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Abstract 
It is reported that cooking can generate many kinds of airborne pollutants, 

which pose serious threats to human health. Kitchen range-hood is the 

most effective and popular equipment to exhaust the airborne pollutants, 

including smoke and oil particle in people’s daily life. The lack of a 

standardized and overall approach to test and evaluate range-hood makes 

both consumer and some manufacturers confused. For these reasons, 

Lawrence Berkeley National Laboratory published a report, which 

showed the results of their elaborate experiment and some conclusion. 

However, they also pointed out that due to the limitation of the apparatus, 

some of the results are not reliable. 

Therefore, this project established a numerical model in Fluent to 

investigate the pollutant removal performance. Many attempts had been 

made before a validated numerical model was accomplished because a 

proper model needs the balance between iteration time and result 

accuracy. The validation part is presented in the literature. The capture 

efficiency curve of the numerical model and one of experiments show a 

good agreement at the low power input. Some conclusions are drawn on 

how power inputs and height affect the capture efficiency, respectively. 

Dimensionless analysis is done to find a general characteristic curve for 

evaluating the removal performance of a particular range-hood. 
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Range hoods, kitchen ventilation, indoor air quality, cooking 



 
 

  



 
 

Sammanfattning 
Det rapporteras att matlagning kan generera många typer av luftburna 
föroreningar, vilket utgör allvarliga hot mot människors hälsa. 
Köksfläkten är den mest effektiva och populära utrustningen för att 
ventilera ut luftburna föroreningar, inklusive rök och oljepartiklar i 
människors dagliga liv. Bristen på ett standardiserat och övergripande 
tillvägagångssätt för att testa och utvärdera köksfläktar ställer både 
konsumenten och vissa tillverkare i okunskap. Av dessa skäl publicerade 
Lawrence Berkeley National Laboratory en rapport, som visade resultaten 
av deras utarbetade experiment och en slutsats. Men de påpekade också 
att på grund av begränsningen av utrustningen är några av resultaten inte 
helt tillförlitliga. 
 
Därför fastställde detta projekt en numerisk modell i Fluent för att 
undersöka avlägsnandet av föroreningar. Många försök hade gjorts innan 
en validerad numerisk modell uppnåddes, eftersom en riktig modell 
behöver balansen mellan iterationstid och resultatnoggrannhet. 
Valideringsdelen presenteras i litteraturen. Effektkurvan för den 
numeriska modellen och ett av experimenten visar en god 
överensstämmelse vid låg effektinmatning. Några slutsatser dras av hur 
kraftingångar och höjd påverkar upptagningseffektiviteten. 
Dimensionslös analys görs för att hitta en generell karaktäristisk kurva 
för att utvärdera avlägsnande av prestanda för ett viss köksfläkt. 

 
Nyckelord  
Köksfläkt, köksventilation, inomhusluftkvalitet, matlagning 



 
 

 

  



 
 

Nomenclature 

Abbreviations 
ASHRAE   the American Society of Heating, Refrigerating and Air 

Conditioning Engineers 

BC   Boundary Condition 

CE  Capture Efficiency 

CFM Cubic feet per minute 

DO  Discrete Ordinates 

GPGPU        General-purpose computing on graphics processing units 

N-S  Navier-Stokes Equation 

PDE  Partial differential equation 

RANS           the Reynolds-average Navier-Stocks equations 

RNG  Re-Normalisation Group 

RTE  Radiative Transfer Equation 

SIMPLE       Semi-Implicit Method for Pressure-Linked Equations 

UFP  Ultrafine Particles 

Latin Symbols 

𝑐𝑐0 Concentration of contaminant in the inlets ambient [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] 

𝑐𝑐𝑐𝑐 Concentration of contaminant in the exhaust           [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] 

𝑐𝑐𝑟𝑟 Concentration of contaminant in the rest of the room [𝑘𝑘𝑘𝑘 𝑚𝑚3⁄ ] 

 𝑞𝑞𝑓𝑓 Airflow rate through the exhaust duct                     [m3/s] 

𝑆𝑆𝑃𝑃0 Release rate of contaminant source generated during cooking[𝑘𝑘𝑘𝑘 𝑠𝑠⁄ ] 

𝜖𝜖𝑐𝑐 Capture efficiency of kitchen range hood 
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1. Introduction 

It is reported that indoor air pollution makes up for 2.7% of the reasons of 

Global Disease Burden (Fang, G., Chang, C., Wu, Y., Fu, P., Yang, D. 

and Chia-Chium, C., 1999). At the same time, as is well known to all, 

cooking, especially Chinese food cooking, is a large source of indoor air 

pollutants, including NO2, fine particles and some organic compounds in 

most residential buildings. It is reported that cooking could lead to the 

enhancement of concentration of NO2 (Schwab, M., McDermott, A., 

Spengler, J. D., Samet, J. M. and Lambert, W. E., 1994). Many 

researchers pointed out that the indoor concentrations level of UFP 

(Ultrafine Particles), PM2.5 have significant increase during cooking time 

(Wan, M., Wu, C., Sze To, G., Chan, T. and Chao, C., 2011) (Kearney, J., 

Wallace, L., MacNeill, M., Xu, X., VanRyswyk, K., You, H., Kulka, R. 

and Wheeler, A., 2011) (Afshari, A., Matson, U. and Ekberg, L., 2005). 

Cooking can also produce some hazardous compounds, such as carbon 

monoxide, formaldehyde and acrolein (Seaman, V., Bennett, D. and 

Cahill, T., 2007) (Logue, J., Klepeis, N., Lobscheid, A. and Singer, B., 

2013). Besides, what cannot be neglected is a large amount of water 

vapor produced from cooking, which is not one kind of pollutants but can 

still lead to many moisture-related problems.  

 

Without saying, kitchen range-hood is the most effective and popular 

equipment to exhaust the airborne pollutants, including smoke and oil 

particle in people’s daily life. However, what remains unknown to the 

average person is that, this removal capability of the range-hood involves 

in many parameters of the range-hood, such as the way of installation, 
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burner position, the design of the hood and the location of air inlets.  

Besides, the range-hood may have different removal performance of 

particles of different sizes. Because of the lack of relevant quantitative 

research, even some manufacturers are not clear about the specific effects 

of these factors. 

 

The early literature points out that few standardized methods were set to 

measure the capture efficiency until governing bodies gave the 

recommendation such as ASHRAE, the Home Ventilation Institute and 

the National Manufactured Housing Construction and Safety Standards. 

However, only the minimum airflow rate and maximum noise were 

required by them (ASHRAE, 2016). As what is discussed in the last 

paragraph, the air flow rate is not the only factor, which has effects on the 

efficacy of pollutant capture. The lack of Standardized methods of testing 

and rating such device results in consumers’ confusion and even some 

manufacturers’ counterproductive movement. 

 

 

For the reasons, the Lawrence Berkeley National Laboratory published a 

report regarding the development of a standardized testing protocol for 

overhead island kitchen exhaust devices (Jordan D. Clark, Gabriel Rojas, 

Iain S. Walker, 2018). In their research, many site experiments were 

conducted to study the effects to island rangehood’s capture efficiency of 

air flow rate, the power input, the height of the hood, the burner locations 

and so on. Several pulsive conclusions were drawn in their report based 

on the experiment results. 
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However, both the money and time costs of experiments makes it 

difficult to carry out further and more detailed research. To complicate 

matters further, the limitation of apparatus results in unstableness for 

some results. Therefore, a numerical model is needed to solve these 

problems. 

 

Two main objectives are pursued in the course of this thesis project:  

• Establish a validated and efficient numerical modelling which 

can accurately predict the capture performance of the range hood 

in the kitchen.  

• Utilize this model to finish parameter analysis on some of the 

related variables and understand how they affect the CE 

qualitatively. 
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2. Methodology 

2.1. Quantification of Capture Efficiency 

2.1.1. The requirement of CE definition 

Apparently, the measurement of capture efficiency should meet the 

following few principals: 

• The ability to reflect the relative capture performance of different 

range hoods at a pre-defined circumstance;  

• The consistency and adequacy of the concepts; 

• The convenience of using in numerical simulation, experimental 

measurement and field test.  

 

2.1.2. Sarnosky’s Derivation 

A two-zone mixing model is introduced in Sarnosky’s derivation, as is 

shown in Fig.1. This kitchen is divided into two zones: one zone includes 

the range and the range-hood, where the pollutants are emitted and 

captured; the other is the rest of the kitchen, which encompasses the inlets. 

Both in the rest of the chamber and the entire chamber, the mass 

conservation is applied respectively to give two equations:  

𝑞𝑞𝑓𝑓𝑐𝑐𝑟𝑟  =  𝑞𝑞𝑓𝑓𝑐𝑐0 + 𝑆𝑆𝑃𝑃0(1− 𝜖𝜖𝑐𝑐) (1) 

𝑞𝑞𝑓𝑓𝑐𝑐𝑟𝑟  =  𝑞𝑞𝑓𝑓𝑐𝑐0 + 𝑆𝑆𝑃𝑃0 (2) 

 

After rearrangement, the two equations can be transformed into 
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𝑪𝑪𝟎𝟎 𝒒𝒒𝒇𝒇𝑪𝑪𝟎𝟎 𝒒𝒒𝒇𝒇𝑪𝑪𝒄𝒄 

𝒒𝒒𝒇𝒇𝑪𝑪𝒓𝒓 
𝑺𝑺𝑷𝑷𝟎𝟎  

𝑪𝑪𝒓𝒓 

𝑺𝑺𝑷𝑷𝟎𝟎(𝟏𝟏 − 𝝐𝝐𝒄𝒄) 

𝑞𝑞𝑓𝑓(𝑐𝑐𝑟𝑟 − 𝑐𝑐0)  =  𝑆𝑆𝑃𝑃0(1− 𝜖𝜖𝑐𝑐) (3) 

𝑞𝑞𝑓𝑓(𝑐𝑐𝑟𝑟 − 𝑐𝑐0)  =  𝑆𝑆𝑃𝑃0 (4) 

 

Apparently, dividing Equation (3) by (4), we obtain 

𝜖𝜖𝑐𝑐 = 1 −
𝑐𝑐𝑟𝑟 − 𝑐𝑐0

𝑐𝑐𝑐𝑐 − 𝑐𝑐0
 

 
(5) 

 

 

Figure 1 A two-zone mixing model in Sarnosky’s derivation. 
 
 

For now, the parameters air flow rate and release rate of contaminant 

(particularly, referring to CO2 in this paper) have been eliminated. 

Therefore, the capture efficiency is now only related to the concentration 

of CO2 at three different locations, the hood, the inlets (average) and the 

rest of the room. According to the ASTM-E3087-17 (Anon., 2017), the 

concentration of the contaminant at the chamber tracer sampling location 

stands for the concentration in the rest of the room. The detailed location 

of the sampling point will be specifically explained in Section 2.3.1 

Geometry.  
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However, some researcher pointed out the conceptual inconsistencies in 

Sarnosky’s derivation and raised a new derivation, which introduced an 

“entrainment boundary” and measurement of concentration at many 

points (Yuguo Li, Angelo Delsante, September 1996). Li suggested that 

Sarnosky’s equations neglects the exchange flow rates between the two 

zones and this new method not only works with background ventilation, 

but also accounts for any possible gradients in tracer concentration.  

 

Considering all the experiments are conducted at steady state in a closed 

environment, the background ventilation is assumed to be zero. What’s 

more, the purpose of Clark (Jordan D. Clark, Gabriel Rojas, Iain S. 

Walker, 2018) is to develop a stable and practical method for 

manufactures to replicate, so the new derivation is too complicated to be 

applied in industry. Since Sarnosky’s equations are accurate and simple 

enough, they were chosen to use in this study. Correspondingly, Li’s new 

derivation, which is more suitable for numerical analysis, is still not 

chosen in CFD simulation phase because as a validation of Clark’s 

experiments, the same calculating approach should be abided strictly by. 

2.2.  Computational Fluid Dynamics 

CFD (Computational Fluid Dynamics) started in the early 1970s, which is 

triggered by the availability of computer technology. Thanks to the rapid 

development of the supercomputers and numerical acceleration 

techniques, it only took a half decade from the first solution of 2-D Euler 

Equations to the simulation of viscous flows governed by the Navier-

Stokes equations. Nowadays, CFD is routinely playing an important role 
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in the fields of aircraft, Turbomachinery, car and ship design (Blazek, 

2015).   

 

Considering that CFD is a branch of fluid mechanics, apparently, it has to 

obey the fundamental assumption: i. Conservation of mass; ii. 

Conservation of energy; iii. Conservation of momentum. Although in the 

microscopic scale, any kinds of fluid are composed of molecules, the last 

continuum assumption idealizes them to be considered as continuous. 

The footstone of CFD is the several governing equations, which are 

derived from these conservation laws of physics (H.K.Versteeg, 

W.Malalasekera, 2007). 

 

The continuity equation, or the mass conservation equation for an 

unsteady and compressible fluid is 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝐝𝐝𝐝𝐝𝐝𝐝(𝜕𝜕𝐮𝐮) = 0 (6) 

 

The momentum equation or Navier-Stokes equation, Eq. 6, which was 

named after Claude-Louis Navier and George Gabriel Stokes. It is to 

describe the motion of single-phase fluid substance.  
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜕𝜕) + 𝐝𝐝𝐝𝐝𝐝𝐝�𝜕𝜕𝜕𝜕𝑗𝑗𝐮𝐮� = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

+ 𝐝𝐝𝐝𝐝𝐝𝐝(𝜇𝜇 𝐠𝐠𝐠𝐠𝐠𝐠𝐝𝐝 𝜕𝜕𝑗𝑗) + 𝑆𝑆𝑀𝑀𝑀𝑀𝑗𝑗 (7) 

 

The energy conservation equation, derived from the First Law of 

Thermodynamics, lies 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜕𝜕𝜕𝜕) + 𝐝𝐝𝐝𝐝𝐝𝐝(𝜕𝜕𝜌𝜌𝐮𝐮) = −𝜕𝜕 𝐝𝐝𝐝𝐝𝐝𝐝 𝐮𝐮 + 𝐝𝐝𝐝𝐝𝐝𝐝(𝑘𝑘 𝐠𝐠𝐠𝐠𝐠𝐠𝐝𝐝 𝑇𝑇) + Φ + 𝑆𝑆𝑖𝑖 (8) 

 where i means internal thermal energy and meanings of the other 

terms refer to the reference (H.K.Versteeg, W.Malalasekera, 2007). 
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All these governing equations are non-linear PDEs, so it is difficult to 

attain the analytical or theoretical solutions. In this way, it reflects the 

importance and necessity of the numerical solution. With time goes by, 

the high demand for computing power made CFD a promising subject.  

 

Nowadays, its validity can be justified by the application in flight tests. In 

the 1970s, when CFD just began, the design of aero-planes fully 

depended on the wind tunnel. In the 1980s, CFD started to step in this 

process and when it comes to the new century, the CFD method nearly 

replaced the wind tunnel tests in designing aero planes. As for the realm 

of the space shuttle, CFD plays an overwhelming role to simulate the 

complicated situation.  

 

Different discretization methods and turbulence models of CFD have 

different advantages and disadvantages. The discretization method 

reformulates the Navier-Stokes Equations and some of the discretization 

methods being used are (Kundu, P., Cohen, I., Dowling, D. and 

Tryggvason, G., 2015) Finite volume method (FVM), Finite element 

method (FEM), Finite difference method (FDM). 
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2.3. Model  

2.3.1. Geometry 

To replicate the experiments, which were conducted at the Lawrence 

Berkeley National Laboratory by Jordan Clark, a numerical model (Fig.2) 

with the same layout and size is necessary and important.  

 

Figure 2 The isometric view of the test chamber model. 
 

This simulation chamber with 4 make-up air vents on the ceiling was 

built in pre-processor software ICEM CFD 18.2. The internal size of the 

chamber was 15' in floor plan and 8' in height (4.6 m × 4.6 m ×2.4 m). As 

the chamber in the real world, a typical island range-hood and a cooktop 

with 4 burners were constructed in it. As what is shown in Fig.3, the size 
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of 4 make-up air inlets was one-foot (30 cm) square. All the vents were 

located at the four corners of the ceiling and the centre of vents was 38 

cm away from every two edges of the ceiling.  

 

 A 16’ × 9’ (41 cm × 23 cm) hole was created in the centre of the ceiling 

as the outlet of the range-hood. A duct, whose cross-section had the same 

size as the hole, wass placed through this hole to connect the hood. What 

was different from site experiment at LBNL is that the range-hood was 

simplified as a right square frustum, not as the curved surface. The sizes 

of top and bottom surfaces of the frustum were 16’ × 9’ (41 cm × 23 cm) 

and 24’ × 14’ (61 cm × 36 cm) respectively. The hood was embedded in 

the bottom of the frustum, which is 20’ × 13’ (51 cm × 33 cm).  

 

Figure 3 The plan view of the chamber and four inlets (mm). 
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Beneath the range-hood, lied the countertop with 4 burners (Fig.3). The 

table was composed of length, width and height, which was 95’, 25.5’ 

and 35.5’ (240 cm, 65 cm and 90 cm). At the very centre of the table, the 

cooktop was lied there, of which length was 29’ (74 cm). The four 

burners have the same diameter, which was 8’ (20 cm) and each of their 

centre points was 5.5’ (14 cm) and 7’ (17.5 cm) away from the vertical 

and horizontal edges, respectively. 

 

Figure 4 The dimensions of the cooktop (mm). 
 

As what is required in ASTM-E3087-17 (Anon., 2017), CO2 was 

introduced in this case as the tracer gas to indicate the CE (Eq. 7) because 

it is “non-toxic, non-flammable, and stable up to 400 ℃”. Only the 

working burners could release pure CO2 gas and the average 

concentration of CO2 would be measured at the surface of the range-hood, 

the sampling point and the inlet. According to the ASTM (Anon., 2017), 

the chamber tracer sampling location, which represented the rest of the 

room, should be 0.5 m horizontally and perpendicularly away from the 

front face of the “range”. The height of the location was the same as the 

midpoint of the cooktop surface and the face of the range hood. 

Nonetheless, researchers in LBNL made two changes to fit the model, 

which lied in the measure locations of inlets and sampling point. Firstly, 
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four inlets were set in this project so that the ambient concentration is the 

average concentration at the four inlets. Secondly, because the several 

heights of the range-hood would be tested, the height of the sampling 

point was fixed at 130 cm from the ground instead of at a height half way 

of the cooktop surface and the hood. All the other settings were identical 

to what is specified in ASTM-E3087-17.  

 

 

Figure 5 Sketch of Sampling point. 
 

Because only the heat flux and gauge pressure were changeable in 

ANSYS Fluent, the power of the four burners changes with the heat flux 

and the average volume flow rate of the range-hood shall be changed by 

manipulating the gauge pressure. 

 

2.3.2.  Mesh settings 
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The same as the last section, the Mesh part was finished in ICEM CFD 
18.2. Unstructured grid was chosen in this project. 

 

For the Shell Meshing Parameters, “All Tri” was chosen as the Mesh type 

and the Mesh Method was “Patch Independent” because “Quick 

(Delaunay)” was chosen as the Mesh Method for the Volume Meshing. In 

this way, the Volume Mesh Type was naturally “Tetra/Mixed”. “Patch 

Independent” Method was not sensitive to the poor connectivity of the 

surfaces or the low-quality geometry. The Delaunay mesh method’s 

theory was Delaunay Triangulation. First of all, it should be introduced 

that the definition of Triangulation (Berg, M.D., Cheong, O., Kreveld, 

M.V. and Overmars, M., , 2008) is a subdivision which divides a given 

plane into a limited number of triangles. Ulterior, Delaunay Triangulation 

describes a special triangulation that no such a vertex of the triangles is 

INSIDE the circumcircle of any triangle. Its merit lies in the 

maximization of the minimum angles of the triangles in the triangulation. 

Correspondingly, d-dimensional Delaunay Triangulation has a similar 

definition and features in Euclidean space, especially 3-dimensions in 

CFD (Fukuda, 2004). Delaunay mesh method is a so-called bottom-up 

grid generation method, which means that it generates shell elements first 

and thereout create volume elements. 

 

The burners were the source of heat, and at the same time, the hood, the 

sampling point and the inlets were the targeting measure spot. Thus, since 

the mesh around these areas should be finer, comparing to the other 

places, a mesh density was created beneath the hood and limitations of 

maximum element size were given for the mentioned parts. Mesh density 
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is a polyhedral defined by the user to refine a volumetric zone, which is 

not adjacent to any geometry (ANSYS, 2016). 

 

2.3.3. Solver settings 

The commercial double-precision solver ANSYS Fluent 18.2 was 

employed to calculate the iterations of the governing equations. 3 parallel 

processors without GPGPU were utilized during all the simulations. 

Considering that the geometry was established in centimetre in ICEM, 

while the standard length-unit was a meter in Fluent, the mesh model 

needs to be scaled 0.01 times right after being imported. 

2.3.3.1. General Settings 

Since the objective of this research is capture efficiency, so all the 

experiments and simulations were conducted under steady-state flow 

conditions. Pressure-based Coupled solver and Absolute Velocity 

Formulation were chosen because the convergence rate can be improved 

significantly, although the more calculating memory would be needed. 

(ANSYS, 2018) What worth mentioning is that gravity was introduced in 

the simulation. 

 
The SIMPLE algorithm was used in pressure-velocity coupling 

calculation, which is based on the predictor-corrector approach. It uses 

pressure-based continuity and momentum conservation equations to 

establish the relationship between the velocity and pressure corrections to 

keep correcting and iterating until the velocity field reaches convergence. 

This coupled scheme is more robust and efficient for steady flows. 

2.3.3.2. Models Settings 
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Every simulation procedure was divided into two phases. In the course of 

Phase I, Energy model, Viscous model and Radiation model were 

involved in all along until the iterations reached convergence, which 

means the flow field was steady.  During Phase II, only the Species 

model was engaged in to let the tracer gas CO2 spread with the heated air 

flow. This method can not only accelerate the convergence rate but also 

avoid of local convergence. 

 Viscous 

Although it is widely accepted that the N-S equation can describe the 

transient movement of turbulent eddies, it is still rarely possible and 

necessary to figure every eddy out. Thus, the Reynolds-average Navier-

Stocks (RANS) equations (Eq.7), time-average equations of motion for 

fluid, avoids the complex analytic solutions. 

∂
∂𝜕𝜕

(𝜕𝜕𝑢𝑢𝑖𝑖) +
∂
∂𝜕𝜕𝑗𝑗

�𝜕𝜕𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗� = −
∂𝜕𝜕
∂𝜕𝜕𝑖𝑖

+
∂
∂𝜕𝜕𝑗𝑗

�𝜇𝜇
∂𝑢𝑢𝑖𝑖
∂𝜕𝜕𝑗𝑗

− 𝜕𝜕𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′�������+ 𝑆𝑆𝑖𝑖 (9) 

 

Comparing to the NS equation (Eq.1), the additional unknow term 

−𝜕𝜕𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������ is defined as Reynolds stress, which needs additional equations 

to solve. The turbulent viscosity is accordingly introduced in this problem. 

There are many models to describe the eddy viscosity models, which can 

be roughly divided into 3 groups, Algebraic models, One-equation 

models and Two-equation models. A two-equation model, RNG k-

epsilon model was chosen in this project. 

 

The RNG k-𝜀𝜀 model, which was raised by Yakhot and Orzag (V. Yakhot, 

S. A. Orszag S. Thangam, T. B. Gatski, C. G. Speziale, 1992), is similar 

to the Standard k-𝜀𝜀  model that introduces in the Turbulence kinetic 
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energy k and Turbulence dissipation rate 𝜀𝜀 . Whereas, the RNG model 

uses a mathematical technique to handle with the effects of small scales 

of motion. 

 

Nevertheless, neither Standard k-𝜀𝜀  model nor the RNG k-𝜀𝜀  model can 

describe the near-wall problems because these models are only suitable 

for the turbulence, in another word, high-Reynolds-number situation. 

While, the presence of walls can significantly affect the development to 

eddies and the air flow consequentially has low-Reynolds-number. 

Enhanced Wall Treatment, as one of the near-wall treatment methods, 

was chosen since it isn’t sensitive to the fineness of the near-wall mesh. 

 Radiation 

Since the surface heating process was introduced in the simulation, the 

radiative transfer equation (RTE) was involved in the equation sets. 

Discrete Ordinates (DO) Radiation Model was adopted to describe the 

radiation within air flow. Its uncoupling implementation considers the 

RTE in the direction𝒔𝒔�⃗  as a field equation (Eq.10), 

∇ ∙ (𝐼𝐼(𝑟𝑟, 𝑠𝑠)𝑠𝑠) + (𝑎𝑎 + 𝜎𝜎𝑠𝑠)𝐼𝐼(𝑟𝑟, 𝑠𝑠)

= 𝑎𝑎𝑛𝑛2
𝜎𝜎𝑇𝑇4

𝜋𝜋
+
𝜎𝜎𝑠𝑠
4𝜋𝜋

� 𝐼𝐼(𝑟𝑟, 𝑠𝑠′)Φ(𝑠𝑠, 𝑠𝑠′)𝑑𝑑
4𝜋𝜋

0
 

(10) 

 
where  𝒓𝒓�⃗    = position vector 
  𝒔𝒔�⃗    = direction vector 
   𝒔𝒔�⃗ ′  = scattering direction vector 

s    = path length 
𝒂𝒂   = absorption coefficient 
𝒏𝒏   = refractive index 
𝝈𝝈𝒔𝒔 = scattering coefficient 
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𝝈𝝈    = Stefan-Boltzmann constant (5.669 ×
10−8  𝑊𝑊 (𝑚𝑚2 ∙ 𝐾𝐾4)⁄ ) 

𝑰𝑰  = radiation intensity, which depends on position 𝒓𝒓�⃗  and 
direction 𝒔𝒔�⃗  

T = local temperature 
𝚽𝚽 = phase function 
𝛀𝛀′ = solid angle 

 

 Species 

The tracer gas CO2 was considered as the pollutants to indicate the CE of 

the range-hood, so species model was indispensable in simulations. Only 

simple Species Transport was engaged in during the simulations, in 

another word, the convection-diffusion equation was introduced in to 

predict the local mass fraction. 

 
Two fluid materials were created for Species Transport, which are 

carbon-dioxide and air. To be more clarified, the air was along the lines 

of CO2, which means no CO2 was contained in the so-called air because it 

was taken as a new kind of pure gas. The air was defined as 

incompressible-ideal-gas to ensure it to expand and spread with the 

temperature going up. In the light of the fact that CO2 mostly moves 

along with the air flow field, its density was set as constant value. 

2.3.3.3. Boundary conditions 

 Hood 

This exhaust hood was defined as a pressure-outlet boundary. The Gauge 

Pressure was manipulated to adjust the air flow rate to given values. The 

other parameters were left as default. 
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 Inlets 

The boundary type of the four inlets was naturally pressure-inlet since 

they are make-up inlets. The other parameters were left as default. 

 Oven-2 

During this research, only the left-front stove, oven2 was on, which 

meant emitting heat power. This part was defined as a stationary and no-

slip wall. Besides, it was set to release opaque grey radiation with an 

emissivity of 0.9. The parameter Heat Flux was imposed to alter the input 

power. The other parameters were left as default. 

 Oven-1, 3 and 4 

Unlikely the Oven-2, these stoves were off during all the simulations, 
they were given the boundary condition as stationary, no-slip and non-
thickness wall without heating. 
 

The other mesh parts were the same as oven-1, 3 and 4. 
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3. Model Validation 

To validate the simulation model, a replica of the experiment settings was 

simulated. This series of simulations was taken under the 28 inches 

height from the cooktop surface to the range-hood and 225 CFM (0.106 

m3/s). Four different input powers to the stoves (250 W, 500 W, 750 W 

and 1000 W) were considered, while some other random powers had 

been used in the experiments. Thus, the corresponding CEs were 

calculated by linear interpolation. The geometry, grid and solver settings 

were adjusted until the model could be deemed sufficiently validated. As 

what Figure 6 below shows, the simulations’ CEs are nearly the same as 

the experiments’, especially at the low power and the relative errors of 

the first three input powers are all within 15%. The difference shown at 

high power area will be discussed in the next chapter. The validation of 

this geometry can be seen as finished. 

 

Figure 6 The comparison of CE of experiment and CFD. 
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Table 1 The values and relative errors of experiment and CFD. 
Power [W] CE. CFD CE. EXP Relative Error 

250 80.05% 80.09% 0.05% 
500 71.03% 71.79% 1.06% 
750 60.63% 52.79% 14.85% 

1000 63.60% 53.62% 18.61% 
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4. Results and discussion 

4.1. Effect of power input 

Three different air flow rate, 225 CFM (0.106 m3/s), 300 CFM (0.142 

m3/s), and 400 CFM (0.189 m3/s) and four different input powers, 250 W, 

500 W, 750 W and 1000 W, were used in this group. As can be seen from 

the Fig.7, the input power has a strong effect on the CE that generally, CE 

decrease with power going up. Besides, it can be told that this negative 

effect is more significant when the flow rate is lower. 

 

 

Figure 7 Effect of Power input at three flow rates with 28 inches (0.71 m) height. 
 

This result is identical to qualitative analysis that the heated air is 

provided with more kinetic energy and prone to escape from the extractor, 

when the heating power goes up. Thus, the higher the power is, the more 

pollutant will spread to the rest of the kitchen. However, the high flow 

rate weakens the influence of power. 
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Although higher input power can enhance the air temperature and 

accordingly enlarge upward buoyancy, it also results in more turbulence 

and stronger thermal chaotic motion, making the pollutants spread with 

the random air flow to the rest of the room. 

 

4.2. Effect of height 

The simulations at the height of 32 inches (0.81 m) were conducted under 

only 2 different flow rates, 225 CFM (0.106 m3/s) and 300 CFM (0.142 

m3/s). The results are presented below in Fig.8. Firstly, the same as what 

is shown in a 28-inch-high group, the performance of the range-hood (CE) 

declines with the increase of power. Secondly, although the Fig.8 (b) 

indicates the slight difference between two groups of curves, it can barely 

draw the conclusion that the height between cooktop surface and the 

rang-hood surface has an effect on the exhaust performance. More 

simulations are ought to be done in regard to this problem. 

 
(a) 
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(b) 

Figure 8 (a) Effect of Power input with 32 inches (0.81 m) height. (b) Comparison of CE with 
28 inches (0.71 m) and 32 inches (0.81 m) height. 

 

4.3. Dimensionless analysis 

From the previous section, it can be concluded that the several variables 
may affect the CE of range-hood, so if all the variables can be united into 
one variable, it would be more productive and visualized to consider the 
relationship among these respective variables. The Buckingham Pi 
Theorem provides an approach to combine several variables into one 
dimensionless variable without a specific physical equation. The Table.2 
lists 7 variables that may affect CE with 4 dimensions, which suggests 3 
dimensionless variables are needed to figure out the relationship. 

Table 2 List of variables affecting measured CE 
VARIABLES MEANING 

�̇�𝑷 Electrical Input Power [W] 

�̇�𝑽 Exhaust air flow rate [m3/s] 
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𝑯𝑯 The height of range-hood above cooktop [m] 

𝑪𝑪𝒑𝒑 Specific heat capacity [J/kg-K] 

𝜷𝜷 The coefficient of Thermal Expansion [1/K] 

𝝆𝝆 The density of incoming air [kg/m3] 

𝒈𝒈 Gravity Acceleration [m/s2] 

 

There are numerous ways to construct the dimensionless variable, while 

Clark (Jordan D. Clark, Gabriel Rojas, Iain S. Walker, 2018) pointed out 

an informative way of formulating a dimensionless variable: 

CE = 𝑓𝑓

⎝

⎜
⎛

𝐻𝐻3

�̇�𝑽
𝜕𝜕𝑪𝑪𝒑𝒑𝐻𝐻3

�̇�𝑷𝜷𝜷 ⎠

⎟
⎞

 (11) 

This dimensionless variable can be considered as “the ratio of the time 

scale for upward movement of air due to fan-driven advection and the 

time scale for outward thermal expansion”. 

 

All the data collected in this thesis are re-plot in Fig.9, including 2 

heights, 4 power inputs and 3 flow rates. As what is mentioned before, 

the data points are not reliable, so they are marked in red-cross. The 

dimensionless variable was set as independent variable and CE is the 

dependent variable. From the figure, it can be seen that several curves 

almost collapse into one curve, if the data points in red are neglected. 

This curve indicates the existence of a characteristic curve for a certain 

range-hood, which can represent the pollutants removal performance of 

this kind of range-hood.  For instance, for a new kind of range-hood, only 

three or fewer tests are needed with different values of the dimensionless 
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variable to assess its working performance. However, more study should 

be done before taking this method as a valid and effective one. 

 

Figure 9 Data of CE and dimensionless variable from all heights, powers and flow rates. 
The data at 1000 W power input are marked in red, which is not reliable. 
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5. Conclusions and future work 

The master thesis showed some general trends. First, as what some 

previous literature has pointed out, the air flow rate of the extractor was 

demonstrated by many cases to have an obvious effect on the capture 

performance that the higher the flow rate is, the higher capture efficiency 

will be. Second, the input power shows a negative impact to the capture 

efficiency and this impacts at high flow rates are not as strong as the ones 

at low flow rate. At last, counterintuitively, the height of range-hood 

barely has apparent relation to capture efficiency, based on the current 

data. 

 

Therefore, some suggestions are given to manufacturers and consumers 

on the basis of the previous conclusions. For manufacturers, the flow rate 

of the highest exhausting level of their productions is supposed to be 

beyond 400 CFM (1.89 m3/s) because most of the pollutants can be 

removed in this flow rate within the reasonable range of power inputs. 

Meanwhile, for the consumers, since the capture efficiency of range-

hoods decreases with input power going up, the high power should be 

avoided as much as possible, or the highest flow rate level of range-hoods 

is ought to be used directly. 

 

Due to the time limit, some problems are still left in this thesis project. 

Thus, the future work should be focused on 2 aspects.  

 

On one hand, a finer mesh is needed to obtain more accurate and precise 

results. Although the results from the current mesh file are stable at low 

input powers, the results are not stable and reliable at high input powers 



 

28 
 

(over 750 W). Finer mesh files are supposed to be generated to do 

research at high input powers.  

 

On the other hand, more simulations should be done with more different 

parameters, out of the current testing range or smaller steps. For instance, 

the step of power inputs now is 250 W and more simulations with smaller 

power input range steps (such as 100 W) can be conducted to obtain more 

data points for the implement of a t-test of the hypothesis that capture 

efficiency cannot be affected by the height of rang-hood.  

 

Furthermore, the validation of the aforementioned characteristic curve 

requires the joint effort of a finer mesh and more simulations. 
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Appendix A   Results and Dimensionless Analysis 

 

Number
Flow rate

[CFM]
Flow rate

[m3/s]
Height [m]

Power
input [W]

Heat
Capacity
[J/kg-K]

Temp. [T]
Coef. of
Thermal

Expansion

Density
[kg/m3]

Gravity
[m/s2]

CE Non-dimension

1 225 0.1062 0.7112 250 1006.43 299.2 3.34E-03 1.137 9.81 80.053% 6.88E-03
2 225 0.1062 0.7112 500 1006.43 300.5 3.33E-03 1.137 9.81 71.030% 1.37E-02
3 225 0.1062 0.7112 750 1006.43 302.0 3.31E-03 1.137 9.81 60.628% 2.04E-02
4 225 0.1062 0.7112 1000 1006.43 303.5 3.30E-03 1.137 9.81 63.602% 2.71E-02
5 400 0.1888 0.7112 250 1006.43 300.4 3.33E-03 1.137 9.81 99.997% 3.85E-03
6 400 0.1888 0.7112 500 1006.43 300.7 3.33E-03 1.137 9.81 97.401% 7.70E-03
7 400 0.1888 0.7112 750 1006.43 301.5 3.32E-03 1.137 9.81 94.618% 1.15E-02
8 400 0.1888 0.7112 1000 1006.43 302.6 3.31E-03 1.137 9.81 76.072% 1.53E-02
9 300 0.1416 0.7112 250 1006.43 300.1 3.33E-03 1.137 9.81 97.563% 5.14E-03
10 300 0.1416 0.7112 500 1006.43 301.1 3.32E-03 1.137 9.81 91.003% 1.02E-02
11 300 0.1416 0.7112 750 1006.43 302.3 3.31E-03 1.137 9.81 83.734% 1.53E-02
12 300 0.1416 0.7112 1000 1006.43 303.8 3.29E-03 1.137 9.81 63.085% 2.03E-02
13 225 0.1062 0.8128 250 1006.43 300.5 3.33E-03 1.137 9.81 83.391% 6.85E-03
14 225 0.1062 0.8128 500 1006.43 301.9 3.31E-03 1.137 9.81 74.759% 1.36E-02
15 225 0.1062 0.8128 750 1006.43 303.7 3.29E-03 1.137 9.81 71.623% 2.03E-02
16 225 0.1062 0.8128 1000 1006.43 305.1 3.28E-03 1.137 9.81 76.848% 2.70E-02
17 300 0.1416 0.8128 250 1006.43 300.1 3.33E-03 1.137 9.81 98.223% 5.14E-03
18 300 0.1416 0.8128 500 1006.43 301.2 3.32E-03 1.137 9.81 86.461% 1.02E-02
19 300 0.1416 0.8128 750 1006.43 302.3 3.31E-03 1.137 9.81 84.281% 1.53E-02
20 300 0.1416 0.8128 1000 1006.43 303.6 3.29E-03 1.137 9.81 89.443% 2.03E-02
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