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Abstract 

Water spray curtains are known to be a very effective environmental proteetion tool in 
case of major industrial hazards. Especially in the case of accidental chemica! gas releases 
water spray curtains are able to achieve a forced dilution of the gas cloud. The design and 
optimisation of the water spray curtain in function of the boundary conditions therefore 
farms a challenging and motivating field of research. The research, however, requires the 
simulation of a chemica! accident invalving high risks for both the environment as the 
researchers them-self. A salution to this problem has been presented at the Von Karman 
Institute (VKI) by using a low speed wind tunnel. The wind tunnel allows to study water 
spray curtains in a safe and controlled environment , but requires an understanding of the 
involved limitations and correct sealing parameters. 

In view of the achievement of such an understanding this report presents an experimen
tal and numerical study of the scaled experiments. An analytica! evaluation of the used 
measurement techniques, such as hot-wire anemometry, is included. 

The numerical part of the report evaluates the confinement effect introduced by the 
wind tunnel by means of the FLUENT code. A discussion is included on how the preserree 
of the water spray curtain can be modelled numerically. The use of a uniform momenturn 
souree is found to be satisfactory. Details of droplet air interaction are not essential. 

The experimental part focuses on the dispersion of the created gas cloud with and 
without the preserree of the water curtain. The properties of the cloud itself, such as the 
velocity profile, appear to be important for the definition of the performance of the water 
curtain. Concerning the sealing of the water curtain itself, an important dependenee of 
the height of the water curtain on its performance is obtained. This indicates the need for 
correct sealing parameters between large-scale field tests and wind tunnel experiments. 
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Chapter 1 

Introduetion 

Major industrial hazards which occurred during the last decades (Feyzin (1966), Bhopal 
(1988) , ... [19]) show that even if the plants and processes are more and more safe, tech
nologkal risks persist. Industrial activities will therefore always hold an indirect threat 
to man and environment. From the idea of "Technology and Sustainable development" 
this creates a great demand for back-up systems, which allow to minimise the possible 
risks involved with industrial accidents. Fluid curtains are an example of such a backup 
system that has been proved to be a very effective and reliable tool in case of an accidental, 
chemica! or fiammable gas release. Different types of fiuid curtains exist, but one of the 
most widely used is the liquid water curtain. A water curtain is formed by spacing several 
spray nozzles over a water line. The sprays will interact with each other forming an effec
tive barrier: a water curtain. Water based systems are first off all not too expensive and 
can be very effective when carefully designed ( [18]). In case of chemica! gas clouds they 
are capable of either diluting, absorbing or heating the gas cloud. In case of fires, water 
curtains can also be used to provide thermal shielding for vital structures such as control 
towers or administrative buildings and storage tanks containing fiammable substances. 

This project focuses on the use of the water curtain to effectively dilute a heavy gas 
cloud. The gases that are considered are or heavy by nature or stored at high pressure and 
therefore cold and heavy. In case of an accidental gas release this will result in a dense 
cloud dispersing close to the ground. The situation is sketched in figure 1.1. Purchasing 
only the dilution effect of the water curtain is profitable because many chemica! gases 
only form a direct threat to their environment at high concentrations ( see section 1.1). A 
solution to the problem is thus immediately presented by a forced dilution of the cloud. 

1.1 Chlorine and health effects 

Chlorine ( Cl2 ) is a heavy toxic gas that is widely used in all types of industries (i.e. 
healthcare, water treatment and automotive, electronic, building and textile industries). 
It is therefore a very representative gas and a consideration of its health effects immediately 
illustrates the profit gained from a forced dilution of the gas cloud. The health effects of 
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wind 
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Figure 1.1: Illustration of a water spray curtain application. 
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chlorine can be divided in two parts. The first is a contact with liquid chlorine directly 
leaking form a storage tank, which causes severe freeze burn. The second is a contact with 
the evaporating chlorine gas cloud, which reacts with moisture in the eyes, nose, throat 
and lungs forming a weak acid. The acute health effects resulting from a contact with 
chlorine gas are very dependent on the exposed concentration and the time of exposure. 
The list below gives an overview of chlorine exposure thresholds and reported acute health 
responses in humans [9]: 

• 0.2-0.4ppm: threshold of odour perception with considerable variation among sub
jects (a decrease of odour perception occurs over time). 

• l-3ppm: mild irritation of the mucous membrane, which is tolerated for up to an 
hour. 

• 5-15ppm: moderate irritation of the respiratory tract. 

• 30ppm: immediate chest pain, vomiting, dyspnea and cough. 

• 40-60ppm: toxic pneumonitis and pulmonary edema. 

• 430ppm: lethal in 30 minutes. 

• lOOOppm: fatal within a few minutes. 

Concentrations up to lOOOppm are only possible in the chlorine cloud in the direct vicinity 
of the leak. So to receive such a close a person would have to remain near the gas leak, 
within the chlorine cloud, without any protection, which is of course very unlikely to 
happen. 

This overview clearly indicates the reduction in acute health effects that can be achieved 
by an effective reduction of the chlorine concentration. The solubillity of chlorine in water 
at ambient temperature and pressure is rather low, typically 0. 7% (weight percentage, [28]). 
The main effect of the water curtain will therefore be a physical harrier which promotes 
dispersion of the gas cloud. This is only one of many examples that can be presented to 
indicate the need for a better understanding of the dilution effect of water spray curtains. 
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1.2 The present research 

In the past, several analytica! and numerical models of water curtains have been proposed 
([5], [17], [6], [25] and [24]). However they are not systematically used in the process 
industry because of unavailability, unfamiliarity and lack of validation ([18]) . To meet 
the shortcomings of previous codes, the engineering code CASIMIRE has been developed 
within the frameworkof the European RIDODO and ASTRRE projects ([14] and [26]). 
The purpose of the code is to provide aid to the design of water curtains that are used 
to reduce the risks involved with an accidental gas releases or radiative sourees (fire) in 
the chemical industry. By specifying the boundary conditions (type of release, type of 
gas, etc.) the code is able to predict the efficiency of the water curtain according to its 
operating conditions ( number of nozzles per meter, type of nozzles, upward or downward 
mode etc.). 

The validation and further development of this engineering code CASIMIRE relies an 
experimental research, such as large scale field tests ([8] and [7]). The research, however, 
requires the simulation of a chemical accident invalving high risks for both the environment 
as the researchers them-self. A salution to this problem has been presented at the Von 
Karman Institute (VKI) by using a low speed wind tunnel ([25],[24] and [13]). The wind 
tunnel allows to study water spray curtains in a safe and controlled environment at low 
cost . 

1.3 Aim of the report 

The use of a wind tunnel has many advantages (safe, controllable and low cost), but re
quires an understanding of the sealing effect between the field and laboratory. In view of 
the establishment of such an understanding and the further development of the CASIMIRE 
code this report presents an experimental and numerical study of the scaled experiments. 

The report starts with an elaborate and clear explanation of the main effect of the water 
curtain that is sought for: the air entrainment. This is done by showing that the water 
curtain can be compared withand described as a jet flow. Starting with the basic dynamics 
of the free jet and spray, the impinging jet is introduced. This allows deriving the presently 
used parameters in the evaluation of the performance of the water curtain. 

A standard description of the used measurement techniques and facilities forms the first 
part of chapter 3. An optimisation of the system that allows a concentration measurement 
inside the wind tunnel is also presented. This includes an analytica! description of the 
hot-wire measuring technique and how it can be used to measure gas concentrations. 

The major disadvantage of the wind tunnel tests are the confining walls. Therefore 
chapter 4 presents both an experimental and numerical analysis on the main flow field 
inside the wind tunnel. More specific the effect of introducing a water curtain in a channel 
flow is evaluated. This will also allow to indicate the difficulties that can arise with a nu
merical simulation. Further a comparison is made between two different types of numerical 
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representations of the spray: a simple momenturn souree or a more exact representation 
with droplets. 

The experimental research is presented in chapter 5. Both the free dispersion (without 
the water curtain) as the forced dispersion (with the water curtain) of the gas cloud will 
be discussed. The free dispersion part includes an evaluation of the gas injection method. 
The forced dispersion case focuses on the effect of the height of the water curtain on its 
performance. 

Chapter 6 will conclude with an overview of the most important results obtained in 
this project. Recommendations for further research are also included. 



Chapter 2 

Theory of sprays and water curtains 

The basic idea why sprays and water curtains can be used to effectively dilute the concen
trations in a toxic gas cloud follows from the definition of a liquid spray. A liquid spray 
is a dispersion of liquid droplets, generated by a disintegration process ( obtained by the 
nozzles), in a continuous gaseous phase. The disintegration process produces a remark
able increase in the interfacial area between the discrete liquid phase ( dropiets) and the 
surrounding continuous gaseous phase. This leads to an acceleration of the physical and 
chemica! processes involving mass, momenturn and heat transfer between the two phases. 
The involved processes can be divided into three mean areas: 

1. Mechanica! dispersion by air entrainment in the spray 

2. Buoyancy by heat transfer 

3. Mass transfer by physical or chemica! absorption 

The objective in this project is to study the mechanica! effect of the downward water 
curtain. Therefore a gas at ambient air temperature with low solubility in water is used. 
The main effect of the water curtain that is sought for is thus the effect of air entrainment 
into the sprays. Air entrainment is the effect of sucking or dragging the surrounding fiuid 
into the sprays envelope. This is visualised in figure 2.1 where by means of smoke it is 
observed how a fiuid interading with the spray envelope is abruptly pulled downward 
towards the ground. When the flow hits the ground it will be pushed outward leading to 
the possibility of recirculation zone in front of the water curtain. A gas cloud impacting 
on a water curtain will undergo the same effect leading to an effective mixing of the cloud 
with the surrounding air. To better understand these processes of air entrainment and 
recirculation, the spray will be treated in a more fundamental way. A spray is actually 
nothing more than a souree of momenturn coming from a point ( the nozzle) . Or in other 
words, a spray can be modelled as a jet! This will be done in section 2.2. 
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Figure 2.1: Visualization with smoke of entrainment in a single spray [23]. 

2.1 Spray formation 

The disintegration process of the liquid flow into dropiets ( formation of the spray) can 
be obtained by several techniques. In this project pressurised swirl type nozzles, which 
produce a full cone spray, are used (see appendix A). The nozzle is mainly described by 
the flow number FN, specified by the supplier, and the discharge coefficient Cd: 

FN = _!!:::.___ 
VEP 

(2.1) 

where mz and b..p are respectively the liquid mass flow rate and the operative pressure 
(relative to atmospheric pressure) of the nozzle. The discharge coefficient is given by: 

C 
_ Uzo 

d- fiiii 

VPI 
(2.2) 

where Uz 0 and pz are respectively the liquid velocity at the nozzle exit and the density of 
the liquid phase. The discharge coefficient is related to the flow number as follows: 

(2.3) 

where A0 = nD5/4 represents the orifice area. The flow number of the nozzles used 
during the project equals FN = 3.72*10-5kgs-1Pa-112 with an orifice diameter of D 0 = 
1.45*10-3m. 
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A water curtain can be obtained by equally spacing a series of nozzles on a water line 
as sketched in figure 2.2. Each nozzle creates a three dimensional spray. Depending on the 
spacing, however, the sprays will start to interact at a certain distance from the nozzle. 
The water curtain should therefore not be considered as fully three dimensional. It can 
be divided into a two and three dimensional part (see figure 2.2). Three dimensional close 
to the nozzle, where there is not yet spray interaction. Two dimensional where there is 
an interaction between adjacent sprays. A consequence of this two dimensionality of the 
water curtain is a change in the amount of air entrained by the water curtain, compared 
to the air entrained by the single spray. This will be shown in section 2.2. In this project 
seven nozzles are equally spaeed (0.15m) over a water line of width 1.3m. Fora 90° opening 
angle of the sprays, this means that the spray can assumed to become two dimensional at 
± O.lm from the nozzle exit. 

I __________ _ _______________ J 

2D region 

Figure 2.2: Water curtain formed by three equidistant nozzles. The dotted lines indicate the 
two different regions inside the water curtain. 

2.2 Spray modelled as a jet 

2.2.1 Free jet 

As mentioned before a jet is actually nothing more than a point force. The force coming 
from this point spreads into the surrounding flow creating a jet flow. This is sketched in 
figure 2.3. As the jet develops, the surrounding fluid is dragged along or entrained in the 
jet. This entrainment process is a consequence of the friction between the jet boundary 
and the surrounding flow. The jet therefore gains in mass and volume. The total volume 
flow rate Qr inside the jet can thus be written as: 

Qr = Ql + Qent (2.4) 

where Ql and Qent represent respectively the volume flow rate of the injected fluid and the 
entrained surrounding fluid. The momenturn equation for the jet for a control volume V 
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(see tigure 2.3) , is then given by: 

:t l pudV + L pu(u.n)dF =-L n.pdF + l pgdV + L p,\l .udF (2.5) 

where F, u, p, p , g and p, represent respectively the surface of the control volume V, the 
velocity, the density, the pressure, the gravitational acceleration and the viscosity. This 
formula can, however, be simplified when it is assumed that the surrounding flow is at rest. 
Under this condition the pressure in the main flow field is constant. This constant pressure 
imposes itself on the jet, meaning that the pressure change over the jet must be zero. For 
the macroscopie volume V the viscosity term can also be neglected. Further neglecting 
gravity, the y component of the momenturn equation 2.5 can be written as follows: 

(2.6) 

Or in words, the total momenturn flux J inside the jet is conserved! For a three dimensional 
circular jet this can be written as: 

(2.7) 

where u , D and D 0 represent respectively the mean velocity in the jets cross section at a 
position y, the width of the jet at a position y and the diameter at the initial injection 
point. The index l stands for the injected liquid. This equation can be used to estimate 
the total volume flow rate inside a three dimensional circular jet. 

(2.8) 

A similar result can be derived for a two dimensional jet: 

J' {i' Qr = uD = - = -VD 
up p 

(2.9) 

where J' is the y-momentum flux per unit length. Note that these equations are only valid 
under the indicated assumptions (fluid at rest, constant pressure, ... ). In addition it was 
also assumed that the diameter of the jet is independent of the initial momenturn flux J. 
Under these conditions the achieved equations in combination with equation 2.4 indicate 
a dependenee of the air entrainment on both the jet diameter as the momenturn flux. For 
an exact treatment of the jet it is referred to the theory of H. Schlichting [21] . 
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Figure 2.3: Figure of a free jet . The dotted line marks a control volume V. The jet gains in 
volume and mass due to the processof entrainment in the jet envelope. 
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2.2.2 Free spray 

Theoretica! approach 

The assumption that the air entrainment into the spray is similar to that of a jet is 
confirmed by the work done by J. McQuaid [16]. McQuaid found by a dimensionless 
analysis that the entrainment factor 'r/ent, defined as the ratio of the entrained air to liquid 
volume flow rate, is given by the dimensionless group: 

(2.10) 

where pz , tlp and Ds represent respectively the density of the liquid , the operative pressure 
of the nozzle (relative to air pressure) and the diameter of the spray. The coefficient a is 
a constant that has to be determined experimentally. McQuaid found the following values 
for a three dimensional circular spray: 

• a = -1/2 for X :s; 0.01 

• a= -5/6 for X 2:: 0.1 

A good nozzle selection is therefore crudal to the effectiveness of the spray. For the single 
three-dimensional spray used in this project the dimensionless group X << 0.01 (FN 
= 3. 72*10-5kgs-1 Pa-112 and Ds "' 1m). This means that the entrainment factor 'r/ent is 
proportional to the spray diameter. It also follows that the volume flow rate of the injected 
liquid inside the spray can be neglected in comparison to the flow rate of air inside the 
spray. 

Qr = Qent (2.11) 

This result allows to simplify the expression for the air entrainment in a jet ( equation 2.8). 
It then states exactly the same result as the one found experimentally by McQuaid. This 
confirms the similarity between the spray and the jet. Combining equations 2.8, 2.9 and 
2.10, under the condition 2.11 leads to the establishment of the following equations: 

Two dimensional spray: 

Three dimensional spray: 

Experimental approach 

( FN )-1/4 
'r/ent rv r;;; D2 

vPz s 

( FN )-1/2 
'r/ent rv r;;; D2 

vPz s 

(2.12) 

(2.13) 

Fully understanding the main effect of the free spray, it is now possible to present a more 
in depth study in the free spray ( [23], [2], [12]) . 

In general the draplets inside the spray are grouped in classes. Each class i is char
acterised by a mean diameter di and the number of draplets ni, normalized by the tot al 
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Table 2.1: Specifications of the draplets size disribution. 

Maximum diameter dm a x {10-6mj 600 

Minimum diameter dm in {10-6mj 20 

Mean diameter dm {10-6mj 300 

Spread parameter 8 (-] 2.25 

number of draplets ntot inside the spray. The droplets size distribution can then for in
stance be described using the Rosin-Rammler distribution. For such a distribution the 
volumetrie fraction !RR(di) of the dropletsof diameter di is defined as: 

d8-l d · 
!RR(di) = 8 d8 (~d)exp( -(f )8

) 
m m 

(2.14) 

where dm, 8 and ~d are respectively the mean diameter, the dispersion factor and the 
width of the size class. For spray modeHing the mean diameter dm is usually defined using 
the Sauter mean diameter d32 , which is given by: 

(2.15) 

A full spray characterisation is therefore given by a specification of the type of distri bution 
and the numbers dm, 8 and ~d. Following the experimental (phase-doppler anemometry) 
and numerical work clone by Algieri [2] and Lewtak [12] a Rosin-Rammler distribution 
specified in table 2.1 is used during this project . 

Algieri [2] also succeeded in verifying equation 2.12 for the 3-dimensional spray exper
imentally. For the nozzle used in this project (appendix A) Algieri found the following 
expression at constant operating pressure ~p of the nozzle : 

(2.16) 

A relation which is nothing more than a simplification of equation 2.13. Figure 2.4 gives a 
typical velocity profile inside the spray measured by Algieri [2] with phase-doppler anemom
etry. 
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Figure 2.4: Radial velocity profiles [2] inside the spray formed with a Leehier type nozzle (!lp 
= lübar, see appendix A) . 

2.2.3 Impinging jet 

In reality the spray is of course not free . It interacts with the ground leading to the 
possibility of a recirculation zone. How and under which conditions such a recirculation 
zone is created, can be found by consiclering the impinging jet. In the previous sections it 
was found that far from the nozzle (y > 0.10m ): 

• the total volume flow rate inside the jet can be taken equal to the volume flow of 
entrained air (see equation 2.11). This means that a complete momenturn transfer 
from the injected liquid to the surrounding air has occurred, 

• a water curtain can assumed to be two dimensional due to adjacent spray interactions. 

Therefore a two dimensional air jet is considered. At the wall the total volume flow inside 
the jet will be deflected outward (stagnation point at the wall). This is sketched in figure 
2.5. The jet is symmetrical and therefore an equal amount of flow will be deflected in both 
directions. Neglecting viscosity and applying the conservation of mass to the volume V2 
states that the outgoing momenturn flux on one side of the jet lout equals half of the flux 
coming from the jets orifice J : 

J 
Jout= 2 (2.17) 

The height of the outgoing flow Hout can in a first approximation be estimated by applying 
potential flow theory. Because of the symmetry, the jet can be divided into two corner 
flows . In the corner there is a stagnation point. The complex velocity potential w(z) of 
such a 90° corner flow equals the standard function (see for instanee [10]): 

w(z) = Az2 (2.18) 
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-----Cross flow---
-Hout 

- vJ 
r-- ==-:f>-__ - ------ ~- -~---....,· -·--

Figure 2.5: Streamlines of an impinging jet. The dotted lines mark the control volumes V2 and 
V3 . The effect of the cross flow on the jet is not indicated. 

From this equation the stream function 'ljJ and velocity potential cjJ are found to be: 

rP = A(x2- y2) 

'ljJ = 2Axy 

(2 .19) 

(2.20) 

where A is a constant. The functions have the corner bysectrice as symmetry line. The 
height of the outgoing volume flux then equals the half width of the jet at the ground 
(Hout = Dground/2). The theory of a submerged jet (see for instanee [1]), proves that the 
half width of the jet D/2 is a linear function of the distance from the nozzle y (D/2 f'V y). 
The height of the parallel outflow Hout can thus be estimated as: 

D 
Hout~ 2 = ytana (2.21) 

where 2a is the opening angle of the jet. It has a typical value of 25° (see for instanee 
[11]). 

Suppose now that the jet is placed in a cross flow (see figure 2.5). In control volume 
3 the flow impacting on the jet will exert a momenturn flux lwind on the jet. The jet will 
remain stable as long as the outgoing flux of the jet lout, into control volume 3, is larger 
than the counter flux exerted by the wind lwind · The stability of the jet is therefore related 
to the following momenturn ratio: 

(2.22) 

Note that both the momenturn flux of the cross flow lwind as the outgoing momenturn flux 
of the jet lout are a function of the velocity profile. An exact definition of the momenturn 
ratio therefore yields: 

JoHout PlU]et(y)dy 

JoHout P!U~(y)dy 
(2 .23) 

where Uw and P! represent respectively the wind velocity and density of the cross flow. 
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2.2.4 Impinging spray 

The large similarity between the spray and the jet, shown insection 2.2.2, allows to apply 
equation 2.23 in the case of an impinging spray or water curtain. This is verified in previous 
research projects ([13] and [14]). These projects suggested the use of a simplification of 
the exact equation 2.23 under the following assumptions: 

Uniform wind velocity profile: The incoming flux of the cross flow in volume V3 of 
figure 2.5 is then directly proportional to the momenturn flux calculated over the 
entire height of the water curtain Hw. This argumentation holds because of the 
linearity between the height of the water curtain and the width of the outflow Hout 

(see equation 2.21). 

Uniform spray velocity profile: The velocity inside the spray is uniform and solely in 
the -y direction. The momenturn flux J can then be written as the mass liquid flow 
rate times the nozzle exit velocity (mzuzo) 

Under these assumptions the momenturn ratio Rm is defined as: 

Rm = lwater-curtain = mz,~Uzo 
lwind P!UwHw 

(2.24) 

where Uw and PJ represent respectively the wind velocity measured at the height of the 
water curtain Hw and the density of the cross flow. mz,u and u10 represent respectively the 
water flow rate of the water curtain per unit length and the water speed at the nozzle exit. 

(2.25) 

where NN represents the number of nozzles per unitlengthof the curtain width (= 1.3m) . 
The momenturn ratio Rm is a direct expression for the stability of the water curtain in 
case of uniform velocity profiles. Therefore it can be used to campare water curtains under 
different operating conditions. This will be explained in the next section. 

2.3 Evaluation of the performance of water curtains 

The performance of the water curtain under different operating conditions is evaluated by 
a dimensionless factor called the forced dilution factor F D. How this forced dilution factor 
F D is defined, is dependent on the gas cloud properties. In the present research gases 
with a high molecular weight or low temperature are considered. This means that in case 
of an accidental gas release, the gases will spread close to the ground. An optimisation of 
the performance of the water curtain will therefore consist of camparing ground level mass 
concentrations. A correct definition of the forced dilution factor F D is therefore given by 
the ratio of the gas mass concentrations at the ground, withand without operation of the 
water curtain: 

F D = Cp,no-curtain 

Cp,curtain 
(2.26) 
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Here CP stands for the mass percentage of the pollutant defined as: 

C - mp * 100 p- . . 
mp + mair 

(2.27) 

where m indicates the mass flow rate. 
As explained in section 2.2.4, the stability of the water curtain is determined by the 

momenturn ratio Rm . A plot of the forced dilution factor F Das function of the momenturn 
ratio Rm therefore allows to evaluate and campare water curtains at different operating 
conditions. An example of such a plot can beseen in figure 2.6. The care of the present 
experimental research therefore lies on an evaluation of all of the parameters found in the 
expression of Rm. Or in other words: What are the effects of all the variables on the 
stability and/or performance of the curtain. Note that the performance and stability of 
the water curtain are not necessarily the same. It could be that two perfectly stabie water 

2 3 4 5 6 7 8 9 10 

Rm 

Figure 2.6: Typical plot of the forced dilution factor FD as function of the momenturn ratio 
Rm. 

curtains ( = equal momenturn ratio Rm) have a different efficiency or performance. The 
reason for this is actually quite intuitive. The stability parameter Rm accounts for the 
ratio lout! I wind · However in view of the definition of the concentration CP ( equation 2.27) 
it is also important to consider the ratio of the volume flow of entrained air to the volume 
flow of pollutant Qent/QP. For the moment it not at all clear that the definition of the 
momenturn ratio Rm accounts for this ratio. A further discussion on this can be found in 
chapter 5. 
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2.4 Definition of control parameters 

The present research focuses on an evaluation of the different variables in the momenturn 
ratio Rm· From the definition of the momenturn ratio Rm (see equation 2.24) the following 
variables can be identified: 

• The height of the water curtain Hw 

• The wind speed Uw measured at a the height of the water curtain Hw 

• The liquid mass flow rate of the nozzles per unit length inz ,u 

• The density of the cross flow P! 

The research on these variables is performed by camparing the forced dilution F D at 
equal momenturn ratios for different water curtains. This means that a study on one of 
the variables listed above, requires a selection of a second variable. This second variabie 
allows to keep the momenturn ratio Rm constant when the variabie under investigation is 
changed. The main variabie under investigation in this report is the height of the water 
curtain Hw. The second variable, to balance the momenturn ratio, is the mass flow rate 
of the nozzles inz,u· Note that this variabie actually holds three variables. The number of 
nozzles per unit length N N, the type of nozzles and the operative pressure .6.p. To exclude 
the first two, it is chosen to use a constant number and type of nozzles (7 tangential swirl 
type full cone nozzles, see appendix A). In order to maintain a constant cross flow density 
p1, only one type of gas and constant wind velocity Uw will be used. This short discussion 
explains why in the evaluation of the water curtains efficiency only two variables will be 
used, while all the others will remain constant. 

1. The liquid mass flow rate of the nozzles per unit length inz ,u 

2. The height of the water curtain Hw 

Note that as the cross flow density P! is kept constant, it is more convenient to use the 
density of air (Pair = 1.22kg/m3

). Therefore the following definition will be used in this 
project: 

Rm = lwater-curtain - mz,uUzo 
lwind PairUfvHw 

(2.28) 



Chapter 3 

Experimental measurement 
techniques and facilities 

3.1 Wind tunnel 

3.1.1 Specifications 

The simulation of the environmental conditions is achieved by using a low speed wind 
tunnel (see figure 3.1). The wind tunnel has a lengthof 11.5m and a test section of 1.3m 
wide and 1m high. The maximum wind velocity is Uw = 2m/s. The wind speed Uw is 
defined as the wind speed measured at the height of the water curtain Hw : 

(3 .1) 

The fioor of the wind tunnel consists of two different parts (see figure 3.2). The initial 
section has a wooden fioor of about 4m length and is changed further downstream to a 
porous fioor in order to capture the dropiets injected by a water curtain. 

3.1.2 Souree Terrns 

Gas Souree 

To simulate an accidental gas release a tracer gas is injected into the wind tunnel from the 
wooden fioor. This injection takes place through a metal plate (1m by 0.2m) perforated 
with 0.001m holes (see appendix A.3). The tracer gas mass flow rate rhp is monitored by 
a rotameter, which is connected with the injection point with a 4m long tube. This tube 
ensures a tracer gas temperature close to ambient air temperature at the point of injection. 
After the injection, the gas disperses in the wind tunnel, creating a gas cloud. The cloud is 
characterised by a height He defined as the concentration boundary layer thickness. This 
is the height at which the concentration C is less than 1% of the ground concentration: 

C(Hc) = 0.01Cground (3.2) 
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Figure 3.1: The low speed wind tunnel 

Figure 3.2: Schematic of the low speed wind tunnel 

Note that the injection velocity is very small in comparison to the mean flow. The mass 
flow rate of C02 ranges between 0.001 and 0.008kgjs. Fora plate area of 0.2m2 this results 
in injection veloeities ranging between 0.0025 mjs and 0.020m/s. A full discussion on the 
injection method is presented in section 5.2 
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Water Curtain 

As discussed in section 2.1 the water curtain is formed by equally spacing a series of nozzles 
on a water line. In the wind tunnel this can be done at three different heights above the 
porous floor: Hw = 0.3m, 0.4m or 0.5m (see figures 3.3 and 3.4). The operative pressure 
of the nozzles is monitored by a Validyne pressure transducer attached outside of the wind 
tunnel. 

Figure 3.3: Water line with seven swirl type full cone nozzles. 

Figure 3.4: View outside of the wind tunnel of the three possible curtain heights . 
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3.2 Concentration measurement: Hot-wire anemom
etry 

As explained in section 2.3 the performance of the water curtain is evaluated using the 
dilution factor F D, which is given by the ratio of the gas cloud mass concentratien with 
and without operation of the water curtain (see equation 2.26) . Therefore the quality of 
the concentratien measurement is crucial for the experimental research. This concentra
tien measurement is realised using a hot-wire anemometer (HWA) (see appendiz B.l for 
specifications) . A hot-wireis a very thin conductive wire, spanned between two supporting 
prongs. The wireis heated toa certain temperature by running a current through it . This 
changes the hot wire's initial resistance: 

(3.3) 

where Rw represents the hot wire resistance at a temperature Tw, R20 the hot wire resistance 
at temperature T20 and a 20 the temperature coefficient of resistivity at 20°C. Equation 3.3 
immediately explains how the hot-wire can be used as a measurement tool: By running 
a constant current through the wire, the wires temperature and resistance will become 
solely dependent on the heat transfer to the environment. This forms the base of the hot 
wire measuring technique as the heat transfer of the wire is dependent on the properties 
( density, heat conductivity, viscosity, ... ) and conditions ( velocity, temperature, ... ) of the 
surrounding flow. This means that any change of these quantities causes an additional 
cooling or heating of the wire, which results in a change of the hot-wire resistance. 

3.2.1 Operation mode 

The explanation above shows that the basic principle of hot-wire anemometry is measuring 
the change in resistance due toa change in heat transfer. In reality this is however far more 
complicated as the induced changes in electrical resistance are very small. Therefore the 
hot wire technique is always combined with an electronic circuit containing a Wheatstone 
bridge. The Wheatstone bridge can be implemented in two modes of operation [4]: the 
constant current mode or the constant temperature mode. In this project the constant 
temperature mode is used and the basic electronic system is sketched in figure 3.5. It 
consistsof a Wheatstone bridge coupledtoa feedback amplifier. When the bridge becomes 
unbalanced due toa change in heat transfer of the hot-wire it produces an output voltage, 
which becomes reapplied to the input of the bridge through the feedback amplifier. In this 
way the current through the hot-wire is adjusted according to the changed heat transfer 
and the hot wire temperature (resistance) is kept constant. The constant wire resistance 
makes it possible to obtain a direct measurement of the power dissipation of the wire (P) 
through the relation: 

(3.4) 

where V represents the voltage measured over the hot-wire. 
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Figure 3.5: Simplified electronic circuit of a constant current hot-wire anemometer. 

3.2.2 Underlying theory 

The rate of heat transfer of the hot wire to the surrounding flow (power dissipation) has 
been carefully stuclied by H.H. Bruun [4] and is mainly given by: 

• conduction to the supporting prongs Qcp 

• forced convection Q Je 

• radiation CJr 

By first assuming that the hot-wire has an infinite length (no conduction to supporting 
prongs) an approximation of the magnitude of the forced convection term and the radiation 
term can be obtained from the following equations (see appendix B.l and B.4 for used 
values): 

(3.5) 

(3.6) 

where lw, dw, kg, Nu, Tg and CT represent respectively the hot-wire length, the diameter 
of the hot-wire, the thermal conductivity of the surrounding gas, the Nusselt number, the 
gas temperature and the Stefan-Boltzmann constant. The emissivity E is assumed to be 
one. This shows that the effect of radiation is negligible small and will therefore not be 
taken under consideration in the proceeding of this discussion. To investigate the heat 
transfer due to the two other effects it is important to include the effect of the finite 
length of the hot-wire, which causes a non-uniform temperature distribution along the 
hot wire. Therefore the cold length Ze is introduced, which is defined as the part of the 
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hot-wire that participates in the heat conduction to the supporting prongs (see appendix 
B.2, equation B.19). Using this parameter it is possible to derive an expression for the 
temperature distribution over the wire. This allows to establish a formula to calculate the 
power dissipated by the wire P (see appendix B.2). The total power dissipation is given 
by the sum of the forced convection and conduction terms: 

P = V 2/Rw = CJJc+Qcp 
Q. = 2k A (Tw-Tg) tanh (k) cp W W Ze 2lc 

Qfc = 7rlwNukg(Tw- Tg)[1- ~ tanh (;ï:)] 

(3.7) 

(3.8) 

(3.9) 

Here kw represent the thermal conductivity of the hot-wire and Aw = 'Ir~~ is the cross 
sectional area of the hot-wire. The two important unknown variables in equation 3.9 are 
the conductivity of the gas mixture kg and the Nusselt number Nu. Both parameters 
depend strong on the fluid properties as can beseen by rewriting the Nusselt number as a 
function of the Reynolds and Prandtl number (Kramers, 1946): 

Nu= [0.42Pr0·26 + 0.57Re0·5 Pr0·33] 

Re= (pu)dw/ J.t 

Pr = j.tCp/kg 

(3.10) 

(3.11) 
(3.12) 

where J.t, p and Cp are the viscosity, density and heat capacity at constant pressure of the 
gas. These properties have to be determined at the film temperature, defined as the average 
of the gas temperature Tg and the hot-wire temperature Tw: 

T _ Tg+Tw 
f- 2 ' (3.13) 

At this point the hot-wire cannot yet be used for concentration measurements as the 
Reynolds number holds a very strong unknown velocity dependence. The velocity is the 
dominating factor in the forced convection of the wire at a given temperature difference 
and therefore has to be excluded. This is obtained by positioning the hot-wire upstream 
of a sonic hole and in front of a jet tube (see figure 3.6). The sonic hole is kept at choked 
conditions to create a constant mass flow rate past the hot-wire. The Reynolds number 
can then be calculated from the known constant mass flow rate through the nozzle, which 
reaches a maximum at choked conditions (see appendix B.3): 

(3.14) 

where An and Aw are the surface area of the sonic hole ( nozzle) and the cross sectional area 
of the jet tube (see table B.1 for specifications). 1 represents the ratio of specific heats. 
The jet tube is placed close to the hot-wire (about 0.002m) and has a short length in order 
to create a uniform flat velocity profile at the hot wire. A long entrance tube would create 
a Poisseuille flow (non- uniform velocity profile) affecting the hot-wire performance. 
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Jet tube Sonic hole 

_FL_o_w_· -·--~I~4_m_m __ ~~-~-H-o-tw-ir_e----------~~L-------F-L_O_w __ • __ 

... ~ 4mm 

Figure 3.6: Schematic representation of the hot-wire probe. 

Gasflow Vacuurn pump _,. _,. 

Figure 3.7: Hot-wire probe. 

3.2.3 Probe calibration 

Experimental results 

Using the hot wire anemometer todetermine the gas cloud concentrations requires a cal
ibration of the hot-wire as a function of the tracer gas concentratien in the air. This can 
be obtained by using two rotameters to measure the amount of air and tracer gas supplied 
to a reservoir. The hot wire probe is connected to this reservoir. Due to the action of the 
vacuum pump (needed to obtain the choked condition of the nozzle) a constant flow with 
known concentratien is created past the hot-wire. Figures 3.8 and 3.9 show two typical 
calibration curves when forane, respectively helium, are used as tracer gas. 

Theoretica! validation 

The calibration curves shown in figures 3.8 and 3.9 show strongly non-linear behaviour and 
a large difference in hot-wire response to the different gas mixtures. The hot wire shows 
a very high sensitivity at low concentrations of helium. Exactly the opposite behaviour is 
observed for forane. The goal of this sectien is to explain this behaviour with the theory 
presented in sectien 3.2.2. 

A theoretica! estimation of the voltage measured over the hot-wire can be obtained 
from equation 3.7. It acquires a calculation of the total power dissipated by the wire P . 
As the velocity is kept constant along the hot-wire it is possible to calculate the power 
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Figure 3.8: Experimental calibration curves for an air-forane gas mixture. 
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Figure 3.9: Experimental calibration curves for an air-helium gas mixture . 
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dissipation of the wire from the following three parameters (see equation 3.10 and 3.7) : 

1. the Reynolds number Re 

2. the Prandtl number Pr 

3. the thermal conductivity of the gas mixture kg 

This means that in addition to the calculation of the mass flux from equation 3.14 both 
the conductivity kg and the viscosity f-L of the gas mixture have to be calculated. In 
contradiction to what one would expect intuitively, a mass average based calculation gives 
a very poor estimation of these parameters astheir behaviour can be very non-linear when 
plotted against the gas concentration. Instead the following approach is used to obtain the 
'effective' value Xm of a quantity X (=kg or f.-L): 

(3.15) 

where y1 and y2 are the mole fraction of component one and two, while X 1 and X 2 are the 
values of X for the pure components. For the viscosity f-L the term <Pij is calculated using 
the methad of Wilke [27]: 

[1 + (f.-Li/f.-Lj)lf2(Mj/Mi)l/4]2 
<Pij= [8(1 + Mi/Mj)p/2 (3.16) 

where M represents the rnalar mass . For the calculation of the thermal conductivity kg 
the Mason and Saxena modification [15] is used: 

[1 + (ki/kj)l/2(Mi/Mj)l/4]2 
<Pij= [8(1 + Mi/Mj)]l/2 (3.17) 

Keep in mind that the above equations should be used with values of the pure component 
thermal conductivity ki and viscosity /-Li calculated at the film temperature (see equation 
3.13)! This can for instanee be done using [4]: 

(3.18) 

where 0.8 ~ a ~ 0.86 and 0. 76 ~ b ~ 0.9. 
Figures 3.10 and 3.11 show the results of the theoretica! approach explained above in 

comparison to the experimental results (see tables B.2 and B.3 for the exact data). In the 
plots the dimensionless parameter ~V= (V- V0 )/V0 is used, where Vo is the voltage when 
no tracer gas is present (pure air). The theoretica! approximation is able to predict the 
same non-linear behaviour observed experimentally. The non-linear behaviour is caused by 
the change in the thermal conductivity kg, as can beseen from figures 3.12 and 3.13. This 
can also beseen from tables B.2 and B.3. These tables show that the thermal conductivity 
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Figure 3.13: Thermal conductivity kg for an air-helium gas mixture. 
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k9 is the main parameter responsible for the non-linear behaviour as the other parameters 
do not change significantly. 

The only problem with the theoretica! approach is the difference in voltage output of 
the hot-wire in comparison to the experimental one. This, however, is due to the unknown 
relationship between the voltage output of the data acquisition system Vm and the voltage 
over the hot-wire V. The electronic circuit shown in subsection 3.2.1 (figure 3.5) was only 
a simplification of the real electronic circuit of which the exact values of the resistors and 
applied voltages are unknown. This means that no linear relation between the two can be 
assumed, as is done to achieve the theoretica! curves (equation 3.4): 

(3.19) 

This would explain why an exact comparison of the calibration curves with the theory is 
impossible. Nevertheless a good correlation between theory and experiment is found . Both 
the slope and strong non-linear behaviour of the calibration curves are explained by the 
presented theory. 

3.2.4 Tracer gas selection 

In previous reports a suggestion was made to use forane (R134a) as a tracer gas [2]. The 
use of forane has however two major drawbacks. First of all it is proved in subsection 3.2.3 
that the hot-wire measurement technique has a very low sensitivity to this tracer gas. This 
occurs especially at low concentrations of forane, where most of the concentration mea
surements will be performed. Secondly in view of the concept of sustainable development, 
forane , or better known as R134a, would be a very bad choice. R134a is a refrigerant that 
does not effect the ozone, which is the reason why it is widely used in cooling systems 
instead of other substances like for instanee R12 (freon-12). However, the major disad
vantage of R134a is that it has a global warming potential of 1300 times that of carbon 
dioxide (C02 )! Therefore it is tested if the use of another gas can meet the shortcomings 
of forane. The gas that is proposedis C02 . From figure 3.14 it can beseen how the theory 
of section 3.2.3 prediets a much higher sensitivity of the co2 tracer gas in comparison to 
forane. This is also verified experimentally in figure 3.15. This short discussion proves 
why C02 should be used as a tracer gas in the experiments instead of forane. Besides a 
higher sensitivity, it also reduces the environmental effects of the conducted experiments 
by a factor of 1300! Also a cost reduction by a factor of ten is a major advantage. The 
only "disadvantage" is the lower density of C02 in comparison to forane. For the goal of 
this project this is however totally irrelevant. 
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3.2.5 Temperature effects 

A major problem with the hot-wire anemometer is the large temperature dependence, 
which can have a severe impact on the measurements. This can beseen in figure 3.16 where 
the hot-wire anemometer voltage output is monitored for several hours when placed in a 
constant pure airfiow. In ideal conditions no change in voltage output should be observed. 
The graph, however, indicates a voltage drift of 4.2m V over 3 hours. In comparison to 
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Figure 3.16: Typical temperature induced voltage drift of the hot-wire anemometer. 

the calibration curve of forane (see figure 3.8) this would imply a change in the forane 
mass concentratien of 27%. This behaviour could lead to a serious misinterpretation of 
the measurements and is therefore unacceptable. The solution is however not so difficult. 
As all the different calibration curves obtained over several weeks have the same slope, 
the temperature effect only induces a shift of the calibration curve. A simple reference 
measurement of pure air is therefore sufficient to correct for the temperature drift. This 
reference measurement is explained in the next subsection. 

3.2.6 Wind tunnel implementation 

System description 

To obtain a concentratien measurement at several heights in the wind tunnel, the gas 
mixture has to be transported from the wind tunnel to the hot-wire. This is obtained by 
using a system that consists of ( see figure 3.17): 

1. A rack of ten tubes, which are fixed at several heights in the wind tunnel, 

2. A main tube nr1 connected to a vacuum pump, 

3. A main tube nr2 connected to the hot-wire anemometer system. 
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The rack of ten tubes is connected to main tube nr1 in order to obtain a constant aspiration 
in all of the ten tubes. The concentration measurement itself is obtained by branching each 
tube just before it enters main tube nr1 to one of the electronk valves (indicated by Vi 
to V5 in figure 3.17). Each electra valve is connected to main tube nr2. By opening 
one valve at a time ( and keeping all the other valves closed) a mass flow coming from a 
certain height in the wind tunnel to the hot-wireis obtained. This enables a concentration 
measurement. The constant aspiration in all the tubes obtained with main tube nr1 gives 
the total measurement a much higher response time but can indirectly impose a problem. 
When one of the valves is opened it is possible that, due to the pressure drop in the T
junction of the opened valve, gas from main tube nr1 is able to flow back to the T-junction 
of the opened valve and to the hot-wire. This gas is however a gas mixture of all of the 
ten tubes. The result is a false concentration measurement. To overcome this problem of 
reversed flow, the diameterdof the tube is reduced from 5*10-3m to 5*10-4m just before 
it enters main tube nrl. This induces an extra pressure drop between the T-junctions and 
main tube nrl. Therefore it will be more difficult for gas to flow back from main tube 
nrl. However, reducing the diameter of the tube also reduces the constant aspiration in 
the tubes, which is needed for a high response time of the system. A good evaluation of 
the systems performance is therefore required. 

Flow rnadelling 

To evaluate if the pressure drop is suflident and not to large to reduce the response time 
of the system, a series of pressure measurements are made at 3 different locations in the 
system (indicated in figure 3.17). These measurements allow a modeHing of the flow inside 
the tubes and branches and will confirm whether or not: 

1. The constant aspiration in the tubes is sufficient, 

2. A reversed flow from main tube nr1 to main tube nr2 is possible. 

An evaluation of the aspiration is obtained by calculating the volume flow rate in the tubes. 
The volume flow rate can be obtained by calculating the flow velocity from: 

(3.20) 

The first term on the right is the pressure drop in a straight pipe with a Poisseuille flow. 
Terms 2 and 3 are correction terms for the difference in height ( the electra valve system is 
placed on top of the wind tunnel) and the 90° bendat the beginning of each tube. 

The pressure is measured at three different locations indicated by p 1, p2 and p3 in figure 
3.17. The test is performed for two different T-junctions (the ones belonging to valve nr 
V1 and V5 in figure 3.17), when alternatively the longest (ltube = 1.58m) and shortest (ltube 
= 0.85m) measuring tube are connected. The results are listed in table 3.1 and lead to the 
following conclusions: 
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T -junctions connected to metal tubes : 

Tube nr2 

p1 Tube nr1 

Vacuum pump 

T-junctions connected to metal tubes 

Tube nr2 Vacuum pump 

Figure 3.17: Picture (top) and schematic (bottom) ofthe electro valves system used totransport 
gas from the wind tunnel to the hot-wire anemometer system. 
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1. IP2- p3l < IP1- p2l when the valve is opened. lt is therefore NOT possible for gas 
to flow back from main tube nr1 to the hot-wire. 

2. The minimum volume flow rate for the T-junction, belonging to valve V1, connected 
to the longest tube (ltube = 1.58m and d = 0.005m) equals 3.10*10-5m3 js. This 
means that each tube is at least refilled every second as the volume of the longest 
tube equals 3.10* 10-5m3 . The response time of the entire system therefore lies in 
the order of a few seconds! 

Table 3.1: Pressure measurements for flow modeHing in electrovalves system 

Pl P2 P3 

[Pa} [Pa} [Pa} 

V1 Long tube valve closed 71459 ± 30 99911 ± 3 0 
valve open 71459 ± 30 99885 ± 3 99870 ± 14 

Short tube valve closed 71459 ± 30 99939 ± 3 0 
valve open 71459 ± 30 99917 ± 3 99902 ± 14 

V5 Long tube valve closed 61207 ± 30 99836 ± 3 0 
valve open 61207 ± 30 99803 ± 3 99787 ± 14 

Short tube valve closed 61207 ± 30 99883 ± 3 0 
valve open 61207 ± 30 99855 ± 3 99843 ± 14 

Reference measurement 

As discussed in section 3.2.5 a solution to the temperature induced voltage drift is the 
use of a reference measurement at pure air. The electronk valves system described above 
allows an easy implementation of this measurement as one of the valves can be used as the 
reference one. For a practical configuration there are two possibilities. The first one is to 
use pure air coming from outside the wind tunnel (reservoir of the wind tunnel). The second 
one is to use pure air inside the wind tunnel (for instanee before the gas release) as the wind 
velocity can have a small influence on the air temperature. Both configurations are tested 
and no significant difference between the two is found. Therefore the reference measurement 
is taken outside the wind tunnel as it is much easier to implement in the system set-up. 
A further simplification of the measurements is achieved by using a computer program 
written in TestPoint. The program automatises the concentratien measurement and the 
addressing of the different electro valves. In the program, one of the valves is implemented 
as the reference one and a measurement on this valve is performed before each measurement 
in the wind tunnel. 
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Recommended measuring procedure 

The hot-wire has a high temperature dependenee as is explained in section 3.2.5. This 
means that special attention is required for temperature changes induced during a mea
surement. For instanee the introduetion of dropiets by the water curtain can have an effect. 
This effect is tested and it is found to induce errors of the order of a few percentages of 
gas. Therefore it is highly recommended to use the following measuring procedure: 

1. Set the wind speed 

2. Take a measurement in all the ten tubes without any tracer gas present in the wind 
tunnel. The obtained values give an estimation of the differences between the ref
erence measurement and the measurement in the tubes. If there is no temperature 
difference in and outside the wind tunnel this measurement will be zero. 

3. Take a measurement with gas injection and correct the values with the ones obtained 
in the previous test . 

N ote that when measurements with the water curtain are desired the spray should be 
activated before step two. Following these steps partially filters out the temperature effects 
leading to an increase of the accuracy of the measurement. 
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3.3 Velocity measurement: Hot-sphere anemometry 

To better understand the concentratien profiles that will be obtained during this project , 
they have to be compared with the local velocity profile. These velocity profiles can be 
obtained by using a hot-sphere anemometer ( = metal sphere attached to an extendable 
non-flexible cable). The hot-sphereanemometer works on the sameprinciple as the hot wire 
(heat transfer) , but with the major difference that now the velocity has to be measured. 
A change of fluid properties (different tracer gas concentrations) will have negative effects 
on the accuracy of the measurement. As all the measurements are performed with C02 

(see section 3.2.4), the effect of it will be examined in this section. 
As already explained in section 3.2.2 the amount of heat transferred to the environment 
by forced conveetien can be estimated by (see equation 3.5): 

(3.21) 

where d is now the diameter of the sphere and l::.T the temperature difference between the 
sphere and surrounding flow. The Nusselt number can again be written in function of the 
Reynolds and Prandtl number ( defined in equation 3.10) according to arelation suggested 
by Zukauskas (1987): 

Nu= 2 + (0.4Re0
·
5 + 0.06Re0

·
7 )Pr0

·
4 (3.22) 

Using this relation, figure 3.18 can be obtained, where the change in voltage output of the 
hot sphere is plotted as function of the velocity for different concentrations of C02 . The 
figure shows that an increase of the C02 concentratien results in an underestimation of the 
flow velocity. As the C02 concentratien will be less than 50% in the conducted experiments, 
a plot is made of the relative error in the velocity !::.Uw/Uw when the surrounding flow 
consists of 50% respectively 25% of gas (figure 3.19). The figure shows how the error 
increases exponentially for decreasing wind speed. This means that velocity measurements 
in regions of very low wind speeds, i.e. boundary layers, have to be treated with care. 
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Figure 3 .18: Effect of the tracer gas C02 on the velocity measurement with a hot sphere 
anemomet er . 
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Figure 3.19: Relative error on the velocity Uw measured with a hot sphere when the surrounding 
flow consists of 50% respectively 25% (mass percentage) C02. 
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3.4 Conclusions 

The description of the measurement facilities lead to a special attention point . The acei
dental gas release is created by a perpendicular injection of pollutant into the mean flow 
(see section 3.1.2) . This injection is performed through a rectangular , perforated plate 
placed in the bottorn of the wind tunnel (see appendix A.3) . For the used range of pol
lutant mass flow rate this leads to very low injection velocities. This can have a severe 
impact on the type of gas cloud that is created. A more in depth study is therefore needed 
and will be presented in chapter 5. 

The concentratien measurement is performed with a hot-wire anemometer. A full the
oretica! analysis on the hot-wire measuring technique has been presented (see section 3.2) 
and lead to three major results: 

1. The voltage measured over the hot-wire has a very non-linear slope when plottedas 
function of the tracer gas mass concentration. This behaviour is mainly a consequence 
of the non-linearity of the thermal conductivity k9 of the created gas mixture. This 
behaviour cannot be retrieved by calculating the thermal conductivity of the gas 
mixture on a mass average base. Instead the equations proposed in section 3.2.3 
should be used. 

2. The hot-wire anemometer has a much lower sensitivity to the tracer gas forane 
(R134a), compared to helium. Especially at low forane concentrations the accu
racy of the measurement is insuflident to perform experimental research. This is a 
major consequence of the small difference in thermal conductivity between air and 
forane . Therefore forane is replaced by C02 . Besides a higher sensitivity (see section 
3.2.4), it also reduces the environmental effects of the conducted experiments by a 
factor of 1300! Also a cost reduction by a factor of ten is a major advantage. 

3. The hot-wire is sensitive to temperature fluctuations. A temperature induced voltage 
drift is observed (see section 3.2.5). This drift can induce measurement errors up to 
30% mass concentration in a few hours. A salution to the problem is found by using 
a reference measurement . 

Vertical concentratien profiles inside the wind tunnel are obtained by using prefixed tubes 
at several heights in the wind tunnel. These tubes are connected to an electra valve system 
allowing to measure a complete vertical concentratien profile. The system has been tested 
elaborately and its performance is optimised (see section 3.2.6) . 

The velocity measurement is performed with a hot sphere anemometer (see section 3.3). 
The effect of the tracer gas C02 on the correctness of the velocity measurement is evalu
ated. The error is found to be less than 20% for a C02 gas concentratien of 25%. At very 
low veloeities (Uw < 0.1 m/s) an exponential increase of this error is found. 
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Chapter 4 

Numerical and experiment al study of 
the induced channel flow 

As explained in chapter 2 the mechanica! action of the spray consists of the air entrainment. 
The air entrainment process drastically changes the normal flow field introduced by the 
wind, leading to a forced dilution of the gas cloud. The understanding of the induced 
flow field at different operating conditions of the water curtain is thus necessary for an 
understanding of the water curtain performance. This can be obtained with a smoke 
visualisation. Note, however, that in case of the wind tunnel, the flow field can be highly 
affected by the preserree of the upper wall. This is a major difference with the open air 
field-tests and thus the limitations involved have to be studied. This cannot be performed 
with a smoke visualisation as it only gives a partial image of the entire flow field. It is 
therefore chosen to perfarm a two-dimensional numerical simulation of the problem by 
means of the Fluent code. Fluent is an unstructured multiphysical code. It uses the finite 
volume method and has a second order accuracy. The numerical simulation will provide an 
entire image of the flow inside the wind tunnel. The quantitive validation of the numerical 
results will be presented by a comparison with experimentally obtained velocity profiles. 

4.1 Experimental approach 

The most interesting part of the study is how the water curtain interacts with an approach
ing gas cloud at different operating conditions of the water curtain. Intuitively it is clear 
that for a spray impinging on a wall there are two main possibilities. The first one is that 
the curtain will not effectively stop the approaching gas cloud. The water curtain is then 
said to be unstable as gas is able to flow through the water curtain. The second option 
is an effective stop of the approaching cloud. This results in a highly turbulent flow with 
the possibility of a recirculation zone in front of the water curtain. These two regimes and 
the transition between the two are therefore the ones that have to be visualised. In view 
of a discussion on the exact range of the operating conditions presented in chapter 5, the 
visualisations are performed at a momenturn ratio Rm (see equation 2.28) ranging between 
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2 and 10. An exact overview of the used operating conditions can be found in table 4.1 
The three different flow regimes are visualised in the figures below. The figures show 

a side view of the wind tunnel in front of the water curtain, which is situated in the right 
side of each picture. The smoke is injected on the left side. The two extreme cases can be 
clearly seen in these figures. At very low momenturn ratio (Rm = 2, figure 4.1) the smoke 
( cloud) is able to drift through the water curtain. Exactly the opposite behaviour is found 
at very high momenturn ratio (Rm = 10, figure 4.3) where due to the high pressure of the 
curtain on the wall a recirculation zone is created in front of the water curtain. This results 
in a very effective mixing of the approaching gas. Figure 4.2 visualises the beginning of a 
recirculation zone. The smoke is effectively stopped by the water curtain. The gas cloud is 
partially pushed up in front of the curtain indicating the beginning of a small recirculation 
zone. The three different regimes that are found can be summarised as: 

• Rm :::; 2: Unstable water curtain 

• 2 < Rm < 5: Transition towards recirculation 

• Rm > 5: Recirculation zone in front of the water curtain 

Table 4.1: Operating conditions of the water curtain and wind tunnel to visualise the three 
different flow regimes in front of the water curtain. 

Uw !:::.p nozzles mzu U zo Rm 

[m/s} 105Pa [-} [kgjmsj [m/s} [-} 

0.6 5.1 7 0.143 16.1 10 
0.6 2.5 7 0.100 11 .3 4.9 
0.6 1.0 7 0.063 7.1 2.0 
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Figure 4.1: Visualisation by means of a smoke tracer of the interaction zone between a gas cloud 
and the water curtain operating at a momenturn ratio Rm = 2. 

Figure 4.2: Visualisation by means of a smoke tracer of the interaction zone between a gas cloud 
and the water curtain operating at a momenturn ratio Rm = 5. 
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Figure 4.3: Visualisation by means of a smoke tracer of the interaction zone between a gas cloud 
and the water curtain operating at a momenturn ratio Rm = 10. 

4.2 Numerical approach 

4.2.1 Numerical model of the wind tunnel 

The grid 

The 2D numerical channel that is used in the simulations has a length of seven meters 
and is one meter high (see figure 4.4). The water curtain is already implemented in the 
numerical grid by dividing the entire grid into two main faces. One represents the area of 
the water curtain (zone 3), which is not situated in the middle of the domain but at three 
meters from the inlet and four meters from the outlet. The second face is formed by the 
rest of the domain representing the main flow field of the wind tunnel without the previous 
face (zone 1,2 and 4). There are three main reasons why this approach is used: 

1. The outlet section of the channel is longer which is better to avoid problems of 
reversing flow (see section 4.3) . 

2. By defining a separate curtain face the grid cells will be better aligned with the 
direction of the spray and a more detailed grid in this region can be defined. This 
makes it easier to handle the numerical computation of the draplets inside the spray. 

3. There is the possibility to exclude the exact representation of the spray (injection of 
draplets) by defining zone 3, or a part of it, representing the spray, as a momenturn 
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source. In this way the main effect of the spray is still modelled in the computation, 
but without the difficulties of modeHing the injection of particles (see section 4.2.2). 

7m 

111m 
Flow 2 

4 .. 1 
~ 

<; ;;;><; > 
2m 2m 3m 

Figure 4.4: Schematic of the used numerical grid to model the wind tunnel. 

The partition of the different faces into cells is based on a structured square mesh near 
the wall, with a thickness of 0.07m and a triangular mesh in the inner flow field outside 
the boundary layer. Note that the zones 1, 2 and 4 form one single face. The difference 
is merely indicated because in zone 2 the mesh was refined near the wall. Due to the 
confinement of the flow between the walls of the wind tunnel, special attention has to be 
paid to the wall region. This can be achieved by ensuring a detailed and structured mesh 
in the near wall region. 

The boundary conditions 

The boundaries of the grid are defined using three different types of boundaries. 

• The upper and lower wallof the wind tunnel are defined as a plane wall with a no-slip 
condition. Note that when the exact representation of the spray is used ( dropiets 
injections) the lower boundary is set to let dropiets impinging on the wall escape 
through the wall. This is also the case in the wind tunnel where a porous floor is 
present under the spray ( see section 3.1.1), 

• The inlet is defined as a velocity inlet. Velocity inlet boundary conditions are used 
to define the velocity and turbulence parameters of the flow at inlet boundaries. 

• The outlet is defined as pressure outlet. Pressure outlet boundary conditions are 
used to define the static pressure at outiets ( and turbulence parameters in case of 
backflow). The use of a pressure outlet boundary condition instead of an outflow 
condition often results in a better rate of convergence when backflow occurs during 
iteration. The use of an outflow boundary condition would in addition require a 
specification of the flow parameters as it is done with the velocity inlet . The exact 
outflow is however unknown. 

The inlet requires some additional specifications. At the inlet an initial velocity profile 
can be specified from which the numerical calculation is started. Note that an exact 
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specification of the velocity profile is not necessary as in real wind tunnel experiments 
the boundary layer will also start developing from the inlet of the channel. Specifying a 
non zero velocity at the wall is however not recommended for the numerical simulation. 
Therefore the following velocity profile is specified: 

{ 

Uw jF; if y ~ Y1 

U(y) = Uw if Y1 ~ y ~ Y2 

U ( 1-y )1/7 "f 
w 1-y2 1 y 2:: Y2 

(4.1) 

where y1 = 1 - y2 = 0.05m. In addition both inlet and outlet require a specification of 
the turbulence parameters. In fluent this can be done in two different ways: specifying a 
turbulence profile or uniform turbulence parameters over the entire boundary. The last 
one is usually used for duet and channel flows. It is chosen to specify the turbulence based 
on the turbulence intensity (I) and length scale (Z). The latter can be estimated in case of 
a fully developed flow from the formula: 

l = 0.07L (4.2) 

where L is the characteristic dimension of the channel. Although the flow in the wind 
tunnel is far from fully developed, it is justified to use this formula if L is taken equal 
to the boundary layer thickness at the inlet (about 0.1m). The turbulence intensity is 
typically in the order of 0.1% in wind tunnels, but due to the action of the spray higher 
values are expected at the outlet . Therefore a turbulence intensity of 0.1% is specified at 
the inlet and a little higher value of 1% at the outlet. Note that the specification of the 
outlet conditions is only necessary in case of back flow, which will be found near the upper 
wall in the numerical simulations (see section 4.3). 

4.2.2 Numerical model of the single spray 

The numerical rnadelling of the spray in Fluent is obtained by representing the spray as 
several injections of a discrete phase in an Eulerian-Lagrangian model. The injections 
can be defined in several ways but previous reports have suggested that a group injection 
should be used [12] . The major advantage of this definition is that for a group injection 
it is possible to accurately define the type of the spray or in other words the dropiets 
distribution. More specific the following variables have to be set: 

• x and y position of the injected droplet stream ( = position of the nozzle), 

• velocity components of the stream's initial velocity u and v, 

• distribution (Rosin-Rammler) and typical values (minimum, maximum and mean) of 
the droplet diameters, 

• type and material of the injected particles (inert and water liquid), 
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• number of partiele streams in each group injection (10), 

• mass flow of each injection. 

The definition of the injection veloeities and mass flow rates can be obtained in several 
ways. The simplest way is to assume that the mass flow rate is constant for each injection. 
Assuming a constant mass flow rate means that each injection has to have the same injec
tion surface, which is the criteria for determining the spray injection angles f3i· They can 
be calculated from the following equation: 

tanf3i = (4.3) 

where i = 1, 2, .. . ,I - 1 represents the injection number and {31 equals the half of the 
opening angle of the spray ( = 45°). In the simulation 10 partiele injection groups are used 
(I-1 = 10) over a half angle of the spray, with 10 injections in each group. The veloeities 
u and v can now be calculated from the nozzle injection velocity u10 as follows: 

u= luzol sin /3i 
v = -luzol cosf3i 

For a full description of the dropiets size distribution it is referred to section 2.2.2 

4.2.3 Mathematica! models 

(4.4) 

(4.5) 

Presenting the basic governing equations that will be solved in the numerical simulations 
forms a crudal part into understanding the basic flow and spray modelling. Especially an 
understanding of the assumed coupling between the different equations will lead to a clear 
inside into how the solutions are obtained and how they, if necessary, can be simplified or 
replaced by another representation. 

Continuons phase equations 

The continuous phase (air) is modelled in a classica! Eulerian way. For all flows Fluent 
solves the conservation equations for mass and momentum. Additional transport equa
tions are solved when the flow is turbulent. In the present work, steady calculations for 
an incompressible flow are performed leading to the following continuity and momenturn 
equation: 

(4.6) 

(4.7) 
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where ui and p are the velocity in the direction i and density of the continuous fluid phase. 
The term Sd,i represents a discrete momenturn souree due to the preserree of draplets (see 
next paragraph) . The components ofthe stress tensor Tij are given by Boussinesq's formula: 

(4.8) 

where f-Lt is the turbulent viscosity and k the turbulence kinetic energy. 

Discrete phase equations 

The momenturn conservation law for a single droplet is an expression of the balance between 
the total force acting on the droplet and the rate of change of momenturn of the droplet. 
In Fluent this is expressed as: 

duP = F (u- u ) + g(p- Pp) 
dt d P Pp (4.9) 

where u , uP , Pp and Fd( u - up) are respectively the fluid phase velocity vector at the 
position of the particle, the single partiele velocity vector, the single partiele density and 
the drag force per unit droplet mass , which can be written as: 

Fd = 18f-L CvRed 
ppd~ 24 

(4.10) 

Here, dp represents the partiele diameter and the relative or particles Reynolds number 
Red is given by: 

(4.11) 

The drag coefficient CD can be taken from 

(4.12) 

where a1 , a2 , and a3 are constants that apply for smooth spherical particles over several 
ranges of Re given by Morsi and Alexander [20]. 

Coupling between the discrete and continuous phase 

In equation 4. 7 it was already indicated that, when the energy equation is not solved, the 
coupling between the discrete and continuous phase only occurs through a souree term in 
the continuous phase momenturn equation. And when the k - E turbulence model is used 
(see section 4.2.4) there is also no explicit influence of the discrete phase on the turbulence 
quantities. The discrete souree term in equation 4. 7 canthen be defined by solving equation 
4.9 for all the draplets positions xp(tn) and veloeities up(tn) for each computational cell. 

p=P tn S.t~':}f p=P tn s_t~';.}f 

Scell = L L Sd(xp(tn)) = L L ppFd(u- up) ( 4.13) 
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Here p indicates the number of the partiele and tn = n *!:lt. The time step f:lt needed to 
integrate equation 4.9 can be calculated from: 

(4.14) 

where Ls is a length scale indicating the distance that the partiele will travel befare its 
equation of motion is solved again and its trajectory updated. Decreasing L 8 therefore 
increases the computational time, but also increases the accuracy of the discrete phase 
trajectory calculations. Note that specifying L 8 is only necessary if the accuracy of the 
profiles are desired to be better than the accuracy of the grid as the trajectory of the 
discrete phase will always be calculated when exiting or entering a cell. Fluent perfarms 
the coupled air-draplets calculation in the following steps: 

1. Solve the continuous phase (prior to the introduetion of the discrete phase), 

2. introduce the discrete phase by calculating the partiele trajectories for each discrete 
injection. By solving equation 4.9 for all the droplets, positions xp(tn) and veloeities 
up(tn) are obtained, 

3. calculate the souree term due to each computational cell: 

p=P tn 'S_t~';}f 

S cell = L L Sd(xp(tn)) (4.15) 
p=l tn:::tf~ll 

4. recalculate the continuous phase flow with the discrete momenturn souree calculated 
in the previous step, 

5. recalculate the discrete phase trajectoriesin the modified continuous phase flow field, 

6. repeat the previous two steps until a converged salution is reached in which bath the 
continuous phase flow field and the discrete phase partiele trajectories are unchanged 
with each additional calculation. 

4.2.4 Used solvers 

Fluent uses a control volume based technique to solve the governing equations of continuity 
and momenturn ( the energy equation will not be considered in the performed simulations, 
but can be solved if necessary) . The technique consists of three fundamental steps: 

1. Division of the domain into discrete control volumes using a computational grid. 

2. Integration of the governing equations on the individual control volumes to construct 
algebraic equations for the discrete dependent variables such as velocities, pressure, 
temperature, and conserved scalars. 
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3. Linearisation of the discretised equations and salution of the resultant linear equation 
system to yield updated values of the dependent variables. 

Two possible solvers are available (coupled and segregated), but as in previous reports 
([12] and [3]) the segregated solver was used , it will also be used here. The segregated 
solver solves first the velocity and then the pressure, which are linked through the simple 
method. Because the governing equations are non-linear and coupled, several iterations 
of the salution loop must be performed befare a converged salution is obtained. The lin
earisation of the discretised equations can only be performed implicit when the segregated 
solver is used. 

Turbulence modelling 

As the action of the water curtain can result in a recirculation zone in front of the wa
ter curtain a high turbulent flow can be expected. An extra rnadelling of the problems 
induced by this turbulence is therefore necessary to achieve convergence of the governing 
equations. The rnadelling of the turbulence is especially difficult in the considered domain 
as in contradiction to previous simulations [12] there is an extra wall representing the top 
of the wind tunnel. 

Fluent provides three different turbulence models when the two dimensional, implicit , 
segregated solver is used and the energy equation is not solved: k - E, k - w and a Reynolds 
stress model. The Reynolds stress model involves five equations compared two only two for 
the k - E and k - w and will therefore lead to a much higher computational time. Therefore 
one of the two others is preferred in this first simple model. A detailed discussion into the 
differences in the two models lies behind the scope of this project and will therefore not 
be included here. 

As previous calculations were quite successful with the realizable k - E model with 
enhanced wall treatment the same choice is made here. The selected options, enhanced 
wall treatment and realizability, are improvements to the standard k - E model. For a 
detailed discussion on these models it is referred to [22] . 

Solution residuals 

After discretisation, the conservation equation for a general variabie cP at a cell P can be 
written as 

(4.16) 
l 

where the index l runs over the neighbour cells of cell P . Qp is the souree term inside cell P 
and Ap and A1 are coefficients depending on the approximations employed, mesh spacing, 
fl.uid velocity and fl.uid properties. The algebraic equations for all cells can be written as: 

AcjJ = Q ( 4.17) 

Here A is an N x N matrix with N the number of unknowns, while cP and Q respectively 
represent the veetors of unknowns and souree terms. Now due to the linearisation of the, 
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in general, non-linear equations by Fluent, an iterative solution method must be used. 
An iterative solution method starts with an initial solution <Po and tries to improve it by 
iteration. This means that, after each iteration, an imbalance will exist in equation 4.17 
when the solution is inserted. This imbalance is called the unscaled residual value R. At 
iteration level m for instanee the following equation will hold: 

( 4.18) 

The purpose of the iteration process is thus to reduce the residual value R, which is a 
direct indication of the correctness of the solution. In a typical good numerical simulation 
the residuals will decrease during the calculations ( typically more than three orders of 
magnitude) and eventually will flatten out to a more or less constant value. When this 
occurs the solution is said to be converged. Note, however, that when several equations 
are solved, it can become difficult to judge the convergence as all the different residuals do 
not start from the same order of magnitude. This problem can be solved by normalizing 
the residuals by dividing by the maximum residual value after M iterations, where M is 
five by default. 

D RterationN 
~ Lnormalised = D. 

~ LiterationM 
( 4.19) 

Normalisation in this manner ensures that the initial residuals for all equations are of order 
one. Therefore the residuals will always be presented as normalised during the numerical 
simulations. 
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4.3 Numerical results 

4.3.1 Water curtain modelled as a momenturn souree 

The theory of section 4.2.3 shows that the only coupling between the continuous phase 
and the discrete phase occurs through a momenturn source. This momenturn souree is 
constructed in Fluent by calculating the dropiets trajectories and velocities. Simulating 
the water curtain with a user defined momenturn souree at the curtains face (zone 3 in 
figure 4.4) therefore makes it possible to achieve a good initial guess of the flow field inside 
the wind tunnel, without having to deal with the discrete phase equations. In Fluent the 
implementation of a momenturn souree can be done by defining or a constant or a user 
defined function in a certain area. For simplicity it is chosen to simulate the water curtain 
as a constant momenturn souree in the negative y direction in zone 3 on figure 4.4. The 
modeHing can be performed in two fundamental ways. 

methodl: A momenturn souree defined from the point of injection up to the wall (so 
all over zone 3). This methad will underestimate the momenturn at the point of 
injection and overestimate the momenturn at the ground. It assumes that particles 
do not transfer all of their momenturn to the flow 

method2: A momenturn souree defined in the initial injection area of the spray ( momen
turn is non zero in zone 3 for 0.4m < y < 0.5m). 

The value of the momenturn S is found by using the following equation: 

(4.20) 

where u10 , rhz ,u and A are respectively the exit velocity and water flow rate per unit length 
of the nozzle used in the experiments and the area over which the momenturn souree is 
defined (= zone 3 or a part of it , see figure 4.4) . Note that the swirling motion of the 
water in the nozzle is not taken into account in the estimation of the momenturn souree 
(equation 4.20). It can therefore be expected that an overestimation of the real impulse of 
the nozzle is obtained. Keeping this in mind the numerical simulations are performed at a 
momenturn ratio Rm of two and five. All simulations are performed at a wind velocity of 
0.6m/s. Table 4.2 gives an overview of the used values. 

Case 1: Rm = 2 

The results of the first numerical simulation, Rm = 2 are shown in figures 4.5 and 4.6 
for methodl and in figures 4. 7 and 4.8 for method2. First of all the normalised residuals 
indicate that a good converged salution has been reached for both methods. The normalised 
residuals have dropped between two and three orders of magnitude befare they flatten. The 
salution itself, presented in the contour plots, is also physical. From these figures three 
conclusions can be formulated. First of all it is seen that the simulation of a water curtain 



4.3 Numerical results 51 

Table 4.2: Values for the calculation of the user defined constant momenturn souree S 

Uw Rm rhz,u U zo A s 

{mjsj !-! {kgjsm} {mjsj [m2j {N/m3
} 

method 1 0.6 2 0.063 7.1 0.25 -1.8 
0.6 5.5 0.106 11 .9 0.25 -5 

method 2 0.6 2 0.063 7.1 0.01 -45 
0.6 5.5 0.106 11.9 0.01 -125 

at a momenturn ratio of two imposes no special problems on the numerical simulation. 
The solutions have converged in the entire domain without any special attention points. 
Secondly there appears to be no major difference between the two different numerical 
methods. In comparison to the real situation however, a small overestimation of the effect 
of the water curtain is observed (see figure 4.1). Instead of an unstable water curtain, 
there appears to be some blocking of the approaching flow. The simulated situation is 
more comparable to a transition regime between an unstable water curtain and the one 
with a clear recirculation zone. 

The small overestimation of the effect of the water curtain can also be indicated more 
quantative from figure 4.9. The figure shows velocity profiles obtained inside the wind 
tunnel at 1.25m downstream of the water curtain (Note that the experimental profile is 
incomplete in the lower part of the wind tunnel. This is due to the disturbing effect of 
the dropiets on the velocity measurements.) . As discussed in chapter 2 an impinging spray 
creates an outflow parallel to the wall. An effect clearly shown by the second numerical 
simulation (method2) . Method1 fails to predict the outflow. An expected result as method2 
assumes a complete transfer of the momenturn flux close to the nozzle, resulting in a higher 
momenturn flux at the wall. Both simulations however clearly indicate the preserree of a 
stabie water curtain, which is not expected for a momenturn ratio Rm = 2. This confirms 
the small overestimation of the effect of the water curtain by the numerical simulation. 

Due to the low operating momenturn flux of the water curtain, no effect of the water 
curtain is expected near the wall. This is verified by the velocity profiles of figure 4.9. The 
numerical simulations give the exact velocity and boundary layer thickness at the upper 
wall. 
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Figure 4 .5: Streamline contour plot (kg/s) of the flow field inside the wind tunnel. The water 
curtain is modelled as a constant momenturn souree S = -1.8N/m3 (Rm = 2) according to 
methodl. 
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Figure 4.6: Residuals of the numerical simulation of the wind tunnel flow. The water curtain 
is modelled as a constant momenturn soureeS = -1.8N/m3 according to methodl. 
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Figure 4 .7: Streamline contour plot (kg/ s) of the flow field inside the wind tunnel. The wa
ter curtain is modelled as a constant momenturn souree S = -45N/m3 (Rm = 2) according to 
method2. 

Normalised 
Residuals 

1e+OO 

1e-01 

1e-02 

1e-03 

' ' ' " .... 
' ... .... , 

' ' ' ' 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 

lterations 

Figure 4.8: Residuals of the numerical simulation of the wind tunnel flow. The water curtain 
is modelled as a constant momenturn soureeS = -45Njm3 according to method2. 
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Figure 4.9: Velocity profiles 1.25m downstream of a water curtain. The three profiles are for 
a momenturn ration Rm = 2 (Uw = 0.6m/s) modelled experimentally and numerically. The 
numerical methods use a constant momenturn souree to model the water curtain (S = -1.8Njm3 

for methodl and S = -45Njm3 for method2.) 
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Case 2: Rm = 5 

ModeHing the water curtain for a momenturn ratio of five leads to the results shown in 
figures 4.10 and 4.11 for methodl. The figures immediately reveal a much more complex 
flow regime. The increase of the curtains momenturn increases the flow entrainment. The 
entrained flow impinges on the wall leading to a recirculation zone. The presence of the 
recirculation zone will drag the horizontal flow in the upper channel down behind the 
curtain. This leads to a de-accelerated flow region near the upper wall of the wind tunnel 
behind the curtain. Summarised two major effects are found: a separation point in front 
of the water curtain due to the recirculation and a de-accelerated flow field behind the 
water curtain leading to a bending down of the flow behind the curtain. These effects 
immediately explain the problems with the convergence of the solutions as can be seen 
form figure 4.11. The separation point causes a mass imbalance at the ground in front of 
the curtain (see figure 4.12). This leads to high fluctuations in the residuals. Secondly it 
is known that the k - E model can have problems when separation occurs, explaining why 
the turbulent kinetic energy and dissipation rate do not converge very well. 
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Figure 4.10: Streamline contour plot (kg/s) of the flow field inside the wind tunnel. The water 
curtain is modelled as a constant momenturn soureeS = -5Njm3 (Rm = 5) according to methodl. 
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Figure 4.11: Residuals of the numerical simulation of the wind tunnel flow. The water curtain 
is modelled as a constant momenturn souree S = -SN jm3 according to methodl. 
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Figure 4.12: Streamline contour plot (kg/s) of the unscaled residuals of the mass conservation 
equation indicating the separation point in front of the water curtain. The water curtain is 
modelled as a constant momenturn soureeS = -5Njm3 according to methodl. 
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Returning to the kind of water curtain that wanted to be simulated (Rm = 5), a 
totally different situation is found here. First of all figure 4.13 shows no clear effect on 
the experimentally measured velocity near the upper wall. Fluent, however, indicates a 
large de-acceleration of the flow near the upper wall. This is typically the case for larger 
momenturn ratios. Secondly it has been observed experimentally in section 4.1 that, to 
create a clear recirculation zone, higher momenturn ratios are needed than the one assumed 
here (at least Rm = 7) . This indicates that the momenturn souree overestimates the effect 
of the real water curtain. The value of the momenturn souree is overestimated by neglecting 
the swirling motion at the nozzles exit. The simulation shown here will therefore be more 
comparableto a momenturn ratio higher than five. The fact that this numerical model 
according to method1 already overestimates the effect of the real water curtain, excludes 
the need to discuss a model according to method2. The second methad assumes a total 
momenturn transfer to the flow and thus an even higher effect of the water curtain as can 
be seen in appendix C. 
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Figure 4.13: Velocity profiles 1.25m downstream of a water curtain. The two profiles are for 
a momenturn ration Rm = 5 (Uw = 0.6m/s) modelled experimentally and numerically. The 
numerical methodl uses a constant momenturn soureeS = -5Njm3 to model the water curtain. 
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4.3.2 Water curtain modelled as a discrete phase 

The previous section 4.3.1 gave a clear idea of the basic effect of the momenturn flux of the 
water curtain on the mean flow. Understanding the possible problems that can occur with 
the convergence, the discrete phase is tested. As the simulation of a momenturn ratio Rm 
= 5, with a constant momenturn source, tends to over predict the real situation the same 
situation is modelled with a discrete phase. The droplet injection angles and veloeities 
are calculated as explained in section 4.2.2. A spray opening angle of 90°, divided in 20 
injection angles is used. The mass flow rate for each injection equals (0.106/20)kgjs. An 
overview of the used values can be found in appendix C 

A stream line contour plot of the numerical simulation (see figure 4.14) reveals that 
a better result is obtained in comparison with the previous simulations (see figure 4.10). 
The draplets are now injected at different angles leading to a lower total momenturn flux 
in the y direction. A small overestimation is however still present as can be seen from 
figure 4.15. A de-acceleration of the flow is found near the upper wall behind the water 
curtain. As discussed before this is a consequence of the recirculation in front of the water 
curtain. It can therefore still be concluded that the simulation is more comparable to 
higher momenturn ratios Rm. 
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Figure 4.14: Stream line contour plot (kg/s) of the flow field inside the wind tunnel. The water 
curtain is modelled as a discrete phase ( Rm = 5). 

Other unexpected results are not shown by this simulation. This means that dealing 
with the difficulties of the discrete phase injections does not hold any advantages for the 
simulation of the air entrainment effect in the water curtain. This is confirmed by the 
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Figure 4.15: Velocity profiles 1.25m downstream of a water curtain. Two profiles are for a 
momenturn ratio Rm = 5 (Uw = 0.6mj s) modelled experimentally and numerically as a discrete 
phase. The third profile is for the case Rm = 2 modelled numerically with method2. 

numerical velocity profiles in figure 4.15. Two profiles are shown for a discrete phase and 
a constant momenturn souree (method2). Although the two simulations arefora different 
momenturn ratio R.n, they both show the same kind of outflow near the lower wall. The 
retrieved height of the outflow Hout can be compared with the theoretica! estimation of 
section 2.2.3, equation 2.21. The theory estimates Hout ~ 0.1m for a total opening angle 
of the spray of 25°. The same order of magnitude is observed in figure 4.15. 

The outflow is the main effect that has to be simulated when the mechanica! effect of the 
spray is under investigation. It is therefore much more awarding to perfarm experimental 
research on the exact y and x momenturn flux coming from the curtain. Once this is 
achieved, a simple model with a constant momenturn souree should give very good results. 
This will also allow to focus on the real problems found in the simulations. For instanee 
the separation at the wall. Note that in section 4.3.1 two different methods were used 
to define the momenturn source. Which one should be used , can be derived from figure 
4.16. This figure shows the y momenturn souree (in unit of force N) of the discrete phase 
injections. A total momenturn transfer is found close to the injection. The momenturn 
souree should therefore be defined close to the virtual position of the nozzles and not up 
to the wall. Method2 is therefore preferable. 

The residuals of the discrete phase numerical simulation ( figure 4.17) acquire some 
explanation. As explained in section 4.2.3, Fluent perfarms a number of iterations befare 
injecting the discrete phase. The results are peaks in the residual plots, created at each 
droplet injection. 
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4.3.3 Non-uniform velocity profile 

The stability of the water curtain was discussed in chapter 2. An important note to the 
given equation 2.24, was the assumption of a uniform velocity profile. The effect of a non
uniform velocity profile is not known, but is easily investigated by means of a numerical 
simulation. The simulation of section 4.3.1 (method2, momenturn ratio Rm = 2) is therefore 
repeated with a non-uniform velocity profile. Note the velocity measured at the height of 
the water curtain Hw remains 0.6m/s. The momenturn ratio Rm is thus left unchanged! 

U1(y) = 0.8y + 0.2 (4.21) 

The gradient in this velocity profile results in lower mean value of the velocity impacting 
on the water curtain. This means that for a constant outflow of the water curtain at the 
ground, a lower counter force is exerted by the wind. It is therefore expected that the 
curtain is more stabie and able to create a recirculation zone. This is fully confirmed by 
the numerical simulation shown in figure 4.18. 
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Figure 4.18: Stream line contour plot (kg/ s) for velocity profile U1 . The water curtain is 
modelled as a constant momenturn soureeS = -45Njm3 (Rm = 2) according to method2. 
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4.4 Conclusions 

The focus of this chapter was on the flow field in the wind tunnel induced by the preserree 
of the water curtain. Both an experimental and numerical approach was used. 

The experimental approach consisted of a visualisation by means of smoke, of the flow 
field in front of the water curtain (see section 4.1). Form these visualisations it was possi
bie to establish three different flow regimes: 

• Rm ::; 2: Unstable water curtain 

• 2 < Rm < 5: Transition towards recirculation 

• Rm > 5: Recirculation zone in front of the water curtain 

The use of a numerical model of the problem lead to several interesting possibilities. 
First of all it was possible to obtain a complete view of the flow field inside the wind tunnel. 
It was found that when a recirculation bubble is present in front of the water curtain, a 
second recirculation zone appears behind the water curtain near the upper wall (see section 
4.3). The size of this second recirculation zone is related to the one in front of the water 
curtain. This situation indicates the strong limitations imposed by the confining walls. 
The question arises whether or not a correct evaluation of the water curtain performance, 
in relation to the field tests, is possible. 

The numerical model of the water curtain has been performed in three fundamental 
ways. The first two use a constant momenturn source. The third one uses a more correct 
representation of the spray, by means of a discrete phase. All representations let to an 
over estimation of the effect of the water curtain (see section 4.3). This is due to the 
overestimation of the impulse at the nozzle exit . The flow velocity is calculated from the 
mass flow rate through the nozzle and assumed to be solely directed along the axis of the 
spray ( -y direction). However the nozzle is of the swirl type, meaning that a great part 
of the velocity is absorbed in the swirling motion. A more correct study on the exact 
momenturn profile coming from the nozzle is therefore desired. 

As mentioned two different momenturn sourees were used (see section 4.3.1). Method1 
used a momenturn souree defined up to the lower wall. It thereby assumes a slow momen
turn transfer of the dropiets to the mean flow. Method2 assumes a complete momenturn 
transfer close to the nozzles. A comparison with the discrete model reveals that method2 
is more representative (see figure 4.16). Further no advantage could be found that would 
recommend the discrete representation of the water spray. It is therefore recommended 
to use a simple momenturn souree defined close to the virtual nozzle exit to simulate the 
effect of the water curtain ( method2). 

Both the numerical simulation with method2 and the discrete phase gave an indication 
of the outflow of the spray at the wall (see section 4.3.2). The outflow is in good agreement 
with the impinging jet theory of section 2.2.3. 

The numerical simulations also allowed to evaluate the effect of a non-uniform velocity 
profile on the water curtain performance (see section 4.3.3) . It is found to have a severe 
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impact on the created flow regime (recirculation / no recirculation) and thus also on the 
water curtain stability and performance. The question arises if this is of importance in 
how the momenturn ratio Rm should be defined. 
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Chapter 5 

Experimental study of the water 
curtain performance 

This chapter presents an investigation of the performance of the water curtain. Both the 
effect of the operating momenturn flux of the water curtain itself as that of the wind are 
evaluated. Special attention is paid to the height of the water curtain, as it is an important 
sealing parameter. The momenturn flux of the wind, however, requires an understanding 
of the properties of the gas cloud. These properties do not only depend on the wind speed, 
but also on the injection method. The free dispersion of the gas cloud (without a water 
curtain) is therefore treated prior to the forced dispersion with a water curtain. 

5.1 Measurement reproducibility 

Not only the accuracy of the concentration measurement (see chapter 3.2) but also the 
reproducibility of the measurement can be a limiting factor in the experimental research. 
Especially when different flow situations are to be created, the reproducibility of the entire 
measurement has to be compared with the accuracy of the concentration measurement 
itself in order to determine which will be the limiting factor. Figures 5.1 and 5.2 show a 
typical concentration profile measured behind a water curtain operating at a momenturn 
ratio Rm = 7. These figures show how the reproducibility of a test lies in the order of 6..C 
= ± 0.5%. This means that the initial accuracy of the concentration measurement itself 
(±0.25%) is not the limiting factor. Instead the reproducibility of the measurement will 
determine the possibilities in evaluating the performance of the water curtain. How this 
affects the possibility to evaluate differences between flow regimes (different Rm) will be 
discussed in the next section. 
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Figure 5.1: Reproducibility test of the concentration measurement for a wind speed Uw = 
0.4mjs. The mass flow rate of C02 mp = 0.006kg/s creating a gas cloud with a height He = 
0.22m (Rm = 7) . 
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Figure 5.2: Reproducibility test of the concentration measurement for a wind speed Uw = 
0.6mjs. The mass flow rate of C02 mp = 0.006kg/s creating a gas cloud with a height He = 
0.22m (Rm = 7). 
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5.2 Free dispersion of a gas cloud 

5.2.1 Gas injection 

Figure 5.3 shows typical concentration profiles in a free dispersing gas cloud. The profiles 
are obtained 1.6m and 4m downstream of the perpendicular injection. The pollutant mass 
flow rate rhp = 0.006kg/s and the wind speed Uw = 0.4mjs. The concentration profiles 
indicate a cloud with astrong concentration gradient. The cloud increases in height further 
downstreamof the source, which is accompanied with a reduction in ground concentration. 
To fully understand this behaviour a velocity measurement inside the cloud is required. 
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Figure 5.3: Concentration profiles of a C02 gas cloud at a wind speed Uw = 0.4m/s and mass 
flow rate of C02 rhp = 0.006kg/s. The profiles are measured 1.6m and 4m downstream of the 
gas source. 

Figure 5.4 shows a velocity profile measured with the hot sphere, 4m downstream of the 
injection point . The velocity profile indicates two distinctive regions. First of all there is 
the mean velocity of 0.4m/s outside of the gas cloud (above 0.2m). Secondly there is a 
near wall region (0 - O.lm) were the velocity is found to approach zero! At first site this 
appears to be a strange result and an immediate doubt goes out to the correctness of the 
velocity measurement. Mainly the effect of the C02 concentration on the measurement 
requires some attention. This analysis is performed in section 3.3 and leads to a correction 
of the measured velocity profile (see figure 5.4). This correction is , however, very small 
and cannot explain the observed effect. Therefore the same measurement is repeated with 
a fan anemometer (see appendix A). When the fan anemometer is placed near the wall 
it indicates a correct velocity of 0.4m/s when no gas is present. However when gas is 
injected in the wind tunnel it is unable to measure any velocity at all. This indicates 
that the velocity between Om and O.lm from the wall has to lie outside the measuring 
range of the fan anemometer. The lower measuring limit lies at 0.15m/s (see appendix 
A) and thereby confirms the obtained result of the hot sphere. Note that both the fan 
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Figure 5.4: Velocity profile 4m downstream of the gas souree at a wind speed Uw = 0.4mjs. 
The two profiles are measured with a mass flow rate of C02 mp = 0 and 0.006kgjs. 

anemometer and the hot sphere are unable to give a correct velocity measurement below 
O.lm/s. The conducted tests merely indicate that the velocity has to lie below O.lm/s. It 
can therefore be concluded that two layers of fluid are formed in the wind tunnel. This is 
visualised in figure 5.5 by means of a smoke visualisation. The smoke injected at the wind 
tunnel inlet is displaced by the injection of the pollutant C02 . This explains why the low 
veloeities are present near the wall. The gas is injected perpendicular to the mean flow 
at very low veloeities (rv 0.015m/s, see section 3.1.2). Therefore almost no mixing with 
the surrounding air is obtained at the source. The approaching air is simply displaced, 
creating a mixing layer. An acceleration of the gas cloud is only obtained through the 
limited mixing at the top of the cloud. 

Figure 5.5: Visualisation of the shear layer between C02 and the surrounding air for a wind 
speed Uw= 0.4mjs and a mass flow rate of C02 mp = 0.006kgjs. The smokeis injected upstream 
of the gas release. Almost no mixing is observed between the smoke (air) and the underlying gas 
(C02) 
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The limited mixing can be illustrated by showing that the laminar diffusion theory can 
predict the observed concentration boundary layer. As the velocity inside the dense C02 

layer is very low, it is possible to simplify the diffusion problem as follows . Assume the 
dense layer of C02 to have absolute zero velocity and constant concentration. The flow 
can then be compared with a flow over a flat plate at constant concentration. The salution 
for such a flow is presented in appendix D, leading to an expression for the veloei ty ( ó) 
and concentration ( 8c) boundary layer thickness: 

8 = 4.9v1J: 

8c=4.9~ 

(5.1) 

(5.2) 

where D , v , Uw and x are respectively the diffusion constant for air-C02 (D = 1.62*10-5 

m2 /s), the viscosity of air (v = 1.5*10-5 m2 /s) the velocity of the mean flow (Uw= 0.4m/s) 
and the distance from the injection source. Typical values of the boundary layer thickness 
4m downstream of the souree are 8 ~ 8c = 0.06m. Values that lie in the same order of 
magnitude as the boundary layers found experimentally in figures 5.4 and 5.3. This first 
order of magnitude approximation thus clearly proves the strong laminar behaviour of the 
flow and diffusion process. An exact treatment of the mixing layer problem was described 
by Schlichting [21]. 

5.2.2 Velocity and concentration measurement evaluation 

As a final check of both the concentration and velocity profiles it should be possible to 
retrieve the injected mass flow rate of co2 from the following equation: 

{He 
mp = w Jo U(y)r(y)dy (5.3) 

where w = 1.3m is the width of the wind tunnel. r is defined as the ratio of the mass flow 
ra te of pollutant mP on the volume flow ra te of the cloud ( = QP + Q air): 

(5.4) 

Although the velocity profile below a height of 0.1m is not exactly known it is proved to 
lie below 0.1m/s (see section 5.2.1). Therefore a constant value of 0.1m/s (resp. 0.05m/s) 
is assumed below a height of 0.1m. At 4m downstream of the injection point it is found 
that mp(exp) = 0.0085kg/s (resp. 0.006kg/s) . This proves the correctness of the velocity 
and concentration measurements as the injected mass flow rate of pollutant was mp 
0.006kgjs. 
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5.2.3 Wind velocity effect 

In the next sectien 5.3.1 experiments will be performed whereby the height of the water 
curtain will be altered. By doing this a certain range of momenturn ratios Rm has to 
be investigated. This is however impossible at a wind speed of 0.4m/s for the eperating 
conditions that will be chosen. Therefore the effect of changing the wind speed to Uw 
= 0.6m/s is investigated. Figure 5.6 shows a comparison of the concentratien profiles , 
4m downstream of the gas release, for Uw = 0.4m/s and 0.6m/s. A high reduction of the 
height of the cloud is observed. In this case the gas is mainly concentrated in the boundary 
layer of the wind tunnel (0-0.05m) . The ground concentrations are not altered significantly 
resulting in very high concentratien gradient. The type of cloud that is created is a very 
narrow plume with a very low velocity (see figure 5.9) . The velocity profile approaching 
the water curtain resembles the case of a wind velocity Uw = 0.4m/s, but with a smaller 
low velocity region (0-0.05m compared to 0-0.lüm). 
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Figure 5.6: Concentration profile of a C02 gas cloud, 4m downstream of the gas source. The 
wind speed Uw = 0.4mjs and 0.6mjs for a mass flow rate of C02 mp = 0.006kgjs 

5.2.4 Shaping the cloud 

Instead of a two-layer profile in concentratien and velocity it is desired to have a more 
uniform profile approaching the water curtain. This means that both the concentratien and 
velocity profiles have to be changed. A modification of the turbulence intensity inside the 
wind tunnel can be a solution to the problem. By increasing the turbulence a more effective 
mixing is created. This will result in a higher adveetion speed of the cloud and a less 
distorted velocity profile. The increase of the turbulence is easily achieved by introducing 
physical barriers in the free dispersion field of the cloud. A very efficient and easy to use 
possibility is positioning a vertical plate downstream (0.08m) of the gas injection. 
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Several plate designs are tested. The first one is a full plate with a height of O.lm. The 
plate physically "pushes up" the released gas and due to the separation at the plate tip a 
more aggressive mixing of the cloudis obtained. The result is an almost flat concentration 
profile further downstream of the gas inj eetion ( see figure 5. 7). Although a large increase of 
the cloud height is obtained, the concentrations inside the cloud are strongly diminished. 
The forced dispersion case with the water curtain will therefore become very hard to 
investigate (see definition of the forced dilution factor F D in equation 2.26) . To solve 
this problem another kind of plate is tested, which is developed with a dual purpose. 
Optimising the turbulent mixing, which leads to an increased height of the gas cloud He , 
and maintaining higher ground level concentrations as the efficiency of the water curtain 
is evaluated by camparing ground concentrations. The designed plate (spl) is pictured in 
figure 5.8 and has a carved top with an opening at the bottom. The opening at the bottorn 
is changed and an optimisation of the cloud height is sought based on a measurement of 
the concentration profile at the position of the water curtain. An optimisation is found 
for the plate design (sp5) pictured in figure 5.8. For this plate a large amount of gas is 
able to pass under the plate through an opening of 0.06m. In the mean time the carved 
barrier increases the thickness of the top mixing zone. The result is a concentration profile, 
which resembles the profile without a plate, but with a much higher height and a ground 
concentration still sufficient for the evaluation of the water curtains. 
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Figure 5. 7: Concentration profiles of a C02 gas cloud, 2.75m downstreamof the gas source, for 
different harriers placed 0.08m downstreamof the gas release. The wind speed Uw = 0.6m/ s and 
mass flow rate of co2 mp = 0.004kgjs. 

The velocity profile for this cloud is also different from the one without a plate. The 
gas is much better mixed with the surrounding flow resulting in a cloud rnaving with a 
mean velocity of Uw/2 (see figure 5.9). 
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Figure 5.8: Special plates sp5 (top) and spl (bottom) designed to increase the turbulent mixing 
of the dispersing gas without dramatically reducing the ground concentration. 
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Figure 5.9: Velocity profiles 4m downstreamof the gas souree at a wind speed Uw = 0.6m/s 
and mass flow rate of C02 mp = 0 and 0.006kgjs. For mp = 0.006kgjs the two different cases 
(with and without special plate sp5) are presented. 
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5.3 Forced dispersion of a gas cloud 

5.3.1 Momenturn flux of the water curtain 

A first series of experiments are conducted to see how the concentration profile of a free 
dispersing gas cl oud is modified at different operative pressures of the water curtain ( = 
different momenturn flux). The momenturn flux of the wind is kept constant. Figure 5.10 
gives a complete overview of how the concentration profile is altered and the concentration 
effectively reduced at increasing momenturn ratio Rm· The figure also reveals that the 
entire range of momenturn ratio's lies between 1 and 10, which can be covered by using 
a constant number of seven nozzles ( see table 5.1). An overview of the used eperating 
conditions can be found in table 5.2. 

Table 5.1: Range of variables of the water curtain 

Uw !:lp nozzles mlu Ulo Rm 

(m/s} (105 Pa} (-} (kgjms} (mjs} (-} 

0.6 5.1 7 0.143 16.1 10 
0.6 3.6 7 0.120 13.5 7.1 
0.6 2.5 7 0.100 11.3 4.9 
0.6 1.0 7 0.063 7.1 2.0 

Three important conclusions can be made from figure 5.10. First of all it shows how 
the curtain is a very effective tool to imprave the mixing process of the gas with the 
surrounding air. The observed effect of the momenturn flux of the water curtain is in full 
agreement with equation 2.10. This equation predicted that the amount of air entrained 
in the spray is dependent on the momenturn flux J. Increasing the momenturn flux of the 
water, increases the air entrainment and therefore also the outgoing flux parallel to the 
wall (see chapter 2). This leads to a more aggressive mixing of the gas and thus to an 
increase of the forced dilution factor F D. 

Secondly it can be seen from figure 5.10 that for a momenturn ratio Rm > 5 the 
differences in concentrations are in the order of one percent of C02 when Rm is increased 
by a factor of two. This is exactly the reproducibility of the measurement as discussed in 
section 5.1. Therefore there is no need for more detailed measurements in this region and 
successively increasing the momenturn ratio Rm by at least a factor of two is acceptable. 

Thirdly there is a strong difference between the concentratien profiles for a momenturn 
ratio Rm below and above five. For a momenturn ratio Rm ~ 5 almost flat concentratien 
profiles are obtained. This indicates the presence of high turbulent mixing or in other 
words: a recirculation zone. Contrary for a momenturn ratio Rm = 2 still a strong concen
tratien gradient is present in the profiles. This indicates that the water curtain is unable 
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Table 5.2: Operating conditions for the study of the momenturn flux of the water curtain. 

Wind Velocity Uw (m/s} 0.6 

N urnher of nozzles N (-} 7 

Operating pressure nozzles !::l.p (10 5Paj 1 - 5.3 

Mass flow rate C02 mp (kgjsj 0.006 

Height of the water curtain Hwc (mj 0.5 

Height of the cloud He (mj 0.22 

to effectively stop the gas cloud. The cloud is able to drift through the water curtain. 
Basedon the concentration profiles it is therefore possible to retrieve exactly the sameflow 
regimes as were found in chapter 4! 

1. Rm ~ 2: Unstable water curtain 

2. 2 < Rm < 5: Transition towards recirculation 

3. Rm > 5: Recirculation zone in front of the water curtain 

The difference between the active and non-active mixing in front of the water curtain is 
better understood from figure 5.11. This figure shows concentration profiles measured 1.2m 
upstream of the water curtain. In case of a momenturn ratio Rm = 2, an accumulation 
of gas appears in front of the water curtain. The outgoing flux of entrained air of the 
water curtain is able to slow down the approaching gas , explaining why the concentration 
is increased compared to the free dispersion case. However the amount of entrained air is 
not sufReient to reverse the flow impacting on the curtain as is the case for a momenturn 
ratio Rm = 7. 

Instead of presenting the data in concentration profiles it is more convenient to use the 
definition of the forced dilution factor (see formula 2.26). The plot shown in figure 5.10 
can thus also be presented as shown in figure 5.12. In this figure a more in depth study 
in the transition region between a momenturn ratio of two and five is added showing more 
clearly that the water curtain is not able to stop the gas cloud at a momenturn ratio Rm 
= 2. Figure 5.12 also indicates another problem of the experimental research. The error 
made in the measurements grows very fast for increasing momenturn ratio. This is due to 
the low ground concentrations retrieved for higher momenturn ratios. 
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curtain 

5.3.2 Momenturn flux of the wind 

According to the definition of the momenturn ratio Rrn the wind momenturn can be esti
matedas (see chapter 2): 

(5 .5) 

where it is assumed that both the density and velocity profile are uniform. In reality this 
is however not always true as is shown in section 5.2. Both the concentration and velocity 
profile are found to have a strong gradient. A better definition of the wind momenturn 
would then be: 

{Hout 

l wind =Jo p(y)U2 (y)dy (5 .6) 

where Hout is the height of the outgoing flux of the water curtain (see section 2.2.3). The 
problem with such an equation is that both the concentration and velocity profiles have 
to be known. An investigation of the error made by assuming uniform profiles is thus 
desired . This section is therefore divided in two main parts. The first part presents an 
investigating of the effect of changing the height of the water curtain Hw for a constant 
concentration and velocity profile. In the second part a first attempt is made to campare 
the effect of two different concentration and velocity profiles. Note that both concentration 
and velocity profiles are normally a function of the pollutant mass flow rate rhp and the 
mean wind velocity Uw- In section 5.2 it was however shown that both profiles can be 
altered by introducing a plate in the free dispersion domain. When no plate is present a 
blocked velocity profile is found with a cloud height He = O.lüm. The case with the plate 
is characterised by astrong velocity gradient with a cloud height He = 0.22m. Therefore 
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Table 5.3: Operating conditions for the study of the momenturn flux of the wind. 

Wind Velocity Uw {m/s) 0.6 

N urnher of nozzles N {-) 7 

Operating pressure nozzles f::::.p {105 Pa) 0.5 - 5.3 

Mass flow rate C02 rhp {kgjs) 0.006 

Height of the water curtain Hwç {m) 0.3, 0.4 and 0.5 

Height of the cloud He {m) 0.10 and 0.22 

an attempt is made to investigate the effect of different velocity and concentration profiles 
at constant mean wind velocity Uw = 0.6m/ s and constant pollutant flow rate rhp = 
0.006kgjs. 

The range of variation of the height of the water curtain Hw cannot be chosen freely 
as the curtains efficiency will drop drastically if gas is able to pass over the water curtain. 
Secondly the height of the water curtain cannot be increased over the mid height of the 
wind tunnel as this would induce blocking effects in the channel flow (see chapter 4). 
Therefore the range in which the height of the curtain can be changed equals: 

(5.7) 

As discussed in section 5.2 the height of the cloud lies in the order of He = 0.22m when 
the plate is used. Note, however, that taking the height of the water curtain equal to the 
height of the cloud would be a very bad choice as the water curtain is formed by a number 
of sprays interacting with each other (see figure 2.1). The interaction starts from a certain 
point from the nozzles and therefore the height of the cloud should be equal or less to the 
height of intersection between the sprays. Therefore it has been chosen to test the water 
curtain efficiency at three different heights: 0.3m, 0.4m and 0.5m. An overview of the 
operating conditions can be found in table 5.3. 

As already pointed out in the previous section 5.3.1 it is convenient to campare the 
data in a plot of F D(Rm)· Therefore two different definitions are introduced that will be 
used in the following paragraphs: 

where r m is related to Rm as follows: 

Hw 
rm = Rm H 

e 

(5.8) 

(5.9) 

(5.10) 
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The height of the water curtain 

Suppose that the operative pressure of the water curtain is kept constant. Reducing the 
height of the curtain then has an important influence on the induced flow field. In chapter 
2 it is explained that the height of the outgoing flux of the water curtain H=t is related 
to the width of the spray D and thus to the height of the water curtain Hw (see equation 
2.21). This means that if the height of the water curtain is reduced, the samemomenturn 
flux coming from the nozzle is imposed on a smaller surface. The impacting momenturn 
flux of the wind has however been left unchanged, meaning that Rm will increase! This 
directly implies that when the height of the water curtain is reduced it is possible to cre
ate the sameflow regime ( equal Rm) with a lower momenturn flux coming from the nozzles. 

First using the definition of Rm, it can be evaluated whether or not a stabie water curtain 
can be formed at a lower operating water curtain momenturn J when the height of the 
water curtain is reduced (see equation 2.21). The results are shown in figures 5.13 and 5.14 
( the error bars of the measurements for a curtain at 0.5m are shown to clearly indicate 
the expected fluctuations). The figures show exactly the same slope of F D(Rm) for the 
three different heights. At all three different heights a stabie curtain is found for Rm 2: 3. 
This can be seen even more clearly from a plot of the concentration profiles for the three 
different heights. As it is shown in section 5.3.1 an unstable water curtain is indicated by 
a strong concentration gradient, whiie a stabie water curtain implies a flat concentration 
profile. Figures 5.15 and 5.16 exactly show this behaviour for all the three heights at 
Rm = 2 and 3. This means that the definition of Rm is able to predict the stability of the 
water curtain! 

0 
LL 

2 3 4 5 6 

Rm 
7 8 9 10 

• Hw= 0.5m 
· · · · 0.5m error 

· · · · 0.5m error 

À Hw= 0.4m 

Figure 5.13: Forced dilution factor F D as function of the momenturn ratio Rm for the height 
of the curtain Hw = 0.4 and 0.5m. 
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Figure 5.14: Forced dilution factor F D as function of the momenturn ratio Rm for the height 
of the curtain Hw = 0.3 and 0.5m. 
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Figure 5.15: Concentration profiles for a momenturn ratio Rm = 2 for three different heights 
of the water curtain. At all three heights a strong concentration gradient is observed, indicating 
the instability of the water curtain. 
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Figure 5.16: Concentration profiles for a momenturn ratio Rm = 3 for three different heights 
of the water curtain. At all three heights a fiat concentration profile is observed, indicating the 
stability of the water curtain. 

Figures 5.13 and 5.14, however, also show that the performance or efficiency of the water 
curtain is strongly affected by the height of the water curtain. The water curtains efficiency 
reduces at constant momenturn ratio Rm when the height of the curtain is changed from 
0.5m to 0.4m and 0.3m. This means that for the same stability of the water curtain ( equal 
flow regimes) a different efficiency is retrieved. This clearly implies that the stability and 
efficiency of the water curtain are two different things. The explanation for this can be 
sought in the amount of air entrained in the water curtain. The lower momenturn flux of 
the water curtain results in a reduction of the air entrainment as predicted in chapter 2 
(formula 2.10) . This means that for the same mass flow rate of C02 , less air is mixed in 
the cloud. This reasoning therefore implies that besides the number Rm a second number 
is important . Namely the ratio of the volume flow of entrained air Qent on the volume flow 
of gas QP: 

R 
_ Qent vf __ _ 

Qp 
(5.11) 

This statement can be proved by evaluating the performance of the water curtain at con
stant volume flow rate ratio Rv1. Note, however, that keeping the volume flow ratio Rvf 

constant is not that obvious. The amount of air entrained in the water curtain is both a 
function of the momenturn fluxJas the diameter of the spray D. Keeping J constant will 
therefore still reduce the air entrainment in the water spray when the height of the water 
curtain is reduced. In a first approximation this effect will however be neglected. The de
sired plotcanthen be obtained by using the definition of rm. Now the momenturn flux of 
the water curtain (water mass flow ra te) is constant for constant r m and different heights 
of the water curtain. The results are shown in figure 5.17. The figure shows that the 
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reduction of the water curtain has no more effect on its efficiency. The differences between 
the points at different heights lie in the order of the reproducibility of the measurement. 
For low momenturn ratios (rm < 6) the curtain is more stabie for a lower height (Hw = 
0.3m) . This is a direct consequence of the lower momenturn flux exerted by the wind lwind 

as discussed in the previous figures 5.13 and 5.14. This explains the value of FD for rm = 
4 for the height of the water curtain Hw = 0.3m. 

Figure 5.17 proves the correctness of the newly defin ed parameter RvJ. By reducing the 
height of the water curtain, the amount of entrained air and thus the volume flow rate R vf 

is reduced. Th is is however compensated by the increase in momenturn ratio Rm. 
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Figure 5.17: Forced dilution factor F Das function of the momenturn ratio rm for the height of 
the curtain Hw = 0.3, 0.4 and 0.5m. 
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Different concentration and velocity profiles 

As discussed in the beginning of this section, the two gas clouds created with and with
out the plate allow to evaluate the error made by simplifying the exact wind momenturn 
(equation 5.6) to PairU~Hw. 

Using the definition of Rm no difference is expected between the two cases as the wind 
momenturn flux over the entire height of the water curtain is left unchanged ( lwind = 

PairU~Hw with Uw the velocity measured at the height of the water curtain, which is 
0.6m/ s in both cases). However figure 5.18 indicates a little higher efficiency of the water 
curtain in case of the cloud created without a plate. This difference is a consequence of 
the different velocity profiles inside the cloud. Although the mean wind velocity over the 
entire height of the water curtain is the same for both cases, they are different close to the 
wall (see figure 5.9). As explained in chapter 2 (equation 2.21) or seen from the numerical 
simulations (figure 4.15) it is exactly close to the wall that the exact momenturn flux of 
the wind (equation 5.6) should be calculated: Hout= 0.1m. The exact momenturn flux of 
the wind for the case without the plate is therefore smaller than the one with the plate, 
explaining why a small increase in efficiency is observed (Jwind(noplate ) = 0.0080Njm < 
lwind(plate ) = 0.0112N/m for Hout= 0.1m) . 

Closing conclusions based on this single measurement can of course not be presented. 
However a strong recommendation goes out to a more in dept study in the error made 
by approximating uniform velocity profiles (see section 2.2.4), which allowed to define the 
momenturn ratio as Rm-
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Figure 5.18: Forced dilution factor as function ofthe momenturn ratio Rm obtained by changing 
the operative pressure of the water curtain for the height of the cloud He = 0.10 and 0.22m. 
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5.4 Conclusions 

Dedicated measurements inside the free dispersing gas cloud indicated a mixing process 
dominated by laminar ditfusion (see section 5.2.1). The injection of the tracer gas is per
formed at very low velocities, explaining why almost no mixing is induced at the source. 
The result is the creation of a mixing layer inside the wind tunnel, whereby the injected 
gas forms a very dense cloud near the ground. The cloud is characterised by very low 
velocities, which are a direct consequence of the low injection velocities. The velocity pro
file is therefore far from uniform. To improve the mixing process it has been chosen to 
introduce a physical barrier inthefree dispersion domain of the gas cloud. This allowed to 
modify both the concentration and velocity profile inside the gas cloud (see section 5.2.4). 
The correctness of both the concentration and velocity measurements have been verified. 
It was possible to retrieve the injected mass flow rate of pollutant from the measured con
centration an velocity profiles (see equation 5.2.2). 

The forced dispersion of the gas cloud with a water curtain has been evaluated in two 
ways. First an evaluation of the effect of the momenturn flux of the water curtain at con
stant momenturn flux of the wind is presented (see 5.3.1). This allowed to verify the 
possibility to relate both the stability and performance of the water curtain to the single 
parameter of the momenturn ratio Rm. Basedon the measured vertical concentration pro
files, it is in addition possible to identify exactly the same flow regimes as were presented 
in chapter 4. An unstable water curtain is indicated by a strong gradient in the concen
tration profile measured behind the water curtain. In case of stabie water curtain a fiat 
concentration profile is observed (see figure 5.10). 

The evaluation of the momenturn flux of the wind showed more interesting results (see 
5.3.2) . When the height of the water curtain Hw is modified it is found that it is NOT 
possible to relate both the stability and the performance of the water curtain to just the 
momenturn ratio Rm. The conducted measurements revealed that the stability of the water 
curtain is still predicted correctly by the momenturn ratio parameter Rm (see section 5.3.2). 
However the efficiency of the water curtain is found to be infiuenced by the volume flow 
rate parameter Rvf· It is defined as the ratio of the volume flow of entrained air Q ent over 
the volume flow rate of pollutant QP. The volume flow rate parameter Rvf has to remain 
constant to obtain the same efficiency of the water curtain. As a main condusion of the 
experimental research it can therefore be stated that the performance of the water curtain 
is dependent on at least two parameters: 

1. The momenturn ratio Rm 

2. The volume flow ratio Rv1 

As a final remark a small test has been performed whereby two different gas cloucis 
were lead to approach the same water curtain (5.3.2). Both gas cloucis had exactly the 
same mean velocity Uw as mass flow rate of pollutant rhp. However a small difference in 
efficiency of the water curtain was found. This gives an indication of the error made by 
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defining the momenturn ratio as Rm. In the exact definition of the momenturn ratio both 
the profile of the outgoing flux of the water curtain as the one of the wind have to be 
known (see chapter 2). Therefore a recommendation goesouttoa more in depth study on 
the error made by this approximation. 



Chapter 6 

Conclusions and recommendations 

A detailed study on the use of a low speed wind tunnel to investigate the performance of 
water curtains in a safe and controlled environment has been carried out. 

A theoretica! and experimental analysis have proved the hot-wire measuring technique 
to be an adequate tool to measure C02 concentrations (see section 3.2). It is found to 
be less adequate for measurements with forane as a tracer gas, due to the low sensitivity 
below 30% of gas. The choice for the C02 gas allowed to reduce the environmental effects 
of the conducted experiments by a factor of 1300 (see section 3.2.4). 

The simulation of the accidental gas release is a crucial factor in the experimental 
research . The shape of bath the velocity and concentration profiles is fully determined 
by the gas cloud injection methad (see section 5.2). The gas cloud injection methad can 
therefore directly effect the performance of the water curtain. 

The numerical simulations of a water curtain placed in a channel allowed to obtain 
insight into the flow field in the wind tunnel ( see chapter 4). Hereby the water curtain 
has been modelled as a momenturn source. This representation of the water curtain gives 
camparabie results to a more detailed representation of the spray by means of a discrete 
phase. 

The effects of the confining walls are clearly indicated in the simulations. Besides a 
typical recirculation zone in front of the water curtain, a second recirculation zone is present 
(see section 4.3). It is situated at the upper wall of the wind tunnel downstream of the 
water curtain. Bath recirculation zones create a separation point at the wall, leading to 
problems in the numerical convergence. The flow field inside the wind tunnel thus strongly 
deviates from the situation in the field tests. Not only due to the confining walls but 
also due the low Reynolds number, as indicated by the observed laminar diffusion process 
inside the gas cloud (see section 5.2). The field tests are typically characterised by a high 
Reynolds numbers leading to a turbulent mixing of the gas cloud. A direct translation 
from wind tunnel results to the field tests is therefore not advised. 

The definition of the momenturn ratio Rm is proved to be a good parameter to predict 
the stability of the water curtain for a constant wind momenturn flux (see section 5.3.1). 
However, when the wind momenturn flux is changed by al tering the wind velocity profile 
as function of the height, a severe impact is observed on the water curtain performance 
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and how it should be evaluated (see section 4.3.3 and 5.3.2). 
Changing the height of the water curtain indicated the need for a second evaluation 

parameter (see section 5.3.2) . The momenturn ratio parameter Rm was unable to fully 
explain the observed effects. A second parameter is therefore required. The volume flow 
ratio Rvf, defined as the ratio of the volume flow of the entrained air Qent to the volume 
flow rate of pollutant QP , is found to be adequate. The performance of the water curtain 
should therefore be evaluated on both Rm as Rv1! 

In view of the results obtained in this project, two important recommendations go out 
to further research. The first one is a study on the effect of both the velocity and concen
tration profiles in front of the water curtain. This will allow to estimate the error made 
by simplifying the exact momenturn ratio equation to the definition of Rm. Understanding 
the effect of different velocity and concentration profiles will allow to predict the effect of 
different kinds of gas releases. 

Secondly an urgent study is required on the two-dimensionality of the water curtain! 
In the present research gas is unable to pass the water curtain along the side as the water 
curtain is formed through the entire width of the wind tunnel. This is totally different from 
the situation in the field tests where due to the three-dimensionality, gas is able to pass 
along the side of the water curtain. The question arises if the newly introduced parameter 
of the volume flow ratio Rvf is also important in the fully three-dimensional situation. 

As a general condusion it can be stated that the wind tunnel and measurement tech
niques form a very safe, controllable, low cost and especially low risk method to study 
water curtains. The use of the wind tunnel therefore forms a crucial part to promate sus
tainable development in the research of the industrial use of water spray curtains. However 
more attention should go to the representability of the observed effects with the field test 
(real-life) . Especially the properties of the gas cloud and the two-dimensionality of the 
wind tunnel should be analysed more carefully. 
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Appendix A 

Measurement techniques 

A.l N ozzle specifications 

Tangential-flow full cone nozzles are free of swirl inserts. Hence, they are not at all prone 
to clogging. The full cone spray is obtained with the aid of specially arranged grooves, 
milled into the nozzle bottom, which cause an adequate part of the rotating liquid flow to 
diverge to the center of the swirl chamber. Thereby an extremely uniform area distri bution 
of the sprayed liquid is achieved. The nozzle used in this project is the Lechler 422.406 
pictured in figures A.l and A.2. For specifications see table A.l 

Figure A.l: Tangential-fl.ow full cone swirl type nozzle 
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Figure A.2: Dimensions (mm) of the tangential-fiow full cone swirl type nozzle 

Table A .l: Specifications of the Leehier 422.406 tangential-fiow full cone nozzle 

Diameter D 0 Flow nunber FN 

{mmj {kgs-1 Pa-112 j 
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A.2 Fan anemometer 

The fan anemometer (AV6 of MTE instruments) is pictured in figure A.3. It has a diameter 
of O.lm. The measuring range lies between 0.25 - 30m/s. Measurements however show 
that veloeities down to 0.15m/s can be measured accurately. 

Figure A.3: Fan anemometer with a diameter of O.lm 

A.3 Perforated plate specifications 

As explained in chapter 3, the tracer gas is injected through a perforated plate. The 
geometry of the holes is sketched in the figure below. 

Figure A.4: Perforated plate specifications 
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Appendix B 

Hot-wire anemometry 

B .1 Hot-wire specifications 

Table B.l: Specifications hot-wire probe 

Wire material 
Overheat ratio 
Length of the wire 
Diameter of the wire 
Thermal conductivity of the wire 

Diameter jet tube 
Diameter sonic hole (nozzle) 

Rw/Ra 
lw [10-3 m] 
dw [10-6m] 
kw [wm-1K-1] 

dj [10-3m] 
dn [10-3m] 

B.2 Heat transfer: Finite length hot wire 

Tungsten 
1.6 
1.25 

9 
190 

2 
0.2 

The heat balance equation of a finite length hot-wire can be found by assuming a finite 
part of length dx of the wire as sketched in figure B.l The heat produced by the current I 
is balanced by forced convection, conduction to the supporting prongs and radiation. The 
individual terms can be written as: 

dQ = dQfc + dQcp + dQr 

dQ = 12X.w dx 
Aw 

dQ fc = 7rdwh(Tw - Ta)dx 
· _ d2 Tw 

dQcp- -kwAw dx2 dx 

dQr = 7rdwtJE(T~- T,;)dx 

(B .l) 

(B.2) 

(B.3) 

(B.4) 

(B.5) 
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Area A; 

Heat conduction in 
êJTw 

-kwAw-ax 

, 

Hot-wire anemometry 

Heat generaled 
2 

I Xw dx r=-;:;: 
Heat conduction out 

=-kwAw {aTw + ~Tw dx} ax ax2 

Heàt accumulated 
'dTw = PwCwAw- dx 

êJt 

Heat to cross-flow 
= 1rdh( Tw- T8 ) dx 

Figure B.l: Hot wire geometry and heat balance for an incremental element 

where k, T , h, d, I, a andErepresent respectively the heat conduction, the temperature, the 
heat transfer coefficient, the diameter, the current, the Stephane Boltzmann constant and 
the emissivity. The subscriptswand a stand for the wire and ambient air(= surroundings) . 
x represents the electrical resistivity defined as: 

(B.6) 

where aa represents the temperature coefficient at ambient air temperature. The amount 
of heat lost by radiation is neglegible (see subsection 3.2.2), leading to the following heat 
balance equation: 

(B.7) 

Assuming constant ambient air temperature Ta this equation can be rewritten as follows: 

(B.8) 

(B.9) 

(B.lü) 

The constant K 1 is negative (as is for most hot-wire applications). Using the following 
boundary conditions: 

(Tw- Ta)(x = llw/21) = 0 
d(Tw-Ta) I __ d(Tw-Ta) I 

dx x=lw/2 - dx x =-lw/2 

(B.ll) 

(B.12) 

(B.13) 
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the salution to the differential equation B.8 is: 

(B.l4) 

from which the mean wire temperature Tw,m is found by an integration over the wire length 
lw (from -lw/2 to lw/2). 

(B.15) 

The remaining factors K 1 and K 2 can be found by looking at the limit for an infinite 
wire where the heat conduction to the supporting prongs is absent. In this limit the 
following equations hold (see also equation 3.3): 

(B.16) 

(B.l7) 

where R = xlw/ Aw represents the resistance of the wire. Taking the limit for l going to 
infinity of equation B.15 combined with the equations B.lü and B.16 give two equations 
for K 1 and K2. 

..& - 'T' 'T' IKll - .lw,oo- .la 
1 _ [ _ !f:.( kwRw )1/2 

IK1I1/2 - c - 2 kaRaNu 

(B.18) 

(B.19) 

Here lc stands for the cold length defined as the part of the hot-wire that participates in 
the heat conduction to the supporting prongs. By using these expressions equation B.15 
can be rewritten as: 

Tw,m- Ta = l _ tanh(lw/2lc) 
Tw,oo - Ta lw/2lc 

(B.20) 

The initial equations for the heat loss due to forced convection and conduction to the 
prongs (B.l) can now be solved by using: 

l~lx=lw/2 = IK~b2 tanh(IK11 1/2lw/2) 

Qcp = 2kwAwldJ:Ix=lw/2 
' lw/2 

Qfc = J_lw/2 1rdh(Tw- Ta)dl 

(B.21) 

(B.22) 

(B.23) 

This leads to the two following expressions from which the total heat transfer from the 
wire can be calculated accounting for the effect of a finite wire length: 

Qcp = 2kwAw Tw,'7"-Ta tanh(lw/2lc) 

Qfc = 7rNukalw(Tw,oo- Ta)(l- 7:: tanh(~)) 
(B.24) 

(B.25) 
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B.3 Mass flow through a nozzle 

As only an approximation of the mass flow through the nozzle is required it is assumed 
that the flow through the nozzle is stationary and isentropic. The gas is assumed to be a 
perfect gas. In these conditions the equation of Bernouilli past a streamline can be written 
in function of the enthalpie i: 

1 2 . . 
-U + z =zo 
2 

(B.26) 

where U is the velocity of the gas. This equation holds in the entire flow field if in addition 
the flow is assumed to be irrotational. It can be used to derive a relation between the 
velocity U of the flow and the pressure by using the following isentropic gas relations and 
ideal gas law: 

i= CpT 
1:=..! 

T = To( .E._) -r 
PO 

C = _J_R 
p -y- 1 

Po= PoRTo 

(B.27) 

(B.28) 

(B.29) 

(B.30) 

where CP, R, T, p and 1 are respectively the heat capacity at constant pressure, the ideal 
gas constant, the temperature, the pressure and the ratio of specific heats. The subscript 
0 indicates variables descrihing the total flow. From these equations and equation B.26 it 
is found that: 

U2 =~Po (1 - ( .!!_ ):r.:f) 
~-1po Po 

(B.31) 

which is known as the equation of De Saint Venant and Wantzel. 
If now the critica! condition of mach one is approached, the following equation holds 

between the critica! pressure at mach 1 (p*) and the total pressure (p0 ) (isentropic gas 
relations at mach 1): 

p* 2 _:]_ - = (-) -r-1 
Po 1 + 1 

(B.32) 

Substituting this relation in equation B.31 gives the expression for the maximum mass flow 
through the nozzle: 

2 -l.±L 
p*U*An = (--) 2c-r-llpoeoAn 

r+1 
(B.33) 

where An is the nozzle area. As the mass flow rate trough the nozzle is constant due to 
the chocked condition the mass flow per unit area at the wire can be written as: 

(B.34) 

B.4 Calculated data for the theoretica! calibration curves 
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Table B.2: Properties of an air-forane gas mixture 

C(forane) kg 1-L pV Nu Pjc Pep V 

{Wm-1 K-1; [J.L Pa s) [kgs- 1m-2) [-) [lo-3 Wj [lo-3 Wj [V) 

0 0,0318 21,9 2,36 0,88 4,19 3,56 0,08807 
10 0,0315 21,5 2,42 0,89 4,16 3,55 0,08783 
20 0,0310 21,1 2,50 0,89 4,13 3,54 0,08755 
30 0,0305 20,6 2,58 0,90 4,08 3,52 0,08720 
40 0,0298 20 ,1 2,68 0,91 4,02 3,50 0,08676 
50 0,0290 19,5 2,79 0,93 3,95 3,48 0,08618 
60 0,0279 18,9 2,92 0,95 3,85 3,44 0,08540 
70 0,0265 18,1 3,08 0,98 3,72 3,39 0,08428 
80 0,0246 17,2 3,27 1,01 3,52 3,31 0,08262 
90 0,0220 16,2 3,52 1,07 3,21 3,18 0,07993 
100 0,0180 15,1 3,84 1,17 2,69 2,95 0,07515 

Table B.3: Properties of an air-helium gas mixture 

C(Helium) kg 1-L pV Nu Pjc Pep V 

(Wm-1 K-1; [J.L Pa s) [kgs-1m-2J [-) (Jo-3 Wj [lo-3 Wj [V) 

0 0,0318 21,92 2,36 0,88 4,19 3,56 0,08807 
10 0,0768 23,29 1,89 0,71 10,77 5,26 0,12663 
20 0,1053 23,88 1,63 0,67 15,23 6,06 0,14590 
30 0,1250 24,08 1,45 0,66 18,53 6,57 0,15844 
40 0,1393 24,06 1,32 0,65 21,13 6,94 0,16754 
50 0,1502 23 ,94 1,22 0,66 23,26 7,22 0,17457 
60 0,1587 23,76 1,14 0,66 25,05 7,44 0,18025 
70 0,1655 23,56 1,08 0,66 26,59 7,63 0,18498 
80 0,1711 23,34 1,02 0,67 27,94 7,79 0,18901 
90 0,1758 23,12 0,97 0,67 29,13 7,93 0,19250 
100 0,1798 22,90 0,93 0,68 30,21 8,05 0,19559 
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Appendix C 

Fluent: figures and data 

C.l Spray modelled as a momenturn souree 

1.47e+OO 

1.39e+OO 
1.32e+OO 
1.25e+OO 
1.17e+OO 

1.1 0e+OO 
1.03e+OO 

9.53e·01 
8.80e-01 
8.06e-01 

7.33e-01 
6.60e-01 
5.86e-01 
5.13e-01 
4.40e-01 

3.67e·01 
2.93e-01 
2.20e-01 

1.47e·01 
7.33e-02 

O.OOe+OO 

Figure C.l: Stream line contour plot (kg/s) of the flow field inside the wind tunnel for a water 
curtain modelled as a constant momenturn souree S = -128Njm3 according to method2(see 
chapter 4) 
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C.2 Spray modelled as a discrete phase 

Table C.l: Injection angles and veloeities for the discrete phase of section 4.3.2 

{3i U x U y mz,i 

{rad} [m/s} [m/s} {kgjs} 

0,161 ± 2,13 -13 ,16 0,0053 
0,373 ± 4,86 -12 ,41 0,0053 
0,472 ± 6,06 -11 ,87 0,0053 
0,545 ± 6,90 -11 ,40 0,0053 
0,602 ± 7,55 -10 ,98 0,0053 
0,650 ± 8,07 -10 ,61 0,0053 
0,691 ± 8,49 -10,27 0,0053 
0,726 ± 8,85 -9,96 0,0053 
0,758 ± 9,16 -9,68 0,0053 
0,785 ± 9,42 -9,42 0,0053 
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Mass conservation equation 

The general mass conservation equation for a component 'Ij; of a multicomponent mixture 
in a control volume V can be written as: 

dM,p = { ap,p dV + { p.,.u.,. ·dA 
dt lv at JA '~' '~'•' 

(D.l) 

The term on the left hand side represents the amount of mass created or dissolved inside 
the control volume V by chemical reactions. It can assumed to be zero as no chemical 
reactions are present. Further assuming a stationary diffusion, equation D.l states that 
the mass flux of component 'Ij; inside the volume V is constant: 

a(p,pu,p,i ) = 
0 

axi 
(D.2) 

where p,p and u,p ,i represent respectively the density and velocity of component 'Ij; . The 
mass flux of component 'Ij; can be found from the diffusional flux ),p,i: 

(D.3) 

The diffusional flux ),p,i can assumed to be proportional to the concentration gradient as 
stated by Fick's law. Fora two component mixture this law gives: 

. DaC,p 
J,P ,i = -p -a 

X i 
(D.4) 

where p, C,p and D represent respectively the density of the mixture, the mass fraction of 
component 'Ij; and the diffusion coefficient between the two components. In case of a two 
component mixture and laminar diffusion (D = constant), equation D.2 can be rewritten 
as: 

(D.5) 

which is the well known stationary laminar diffusion equation fora two component mixture. 
In case of the wind tunnel experiments, a mixing layer is formed between air and C02 (D = 
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1.62*10-5 m2 /s). The velocity inside the C02 layer was found to be very low. This means 
that in a first approximation the diffusion process can be compared with the diffusion into 
a flow over a wallat constant concentration C0 . By defining the parameter Ç as : 

Co-C 
Ç=-

Co 

and neglecting horizontal diffusion, equation D.5 states the following equation: 

The boundary conditions are given by: 

Ç = o for y --t 0 

Ç = 1 for y --t oo 

(D.6) 

(D.7) 

(D.8) 

(D.9) 

This equation is equivalent to the flow over a flat plate and was solved by Blassius [10] . 
Blassius found a velocity boundary layer thickness 5 = 4.9VVXfU. Camparing the equation 
for the velocity boundary layer (Blassius) with the concentration boundary layer ( equation 
D. 7) in a dimensionless analysis it can be derived that: 

5c ~ ( ll )a - S a 
-~- - c 
5 D 

(D.10) 

where a equals -1/2 if 5c > 5 and -1/3 if 5c < 5 . 5c and Sc represent respectively the 
concentrations boundary layer thikness and the Schmidt number. For Sc= 1 this means 
that the concentration boundary layer thickness 5c equals: 

Wx 
5c = 4.9y--;;;: (D.ll) 

This equation can be used in the considered situation as the Schmidt number is close to 
one (v = 1.5*10-5 m2 /s and D = 1.62*10-5 m2 /s). 


