𝑈,𝑙 ) is 100, mass diffusivity of phase 3(𝐷(3) ) is 1.4 × 10−5  and U 

assumed 1.7 that was not recorded in Table 4.1. In Table 4.1, it shows the value of governing 

parameters  which are the dimensionless concentration, Schmidt number, dimensionless mass 

diffusivity of the phase material and enclosure. Furthermore, white represents the enclosure, 

which is air in Figure 2.1, black represents the phase 1 material, red represents the phase 2 

material and blue is the phase 3 material. It assumes the inlet provided average inlet velocity 

with 1cm/s listed in Table 4.1.   

Other than that, the average computation time for each case took about 5 to 6 days to simulate 

by excluding the time spent on debugging, so the total time of simulation spent about 2 weeks 

to simulate all the cases that are reviewed in this present work. Authors tracked the streamline 

and dimensionless concentration in every 50 timestep and 𝑡𝑜𝑝𝑒𝑛
∗ before the ventilation opened, 

record every 5000 timestep after the ventilation opened and tracked every 1000 timestep for  

the average dimensionless concentration of solid phase in the wall, average dimensionless 

concentration of fluid phase in the enclosure, the dimensionless concentration at the centre of 

enclosure and the average dimensionless concentration at the outlet. The following will show 

the results that change significantly. 
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Table 4.1: Value of governing parameter of each case 

 

 

As the result of the streamline are similar and during the convection process the streamline not 

much significant variation of each case , so a result of streamline shown in the Figure 4.1. In 

Figure 4.1, it validates the ventilation systems designed by the author which show that the 

fluids flow from inlet to outlet and the boundary of the fluids do not flow through the solid 

wall. 

 

Figure 4.1: Streamline of the model of each cases. 

 Initial C* Sc D* c, inlet 

velocity 

c, dimensionless mass 

diffusivity 

white 0 1 1 1 cm/s 9 × 104 

black 0 10 0.1 

red 100 1000 0.001 

blue 0 100 0.01 
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In the following pages, it discusses the comparison result of dimensionless concentration 

distribution with dimensionless time. The arrangement for all the figure in horizontal which 

starts from the left represent case 1, the middle represent case 2 and the right represent case 3, 

then in vertical begin from the top to bottom are the dimensionless concentration result where 

t* between 0 and 1000. Note that the Figure 4.2 and Figure 4.3 are the concentration result 

before the ventilation system been activated where 𝑡∗ < 𝑡𝑜𝑝𝑒𝑛
∗ .  

In the Figure 4.2, the first row is the result when t*= 0 which is the initial concentration, it 

filled  with clean air in the enclosure and high mass diffusivity VOCs which C* is 100 initially. 

Furthermore, in the following row of the Figure 4.2 show that the VOCs start diffusing in the 

wall until the wall filled with VOCs, such that initially containing particle which the 

dimensionless concentration is 100 are spreading in the wall become average dimensionless 

concentration about 30 in the wall, then note that when the solid wall filled with VOCs, it 

started emitted from the wall to the enclosure with time. The dimensionless concentration of 

centre enclosure rises about 0.5 when t* = 1000.  

Other than that, by comparing the figure of each case, found that case 3 is the fastest diffusion 

of VOCs attained fully filled in the wall, while the diffusion rate of VOCs in case 2 is between 

case 1 and case 3. As the volume fraction is adjusted by increasing the volume fraction of 

VOCs in case 2 and case 3, it affects the VOCs spreading in the wall with time.  



 

19 

 

 

Figure 4.2: Comparison of Transient Concentration in conduction (where t*<𝑡𝑜𝑝𝑒𝑛
∗ ).  
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In the Figure 4.3, it shows the dimensionless concentration result where t* between 1000 and 

𝑡𝑜𝑝𝑒𝑛
∗  arranged from top to bottom. From the first row, it observes that the VOCs filled the wall 

emitted continuously from the wall to the enclosure, the average dimensionless concentration 

are eliminated to 20 at the moment  and the centre dimensionless concentration is 0.7 when t* 

= 1250.  

Furthermore, it observes the average dimensionless concentration in the enclosure rise to 

almost 0.9 but concentration in the wall remains with the above result in the second row of 

Figure 4.3. The last row of the Figure 4.3 is the diagram of dimensionless concentration at the 

centre  of each case meets the criteria which 𝐶∗ (
𝑙𝑥

2⁄ ,
𝑙𝑦

2
⁄ ) = 1 . The 𝑡𝑜𝑝𝑒𝑛

∗  is record 

temporarily, it obtains different 𝑡𝑜𝑝𝑒𝑛
∗  in various case which 𝑡𝑜𝑝𝑒𝑛

∗ = 1573  for the case 1, 

𝑡𝑜𝑝𝑒𝑛
∗ =1516 for the case 2 and 𝑡𝑜𝑝𝑒𝑛

∗ = 1484 for case 3. By comparing the 𝑡𝑜𝑝𝑒𝑛
∗  of each case, 

it may predict the dimensionless time clean, 𝑡𝑐𝑙𝑒𝑎𝑛
∗  will be earlier recorded in case 3, the next 

is case 2, then the last is case 1.Furthermore, this ventilation systems of author’s design are 

effective to eliminate the VOCs in case 3 and case 2 compared to case 1 from the observation 

of 𝑡𝑜𝑝𝑒𝑛
∗  of each case. 
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Figure 4.3: Comparison of Concentration in conduction (where t*<𝑡𝑜𝑝𝑒𝑛
∗ ). 

In the Figure 4.4 are the group of the dimensionless concentration result with dimensionless 

timestep,t* between 𝑡𝑜𝑝𝑒𝑛
∗  and 75000. In the first row of figure, it observe that the VOCs is 

fully filled in the  enclosure which the dimensionless concentration at centre of the enclosure 

of each case rise up dramatically, the average dimensionless concentration in the enclosure rise 

to the maximum which 7.5 for case 1, 8.3 for case 2 and 8.86 for case 3, then the dimensionless 
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concentration at the centre also reached the maximum which 7.6 for case 1, 8.72 for case 2 and 

8.43 for case 3. The ventilation port of the inlet and outlets are opened, and the inlet port 

provides average velocity which is 1cm/s. So, it observes that the inlet of the result eliminates 

some VOCs which is the blue segment in the result of dimensionless concentration. Other than 

that, the dimensionless concentration being eliminated in the inlet of case 3 is more than case 

2 and case 1 by observing the inlet segment case 3 eliminated the dimensionless concentration 

until 2.5 temporarily, but the case 2 and case 1 eliminated the dimensionless concentration 

nearly 1 to 3.5. 

The dimensionless concentration at centre of the enclosure reaches 6 for case 1, approximately 

7.8 for case 2 and 7.6 for case 3 in the last row of the figure. Furthermore, the dimensionless 

concentration in the wall begins to eliminate more which reduces approximately to 23. 
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Figure 4.4: Comparison of Transient concentration when ventilation started, where t* > 

𝑡𝑜𝑝𝑒𝑛
∗ (𝑡𝑜𝑝𝑒𝑛

∗ is 1573 for case 1, 1516 for case 2, 1484 for case 3). 

In the Figure 4.5 it shows the group of the dimensionless concentration result with 

dimensionless time step, t* between 𝑡𝑜𝑝𝑒𝑛
∗ + 74000 and 𝑡𝑜𝑝𝑒𝑛

∗ + 140000. The dimensionless 

concentration at the centre of enclosure starts eliminating, however the dimensionless 

concentration is still larger than 4 and the value approximate 6.5 for case 1, 7.67 for case 2 and 

7.42 for case 3. It observes the first row of Figure 4.5, case 1 eliminates more dimensionless 

concentration around the inlet position and inlet of the wall, rather than case 2 and case 3 are 

just clean around the inlet of the wall. 

On the other hand, it obtained the average dimensionless concentration  at the centre of the 

enclosure in the second row which t*= 𝑡𝑜𝑝𝑒𝑛
∗ + 1000000 of case 1 is 4.7, case 2 is 5.86 and 

case 3 is 5.9. The last row the Figure 4.5 is the result of t*=𝑡𝑜𝑝𝑒𝑛
∗ + 140000, the dimensionless 
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concentration has estimated to 4.35 for case 1, 5.67 for case 2 and 5.7 for case 3. For the average 

dimensionless concentration of solid phase in wall continue eliminate and emitted to the 

enclosure, it decreases about 3.2 while t*=𝑡𝑜𝑝𝑒𝑛
∗ + 74000 to t*=𝑡𝑜𝑝𝑒𝑛

∗ + 140000. 

 

 

 

Figure 4.5: Comparison of Transient concentration when ventilation started between 𝑡𝑜𝑝𝑒𝑛
∗ +

740000 and 𝑡𝑜𝑝𝑒𝑛
∗ + 140000. 
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In the Figure 4.6, is the result of average dimensionless concentration when t* between 𝑡𝑜𝑝𝑒𝑛
∗ +

140000 and 𝑡𝑜𝑝𝑒𝑛
∗ + 200000 of each case. It observes the dimensionless concentration to 

eliminate more at the inlet position, as compared with the result in above figure, the area of 

elimination in which less than 4 are larger. It obtained that in the first two rows of the figure, 

case 3 and case 1 have the similar elimination rate of VOCs, these cases are faster eliminated 

than case 2. While in the last two rows of the figure, it observes the elimination rate of case 3 

surpassed the case 1 and the elimination rate of case 2 are the same with case 1. In the last row 

of Figure 4.6, the average dimensionless concentration at the centre of enclosure when 

t*=𝑡𝑜𝑝𝑒𝑛
∗ + 200000, it tracked 3.7 for case 1, 3.89 for case 2 and 3.46 for case 3. While the 

average dimensionless concentration in the solid wall, it tracked the dimensionless 

concentration dropped to 5.5 in the wall when t*=𝑡𝑜𝑝𝑒𝑛
∗ + 200000. 
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Figure 4.6: Comparison of Transient concentration when ventilation started between 𝑡𝑜𝑝𝑒𝑛
∗ +

140000 and 𝑡𝑜𝑝𝑒𝑛
∗ + 200000. 

In the Figure 4.7, it presents the result of dimensionless concentration when t* between 𝑡𝑜𝑝𝑒𝑛
∗ +

200000  and 𝑡𝑜𝑝𝑒𝑛
∗ + 250000  of each case. The ventilation systems have a significant 

elimination effect which can be observed in the first row of Figure 4.7. In the first row of figure, 

it shows the dimensionless concentration been eliminate in the half of model, the average 

dimensionless concentration of the enclosure decreases to 2.24 for case 1, 2.32 for case 2 and 

2.14 for case 3, and the dimensionless concentration at the centre of enclosure are 2.58 for case 

1, 2.69 for case 2 and 2.48 for case 3. Starting from the second row of the figure, the 

dimensionless concentration in the wall eliminated VOCs below 3.5 and it observes that case 

1 and case 2 have expected almost the same quantity of VOCs and case 3 eliminates most 

segments of dimensionless concentration which are below than 3. 
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Figure 4.7: Comparison of Transient concentration when ventilation started between 𝑡𝑜𝑝𝑒𝑛
∗ +

200000 and 𝑡𝑜𝑝𝑒𝑛
∗ + 250000. 

In the Figure 4.8, it illustrates the result of dimensionless concentration when t* between 

𝑡𝑜𝑝𝑒𝑛
∗ + 280000 and 𝑡𝑜𝑝𝑒𝑛

∗ + 350000 of each case. In the first row which t*=𝑡𝑜𝑝𝑒𝑛
∗ + 310000, 

it observes the dimensionless concentration at the centre enclosure of case 1 and 2 has become 

similar in which the value of dimensionless concentration tracked is 1.25. Then, the 

dimensionless concentration at the centre enclosure of case 1 has been eliminated more than 

case 2, so that in the first and second row of the figure, it is obtained that the result of 

dimensionless concentration in case 2 has surpassed that of case 1.  

On the other hand, in the last row of figure which t*= 𝑡𝑜𝑝𝑒𝑛
∗ + 350000 , the average 

dimensionless concentrations of  enclosure in case 1, case 2 and case 3 are 0.96, 0.94 and 0.83. 

The average dimensionless concentration in the solid wall reduces nearly to 1 for case 1, 0.99 

for case 2, 0.85 for case 3. 
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Figure 4.8: Comparison of Transient concentration when ventilation started between 𝑡𝑜𝑝𝑒𝑛
∗ +

280000 and 𝑡𝑜𝑝𝑒𝑛
∗ + 350000. 

In the Figure 4.9 is the result of dimensionless concentration when t* between 𝑡𝑜𝑝𝑒𝑛
∗ + 350000 

and 𝑡𝑜𝑝𝑒𝑛
∗ + 420000 of each case. Note that the dimensionless concentration continuing 

eliminate which the average concentration is decrease to 1.6 for case 3, 1.8 for case 1 and 

around 2.0 for case 2 in first row of the figure which is 𝑡𝑜𝑝𝑒𝑛
∗ + 350000. Even the average 
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dimensionless concentration of case 2 is higher than case 1 in first row of Figure 4.9, however 

it reduces faster in case 2, so that it obtains the similar average dimensionless concentration in 

second row of the Figure 4.9 which is 𝑡𝑜𝑝𝑒𝑛
∗ + 38000.  

By comparing the result of last row Figure 4.9, it observes the case 3 are cleaner than the next 

two cases in the enclosure, but the average dimensionless concentration is nearly 1.0 which not 

fully eliminate the VOCs for the case 3, it will continue open ventilation systems eliminate the 

average dimensionless concentration reached 0.01. 
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Figure 4.9: Comparison of Transient concentration when ventilation started between 𝑡𝑜𝑝𝑒𝑛
∗ +

350000 and 𝑡𝑜𝑝𝑒𝑛
∗ + 420000. 

In the Figure 4.10, it presents the result of dimensionless concentration when dimensionless 

timestep, t* between 𝑡𝑜𝑝𝑒𝑛
∗ + 420000 and 𝑡𝑜𝑝𝑒𝑛

∗ + 460000 of each case. In the first-row figure, 

the ventilation systems continue to eliminate the VOCs in the enclosure, the dimensionless 

concentration in the centre of the enclosure decreases nearly to 1.2.  

By comparing the result in the first row, case 3 is cleaning the VOCs faster than case 2 and 

case 3, where the dimensionless concentration at the centre of enclosure is approximately 1. 

Even the dimensionless concentration of centre position will be less than 1 may not affect the 

ventilation systems activation, as this criterion is suitable for the ventilation systems of opening, 

will not affect close. 

 In addition, the dimensionless concentration at the centre enclosure in case 3 are decrease to 

0.6 when t* is 445000 and compared to case 2 and case 1, it eliminates faster. In the last row 

of Figure 4.10, the dimensionless concentration result of each case, it observes the average 

dimensionless concentration of each case about 0.5. Furthermore, the simulation will continue 

to simulate until the average dimensionless concentration of the enclosure reaches 0.01 which 

means fully cleaned the VOCs and filled with clean air. Then, the dimensionless timestep when 
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filled with clean air, 𝑡𝑐𝑙𝑒𝑎𝑛
∗  is 996573 for case 1, 956516 for case 2 and 936484 for case 3, so it 

validates the prediction in Figure 4.3, the case 3 is the fastest eliminate the VOCs, and this 

ventilation systems are more effective in case 2 and case 3, even the VOCs has been increased. 

 

 

 

Figure 4.10: Comparison of Transient concentration when ventilation started, where t* > 

𝑡𝑜𝑝𝑒𝑛
∗ (𝑡𝑜𝑝𝑒𝑛

∗ is 1573 for case 1, 1516 for case 2, 1484 for case 3). 
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In the Figure 4.11, it presents the comparison  average dimensionless concentration at the centre 

enclosure of the three cases with dimensionless time, t* graph. It observes the maximum 

dimensionless concentration in the centre is 8.86 for case 3, 8.6 for case 2 and 7.5 for case 1. 

Furthermore, it shows the dimensionless concentration start eliminate from t* about 30000 to 

45000 after it reached the maximum value. It shows that case 2 emits the most VOCs compared 

to case 1 and case 3. Then, case 3 also emits more VOCs from the wall to the centre of enclosure 

than case 1 after ventilation opens. So, it validates the timestep for cleaned air in the enclosure 

of the case 2 and case 3 are faster than case 1 and the emission of  VOCs  concentration may 

affect by increasing the volume fraction of low mass diffusivity VOCs which proven in the 

graph of case 2 and case 3.   

 

Figure 4.11: Comparison dimensionless concentration at centre enclosure. 
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In Figure 4.12, it represents the comparison of average dimensionless concentration of solid 

phase in the wall recorded with a time graph. It shows that these three cases are initially some 

high mass diffusivity VOCs in the wall which represent 100 in present work, after some time 

step, the wall fully filled with VOCs and the average dimensionless concentration had been 

recorded. It is varied similarly to the average dimensionless concentration with dimensionless 

time in these three cases. So, the dimensionless concentration of solid phase spreading rate will 

not be affected by increasing the lower mass diffusivity VOCs.  

Furthermore, it verified that the ventilation systems of this design have no significant 

discrepancy of elimination of the VOCs from the solid wall by changing the volume fraction 

of lower mass diffusivity VOCs. The graph presents these cases change in decrease 

parabolically and the dimensionless concentration inside the wall well eliminate the VOCs 

which the average dimensionless concentration indicates less than 1 in the wall, from 

t*=400000.  
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Figure 4.12: Comparison of average dimensionless concentration of solid phase in wall.  

In Figure 4.13, it presents the comparison of average concentration of fluid phase in the 

enclosure with a time graph. By study the graph, notice that this graph is slightly like the graph 

shown in Figure 4.11 which the dimensionless concentration initially from 0 that contains clean 

air diffuse by the VOCs emitted from the wall reached the maximum value is 8.7 for case 2, 

8.43 for case 3 and 7.6 for case 1. It notes that the case 2 and case 3 dimensionless concentration 

diffused into the fluid phase of the enclosure more than the dimensionless concentration in case 

1. It notes that the case 2 and case 3 dimensionless concentration diffused into fluid phase of 

the enclosure more than the dimensionless concentration in case 1. The ventilation systems of 

present work effective when the t* approximate to 𝑡𝑂𝑝𝑒𝑛
∗ + 35000  occurs eliminate the 

enclosure VOCs, then after the  𝑡𝑂𝑝𝑒𝑛
∗ + 35000, the dimensionless concentration decreases in 

a parabolic way until the enclosure is fully filled with clean air, the ventilation system 

terminated. 
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Furthermore, it validates the ventilation system effective to case 2 and case 3 by comparing the 

result of the graph, as the case 2 and case 3 diffuse more dimensionless concentration into the 

enclosure means that the convection during the ventilation systems opened are more reactive 

than the case 1. One of the reasons that affect the convection heat transfer actively is the 

increasing of the volume of low mass diffusivity VOCs in the wall. 

 

Figure 4.13: Comparison of average concentration of fluid phase in the enclosure. 

In Figure 4.14, it presents the comparison of average concentration at the outlet of each case 

with a time graph. It observes the case 2 and case 3 contains more average concentration at 

the outlet position which the average dimensionless concentration at the outlet is 21 for case 

2 and 20.5 for case 3 when the dimensionless time, t* around 𝑡𝑂𝑝𝑒𝑛
∗ + 10000. It validates 

case 2 and case 3 to eliminate more VOCs in present work affecting the time for cleaning the 

enclosure.  
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It proves that the ventilation systems are suitable for case 2 and case 3 rather than case 1 by 

comparing the graph shown in Figure 4.14. Other than that, it validates the volume fraction of 

low mass diffusivity in case 2 and case 3 affect the efficiency of ventilation systems to ventilate 

the VOCs in the enclosure. 

 

Figure 4.14: Comparison of average concentration at the outlet. 

 

 

 

 

 

 

 

 

 

 

 



 

38 

 

 

CHAPTER 5: CONCLUSION AND FUTURE WORK 

5-1 CONCLUSION 

By reviewing this project, it plans for designing an effective ventilation system to eliminate 

VOCs emitted from walls, it applied LBM simulation for VOCs elimination with 

plotted  streamline and concentration field in the result. After that, the author recorded the 

average dimensionless concentration of solid phase in wall, fluid phase in the enclosure, centre 

of enclosure and outlet of  3 cases then plotted with a time graph by comparing the cases shown 

in results. The ventilation systems are eliminated effectively for case 2 and case  3 compared 

with case 1. 

5-2 FUTURE WORK 

If it considers the real-world condition,  the boundary conditions need to be changed to become 

complex conditions. In future work, it may change the porosity of the wall model or various 

designs of the ventilation system to eliminate VOCs effectiveness, such as the number of 

ventilation ports and the position of the ventilation port. 
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Simulation 

Tan Zhang Neng, Xu De Run 

Data Collection & 

Analysis 

Data Collection Tan Zhang Neng, Xu De Run 

Data Analysis Tan Zhang Neng 

Report Chapter 1 Xu De Run 

Chapter 2-3 Tan Zhang Neng 

Chapter 4 Tan Zhang Neng, Xu De Run 

Chapter 5 Tan Zhang Neng 
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