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SUMMARY 

In this report a numerical procedure is presented to calculate two-dimensional turbulent 

airflow in a ventilated room in which a contaminant producing stove is placed. The 

research is done as a preliminary study to find the relation between indoor air pollution 

and ventilation. The main goal is to initiate the development of an open code which can 

help determine the effect of a turbulence model, certain parameters like stove position, 

position and size of the ventilators on the flow and the concentration of contaminant 

inside the room. This will further help in identifying the ventilation arrangements which 

give lower levels of contaminant in the room. Such a code can prove very useful since 

elaborate experiments for the same will be extremely difficult as wellas expensive. 

The present two dimensional code makes use of k -e model to calculate the turbulent 

flow in the room. To handle the problem with unknown inlet boundary conditions, the 

influence of k and e values at the inlet was studied. Also other parameters like air 

velocity at the outlet of the stove and at the inlet of the room were studied. As this was 

only a preliminary study and the final goal is to use a one equation model (Spalart, 

1992) it is very useful to know what the influence of a turbulence parameter is on the 
flow field. Calculations show that build up time of CO is in the order of minutes. This 

is confrrmed by literature. For studying the worst case, the build up of CO can be 

omitted. From the present study it seems to be that CO distribution is not strongly 

dependant on the choice of k and e at the inlet. However, the inlet velocity or air 

exchange rate are very important parameters for the CO distribution. In combination 

with the velocity at the stove outlet they can influence the CO distribution in positive 
and negative sense. Results show that maximum ventilation will not always yield the 

lowest levels of CO at a certain region in the enclosure. Finally the influence of 
temperature is investigated. Temperature can dominate the flow very easily due to the 

2-D description of the problem. This dominating behaviour of the stove in a 2-D 

situation can only be eliminated by 3-D calculations. Summarizing it can be stated that 

2-D code can produce results which are qualitatively good compared to what one 

expects or fmds in literature. Numerical methods have been studied to improve 
convergence. 

Experiments have been done in a setup which was built during the research. 

Unfortunately, the available equipment was not suitable for the present investigation. 
The results are not reliable and cannot be compared with numerical results. Further 

study will be necessary to improve the understanding of the nature of ventilation 
problems. 
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-----------------------------------------------------------------------------

Chapter 1 

Introduetion 

1.1 General 

For thousands of years man cooked and searched for shelter. But as time went by the 

shelters changed into houses and the open fires changed into cooking devices. During 

these changes the amount of pollutants they were exposed to increased. Although the 

efficiency of the stoves bas increased, and the amount of pollutants and smoke helebed 

decreased, it is a fact that in some countries the levels are unacceptably high. This 

induces health risks like cancer and respiratory diseases. One of the pioneers in this area 

is Kirk R. Smith from theEast-West Centrein Hawaii (Smith, 1988). He provides a 

scheme for identifying different components involved in any study of health effects of 

pollutants produced by a woodfire, especially in rural areasof developing countries (fig 

1.1). 

Fig. 1.1 Categorization and flowchart of the 
separate topics in investigating the extent and impact 
of air pollution exposures from combustion of 
biofuels in developing countries (Smith, 1988). 

5 



6 CHAPTER 1 INTRODUCTION 

We see that the model consists of different aspects which can be investigated separately. 

Here we restriet ourselves to air pollutant levels. In most combustion phenomena all 

kinds of products are formed. Modelling the distribution of all pollutants in a real 

situation is very complex. This is due to the fact that most of the products helebed from 

the chimney are not stabie or very difficult to measure. Smith identified over 35 

pollutants in wood smoke but concentrales on only four: 

carbon monoxide (CO); 

total suspended particulates (TSP); 

polycyclic organic matter (POM); and 

formaldehyde (HCHO). 

From experiments it is known that there is a relation between carbon monoxide 

concentration and concentration of unburnt hydrocarbons. This cao be seen in tigure 1.2 

(Sangen,1983). Similar relations have been reported by Smith (1988). 

0 
u 

QS 

2000 3000 4000 

Fig. 1.2 Relationship between carbon monoxide and CxHy concentrations. 
(Sangen 1983). 

Thus, high carbon monoxide concentrations imply high concentrations of unburnt 

hydrocarbons. Since carbon monoxide is relatively easy to measure, compared toother 

unbumt hydrocarbons and since there is arelation betweenthem (fig. 1.2), it can be 

used as a marker for other pollutants. In other words CO indicates the quality ofthe air. 
Thus the present work concentrates on CO. Retuming to tigure 1.1, we take a look at 

ventilation conditions. Let us assume that a cook stove is the only souree that disturbs 
indoor air quality. One way of reducing the harmful effects of smoke on human health 

is to have better ventilation while cooking. The exposure of occupants of a room to the 
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pollutants can change considerably depending on the ventilation conditions, i.e., the 

position of the doors and the windows with respect to each other and the cooking 

device, and also on the air exchange rate between the room air and the ambient, which 

is affected by outside atmospheric conditions. Since it is difficult and expensive to 

determine the effect of these factors experimentally, computer simulation cao be very 

useful in limiting inside measurements. The Woodburning Stove Group initialed the 

development of an open code which could calculate the flow in a ventilated room where 

people cook. The program should help in: 

I) identifying relative importance of different effects; 

2) reducing the experimental effort; and 

3) developing an onderstanding of the nature of the problem. 

1.2 Background 

In the past some work on indoor air quality was done but they all assume simpte models 

(Krishna Prasad, I993). These models are useful because they are oot very complex, 

easy toonderstand and easy to use. A1so they are oot very sensitive for parameters like 

enelosure dimensions, temperature, location of the doors and windows and whether the 

flow is laminar or turbulent. Three models are described. 

I) A closed enelosure and complete mixing of air and pollutants. 
Such a model is oot very good because a kitchen is never elosed. People always 

ventilate. So the model can be improved by assuming ventilation. For this we 

define the air exchange rate which is the number of enelosure volumes that is 

exchanged per hour with the ambient. 

2) Assum.e some ventilation with a certain air exchange rate. 
Although this model is more realistic than the first one, it neglects the fact that 

CO cao build up over time. 

3) Assume some ventilation with a certain air exchange rate and include the 

time element. 

The situation can be represented by the following equation 

dm = -Tm 
dt 

(I,I) 

where m is the mass concentration of the pollutant in mglm3
, defined by 

m=CcCo-P/Q 

concentration of the pollutant indoors in 

concentration of the pollutant outdoors in 
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p rate of production of pollutant indoors in mg/hr 

Q rate of .air exchange with outside, m3/hr 

T Q/V, inverse time constant, 1/hr 

V volume of air indoors, mJ 

Calculations with such a model show that the build-up time of pollutants is only a few 

minutes for modest air exchange rates(20). Since complete mixing is assumed the steady 

state value for the concentration is equal to the concentration obtained by metbod 2. 

Summarizing we see that the shortcoming of all these models is the assumption that 

complete mixing occurs. Of course we know from reallife that this rarely happens 

because the souree is most of the time small compared to the size of the enelosure and 

temperature effects play an important role. Thus, one expects higher concentrations of 

pollutants near the stove and at the ceiling. From measurements of Quintiere et al. 

( 1983) it is known that stratified regions exist in enelosure with heat. Figure 3 shows 

the existence of such stratified regions. These types of graphs are extremely useful 

because they can be used in twc and three dimensional situations. Another advantage 

over other graphs is that the influence of a eertaio parameter can be put in one graph 

and compared easily. 
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Fig. 1.3 Measured temperature rise at a certain 
height for different configurations. 

Since diffusion and convection of mass and heat obey similar physical laws, it is 

expected that similar stratification occurs for the concentration of pollutants. A 

consequence of this stratification is that the local concentrations can be much higher and 

more harmful than expected from the complete mixing models. 
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Now one can ask the question why notmodel everything because the situation can be 
described by physicallaws. First of all not all parts of the combustion can be described 

accurately enough by laws. Secondly, from Smith (1988) it is known that fora wood 

stove 35 known combustion products can be identified. Each of them bas a different 

molecular weight, diffusion coefficient and can be stabie or non-stable. It is hardly 

feasible to model all these products. As already explained, carbon monoxide can be used 

as a marker for other unburnt hydrocarbons. The rest will be neglected in order to 

simplify the model. Two other reasons to focus on CO are given below. 

a) The fact that CO acts directly on the oxygen level in the blood, while the time 

necessary to see the effect of other pollutants like unburnt hydrocarbons is much 

larger. 

b) The concentration of unburnt hydrocarbons is in general much smaller than the 

concentration of carbon monoxide (Smith, 1988). 

So the whole process of dispersion of pollutants in a ventilated enelosure can be 
modelled by the following set of conservalion laws: 

1) mass; 
2) momentum; 

3) energy; and 

4) chemical species. 

Due to coupling and nonlinearity these equations have to be solved by numerical 

methods. Only for very simpte geometries like laminar pipe flows, an analytical solution 

can be found. 

Unfortunately there is another problem which occurs in ventilation problems. The flow 

in ventilated enclosures of the type considered bere, will be partially laminar and 

partially turbulent. This complicates things because laminar flow can be solved rather 

easily and highly turbulent flows which can be described by some models can also be 
solved rather easily. However, the intermediale region cannot be described accurately 

by mathematical models. To solve the equation one bas to choose between solving the 

full Navier Stokes equations or just accept an approximate model. Because solving the 
full Navier Stokes equations takes too much time, the latter is chosen. 
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1.3 Carbon monoxide 

As earlier pointed out, CO is used as a tracer in this study. However, CO itself bas 

large health effects and can even endanger life if adequate precautions are not taken. In 

this section we will present some known health effects of CO. 

Carbon monoxide is a colourless, odourless, tasteless gas that is slightly less dense than 
air and only slightly soluble in water. Carbon monoxide absorbs electromagnetic 

radiation in the infrared region with the main absorption band centred at 4.67 JLID: this 

property is used for the measurement of carbon monoxide concentrations in air. 

It is a product of incomplete combustion of carbon containing fuels and is also produced 

by some industrial and biological processes. lts health significanee as a contaminant of 

air is largely due to the fact that it forms a strong covalent bond with the iron atom of 

the protohaem complex of haemoglobin forming carboxyhaemoglobin (HbCO) and thus 

impairs the oxygen carrying capacity of the blood. The affinity of haemoglobin for 

carbon monoxide is roughly 240 times that of its affmity for oxygen. In tigure 1.4 the 

relation between carbon monoxide concentration and exposure time is illustrated. 
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Fig. 1.4 Toxicity of carbon monoxide as a function of exposure time 
Source: Bussmann 1988 

At present, the significanee of natura! sourees of carbon monoxide for man is uncertain. 

Estimates of manmade carbon monoxide emissions vary from 350 to 600 million tonnes 

per annum. By far the most important souree of carbon monoxide at breathing level is 

the exhaust of petrol powered vehicles. Other sourees include heat and power 

generators, some industrial processes such as the carbonization of fuel, and the 

incineration of refuse. Faulty dornestic cooking and heating appliances may be important 
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soureestbat are often overlooked. Natoral background levels of carbon monoxide are 
low (0.001-0.9 mg/m3

). 

The effects on man of exposure to high concentrations of carbon monoxide are wen 

documented and tbe diagnosis, treatment, and consequences of acute carbon monoxide 

poisoning are adequately dealt witb in standard texts. 

Carbon monoxide is widely generated indoors by heating, cooking, tobacco smoking. 

Obviously, peak concentrations in tbe kitchen were observed during meal times. 

Sofoluwe ( 1968) reported extremely high concentrations of carbon monoxide in Nigerian 

dwellings , where firewood was used for cooking. During preparation of meals, average 

carbon monoxide concentrations were reported to beover 1000 mg/m3 witb peak levels 

as high as 3400 mg/m3
. For tbe interested reader tbere is a global review on biofuels, 

air pollution and healtb written by Smitb ( 1988). 

Three metbods are most commonly used for tbe routine estimation of carbon monoxide 

in air. These are tbe continuous analysis metbod based upon non dispersive infrared 

absorption spectroscopy (NDIR); tbe semi continuous analysis metbod using gas 
chromatographic techniques and semi-quantitative metbod employing detector tubes. 

Other metbods include catalytic oxidation, electrochemical analysis, mercury 

displacement, and tbe dual isotope technique. 

1.4 Scope of this work 

The main objective of tbe present work is to fill tbe gap between tbe experiments tbat 

people have done indeveloping countries and tbe existing matbematical models. 

The experiments tbat were done cannot be compared witb tbe models, as experiments 

reported measurements only at a few points in space and tbe matbematical models 
assume complete mixing. The way parameters like position of tbe stove and ventilators 

influence tbe distribution of pollutants cannot be understood very wen from this kind 

of measurements and models. The code developed in this study is not meant for 
calculating very accurate concentrations of tbe ponutants but to develop an 

understanding of tbe nature of ventilation problems. Also this code should predict 
pollutant levels of tbe same order of magnitude as in a real situation in a reasonable 

amount of time on a personal computer. It should be used in developing countries by 

people whoare notexperts in fluid dynamics but who are interested in tbe dispersion 
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of contaminants produced by a stove in a ventilated enclosure. As large mainframe 

computers are not widely available in such countries, the programme should workon 

a personal computer. Temperature and velocity at the entrance may vary considerably 

during cooking time. However exact information on these variations is rarely available. 

Even when available the modelling procedures become quite cumbersome. Thus in this 

work the effect of varying the room inlet and stove outlet veloeities was studied 

parametrically. To satisfy all these demands several simplifications were made. Only 

one pollutant (carbon monoxide) has been considered, the rooms are reetangolar and 

there is no in- and outflow through the same opening in the room. Flow is assumed to 

be turbulentinsome regionsin the enclosure. k-e model has been used for modelling 

turbulence. Although the model is widely used and is known to work well for high 

Reynolds number flows, it is also known that it does not serve well for recirculating and 

low Reynolds number flows (Hjertager et. al., 1977). This is due tothefact that higher 

order velocity derivatives are neglected, and due to the isotropy of the model. In the 

present case the Reynolds numbers are not very high and the flow is recirculating. 

Although the model has some drawbacks for use in the present case, it is accepted for 

the sake of expediency. 

The research is done as a preliminary study because field measurements that are done 

can not be compared, due toa lot of uncertainties in the measurements. In general the 

measurements reported by Smith (1988) were done by sensors that were wom by cooks. 

Thus the exact position at which the measurements were done is not known. Thus only 

the volume of the enclosure, the area of the ventilators and the air exchange rate were 

reported. The rest like stove power, location of the ventilators and so on are not 

reported. This makes it very difficult to compare experiments to numerical results in 

order to onderstand the nature of the ventilation problem. From the results of numerical 

simulations, one can onderstand the influence of turbulence, stove position and so on, 

on the distribution of CO in the room. Because the theoretica! aspects of a two

dimensional flow are easier to onderstand than a three-dimensional flow, and the flow 

can be represented by a stream function, only two-dimensional flow is considered. The 

main intention of the present study is to find the influence of eertaio parameters on the 

flow behaviour as well as concentration levels. 

Because the k -e model is used and the inlet conditions for k and e are not known from 

literature one has to estimate them from turbulent flow through a pipe or from wall flow 

values. From one reference value of k and e one varles the values to see how they 

influence the dispersion of carbon monoxide in the room. Other important parameters 

are air inlet velocity and velocity of the combustion products coming out of the 
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chimney. Of course temperature is also very important as it induces some extra 

buoyancy force. The stove size is kept constant. The influence of the stove size on the 

flow is assumed to be minor. The reason for this is, that the stove size is relatively 

small compared to the dimensions of the enclosure. 

In chapter 2 the theory is discussed. Sections 2.1-2.3 treat the basic equations and the 

origin of the time averaged transport equations for turbulent flows. These equations do 

notforma closed set of equations, therefore insection 2.3 the ciosure of the equations 

is discussed. Ciosure is possible by some assumptions which lead to the standard k-e 

model which is discussed insection 2.4. To solve our problem it is not only essential 

to have the same number of variables as equations but also to have enough boundary 

conditions(section 2.5). Section 2.6 contains the wall functions which are necessary to 

introduce because the k-e model is not valid at the wall because the viscosity plays an 

important role at the wall. To get agreement between the studied 2 dimensional case and 

the reallife 3 dimensional case it is necessary to convert the 3 dimensional problem into 

a 2 dimensional problem. This is done insection 2.7. 

Chapter 3 discusses the theory of numerical methods. Starting with the discretization of 

the equations in section 3.1 the importance of the grid ( staggered or non-staggered) is 

dealt with in section 3.2. In section 3.3 the importance of the convection-diffusion 

scheme is explained. Section 3.5 explains the metbod used for solving the matrix. A 

very important fact is the acceleration of convergence. Several ways to obtain 

acceleration of convergence are explained in section 3. 6. 

In chapter 4 the different parameters that can influence the numerical results are 

discussed and presented. 

Finally in chapter 5, the conclusions and recommendations for future work are 

presented. 

1.5 Experimental setup 

As can be shown, the concentrations of carbon monoxide would be extremely high if 

there is almost no air ventilation in a kitchen where food is cooked on a wood stove. 

To avoid hazardous situations for the people in such kitchens and the difficulty to 

measure CO and veloeities in a practical situation, it was considered useful to build an 

experimental ventilated enelosure which represents a kitchen. This was done to compare 
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the trends in the computed data to measurements that can be done in this enclosure. In 

particular it was considered useful to determine whether one can manage with much 

simpter laminar calculations. Because the situation in a normal kitchen is mathematically 

too complex to describe, due to: walking people, furniture and 'terrible' boundary 

conditions like time dependant air inflow, opening and closing doors and so on, a test 

cellis taken. This test cell consistsof a room with one inlet and one outlet, placed at 

opposite positions inthetest cell. Forther morethereis a stove intheroom which is 

assumed to have power output and excess air factor that are constant in time. In a real 

coolring situation this is not true as the enelosure can have several ventilation holes and 

the power of the stove can vary considerably during coolring time due to changing air 

exchange rate. Also the velocity and temperature of the air at the inlet are taken 

constant. This is done because fluctuating boundary conditions increase the calculation 

time enormously. Note that this doesn't imply that the situation is stationary, CO can 
still build up. The power of the stove and the airflow through the room play an 

importantroleon the CO concentration intheroom at various places and in time. 

The setup is built from wood, asbestos substitute and plastic. lts dimensions are 2.5 m 

long, 1. 9 m high and 1.5 m wide. It bas one inlet and one outlet. Thermocouples were 

installed to measure temperature. A gas analyzer to measure carbon monoxide, carbon 

dioxide and oxygen was available. One hot-wire meter was available. 

Despite all equipment no reliable measurement could be done. This is due to the 

following reasons. The gas analyzer is only suitable for measurement inside the chimney 

of the stove where the combustion products have not been diluted with clean ambient 

air. Due to mixing of clean air and combustion products the concentration of carbon 

monoxide and carbon dioxide falls rapidly with the distance from the chimney. This can 

be checked by measuring the oxygen level at a point and comparing it to the oxygen 

concentration of ambient air. If they are nearly equal, the combustion products have 

been diluted intensively with clean air so CO and C~ concentration will be very low 

compared to the levels inside the chimney. Note that although the concentration falls 

down rapidly, it can still be dangerous for people to be exposed to these low levels. The 

present gas analyzer could not measure the carbon monoxide levels with the desired 

accuracy. Some experiments have been done with extremely high stove powers and 

mixing of dry and wet wood, so the amount of carbon monoxide helebed by the 

chimney was high compared to a normal simation. All these experiments yielded no 

reliable results. Then a Bunsen burner was place inside a chimney. This was done 

because all fuel (natural gas) can be assumed to burn to H:z() and C02. Thus carbon 

dioxide levels were expected to be high so they could be measured easily. Unfortunately 
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this was oot true. This was due tothefact that although the fuel flow was known very 

accurately the excess air factor was unknown and could oot be determined. This was a 

result of the pressure difference existing over the chimney. This pressure difference 

induces clean ambient air to flow into the chimney from the bottorn to the top. Oxygen 

concentration measurements at the chimney top showed that the amount of air going 

through the chimney exceeded the minimum amount that is needed for clean combustion 

by many times. Almost closing the bottorn side of the chimney gave no improvement 

of the results. After this measurement it was feit oot to be useful to do more 

experiments with the available gas analyzer. 

The hot wire meter which was available for velocity measurements was oot suitable for 

measuring the veloeities that occur in the setup. The veloeities at the in- and outlet are 

of the order of 0.15 mis, while the hot wire meter was only usabie for veloeities of the 

order of 1.0 mis. 

Summing up, we see that it is oot possible to obtain reliable data with the present 

equipment. Therefore, data that was obtained caooot be compared with numerical 

results. 



Chapter 2 

Theory 

2.0 Introduetion 

Differential equations are the basis of every problem in pbysics that bas to be solved. 

In fluid flows tbrougb a ventilated room we have the transport equations of momentum, 

energy and cbemical species. In the case considered it is assumed tbat tbe flow is 

turbulent. Before we go into forther detail, it is useful to have some kind of defmition 

of wbat turbulence is. According to Hinze (1975) turbulence is defined as follows 

"Turbulent fluid motion is an irregular condition of flow in whicb tbe various quantities 

show a random varlation witb time and space coordinates, so that statistically distinct 

average values cao be discemed". Fluctuations in a turbulent flow have mucb smaller 

time and lengtb scales tban tbe meao flow. So to solve tbe turbulent problem directly 

tbe discretization of time and space bas to be very fine. As aresult oftbe very fine grid 

tbe convergence is generally poor if convergence is obtained at all. Furtbermore it is 

known tbat tbe time necessary to solve the equations is oot linear witb tbe number of 

grid points because convergence is influenced by tbe number of grid points. Note tbat 

in general one is oot interested in tbe small time fluctuations but only in tbe averaged 

values of tbe variables. This is tbe main reason wby turbulent motion of flow is 

conventionally bandled by tbe time averaged transport equations. This is done by 

averaging tbe transport equations over a small time step whicb is larger tban tbe 

molecular time scale but smaller tban the meao flow time scale. This is oot a problem 

as molecular time scale is of tbe order of lo-10 s and turbulent time scale is of tbe order 

of 1 ~ for Reynolds number of 10'. In general tbe meao flow time scale is in tbe order 

of seconds. A consequence of time averaging is tbe so called dosure problem whicb will 

be treated in 2.3. After tbe problem is closed by k-e model tbe number of independent 

variables is equal to the number of equations. Now tbe equations forma closed set and 

witb tbe proper boundary conditions they cao be solved, but note that due to non

linearity and coupling in general no analytical solution cao be obtained. Anotber way 

of solving tbem is to discretize tbe equations and solve tbem by numerical procedures. 

17 
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2.1 The goveming equations 

To write the equations compactly, the following convention is used: 

i is the coordinate and j the variabie (1,2 or 3) 
Three equations are basic (Bird et. al., 1960) to the problem: 

1) The continuity equation which states the conservation of mass. 

Note that this equation must be obeyed not only fortotal mass but also for each 

chemical species separately. The continuity equation is then known as 

conservation of chemica! species. 

2) The momenturn equation which is a force balance. 
3) The energy equation which states that energy is conserved. 

Conservalion of a chemical species 

In fluid problems the fraction of a chemical species is conserved. This can be expressed 
by eq.(2.1). 

a a 
-(pm1) + -(pui m1 + J~ = R1 at axi 

where m1 denotes the mass fraction of a chemica! species I 
u is a velocity field 

p is density 

(2.1) 

The frrst term denotes the rate of change of the mass of chemical species per unit 
volume. The pUIIlt is the convection flux of the species i.e. the flux carried by the 

general flow field p u. The symbol J1 stands for the diffusion flux which is normally 
caused by the gradients of m1 

J1 = -r1grad m1 
(2.2) 

where r. is the diffusion coefficient. 

The quantity R. on the right hand side is the rate of generation of the chemical species 
per unit volume. The generation is caused by chemical reaction. In our case R.=O. This 

is, because no CO is generated or removed in the enelosure if the stove region is 
excluded. The value of CO at the stove outlet is simply fixed, just like the velocity at 
the inlet of the enclosure. As our interest is not to solve the equations in the stove, we 
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define boundary conditions at the stove boundary. Thus (2 .1) with (2. 2) leads to 

a a a am, 
-(pmJ + -(pui"J = -(1'1-) 
at àxj àxj àxj 

(2.3) 

Unfortunately this equation bas an additional unknown, the velocity. Por obtaining the 

unknown velocity field, extra equations are needed. These equations are the momenturn 

equations. 

The momentum equation 

The momenturn equation is a force balance. If the properties in the momenturn and 

chemical species equations are independent of temperature, the momenturn equations and 

eq.(2.3) are a closed set which can be solved. The momenturn equation including 

buoyancy force written in the ~ direction is (Gebhart et al., 1988) 

a a a-t .. 
-(pu.) + -(pu.u.' = - 11 + 4pgöi2 at I àx. I 'j' àx. 

J J 

au. au. 2 au. 
'tiJ .. = -pö .. + T}(-' + - 1)--T}-1 

öiiJ 
'1 ax. ax. 3 ax. " 

J I J 

where 4 pg is the body force per unit volume (gravitation) 

Tl is the viscosity 

p the pressure. 

(2.4) 

[kgm·2s.2
] 

[Nm·2s] 
[Nm.2

] 

If properties like viscosity and density are temperature dependent it is necessary to have 

an extra equation because there is an extra unknown. This extra equation is the energy 

equation. It will be described in the following paragraph. But before the energy equation 

is introduced it is useful to study the ratio between the buoyancy forces and the inertia 

forces. To study it the following dimensionless numbers are introduced. 

Gr = pgL3 4T Re= VL 1 ap 
' 

p = --(-) ' v2 V p aTP 
(2.5) 

Gr pgLAT = buoyancy forces 
= 

Re2 y2 inertial forces 

where g is the gravitational acceleration 
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L is the length scale [ m] 
T is the temperature [K] 

.& T is the temperature difference [K] 

Gr is the Grashof number 

Note that buoyancy force is only present in the y-direction. The length scale is 

considered to be distance over which the temperature drops to approximately the 
ambient temperature. For .& T the difference between gas temperature at the chimney 

outlet and the ambient is taken. For velocity the chimney outlet velocity is taken. As 
example we take L= 1m, V =0.1 ms-t, T=273 K, .& T=200 K. The ratio is then 

Gr/Re2 =300. Note that the definition of Grashof number in such situations is very 
difficult. To choose the proper length, temperature and velocity scales is very difficult 

because flow is recirculating in some regions. A feature of the present problem is that 

a single value of Gr/Re2 is not able to capture the flow process in the entire domain. To 

illustrate this, let us consider the value Gr/Re2 calculated above as 300. From this value 
one can conclude that the buoyancy force dominates the inertial force. This is certainly 

not true for every part ofthe enclosure. We know this because a different inlet velocity 

will result in a different flow pattem. What we can conclude from this is, that insome 

regions buoyancy force is important and that it is not allowed to neglect the buoyancy 
force. As the buoyancy force is caused by temperature differences an extra variabie is 

introduced into the momenturn equation. To get a closed set of equations an extra 
equation is needed, the energy equation. This equation will be discussed in the next 
section. 

The energy equation 

The energy equation does not contain all energies of the problem as some of them are 
very small compared to the main components (Lamers, 1990). 

where 

O{ph,-p) a a ar am, . 
----=---- + -(pup) = -(r"c- +Lr ,h,-) - dtvW" + s", (2.6) 

at axj axj ax 1 axj 

is the thermal conductivity 

is the heat capacity 
is an exchange coefficient (l/c) 

is an exchange coefficient ( p D) 

[Wm-1K-1] 
[Jkg-1K-1] 
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ht = h + %u.u. 
' ' 

h = u +PIP 

c = .Emf1 

r. = 'A./c 

r, = pD 
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(2.7) 

The frrst term of eq.(2.6) is the unstationary part of tbe energy exchange. The second 

term represents the conveelive part. On the right side of the equation we see the 

diffusion termand asinkor souree term. Note that the diffusion term bas two parts, one 

is energy transport due to temperature gradients the other one is due to mass fraction 

gradients. Div(W.) represents the viscous dissipation. In most cases this can be 

neglected. Furthermore, for veloeities very much smaller than the velocity of sound the 

partial derivative of pressure with respect to time can be neglected. In that case, the 

contribution of kinetic energy to total enthalpy can also be neglected. 

2.2 The time averaged transport equations 

Because turbulence is characterised by highly fluctuating components in which we are 

not interested it is necessary to average the equations over a small time step (Lamers et 

al., 1990). This time step should be much greater than the time scale of turbulence and 

much smaller than the time scale of the mean flow. As a result of the averaging of the 

fluctuating parts, new unknown variables are introduced because information was 

thrown away by averaging. 

Averaging 

A veraging will be done by assuming the following 

(2.8) 

where a bar denotes averaging over a small time .à t which is larger than the molecular 

time scale but smaller than the mean flow time scale. In the following equations this 
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convention will be introduced. Forthermore it is assumed that the time averaged 

correlations of density-velocity fluctuations can be neglected. In some particular cases 

it is not allowed to neglect the density-velocity fluctuations, in that case Favre averaging 

can be used to obtain the values of the density-velocity fluctuations. Also one can write 

transport equations for every correlation of the density fluctuations (Lamers, 1990, p 

18). In the present study, density fluctuations are neglected. 

Finally we have the following set of time averaged equations. 

Chemical species 

(2.9) 

Momenturn 

a()üi a _ _ _ _-. -. a-:r .. 
+ -(pu.u. + pu,.u

1
.) = - 11 + àpgöi2 

at ax. 1 ' ax 
I j 

(2.10) 

Energy 

The energy equation described in the previous section contains parts that are negligible. 

Besides, the energy equation can be written in a more convenient manner, with 

temperature as variabie instead of enthalpy. In the present study we assume the gas to 

behave as an ideal gas so there is the following relation between temperature and 

enthalpy: 

(2.11) 

If CP is constant than h =CP T. This leads to 

-
(-1)- a a À ii - am, a _ __ sh (2.12) 

a_P_ + -(pü.j) = -(-- + :EI' T-) - -(p u' .T') + -' 
~ ~ I ~ C ~ l l ~. ~. I C 
u' u.Aï U.A.j P U.A.j U.A.I U.A.I P 

The derivations of the time averaged equations can be found in several text hooks (Bird 

et al., 1960). 

Now the difference between the equations used for laminar flow and turbulent flow is 
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clear. A veraging the equations introduced unknown correlations for velocity 

fluctuations. 

2.3 The ciosure problem 

By averaging the equations, unknown variables are introduced. This implies that the 

amount of unknown variables is larger than the number of equations. If one tries to set 

up some set of equations for the unknown variables one introduces new unknown 

variables. This is the so called ciosure problem. The only way out of this problem is to 

assume some relation between the unknown variablestbat were created by averaging and 
the flow field. 

The unknown variables are 

·2 • . 

u; , u; ui , ui cl> 
(2.13) 

To close the problem some relation between the velocity field and the unknowns bas to 
be established. 

There are different models to get rid of this ciosure problem. The one most widely used 

for calculating turbulent flows is the k-e model. The model contains some empirica! 

constants, this is necessary because otherwise the k and e equation contain new 

unknowns. Note that also for k and e boundary conditions at the inlet and stove outlet 
are needed. This turbulence model will bedescribed in the next section. 

2.4 The k-t model 

One model to 'close' the problem is the k-e model, where k stands for the kinetic 

energy and e for the dissipation. Other models (Spalart, 1992) are available but k-e 
model is most widely used. But before the model is discussed, the concept of eddy 

viscosity is introduced. It was introduced in 1877 by Boussinesq as an extension of 
Newton's law ofviscosity. This law states that the stress tensor is linearly related to the 

rate of strain tensor. Because turbulent flow is characterized by larger resistances he 
assumed some extra viscosity due to turbulence. A new definition of shear stress is then 

for a two-dimensional flow given by 
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au. 
't .. = -p(v + v )-1 

" ' ax. J 

where v is molecular kinematic velocity 

v t is the eddy viscosity 

U; is the time mean velocity 

p is the density 

Tii is the shear stress 

The turbulent part of the shear stress is then given by 

au i -pu,.u
1
. = pv, ax. 

J 
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(2.14) 

[mzs-1] 

[mzs-1] 

[ms-1] 

[kgm-3] 

[Nm-2
] 

(2.15) 

If eddy viscosity would be a constant, the concept of eddy viscosity seems very 

attractive because the aoalysis of laminar flows cao be used for turbulent flows. 

However from measurements we know that turbulent flow in a pipe does oot have a 

parabolic velocity proftie as in the laminar case. Thus eddy viscosity caooot be constant 

aod is thus oot a fluid property. 1t may vary from flow to flow aod in a given flow it 

cao be a function of position. Although the concept is very old aod bas some serious 

drawbacks it is still widely used in industrial applications. By way ofthe Praodtl mixing 

length hypothesis, which states that eddy viscosity cao be thought of as a product of a 

characteristic length scale aod velocity scale, we finally come to the k-e model. The 

starting assumption of the model is that only large scale fluctuations, which are called 

eddies, are mainly responsible for transport in turbulent flows. These eddies cao be 

described by two quantities namely the kinetic energy k aod the energy dissipation e. 

The velocity scale is simply k'h, where k is defined by 

kis the turbulent kinetic energy per unit mass. 

The length scale I cao be shown to be 

(2.17) 

From dimensional analysis the following relation between energy dissipation, turbulent 

kinetic energy aod eddy viscosity cao be derived. 
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k2 
'l = pC-

t " e 
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(2.18) 

C11 is an empirica! constant in order to fit experiments. The problem now reduces to 

fmding a metbod to compute k and e in the flow. The distribution of k and e can be 

calculated from eq.(2.19) and eq.(2.20) which are semi empirica! transport equations. 

Denvation of the equations can be found in several textbooks (Lamers, 1990, p23-29). 

a(pk) 
--+ (2.19) 

àt 

(2.20) 

In order to obtain these equations some assumptions have to be made. As a result of 

these assumptions empirica! constants were introduced. The following constants are used 

in the standard version of the model: 

uk and crf are the effective turbulent Schmidt/Prandtl numbers. 

The inlet conditions for k and e of certain flows can be found in literature or can be 

measured. Normally k is chosen as a certain fraction of the square of the mean velocity. 

The k-e turbulence model is widely used in applications. However it has some serious 

drawbacks. The model is isotropie and is unable to predict the right flow field in 

recirculating flows like the backwards facing step. Although the predicted flow field 

differs only a few percent from the measured field the errors originate from this isotropy 

and other assumptions which were made when deriving the model. Another problem is 

the fact that the model is a high Reynolds numbermodel. Thus in the intermediate 

region where the flow is in transition from laminar to turbulent, the model is not valid. 

But as long as Direct Numerical Solution or other better models are not available, it 

serves rather well. 
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Retuming to eq.(2.9) and eq.(2.12) we see that the fluctuating parts havenotbeen 

modelled. But as we have the eddy viscosity concept and some equations to calculate 

eddy viscosity, the same ideas can be used to model the fluctuating partsin eq.(2.9) and 

eq.(2.12). We start by modelling the fluctuating part of eq.(2.9) as 

tàin 
-puim = pDab-

ax; 
(2.21) 

where D~ is a coefficient that behaves similar as eddy viscosity. In general v/D~ varies 

from 0.5 to 1. This ratio can change with position. This yields a diffusivity term in the 

chemica! species equation which is larger than in laminar flow. Note that this term is 

negligible when convection dominates diffusion or when flow is laminar. This term 

plays also no role in parts of the enelosure where no CO is present because mass 

gradients are zero. The only region where this term can play an importantroleis at the 

outlet of the stove. Because the stove and the ventilated enelosure are modelled in two 

dimensions it is expected that the gradients of CO concentration are exaggerated. In 

three dimensions flow can go around the stove while in the two-dimensional description 

flow must go up or down at the stove side walls. The CO gradients are much larger 

then expected in reality. For this reason the fluctuating part of the chemical species 

equation was omitted although it can be modelled. When three-dimensional calculations 

will be done in future work it must certainly not be omitted. Also the temperature 

dependenee of the diffusion coefficient (r1)of carbon monoxide is omitted. Note that 

carbon monoxide does not influence the mean flow because the influence of mass 

gradients in the energy equation is omitted. 

In eq.(2.12) there is a part containing the energy transport due to chemical species 

gradients. As carbon monoxide concentrations are very low it is omitted. Also in this 

equation there is a term containing a fluctuating part. Again this term can be modelled 

as follows: 

where kt is the eddy conductivity 

-
C ·r· =kt aT -p pui 

axi 
(2.22) 

Again kt is expected to behave in a similar manner as eddy viscosity. In this case '1 tC/kt 

ratio is between 0.7 and 0.9. This ratio is called the turbulent Prandtl number. r 1t, the 

turbulent exchange coefficient which was defined as kt/CP can thus also bedefinedas 

flt/Prandtlt. In the present study Prandtlt is kept constant and is 0.9. Some detailed 

information conceming this subject can be found in Bird et al. (1960). 
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2.5 Boundary conditions 

The solution for the set of differential equations is fully determined by the boundary and 

initial conditions. To get results in a reasonable amount of time it is necessary to have 

a static inlet and outlet (no opening and closing doors). Assumed are one of the 

following boundary conditions 
1) if there is no wall, the velocity profile is known and there is inflow, this part of 

the boundary is called inlet. 

2) if there is no wall, the velocity profile is unknown and there is outflow, this is 

called the outlet Note that the flow at the outlet can be determined by 

conservation of momenturn and mass. 

3) if there is a wall present, veloeities are zero. 

4) The walls are adiabatic 

Note that in an experimental case the walls are not adiabatic. There will always besome 

losses due to conduction. Also in an experimental case there is radiation from the 

chimney which is absorbed at the wall. For simplicity and reducing calculation time it 

is assumed that the walls are adiabatic and the radiation term is neglected. 

k and e at the inlet of the enelosure and stove outlet have to be obtained by experiments 

or from literature. At the wall k and e are zero. 

The boundary conditions for the set of differential equations are best described with the 

help of fig(2 .1). 

H.----------------------------
outlet 

y2 

y1 (L2,H2) 

miet 
(L 1,H 

0 L 
chimney 

Fig. 2.1 A description of the boundary conditions as implemented 
in the present code. 
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left wall 
u(O,y) = uin , 
u(O,y) = 0 
v(O,y) = 0 , 

right wall 

O<y<yl 
Yl <y<H 
O<y<H 

u(L,y) = 0 , O<y<h 
v(L,y) = 0 , O<y<y2 

bottorn and top wall 
u(x,O) = 0 , O<x<L 
u(x,H) = 0 , O<x<L 
v(x,O) = 0 , O<x<L 
v(x,H) = 0 , O<x<L 

side walls stove 
u(Lpy) = 0 H1 <y<H2 
u(Lz,y) = 0 H1 <y<H2 
v(L1,y) = 0 H1 <y<H2 
v(L2,y) = 0 H1 <y<H2 

top stove 
v(x,H2) = ~h 
u(x,H2) = 0 

bottorn stove 
u(x,H1) = 0 
v(x,H1) = 0 

Ternperature boundary conditions 
vertical walls 

T(O,y) = Tin , O<y<y1 

T(x,H2) = ~h , L 1 <x<L2 
ar 
dx lx=O = 0 ' Y1 <y<y2 
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~~x=Lz = ~~x=L2 = 0 • Hl <y<H2 

~~x=L = 0 ' O<y<y2 

horizontal walls 
ar ay ly=O,H = 0 , O<x<L 

ar 
ay ly=Hz = 0 , L1 <x<Lz 
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2.6 Wall functions 

The k-e model is known to be very poor near the walls. Eqs.(2.18-2.20) are really 

applicable in the limit of high Reynolds numbers or zero molecular viscosity. However 

in the vicinity of the walls the velocity gradients become very large and viscous effect 

can not be ignored. It is possible to take these effect into account by writing a so-called 

low Reynolds number model. But this will demand that the grid size should be reduced 

considerably in the vicinity of the walls. Such a procedure will increase the 

computational time enormously. In order to avoid these complications, wall functions 

are introduced (Sanders et al., 1991). 

For boundary layers and pipe flows the wall functions are defined on the basis of the 

following non-dimensional variables. 

where u· 
y+ 

u+ 

+ u• 
y = -y' 

V 

is a characteristic or friction velocity 

a dimensionless distance 

a dimensionless velocity 

(2.23) 

Experiments show that the velocity profile is linear up to y+ = 5. The region is called 

viscous sub layer because near the wall only viscous forces are present. If we want to 

derive this profile (Krishna Prasad, 1994, p 4.19) we omit alltermsin the momenturn 

equation except for the viscous terms in the direction perpendicular to the wall, the 

following equation and solution are obtained 

&u = 0 "". u = Ay + B "". u+ = y+ (2.24) 
ay2 

This yields indeed a linear profile between the dimensionless velocity and distance. 

Experiments show also that for 30 < y+ < 500 the profile is logarithmic. This region is 

called the log-law region. Also this profile can be derived from asymptotic analysis. In 

the region only turbulent diffusion is present and the governing equation is 
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a-rxy 
- =0 

ay 
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(2.25) 

After integrating eq.(2.25) over y, we see that Txy is nota tunetion of y. Txy is thus 

constant in a direction perpendicular to the wall. Tbis region is therefore called the 

constant stress layer. With Prandtl's assumption that Txy=T., (Krishna Prasad, 1994, p 

4.21), we get the following expression for the turbulent stress 

't = pl2 I au I au = -r = pu .2 
xy ayay w 

(2.26) 

Near the wall the Prandtl's mixing length l can betaken as proportional to the distance 

from the wall: 

l = KY (2.27) 

where Kis the von Karman constant. CombiDing (2.25),(2.26) and (2.27), leads 

toa differentlal equation which can be solved. This yields for u as tunetion of y 

teading to 

(2.29) 

This is the log-law. In the region between the viscous sub layer and the log-law layer, 

neither of the profiles is valid. This region is the so called buffer layer. In this buffer 

layer no simple expressions are available. If the existence of the buffer layer is 

neglected and both regions are extrapolated, then the curves meet at y+ = 11.63 and this 

value is taken as the artificial separation of the two layers. 

Now we k:now the velocity distribution in the viscous sub layer and fully turbulent 

region it is possible to calculate the turbulent energy and dissipation with the assumption 

that energy production and dissipation are in equilibrium so P = e. Where P is given by 

P 
-.-.au 

=UV-=€ (2.30) 
ay 

and using 
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' , Ou c k20u 
'!w = -pu V = IJ., c1y = "P-; c1y (2.31) 

from this we obtain the following relation between the shear stress and the turbulent 

kinetic energy 

(2.32) 

The energy dissipation is also fixed by P = e so 

-, -, Ou '!w Ou 
e =-uv-=-- (2.33) 

ay p ay 

The velocity gradient will be determined from the relation in the fully turbulent region 

so we obtain (Lamers, Sanders, 1991) 

(2.34) 

In practise the values of y+ , u+, rand e are calculated as follows: 

Given a guessed value for y + the value of r is calculated in the subroutine where the 

velocity is calculated 

Ou u y+ ~ 11.63 '! = j.L- = -j.L-w ay y 
(2.3~) 

.!. 
-rw = c: pk~Ufln(Ey+) y+ ~ 11.63 

In the subroutine för the kinetic energy Tw is calculated from eq.(2.35). 

In general, it is best to place the near wall nodes in the fully turbulent region y + > 30 

because most modeHing assumptions are based on the node being in that region. In the 

subroutine for the dissipation of the turbulent energy the value of e in the near wall grid 

points is simply determined by eq.(2.34) without solving the transport equation in those 

cells. 

The law of the wallagrees very well with empirica! data of wall flows. Note that the 
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law of the wall is based on certain assumptions like no pressure gradient in all 

directions. This is certainly not true for flows along the walls in an enelosure because 

corners introduce pressure gradients. Fora frrst approximation, these considerations are 
ignored. Denvation of the law of the wall can be found in standard textbooks (Bird, 

1960, p 160). 

2. 7 Conversion of a 3 dimensional problem to a 2 dimensional 
problem 

The problem at hand in reality is 3-dimensional. We are constructing a 2-D 

approximation of this reality. The difference lies in the fact that in a 3-dimensional case 

the door and the chimney have a width which is smaller than the width of the room, see 

fig.(2.1). Clearly we see that the ratio of door or window to the area of the wall in 
which it is located differs very much, when comparing a 2- toa 3-dimensional case. e 

In general there are several ways to convert a 3-dimensional case to a 2-dimensional 
case. The three most useful are 

1) constant volume flow rate ratio 
2) constant velocity ratio 

3) constant volume flow rate 

The ratio is defined as the flow(velocity) at the chimney outlet divided by the 

To make things more clear we introduce a reference setup. We assume a rectangular 
room of 1.5m*2.5m*1.9m (w*l*h). Volume of the room is 7.1m3

• The height of the 

inlet is taken to be 1.5m. 

In the following sections a few examples are presented to explain why it is difficult to 
convert a 3-dimensional situation toa 2-dimensional one. 

2. 7.1 Constant volume flow rate ratio 

If this way of getting similarity between a 2 and 3- dimensional case is used then the 
ratio of flows teaving the chimney and flow entering the room is equal in both cases. 

Note that in this case veloeities in the two dimensional case are lower because the inlet 
and chimney width have the same width as the room. 



CONSTANT VOLUME FLOW RA TE RATIO 

/ 

3-D 2-D 

door window 

Fig. 2.2 A schematic overview of three- and two-dimensional setup. 

example 

The ratio of flow at the inlet to flow teaving the stove is considered to be 14. 

Chimney cross-sectionat area is 13 cm * 13 cm 

Velocity at chimney outlet 15 cm/sin a 3-D case 

Velocity at the entrance of the enelosure is 2.5 cm/sin both cases 
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The result for velocity at the chimney outletfora 2-D case would be 2 cm/s. 

Although the velocity in a 2-D case is smaller than in a 3-D case, it should be noted that 

the stove is dominantly present in the 2-D casesoit can very easily dominate the flow 

when the veloeities at the stove outlet and inlet are of the same order. 

2. 7.2 Constant velocity ratio 

If it is assumed that the velocity ratio in a two- and three-dimensional case is the same 

then the flow in the two-dimensional case is much higher due to the fact that in 3 

dimensions the width of the door and the chimney is about 10% of the room width. 

example 
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Assume that the inlet velocity in both cases is 2.5 cm/s and that the velocity of the 

combustion productsis 15 cm/s. This yields the following air exchange rates: 

19 in a three-dimensional case 

28 in a two-dimensional case 

We see that although the ratio of veloeities is equal in both cases, the air exchange rate 

differs a lot. 

2.7.3 Constant volume flow rate 
,, 

Assume that the air exchangerateis 20 for both 2- and 3-dimensional case. Thus the 

total amount of enelosure volumes that is exchanged perhouris 20 in both cases. This 

will result in a different inlet velocity. The results for the inlet veloeities are: 

2.6 cm/s in a 3-D case 

1. 7 cm/s in a 2-D case 

Summing up the examples, we see that discrepancy between a 2-D and a3-Dis large. 

This means that it is very hard to simulate a three-dimensional ventilated enelosure by 

two-dimensional calculations. This has nothing to do with the fact that the stove acts as 

a blockade in a two-dimensional flow, but it is just a result of the 2-D implementation 

of the door and the stove. So converting the three-dimensional situation to a two

dimensional situation results always in flows or veloeities which are not completely 

realistic, because it is not possible to obtain the right ratio of flows and veloeities at the 

inlet and chimney outlet for arbitrary air exchange rate. Unless three-dimensional 
computations are done, we are stuck with such conversions. 
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Numerical methods 

3. 0 Introduetion 

In this chapter the basis of the numerical methods is outlined. We start insection 3.1 

with the basis of the programme code. Then the discretisation of the general convection

diffusion equation is discussed. The importance of the grid location is explained in 

section 3.3. As no unrealistic solutions of the differential equation should occur a 

scheme that can prevent that is shown in section 3.4. With the boundary conditions 

( section 3. 5) and a matrix algorithm ( section 3. 6) solutions of the differential equations 

can be calculated. In order to accelerate convergence some methods were examined. The 

results are discussed in section 3. 7. 

3.1 The basis of the programme code 

To solve the discretized equations several mathematical techniques can be used. The two 

most widely used are fmite difference and fmite volume. Finite volume metbod is used 

by almost all researchers working on numerical modeHing of turbulent flames. At the 

Imperial College in London, a standard program called TEACH-T bas been developed 

which serves rather well for calculating 2 dimensional isothermal incompressible 

stationary recirculating flowsin a backward facing step (Gosman & Pun, 1973; Smals, 

1991). This program based on finite volume technique was chosen to serve as the basis 

for the newly developed program. The extension lies in temperature, time dependence, 

chemical species and (compressible) buoyancy force which were not included in the 

original program. Another extension lies in the stove (chimney) which is in the kitchen. 

Figure 3.1 shows the numerical setup. NJ and NI are the number of grid points in each 

direction. Why the wallis not 1ocated through the grid points is explained in section 

3.3. 

35 
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Fig 3.1 numerical setup showing the implementation of the problem. 

3. 2 Discretization 

The general convection-diffusion equation for cJ> in two dimensions reads as 

a a a a act> a act> 
-(p<l>) + -(pu<l>) + -(pvcl>) = -(r.-) + -(rij)-) + slj) (3 1) at ax ay ax ax ay ay · 

where cJ> can be a scalar like velocity in one direction (momentum equation) or mass 

fraction (chemical species). The equation states that the inertia terros and convection 

terros are balanced by diffusion and souree terms. Note that the souree term Sq. contains 

the pressure term in the momenturn equations. If buoyancy force is present it is also a 

souree term and thus represented by Sq.. 

When solving a turbulence problem it is necessary to average. Note that terros 

containing 3 fluctuating parts are neglected in eq.(3.2) because the correlation between 

3 fluctuating parts is in practice negligible. In many turbulent flows the correlation 

between density- and cJ> fluctuations is negligible. Omitting the bars yields the following 

simplified equation for cJ> 
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Note that due to averaging some unknown variables have been introduced. These 

unknown variables have to be modelled in order to get a closed set of equations. The 

modelling will establish some link between the flow field and the unknown variables. 

No matter what model is used it always contains empirical constants in order to get a 

closed set. This is logical, because it is impossible to close the set of equations if the 
number of unknowns exceeds the number of equations. What can be done is to assume 

some relation between one of the unknowns and the rest. This reduces the number of 

unknowns by one. It is this relation that introduces the empirical constants into the 

model. For simplicity we just state now that the unknown correlations can be modelled 

by the k-e model. The relations between the unknowns and k and e are given in 

eq.(3.3). The introduetion of the model adds an extra viscosity to laminar viscosity. 

This extra viscosity is called eddy viscosity and is a function of flow and position. The 

k-e model is used to calculate the eddy viscosity at a certain position. 

· · aui 2 1) -pu,. u,. = 211 - - -pk , ax. 3 
' 

-. -. au, au. 
2) -pu. u. = 11 (- + - 1) 

' ' , ax. ax. J • 

-.-. a+ 
3) -pu .... = r -

,"' ." ax . • 

4) :r = ", 
+.t (J 

t 

k2 
5) 11 = pC-

t p € 

(3.3) 

From 3) in eq.(3.3) can be seen that other fluctuations like temperature-velocity 

fluctuations can also be modelled by assuming some relation to the general field. Using 

4) in eq.(3.3) and assuming u, is constantfora certain flow, we see that there is no 

extra relation needed to model 3) in eq.(3.3). Finally 5) is the relation between eddy 

viscosity and k and e. Introducing eq.(3.3) in eq.(3.2), there the following standard 

equation results 
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Fig. 3.2 control volume 

(3.4) 

In the finite volume method, the differentlal equation is integrated over a control 

volume. Integration is done by assuming a linear profile for the unknowns. Integrating 
over the control volume (fig. 3.2) yields 

(pP ci>P - p~ t!>AxAy + J _ J + J _ J = (S + S ... )A A (3.5) 
At e w 11 s c p 'f'p X Y 

Where Se and S, are souree terms. Integrating the continuity equation yields 
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0 

(pP - Pp )4 x4 y + F - F + F - F = 0 
4 t e w n s 

(3.6) 

Multiplying (3.6) by </Jp and subtracting it from eq.(3.5) results in 

0 
<>-.. Pp 4x4Y 

("' -"' "J + rJ -F ~ ' - (J -F ~ ' + (J -F <I> ' - rJ -F <I> ' (3 7) 'l'p 'l'p 4t ~ e e'l'y w w'l'y n n ]Y ~ s s pJ • 

Denvation of eq.(3.7) can be found in Patankar (1980, p97-99). 

The final equation is now written as 

0 
a = p 

0 
pP4x4y 

!l.t 

0 
aP = a~ + a + a + a + a - S .!l.x!l.y 

~ w n s P p 

The various coefficients in equation (3.8) are: 

(3.8) 
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ae = DeA(IPee I) + 11-Fe ,011 

aw = DwA(IPew I) + IIFw,OII 

a,. = D,.A(IPe,.l) + 11-F,.,OII 

as = DSA( IPes I> + IIFs ,011 

r,. àx 
D =--

,. öy,. 

F,. 
Pe =-,. D ' 

n 

Fs 
Pe =

s D 
s 

(3.9) 

(3.10) 

where Pee,w,n,s in eq.(3.10) are Peelet numbers, D and F are the diffusion and 
convection strength and A(Pe) in eq. (3. 9) is a function depending on the Peelet number 

Pe. The use of this function is described insection 3.4. For the moment we just state 

that this function avoids the coefficients 3e,w,n,s in eq.(3.9) from being negative. 
Negative coefficients could give solutions of eq.(3.5) which are physically unrealistic. 

In eq.(3.10) De,w,n,s is the diffusion strength and Fe,w,n,s is the strength of the 
convection. Pe number is defined as the ratio of the strengtbs of convection and 

diffusion. 

3. 3 Choice of the grid 

The choice of the grid is carried out by locating all the grid points for different ~ with 
the same index (I,J) at the same point. But if one writes the one-dimensional continuity 

equation in differential form, it can be seen that the east and west grid point determine 

the equation. There is no intlucnee of lip in this equation. To look at the problem in 
more detail, we write the one-dimensional steady state continuity equation in differential 

form and assume that the density is constant. After that, integrate the equation over the 
control volume, assuming a linear profile between the grid points. This yields eq. (3 .11). 

The convention used in eq.(3.11) is shown in tigure 3.2. From the above it can beseen 

that a wavy field can satisfy the continuity equation. This means if we add a constant 
to every altemate lip, still continuity is satisfied. To avoid problems with oscillating 



DISCRETIZATION 41 

au - =0 -ax 
(3.11) 

velocity fields we used staggered grid points for the velocity nodes (Patankar, 1980, 

p 118). This means that the velocity nodes are located at the faces of the control volume 

(see fig. 3.3). All other variables as pressure, temperature and viscosity are thus located 

at the centre ofthe control volume. In tigure 3.3 they are located at P. A consequence 

of this staggered grid is that no wavy velocity field and pressure field can exist. 

* v node 
0 

D 

u node 

p node 

N 

wr----------1u ...... ~.T~ .......... l 
i I iy I 
i -------f-·········*··············1 

i i 

E 

! ! l ______________________ j 
s 

Fig. 3.3 staggered grid for velocity nodes. 

From the above we can see that it is very convenient to locate the boundary of the 

numerical setup at the faces of the control volume. Especially if the velocity is known 

at the boundary. Then, no interpolations are needed to obtain the velocity at the faces 

ofthe control volume which prescribe the boundary ofthe setup. We return to fig.(3.3) 

and see that on the vertical boundaries the values for the u-velocity are known. The 

same is valid for the values of vat the horizontal boundaries. Now we reeall eq.(3.8) 

and see that the values of the u at the outer side of the west (east) wall play no role. 

Also we reeall that 3.w ( ae) is depending upon the velocity and/ or the diffusion strength 

at the wall. So in case of a wall this 3.w can simply be putto zero for the 

west wall when considering the u-equation. 

3.4 The hybrid scheme 

Insection 3.2 we defined the symbols F and D, where F indicates the strengthof the 

convection, while D is the strength of diffusion. lt should be noted that, whereas D 

always remains positive, F can take either positive or negative values depending on the 

direction of the fluid flow. To make things more clear, only one dimension is 
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considered in this section. Note that extension to two or three dimensions is straight 

forward. With the local Peelet defined by P=puL/r=F/D, aod with the new symbols 

the discretized form of eq. (3 .1) in one dimeosion becomes 

FE 
a = D --

E E 2 

Fw 
a = D +-w w 2 

(3.12) 

Since no unrealistic cl> values should occur I F I must oot exceed 2 · D so that aE aod aw 

are always positive (Patankar, 1980, p36). One way to satisfy this constraint is to use 

the hybrid scheme, which is defined as follows. 

For Pee<-2 

-2<Pee<2 

Pee>2 

aE/D =-Pe e e 

aE/D e = 1-Pee/2 

aE/De=O 

This relation between ae aod Peelet number cao be combined in a compact form using 

I I 11 , which stands for the largest of the quantities contained within it result in: 

(3.13) 

Using eq.(3.13) should always yield realistic values for c/>. 

Note that other schemes cao be used which also satisfy the constraint of I F I oot 

exceeding 2·D. One such example is the power law scheme which is a very good 

approximation of the solution of the one dimensional steady state convection diffusion 

equation with constant properties( density, diffusion coefficient) 

3.5 The boundary conditions 

The boundary conditions for the equations have a very simple form. This is because u

velocity grid nodes are located at the vertical wall where u-velocity is zero or given at 

the inlet. The same holds for the v-nodes at the horizontal walls. Because we chose the 
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wallat the facesof the control volumes (fig(3.). This implies that for all other cb's the 

convection diffusion coefficients have to be prescribed at the wall. Por a wall this 

implies that these coefficients are zero, as no convection or diffusion can take place 

through a wall. A remark has to be made for the energy equation because energy can 

flow through a conducting wall. At the inlet and stove outlet the values of $, like 
velocity, k, e and carbon monoxide concentration are simply prescribed. At the walls, 

velocity, k and e are zero. In the present code, the walls are adiabatic. At the inlet of 

the enelosure and at the outlet of the stove the temperature is prescribed. 

Note that the values of the cJ>'s in the stove are not calculated as the stove boundary 
conditions are totally prescribed. This was done because calculating the cb's inside the 

stove was considered not to be useful as the stove power and thus the stove in and outlet 

velocity and temperature in a practical situation do not vary widely and can always be 
measured or estimated rather easily. Furthermore calculations that were done inside 

stoves described far less complex systems of combustion than the direct combustion of 

wood. This is because combustion of wood involves large and fluctuating temperature 

gradients. Note that the boundary conditions of the pieces of wood change as the wood 

burns. If solvable, it would lead to extreme computational times which are undesirable 

in the present study. To understand the numerical problems occurring when calculating 
the cJ>'s inside a stove, the interested reader can read Kohli(l993). 

3.6 Matrix algorithm 

There are several solvers to obtain a solution for the above equations but the main 

difference between the methods is the computational time needed to obtain such a 

solution. The momenturn equations contain pressure terms. The momenturn equations 
can only be solved when the pressure field is given or somehow estimated. If the 

pressure field is not correct, the resulting velocity field will not satisfy the continuity 

equation. Such an imperfect velocity field based on a guessed pressure field p" will be 
denoted by u" and v". This has to be corrected through a process of iteration. In the 

present study the SIMPLE metbod is used to solve the problem. SIMPLE means Semi

Implicit Metbod for Pressure-Linked Equations. 
The procedure to solve the equations is then as follows (Patankar, 1980, p125): 
1) Guess the pressure field p", where pressure is given by p=p" +p'. 

p" is the guessed value, p is the value satisfying the equations and p' is the 

pressure correction. The same kind of formula is used for the velocity. 
2) Solve the momenturn equations using p", to obtain u" and v". 
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Subtract the starred momenturn equation from the original momenturn equation. 

This yields an equation for u', v' and p'. An example for such an equation would 

beu' e=C*(p' p-p' E). 

CombiDing this with u* yields ue =u* e + C*(p' p-p' E). Filling this in the continuity 

equation gives us an equation for the pressure correction p'. 

3) Solve the p' equation. This equation is used to calculate the pressure correction, 

which results in a velocity field that satisfies the continuity equation better. 
4) Calculate p by adding p' to p * 

5) Calculate u, v from their starred values using the velocity-correction 

formulas. One such formula for x-direction is given by 

Ue=u/ + AJ~(p' p-p' E) 

6) Solve the discretization equation for other <P's (such as temperature, 

concentration, and turbulence quantities) ifthey influence the flow field through 

fluid properties , souree terms, etc. 

<P's not influencing the flow field can be calculated after a converged solution 

for the flow field has been obtained. 

7) Treat the corrected pressure pas a new guessed pressure p*, return to step 2, and 

repeat the whole procedure until a converged solution is obtained. 

The routine used in the present code to solve the differential equations for a certain <P 
is a line by line method. In a two dimensional case the value at a certain grid point is 

influenced by its four neighbouring grid points. Choosing a line in the y direction for 

constant x index yields a band matrix, because the neighbours in the x-direction appear 

as constants, see fig.(3.4). This band matrix can be solved directly without iteration. 

Note that these neighbours are the result from a previous calculation. Then the values 

along the line are updated and the routine goes to the next line with index x+ 1. This 

is called sweeping. It is done until highest x-index is reached. But one can improve the 

imperfect field by sweeping a number of times. Solving the equations with this so called 

line by line procedure requires iteration because the procedure works basically in one 

dimension (Patankar, 1980, p64-66). Extension from 2 dimensions to 3 dimensions is 

relatively easy. The lines can be chosen freely in x or y direction. However, ifthe line 

of iteration is in the flow direction the convergence is faster than if iterated in opposite 

direction along the same line. Note that two different procedures can be foliowed to 

solve the equations: 

1) In the chimney diffusion and convection strength are zero except at the chimney 

in and outlet. Velocity inside the chimney is put to zero. The matrix routine 

calculates all grid point including the ones inside the chimney. 

2) The convection and diffusion coefficients are prescribed at the chimney 
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boundary. The matrix routine is split into four different (fig. (3. 5)) regions 

outside the chimney, which can be freely chosen. The grid points inside the 

chimney are not calculated. The chimney is then a boundary just like the 

enelosure boundary. There is one difference, namely, all boundary conditions 

at the chimney boundary are prescribed, while the boundary values at the 

enelosure outlet have to be calculated. 

I 
y 

x 

Fig. 3.4 The lines along a matrix can be 
constructed with the line by line procedure. 

-
-

Fig. 3.5 The four zones that were used to speed 
up convergence in case of westtoeast sweeping. 

The difference between both methods is that convergence is extremely poor when using 

the frrst method. This is due to the fact that the routine uses the prescribed values of the 
velocity, k and e at the stove boundary not directly. Tltis will be explained more 

precisely in this paragraph. The second routine is a more difficult toprogram compared 
to the first method, because the matrix solver routine bas to be split in regions and thus 

becomes complex especially when a non-reetangolar stove is considered. This is of 

course not an advantage for an open program code which should be as transparent as 
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possible. Although transparency of the program code should not be neglected, the 

second metbod is chosen because in the present study more attention is paid to 

calculation speed. Some calculations have been done to see the difference in 

computational time. lt was noticed that the fust metbod converges rather slowly 

compared to the second. This is of course due tothefact that in the fust method, the 

chimney boundary conditions lik:e zero velocity at the wall and prescribed velocity at 

the outlet are not directly used to obtain a solution. Thus the band matrix bas some 

zeros on its diagonal when a line through the chimney is calculated. Note that if the 

routine uses only lines from south to north no convergence can be obtained because the 

values of the <P's cannot be calculated due to the zeros on the diagonal of the matrix. 

If the lines are also located from west to east then convergence can be obtained, but it 

is rather poor because no use is made of the boundary conditions which are prescribed 

at the stove boundary. The fust metbod showed computational times of hours or days, 

while the second metbod gives converged solutions in an hour or less for isothermal 

flow and 30*30 grid. 

One can ask the question, why the flow through the chimney is prescribed and not 

calculated. This question can simply be answered. The problem will become too 

complex and calculation time will be enormous compared to the present computational 

time of an hour or less. Note also, that one is not interested in what happens in the 

stove but only in the values of the various q,' s at the stove in- and outlet. In the present 

code there is no inflow into the stove because in practise the velocity at the stove outlet 

will be higher (10) than at the stove inlet. Also, if there is in- and outflow through the 

stove, the two-dimensional code will produce two large recirculation zones. One zone 

will be located at the left side of the stove and one at the right side. The main flow is 

then fully dominated by the stove, and this is in general not true in a three-dimensional 

case. In a practical situation, the stove power is known and this determines the amount 

and temperature of the gases entering and teaving the stove. As these values are known, 

it is better to use these values as boundary conditions at the stove in- and outlet so the 

distribution of CO in the enelosure can be calculated much faster. In the present code, 

the stove acts as a mass source, because there is no inflow into the stove. Note that if 

there would be inflow, that the stove still acts as a mass souree because the amount of 

gas entering the stove is not equal to the amount teaving the stove. This is of course due 

to the combustion of fuel, which is added regularly. 
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3. 7 Acceleration of convergence 

To obtain a solution for tbe coupled non-linear differential equations it is often necessary 

to use 'tricks' to get convergence. However, convergence alone is not enough, it should 

also be fast enough so that calculating a solution takes a reasonable amount of time. 

Some useful possibilities which can be combined are described in tbe following sections. 

Guessed starting field 

When calculating tbe steady state solution directly, it can be very useful to have a good 

initia! guess for tbe pressure or velocity field. Unfortunately tbe pressure field is 

unknown so tbe only thing tbat can be guessed is tbe velocity field. Taking a good guess 

for tbe velocity field accelerates convergence. Note that tbe SIMPLE metbod starts witb 

tbe pressure field to correct tbe velocities. So when one starts witb tbe correct solution 

for velocity it still needs several iterations to get a converged solution. This is due to 

tbe fact tbat tbe correct velocity is corrected through tbe pressure equation. However, 

tbe pressure field was just guessed. The correction is tbus unnecessary if tbe velocity 

is correct. The SIMPLE-Revised algoritbm is better because it starts not witb a guessed 

pressure field but witb a guessed velocity field (Patankar, 1980, p133). Unfortunately 

for a room including a blockade, tbe SIMPLER metbod does not give a converged 

solution (Lamers, 1994). This is probably due to tbe large discrepancy between initial 

fields and converged solutions. However, it is possible to change tbe solver during 

calculations, but this depends on tbe problem tbat bas to be solved (Kohli, 1994). So 

as an example one can start witb tbe SIMPLE metbod and change after some iterations 

to anotber metbod. In tbe present study only tbe SIMPLE metbod is used, because tbe 

SIMPLE metbod was tbe only metbod implemented in tbe basic program TEACH-T. 

When using time dependent flow one starts witb all field variables zero or constant. 

Increasing tbe time by small steps fmally leads to tbe steady state solution. Normally 

tbe solution can be called steady state when tbe time dependent term a.x, is much smaller 

tban tbe êlp in tbe differential equations. To state that a steady state is reached, a good 

ratio of a.,ol êlp would be 104
. 

Relaxation factors 

To solve several coupled nonlinear equations by an iterative procedure relaxation factors 

must be used in order to get convergence. As tbe amount of equations increases and tbe 

initial field is far away from tbe exact field tbe relaxation factor must be low. When tbe 
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relaxation factor is less than 1, some part of the old value is used to create a link 
between the old and new values of some 4>. 
In general the relation between 4> and 4>otd can be written as 

(3.14) 

where OL is the relaxation factor 

Most of the time relaxation factors can be changed during iterations. This is very useful 

because the calculations can remain stabie at the beginning and speed up the 
convergence after a while. In a practical situation, however, it is very difficult to guess 

the value of the relaxation factor at a certain time. Several methods have been used to 
accelerate convergence: 
1) Try to adapt the relaxation factor during calculations so that convergence is 

optimized. This can be done for each unknown. 
2) Increase the value of the relaxation factor linearly with every iteration. 

The numerical experiments carried out as part of the present investigation lead to the 
following observations: 
1) Relaxation factors are necessary, in order to obtain a solution. Initially the 

following standard values were chosen: 

relaxation factor for u-velocity 0.35 
v-velocity 0.35 
Pressure 0.9 
k from k,e model 0.4 
e from k,e model 0.3 
Temperature 0.3 
11 viscosity 0.5 

These are the values that have been used in most of the calculations; 
They yield a converged solution. 

2) Optimizing the convergence by adapting the relaxation factors during iteration 
is in general difficult; this must be due to the coupling of the nonlinear 
equations. 

3) The linear increase of relaxation factor yields no satisfactory results. lt was 

assumed that relaxation only plays an important role at the beginning of 
calculations. So the influence of a linear increase of relaxation factor as function 
of the number of iterations was studied. For example the u and v relaxation 
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factors were increased linearly from 0.3 to 0.4 for the frrst 1000 iterations. This 

was also done for u and v separately with the same increment and with different 

increment per iteration. The minimum and maximum value of relaxation and 

also the number of iteration during which the relaxation factors should change 

were varied in some range. All results showed that changing the relaxation factor 

during iterations influenced the convergence in a negative sense. It is probable 

that this is not only due to the nonlinearity of the coupled equations, but also to 

the solver (SIMPLE) that is used. 

Grid doubling 

lf the grid is crude and a converged solution has been obtained but one wants to obtain 

the solution for a more dense grid or make the solution grid independent, the crude grid 

can be used to calculate an initial field of a denser grid. This is very useful because the 

denser the grid, the better the solution but at the same time it is harder to get a 

converged solution. So in practise calculating a 20*20 grid and then calculating a 40*40 

grid goes much faster than calculating the 40*40 directly. This is probably due to the 

fact that the matrix solver basically works in one direction, treating the unknowns in the 

other direction as constants. These constants are simply the result of the previous 

iteration. The unknown values of <Pat a certain position inspace can be calculated by 

interpolating the values from the crude grid. This yields very fast a converged solution 

for the dense grid. The values can be calculated by using a frrst order or a second order 

approximation. As an example we give a fust order approximation. See fig(3.6) 
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Fig. 3.6 The value of the variabie can be 
determined in P by assuming a linear profile 
between A,B,C and D. 

( 

It is assumed that the profiles between each grid point and its neighbour can be written 

as a linear function. The value of <Pis known in A,B,C and D from the crude grid. To 

obtain the value at point P the following metbod is used. Write <P(x,y) as 

(3.15) 

Filling in all known values we obtain for cPp 

<j>B -4> A <j> A -4>c A 

4> = <J>A + llxl + LlYt + 
p ll~+ll~ ll~+ll~ 

(3.16) 

This expression can easily be extended to higher order approximation. 

Summarizing the discussion on convergence we see that several techniques can be used 

to speed up convergence. In most cases the consequences are not known beforehand. It 

is just trial and error that helps to distinguish between different options. Optimizing the 

convergence by adapting the relaxation factors during iterations, does not yield the 

acceleration expected. Some future work on this matter needs to be done. The grid 

doubling seems to work well, although only a few calculations were done for laminar 
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flow in an empty enclosure. Because it worked well for laminar flow in an empty 

enclosure, it should also work for turbulent flow in an enelosure containing a stove. One 

fina1 remark on solvers. As already said the solver that is used can be changed during 

the calculations. This can be profitable because in the beginning of the calculations one 

solver can give convergence for the first 100 iterations while another solver diverges 

directly. After 100 iterations it is possible that the second solver obtains convergence 

much faster than the fust. Again experience in this matter can only be achieved by trial 

and error. 

The original TEACH-T program uses the line by line metbod only in one direction. The 

metbod works onlinesin the y-direction and sweeps from left to right in the x-direction 

(Smals, 1991, p27). This sweeping from left to right is done several times before the 

program goes to the next </>. The original Teach-T code uses the following standard 

numbers of sweeps for 

for number of sweeps 

u 3 
V 

p 

k 
€ 

T 

3 
5 
3 
3 
3 

It is done because the line by line metbod uses the old neighbours at the east and west 

side as constants. After every sweep these neighbours are updated, so the 'constants' 

change after every sweep. This yields a better solution for the </> that is calculated. In 

this way no direct use is made of the boundary conditions at the left and right boundary 

of the 2-D enclosure. Calculations show that convergence can be improved by using the 

metbod in both directions. This means using also lines from westtoeast and sweeping 

from south to north. Calculations also show that the number of sweeps of u, v ,k,e and 

T can be decreased from the standard value of three to one when using both directions. 

Por p (pressure) the value of five can be decreased to three. Using both directions 

decreases not only the number of calculations for every </> by ± 30%, but also improves 

convergence, because the program makes better use of the boundary conditions. In the 

present code the number of sweeps is set to 

numbers of sweeps for 

for number of sweeps 

u 1 

V 1 
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3 

1 

1 
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Trying to acce1erate the convergence and minimize the computational time by other 

methods, the following was done. A certain flow was calculated by using double 

precision variables in the code. The line by line metbod was used in one direction only. 

The compiler option 'optimize' which can be turned on to optimize the code was 

disabled. A converged solution was obtained. Then all the variables in the program code 

were changed from double precision to real. This was done because arealis smaller in 

size and faster to move in memory. If the number of digits is not influencing the results 

one expects a decreasein computational time. When trying to calculate by using reals 

the solution could not be obtained because the results were diverging. This was due to 

the loss of digits which were important. Switching to the original program which used 

double precision and using the "optimize" option of the compiler the result converged 

faster than in the case where this compiler option was not used. This was due to the fact 

that when using the option, the numbers were handled inside the coprocessor. This 

coprocessor uses more digits(80) than a double precision(64). When turning the option 

off the numbers are moved outside the coprocessor memory so the extra digits are lost. 

From this I conclude that convergence can be improved by using more digits. If one 

knows that in such ventilated enelosure zonesexist where velocity is almost zero, and 

one recalls the line by line method, it is easy to see that the line can go through a 

section with high and low velocities. In the region where velocity is small the 

coefficients of the band matrix can be very small compared to the coefficients in the 

zones where velocity is high. The importance of the number of digits can then be 

understood easily. However, the subject needs further investigation. 

There is no universa! compiler for Fortran programs which are used on a personal 

computer. Only two compilers have been tried, namely MS FORTRAN and SALFORD. 

From these two the SALFORD compiler was definitely much better. lt is not only 

compiling much faster but it is also specially written for 80486 computers and is 
updated regularly. Besides, the SALFORD compiler bas its own DOS-extender. This 

means that there is almost no limit to memory used by the variables in the program 

code. As a consequence, the code produced by Salford compiler is much faster. A 
special SALFORD DOS-extender for 80386 computers is available. However 

calculations on a 80386 are very slow compared to calculations on a 80486. This is 
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mainly due to the different processor structure of the systems when comparing systems 

with equal doek frequency. Other compilers like W ATCOM have not been tried. 



Chapter 4 

Numerical Results 

4. 0 introduetion 

Every problem that can be described by differential equations needs boundary conditions 

to solve the problem. However, it is always not possible to prescribe these in practical 

situations exactly. Thus in this chapter the influence of certain boundary conditions is 

studied. 

To study the influence of certain boundary conditions like inlet velocity and air velocity 

at the chimney outlet a reference setup is taken. The height and the length of the 

numerical setup are equal to the experimental setup which was built to verify the 

numerical results. A schematic overview of the numerical setup is shown in tigure 4.1. 

NJ 

outlet 

r-JStep2 

1step - r--

1nlet 
15<5<1 
IC~ 

1 I 
chtmney control volume 

N I 

Fig. 4.1 reference setup with a gridsize of 30*30. 
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The stove dimensions are 0.35m wide and 0.27m high. 

The dimensions of the enelosure are 1. 9m high and 2.5 m long. 

The outlet height is 0.4m. 

The inlet height is 0.95m. 

The carbon monoxide mass fraction at the chimney outlet is taken to be 5. 1 o-3
. 

lf the dimensions arechangedit is explicitly stated in the concemed section. The inlet 

is situated at the left side of the enclosure, and outlet at the upper right side of the 

enclosure. 

We start by stating that all calculations except for section 4.8 are isothermal. Insection 

4.1 three typical examples of the stream function are shown. Then the influence of 

velocity at the inlet on the flow is presented. In section 4.2 a typical case of time 

dependent flow is presented. From such graph the build up of CO can be seen. The 

influence on the build-up time of varying Uin at the inlet is shown in table 4.1. In 

section 4.3 and 4.4 the results of varying € and k at the inlet are presented. In both 

situations the reference value of eddy viscosity is taken constant. Laminar flow is 

calculated to compare with turbulent flow. Insection 4.5 the influence of varying Uin 

and V eh is studied. Insection 4.6 the influence of the stove position on the dispersion 

is shown for 2 different positions. In section 4. 7 the difference between a stove and a 

line souree is studied. Insection 4.8 the influence of temperature on the dispersion of 

carbon monoxide is shown. Finallyin section 4.9 the results are briefly summarized. 

4.1 Effect of Uïn on recirculation zone in steady state laminar flow 

Whether the flow is turbulent or laminar for a certain inlet velocity or stove outlet 
velocity is hard to estimate. This is due tothefact that if a Reynolds number is defined 

with the inlet height and the stove diameter as length scale, the Reynolds number at 
which flow goes from laminar to turbulent is not known. From literature it is known 

that for pipe flows the transition occurs in general above a Reynolds number of 2300. 

Assuming that the flow entering the room is a flow parallel to a infinite flat plate this 

transition would take place somewhere at 3.2*1<f. If we use the value of 2300 we 

calculate with an inlet height of 0.95m that flow will be turbulent for inlet veloeities 

above 0.03 m/s. The same for the stove yields a stove outlet velocity of 0.08 m/s above 

which the flow will become turbulent. As no real data is available and in this section 

the influence of turbulence is not studied, we assume for simplicity that the flow is 

laminar although in reality it is possible that this is not true. The value of Vch =0.08 
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rnls is a realistic value fora stove operatingat minimum power in a real kitchen. Note 

that not only velocity plays a role in whether a flow is turbulent or laminar at a certain 

position in space, but also temperature. It influences the molecular viscosity but also the 

turbulent viscosity. 

Figure 4.2 shows the stream function contours of an empty ventilated enelosure in 

which no carbon monoxide but only air is present. Fig.(4.3) and tig.(4.4) show the 

stream function for an enelosure in which a stove is placed. In these figures a 

recirculation zone in the opper left corner is seen. Note that if we have the same 

enelosure but then in three dimensions such a recirculation zone can exist also in the left 

back part of the enelosure. These zones are mainly responsible for carbon monoxide 

build up in ventilated enelosures. In such regions CO is not effectively removed. If the 

concentration becomes high and people stay for a long time in such a region the health 

situation may become hazardous. The calculations presented in the two tigures were 

done to onderstand the influence of the stove on the flow pattem. In a 3-D situation 

most of the flow can go around the stove. Although 3-D flow in such enelosures is 

more complex than the 2-D situation, it is assumed that tigure 4.3 and tigure 4.4 

represent a cross section of the 3-D situation. Fig.(4.3) and fig.(4.4) look very similar, 

but there is an important difference, namely, with respect to the streamline leaving the 

left side of the stove outlet. In fig.(4.3) this line goes directly to the outlet while in 

tig.(4.4) the streamline goes to the left side of the enelosure and forms the outside of 

the recirculation zone. Then it goesonder the stove to the outlet. The main difference 

for the CO distribution is that in the latter case CO can build up in the recirculation 

zone, while in the fust case all CO is effectively removed. 
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11 Zl 31 

Fig. 4.2 Streamfunction for an empty ventilated 
enclosure. uin is 0.04 mis 

Fig. 4.3 Streamfunction plot with a stove. Uin is 
0.04 mis, vch is 0.08 mis 
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Fig. 4.4 Streamfunction plot with a stove. Uin is 
0.02 mis, vch is 0.08 m/s 
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As the recirculation zone exists in both figures, we can see what happens to the 

recirculation zone when a chimney is present. Note that the mass flow through the room 

is not equal for an empty enelosure and for one including a stove for a certain inlet 

velocity, as the stove produces also mass. This mass production creates a problem when 

plotting the streamfunction. This is because the streamfunction is calculated by line 

integral. This line integral is notzero when the stove (mass source) is present inside the 

line integral. This results in a step in the streamfunction between the beginning and the 

end of the integral. For this reason the area under the stove is not plotted. 
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Table 4.1 Influence of Uin on the recirculation zone. 

The relation between position of the centre of the recirculation zone and the inlet 

velocity. S in this table, is the distance at which the streamline teaving the left side of 

the stove crosses a height of 1.75 m. Vch=0.08 rnls 

With stove No stove 

U· m [cm/s] x [m] y [m] s [m] x [m] y [m] 

1 0.80 1.17 * 0.87 1.46 

2 0.78 1.27 0 0.77 1.45 

4 0.72 1.39 0.17 0.73 1.44 

6 0.67 1.41 0.34 0.72 1.44 

8 0.59 1.41 0.39 0.72 1.44 

10 0.58 1.40 0.42 0.72 1.43 

12 0.60 1.42 0.43 0.71 1.44 

14 0.59 1.42 0.44 0.71 1.44 

16 0.59 1.42 0.44 0.71 1.43 

From table 4.1 we can see that the centre of the recirculation zone in an empty 

enelosure moves to the left with increasing Uin. Thus for increasing air exchange rates 

the centre of the recirculation zones moves away from the centre of the enclosure. But 

the position of the outer region of the recirculation zone does not change very much 

with changing Uin. For an enelosure ineluding a stove the centre moves up and to the 
leftof the enelosure. This is due to the combination of flows. This can beseen better 

from the distance S in table 4.1. S is the distance at which the streamline teaving the 

left side of the stove crosses a height of 1. 75 m. We see from the table that with 

increasing U in the streamline is nearer to the outlet. This is because the inlet flow forces 

the stove flow down because extra air is transporled between the ceiling and the flow 

teaving the stove outlet. This implies that for increasing Uin more CO is transporled in 

the lower regionsof the right side of the enelosure. One expects that the absolute CO 

levels are not increasing because the velocity at the outlet increases with increasing inlet 

velocity. Somming up, we conclude from table 4.1 that for inlet veloeities higher than 

6 crnls the position of the centre of the recirculation zone does not change very much. 
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4.2 Time dependent flow 

As bas been shown in Chapter 1, the maximum concentration occurring in a complete 

mixed situation is not influenced by talring time into account. We knowhowever that 

cooking takes some time but also that the build up of carbon monoxide takes some time. 

If the cooking time is much smaller than the build-op time of carbon monoxide, it is 

useful to study the effect of time on dispersion of contaminants. However if the build-op 

time is much smaller than the cooking time, the influence of time can be neglected. In 

such a situation the time can be omitted because we are interested in the worst case. In 
other words: if the carbon monoxide concentration is a1most maximum during most of 

the cooking time, it is simpter to state that CO is maximum during cooking and thus the 

build up of CO can be omitted. Before the results are presenled for a typical case, it is 

considered useful to estimate the build-op time scale by some crude assumptions and 

then compare it with the numerical results and literature: 

1) molecular weight of the contaminant is equal to air; 

2) conveelion dominates diffusion; 

3) there is fluid motion in every part of the enelosure; and 

4) the amount of air entering the enelosure per hour is 20 times the enelosure 

volume. This amount is called the air exchange rate. The value of 20 is based 

upon experiments done by Smith ( 1988). It represents an average value of values 

that can occur in a practical situation. 

The time necessary to refresh the total enelosure is then of the order of 60*1/20=3 

minutes. Of course in a practical situation the mixing is oot complete but note that the 

time scale of the veloeities in the enelosure is of the order 

room dimensions/(UÎIIIIII * (inlet area/cross section enelosure)) 

In general this time scale is of the order of a few minutes. From this fust approximation 

of build-op time we conelude that build up of carbon monoxide can be neglected when 

studying the worst case. Note that result is oot effected by whether the flow is turbulent 

or laminar. 

In order to verify this crude estimation we take a look at a typical case. A room of 1. 9 

m height and 2.5 m length is considered. The height of the inlet is 0.95 mand the size 

of the window is 0.3m. Air exchangerateis 20. 

Figure 4.5 elearly shows the build up of carbon monoxide. 
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Fig. 4.5 Build up of CO in time. V eh is 0.3 mis. Air exchange rate is 20. The build 
up of CO is only drawn for 15 minutes. 

Note that there is no CO present below 0.95 m which is chosen as the height of the 

door. This is of course due tothefact that clean air enters the room at those positions. 

In a practical 3-D situation where the inlet bas a smaller width than the width of the 

enclosure, CO can reach positions lower than the height of the door. This is a serious 

drawback of 2-D modelling. Thus, 2-D modelling can not adequately predict the CO 

levels somewhere near the inlet for positions lower than the height of the door. The build 

up was calculated for 15 minutes. But as the major change in CO occurs in the frrst five 

minutes, the CO contours are only numbered for the frrst six minutes. From this tigure 

we can also see that for this case the build up reaches steady state within 5 or 6 

minutes. At the fust minute the CO is almost zero because the main flow needs some 

time to establish. Figure 4.5 shows also that the build-up time is a function of height 

above the floor. The maximum is reached faster at the ceiling than for example 1.5 
meters. This can be explained by the velocity distribution. The line in space at 1.5 
meters height lies between the centre of the recirculation zone and the flow coming 

through the inlet. This is why build up takes a longer time. It needs several circulations 

to build up and to reach a balance where CO inflow and outflow become equal. 

Although the numerical situation is two-dimensional, and the first approximation 

assumed well mixing inside the enclosure, the agreement between the two is reasonable. 
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In literature (Smith, 1988) some examples conceming build-up time were found, all 
having time scales of the order of 10 minutes. Unfortunately these examples represent 
the opposite case, namely the concentration decay when the souree is removed. 
However, for the purpose bere the decay- and build-up time are assumed to be equal. 

Two typical examples are shown in fig.(4.6). We see that decay of carbon monoxide 
coneentration is exponential with time. The time scale is defined by the slope of the line 
through the measurements. Again we find a time scale of the order of a few minutes. 
Note that in the calculations and the first crude approximation, no heat souree was 
present, while in fig.(4.6) the souree was a burning stove. This means that heat bas no 
influence on the meao CO concentration as long as forced convection dominates free 
convection. 
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Fig. 4.6 Measurements of CO concentration decay in time 

The experimental conditions of the literature examples are unknown. Only house volume 
and the air exchange rate are known. 

Summarizing this section we notiee a reasonable agreement between the zeroth 
approximation, calculated and the result from fig(4.6). From these results it is 

concluded that the build-up time is mainly a function of the air exchange rate. However 
one should keep in mind that it is difficult to oompare 2-D results with 3-D results. We 
are mainly interested in the carbon monoxide distribution and the worst case can be 
calculated by assuming steady state flow. For this reason in the next sections all time 
influences will be omitted. This is of course a computational advantage because time 
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needed to obtain a converged steady state solution is less. 

It was considered useful to calculate the maximum CO concentration for two sections, 

for increasing Uin. 

Table 4.2 The table shows the maximum (steady state) value of CO concentration 

occurring at a certain section for different inlet velocities. From the build-up of CO at 

this maximum the build-up time is calculated. 

u. x=2.1 m x=0.75 m 
[cm/s] ·1()·3 ·1()"3 T [minutes] 

1 4.9 4.6 1.9 

2 4.4 3.0 2.1 

4 3.6 0.0 1.3 

6 3.2 0.0 1.2 

8 2.8 0.0 1.1 

10 2.5 0.0 1.0 

12 2.2 0.0 1.0 

14 2.1 0.0 1.0 

16 1.9 0.0 1.0 

Some calculations were done for the standard setup. The inlet velocity was varied 

between 1 and 16 cm/s and the stove outlet velocity was kept constant (Vch=0.15 mis). 

Then the maximum value at a section at which the maximum value of CO occurs is put 

in the table. For all calculations the build-up time was calculated. The calculations were 

done for turbulent flow. At the enelosure inlet and the stove outlet the viscosity was 

taken to be 17 .1·1 04 and the turbulent intensity was taken to be 0. 04. 

Table 4.2 shows that changing the inlet velocity bas only minor influence on the build

op time. This is expected, because the average veloeities in the region where CO is 

present, do not change very much. Note that in general for modest air exchange rates 

(20) the veloeities in a three-dimensional case are of the same order or lower than in the 

present calculated two-dimensional cases. As aresult build-up can be larger, but still 
build-up time will be of the order of minutes. From the results of this section it is 

concluded that the build-up of CO can be omitted. 
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4.3 Different valnes of fin 

In general the distribution of fat the inlet is unknown. To measure them in a practical 

situation very sophisticated devices are needed. In the experimental setup which was 

built these devices were not available and thus k and f could not be determined 

empirically. So to obtain a realistic value of f other possibilities have to be investigated. 

One way to study the influence of fis as follows. From literature some range of eddy 

viscosity and turbulent intensities in pipe flows is known (Hinze, 1975, p730). Two 

examples are shown in fig.(4.7) and fig.(4.8). The same can be done for wall flows. 

From this material one chooses a typical eddy viscosity and turbulent intensity. 
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FIGURE 7-63 
Distribution of eddy Vlsoosity in pipe flow calculated from Laufer's4 ' and 
Nunner's42 data. 

Fig. 4.7 

Then f can be calculated by use of 

where k is the turbulent kinetic energy 

p is the density 

c"' is a constant 

'h is the eddy viscosity 
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FIGURE 7-56 
Relative turbulence intensities in pipe flow. (From: Laufer. J .. 41 by permission of 
the National Advisory Committee for Aeronautics.) 

Fig. 4.8 

(4.1) 

This base value can be varled in some range. Eddy viscosity will vary also, since in 

these calculations kis held constant. The calculations were done with: 

1) turbulent intensity = 0. 04 
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2) vch=0.15 ms-1 

3) Uin=0.05 ms-1 

4) reference va1ue for eddy viscosity is 2. 5 .104 

The three values of eddy viscosity used for calculating turbulent flow are: 

fltl = 10·104 

flt2 =2.5·104 

fl t3 = 1. 0·104 

laminar viscosity is 0.17 ·1 04 

The results are shown in fig.(4.9) and fig.(4.10). 

The stove is positioned at 1.87 m from the inlet, at a height of 0.60 m. 

Note that the values of fit and turbulent intensity are used at the enelosure inlet and at 

the stove outlet 

Fig.(4.9) is a plot of the concentration of CO as a function of height at a section 2.1 

m from the inlet. This is at the right side of the stove. Although the plot was drawn for 

three different fit values the lines overlap. The influence of energy dissipation at the 
inlet doesnotseem to influence the CO level at this line in space. From (4.9) we can 

see also that the concentration of CO in the area between the outlet and the stove is 
about 75% of the concentration at the chimney outlet (5·10-3

). Also we see that the 

maximum occurs almost at the ceiling. This is useful to know because now we see that 

there is some correlation between the height of the room and amount of carbon 
monoxide one is exposed to. Increasing the distance from floor to ceiling decreases the 

amount of CO one is exposed to at breathing level. 

Fig.(4.10) shows the CO level as function of height at a section 0.75 m from the inlet. 

This is at the left side of the stove. This line goes through a recirculation zone. In this 
tigure all plots for different values of Eïn coincide. From this graphand the previous can 
be seen that varying € doesnotchange the distribution of CO. To compare the result 
with laminar flow, the calculated CO level for laminar flow was also drawn in 

fig.(4.10). The change in CO distribution is only minor. This must be due to the low 
velocities. The k-€ model does not perform very wellat those velocities. Numerically 
this bas some consequences because using k -€ model slows down the calculations 

enormously. 
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Fig. 4.9 A CO plot as function of height for three values of eddy viscosity(Tttl =10-3,2.5.104 ,104 ) 

and constant k ,Uin=0.05 m/s,Vch=0.15 m/s at a section 2.1m from the inlet. 

As previously outlined in chapter 2, is the turbulent diffusivity of CO neglected in the 

calculations for the following reason. In a three-dimensional enclosure, flow can go 

around the stove. The flow in a two-dimensional case is forced to flow in a vertical 

direction at the stove side walls. The vertical velocity at the stove side and the gradients 

of CO concentration are much higher than expected in a three-dimensional case. In the 

actual three-dimensional situation the flow is expected to be laminar at the stove sides. 

Unless accurate experiments are done, it is unknown whether this assumption is 

justified. It was noticed that the viscosity in the enelosure equals almost everywhere 

laminar viscosity. Only a small region near the inlet and the stove outlet show viscosity 

which is a little higher. This is probably due to the low veloeities in the enclosure. 



68 

2,----------

I 
o~-
0 

- .J_ --

1 

CHAPTER4 NUMERICAL RESULTS 

2 3 4 5 

CO concentration [%] xJ0-3 

Fig. 4.10 A CO plot as function of height for three different values of eddy viscosity and constant 
k , Uin is 0.05 m/s, V eh is 0.15 m/s, at a section 0.15 m from the inlet. 
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4.4 Different values of ku. 

In this section k is varied holding e constant at the inlet and outlet of the stove. To 

compare the results with the previous section the base value of e is used to obtain a base 

value for k. The calculations were done for turbulent intensities of 0.01, 0.03 and 0.05. 

where kis defined by k= 1h(turb. intensity)2 * Uin2
• Results are shown in fig.(4.11) and 

fig.(4.12). Also in these graphs all calculations yield the same CO distribution. k does 

not seem to affect the flow at both sides of the chimney. These results indicate that CO 

concentration distribution is not strongly dependent on the choice of km and ein. 

However, we must keep in mind that the calculated flow is two dimensional and that 

the k-e model probably does not perform very well for these low velocities. 

Measurements can bring the answer to our problem. 

From this section and the previous it looks as though the flow is laminar. But also it is 

known that the k -e model is a high Reynolds model so it will perform not very well for 

these calculations. As the calculated results for CO distribution are almost the same for 

turbulent and laminar flow it is wise to calculate the flow assuming it to be laminar at 

least until measurements prove that the flow is fully turbulent. Calculating laminar flow 

is much faster because two equations will drop and computational time will decrease. 

Although there is not much difference in CO distribution according to this section and 

the previous, k-e model is used in calculations. 
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Fig. 4.11 CO concentration as fuoctioo of height at a section 2.1 m from the inlet. 
Vch=0.15 m/s, Uio is 0.05 mis, inlet height is 1.43 m. 
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Fig. 4.12 CO concentration as function ofheight at a section 0. 75 m from the inlet, 
Uin is 0.05 m/s, Vch is 0.15 m/s, inlet height is 1.43m 

In fig. ( 4.11) and ( 4 .12) the CO concentration is drawn for three values of k, but in both 

graphs the three lines overlap. 
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4.5 Effect of Uin and V eh 

a typical case for constant V eh 

In real kitchens the ventilation velocity may vary considerably during cooking time. Not 

only the magnitude but also the direction of the velocity at the inlet can vary. To 

calculate the flow numerically it is assumed that the air exchange factor is a good 

parameter to describe the flow inlet velocity. Furthermore it is assumed that flow 

direction is perpendicular at the door entrance. From lirerature (Smith, 1988) it can be 

found that the air exchange factor in normal ventilated kitchens can vary between 0. 2 

and 64. A typical value would be 20. Vch was chosen to be 0.15 mis. 
We take a look at fig.(4.13) which is a plot of the CO concentration as a function of 

height. 
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Fig. 4.13 CO level for different iolet velocities, V eb is 0.15 rnls, section is 0. 75 
m from the inlet, inlet heigbt is 1.43m. 

The concentration is shown for 0.75 m from the inlet. In the plot the influence of the 

inlet velocity can be seen very clearly. For inlet veloeities in the range of 1 to 6 cmls 
the concentration increases at least for the higher positions. For higher veloeities (8, 

10,12,14,16 cm/s) the CO level reduces to zero. This can be explained easily as 

follows. When the inlet velocity is low compared to the chimney outlet velocity, there 

is some carbon monoxide from the chimney entering the recirculating zone above the 

inlet. As the inlet velocity increases the recirculation increases a1so so that more CO 
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gets into the zone. But when this inlet velocity exceeds a eertaio value, all the CO flows 

directly to the outlet so it never reaches the recirculating zone. That is the reason of this 

sudden blow off. What we cao learn from this section is the following. If the highest 

inlet velocity one cao obtain is 6 cm/s it would be better to lower it to 1 cm/s so the 

level of CO decreases. If however ao inlet velocity of 8 cm/s could be obtained then this 

would bring the CO level at 0.75 m from the inlet to zero. 
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Fig. 4.14 CO level for different inlet velocities, Vch is 0.15 m/s, section 2.1 m 
from the inlet, inlet height is 1.43m 

The next graph shows also the distribution of CO but then at 2.1 m from the inlet. Here 

we see the same happening for increasing inlet velocity. Only in this situation the CO 

level caooot go to zero because the line lies between the chimney aod the outlet. All CO 

produced must cross this line. Note that although all CO must cross this line, the area 

occupied by the line is oot the same. This cao be explained as follows. Every height at 

this position bas its own velocity. The amount of carbon monoxide produced by the 

chimney equals thus the concentration at a eertaio height times the velocity at that height 

aod then integrated over the height of the room. 

Maximum ventilation yields oot always minimum CO concentration in every region of 

the enclosure. 
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A typical case of constant U in 

Stove power can vary in a range between 0 and 5 kW for a normal stove used for 

cooking. Let us assume that calorific value of the fuel is 18 MJ/kg and the excess air 

factor is I. 8. Then 1 kg of fuel is combusted each hour. However the amount of 

combustion productsis about 10 kg. If the average molecular mass is estimated to be 
30, the stove helehes 6 Vs=6*10-3m3/s. The average velocity of the combustion 

products would be of the order of 0.3 mis, for a stove with an outlet diameter of 
0.15m. In this case the temperature at the chimney outlet was taken to be 750 K. In 

general the temperature is lower because the stove doesn't workat full power and some 

part of the combustion energy is used for boiling the food. For special stoves like down 

draft stove this velocity maybe higherand reaches values of 1 mis (Schutte, 1989). In 

general the velocity at the chimney outlet are just a little higher than the velocity at the 

inlet of the enclosure. If the velocity at the chimney outlet in a two dimensional 
situation is chosen too high, the chimney flow dominates the whole flow. For this 

reason the outlet velocity at the chimney is chosen to be 0.05 mis and 0.10 mis. 
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Fig. 4.15 ISO-CO contours for isothermal flow. Vch=0.05 mis, Uin=O.OS mis, inlet 
height= 1.43m 
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Fig. 4.16 ISO-CO contours for isothennal flow. V eh =0.10 rn/s, Uin =0.05rn/s, inlet 
height = 1.43 m 

The only thing we can learn from fig.(4.15) and fig.(4.16) is that higher veloeities at 

the chimney outlet can result in more spreading of CO because it is easier for the flow 

leaving the chimney to reach a recirculation zone in the upper left part of the enelosure. 

During measurements in Bangladesh done by Visser(l994) it is indeed observed that for 

higher chimneys and/or higher veloeities at the chimney outlet, the flow can easily reach 

and amplify the recirculation zone(s). 

The effect of varying U in and V eh on the maximum value of CO at a certain 
section 

As Uin and Vch influence the carbon monoxide distribution, it was considered to be 

useful to see what happens to the maximum value at a section 2.1 m from the inlet. This 

is a section between the stove and the outlet. For this U in and V eh were varled in some 

range which are expected to represent the veloeities that occur in reality in an ventilated 

kitchen. All calculations were done by assuming turbulence. the following set of 

parameters are used: 

inlet height is 1.46 m outlet size is 0.4 m 

the middle of the stove is positioned at (x,y)=(l.43,0.75) 
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'lin =2.5·104 

turbulent intensity is 0.04 

Vch [cm/s] 

16 (1) 

(2) 

14 

12 

10 

8 

6 

4 3.64 

1.46 

2 3.62 2.79 

1.53 1.39 

1 2.80 1.96 

1.39 1.32 

1 2 

Table 4.1 

3.66 3.39 3.16 2.92 2.78 

1.53 1.46 1.46 1.39 1.39 

3.47 3.23 2.95 2.78 2.61 

1.53 1.46 1.46 1.39 1.39 

3.66 3.32 3.00 2.78 2.59 2.40 

1.53 1.46 1.46 1.39 1.39 1.39 

3.42 3.07 2.78 2.55 2.34 2.16 

1.46 1.46 1.39 1.39 1.39 1.32 

3.65 3.16 2.78 2.49 2.24 2.08 1.95 

1.53 1.46 1.39 1.39 1.39 1.32 1.32 

3.31 2.78 2.40 2.13 1.95 1.80 1.68 

1.46 1.39 1.39 1.32 1.32 1.32 1.32 

2.78 2.24 1.95 1.74 1.58 1.45 1.35 

1.39 1.39 1.32 1.32 1.32 1.32 1.32 

1.95 1.57 1.36 1.22 1.13 1.07 1.01 

1.32 1.32 1.32 1.26 1.26 1.26 1.26 

1.35 1.13 1.02 0.94 0.90 0.86 

1.32 1.26 1.26 1.26 1.26 1.26 

4 6 8 10 12 14 16 

u cm s 

The value of the maxima and the height a which a maxima occurs 

for various uin and V eh· All other parameters like stove position, 

inlet height and enelosure size are kept constant. All values are 

calculated at a section 2.1 m from the inlet. The right wall of the 

chimney is positioned 1.6m side from the inlet. 

(1) CO mass fraction. The value in the table bas to be multiplied by 10-3 

(2) height above floor at which maximum occurs 
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From this table we see that for V eh smaller than Uin the CO is effectively removed. lf 
we put some of the obtained maximum of CO values in a graph (fig. ( 4 .17), it can 

clearly beseen that for increasing Uin and constant Veh or decreasing V eh and constant 

Uin the maximum CO occurring at a certain section decreases. This is of course what 

one expects in a region of the enelosure where no recirculation zone exists. The reason 

for lower CO levels is that the inlet flow dominates the chimney flow. This is also the 
reason why the maximum occurs every time at the same height. Note that increasing V eh 

implies also that the amount of CO belched in time increases. The distance between the 

lines for constant Veh fig.(4.17) is almost equidistant. One should expect that doubling 

the Vch which is doubling the amount of CO belched also doubles the CO levels. This 

is not true because the velocity increases and also the total flow intheroom increases. 

Thus the amount of CO removed per unit time is larger. This yields relative lower 

levels CO levels for higher V eh· 
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Fig. 4.17 maximum CO levels at section 2.1m 
from the inlet. The levels are drawn as a function of 
U in for different V eh values. 

Fig.(4.17) show the maximum value of CO concentration at a section 2.1m from the 

inlet as a function of U in and V eh. 
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4.6 The position of the stove 

The position of the stove is important because in ventilated enclosures redreulating 

wnes can exist. If the stove is positioned outside sueh a wne vecy near the outlet, most 

of the eombustion produets willleave the enelosure immediately. However if the stove 

is plaeed inside or under sueh a region, the pollutants are not adequately removed and 

the situation can become hazardous for the people in the enclosure. To make things 

more transparent we take a look at fig.(4.2). It shows the stream function in a room 

withno obstruetions. We see that there exists a redreulating wne. This wne is very 

important when studying CO distribution, because this is the region in spaee where the 

CO is not effectively removed so build up can take plaee. 
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fig. 4.18 CO level at a section 0.5m from the inlet,Uin is 0.05 mis, Vch is 0.15 
mis, inlet height is 1.22m 

In fig.(4.18) the CO level as funetion of height is shown for a section of 0.50 m from 

the inlet. In fig.(4.19) the CO level as a funetion of height is shown fora section of 

2.2m from the inlet. In both graphs the CO level is plotted for two stove postions. The 

two stove positions are: 

1) 1.43 m from the inlet 

2) 1,87 m from the inlet 
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fig. 4.19 CO level at a section 2.2m from the inlet 

In fig.(4.18) we see that if the stove is positioned at 2 there is no CO present. All CO 

is effectively removed. But if the stove is at position 1 there is a high CO level. This 

is due to the fact that the recircu1ating zone is just above the stove. Thus all the CO 

enters the recircu1ating zone. Ifwe take a look at the second graph which is the plot for 

a distance of 2.2 m from the inlet we notice again the difference in CO distribution due 

to stove position. Now the CO is removed faster at higher positions than when the stove 

is at position 1. This is because the chimney acts as an obstruction for the flow. The 

main flow and the stove force the CO in a zone near the ceiling of the enclosure. In this 

region velocity is rather large. Most CO is thus removed at higher positions were 
velocity is large. Because the stove is near the right wall where the outlet is situated, 

there is a little recirculating zone between the chimney and the wall. In a practica13-D 

situation this recircu1ating zone is not expected to exist. 

Summing up this section we see that CO is most effectively removed when the stove 

outlet is positioned near the room outlet. This lowers also the amount of CO where the 

people at breathing level are exposed to because the enelosure volume polluted by CO 

is smaller. Note, however, that in a real kitchen the flow pattem is more complex and 

that influence of stove position on the carbon monoxide distribution can be totally 

different than expected by 2-D calculations. 
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4. 7 Tbe differences between a chimney and a line souree 

In a two-dimensional flow the stove acts as an obstruction. In a three--dimensional 

situation tbe flow can go around the stove. To model a stove in a two-dimensional 

computer domain is diffi.cult. Another important difference is the fact that the stove is 

small compared to the size of the room. This means that in a practical situation the 

horizontal motion of air is almost not influenced by the stove. Note however that the 

chimney helehes combustion products in vertical direction. Although the amount of 

products is small and the chimney cross section is small compared to the floor area tbe 

vertical velocity cannot be omitted. So to simulate a small chimney in a two-dimensional 

situation two ways can be followed. The fust is to include a chimney with tbe 

dimensions it bas in three dimensions. The second is to include a line source. As 

previously explained the fust metbod bas some serious disadvantages. This is why the 

line souree metbod is expected to produce better results for tbe horizontal air flow. 

Especially if the combustion products are relatively cold the line souree metbod 

produces results which come much nearer to three-dimensional reality than the chimney 

method. See fig.(4.20) and fig.(4.21) for the CO levels. 

1.9 m 

y-axis 

0 x-axis 2.5 m 

fig. 4.20 ISO-CO contour plot fora line source,Uin=O.OSmls. inlet beight is 1.43m 

Note that tbe different results are due to tbe fact that the line souree is not disturbing 

the flow because it prescribes no boundary condition. The chimney metbod however 

prescribes a velocity at the chimney outlet. The mass flow through the outlet will not 

be the same when comparing both methods. The actua13-D CO profile in a section next 

to the stove but also in the direction of inlet to outlet will show a profile somewhere 
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between fig.(4.20) and fig.(4.21). Note that the discussed problem in this sectionis only 

because the calculations are done fora 2-D situation. 
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fig. 4.21 ISO-CO contour plotfora chimney,Uin is 0.05 m/s, Vch is 0.15 m/s, inlet 
height is 1.43 m. 

4.8 Temperature 

From daily life it is known that hot air rises up in cold air. But this is oot true for all 

hot gases in air. Sometimes we see smoke coming out of a chimney fall down. This 

phenomenon is called inversion. It is due to the density difference of the products 

coming out of the chimney and the ambient. When the density of the combustion 

products at a certain temperature exceed the density of the ambient the products will fall 

down. One of the reasoos why most combustion products rise when leaving the 

, chimney, is because they are hot so density will be lower than ambient density. 

However when they cool down and diffusion and convection play a role different 

products may distribute differently in an enclosure. For example, carbon dioxide which 

has higher molecular weight than air can fall down. 

Some remark has to be made about chimney outlet velocity. The amount of the gas 

leaving the chimney is almost equal to the amount entering the stove. About 15% ofthe 
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gas leaving the chimney is generated by combusting(wood). The velocity difference 

between in- and outlet is thus mainly due to the temperature increase of the gases during 

combustion. As temperature of the gases leaving the chimney will fall during mixing, 

the density will increase, and the buoyancy force will decrease. This is the most 

important difference with the isothermal case where the buoyancy force is not present. 

The veloeities above the chimney will decrease faster than in isothermal situation 

because of cooling down of gases. This is what happens in a real kitchen. Including the 

temperature in the calculations effects the momenturn equations. As a result of this 

convergence is very poor compared to isothermal situation. Results however are more 

realistic. In fig.(4.22) the flow teaving the chimney has a temperature of 350 K. The 

surroundings are at 293 K, and the walls are adiabatic. If the ISO-CO contours are 

compared to fig.(4.21) we clearly see the difference in CO distribution. This is only due 

to the temperature. The hot air starts to spread just outside the chimney outlet. This hot 

air experiences a force because it is in colder air. This net force induces two large 

recirculation zones, one at the left side of the chimney and one at the right side of the 

chimney. This effect is seen in kitchens in Bangladesh (Visser, 1994). 

In fig.(4.23) and fig.(4.24) the temperature and carbon monoxide concentration are 

plottedat several sections. If we compare the temperature profile from fig.(4.23) with 

fig.(l.3) in chapter 1, we see that qualitatively the profiles show a fair agreement. In 

chapter 1 we also said that since diffusion and convection of mass and energy obey 

similar laws, it is expected that similar stratification occurs for the concentration of 

pollutants. After comparing fig.(4.23) with fig.(4.24) this assumption seems reasonable. 

As may be noticed the temperature at the stove outlet is low (350 K), when compared 

to a real cooking stove. As said before, the stove easily dominates the flow in a 2-D 

situation. This is because the amount of flow teaving the chimney is comparable with 

the flow entering the enclosure. As aresult of this the temperature at the stove outlet 

has to be set very low because otherwise the flow is only determined by the stove and 

not any more by the inlet velocity. During calculations it was noticed that for example 

fora stove outlet temperature of 750 K the flow was not only fully dominated by the 

stove, but also that in- and outflow via the outlet occurred. The veloeities inside 

enelosure became as high as 1 mis. The stove was just creating two fast rotating zones, 

one at the leftand one at the right side of the stove. Soit was of no use to study the 

temperature effect for high temperatures. It is believed that for studying the temperature 

effects in detail 2-D calculations are not suitable but that only 3-D calculations are 

useful. Including temperature in the 2-D calculations lead to very poor convergence, so 

it is expected that convergence will be a major problem when calculating 3-D situations. 
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fig. 4.22 ISO-CO contour plot fora stove that helehing combustion products with a 
temperature of 350 K, Vch=0.15 m/s, Uin=0.05 m/s. 

- .. ...t.nliJ 

Fig. 4.23 Temperature 

1) section 0.3lm from the inlet 
2) section 0. 75m from the inlet 
3) section 1.38m from the inlet 
4) section 2.10m from the inlet 
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fig. 4.24 1) section 0.31m from the inlet 
2) section 0.75m from the inlet 
3) section 1.38m from the inlet 
4) section 2.10m from the inlet 

4.10 Discussion 

Summing up this chapter, we see that 2-D code gives us insight in what happens in 
ventilated enclosures. That flow in reality is more complex does not influence this. For 
example the build-up time is only influenced by the veloeities and not by the fact that 
we solve the problem in 2-D. Also concentration of carbon monoxide as function of 
height is predicted well because it was assumed that warm combustion products teaving 
the chimney would stay at the ceiling. That stove position plays an important role in 
indoor air quality was generally known but computations show why the position was 
important. Namely because CO will only build up in recirculation zones. In other 
regions it will be removed effectively. From line souree metbod we find results that are 
somewhere near reality. Both methods have serious drawbacks. But until a 3-D code is 
available we are stuck with it. Finally in section 4.8 temperature is introduced. As 

expected it bas serious influence on the distribution of CO. The recirculation zones that 
are shown in fig.(4.18) are seen in kitchens during cooking. This is a confirmation that 
2-D code can produces results which are useful. However, for studying details of CO 
distributing 3-D calculations and experiments are needed. 
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Conclusions 

The subject of indoor air quality is difficult. Including heat sourees and transition from 

laminar to turbulent flow in parts of such ventilated enclosures complicates things even 

more. lt is difficult numerically, because no simpte model is known to describe the 

transition from laminar to turbulent. Experimental work is also difficult because a lot 

of highly sophisticated and expensive devices are needed. Although in general the flow 

entering the enelosure is assumed to be laminar for low air exchange rates, it was 

assumed that the flow teaving the chimney becomes turbulent within a few centimetres 

of the chimney top. Experiments seem to indicate that this assumption holds for a down 

draft stove. Whether this effect occurs and/or bas significant influence on the dispersion 

of carbon monoxide is at present time unknown. 

This preliminary study tries to throw some light on the problem. The results of the 

present work are summarized below: 

1) Two dimensional calculations can give satisfactory results for ventilation 

problems. Although the predicted distribution of carbon monoxide may oot be 

quantitatively very good, qualitatively the predicted profiles are adequate. 

2) Presenting data is very difficult as several variables can influence the 

distribution. Plots which show the CO concentration as a function of height at 

a eertaio section give good insight. Unfortunately they only represent one line 

in space. To see every aspect it is necessary to have these CO plots combined 

with velocity plots and iso-CO contour plots. Note that in a plot which shows 

CO as a function of height the time dependenee can easily be plotted. 

3) Including the turbulence into the problem complicates things very much. This 

is more so because measurements of the turbulent quantities were impossible in 

the present experimental setup. At present time it seems that the influence of 

turbulence on the CO distribution is oot extremely important for low air 

exchange rates and low stove powers. 

4) Stove position can considerably influence the distribution of CO. A program 

calculating 2-D flow caooot reveal all details about the best position. 

85 



86 CHAPTER 5 CONCLUSIONS 

5) The build-up of CO occurs in a few minutes. Compared to cooking times of an 

hour or more, this effect can be neglected. To calculate the worst case it is 

sufficient to calculate the steady state solution. 

6) The influence of U in is very important. It influences the size and the position of 

the recirculation zone. In combination with V eh there can occur situations where 

almost all CO helebed by the stove enter such a recirculation zone and thus will 

not be effectively removed. In two dimensions it is hard to simulate the stove 

because V eh can easily dominate the flow. 

7) Temperature differences induce the buoyancy force. This will force the hot flow 

in a vertical direction. As a result CO will build up at the higher positions of the 

room. 

Since this was the first investigation by the group on this subject, it obviously bas been 

able to scratch the surface of the problem. Thus lot more work needs to be done before 

a reliable program becomes available. The following are a few of the thoughts that 

emerged from the present investigation. 

a) Experimental work needs to be done to validate calculations. Especially when 

3-D calculations will become available it is very important for quantitative 

comparison between measured and calculated profiles. In the setup which was 

built, it is not possible to measure veloeities in the room, so the flow field can 

not be derived from velocity measurements. Also the velocity at the entrance and 

exit could not be determined very accurately with the present equipment. This 

is due to the fact that there was only one hot wire meter available which was not 

suitable for our measurements. The flow entering the experimental setup is 

assumed turbulent. This is because the velocity at the inlet of the present 

experimental setup was of the order of 1 m/s. It was very hard to get a value of 

the order of 0.05 cm/s which is more or less a realistic value fora real kitchen. 

The k and e from the k-e model could not be measured because the proper 

devices were not available. From the gas flow through the stove the temperature, 

the excess air factor(02 concentration) the outlet velocity at the wood stove in

and outlet can be determined. 

Some experiments were done with a stove which used natural gas as fuel. The 

main idea was to measure the C02 distribution from a stove which used natural 

gas as fuel. The fuel flow can be measured rather easily. Also the fuel flow is 

continuous and stable. Unfortunately the results for excess air which are 

necessary to estimate the flow entering and leaving the stove are totally 

unreliable. Using the energy balance to calculate the flow lead also to unreliable 
results because the radiation term in the energy equation is unknown. Then the 
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level of co2 produced by the gas stove could not be measured since the co2 
concentrations were too low caused by dilution of surrounding air. lf the 

necessary equipment wilt be available in the future, experiments can be done in 

the testcelland the results can be compared with the computational results. 

b) Three dimensional calculations ai~ a natura! extension of the two dimensional 

calculations. At present time the author is working on it. 

c) To simplify the 3-D problem, it is best, first to solve the problem for laminar 

velocities. This is a good description of the ventilation problem, if low inlet 

veloeities and low stove powers are studied. The problem of walt functions 

which are probably not valid in corners disappears then also. This also simplities 

the experiments because no measurements for k and E are needed. Just an 

accurate velocity meter and gas analyzer is needed. Theory and experiments can 

be compared rather easily then. 

d) Some nice way of representing the flow and the CO distribution should be 

found. 

e) The main problem, especially when temperature is involved, is to obtain a 

converged solution. lt seems to me that the problem of convergence is caused 

by the line by line method. As the profiles of the unknowns, like velocity and 

pressure are rather simple for laminar flow it must be possible to calculate an 

initia! field by way of analytica! methods. Some time was spent on this subject. 

Although results were promising, the work was stopped due to lack of time. 

In order to decrease computational time, the following can be done: 

1) The val u es which are user defined (like inlet paraiDeters) can be treated as 

constants if the program is compiled after the values are given to the program. 

The memory used is smaller and the computational time is less. 

2) Splitting the program into parts gives the opportunity to optimize every routine 

separately. This is important for the routines which adapt the variables at the 

boundaries. This yields a faster code. 

3) Several solvers should be tried to accelerate convergence. 

4) Grid doubling should be used whenever possible, especially in regions with large 

velocity or temperature gradients like stove outlet 

5) Other compilers should be tried, although the Salford compiler used in the 

present study serves very well because it is developed for 80486 computers. If 
a pentium compiler will be available that can probably decrease computational 

time a lot due to the multi-processor structure of the processor. Unnecessary to 

say that computers like the Power Challenge are faster than 80486 and should 

be used whenever possible. 
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