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Abstract

Abstract

Small scale experiments and theoretical aspects of flame extin-
guishment with water mist

The present study focuses on extinction of flames with water mist where surface
cooling effects are neglected 1.e. water mist as a total flooding system where the
direct spray cannot reach and cool all burning items in the protected volume.

The study includes a survey of the production and properties of water mist such as
different types of nozzles and means to describe droplet size distribution. Properties
of jets and sprays are discussed as well as water droplet movement, fall and
evaporation.

Three different series of experiments were conducted with different hydraulic
atomising nozzles. In the first series, droplet size distribution and water spray dis-
tribution measurements for the nozzles were conducted. The measurements showed
that the droplet size distribution ranged from a Sauter Mean Diameter of approxi-
mately 35 - 85 pum, all dependent on the water pressure and the configuration of
nozzles. The measurements show that considerably larger droplets are formed when
individual nozzles are placed together. This can be explained by a coalescence effect
when droplets from the sprays of the nozzles collide.

The second series of experiments were done using a tubular propane gas burner
where water and propane were mixed prior to reaching the bumer outlet. Based on
the tests, the specific amount of extingnishing medium required (Required Extin-
guishing Medium Portion, REMP = m, / m , i.e. the ratio of the agent quantity to

fuel quantity consumed) is given as a quantitative measure of the efficiency of the
agent. The lower the REMP value, the more efficient the agent. The water pressure
ranged between 40 and 80 bar which provided for droplet sizes with a Sauter Mean
Diameter in the order of 35 pm. The results show that the amount of water needed
for extinguishment by weight is between 1,2 - 2,2 times the amount of propane
gas. The decrease in droplet sizes decreased the amount of water needed. Another
observation was that the heat release rate of the fire is not affected until extinction
occurs. A REMP-value of 1,2 - 2,2 corresponds to a water content of 100 - 200
g/m’ protected volume which is in agreement with theoretical values.

Finally, a series of tests were conducted in a 1/3 scale room using a propane gas
fire. Parameters such as location of the fire, the location of the nozzle, water flow
rate and the size of the room opening were varied. In these tests the water content
needed was in close agreement with the values obtained from the REMP experi-
ments and the theoretical values. These tests also highlighted the problem of deliv-
ering the droplets to the fire. To achieve "total flooding” in an actual situation,
nozzles covering the complete protected compartment, with additional nozzles under
obstructions would be needed. To make droplets follow the air flows inside a room
and behave more like a gaseous total flooding agent, requires droplets of a size in

the order of 1 - 20 pm.

Key words: Water, Water Mist, Extinction, Experiments
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Nomenclature

Nomenclature

A, Areaof droplet exposed to drag forces, m*
A Orifice area, m*

B Mass transport number

b, Normalised mass fraction

by Non-dimensional temperature

i

Molar heat capacity of liquid water, J/mole

@]

7%
£

Molar heat capacity of water vapour, J/mole

Molar heat capacity of combustion products, J/mole

s
=

o2 Molar heat capacity of nitrogen, J/mole

0O 0

o

Drag coefficient

Specific heat of gas, J/kg/K

fra

Specific heat of liquid water, J/kg/K

Coefficient of discharge of nozz]é

(=]

Constant

Constant

[

Diffusion ceefficient

-

U Y 0 0 0 a0 N

Droplet diameter, m

Initial droplet diameter, m

T U
g =

s Volume Mean Diameter, see also VMD
Orifice diameter, m or mm

F, Forces on the droplet, N

Acceleration due to gravity, m/s’

Gravitational force, N

Pressure at nozzle, meter water

The maximum height, m

£

G

H

h Heat transfer coefficient, J/K/m*/s

h

K, Thermal conductivity of gas phase at the wall, J/s/m/K
L

Latent heat of vapourisation of water, J/kg



Small scale experiments and theoretical aspects of flame extinguishment with water mist

1 Distance from nozzle, m

l,  Distance from nozzle where droplets starts to fall out, m
M, Mass of droplet, kg

m  Mass flow rate, kg/s

Nu  Nusselt number

P Pressure, Pa

Pr  Prandil number

Q  Heat, Jkg

Q  Volume flow rate, m*/s

R Radius of droplet, m

R, Reaction force of nozzle, N
r Radius of spray, m

Re Reynolds number
SMD Sauter Mean Diameter

Temperature

= A

Droplet temperature, K

Gas temperature, K

=

Temperature inside droplet, K

o B I
=

Adjusted reference temperature, K

=
£

Droplet wall temperature, K

—

Temperature far away from droplet, K

t Time

V  Volume flow rate, m*/s

v Velocity of spray, m/s

v Velocity of combustion products, m/s

Water droplets total velocity relatively the gas flow, m/s

v,  Water droplets horizontal velocity relatively the gas flow, m/s

v Mean velocity after the nozzle, m/s



Nomenclature

v, The velocity in the pipe (or hose) before the nozzle, m/s

v,  Water droplets veriical velocity relatively the gas flow, m/s

v,  Water droplets velocity in y direction in fixed coordinate system, m/s
v,  Water droplets velocity in x direction in fixed coordinate system, m/s
v,  Water droplets velocity in z direction in fixed coordinate system, m/s
VMD Volume Mean Diameter

W” Mass flow rate per surface area out of droplet, kg/s/m’

X, Mole fraction of water mist

X; Mole fraction of fuel

X, Mole fraction of combustion products

Xy, Mole fraction of nitrogen

X4 Mole fraction of dissociation

x,  number of droplets

Y  Mass fraction, kg/kg

Y, Mass fraction inside droplet

Y. Mass fraction far away from the droplet

Y,, Mass fraction at wall

o Angle between droplets trajectory and horizontal plane

o, Thermal diffusivity, m/s

B Angle between droplets trajectory and gas flow in the horizontal plane
AH_ Heat of combustion, J/mole

AH . Heat of dissociation, J/maole

p  Density of spray, kg/m’

p, Density of droplet, kg/m’

p, Density of gas (=air), kg/m’

p.  Density of saturated steamn, kg/m’

)L Dynamic viscosity
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v Viscosity, m¥s
©&  Cone angle

©,  Angle of broadening of a turbulent jet
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1

Introduction

Recent experimental and theoretical work on extinction of fires with fine water
sprays indicate that water mist may have a wider application as an extinguishing
agent than previously anticipated [1]. The phase out of Halon demands finding
alternative means of active fire protection. This report focuses on the application of
water mist as an active fire protection system in rooms i.e. total flooding system.

An immediate problem is the definition of mist. Lefebre [2] uses the nomenclature
given in figure 1 as a classification of different drop sizes and NFPA [3] proposes a
nomenclature according to figure 2.

Sea Fog BMist Ramn
Oil Fog
Smoke Clouds Drizzle
| e | | |
i 1 v rritl | AN P 3 B1at P ety
0.1 1.0 10 100 {000
Aerosols Nozzles  Sprinklers
Fine Sprays
Figure I  Examples of water divided in droplets of different diameters in um [1].

Cumulative volume distribution [%]

Figure 2
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! | I | | ] |
0 100 200 300 400 -500 600 700 800 900 1000

Droplet diameter [im]

The definition and the division into different classes of water mist
according to NFPA 750 [3].
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In NFPA 750 the must is divided into three classes; class 1, the cumulative distribu-
tion curve lies entirely to the left of a line connecting Dv,, = 100 um and Dv,, =

200 pm; class 2, a portion of the curnulative percent volume distribution curve lies
beyond the limits of a class 1 spray, but entirely to the left of a line connecting Dv,

= 200 pm and Dv,, = 400 pum; class 3, the Dv,, is greater than 400 pm or for
which any portion of the curve extends to the right of the class 2 cut-off line, but

the Dv,q, 18 less than 1000 pm.

The relationship between drop size distribution and extinguishing capacity of a
water mist is complex. In general, class 1 and class 2 sprays are more efficient to
extinguish flames (gas phase cooling) and class 3 sprays acts mainly by cooling the
fuel surface. However, the drop size distribution of a spray does not uniquely de-
fine its suitability for a given application. Another important parameter is the distri-
bution of the water mist, which is influenced by the momentum and the location of
the spray, room geometry, obstructions in the room, fire induced flows, gravity
differences, etc.

Recently, several experiments using fine spray systems against different fire
scenarios have been published and a review is given in [1].

1.1 Pool fires

Mawhinney [4] studied extinction of liquid pool fires using a twin-fluid nozzle. The
position of the nozzle relative to the flames was changed and the room had some
obstructions which reduced the capacity to extinguish the fire. Martilla [5] studied
extinction of a hidden liquid pool fire using a Marioff Hi-fog nozzle. Cousins {6] -
and Spring et al {7] studied extinction of pool fires in aeroplane cabins where only a
limited number of nozzles close to the fire were activated, I.eonard et al [8] showed
in experiments with fires in containers on ships that fine mist cannot always prevent
large scale fire spread.

1.2 (Gas turbines

Gameiro [1] has studied extinction of pool and spray fires in the enclosure of a gas
turbine with twin-fluid nozzles. Wighus et al [9] carried out tests in a full scale

70 m® model of a turbine hood using volume mean diameters between 166 and
219 um. Recently, Factory Mutual Research Corporation (FMRC) approved a
water mist system for gas turbine protection.

1.3 Enclosed spaces

Martilla [5] has studied fires in computer rooms and in enclosed spaces resembling
ticket booths, paint rooms and transformer rooms using the Marioff Hi-fog system
and Cousins studied {6] extinction of wood fires in a 1 m® box. Tuomisaari [10] has
carried out tests in a container using volume mean diameters between 100 - 200 and

200 - 400 pm.

10
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14 Electrical equipment

Martilla [5] has also studied the Hi-fog system against fires involving electrical
switchgear and Spring et al [7] have tested six twin-fluid nozzles variously posi-
tioned against fires in telecommunication switchgear cabinets and high-voltage
power transformers (with both AC and DC voltage). Simpson [11] has presented a
fully integrated water mist fire suppression system for telecommunications and
other electronics cabinets. Recently, Factory Mutual Research Corporation (FMRC)
approved a water mist system for the protection of some scenarios involving elec-
tronic equipment.

1.5 Cabins and engine rooms on board ships

In aresearch work at the Swedish National Testing and Research Institute [12]
different spray and pool fires were suppressed by different water mist systems in an
engine room type of scenario, In total more than 200 tests have been performed.
Arvidson [13] has studied full scale fire tests with different mist nozzles in a 12 m?
cabin. Their tests highlight the importance of the water distribution patterns, drop
sizes and nozzle locations.

Recently, the International Maritime Organisation (IMO) published guidelines and
test procedures for the installation of water mist systems 1n cabins/corridors and
public spaces as well as engine rooms on board ships [14, 15].

1.6 Conclusions

As pointed out by Jones and Nolan [1] few coherent experimental programmes
have been initiated for direct study of the extinguishing effectiveness of sprays of
various qualities for a given fire scenario. The complex relationship between extin-
guishing capacity and drop size distribution, spray location, spray momentum,
room geometry, obstructions in the room and fire induced flows makes it very
difficult to make general design rules for water mist systems.

The present study 1s focused on extinction of flames with water mist where surface
cooling effects are neglected e.g. water mist as a total flooding system where the
direct spray cannot reach and cool all burning items in the protected volume. Special
efforts have been made to give some answers to the following questions:

e What is the inerting concentration of water mist expressed as g/m’ protected
volume and how does it change with drop size distribution? What is the extin-
guishing concentration of water mist against diffusion flames expressed as g/m’
protected volume and how does it change with drop size distribution?

e How do obstructions placed in the path of a spray reduce the sprays capacity to
extinguish a fire? What influence has the drop size distribution and the spray
momentum?

e Is it possible for finer elements in the spray to become entrained in the circulation
patterns established by the fire gases? What influence has the drop size dis-
tribution and the spray momentum?

e Which major factors determine the transport of droplets to all parts of the room
where burning takes place?

11
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2 Water mist - production and properties

In the 1930°s it was found that greater efficiencies in water application could be
achieved if the hose streams that fire fighters used were changed to nozzles which
broke the stream up into a wide spray or sprinkler-type pattern. This is attributed to
the better heat absorption characteristics if the water is divided into droplets with a
larger total area, exposed to the heat from a fire. However, a solid stream (or jet)
would provide better range and penetration characteristics [16].

2.1 Different types of nozzles

There are many different ways to atomise water into small droplets, the ones
common for fire suppression [17] are:

* Hydraulic atomising nozzies
¢ Pneumatic atomising nozzles
¢ Impingement atfomising nozzles

The different approaches have of course advantages and disadvantages.

Hydraulic atomising nozzles generally require high pressures and small orifice
sizes to be able to produce small water droplets. This is associated with specialised
pumping equipment and distribution piping. The small orifice sizes make these
nozzles very sensitive to clogging. In a swirl type nozzle, water under pressure is
forced through an opening normally tangent to a whirl chamber. In the whirl
chamber a decreasing diameter results in an increasing velocity. The water exits the
nozzle with a horizontal velocity due to the rotational energy and vertical velocity
due to the mass flow of the liquid stream [16]. Swirl nozzles normally give a
hollow cone spray pattern. It is common to "fill” this hollow cone by placing an
extra opening in the centre of the swirl plate [18].

Pneumatic atomising (or air-atomising) nozzles generally produce the smaliest
droplets. Air or other gases (N is commonly used) are used to atomise the water.
The orifice sizes are not as small as hydraulic atomising nozzles and work with low
to moderate water and air pressures. However, the piping installation requires both
water and air supply to each nozzle and if large areas are intended to be covered, the
total air demand can be very high. Another name for these types of nozzles are dual
fluid or twin fluid nozzles. Reduced water flow rate, increased air flow and air
pressure contributes to smaller droplet sizes with this type of nozzle [19].

Impingement atomising nozzles use a deflector, either a single probe, plate or a
specially shaped spiral, in front of the orifice. The water strikes the deflector and
breaks up into a spray. This type of nozzle generally produces coarser sprays than
the two other types described above. The type of nozzle is however very robust and
the orifice size is not generally as small compared to hydraulic atomising nozzles.

2.2 Droplet sizes and their description

There are many terms currently used in the description of droplet sizes in water
sprays. Care must therefore be exercised when comparing data on droplet sizes for
a given spray, as the numerical value will differ all dependent on which convention
has been chosen. Some common expressions {1, 19] used to describe an average
droplet diameter are:

13
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Arithmetic Mean. The arithmetic mean is a simple weighted average based on the
diameters of all the individual droplets in the spray sample. The arithmetic mean can
be expressed as:

zxi-Di

Arithmetic mean = Z
X,

(1
Where x; is the number of droplets having the diameter D,

Surface Mean. The surface mean is the diameter of a droplet whose surface area,
if multiplied by the total number of droplets, will equal the total surface of all the
droplets in the spray sample. The surface mean can be expressed as:

D2 172
250 ] @

Surface mean = {
S

Volume Mean. The volume mean is the diameter of a droplet whose volume, if
multiplied by the number of droplets, will equal the total volume of the sample. The
volume mean is often quoted VMD or Dy, ; and can be expressed as:

3 1/3
VMD = (Z_{mﬁ_] 3)
in

Sauter Mean Diameter. The Sauter mean, also more correctly called "volume-
surface mean” is the diameter of a droplet whose ratio of volume to surface area is
equal to that of the entire spray sample. The Sauter mean is often quoted D,, or
SMD and can be expressed as:

N x,-D,-D;
25D, @)

A complete plot of the droplet sizes is a better expression than the single values
described above. 1t is possible for two sprays having, for example, the same
volume mean diameter, to have widely differing ranges of droplet sizes.

SMD =

The Rosin-Rammler empirical distribution [20] function is often used to describe
the droplet size distribution. The function is given by the following equation:
1,386-D DDt
PV(D) o Ll 8—0.693 D iDy
Dy, (5)

D
1- P, (DYdD =1- 6—0.593‘1)1 1D}
(6)

Where P,(D) is the probability frequency function for a droplet with the
diameter D.

The figures below show both the measured and the predicted droplet size distri-

bution and the cumulative distribution for the nozzle used in the test series described
in Chapter 4.2.

14
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Figure 3 The droplet size distribution for the Lechler 212.085 nozzle at 80 bar
and the predicted distribution using the Rosin-Rammler function (dotted

line).
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Figure 4 The cumulative droplet size distribution the Lechler 212.085 nozzle at
80 bar and the predicted distribution using the Rosin-Rammler function
(dotted line).
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For a given type of nozzle, the mean droplet size depends on the nozzle orifice
diameter, the pressure and the spray pattern. Research by Factory Mutual [21, 18]
indicates that the VMD is inversely proportional to the 1/3 power of pressure and
directly proportional to the 2/3 power of the orifice diameter:

2/3
d(l

VMD o =2 {7
P (1)

143

Where

d, = orifice diameter
P = water pressure

However, the droplet size is also dependent on the spray pattern. An increase of the
spray angle will contribute to smaller droplets, a decrease to larger {19, 18]. The
explanation is due to coalescence of droplets as coarse droplets catch up and
impinge upon small droplets as the density of the spray increases. The coalescence
of droplets is also the reason {17] why the droplet size distribution measured very
close to a nozzle is much finer than when measured at a longer distance from the
nozzle. Interaction of a spray from one nozzle with the spray from another nozzle
also results in agglomeration of droplets, when nozzles are installed in a system.

2.3 Properties of jets

The mean velocity, v,, at a nozzle can be approximated [18] using the formula:
v, =+’ (8)

Where
v_ = the mean velocity after the nozzle, m/s
AP = pressure drop across the nozzle, Pa

p = the density of the liquid, kg/m’
v, = the velocity in the pipe (or hose) before the nozzle, m/s

Usually v’ << v2 and the formula can be approximated with:
V=L )

The volume flow rate from a hydraulic nozzle can be determined using the follow-
ing formula:

V=C_ -A,- 24P (10)

p

16
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Where

V = the volume flow rate, m*/s
C, = coefficient of discharge of nozzle
A, = orifice area, m*

The mass flow, i, can be calculated using the formula m = p-Q and the maxi-
mum reaction force, R, with the formula:

R,=m-v, =p Vv =C, A, :2AP (11)
Where

R = the reaction force, N

1 = the mass flow rate, kg/s

g = acceleration due to gravity, ny/s’

The theoretical [18] maximum height a vertical jet can reach is given by the
expression:

= o)

hﬂi—x..é.rj_ (12)
p-g

g
Where

h = maximum height, m

The maximum height in practice is however lower and can be approximated using
the equation:

2 H?
h=Z(H-0,113-— 13
3( 3 ) (13)

0

Where

H = nozzle pressure given as meter water
d, = orifice diameter, mm

The height is very dependent on whether the flow stays as a jet or breaks up in a
spray.

24 Properties of sprays

The reaction forces of a spray are much less than the reaction forces of a corre-
sponding jet of the same flow rate at the same pressure. This is due to the fact that
in a spray parts of the liquid receives a velacity perpendicular to the spray direction.
Thus the forward momenturn is much less and the spray drops are quickly retarded
due to drag forces so that they can be considered as droplets carried by a moving air
stream. The expected airflow pattern around a spray is shown in figure 5, and in
figure 6 an example of a spray pattern is shown [22]. Please note the early break up
point.

17
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L LL L L LCLL L

z

Figure 5  The expected air flow pattern around a water spray.
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Figure 6  Example of a water spray pattern.
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2.4.1 Drag forces

When a droplet travels through a flow of gas, the velocity will change due to
gravitational and drag forces on the droplet. Assuming that the gravitational forces
are directed in the negative z-direction and that the gas flows in the x-direction, the
changes of velocities in the x, y and z directions are described by [23]:

dv, =F, cosa

at M, y
dv, _ (Py—p,) F, sina (14)
dt Py M,

where V, is the horizontal velocity relative to the gas velocity V, and V| is the verti-
cal velocity relative to V, F, is the force on the droplet, o is the angle between the
droplets trajectory and the horizontal plane, M, is the mass of the droplet, p, is the

density of the droplet, p, is the density of the gas and g is the acceleration due to
gravity. The force on the droplet is given by:

Fy==p,vi, CA, - (15)

(Y o

where V,, is the velocity of the droplet relative the gas and C, is the drag coeffi-

cient. By introducing the angle  which 1s the angle between the droplet trajectory
and the gas flow and using the definitions:

v
cosoL = %
dlot
. v
Sin O = %
dtot

and assuming that the droplet is spherical the equations can be rearranged into

(16)

dVK - 3[':)g(:dvdmtvh

= cosP
dt dnp,D
3p.C
dv, o sinB (17)
dt 4np,D
dv" == ..Sd.,..l:"’_.
dt dt

where D is the diameter of the droplet and the total relative velocity is given by

Vi =.J(vx =V )P VIV (18)
The drag coefficient C, is given by

24 0.3695

C, = =—+0(1935.R 19
e e (19}

19
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where Re is the Reynolds number, that is the ratio between the inertia forces and the
viscous forces, given by definition:

Re=D-v,, /v (20)

which is calculated using an appropriate mixture viscosity v calculated at an ad-
justed reference temperature T, for taking the effects of the two phase mixture into
account '

T, =T,+(T,~T,)/3 @2n

2.4.2 Throw of sprays

At a certain distance from the nozzle the velocity of the droplets and the entrained air
is so low that the droplets start to fall out. That distance can either be calculated
using the above equations or by using a somewhat simpler approach looking at the
conservation of momentum of the spray. Assume that the spray is circular with a
radius r and velocity v, the mass flow through the nozzle is m and the velocity in
the nozzle is v. Then by conservation of momenturmn [18):

nrl-poval=mv (22)

but v is proportional to the square root of the pressure P and thus

vame-Pﬁﬁ /T (23)

However r is a function of the cone angle © and the distance | from the nozzle

r=1-tan((®/2+©,;/2)/2) (24)

where @), is the angle of broadening of a turbulent jet (approximatety 11°) with ©
greater than 45°, Thus the radius can be approximated as

r=} -tan(@ /4) (25)

combining the equation for the velocity and for the radius gives us an expression
for the distance there droplets fall out 1,

'Jﬁ]- P 26)

1, ot — oo
tan(©/4)
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2.4.3 Droplets falling in air

Water droplets fall in air due to the gravitational force G
G=m-g=g-p-n-D/6 27

where m is the mass of the droplet, p is the density of the droplet and D the
diameter. When falling they are slowed down by the frictional forces given by
equation (15). Therefore the droplet reaches a certain falling velocity when the
gravitational force equals the frictional force. This falling velocity v, at room
temperature, can be approximated as [20]:

v=31.D? 0<D<Olmm
v=4-D 0.1 <D< Imm (28)
v=4.6-JD 1<D <4mm

where D 15 in mm and v in m/s.

2.4.4 Evaporation

Water droplets moving through a hot gas will evaporate. The evaporation depends
on the temperature, humidity and transport properties of the gas. Also the diameter,
temperature and transport properties of the droplet has great influence on the evapo-
ration process. In the model for evaporation of droplets described below no radia-
tion is taken into account [24]. First of all we conclude that the heat Q required to
transfer a unit mass into the free stream can be expressed as:

Q=L+ (T, - Ty) (29)

Here L is the Latent heat of vaporisation, C, is the specific heat of water, T, is the
droplet wall temperature and T, is the temperature inside the droplet. Looking at the
energy balance over the droplet-gas interface gives the following equation:

W, Q= Kga . (30)

where W/ is the mass flow rate per surface area out of the droplet, K, is the ther-
mal conductivity of the gas phase at the wall, using the definition of thermal

diffusivity o=K /p /C, we get.

s d CgT
W= pgag -d-;-(-—é-'-—) (31)

where C, is the specific heat of the gas. By introducing the non-dimensional tem-

perature as:

C(T=T.)
by = mfe T (32
5 )
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equation 31 transforms to:

. db
W =p,0, 1 (33)
If we look at the mass conservation at the wall we get:
W Y, = W Yy, + (—pgDFc:ilL)
r
(34)
d Y
W R
v =PeDr 5 (g -»-YR)L
by defining the normalised mass fraction as:
Y-Y
b I | commmomis———— 35
D (Yw =Y, J (35)
equation 34 reduces to:
Wy = pEDden (36)
dr {y

Writing the conservation equations for energy and mass in spherical co-ordinates,

(K dn’ dT)-—--({w 47 1C.T)=0
' (37)

d 2 dY d . 2

—(p Dy 4N1" ) = ([W A1) =0

—(p D4’ —) = —( 1Y)

dividing the energy equation with Q and the mass equation with (Y,-Y,) gives us

d gdb

pg gd T) [w R ]____.:

38
db, (38)

pD ____( ZdbD) [W R2

the boundary conditions are given by equations (34) and (36) and in the stream

by=b,=0. By assuming that the Lewis number equals one i.e. 0. =D, the equations
are easily solved.

o o
Wy = %—-g—ln(bm —by +1) (39)

The heat flux across a boundary layer is expressed in the following equation:

E;" =h(T. - T,) =K (T. ~T,)/R (40)
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Using this in equation (39) and defining the mass transport number B as b_-b,, we
get:

W =2 In(B+1) A1)

when the surrounding gas temperature is much larger than the boiling temperature
the B number equals B:

) C (T, —Ty)
T OL4+C (T, ~Ty)

(42)

and when the surrounding gas temperature is much smaller than the boiling
temperature B equals B,

o= Y. -Y(T.) (43)
Y(T,)~ Yy
For small droplets and natural convection the lifetime of the droplet is derived as

Lo P
e 8p,0, In(B+1)

(44)
The heat transfer coefficient for a solid sphere can be expressed as:

hD I

X u=1+().4|3/L

e

QO+06E (TR )= 2406 B Re* (45)
B

where D is the droplet diameter, [} is the enthalpy increase per unit mass of vapour
between surface temperature and surrounding gas/flame temperature (negligible), A
is the latent heat of vaporisation, c is specific heat at constant pressure, |l is the vis-

cosity of the saturated steam, V is the droplet velocity relative to the gas and p, is
the density of the saturated steam. For small droplets (<0,1 mm) the velocity is so
low that the Nusselt number (=hDD/K ) equals 2. For large droplets the forced con-
vection is the dominating factor and the Nusselt number can be approximated as

Nu =0.6-Pr>*.Re?? (46)

Now the Prandt]l number Pr is a constant so that the Nusselt number becomes:

Nu=C, N D
C =06 P p7p

If we assume that all heat going into the droplet is used to evaporate the water we
get the following differential equation:

(47)

A dt | 4m(D/2)* 2 dt
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rearranging (48) gives us the change in diameter
(49)

For the small droplets (<0,1 mm) we obtain

a _ 4K AT
dt LpD
-—41‘2 AT (50)
DAD = -—_L—dL
P

integrating from diameter Dj, at time t=0 to diameter D at time t gives:

b 4K AT |
deDm— dt-—->
Lp
(51)

SKEAT
t
Lp

The time it takes to completely evaporate the droplet is given by:

2
D, Lp (52)

Lige =
SKgAT

This expression can also be obtained from equation (44) by using of Taylor series

expansion.

For the larger droplets (>0,5 mm) we get:
2K,

A e D AT (53)

dt LpD
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For droplets in the range 0,1 - 1 mm the velocity is 4%*10°*D why equation 53
becomes

—-2K AT —
dap _ e C 3000 DD = 2K, CAT
dt LpD Lp (54)

C, =2C, - /1000

and the diameter as a function of time becomes

2 KgCQAT
=D, - 2 (55)
Lp
and the lifetime
_Dolp (56)

Uire =
2K gATC2

Table 1 shows some typical lifetimes of droplets, assuming that K equals 0,1 over
the temperature interval and that C, equals 120.

Table 1 Typical lifetimes of droplets of different sizes at different temperatures.

Dy, fum]

T,[°C} I 10 50 100 500 1000
400 9.4 ps 0,94 ms 24 ms 94 ms 2,58 50s
600 5,6 js 0,56 ms 14 ms 56 ms 1,5s 3,0s
800 4.0 s 0,40 ms 10 ms 40 ms IL,1s 2,18
1000 3,1 us 0,31 ms 7.8 ms 31 ms 08s 1,7s

2.4.5 Droplets falling and evaporating

In a fire scenario droplets often are moving down through an upward plume, thus
the distance the droplet moves relative to a fix co-ordinate system is given by

dx
e = e 57
dt v ¢ 7

where x is the distance travelled, v is the droplet velocity and v, the velocity of the
combustion products.

For small droplets <0,1 mm using equations (51) and (28) and putting them into
equation (57) and integrating gives

t 8K AT
x= |31 10%- (D ——E—t)—v_dt
Q Lp c
0 (58)
K AT {2

8
x=31.10° (Dit— —FL———)—vt
Lp 2

Setting v, to O gives the maximum distance travelled by the droplet, X, by using
the expression for t;;, from equation (44)
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D;Lp
g =31-10°72. —0= :
Keat 8K, AT (59)
For larger droplets (>0,5 mm) we get using equations (28) and (55)
x = [ (4000(D, - ngLﬂ{) ~v,)dt

D 2K C,AT t? (60)
x = 4000(D, t m___..gi_?-_.t?) —vi

assuming v =0 and putting equation (56) into (60} gives the maximum distance

X = 2000 > (61)

In table 2 some typical falling distances are given.

Table 2 Typical falling distances for droplets of different sizes at different
femperatures
D, (pm]
T, [°C] 1 10 50 100 500 1000
400 0,15 nm 1,5 pm 0,91 mm 15 mm 25 m 9.9 m
600 88 pm 0,88 pm 0,55 mm 8,7 mm 1.5 m 6,0m
800 63 pm 0,63 pm 0,39 mm 6,3 mm 1,Im 43 m
1600 49 pm 0,49 pm 0,30 mm 4,9 mm 0,8 m 33m
2.4.6 Density of water mist - air mixtures

When water mist is distributed in the air, the density of the mixture will depend on
the amount of water in gas and liquid phase. Since water in vapour phase is lighter
than air and water in liquid phase 1s denser, the air mixture can be either lighter or
denser than air dependent on how much water is evaporated and how much is mist.
In figure 7, the density difference between dry air and water saturated air at the
same temperature (solid line) and the density difference between dry air at 20°C and
water saturated air (dotted line) are given as a function of temperature. In order to

get a water/air mixture with neutral density this difference must be compensated for
with water mist.
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For droplets in the range 0,1 - 1 mm the velocity is 4* 10**D why equation 53
becomes

dD _ ZKATC T = ~ 2K CoAT
dt LpD Lp (54)

C, =2C, - 1000 \

and the diameter as a function of time becomes

N

2K C,AT N
D=Dy — et (55)
Lp
and the lifetime
-1 (56)

t. —————en
" 2K ATC,

the temperature interval and that C, equals 120

Tabl%& Typical lifetimes of ﬁrf:’mﬁts of different sizes at different temperatures.

\{ li’ Dy (pm]
T {°C] 1 i@ W 50 100 500 1000
400 9.4 Us 0,94\ms \ 24 ms 94 ms 25s 505
N\ 600 5.6 Us 0,56 s | 14 ms 56 ms 15s 30s
%800 N 4,0 ps 0,40 my-/ 10 ms 40 ms 1,ls 2,15
1900 33,1 s 0,31 ms 7.8 ms 31 ms 0.8 s 1,7 s

(57

where x is the distané‘q travelled, v is the droplet velocity and v, the velocity of the
combustion products. .

AN
For small droplets <0,1 nﬁQ using equations (51) and (28) and putting them into
equation (57) and integrating\f\;ives

8K AT

t
xzjo.zi-loﬁ-(o2 M-Lt)
Lp .
8K AT \ %)
x=031.10° (D2t — T 0y
Lp 2

Setting v_to O gives the maximum distapce travelled by the droplet, X, , by using
the expression for t,, from equation (44)
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D Lp
=0.31-10°/ 2. 59
fn?l KEAT ( )
For larger droplets (>0,5 mm) we get using equations (28) and (55)
r 2K C,AT
= [ (4000(D, mi.?—mt) ~v,)dt
0 2K C,AT (€0
x = 4000(Dt - 2 CAT Ty
Lp 2

assuming v =0 and putting equation (56) ipto (60) gives the maximum distance
2K ATC “\ e

In table 2 some typical falling distances

Xy = 2000 (61)

Table 2 Typical falling distances for droplets of different sizes at different
tempemtures
f \ J D, [pm]
T, [°C) 1 10 | A\ 100 500 1000
400 1.5 pm 15nm | 81 Wm 146 um 2.5 m 9.9 m
600 0,88 pm 9 nm 5)5 wm 87 um 1,5 m 6,0 m
800 0,68 pm 6 nm —49 um 63 1 1,1m 4,3 m
1000 0,49 pmn 5 nm 3,0 um 49 um 0,8 m 3,3 m
\
2.4.6_ Density ofiwater mist - air mixtures

When watersqist is distributed in the air, the density of the mixture will depend on
the amount of Water in gas an Ii‘:&t‘d\phase Sinceswater in vapour phase is lighter
in i ase 18 dens%@;,az:uxture can be either lighter or
denser than air depeer n how much water is evaporated and how much is mist.
In figure 7, the density ‘difference between dry air and water saturated air at the
same temperature (solid lirte) and the density difference between dry air at 20°C and
water saturated air (dotted lirie) are given as a function of temperature. In order to

get a water/air mixture with nehtral densx.ty this difference must be compensated for
with water mist. A
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500

400 4

300 +

200 +

100

-100

Temperature C

Dry at T- saturated at T s~ = — ~Dry at 20 - saturated at T |

Figure 7

Density difference between dry air at 20°C and water saturated air
(dotted line) and the density difference between dry air at 20°C and
water saturated air (dotted line) given as a function of temperature.
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3 Extinction of fires with water mist

Extinction of a fire occurs when the combustion process is brought to certain limits
of combustion by some agent. At the limit, the rate of reactions 1s reduced below a
certain minimum rate needed to sustain the process. This is usually dictated by heat
loss phenomena but it may also be governed by loss of active radicals. In general
the thermal load needed to extinguish a diffusion flame (total flooding scenario) is
less than that needed for extinction of a premixed flame due to greater heat losses
from the diffusion flame. However, when the flame is large i.e. greater than a few
meters in diameter, experience indicates that the thermal load needed is
approximately the same as required for a premixed flame. The diftusion flame may
be considered as a narrow zone where the fuel and air mix to produce mixtures
within the flammability limits.

There are two extreme possibilities for a water spray to extinguish a fire; either by
extinction of the flame or by cooling the fuel surface. In the experiments described
below, the fuel is already gaseous and fed by a tube into the combustion volume.
There is no energy feedback from the flames which affects the fuel flow, i.e. direct
cooling of the surface by water or radiation blocking effects are not considered in
the experiments. This scenario corresponds approximately to a sitnation where the
water droplets from the spray nozzle cannot directly impinge and wet or cool the
fuel surface.

The most common methodology for measuring the efficiency of different extin-
guishing agents against diffusion flames is to use a laboratory cup burner. How-
ever, the results from cup burner tests depend on many variables and the results are
in most cases difficult to translate to real fire situations. It was anticipated that the
introduction of the gas burner test would overcome these problems as the scale
easily could be increased and guantitative results could be achieved. The method
was originally developed by NBS for studying {25] water spray extinction on large
jet flames. Later the method has been developed to a Nordtest method, NTFIRE
044 [26] to study extinction of buoyant flames.

3.1 Theory of extinction of hydrocarbon flames

Flame extinguishing mechanisms are effectively explained by thermal quenching
concepts and a flame heat balance [18, 27]. The form of heat balance used for
quantitative calculations of extinction concentrations applied to water mist is given
by (the equation only considers direct cooling of the flame by water mist):

173 1550 1550 1550
X (L + [CudT+ [C dT)=X,AH, - ¥ X, [C dT-X,, [C, dT-Y X, AH,
To KEX) Te Te

Here X represents the mole fraction of, e = water mist, f = fuel, p = combustion
products, N, = nitrogen and di = dissociation. C represents the molar heat capacity
for lw = liquid water, gw = water vapour, gp = combustion products and gN,=
nitrogen, respectively. AH_= heat of combustion and AH ;= heat of dissociation
and L is the latent heat of vaporisation of water. The left side of the equation in-
chudes all the heat sinks contributed by the extinguishing water. The right hand side
represents the theoretical excess heat which must be removed from the same adia-
batic flame to reduce its temperature to a limit below which the flame cannot propa-

gate usually in the order of 40% of X, AH_. The equation is based on the
assumption that the temperature of diffusion flames is adiabatic and that the fuel and
oxygen diffuse into the flames at stoichiometric rates. Radiation and other heat
losses are neglected.
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These effects are accounted for by increasing the adiabatic flame temperature at the
limit to fit the experiments. Considering water mist as an extinguishing agent which
evaporates completely, approximately 50% of the heat sink effect comes from
evaporation of water and 50% from heating the gaseous water vapour. With this
formula assuming a limit adiabatic flame temperature of 1550 K, the inerting con-
centration of water mist for premixed stochiometric propane-air mixtures can be
calculated to be approximately 280 g per cubic meter room volume. Usually, there
is a difference between the demand of extinguishing media for diffusion flames
compared to premixed flames by a factor of two i.e. a diffusion flame would
require about 140 - 170 g water mist per cubic meter room volume. If instead water
vapour of 100 K is used, the water demand is approximately doubled. The figures
given above are under the assumption that the water mist is completely evaporated
and that the vapour is heated to the adiabatic flame temperature.

As a summary, the major factors which determine the ability of a water spray to
extinguish a diffusion flame are:

e abstraction of heat per unit volume (pure thermal phenomenon)
¢ the transport of droplets to all parts of the room where the burning is taking place

Both factors are to a large extent depending on the spray properties, especially on

the drop size distribution and its ability to distribute and maintain a high water con-
tent in the whole volume of the fire room.
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4 Experiments

Three different types of experiments were conducted and in all the experiments the
Lechler nozzle 212.085 was used. Firstly, the droplet size and water distribution
was measured using different pressures and different nozzle configurations in a
nozzle body. In the second series of experiments, tubular burner tests were con-
ducted to determine the efficiency of water mist and in the third series of experi-
ments, a propane fire in a 1/3 scale room was used.

4.1 Droplet size and water distribution measurements

For the experimental work, a nozzle denoted 212.085, manufactured by Lechler
International GmbH was used. The narrowest cross section of the nozzle is

0,25 mm. In the first test series, where REMP values were determined, a single
nozzle was used. For the second test series, which was conducted in a 1/3 scale
room, either 8 or 12 nozzles of the 212.085 type were combined in a multiple
nozzle body. The nozzle body is shown in figure 8.

_»Qichtring 095\001.?2.0&.0?.1‘
@75wP83=2

!—a-rl_"v;‘ {
\\\"ﬂ;‘v &
BN

Ny

Dichiring 061.240.72.00.00,0,
613.2x17x1

Kot

Figure 8  The nozzle body used in the 1/3 scale room experiments
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The droplet size distribution was measured by Lechler using an Aerometrics Laser-
Phase-Doppler-Analyser, both for the single nozzle and for the multiple nozzle con-
figuration. The accuracy of the equipment is approximately £10% for the Sauter
Mean Diameter. The measurements were conducted with the nozzles directed
downward, at different pressures and at different positions in the spray. For the
single nozzle, the measurements were conducted in a point on the centric axis of the
spray at a distance of 250 mm from the tip, at 40, 60 and 80 bar, respectively. For
the multiple nozzle configuration, most of the measurements were done a point on
the centric axis of the spray at a distance of 1000 mm from the tips of the nozzles.
Additionally, two measurements were made at 1000 mm distance and at 75 and
150 mm from the centreline. Three measurements were also conducted in a point
600 mm from the tips of the nozzles. ‘

The spray angle was measured at about 50 mm from the orifice of the nozzles,
before the spray collapses.

The results are summarised table 3 below.

Table 3  Spray angle, flow rates and droplet sizes at different pressures for the
nozzles used in the experiments.
Nozzle Spray Measure- Pressure | Flow rate Sauter Dy Dysy Dyso
angie [°] | ment point [bar] [L/min} Mean [pm] [pLox] [um]
fmm] Diameter
{um}

212.085 80 -/-1250 40 0,12 35,08 20,96 37,02 58,72
212.085 N/M -/~[250 60 0,15 33,32 19,61 34,74 60,90
212.085 75° -/-f250 80 0,17 31,13 18,20 32,85 55,17
212.085 x 8 105°* -/-1250 60 1,18 73,57 40,80 86,79 139,39
212085 x 8 105°* -/715/1000 60 1,18 71,33 38,36 86,61 147,16
212.085x 8 105°% -/150/1000 60 1,18 73,85 40,27 92,08 142,72
212,085 x 12 110° -/-/1000 20 0,98 86,22 48,23 105,30 160,39
212.085 x 12 N/M -~/1000 40 1,43 82,54 46,20 97,95 158,03
212.085 x 12 105°% -/-/1000 60 1,77 81,03 45,20 58,00 154,71
212.085 x 12 105°* -/15/1000 60 1,77 82,75 46,52 104,80 156,40
212.085 x 12 105°* -/150/1000 60 1,77 83,84 47,01 107,87 164,58
212.085 x 12 110° -/-/600 20 0,98 72,67 40.45 87,29 140,39
212085 x 12 N/M -/~/600 40 1,43 67,96 37,21 80,11 138,51
212.085 x 12 105°* -/-1600 60 1,77 66,02 37,30 78,54 121,18

*) Measured at 80 bar

N/M Not Measured

Some conclusions can be made from the measurements:

s As expected, a general observation is that the droplet sizes giecrease with
increased pressure, for a given nozzle or nozzle configuration.

e Combining the 212.085 nozzle in a multiple nozzle body resulted in considerably
larger droplets compared to the individual nozzle. This can be explained by the
coalescence effect, when droplets tends to collide and form larger droplets.
However, it should be realised that the measurements where made at a longer
distance from the nozzle tips for the multiple nozzle body configuration, which
has accentuated this effect. The tendency that the droplet size is increased at dis-
tances further away from the nozzle can be seen when comparing the data, at the
same pressure as measurements were conducted both at 1000 mm and 600 mm
distance.
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e The measurement made with 8 pes of 212.085 nozzles at 60 bar, at different
angles from the centreline of the spray, indicates that the variation in droplet size
at the different positions not is significant.

e All the results would fall into the Class 1 category according to NFPA 750 [3].

A full set of the graphs with the droplet size distribution is provided in Appen-
dix A.

In addition to the droplet size measurements, Lechler also measured the vertical
water distribution at different pressures. The tests were conducted with the indi-
vidual nozzle located 0,25 m and the muitiple nozzle body 1,0 m above a transver-
sal and a longitudinal row of tubes (¢=16 mm) where the water was collected. See
figure 9 below.

Nozzle
025mor1,0m
Longitudinal row
GO
Transversal row
Top view Side view

Figure 9 Principle sketch of the vertical water distribution measurements.

The results are presented as the deviation from the mean value and presented in
Appendix B.

The horizontal distribution for the 12 pcs multiple nozzle configuration was also
measured. The measurements were made with the nozzle in horizontal position 1,4
and 1,0 m respectively above floor level using different pressures. The water was
collected in cups (#=80 mm) placed every 0,5 m. The set-up is shown in

figure 10 below.

Nozzle
7—“' — |

140r1,0m
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Figure 10 Principle sketch of the horizontal distribution measurements.

The results from the measurements are shown in the table below,
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Table 4  Horizontal distribution for the multiple nozzle body with 12 pes of
nozzles.

Water distribution [g/min] at horizontal distance {m] from the nozzle

Height [m] and 0 0.5 1,0 1.5 2,0 2,5 3,0 3,5 4.0 4,5
pressure [bar] )

1,0 20 bar 0,6 1,3 2,5 3,3 2,2 1,0 0,4 0,1 0,08 0,05
1,0 40 bar 1,8 0,3 0,7 2,0 2,2 1,3 0,8 0,5 0,3 0,2
1,0 60 bar 0,3 0,2 0,7 1,6 2,2 1,9 1,3 0,8 0,4 0,3
1,0 80 bar 0,07 0,3 0,7 1,6 2,5 2,6 2,0 1,3 0,7 0.4
1,4 20 bar 1,2 2,0 2,5 4,3 2,4 1,4 0,5 0,2 0,1 0,07
1.4 40 bar 3,5 1,5 24 34 3,0 2.4 1,5 0,8 - 0,4 0,2
1,4 60 bar 4,5 0,5 1,3 2,1 2,5 2,3 1,7 1,1 0,8 0,5
1,4 80 bar 1,1 0,4 0,7 1,3 1,9 2,5 1,9 3 0,8 0.4

Based on these tests a rough estimate of the mean velocity in the spray was made.
This was done by estimating the distance where the main part of the spray hits the
floor and assuming that it follows a ballistic curve neglecting drag forces. The re-
sults are given below. Within brackets, the mean velocity obtained when the same
calculations were performed based on the conservation of momentum and the
measured spray area one meter from the nozzle given in Appendix B.

e 20 bar, 3,0 m/s (2,6 m/s, 1,6 m/s with 8 pcs of nozzles)
e 40 bar, 3,6 m/s

e 60 bar, 4,4 m/s

e 80 bar, 5,0 m/s (5,5 m/fs)

4.2 REMP experiments

The specific amount of extinguishing medium required (Required Extinguishing
Medium Portion, REMP = m, /m , i.e. the ratio of the agent quantity to fuel quan-

tity consumed) is given as a quantitative measure of the efficiency of the agent. The
lower the REMP value, the more efficient the agent [26].

In a REMP test, the extinguishing media and the fuel should be premixed and flow
out of the bumer at low Froude number. However, it is difficult to produce small
water droplets without any momentum. Therefore, when using a water spray, the
Froude number will become rather high and the flame will be slightly premixed
since air is entrained into the spray.

To determine the REMP value for water in the form of small droplets, testing was
carried out using a tubular burner where propane gas and water were mixed prior to
reaching the burner outlet, as shown in figure 12. As mentioned earlier, one
individual nozzle, denoted 212.085, manufactured by Lechler International GmbH
was used. The nozzle was placed in the burner so that the water did not hit the edge
of the burner but still most of the water was included in the flame. The mass flow

rate of water, m, was measured for each water pressure used after each test by
collecting the water and weighing it. The propane flow, m,, was measured and
controlled using a gas flow meter.
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During the tests, the quantity of propane was decreased until flame extinction
occurred. An important aspect is that the burner operates at a low Froude number,
i.e. where gravitational forces dominate the flame behaviour. The rate of heat
release (RHR) was measured using oxygen consumption calorimetry. The produc-
tion rates of CO and CO, were measured during each test. The measurement were
made by extracting combustion gases from the hood as shown in figure 11.
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Figure 11 Principle sketch of the experimental set-up for the REMP experimenis

The test procedure was as follows. First the water pressure was adjusted to the
required value, the tests were performed at 40, 60 and 80 bar respectively. The
water was then turned off and the gas was ignited. A one minute preburn was
allowed to provide for a stabilised flame, before the water was turned on. After an
additional one minute period, the gas flow was reduced in steps, equal to about
0,05 gfs, every minute until extinction occurred.
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Figure 12 Detail of the tubular gas burner and the position of the water nozzle
used in the REMP experiments

4.2.1 Results from the REMP experiments

Two test series were performed. In the first series the RHR and combustion gases
were not measured, only the water and propane mass flow rate. In the second test
series the RHR was measured.

In table 5, the results of the two test series are presented. One important factor

when conducting REMP experiments is the Froude number, that is the ratio
between inertial forces and gravitational forces given by equation (63).

Fr = — (63)
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Here v is the velocity, g the acceleration due to gravity and D the diameter of the
outlet. However, in these experiments, there is not a well defined Froude number
since the water and the gas have different velocities and outlet diameters. Therefore,
a Froude number was calculated by assuming that the momentum of the gas and
water in the outlet was equal to the momentum of the water spray.

m, v, _ m§-4
m,+m, 7n-D’(m,+m,)

Vo=

(64)

Table 5 Results from the two fest series (I and IT) where the REMP value was
determined for different water pressures (mass flow rates)

Pres- Water mass Propane gas Time 1o REMP-value Froude!?
sure flow rate [gfs] ¢ mass flow rate | extinction [s]

[bar] (/5]

I )i I i I 1 1 il 1 il

40 1,6 1,53 0,62 0,80 1 14 2,6 1,9 34 29
40 1,6 1,53 0,85 0,70 10 10 1,8 2.2 30 31
40 1,6 1,53 0,85 0,65 1 8 1,0 2,5 30 3
40 1,6 - 0,5 - N/E - (3,2) - (35) -
40 1.6 - {0,5) - N/E - (3,2) - (35) -
60 1,9 1,83 1,10 1,20 15 35 1.7 1,5 35 32
60 1,9 1,83 0,95 1,30 5 22 2,0 1.4 37 31
60 1,9 1,83 1,05 1,30 20 38 1,8 1,4 36 31
60 1,9 1,83 0,95 1,30 15 i8 2,0 1.4 37 31
60 1,9 1,83 0,85 1,30 20 8 2,2 1.4 38 31
80 2.2 2,05 1,40 1,72 20 0 1,5 1,2 39 33
80 2,2 2.05 1,40 1,87 20 0 1,5 1,1 39 31
80 2,2 2,05 1,00 1,72 10 18 2.1 1,2 44 32
80 2,2 2,05 1,50 1,87 23 0 1,5 1,1 38 31
80 2,2 2,05 1,50 1,87 30 0 1,5 1,1 38 31
80 - 2,05 - 1,42 - 40 - 1.4 - 35
80 - 2,05 - 1,6 - 17 - 1,3 - 35

NYE Not Extinguished
- No test conducted

In figure 13 the REMP value is given as a function of the Sauter mean diameter of
the water spray. In this figure it is seen that the REMP-value decreases with the
decreasing droplet size. In figure 14 the REMP value as a function of the square
root of the Froude number is given. From this figure it is observed that the Froude
numbers are rather high, in excess of 400, which is the limit where the REMP value
is affected by the momentum of the water spray [25].

The REMP-value obtained in the test series can be compared to other extinguishing

medias. Halons has a REMP-value of approximately 4 - 5 and dry powders
approximately 1 - 4.
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Figure 13 The REMP value as a function of the Sauter mean diameter.
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Figure 14 The REMP value as a function of the square root of the Froude
number.
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The theoretical water content needed for inerting a stoichiometric propane-air mix-
ture is 280 g/m’ (see chapter 3). This corresponds to a REMP value of 3,5. By
comparing the ratio between 3,5 and the experimental REMP values it is possible to
estimate the water content needed for extinction of diffusion flames. The results are
given in table 6. These results should be compared to the values given for other
extinguishants e.g. 140 - 170 g/m’ (see chapter 3).

Table 6 Calculated water content (g/m’) for the REMP experiments

Pressure {bar] Water content [g/m’]
40 165 g/’
60 149 ¢/m’
80 126 g/m’

In Appendix C, RHR graphs from the second series is presented. The dotted line in
these figures is a reference curve achieved by conducting the experiments without
adding water. As seen from the resuits, the application of water does not affect the
fire until extinction occurs. For some of the tests, the production of CO and CO, is
presented. No CO was formed without water, some CO was formed close to
extinction when water was used.

4.3 1/3 scale room tests

To study the influence of air flows on extinguishment in a room, tests were carried
out in a 1/3 scale room. The tests were conducted using either 8 or 12 single
212.085 nozzles combined in a multiple nozzle body. During the tests, the location
of the multiple nozzle body and the fire was varied. In addition, the ventilation
opening to the room was changed. During the tests RHR, CO and CO, production
rates were measured as in the REMP experiments.

4.3.1 Experimental set-up

The test room is shown in figure 15. The room is constructed from bricks with an
internal liner of stainless steel, having a depth of 108 cm, a width of 76 cm and a
height of 79 em. The front wall has an opening with a width of 45 cm and a height
of 67 cm.

As fire source, a quadratic sandfilled gas burner (propane) was used. The gas -
burner was placed in the rear left hand corner or at the rear wall as shown in
figure 15.

The tests were conducted using either 8 or 12 single nozzles of the 212.085 nozzles
combined in a muitiple nozzle body. A sketch of the nozzle body is shown in
figure 8. The nozzle body was placed either at the rim of the opening of the room
or 34 cm into the room. It was placed at three different heights 10, 34 and 56 cm
above the floor, respectively. The lowest of the positions was chosen with respect
to the spray pattern, to prevent water from hitting the floor.
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4.3.2 Test procedure

The test procedure was similar to the REMP experiments. The propane flow was
measured and controlled using a gas flow meter. The gas was ignited and after a
three minute preburn time the water was turned on. After an additional one minute
period the gas flow to the burner was lowered one step. Thereafter the gas flow
was lowered one step every minute until extinction occurred. During the tests the
RHR, CO and CO, was measured. For reference purposes the test procedure was
repeated without the use of water. The initial Rate of Heat Release was approxi-
mately 50 kW, depending on the propane flow rate.

The water pressure was kept constant at either 20, 40, 60 or 80 bar throughout the
tests. Twenty-four different tests were conducted for each water pressure level
where the location of the gas burner (in the corner or at the wall), the location of the
nozzle body (two positions at three different heights) and the number of nozzles (8
or 12) in the nozzle body were varied. The mass flow rate of water was measured
for each nominal water pressure used after each test by collecting the water and
weighing it.

A couple of tests were conducted where the opening to the room was varied by
screening the opening with a 20 cm high steel plate positioned at different heights.

4.3.3 Test results and observations from the 1/3 scale
room tests

Tables 7 and 8 summarise the results from the tests. The results are presented as the
Rate of Heat Release where extinction was achieved. In many cases the fire was
more or less extinguished immediately and should be considered as "overkill”.
These cases are indicated with an asterisk in the tables,

Table7  Rate of Heat Release in kW when extinction occurred in the 1/3 scale
room tests. The nozzle body was located at the opening (position 1)

Height of nozzle body above the floor {cm]
Pressure | Position +10 cm +34 cm +56 cm
{bar] of gas
burner
12 pcs 8 pcs 12 pcs 8 pcs 12 pcs 8 pcs
20 bar In comer N/E - 45 N/E 40 37
At wall 24 15 45% 43 43 44
40 bar In comer 41 40 42* 44 43% 43*
At wall 45% 40 43* 44 44* 45%
60 bar In corner 42% 45% 42% 47+ 3B* 45%
At wall 42% 46* 42% 47* 38* 45%
N/E Not Extinguished
- No test conducted

* Extinction occurred immediately
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Table 8 Rate of Heat Release in kW when extinction occurred in the 1/3 scale
room tests. The nozzle body was located 34 cm in from the opening

(position 2)
Height of nozzle body above the floor [cm]
Pressure | Position +10 cm +34 cm +56 cm
fbar] of gas
burner
12 pcs 8 pes 12 pcs 8 pes 12 pes 8 pcs
20 bar In comer N/E - 45 17 44 11
At wall 38* 44 40 28 43 47
40 bar In corner 40 45 43* 45 43* 34
At wall 48% 43 44* 45% 43 47
60 bar In corner 38 45* 41* 46% 41 45
At wall 45% 46% 45% 46* 42* 45

N/E Not Extinguished
- No test conducted
* Extinction occurred immediately

Some observations were made from the testis:

e The fire was always easiest to extinguish when the nozzle body was located at a
higher position. In addition, a higher pressure provided for faster extinguish-
ment compared to a lJower pressure.

e When the nozzle body was located in the lower position, the most easy fire to
extinguish was when the gas burner was located at the rear wall and the nozzle
body was in the middle of the room. The most difficult fire to extinguish was the
one in the corner, when the nozzle body was in the middle of the room.

o When the nozzle body was at a2 middle height a different situation arose. For the
20 bar case the easiest condition was having the burner at the wall and the
nozzle body positioned at the opening. The most difficult case was the one with
the burner in the comner and the nozzle body at the opening. In the 40 bar case
the easiest condition was with the burner at the wall and the nozzle body in the
middle, With the nozzle body at the opening it is more difficult to achieve
extinguishment. The same thing goes probably for the 60 bar case, but no
significant difference is shown in time to extinction.

e When the nozzle body was in the smoke layer, the tendency was that it is much
easier to extinguish the fire. For the 20 and 40 bar case it was easiest to extin-
guish the fire with the burner at the wall and the nozzle in the opening. It was
most difficult in the corner-middle case. For the 60 bar case no significant
differences between the cases were observed.

e All tests were performed twice but almost no difference in time to extinguish-
ment was observed. The tests were also conducted using 80 bar pressure and 12
pieces of nozzles. In these cases the fire was extinguished immediately.

e The observations described above leads to the conclusion that the main transport
mechanism in the room is the spray momentum and not the air entrainment into
the fire.

s No changes in RHR were observed until extinction occurred. No changes in
CO/CO, production with or without water was observed.

e A couple of tests were made with a smaller opening to the room by screening the
opening with a steel plate. In all these tests the fire was extinguished imme-
diately. After extinction, hot unburned gases flowed out and ignited outside the
room.
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4.3.4 Water content in the region of the flame

By looking at the vertical water distribution in Appendix 2 and considering that the
flame width is about 10 cm at the bottom of the room, 15 cm at midheight and

25 cm at the ceiling, it is possible to estimate the water content (g/m®) in the air in
the region of the flame. By assuming an ordinary throw trajectory, it is possible to
estimate the velocity in the water spray based on the results from horizontal distri-
bution tests. Thus a velocity of 3,0 m/s was obtained for the 20 bar case, 3,6 m/s
for the 40 bar case, 4,4 m/s for the 60 bar case and 5,0 m/s for the 80 bar case.
Considering the tests with the nozzle body 10 cm above the floor, the water flow
over an area of 10 cm diameter is estimated to 1,8 times the mean water flow for all
water pressures from Appendix 2. The mean water flow per area is calculated as
the water flow rate in L/min (or g/s}, measured by collecting and weighing, divided
by the spray area obtained from Appendix 2. For the 20, 40, 60 and 80 bar cases
the following results were obtained by assuming that the spray area is circular with
a diameter of 30 cm.

837-1.8

o =118g/

7015 -60-3

11625-1.8 =137g /m?
7 0152 -60-3.6

1415-18 =136g/ m’
7-015°-60-44

163£§-1.8 =139 /m®
w015 .60-5

With the nozzle body 34 cm above the floor, the water content is 1,5 times the
average and with the nozzle body 56 cm above the floor, 1,1 times the average for
80 and 60 bar and 1,2 times the average for 40 and 20 bar. Thus the same calcula-
tions can be performed for these cases and for the tests where only 8 nozzles were
used in the body. The results are given in table 9.

Table 9 Estimated water content (g/m’) in the region of the flame for the
1/3 scale room tests.
Pressure Height of nozzle body above the floor [cm]
[bar]
+10 cm +34 cm +56 cm
12 pcs 8 pes 12 pcs 8 pes 12 pcs 8 pcs
20 118% ii4 08 95 76 74
40 137* 108 114* 92 38 by
60 136* 112% 113* 62* B3#* 69
80 139 - 115 - 85 -

*} Immediate extinguishment
- No test conducted

These values for water content are lower compared to the values obtained from the
REMP experiments. One explanation for this is that the droplet size velocity
probably is overestimated since the velocity slows down due to the wall in front of
the spray. In addition, low values occur when the nozzle body was placed in the

smoke gas layer. This is probably due to the fact that smoke gases were forced in to

the flame by the water spray.
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For the cases were the gas burner was placed in the corner the above argument is a
too simplistic approach. Instead, the deflection of the water due to the air flow
needs to be considered. In figure 16 the trajectories of droplets of different sizes
moving in an air siream that bends off are given. The trajectories are obtained by
assuming that 0,2 m from the wall, the droplets and the air stream both are moving
perpendicular towards the wall with 4,0 m/s. However, since there is a wall the air
stream is supposed to bend off with a circular curve with 0,2 m radius. The drop-
lets are then subject to drag forces according to equation (14) - (21). As seen in

figure 16 it is only droplets that are smaller than 20 pum that are able to follow the air
stream, the rest will hit the wall.

From the droplet size measurements it is obvious that only about 1% by mass of the
droplets are in that size region. Therefore, the extinguishment, when the gas burner
was located in the comner, probably was due to stretch of flame from the momentum
of the spray. Also, when the nozzles was mounted in a higher position, the flame
could partly be hit directly from the spray since the flame was slightly wider higher
up. There is probably also a considerable effect from the smoke re-circulation when
the nozzles were mounted in a higher position.
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Figure 16 Trajectories for droplets of different sizes at an air flow of 4 m/s.
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5 Discussion and suggestions for future
work

The present study focused on extinction of flames with water mist where surface
cooling effects were neglected i.e. water mist as a total flooding system where the
direct spray cannot reach and cool all burning items in the protected volume. Special
efforts have been made to give some answers to the following questions:

e What is the inerting concentration of water mist expressed as g/m’ protected
volume and how does it change with drop size distribution? What is the extin-
guishing concentration of water mist against diffusion flames expressed as g/m’
protected volume and how does it change with drop size distribution?

e How does obstructions placed in the path of a spray reduce the sprays capacity
to extinguish a fire? What influence has the drop size distribution and the spray
momentum?

e Is it possible for finer elements in the spray to become entrained in the circulation
patterns established by the fire gases? What influence has the drop size
distribution and the spray momentum?

e Which major factors determine the transport of droplets to all parts of the room
where burning takes place?

Three different series of experiments were conducted with different hydraulic
atomising nozzles. In the first series, droplet size distribution and water spray dis-
tribution measurements for the nozzles were conducted. The measurements showed
that the droplet size distribution ranged from a Sauter Mean Diameter of approxi-
mately 35 - 85 pum, all dependent on the water pressure and the configuration of
nozzles. The measurements show that considerably larger droplets are formed when
individual nozzles were placed together. This can be explained by a coalescence
effect when droplets from the sprays of the nozzles collide.

The second series of experiments were made using a tubular propane gas burner
where water and propane were mixed prior to reaching the burner outlet. Based on
the tests, the specific amount of extinguishing medium required (Required Extin-
guishing Medium Portion, REMP = m , / m , i.e. the ratio of the agent quantity to

fuel quantity consumed) is given as a quantltatzvc measure of the efficiency of the
agent. The lower the REMP value, the more efficient the agent. The water pressure
ranged between 40 and 80 bar which provided for droplet sizes with a Sauter Mean
Diameter in the order of 35 um.

Finally, a series of tests were conducted in a 1/3 scale room using a propane gas
fire. Parameters such as location of the fire, the location of the nozzle, water flow
rate and the size of the room opening were varied.

The two fire test series indicate that water in the form of very small water droplets
("water mist”) might be an excellent extinguishant. In practice, however, problems
of delivering the water to the fire arise.

e The results from the REMP (Required Extinguishing Media Portion) experi-
ments conducted indicate that water mist is 2 - 3 times as effective as halon by
weight. The water content needed for extinguishing diffusion flames are in the
order of 125 - 165 g/m’, the lower value for smaller droplets. These values are
in reasonable agreement with the values obtained considering that the theoretical
inerting concentration for water mist is 280 g/m’ and that for other extinguishing
agents the extinction concentration against diffusion flames are about 40 - 60%
of the inerting concentration, which in this case would be 140 - 170 g/m’.
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In the 1/3 scale room the values obtained for the extinction of propane diffusion
flame were within 100 - 200 g/m’ . The rather low values can be explained by an
underestimation of the water content and the fact that the flame is affected by
smoke that re-circulated in the room and the great stretch of the flame caused by
the spray momentum. In all fire tests the water content needed for extinction was
decreased with smaller droplets. In all the tests no heat release reduction was
observed until extinction occurred. In the REMP series an increase in CO-
production was observed close to extinction but no such effect was observed in
the 1/3 scale room.

e (alculations show, that with spray and gas velocities in the order of 2 - 5 m/s
and an obstruction placed in the path of a spray, the droplets must be in the

droplet size range of 1 - 20 ym in diameter in order to follow the airflow around
the obstruction, otherwise the droplet will impinge on the obstruction.

e In order for the finer elements of a spray to become entrained in the circulation
pattern established by fire gases and not entrained by spray momentum, the

droplets must be below 10 - 20 um otherwise they will fall down due to gravita-

tional forces, i.e. no build-up of water concentration with larger droplets will
occur in the air.

e In order to distribute water mist to all parts of a room, as a gaseous total flooding
system works, it is essential to have a spray with a large momentum and small
droplets. If the momentum of the spray is small then it cannot reach far away
from the nozzle since other distribution mechanisms are very slow processes. If

the droplets are larger than 10 - 20 um they will impinge on obstructions and
walls or fall out to the floor due to gravity forces and wet the surrounding
surfaces. This can be desirable if there is a coupling between the surface and the
fire i.e. a fire on a wall, but when it comes to liquid or gaseous fires this has
limited effects on the fire.

As a conclusion, achieving total flooding with water mist it is essential that nozzles
cover the complete protected compartment, with nozzles under and behind obstruc-
tions. These demands make it difficult to establish rules for dimensioning and take
scaling effects into account.

For future investigations, alternative methods to produce and distribute water mist,
with small droplets in the whole compartment including obstructions, such as the
systems that uses superheated water should be evaluated. In addition, measurement
techniques for determining the water and vapour content in air in g/m’ need to be
developed.
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Appendix A
Droplet size distribution measurements

On the following pages the droplet size distribution of the nozzles used is pre-
sented. The measurements were conducted by Lechler GmbH using an Aerometrics
Laser-Phase-Doppler-Analyser, both for the single nozzle and for the multiple
nozzle configuration. The accuracy of the equipment is approximately +10% for the
Sauter Mean Diameter. The measurements were made with the nozzles directed
downward, at different pressures and at different positions in the spray. For the
single nozzle, the measurements were conducted at a point on the central axis of the
spray at a distance of 250 mm from the tip, at 40, 60 and 80 bar, respectively. For
the multiple nozzle configuration, most of the measurements were made at a point
on the central axis of the spray at a distance of 1000 mm from the tips of the
nozzles. Additionally, two measurements were made at 1000 mm distance and at
75 and 150 mm from the centreline. Three measurements were also conducted at a
point 600 mm from the tips of the nozzles.
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Lachier GmbH & Co. KG
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D - 70707 Feltbach / Garmany
Telefon (07 11} 68 83 - 01
Talefax (07 11) 58 83 - 418
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Droplet Size Analysis

Product Number : 212.085
Date of Measurement : 22 NOV 1994

Mes.Point\mm\x/y/z @ -/-/1250

Gas - Pressure : 0.00 bar
Gas - Flow : 0.00 m3*hiN.
Gas\Liquid - Rat . 0.00

Liquid - Pressure : 40.0  bar

Liguid - Flow : 0.120  l/min

Medium . Wasser

Remark : -- Test 4; single nozzle --

Results of Droplet Size Analysis

Number of Droplets = 40583
Arithmetic Mean Vaiue = 2562
Standard Deviation = 41.48
Area Mean Diameter = 27.73
Volume Mean Diameter = 29,89
Sauter Mean Diameter = 35.08
DINUM) 10% = 12.73
DINUM) 50% = 21.88
D{NUM) 0% = 38.34

D(VOL) 10% = 20.96
D(VOL) 60% = 37.02
D(VOL) 90% = b59.72

pm
%

am
um

pm

um
um
pm

um
um
am



Lechler GmbH & Co. KG
Prézisionsdisen . Anlagenbau
Haéhenstrafle 24 . Postfach 1708
D - 70707 Fellbach / Germany
Telefon (07 11) 58 53 - 01
Telefax (07 11} 68 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212,085

Date of Measurement : 22 NOV 1884 Mes. Point\mm\x/yfz ¢+ -/-/250

Liquid - Pressure : 40.0 bar Gas - Pressure : 0.00 bar

Liquid - Fiow : 0.120  l/min Gas - Flow : 0.00 m3/hi.N.

Medium : Wasser Gas\Liquid - Rat ;o 0.00

Remark : -- Test 4; single nozzie --

Sauter Mean Diameter: 35.08 um Arithm. Mean Value : 25.62 ym
Hm Numerical Diameter Distribution %
4.6 0.25
7.7 - 0.85
10.9 4.49
14.1 7.67
20.4 B 16.37
23.6 — VY -7 )
26.8 11.16
29.9 7.97
33.1 6.16
36.3 4,57
39.5 3.44
42.6 2.34
45.8 1.92
43.0 : 1.31
52.2 R 1.04
55.3 0.74
58.5 0.46
61.7 0.29
64.8 0.21
68.0 0.15
71.2 0.09
74.4 0.05
77.5 0.03
80.7 0.02
83.9 0.01
87.0 0.01
90.2 0.00
93.4 0.00
96.6 0.00
99.7 0.00
102.9 0.00
106.1 0.00
109.2 0.00
112.4 : 0.00
115.6 . . et 0.00
118.8 : : 0.00
121.9 0.00
125.1 0.00
128.3 0.00
1315 0.00
134.6 0.00
137.8 0.00
141.0 0.00
144.1 0.00
147.3 0.00
150.6 0.00
153.7 0.00




l.echier GmbH & Co. KG
Prazisionsdiisen . Anlagenbsu
Héhenstrale 24 . Postfach 1708
D - 70707 Fellbach /| Germany
Telefon (07 11) 58 63 - 01
Telefax {07 11) 68 &3 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number v 212.085

Date of Measurement : 22 NOV 1984 Mes.Point\mmix/y/z : -/-/260

Liguid - Pressure 40,0  bar Gas - Pressure : 0.00 Dbar

Liquid - Flow : 0.120  lmin Gas - Flow : 0.00 m?/hi.N.

Medium . Wasser Gas\Liguid - Rat ;. 0.00

Remark : -- Test 4; single nozzle --

Sauter Mean Diameter: 35.08 ym Arithm. Mean Value : 25.62 um
pm Cumulated Volume Distribution %
4.6 0.00
7.7 0.01
10.9 0.23
14.1 1.02
17.3 3.64
20.4 8.81
23.6 15.89
26.8 23.83
29.9 31.78
33.1 40.07
36.3 48.18
39.5 56.03
42.6 62.78
45.8 69.64
48.0 75.36
52.2 . ) 80.86
£6.3 JRUS—— N - ] -
58.5 — ) 89.00
61.7 . 91.58
64.8 - 93.80
68.0 ~ ) -] 95.64
71.2 | 96.96
74.4 ) -1 87.86
77.5 - 98.46
80.7 { 98.89
83.9 ) ) 89.26
87.0 99.51
90.2

99.64
83.4 29.71

96.6 99.80
99.7 99.89
102.9 98,89
106.1 100.00
108.2 100.00
112.4 100.00
115.6 100.00
118.8 100,00
121.8 100.00
1281 100.00
128.3 100.00
131.5 100.00
134.6 100.00
137.8 100.00
141.0 100.00
144.1 100.00
147.3 100.00
180.5 100.00
183.7 100.00
1656.8 100.00
160.0 100.00

Ad



tochler GmbH & Co, KG
Prizisionsdisen . Anlagenbau
Hohenstralle 24 | Postfach 1708
D - 70707 Fellbach | Germany
Telefon (07 11) B8 53 - O1
Telefax {07 11} 58 53 - 418
Talotax 7 111 378

Droplet Size Analysis

Product Number : 212.085
Date of Measurement : 22 NOV 1984

Mes.Point\mm\x/y/z : -/-/250

(Gas - Pressure o 0.00 bar
Gas - Flow ;0 0.00 mhiN.
Gas\Liguid - Rat : 0.00

Liguid - Pressure : 60.0 bar

Liquid - Flow : 0.148 {min

Medium : Wasser

Remark : -- Test B; single nozzle --

Results of Droplet Size Analysis

Number of Droplets = 44799
Arithmetic Mean Value = 23.42
Standard Deviation = 44.30
Area Mean Diameter = 25.61
Volume Mean Diameter = 27.96
Sauter Mean Diameter = 33.32

D(NUM) 10% = 10.89

D(NUM) 60% = 20.02
D(NUM) 90% = 34.95
D(VOL) 10% = 19.61
D(VOL) 50% = 34.74

D{VOL) 90% = 60.80

um
%

um
Lm

pgm

um
um
Hm

[m
Hm
Hm



Lechler GmbH & Co. KG
Prazisionsdiisen . Anlagenbau
Hbhanstralle 24 , Postiach 1708
D - 70707 Fellbach / Germany
Telefon {07 11} 58 53 - 01
Teiefax {07 11} 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 212.085
Date of Measurement : 22 NOV 1884 Mes.Point\mm\x/y/z : -/-/250
Liquid - Pressure 60.0 bar Gas - Pressure 0.00 bar
Liquid - Flow 0.148 1/min Gas - Flow 0.00 m®hiN.
Medium : Wasser Gas\Liguid - Rat 0.00
Remark -- Test 5; single nozzle --
Sauter Mean Diameter: 33.32 pum Arithm. Mean Value 23.42 um
pm Numerical Diameter Distribution %
4.6 0.92
77 ............ 3.12
10.9 1 588
14 O - - - ei-eeomvmssmen s 10.84
17.3 15,24
20.4 15.92
23.6 e - 13.3¢2
26.8 | 10.08
299 .. - - 7.29
33.1 5.14
36.3 - 3.56
38.5 -] 2.42
42.6 1.81
45.8 1.2
43.0 - 0.86
52.2 0.63
BE.3 I - et st e " s
58.5 .
681.7 .
64.8 J- - .
BB.0 o o et b e )
71.2 .
74.4 S .
r 2 - S TR, .
= o T OO SR i
83.9 .
L7 2K o TR TP U .
= T - S O SR 0.00
96.6 OT— - 0.00
L 1 T S SRS - 0.00
102.9 e 0.00
106.1 0.00
D, e e e bR bt bR b AR RS e 1 R 0.00
112.4 - 0.00
I 1 - - T O, . 0.00
118.8 .
121.8
1261
128.3
131.B
134.6
137.8
141.0
1441
147.3
150.5
153.7 !
i 156.8
| 160.0

A



Droplet Size Analysis

Lechler GmbH & Co. KG
Prézisionsdisen . Anlegenbau
Héhenstrafle 24 . Postfach 1709
D - 70707 Fellbach / Germany
Telefon 107 11) 58 B3 - 01
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

AT

Product Number 212.085
Date of Measurement : 22 NOV 1884 Mes.Point\mm\x/y/z -{-1250
Liguid - Pressure 60.0 bar Gas - Pressure : 0.00 bar
Liquid - Flow 0.148  Vmin Gas - Flow v 0.00 m*hiN.
Medium Wasser Gas\Liquid - Rat : 0.00
Remark -- Test 5; single nozzle --
Sauter Mean Diameter: 33.32 um Arithm. Mean Value : 23.42 um
Hm Cumulated Volume Distribution %
4.6 | 0.00
77 | N 0.07
10.8 0.42
14_‘! .................. ‘[‘81
17.3 B.40
206 I - - om0 e 1881 e 1 014 85 81 1St et e 11.61
23.6 19.66
26.8 28.50
29.9 e 37,47
33.1 Y e eeereeeeeeeeeme e 46.02
36.3 53.81
39.5 _ 60.63
42.6 66.35
45.2 71.87
49.0 - -1 76.50
52.2 80.63
55.3 { 84.47
58.5 87.88
61.7 i B0.64
64.8 e §2,05
68.0 | 84,75
71.2 ed 96.41
74.4 | 97.88
77.8 4 98.74
80.7 99,22
B83.9 98.46
87.0 99.66
90.2 99.74
93.4 99.90
ge.6 A 1 00 .00
99.7 R 1 OO 00
102.9 SR 100 00
106.1 [ 1 00 00
109.2 | 1 00 00
112.4 100.00
115.6 . ) R 100.00
118.8 N 1| (50} ()0
121.9 100.00
! 125.1 100.60
1o1zes R 100 .00
131.5 — ~ 100.00 |
134.¢ N A :00.00
137.8 T N 100.00
141.0 100.00
144.1 Il 100.00
147.3 . T T 100.00
| 150.5 100.00
| 1837 100.00
i 1B6.8 100.00
160.0  100.00 |



Lechler GmbH & Co, KG
Prézisionsdlisen . Anlagenbau
HdhenstraBe 24 | Postfach 1709
D - 70707 Fellbach / Germany
Telafon {07 11} 58 583 - 01
Telafax (07 11) B8 53 - 418
Teletax 7 111 378

Droplet Size Analysis

Mes.Point\mm\x/y/z : -/-/1250

(Gas - Pressure ¢ 0.00 bar
Gas - Flow o 0.00 m3/hi.N.
Gas\Liguid - Rat : 0.00

Product Number : 212.08%

Date of Measurement : 22 NOV 1894

Liquid - Pressure : 80.0 bar

Liquid - Flow : 0.175  ifmin

Medium : Wasser

Remark . -~ Test 6; single nozzle --

Results of Droplet Size Analysis

Number of Droplets
Arithmetic Mean Value
Standard Deviation
Area Mean Diameter
Volume Mean Diameter

Sauter Mean Diameter

D(NUM) 10%

1l

33738
20.82

= 48.98
= 23.18

D(NUM) 560% =

D(NUM) 90%

D{VOL) 10%
D(VOL) 50%
D{VOL) 80%

25.58
31.13

7.91
17.69
32.36

18.20

= 32.85

55.17

pm
%

um
um

um

um
um
um

um

um
um
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Lechler GmbH & Co. KG
Prézisionsdisen . Anlagenbau
Héhenstrals 24 . Postfach 1709
D - 70707 Fellbach / Germeny
Telefon (07 11) 68 53 - 01
Telefax (07 11} 58 £3 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 1 212.085
Date of Measurement : 22 NOV 1894 Mes.Point\mmm\x/y/z : -/-/250

Liquid - Pressure : 80.0  bar (Gas - Pressure : 0.00 Dbar
Liquid - Flow  0.17%  ¥min Gas - Flow : 0.00 m?¥hilN.
Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : - Test 6; single nozzle --

Sauter Mean Diameter: 31.13 pm Arithm. Mean Value : 20.82 um

Hm Numerical Diameter Distribution %

4.6 3.83
1.7 - - £.87
10.9 ' - 8.76
14.1 | 13,87
17.3 R 14.94
20.4 _ eeed 14,17
23.6 10.97
26.8 - B.03
29.9 5.68
a3n 4.00
36.3 - ] 2,70
385 1.72
42.6 , - 1.30
45.8 SR B B 1.
48.0 - 0.80
52.2 [ 0.54
BE.3 - - : - .28
588 F- . 0.20
61.7 .

64.8
68.0
7.2
74.4
77.5
80.7
83.9
87.0
90.2
83.4
96.6
99.7
102.9
106.1
109.2
112.4
115.6
118.8
121.8
125.1
128.3
131.8
134.6 |
137.8
141.0
144.1
147.3
150.5
183.7
1586.8
160.0

A9



Lechiar GmbH & Co. KG
Préazisionsdisen . Anlagenbau
Héhenstrale 24 . Postfach 1708
D - 70707 Fellbach [ Germany
Telefon (07 11} 58 53 - 01
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number + 212.085

Date of Measurement : 22 NOV 1884 Mes.Pointimmix/y/z : -/-/250

Liquid - Pressure : 80.0 Dbar Gas - Pressure : 0.00 Dber

Liguid - Flow : 0.175  i/min Gas - Flow : 0.00 m3*hiN.

Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 6; single nozzle --

Sauter Mean Diameter: 31.13 um Arithm. Mean Value : 20.82 um
om Cumulated Volume Distribution %
4.6 0.02
7.7 0.18
10.9 0.94
14.1 3.26
17.3 7.88
20.4 15.07
23.6 23.70
26.8 32.92
29.9 : 42.04
32.1 50.74
36.3 58.48
9.5 64.82
42.6 70.85
45.8 76.98
49.0 S N 82.60
52.2 . N871.22
56.3 .\3:%.13
58.5 | 9254
61.7 94.45
oy —___ B 96.00
68.0 - 87.34
71.2 - 98.17
74.4 { 88.82
77.5 99,24
80.7 - 99.42
83.9 99.63
87.0 89.87
90.2 100.00
93.4 100.00
96.6 100.00
99.7 100.00
102.9 _ __ _ 100.00
106.1 100.00
109.2 100.00
112.4 100.00
115.6 100.00
118.8 _ _ 100.00
121.9 100.00
125.1 ) 100.00
128.3 100.00
131.5 100.00
134.6 100.00
137.8 100.00
141.0 100.00
144.1 100.00
147.3 1060.00
150.5 100.00
153.7 100.00

| 156.8 100.00

, je0.0 100.00

Al0



Lechler GmbH & Co. KG
Prazisionsdigen . Anlagenbay
HiéhenstralBe 24 . Postfach 1709
D - 70707 Felibach / Germany
Telefon (O7 11) 58 83 - 01
Teiefax {07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 8

Date of Measurement : 22 NOV 1884 Mes.Point\mm\x/y/z : 0/0/260

Liquid - Pressure : 60.0  bar Gas - Pressure ;. 0.00 bar
Liguid - Flow : 1.18 I/min Gas - Flow 1 0.00 m3hiN.
Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 7, body with 8 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 53880

Arithmetic Mean Value = 42.52 um
Standard Deviation = 57.04 %
Area Mean Diameter = 48.95 um
Volume Mean Diameter = 56.07 um
Sauter Mean Diameter = 73.57 pm

DINUM) 10% = 18.13 um
DINUM) 50% = 33.44 um
DINUM) 90% = 73.49 um

D(VOL) 10% = 40.80 um
D(VOL) 50% 86.79 um
D(VOL) 90% 139.39 um

i

All



Lechler GmbH & Co. KG
Prazisionsdiisaen . Anlagenbau
Hoéhenstralle 24 . Postfach 1709
D - 70707 Fellbach / Germany
Telafon {O7 11} B8 53 - 01
Telsfax (07 11) BB 53 - 418
Telatex 7 1171 378

Droplet Size Analysis

Product Number : 212.085 X 8

Date of Measurement : 22 NOV 1994 Mes.Point\mm\x/y/z : 0/0/250

Liquid - Pressure : 60.0  Dbar Gas - Pressure : 0.00 bar

Liquid - Flow : 1.18 I/min Gas - Flow 0 0.00 m3/hiN.

Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : - Test 7; body with 8 nozzles 212.085 --

Sauter Mean Diameter: 73.57 um Arithm. Mean Value : 4252 um
om Numerical Diameter Distribution %
5.7 0.06
9.7 ' 0.24
13.6 1.83
17.6 6.75
21.6 [ 4 10.04
25.5 B 11.40
29.5 1 10.66
335 9.25
37.4 7.94
41.4 6.53
45.4 5,49
49.3 4.74
53.3 3,71
57.3 3.10
61.2 2,53
65.2 2.22
69.2 1.86
73.1 1.63
77.1 1.54
81.0 1.24
85.0 - ereereer s o e 3 8 88 5 8 8RR R385 R 5t R 1.03
89.0 0.9t
92.9 0.75
96.9 ] OL.BT
1008 | 0.8
104.8 : 0.54
108.8 : 0.4%
112.8B L eh N RE SR i e e b e B8 £ B4 AR £ e 10 e 0.32
116.7 e e e e e 0.34
120.7 ‘ 0.33
124.7 0.20
TZ2B.6  J - e s e ) 0.23
1326 B . . . ‘ o0.18
136.6 . 0.15
140.8 - F OO . 0.13
14485 oo | 0.07
148.5 i) 008
162.4 0.04
166.4 0.05
160.3 0.03
164.3 0.03
16B.3 0.01
172.2 0.02
176.2 0.00
180.2 0.00 !
184.1 0.07
188.1 0.00 |

| 192.7 0.00 i

2000 e . . . [ Fop.0o

Al2



Lechier GmbM & Co. KG
Prézisionsdlgsen . Anlagenbau
HéhensiraBe 24 . Postfech 1709
D - 70707 Fellbach / Germany
Telefon (07 11) 58 53 - 01
Telefax (07 11) 58 53 - 418
Teletex 7 11771 378

Droplet Size Analysis

Product Number : 212.085 X 8

Date of Measurement : 22 NOV 1894 Mes.Pointimmix/y/z : 0/0/250

Liguid - Pressure ¢ 60.0 Dbar Gas - Pressure : 0.00 bar

Liquid - Flow : 1.18 I/min Gas - Flow : 0.00 m*hi.N.

Medium : Wasser Gas\Liquid - Rat : 0.00

Remark 1 -- Test 7; body with 8 nozzles 212.085 --

Sauter Mean Diameter: 73.57 um Arithm. Mean Value : 42.52 uym
g Cumulated Volume Distribution %
5.7 A 0.00
9.7 0.00
13.6 0.02
17.6 ........... 0.23
2]'6 .......................... 0_80
P 1.88
29.5 3.43
335 R - i s e e s b e S 5.40
37.4 [ s e 7.77
a1.4 10.40
45.4 S - - - 13.30
49.3 16.54
53.3 18.73
57.3 23.04
61.2 26.34
65.2 29.84
69.2 33.34
73.1 36.97
77.1 40.99
81.0 44.75
85.0 48.35
89.0 52.01
92.9 55.44
96.9 58.92




Lechler GmbH & Co. KG
Prézisionsdiisen . Anlagenbay
Héhenstralle 24 . Postfach 1709
D - 70707 Fellbach / Germany
Telafon (07 11) 58 53 - 01
Telefax (07 11) 58 63 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 8

Date of Measurement : 22 NOV 1994 Mes.Pointimmix/y/z : -/75/1000

Liquid - Pressure : 60.0  Dbar Gas - Pressure : 0.00 Dbar
Liguid -~ Flow : 1.18 I/min Gas - Flow : 0.00 m3/hiN.
Medium : Wasser Gas\liquid - Rat : 0.00

Remark . -- Test 8; body with 8 nozzies 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 58b54

Arithmetic Mean Value = 36.93 um
Standard Deviation = 63.24 %
Area Mean Diameter = 43.70 um
Voiume Mean Diameter = 51.45 um
Sauter Mean Diameter = 71.33 pm

D(NUM) 10% = 14.79 um
D(NUM) 50% = 27.55 um
D(NUM) 80% 656.13 um

it

D(VOL) 10% 38.36 um
D(VOL) 560% = B86.67 um
D(VOL) 80% = 147.16 um

it

Al4



L.echler GmbH & Co. KG
Prézisionsdiisen . Aniagenbeu
HéhanstraBe 24 | Postfach 1709
D - 70707 Fellbach / Germmany
Telefon {07 11} 58 53 - 01
Teiafax (07 11} 58 B3 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 8

Date of Measurement : 22 NOV 1854 Mes.Point\rnm\x/y/z : -/75/1000

Liguid - Pressure : 60.0  bar Gas - Pressure : 0.00 bar

Liquid - Flow : 1.18 Hmin Gas - Flow o 0.00 mhi.N.

Medium : Wasser Gas\Liquid - Rat . 0.00

Remark : -- Test 8; body with 8 nozzles 212.085 --

Sauter Mean Diameter: 71.33 um Arithm. Mean Value : 36.93 ym
pm Numerical Diameter Distribution %
57 | 0.12
9.7 ' 0.76
13.6 - 5.38
17.6 - 12.87
21.6 SRR 13.59
255 B, ... 12.14
29.5 : 9.47
33.5 7.52
37.4 6.25
41.4 4.96
45.4 4.07
49.3 3.47
53.3 2.B5
§7.3 2.35
81.2 2.15
5.2 1.70
69.2 1.42
73.1 1.15
77.1 1.09
81.0 0.84
85.0 0.77
89.0 . 0.68
92.9 0.61
26,9 MR- - 0.46
100.9 0.39
048 BB . 0.39
108.8 : 0.39
112.8 0.31
118.7 : 0.21
120.7 o ‘ 0.20
124.7 | 0.14
128.6 . . 4 0.3
132.6 0.11
136.6 | 0.12
140.5 s 0.07
144 .5 - T, 0.09
1485 e eems st - . 0.04
152.4 v s e e 0.05
156.4 — » . bt e e e eAT TR A1 SR S ane ot e e 0.06
164.3 0.02
168.3 0.02
172.2 0.02
176.2 0.01
180.2 0.01
184.1 0.00
188.1 0.01 |
1921 p.oo |

E200.0 Lo e . e e e i s e 0.00 |

Al5



Lechler GmbH & Co., KG
Prézisionsdilsen . Anlagenbau
Héhenstralle 24 . Postfach 1709
D - 70707 Falibach / Germany
Telefon {07 11) 58 53 - 01
Telefax {07 11) 58 b3 - 418
Teletex 7 111 378

Dropiet Size Analysis

Product Number : 212.086 X 8

Date of Measurement : 22 NOV 1994 Mes.Point\mm\x/y/z : -/75/1000

Liquid - Pressure ¢ 60.0 Dbar Gas - Pressure . 0.00 bar

Liquid - Flow : 1.18 I/min Gas - Flow ;0 0.00 m3hi.N.

Medium : Wasser Gas\Liquid - Rat ;o 0.00

Remark : -- Test 8; body with 8 nozzles 212.085 --

Sauter Mean Diameter: 71.33 um Arithm. Mean Value : 36.93 um
om Cumulated Volume Distribution %
5.7 0.00
9.7 0.00
13.6 0.10
17.6 0.62
21.8 1.64
25.5 3.13
29.5 4.91
33.5 6.98
37.4 9.39
41.4 11.98
45.4 14.77
49.3 17.83
53.3 21.01
57.3 24,28
61.2 27.89
65.2 31.35
69.2 34,81
73.1 38.11
77.1 41.78
81.0 45.08
85.0 48.56
89.0 52.11
92.9 55.72
96.9 58.83
100.9 61.B2
104.8 65.13
108.8 68.84
112.8 72.18
116.7 74.68
120.7 77.37
124.7 79.39
128.6 81.42
132.6 83.41
136.6 | 85.64
140.5 SR - | 87.07
144.5 ) _ " I—— 89.22
148.5 : { 90.37
152.4 91.75
156.4 93.47
160.3 94.40
164.3 95.36
168.3 96.31
172.2 97.20
176.2 97.76
180.2 98.26
184.1 98.66

1 1BB.1 99.16

i 192.1 99.51

: 1886,0
- 200.0

Al6



Lechler GmbH & Co. KG
Prazisionsdiisen . Anlegenbau
HohenstraBe 24 . Postfach 1709
D - 70707 Felibach / Germarey
Telefon (07 11) 58 53 - 01
Telatax (07 11) 58 53 - 418
Telatex 7 111 378

Droplet Size Analysis

Product Number 1 212,085 X8

Date of Measurement : 22 NOV 1994 Mes. Pointi\mm\x/y/z : -/150/1000
Liquid - Pressure . 60.0  bar Gas - Pressure : 0.00 bar
Liquid - Flow o 1.18 I/min Gas - Flow : 0.00 m?hiN.
Medium : Wasser Gasl\Liquid - Rat . 0.00

Remark : - Test 9; body with 8 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 43869

Arithmetic Mean Value = 34.64 um
Standard Deviation = 70.64 %
Area Mean Diameter = 42.39 um
Volume Mean Diameter = 51,01 um
Sauter Mean Diameter = 73.85 pm

D(NUM) 10% = 12.18 um
D(NUM) 50% = 24.37 um
D(NUM) 80% = 65.08 ym

D(VOL) 10% = 40.27 um
D(VOL) 50% = 92.08 um
D(VOL) 90% = 142.72 ym

Al7



Lechier GmbH & Co, KG
Prézisionsdilsen . Anlagenbau
HohanstralRe 24 . Postfach 170¢%
B - 70707 Fellbach / Germany
Telefon {07 11) 58 53 - 01
Telefax (07 11) B8 63 - 418
Telatex 7 111 378

Droplet Size Analysis

Product Number : 212.085X 8
Date of Measurement : 22 NOV 1984 Mes.Pointimm\x/y/z : -/150/1000
Liquid - Pressure : 60.0 bar (Gas - Pressure : 0.00  bar
Liguid - Flow : 1.18 I/min Gas - Flow : 0.00 m*/hiN.
Medium : Wasser Gasi\Liquid - Rat : 0.00
Remark : -- Test 9; body with 8 nozzles 212.085 --
Sauter Mean Diameter: 73.85 um Arithm. Mean Value : 34.64 um
um Numerical Diameter Distribution %
5.7 0.1
2.7 NN 2.07
13.6 |8 B -] 12.38
176 B T ETES
21.6 . 13.07
P S — 10.26
29.5 i B.02
338 - 6.13
A I 5.12
1.4 R o —————————————— i o £ s 1t 1T 4.00
45.4 N - -~ ittt st e e 2755818 2kt o8 51 3.45
L O 2.70
83.3 et 2.40
57.3 i 2.02
61.2 ] 1.89
65.2 f 1.44
69.2 wed 1,20
73.1 e 1.14
77.1 -1 0.96
81.0 0.85
BE.O J— 0.66
BA.O I e e 2L AR R b A RS red 0,69
92.9 : 0.65
26.9 e —i 0.54
100.8 [ oo e s e e e , 0 38
104.8 R e e e e 17 R 8Pk R et e 0.40
108.8 0.41
112.8 SN 0.34
116.7 - OO 0.29
120.7 B - 0,24
124.7 0.23
128.6 : 018
132.6 |- e R 0.13
CET- 3 T T —— . "
140.5
144.5
148.5
152.4
156.4
160.3
164.3
168.3
172.2
176.2
180.2
184.1
188.1
182.1 ;
196.0 !
© 200.0 |

AlB



Lechier GmbH & Co, KG
Prézisionsdisen . Anlagenbau
HdhenstraBe 24 . Postiach 1708
D - 70707 Fellbach / Garmany
Teleton (07 11) 5B B3 - 01
Telefax (07 11) 58 53 - 418
Teletox 7 111 378

Droplet Size Analysis

Product Number 1 212.085 X 8
Date of Measurement : 22 NOV 1894 Mes.Point\mm\x/y/z : -/150/1000

Liguid - Pressure : 60.0  Dbar Gas - Pressure : 0.00  bar
Liquid - Flow 1.18  l/min Gas - Flow : 0.00 md/hi.N.
Medium : Wasser Gas\Liquid - Rat . 0.00

Remark v -~ Test 9; body with 8 nozzies 212.085 --
Sauter Mean Diameter: 73.85 um Arithm. Mean Value : 34.64 um

Cumulated Volume Distribution %

o
3

WA N -
WONodne?

A m o~

b
Wb b h

53.
57.3
61.2
65.2
69.2
73.1
77.1
81.0
85.0
gs.0
92.9
96.9
100.8
104.8
108.8
112.8
116.7
120.7
124.7
128.6
132.6
136.6
140.5
144.5
148.5
152.4
166.4
i 160.3
164.3
168.3
172.2
;178.2
;1%2
| 184.%
' 188.1
foreza
" 198.0
200.0




Droplet Size Analysis

Product Number : 212085 X 12
PDate of Measurement : 23 NOV 1894

Lechter GmbH & Co. KG
Prazisionsdiisen . Anlagenbau
Héhenstralle 24 . Postfach 1708
D - 70707 Feltbach / Germany
Telefon (07 11) 6B 83 - O1
Telefax (07 11) BB 83 - 418
Teletex 7 111 378

Mes.Point\mmi\x/y/z : -/-/1000

Liquid - Pressure . 20,0 bar Gas - Pressure 0.00 bar
Liquid - Flow : 0.980 i/min Gas - Flow 0.00 m*/hi.N.
Medium : Wasser Gas\Liquid - Rat 0.00

Remark : -- Test 10; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets =
Arithmetic Mean Value =
Standard Deviation =
Area Mean Diameter
Volume Mean Diameter =

Sauter Mean Diameter =

D(NUM) 10% =
D(NUM) 50% =
D(NUM) 80% =

D(VOL) 10% =
D(VOL) 50%
D(VOL) 90% =

36564

45.03
64.30

= 53.b3

62.75
86.22

17.82
33.356
83.45

48.23

Hm
%

um
gm

pm

um
um
um

um

= 105.30 gym

160.39 ym
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Droplet Size Analysis

Leachler GmbM & Co. KG
Prazisionsdisen . Anlaganbeu
Héhenstralle 24 . Postisch 1703
D - 70707 Fellbach / Germeny
Telefon (07 11) 58 53 - D1
Telefax (07 11) 58 53 - 418
Telotex 7 111 378

Product Number 1 212.085 X 12
Date of Measurement : 23 NOV 1894 Mes.Point\mm\x/y/z : -/-/1000
Liquid - Pressure . 20.0 bar Gas - Pressure 0.00  bar
Liguid - Flow : 0.980 ¥Ymin Gas - Flow 0.00 m?*h iN.
Medium : Wasser Gas\Liguid - Rat 0.00
Remark -- Test 10; body with 12 nozzles 212.085 --
Sauter Mean Diameter: 86.22 um Arithm. Mean Value 45.03 um
am Numerical Diameter Distribution %
587 | 0.02
9.7 | 0.12
13.6 1.42
17.6 7.82
21.6 g | 11.29
25.5 11.77
29.5 9.68
33.5 .10
37.4 6.84
41.4 5.72
45.4 475
49.3 4.06
53.3
57.3
1.2
65.2
69.2
73.1
77.1

o o ©
oo
oobo

92.9
96.9
100.9
104.8
108.8
112.8
116.7
120.7
124.7
128.6
132.6
136.6
140.5
144.5
148.5
152.4
156.4
160.3
164.3
168.3
172.2
176.2
180.2
i 184.1
i 188.1
i 182.1
i 196.0
. 200.0




Lechler GmbH & Co. KG
Prézisionsdiisen . Anlagenbau
Haéhenstrae 24 . Postfach 1709
D - 70707 Fellbach / Germany
Telefon (07 11} 58 53 - 01
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 1 212.085 X 12
Date of Measurement : 23 NOV 1994 Mes.Point\mm\x/y/z : -/-/1000

Liquid - Pressure : 20.0 Dbar Gas - Pressure : 0.00 Dbar
Liquid - Flow : 0.980 l/min Gas - Flow : 0.00 mhi.N.
Medium : Wasser Gasl\Liquid - Rat : 0.00

Remark : -- Test 10; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 86.22 um Arithm. Mean Value : 45.03 um

Cumulated Volume Distribution %

T
3

~J i

WU oNBON—-~JWORadtwPd

+

NooaMbabRBWRNN—S o

w
—ehbuwwbhbbintioo®

wm~d
m=N
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89.0
g2.9
96.8
100.9
104.8
108.8
112.8
116.7
120.7
124.7
128.6
132.6
136.6
140.5
144.5
148.5
152.4
156.4
160.3
164.3
168.3
172.2
176.2
180.2
1684.1
188.1
192.1
198.0
| 200.0




Lechier GmbH & Co. KG
Prazisionsdlisen . Anlagenbau
Hohenstralle 24 . Postfach 1709
D - 70707 Fellbach / Germany
Telefon (07 11) BB 53 - 01
Telafax {07 11) 5B 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mmix/y/z : -/-/1000

Liquid - Pressure : 40.0 bar Gas - Pressure : 0.00 |bar
Liquid - Flow : 1.43 i/min Gas - Flow : 0.00 m3/hil.
Medium : Wasser Gas\liguid - Rat : 0.00

Remark : -- Test 11; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 35607

Arithmetic Mean Value = 46.26 um
Standard Deviation = 59.34 %
Area Mean Diameter = 53.80 ym
Volume Mean Diameter = 62.05 pym
Sauter Mean Diameter = 82.54 pum

D{(NUM} 10% = 19.11 gym
D{NUM)} 50% = 35.87 um
D(NUM) 90% = 81.55 gm

D(VOL) 10% = 46.20 um
D(VOL) 50% = 97.95 um
D(VOL) 90% = 158.03 ym
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Lechier GmbH & Co. KG
Prazisionsdisen . Anlagenbau
Héhenstralle 24 . Postfach 170¢
D - 70707 Fellbach / Germany
Telafon {07 11) 58 B3 - 01
Telefax (07 11) 68 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 1 212.085 X 12

Date of Measurement : 23 NOV 1984 Mes.Point\mm\x/y/z : -/-/1000

Liguid - Pressure 40,0  bar Gas - Pressure : 0.00  Dbar

Liquid - Fiow : 1,43 i/min Gas - Flow : 0.00 m*hi.N.

Medium : Wasser Gas\Liquid - Rat o 0.00

Remark : -- Test 11; body with 12 nozzies 212.085 --

Sauter Mean Diameter: 82.54 um Arithm. Mean Value : 46.26 um
pm Numerical Diameter Distribution %
57 | 0.0
8.7 0.11
13.6 0.92
7.6 | 5.44
21.6 S—— - Y.
285 10.44
29.8 eed 1005
33.5 USSP R - ¥ o ¥-1
37.4 7.74
41.4 : 6.44
45.4 _ _ 5.46
49.3 4.72
£3.3 3.73
57.3 3.38
61.2 - 3.10
65.2 v 2B0
69.2 R B e il e s L 2,22
73.1 1.85
77.1 . 1.80
£1.0 1.54
85.0 1.32
89.0 1.07
829 JEEEE oo —— A1 1 s e ] 0.99
96.9 0.87
100.9 . . 0.85
104.8  JIII e e e e - 0.65
108.8 AR h A 1 AT B8R b e ek A ) . 055
112.8 . i 0.55
116.7 | - 0.54
120.7 0,39
124.7 T ‘ 0.28
128.6 0.31
132.6 B 0.23
136.6 - 0.23
B 0 T T U G OO . o.18
144.5 . — ! e e e e 0.16
148.8 ‘ et et e o 0.18
152.4 0.13
156.4 0.10
160.3 0.11
164.3 0.07
168.3 0.06
172.2 0.03
176.2 0.0%
180.2 0.03
184.1 0.03
188.1 0.02

} 200.0 o . - A, P 0.00 !
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Droplet Size Analysis

Lechier GmbH & Co. KG
Prézisionsdlisen . Anlapenbay
HéhenstraBe 24 . Posttach 1708
0 - 70707 Felibech | Germany
Telefon {07 11} 58 53 - 1
Telefax (07 11} BB B3 - 418
Feletex 7 111 378

Product Number 1 212.085 X 12

Date of Measurement : 23 NOV 19984 Mes.Point\mmix/yfz . -/-/1000

Liquid - Pressure :  40.0 bar Gas - Pressure 0.00 bar

Liquid - Flow : 1.43 {/min Gas - Flow 0.00 m%¥hiiN.

Medium : Wasser Gas\Liguid - Rat 0.00

Remark - Test 11; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 82.54 ym Arithm. Mean Vaiue : 46.26 um
Hm Cumulated Volume Distribution %
5.7 [~ - " OV A 0.00
9.7 o e e 2t R R 8 e et 4 0.00
13.6 0.01
17.6 e s iR e bt B 0.13
U nE2
BB B . 1.25
29.5 e e A 2.33
33.5 3.75
37.4 | B.45
A1.4  JEEIR - oottt et es et sttt et et Pt ettt e e oo e oo eeeeees e 7.38
45 4 e A8 AR R8BS 1R RRS B84 st as0
49.3 _ —ed 1187
53.3 et e e e 14.24
57.3 16.91
61.2 19.89
65.2 22.79
69.2 25,87
73.1 28.8%
77.1 e ama s [ 32.38
21.0 B 35.78
85.0 39.19
89.0 - - i 42,38
82,2 N -~ eeeemr oo 4570
26.9 49 04
100.9 - - - S——— -1
104.8 55.84
108.8 el BB Q3
112.8 62.14
116.7 65.77
120.7 68,68
124.7 eed 71.03
128.6 73.81
132.6 - 76.08
136.6 NN .. ............. 78.60
140.5% — BO.BT
144.5 -] B2 94
148.5 -] 85.44
152.4 i BT 45
156.4 | 88.18
160.3 -4 91.18B
164.3 - 92.49
168.3 | 93.72
172.2 84.50
176.2 95.66
180.2 -{ 86.62
184.1 f| 97.65
188.1 -1 88.43
192.1 j| 99.18

i 196.0 99.71

| 200.0 100.00 |
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Lechier GmbH & Co. KG
Prézisionsdiisen . Anlagenbeau
Hohenstrale 24 . Postfach 1708
D - 70707 Fellbach / Germany
Telofon (07 11) 5& 83 - 01
Telefax {07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212,085 X 12

Date of Measurement : 23 NOV 1984 Mes.Point\mm\x/y/z : -/~/1000

Liquid - Pressure : 60.0  bar Gas - Pressure : 0.00  Dbar
Liquid - Flow . 1.77 J/min Gas - Flow : 0.00 m3/hiN.
Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 12; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 35086

Arithmetic Mean Value = 42,41 um
Standard Deviation = 64.12 %
Area Mean Diameter = B50.38 um
Volume Mean Diameter = §9.02 um
Sauter Mean Diameter = 81.03 pym

DINUM) 10% = 16.12 pm
D{NUM) 50% = 31.64 um
D(NUM} 90% = 77.68 um

b(VOL) 10% = 45.20 ym
D(VOL) 50% = 88.00 gm
D(VOL) 80% = 154.71 um
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Lechler GmbH & Co. KG
Préazisionsdisen . Anlagenbau
Héhenstrale 24 . Postfach 1708
D - 70707 Fellbach / Germany
Telefon (07 11) 58 53 - 01
Telefax {07 11) 58 §3 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mmix/y/z @ -/-/1000

Liquid - Pressure . 60.0 bar Gas - Pressure : 0.00 Dbar

Liquid - Flow A B Y l/min Gas - Flow : 0.00 m?*hilN.

Medium . Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 12; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 81.03 um Arithm. Mean Value : 42.47 um
gm Numerical Diameter Distribution %
5.7 0.10
9.7 0.64
13.6 3.88
17.6 B.61
21.6 11.14
25.5 § 11.21
29.5 | 10.13
33.5 7.94
37.4 6.38
41.4 5.31
45.4 4.80
48.3 3.886
53.3 3.29
57.3 2.81
61.2 2,55
65.2 211
69.2 1.94
73.1 1.66
774 1.34
81.0 1.34
85.0 1.13
89.0 0.93
92.9 0.88
96.9 0.73
100.8 I ot 0.64
104.8 0.58
108.8 0.63
112.8 0.40
116.7 : 0.41
120.7 0.36
124.7 0.28
128.6 0.30
132.6 - 0.26
136.6 | 0.23
140.5 0.19
144.5 — 0.16
1485 E- 0.10
FIEZ.8 [ e e e Rt 8o 885188 58 8 0 0.10
156.4 0.08
160.3 0.09
164.3 0.06
168.3 0.03
AT 2.2 b o e e 4ttt e e e s e .02
176.2 0.03
180.2 0.02
184.1 0.01

| 188.1 0.02

fq92.1 0.02
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Droplet Size Analysis

Lechler GmbH & Co. KG
Prazisionsdisen , Anlegenbau
Héhanstrafie 24 . Postfach 1708
D - 70707 Feltbech / Germany
Telafon {07 11} 68 53 - 01
Telefax (07 11) 58 B3 - 418
Teletex 7 111 378

Product Number : 212.085 X 12
Date of Measurement : 23 NOV 1884 Mes.Pointimmix/y/z : -/-/1000
Liquid - Pressure ;. 860.0 Gas - Pressure 0.00 bar
Liguid - Flow o 1.77 Gas - Flow 0.00 m3/hilN.
Medium . Wasser Gas\Liquid - Rat : 0.00
Remark : -- Test 12; body with 12 nozzles 212.085 --
Sauter Mean Diameter: 81.03 gm Arithm. Mean Value : 42.41 um
om Cumulated Volume Distribution %
5.7 0.00
8.7 0.00
13.6 0.05
17.6 0.28
21.6 0.82
25.5 1.73
28.5 2,99
33.5 4.44
37.4 6.07
41.4 7.91
45.4 10.09
49.3 12.35
53.3 14.77
57.3 17.34
61.2 20.20
65.2 23.05
69.2 26.19
73.1 29.35
77.1 32.34
81.0 36.82
85.0 39.21
89.0 42.41
92.9 45.89
96.9 49,12
100.2 52.32
104.8 55.58
108.8 £9.56
112.8 62.40
116.7 65.60
120.7 68.74
124.7 71.51
128.6 74.63
132.86 77.67
136.6 BO.S3
140.5 S el 83.14
144.5 j 4 B5.57
148.5 4 87.29%
1852.4 J B9.11
156.4 4 90.65
160.3 .l 8289
164.3 i 84.00
168.3 .4 94,86
172.2 .1 95.64
176.2 el O6.63
180.2 ... 87.36
184.1 ~J a7.70
188.1 . 88.35
1921 ji 99.13 |
I 196.0 | 9055 |
P200.0 ¥ 10000
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Lechier GmbH & Co. KG
Prézisionsdisen . Anlagsnbal
Hohenstrale 24 . Postfach 1708
D - 70707 Fellbach / Germany
Talefon (07 11} 58 B3 - 01
Telefsx {07 11) 58 53 - 418
Telotex 7 111 378

Droplet Size Analysis

Product Number 1 212.085 X 12

Date of Measurement : 23 NOV 1884 Mes.Point\mm\x/y/z : -/75/1000

Liquid - Pressure . 60.0 Dbar Gas - Pressure : 0.00  bar
Liguid - Flow .77 I/min Gas - Flow : 0.00 m¥/hiN.
Medium : Woasser Gas\Liquid - Rat : 0.00

Remark 1 - Test 13; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 37330

Arithmetic Mean Value = 33.02 uym
Standard Deviation = 82.27 %
Area Mean Diameter = 42.76 um
Volume Mean Diameter = 53.29 um
Sauter Mean Diameter = 82.75 um

DINUM} 10% = 9.56 um
D(NUM) 60% = 21.26 gm
D(NUM) 80% = 67.40 um

D(VOL) 10% = 46.52 um
D{(VOL) 50% = 104.80 ym
D(VOL} 80% = 156.40 um
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Lechier GmbH & Co. KG
Prazisionsdlisen . Anlagenbau
HohanstralBe 24 . Postfach 170¢
D - 70707 Felibach / Germany
Tatefon {07 11) 58 B3 - 01
Telefax (07 11) 68 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 12

Date of Measurement : 23 NOV 19984 Mes.Point\mm\x/yfz : -/75/1000

Liquid - Pressure : 860.0  Dbar Gas - Pressure : 0.00  bar

Liquid - Flow 177 i/min Gas - Flow : 0.00 m*/hilN.

Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 13; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 82.75 um Arithm. Mean Value : 33.02 uym
Hm Numerical Diameter Distribution %
5.7 | 0.99
9.7 | 932
13.6 i 14.73
17.6 -] 14.44
21.6 11.41
25.5 8.42
29.5 6.18
33.5 .13
a7.4 4,06
41.4 3.38
45.4 2.68
48.3 2.28
53.3 1.95
57.3 1.69
61.2 1.48
65.2 7.20
69.2 1.13
73.1 0.97
77.3 0.98
81.0 0.79
85.0 . 0.79
89.0 0.65
92,9 0.56
96.9 e 0.49
100.8 . 0.53
104.8 B - s 0.48
108.8 0.43
112.B JROS T . e R R8RS R A St e 0.31
T16.7 [ oo e e 0.38
120.7 0.30
1247 0.25
B B0 0 T T S S 0.27
132.6 1 0.19
136.6 0.20
1405 }---- 0.11%
144.5 : 0.15
148.5 J-rmmo .
152.4 e
156.4 oo ‘ e e ettt et e B
164.3
168.3
172.2 :
176.2 0.02
180.2 0.02
184.1 0.01
188.1 0.01 :
192.1 0.01 !
196.0 0.00 |
200.0 0.00
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Lachler GmbH & Co. ¥KG
Préazisionsdisen . Andagenbau
MéhenstreRe 24 | Postfach 1708
D - 70707 Fellbach / Germany
Talafon (07 11158 53 - 01
Telefax {07 11) 58 53 - 418
Telatex 7 111 378

Droplet Size Analysis

Product Number : 212,085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mm\x/y/fz : -/75/1000

Liquid - Pressure : 60.0 bar Gas - Pressure : 0.00 bar

Liquid - Flow .77 i/min Gas - Flow : 0.00 md/hiN.

Medium © Wasser Gas\Liquid - Rat . 0.00

Remark : -- Test 13; body with 12 nozzles 212.085 -

Sauter Mean Diameter: 82.75 um Arithm, Mean Value : 33.02 gm
Hm Cumulated Volume Distribution %
5.7 ] 0.00
8.7 ] 005
13.6 0.30
LI - T O - il ik D.82
21.6 1.58
25.5 - . 251
295 PR ORI S S - 3.85
33.85 4.83
37.4 6,23
41.4 7.82
45.4 9.47
49.3 11.28
53.3 13.23
57.3 - 15.33
61.2 N - - - 17.58
65.2 19.79
69.2 22.28
73 24,79
77.1 A 27777
B1.0 30.58
85.0 33.82
89.0 36.86
829 39.84
S6.9 R - - oo s st s S s e s st | 42.78
100.8 46.38
104.8 - 50.03
108.8 . J - 53,75
112.8 56.72
116.7 60,75
120.7 64.23
124.7 67.53
128.6 71.37
132.8 74.42
136.86 77.81
140.5 - eed 79_B7
144.5 " 83.07
148.5 i | B5.45
152.4 87.96
156.4 | §8.99
160 ., .. 91.81
164 I 93.31
168.3 94.49
172.2 95.66
176.2 S, - 96.73
180.2 | 97.56
184.1 ~| og.23
188.1 4 9B.B1

i 1821 99.31

f 98.7%

| 186.0
i 100.00

! 200.0
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Lechler GmbH & Co. KG
Prazisionsdiisen . Anlagenbau
HéhenstreBs 24 . Postfach 1708
D - 70707 Felibach / Germany
Telefon (07 11) 58 83 - O
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 212,086 X 12

Date of Measurement ; 23 NOV 1984

Mes.Point\mm\x/y/z : -/160/1000

Liquid - Pressure :  60.0 bar Gas - Pressure . 0.00 bar
Liguid - Flow 0 1.77 lrnin Gas - Flow ;0 0.00  m3hi.N,
Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : - Test 14; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets =
Arithmetic Mean Value
Standard Deviation
Area Mean Diameter
Volume Mean Diameter =

Sauter Mean Diameter =

D(NUM) 10% =
DINUM) 60% =
D(NUM) 80% =

DIVOL) 10% =
DIVOL) 50% =
D(VOL) 80% =

40738
= 29.03
= 91.25
= 39.30

50.59
83.84

7.16
17.42
60.12

47.01

um
%

am
um

am

Hm
um
um

m

107.87 pum
164.58 ym
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l.achier GmbH & Co. KG
Prazisionsdisen . Anlagenbsu
HéhenstraBe 24 . Postfach 1709
D - 70707 Fellbach / Germany
Telefon {07 11) 68 53 - 01
Telefax (07 11) 58 63 - 418
Teiotex 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mm\x/yfz : -/150/1000

Liquid - Pressure : 60.0  bar Gas - Pressure : 0.00 bar

Liquid - Flow : 1.77 I/min Gas - Flow : 0.00 m?*hiN.

Medium : Wasser Gas\liguid - Rat ;o 0.00

Remark : -- Test 14; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 83.84 ugm Arithm. Mean Value : 29.03 um
Hm Numerical Diameter Distribution %
5.7 | 4.00
9.7 ] 16.45
13.6 S 17.33
17.6 12.83
21.6 9.37
25.5 6.63
20.5 5.07
33.5 4.34
37.4 3.08
41.4 2.70
45.4 2.26
43.3 2.02
53.3 1.60
57.3 1.41
61.2 1.13
65.2 1.07
69.2 0.84
73.1 0.81
77.1 0.72
81.0 0.58
85.0 0.84
89.0 0.58
92.9 0.54
96.9 0.43
t[o o X T 0.38
104.8 0.34
108.8 0.30
112.8 : 0.29
116.7 0.26
120.7 0.20
124.7 j 0.27
128.6 - 0.20
T B 2 B i st ettt 121 8 525811 s 4 45 141 81 8815 ARt s, s 0.16
136.6 - 0.14
140.5 0.12
144.5 0.11
148.5 S 0.10
156.4 . 0.07
164.3 0.05
168.3 0.04
172.2 0.04
176.2 0.03
180.2 0.03
184.1 0.02
188.1 0.01
1892.9 0.01
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Lachler GmbH & Co. KG
Prézisionsdiisen . Anlagenbau
HéhenstraBe 24 , Postfach 1709
D - 70707 Fellbach / Germany
Telefon (07 11) B8 53 - 01
Talefax (07 11) 58 63 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 212.085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mmi\x/y/z : -/150/1000

Liquid - Pressure 60.0 bar Gas - Pressure : 0.00 Dbar

Liquid - Flow 1.77 Hmin Gas - Flow ¢ 0.00 m*hiN.

Medium Wasser Gas\Liquid - Rat . 0.00

Remark -- Test 14; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 83.84 um Arithm. Mean Value : 29.03 uym
rm Cumulated Volume Distribution %
5.7 0.00
9.7 0.12
13.6 0.46
17.6 1.00
21.6 1.73
256 2.58
28.5 3.58
33.5 4.84
37.4 5.09
at.4 7.58
45.4 9.21
49.3 11.08
53.2 12.97
57.3 15.03
61.2 17.0%
65.2 19.35
69.2 21.52
73.1 23.97
77.1 26.52
81.0 28.94
85.0 31,98
89.0 35.14
92.9 33.51
96.9 41.53
100.2 44,58
104.8 47 .64
108.8 50.72
112.8 53.98
116.7 57.21
120.7 59.97
124.7 64.01
128.6 67.44
132.6 70.36
136.6 73.21
140.5 75.79
144.5 78.36
1485 e 80.97
152.4 83.59
156.4 85.91
160.3 87.94
164.3 89 .87
168.3 91.68
172.2 93.42
176.2 95.08
180.2 96.52
184.1 97.71
188.1 9g.59
1921 99.26
196.0 99.69
200.0 100.00
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Leechler GmbH & Co. KG
Peézisionsdisen . Anlagenbau
Héhenstrafe 24 . Postfach 1709
D - 70707 Feilbach [ Germany
Telefon (07 11) 58 53 - 01
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 212,085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mm\x/y/z : -/0/600

Liquid - Pressure ;20,0  bar (Gas - Pressure . 0.00 bar
Liquid - Flow : 0.980  |/min Gas - Fiow : 0.00 mPhiN.
Medium . Wasser Gas\Liquid - Rat . 0.00

Remark : -- Test 15; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 36104

Arithmetic Mean Value = 36.90 um
Standard Deviation = 66.64 %
Area Mean Diameter = 44.34 um
Volume Mean Diameter = B2.28 um
Sauter Mean Diameter = 72.67 pm

DINUM} 10% = 12.22 um
DINUM) 50% = 27.58 um
D(NUM)} 90% = 68.44 um

D(VOL) 10% = 40.45 ym
D(VOL) 0% = 87.29 um
D(VOL) 90% = 140.39 ym
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Lachler GmbH & Co. KG
Prézisionsdisen . Anlagenbau
HihanstraRe 24 . Postfach 1709
D - 70707 Fellbach / Germany
Talafon {07 11) 58 52 - 0%
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 212.085 X 12
Date of Measurement : 23 NOV 1994 Mes.Point\mmix/y/z : -/0/600
Liquid - Pressure 20.0  Dbar Gas - Pressure 0.00 bar
Liquid - Flow 0.880 l/min Gas - Flow 0.00 m3/hi.N,
Medium Wasser Gas\lLiquid - Rat 0.00
Remark : -- Test 15; body with 12 nozzles 212.085 --
Sauter Mean Diameter: 72.67 um Arithm. Mean Value 36.90 um
Hm Numerical Diameter Distribution %
5.7 | 0.60
9.7 3.18
FEN.. T g.66
17.6 ¥ 10.87
21.6 10.87
25.5 — %
29.5 8.5
335 7.00
37.4 .94
41.4 4.94
45.4 4.21
49.3 -l 3.3
53.3 d 2,93
I 2.41
61.2 2,05
65.2 N - 1.85
69.2 [ - e 1.44
73.1 1.34
77.1 1.18
81.0 1.02
850 [ s 0.87
89.0 | 0.81
G289 QI - e e AR A R A8 A8 B RS 4 5 e eaa e v cavecenrnees 0.68
96.9 S — 0.58
100.9 S— Y
104.8 BB - oo oo e | 0,58
TOB.E IR - rroooemoermes et e ese et P R 1f AR R RSE R ES 0.35
TUDU8 - oomeonmomsesste s o e 1 2 558 8B3R5 11 e 0.28
116.7 Mmoo . . 0.29
120.7 e y . . cermenee] 0,19
124.7 — : 0.20
128.6 e85 88 € 8881 28 88 8 e s e g 0.14
TB2.B P menis et s e st et e 1 R O A A a1 0.13
136.6 e R b e enes 0.11
1405 e eron e 0.09
. < T e D U .08
148 .5 S 0.04
162.4 0.04
156.4 0.04
160.3 0.04
164.3 0.0
168.3 0.02
172.2 0.01
1786.2 0.00
| 180.2 0.01
i 1841 0.00
¢ 188.1 0.00
i 192.1 0.00
©196.0 0.00
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Lechler GmbHM & Co. KG
Prazisionsdisen . Anlagenbau
Hohenstralte 24 . Postfach 17039
D - 70707 Felibach / Germany
Telefon (07 11) 58 63 - 01
Talefax {07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212.086 X 12

Date of Measurement : 23 NOV 19294 Mes. Point\imm\x/y/z : -/0/600

Liquid - Pressure : 200 Dbar Gas - Pressure : 0.00  bar

Liquid - Flow : 0.980 Vmin Gas - Flow : 0.00 m?hikN.

Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 15; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 72.67 um Arithm. Mean Value : 36.90 gm
Mm Cumulated Volume Distribution %
5.7 0.00
9.7 0.02
13.6 0.18
17.6 0.60
21.6 1.37
25.5 2.58
29.5 4.11
33.5 5.95
37.4 8.13
41.4 10.58
45.4 13.34
49.3 16.12
53.3 19,23
57.3 22.41
61.2 25.70
65.2 29.29
69.2 32.64
73.1 36.33
77.1 40.13
81.0 43.95
85.0 47.69
89.0 51.71
92.9 55.57
96.9 59.27
100.9 62.93
104.8 67.24
108.8 70.46
112.8 73.38
116.7 76.68
120.7 79.10
124.7 81.84
128.6 83.99
132.6 86.20
136.6 88.23
140.5 90.06
144.5 81.75
1485 92.70
152.4 93.73
156.4 94.84
160.3 | 96,20
164.2 S, - 96.81
168.3 | 97.54
172.2 98.14
176.2 98.35
180.2 99.03
184.1 99.27
188.1 99.40
192.1 99.54
186.0 . 99.69

- 2000 { 100.00
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lechier GmbH & Co. KG
Prazisionsdiisen . Aniagenbau
Hohenstralle 24 |, Postfach 170¢
D - 70707 Fellbach / Germeany
Teleton {07 11) 58 53 - 01
Teletax (07 11) 68 83 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 1 212.085 X 12

Date of Measurement : 23 NOV 1894 Mes.Point\mmix/y/z : -/0/600

Liquid - Pressure : 40.0  bar (Gas - Pressure : 0.00 bar
Liquid - Flow : 1.43 I/min Gas - Flow : 0,00 m3hi.N.
Medium : Wasser Gas\Liguid - Rat : 0.00

Remark : - Test 16; body with 12 nozzles 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 34458

Arithmetic Mean Value = 36.82 um
Standard Deviation = 61.63 %
Area Mean Diameter = 43.23 um
Volume Mean Diameter = b0.27 um
Sauter Mean Diameter = 67.96 um

D(NUM) 10% = 13.48 um
DINUM) b0% = 28.82 um
D(NUM) 80% = 64.79 um

D(VOL) 10% = 37.21 um
D{vOL}) 50% = 80.11 pgm
D{(VOL) 90% = 138.51 um
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l.echler GrmbH & Co, KG
Prézisionsdiisen . Anlagenbau
Méhenstralke 24 . Postfach 1709
D - 70707 Felibach / Germany
Telefon (07 11} 58 53 - 01
Telefax (07 11) 58 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212,085 X 12

Date of Measurement : 23 NOV 1884 Mes.Pointimm\x/y/z : -/0/600

Liquid - Pressure : 40.0  bar Gas - Pressure : 0.00 bar

Liguid - Flow : 1.43 I/min Gas - Flow : 0.00 m3*hiN.

Medium . Wasser Gas\Liquid - Rat : 0.00

Remark -- Test 16; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 67.86 um Arithm. Mean Value : 36.82 um
om Numerical Diameter Distribution %
57 0.59
8.7 3.00
13.6 6.68
17.6 — 9.62
21.8 f 11.45
25.5 ] 10,61
298.5 | 96O
33.5 8.24
37.4 7.03
41.4 5,57
45.4 457
49.3 3.63
53.3 3.03
57.3 2,56
61.2 2.07
65.2 1.76
69.2 1.48
73.1 1.30
77.1 1.08
81.0 0.97
85.0 0.85
89.0 0.67
92.9 0.58
26.9 W 0.48
100.9 0.39
104.8 0.35
108.8 0.30
112.8 0.24
116.7 0.22
120.7 0.13
124.7 0.12
128.6 0.07
1326 | 0.09
136.6 L 0.07
140.5 0.06
144.5 0.06
3 - O S SR 0.04
1652.4 i 0.03
156.4 0.02
160.3 0.02
164.3 0.02
168.3 0.01
172.2 0.01
176.2 0.01
180.2 0.00
184.1 0.00
188.1 0.00
192.1 0.00

! 196.0 0.00

| 200.0 0.00
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Lechier GmbH & Co, KG
Prazisionsd{sen ., Anlagenbau
Hohenstrafle 24 . Postiach 1708
D - 70707 Fellbach / Germany
Telefon (07 11) 58 53 - 01
Talefax (07 11) B8 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number : 212,085 X 12

Date of Measurement : 23 NOV 1994 Mes.Pointimmix/y/z : -/0/600

Liquid - Pressure : 40.0  bar Gas - Pressure : 0.00  bar

Liquid - Flow :1.43 {/min Gas - Flow : 0.00 m?/hi.N.

Medium : Wasser Gas\Liquid - Rat : 0.00

Remark : -- Test 16; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 67.96 um Arithm. Mean Value : 36.82 um
om Cumulated Volume Distribution %
5.7 = 0.00
9.7 |- 0.02
13.6 |- 0.15
17.6 | 0.87
b I T T 1.47
25.5 —  2.88
29.5 — 4.82
335 -1 7.26
37.4 I - 1 T R 0 10.16
41.4 - 13.28
45.4 — 16,64
49.3 ey 20,08
53.3 -1 23.88
57.3 i 27.48
61.2 | 31,22
65.2 | 35.08
€9.2 38.986
73.1 42.98
77.1 46.89
81.0 _ 50.96
85.0 66.11
89.0 £8.84
92.9 _ 62.55
96.9 . | 85.89
100.9 : -] 89.11
104.8 72.3%
108.8 f 75.47
112.8 ) 78.22
116.7 80.98
120.7 ' — 7 Y3
124.7 --| 84.86
128.6 | 86.12
132.6 -| 87.83
136.6 -d 88.28
140.5 4 80.74
144.5 92.19
1486 - 93.31
152.4 94.20
156.4 _ ]| 94.98
160.3 ] T - 95.74
164.2 e 96.45
168.3 NN - - 897.10
172.2 S -.| 97.68
176.2 -1 88.18
180.2 -1 8B.58
184.1 _ { 98.01
188.1 99.32
192.1 _ § $9.64
196.0 | 99.81
200.0 i I - i f 100.00;

A40



Lechler GmbH & Co. KG
Prazisionsdisen . Anlagenbau
Héhenstralle 24 | Postfaeh 1709
b - 70707 Felibach / Germany
Telgfon (07 11) B8 53 - 01
Telefax (07 11) 58 53 - 418
Teofetax 7 111 378

Droplet Size Analysis

Product Number : 212.085 X 12

Date of Measurement : 23 NOV 1994 Mes.Point\mm\x/y/z : -/0/600

Liquid - Pressure : 60.0 Dbar Gas - Pressure : 0.00 bar
Liguid - Flow v 1.77 I/min Gas - Flow : 0.00 m*hiN.
Medium : Wasser Gas\liquid - Rat . 0.00

Remark : -- Test 17; body with 12 nozzies 212.085 --

Results of Droplet Size Analysis

Number of Droplets = 339256

Arithmetic Mean Value = 34.28 um
Standard Deviation = 66.31 %
Area Mean Diameter = 41.13 pm
Volume Mean Diameter = 48.16 um
Sauter Mean Diameter = 66.02 pgm

D(NUM} 10% = 10.43 um
D(NUM) 50% = 2b.74 um
D(NUM) 90% = 63.87 um

D(VOL) 10% = 37.30 um
D(VOL) 50% = 78.54 um
D(VOL) 0% = 121.18 um
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Product Number

Date of Measurement :

Liguid - Pressure

Liquid - Flow
Medium

Remark

Sauter Mean Diameter:

Lechier GmbH & Co. KG
Préazisionsdiisen . Anlagenbay
Héhenstrale 24 . Postfach 1709
[ - 70707 Fellbach / Germany
Telefon (07 11) 58 53 - 01
Telefax (07 11) 58 63 - 418
Tetatex 7 T11 378

Droplet Size Analysis

212,086 X 12
23 NOV 1884 Mes.Poirntymmi\x/y/z : -/0/600
60.0 bar (Gas - Pressure : 0.00  bar
: 1.77 Kmin Gas - Flow 0 0.00 mEhiN.
: Wasser Gasl\Liguid - Rat : 0.00

. - Test 17; body with 12 nozzles 212.085 --

66.02 um Arithm. Mean Value : 34.28 um

E‘Sta‘l",:'_“.’:asosng

PN

A
-]
N

45.4
49.3
£3.3
§7.3
61.2
65.2
69.2
73.1
774
81.0

Numerical Diameter Distribution

85.0
89.0

92.9

86.9

100.8

104.8

108.8

i12.8

116.7

120.7

124.7

128.6
132.6

136.6

1408

144.5

148.5
162.4

156.4

160.3

164.3
168.3
172.2
176.2
180.2
184.1
188.1
1821
186.¢
! 200.0

FI—
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Lachier GmbH & Co. KG
Prézisionsdiisen . Anlagenbau
HbéhenstraBe 24 . Postfach 1708
D - 70707 Fellbach | Germany
Telefon (07 11) 88 53 - 01
Telefax (07 11) 6B 53 - 418
Teletex 7 111 378

Droplet Size Analysis

Product Number 1 212.085 X 12

Date of Measurement : 23 NOV 19984 Mes.Point\mm\x/y/z : -/0/600

Liquid - Pressure : 60.0 Dbar Gas - Pressure : 0.00  bar

Liquid - Fiow : 1.77 I/min Gas - Flow : 0.00 wm?hiN.

Medium : Wasser Gasl\lLiquid - Rat : 0.00

Remark : - Test 17; body with 12 nozzles 212.085 --

Sauter Mean Diameter: 66.02 um Arithm. Mean Value : 34.28 um
Hm Cumulated Volume Distribution %
5.7 0.00
8.7 0.05
13.6 : 0.26
17.6 .81
21.6 1.82
25.5 3.28
295 5.19
33.5 7.46
37.4 10.08
41.4 13.05
45.4 16.15
49.3 19.76
53.3 2351
57.3 27.46
61.2 31.20
65.2 35.33
69.2 39.43
731 43.71
771 48.11
81.0 53.23
85.0 57.31
89.0 61.85
92.9 65.94
96.9 89,71
100.9 73.83
104.8 77.88
108.8 { 81.28
112.8 84.57
116.7 | 87.21
120.7 89.72
124.7 | 8202
128.6 | 84.21
132.6 95.38
136.8 896.32
140.5 87.13
144.5 4 97.84
148.5 - 98.45
152.4 4 98.9%
156.4 99.22
160.3 99 43
1684.3 99.55
168.3 99.55
172.2 99.69
176.2 N < © &3
180.2 99.83
184.1 100.00
188.1 100.00
182.1 100.00
196.0 100.00
200.0 100.00







Appendix B
Vertical water distribution measurements

On the following pages the vertical water distribution of the nozzles used is pre-
sented. The tests were conducted with the individual nozzle located 0,25 m and the
multiple nozzle body 1,0 m above a transversal and a longitudinal row of tubes
(p=16 mm) where the water was collected. See figure B-1 below.,

Nozzle
Longitudinal row
LTI
Transversal row
Top view Side view

Figure B-1 Principle sketch of the vertical water distribution measurements.

The results are presented as the deviation from the mean value.
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FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085

Datum:22-11-1994 EINZELMESSUNG
Wasserdruck : 40 bar Spritzhoehe : 250
Volmumenstrom : .12 1/min Strahlbreite : 112
Luftdruck : 0 bar Mefstellenabstand: 16
Luftvolumenstrom: v m~3/h i. N. Variationskoeffizient: 60
Bemerkung: Test 3 - a ->»> 0 degree

Zentrum

B2

Abstand vom Zentrum in mm




FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085

Datum:22-11-1994 EINZELMESSUNG
Wasserdruck : 40 bar Spritzhoehe mm
Volmumenstrom : .12 1/min Strahlbreite mm
Luftdruck : 0 bar MeBstellenabstand: mm
Luftvolumenstrom: 0 m~3/h i. N. Variationskeceffizient: 59 %
Bemerkung: Test 3 - b -> 90 degree

Zentrum
H

Pt at's
XL

vy B Led ot
LT S Timws

Abstand vom Zentrum in mm
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FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085

Datum:22-11-1994 EINZELMESSUNG
Wasserdruck : 80 bar Spritzhoehe : 250 mm
Volmumenstrom : .17 1/min Strahlbreite : 80 mm
Luftdruck : 0 bar MeBstellenabstand: 16 mm
Luftvolumenstrom: 0 m~3/h i. N. Variationskoeffizient: 78 %
Bemerkung: Test 4 - a —->» 0 degree

Zentrum

B4

Abstand vom Zentrum in mm




FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085

Datum:22-11-1994 EINZELMESSUNG
Wasserdruck : 80 bar Spritzhoehe : 250 mm
Volmumenstrom : .17 1/min Strahlbreite : 80 mm
Luftdruck : 0 bar MeBstellenabstand: 16 mim
Luftvolumenstrom: 0 m~3/h i. N. Variationskoeffizient: 79 %
Bemerkung: Test 4 - b -> 90 degree

Zentrum

Abstand vom Zentrum in mm

B3



FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 8

Datum:22-11-1994 EINZELMESSUNG
wasserdruck : 20 bar Spritzhoehe : 1000 mm
Volmumenstrom : .66 1/min Strahlbreite : 464 mm
Luftdruck : c bar MefRstellenabstand: 16 mm
Luftvolumenstrom: 0 m~3/h i. N. Variationskoeffizient: 58 %
Bemerkung: Test 5 - a -> 0 degree; 8 Dsen im Dsenkopf

Zentrum

Vergleichsfaktor zum Mittelwert

WO 24 209 W2 1 VW0 144 1N 132 M L] o4 48 32 10 < ®» 2 o a4 L] » 12 129 44 180 YFE 9y 208 14 200

Abstand vom Zentrum in mm




FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 8

Datum:22-11-1994 EINZELMESSUNG

wasserdruck 20 bar Spritzhoehe : 1000 mm
Volmumenstrcm : .66 1/min Strahlbreite : 288 mm
Ltuftdruck : 0 bar Mefstellenabstand: 16 mm
Luftvolumenstrom: 0 m-3/h i. N. Variationskoeffizient: 69 %
Bemerkung: Test 5 - b -> 90 degree; 8 Dsen im Dsenkopf

Vergleichsfaktor zum Mittelwert

Zentrum

144 128 117 86 o L2 0 az AL] ] 14 2 48 a4 w b 113 126 144 6D

Abstand vom Zentrum in mm

"B7



FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 8

Datum:22-11-1994 EINZELMESSUNG

Wasserdruck : 80 bar Spritzhoehe : 1000 mm
Volmumenstrom : 1.4 1/min Strahlbreite : 416 mm
Luftdruck : 0 bar Mefstellenabstand: 16 mm
Luftvolumenstrom: 0 m~3/h i. N. Variationskoeffizient: 59 %
Bemerkung: Test 6 — a -> 0 degree; 8 Dsen im Dsenkopf

Zentrum

Vergleichsfaktor zum Mittelwert

e 132 1A 10 14F 1R 112 98 a0 &4 - 2 1= o s ” 48 &4 80 o

Abstand vom Zentrum in mm

W 176 wE Xe 4

112 128 144
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FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 8

Datum:22-11-1994 EINZELMESSUNG

Wasserdruck 80 bar Spritzhoehe . : 1000 m
Volmumenstrom 1.4 1/min Strahlbreite : 272 mim
Luftdruck H 0 bar Mefstellenabstand: 16 mm
Luftvolumenstrom: 0 m™3/h i. N, Variationskoeffizient: 70 %

Bemerkung:

Test 6 - b -> 90 degree; 8 Dsen im Dsenkopf

Verglsichsfaktor zum Mittelwert

Zentrum

" B9

144 1T 11X 96 L] B4 “9 Erg 18 o ®e 12 8 4 bo E 117 128 M

Abstand vom Zentrum in mm




FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 12

Datum:23-11-1994

Wasserdruck : 20 bar
Volmumenstrom : .98 1/min
Luftdruck : o bar
Luftvolumenstrom? 0 m“3/h i. N.
Bemerkung: Test 7 - a -> 0 degree;

EINZELMESSUNG
Spritzhoehe : 1000 mm
Strahlbreite : 480 m
Mefstellenabstand: 16 mm

Variationskoeffizient: 61 %

12 Dsen im Dsenkopf

Vergleichsfaktor zum Mittelwert

248 224 oo 2T 178 Y0 144 128 Y2 38 L 64

48

Zentrum

* B10

o k] az +8 2] B’ » 12 128 laa 180 178 182 208 24 40 XS0

Abstand vom Zentrum in mm




FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 12

Datum:23-11-1994 EINZELMESSUNG

Wasserdruck : 20 bar Spritzhoehe 1000 mm
Volmumenstrom : .98 1/min Strahlbreite 288 mm
Luftdruck : c bar Mefstellenabstand: 16 mm
Luftvolumenstrom: o m“3/h i. N. Variationskoeffizient: 67 %
Bemerkung: Test 7 - b -> 90 degree; 12 Dsen im Dsenkopf

Vergleichsfaktor zum Mittelwert

Zentrum

Ell

112 e 144 180

e M2 M 0 &€ M 33 15 D a 3 48 B4 W 6

Abstand vom Zentrum in mm




FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 12

Datum:23-11-1994 EINZELMESSUNG
Wasserdruck : 80 bar Spritzhoehe : 1000 mm
Volmumenstrom : 2.05 1/min Strahlbreite : 432 mm
Luftdruck : 0 bar MeBstellenabstand: 16 mm
Luftvolumenstrom: 0 m~3/h i. N. Variationskoeffizient: 55 %
Bemerkung: Test 8 -~ a —> 0 degree; 12 Dsen im Dsenkopf

Zentrum

Vergleichsfaktor zum Mittelwert

224 W6 197 178 WM A4 128 112 36 80 84 - az b Q a El 48 o4 80 6 1 128 aa 80 VT8 132 08 724

Abstand vom Zentrum in mm
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FLUSSIGKEITSVERTEILUNG

ERZ.-Nr.:212.085 X 12
Datum:23-11-1994

EINZELMESSUNG

Wasserdruck 80 bar Spritzhoehe : 1000 mm
Volmumenstrom 2.05 1l/min Strahlbreite : 272 nm
Luftdruck 0 bar MeBstellenabstand: 16 mm
Luftvolumenstrom: 0 m~3/h i. N. Variationskoeffizient: 70 %
Bemerkung: Test 8 -= b -> 90 degree; 12 Dsen im Dsenkopf

Vergleichsfaktor zum Mittelwert

44 e 12 S8

L]

a4

48 EFl kL] a

Zentrum

;BIB

Abstand vom Zentrum in mm
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Appendix C

Rate of Heat Release, CO and CO, graphs from the REMP
experiments

In the following graphs the Rate of Heat Release (RHR) in kW as a function of time
for the REMP experiments are given. Water pressures of 40, 60 and 80 bar
respectively were used. The dotted lines are the Rate of Heat Release without
adding water. In some cases the CO production in ppm is presented as well, no CO
production rate was observed without water. The CO, production is also presented
for some cases, the dotted lines are the CO, production rate without adding water.
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Appendix D

Rate of Heat Release, CO and CO, graphs from the 1/3 scale
experiments

In the following graphs the Rate of Heat Release (RHR) in kW as a function of time
from the 1/3 scale tests are presented. In some cases the CO and/or CO, production
is shown as well. The dotted lines are the Rate of Heat Release/CO/CQO, without
adding water. The diagrams are presented in the same order as presented in the
tables below going from left to right. At the end the diagrams from the 80 bar cases

are presented, all these tests resulted in an immediate extinction.

Table D-1

Rate of Heat Release in kW when extinction occurred in the 1/3 scale
room tests. The nozzle body was located at the opening (position 1)

Height of nozzle body above the floor [cm]

Pressure | Position +10 cm +34 cm +36 cm
{bar] of gas
burner
12 pes 8 pcs 12 pes 8 pes 12 pes 8 pcs
20 bar In comer N/E - 45 N/E 40 37
At wall 24 15 45% 43 43% 44
40 bar In corner 41 40 42% 44 43* 43*
At wall 45% 40 43* 44 44* 45%
60 bar In corner 42% 45% 42% 47* 3g* 45%
At wall 42% 46% 42* 47* Ig* 45%
N/E Not Extinguished

- No test conducted
* Extinction occurred immediately

Table D-2 Rate of Heat Release in kW when extinction occurred in the 1/3 scale
room tests. The nozzle body was located 34 em in from the opening

{position 2)
Height of nozzle body above the floor [cm]
Pressure | Position +10 cm +34 cm +56 cm

{bar] of gas

burner

12 pcs 8 pcs 12 pcs 8 pcs 12 pcs 8 pcs

20 bar In corner N/E - 45 17 44 11

At wall IR* 44 40 28 43 47
40 bar In corner 40 45 43% 45 43* 34

At wall 48* 43 44% 45% 43 47
60 bar In comer 38 45* 41* 46* 41 45

At wall 45% 46* 45% 46* 42% 45

N/E Not Extinguished

- No test conducted
* Extinction occurred immediately

D1
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