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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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Introduction

Safety classification and relative flammability properties of refrigerants are a critical part of ISO 817. The
flammability limits of refrigerant gas in air, as described in Annex B of ISO 817:—1) give a partial measure of
the relative flammability. Another dimension of flammability is how fast a substance burns, releases energy
and spreads a flame. One can measure the rate at which a flame front moves through a cloud of refrigerant
gas in air, or its burning velocity (BV). This document describes one method that can be useful for BV
measurement, and thereby better quantify and compare relative flame fronts for some refrigerant classes.
In this test, a flame is allowed to propagate upward (vertically) through a well-mixed, quiescent column of
a refrigerant-air mixture enclosed in an open-ended glass tube. Optical systems are used to measure the
upward velocity of the flame front

The measurement of BV has been widely used in the past to compare highly energetic fluids, such as motor

refrigerfants can be more difficult to measure due to the inherent instability of a slow flame. The Jow rate
of energy evolution from a slow flame makes it susceptible to quenching from a variety bf-sources. for slow
burning refrigerants, turbulence and convection currents, can break the flame frontand hence qugnch the
addition, the test chamber surface can quench free radical flame intermedidtes as well as| extract
some of| the heat necessary for flame propagation. Gas-phase thermal radiation.is’also important fof flames
burning velocity. These effects are important to note as they tendto diminish and sommetimes

The usq of the vertical tube method for BV characterization of slow burning refrigerants was the|subject
of doctgral research which was used in Annex C of ISO 817:— and is the basis for this documgnt.l] In
addition, ASHRAE research notes the use and limitations of the vértical tube technique.[2]3] While the basic
rk of the method is relatively simple, some sophisticatedimaging instrumentation and mathematics
are necpssary to extract an average local burning velocity.Separate from the bulk burning speedl as the
ogresses up the tube. Since 2004 other laboratorjes have used the basic principle of vertifal tube
method|and have shown acceptable results for reproducing the measurement of R-32, at 6,7 +/- 0}7 cm/s.
Slower burning velocities (i.e. <4 cm/s) become more difficult to measure reproducibility, so variability may
increas¢ as flame instability is increasing. The lowe¥ burning velocity limit of this method, as desctibed, is
between 3 cm/s and 4 cm/s, depending on the actual design and geometry of the apparatus being used. The
uncertalinty of the measurement of flames that\burn more slowly than R-32 has not yet been determined in
any multi lab comparative testing. The app€aling aspects of this test are the relative simplicity and Jow cost
of its implementation.

1) Under preparation. Stage at the time of publication: ISO/DIS 817:2023.
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Method of test for burning velocity measurement of A2L
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3.4

cument specifies a method of measuring the burning velocity (BV) of slowing burning relr
m/s) for use with other standards that utilize the BV for determining safety classific
ants (e.g. ISO 817) or that use the BV in establishing requirements on the use ofyslow
ants (e.g. ISO 5149).

rmative references

'e no normative references in this document.

'ms and definitions
purposes of this document, the following terms and definitious apply.

IEC maintain terminology databases for use in standardization at the following addresses:

Online browsing platform: available at https://www:iso.org/obp

Electropedia: available at https://www.electrepedia.org/

s composed of two or more refrigerants

b velocity

m velocity at which a laminar flame propagates in a normal direction relative to the unbur
fit

entry: This value-is\expressed in centimetres per second.

tion
mic reaction between an oxidant (e.g. air) and a combustible fuel

gerants
htion of
burning

ned gas

compoyund

substance composed of two or more atoms chemically bonded in definite proportions

3.5
flame

space where combustion takes place, resulting in a temperature increase and light emission

3.6

flame propagation
combustion, causing a continuous flame which moves upward and outward from the point of ignition
without the influence of the ignition source

© IS0 2024 - All rights reserved
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flame propagation velocity

S

velocity at which the continuous flame moves upward and outward from the point of ignition without the
point of ignition and without the influence of the ignition source

3.8

flame surface area

A

surface area of the flame generated during the combustion of the flammable gas

3.9

flammgble

propertly of a mixture in which a flame is capable of self-propagating

3.10

quenchfing

effect of extinction of the flame near a surface due to heat conduction losses, absorption of active d

speciesfand viscous effects of the surface

3.11

refrigerant

fluid used for heat transfer in a refrigerating system, which absorbs hedt“at a low temperature ajy

pressurg of the fluid and rejects it at a higher temperature and a higher pressure of the fluid usually iy

changedq of the phase of the fluid

3.12

stoichipmetric concentration

Cst

concenffration of a fuel in a fuel-air mixture that contains.exactly the necessary quantity of air (approx

21 % 04/ 79 % N, by volume) needed for the complete oxidation of all the compounds (3.1.4) preser

4 General test method

4.1 General

The test method is based on:

a) thelinitiation of the combustion of the gas, or blends of gases, in a stagnant homogeneous mixtt
air fontained in a vertical'cylindrical tube;

b) the|observation andthe recording of the flame propagation;

c) detprmining thésurface area of the flame.

The bugning veloeity is a function of the flammable gas concentration in the total mixture with

burning velotity reaches a maximum in the vicinity of the stoichiometric concentration.

This teqt method involves the use of hazardous substances and therefore requires, for a safe hand

hemical

d a low
volving

imately

—

re with

hir. The

ing and

testing, the knowledge of safety parameters and prevention measures. These measures shall be the user’s
responsibility. However, general safety precautions are given in Clause 8.

4.2 Principle of the test method

The test method consists of initiating the combustion of a homogeneous mixture of a flammable gas (or
a flammable mixture of gases) and air, contained in a vertical tube opened at the lower ignition end, and
propagating a flame upwardly to the upper closed end; see Figure 1. In the early stages of this propagation,
there is a phase of uniform movement during which the shape and the size of the flame are constant.

© IS0 2024 - All rights reserved
2


https://standardsiso.com/api/?name=777dc638fce15cbef7bc15edaa4e7d49

ISO/PAS 24499:2024(en)

Taking into account the mass and species balance through the flame front, the burning velocity, S, is
calculated from the knowledge of the flame propagation velocity, S, in the tube and the ratio of the flame
front area to its base cross-sectional area. The volume of burned gas per second and per unit area, or the
burning velocity, S, is obtained by dividing the mixture volume which is consumed per second, at the test
temperature and pressure, by the flame surface area, A; (the subscript “f” denotes the flame). The volume
consumption of the mix per second is the volume swept by a cross-sectional area of the flame base, a;, with
a velocity equal to the flame propagation velocity S.. Formula (1) is used to determine volume consumption
per unit time.

s =5 xS M)
= X —
u s A f

where

ag | is the cross-sectional area of the flame base;

A | is the flame surface area;

S, | is the flame propagation velocity;
S, | is the burning velocity.
NOTE The cross-sectional area of the flame base is equal to the tube cross-section reduced by the quenclling area

(the areq between the edge of the flame and the tube wall).

At a giyen temperature and pressure, the burning velocity is ounly a function of the type of flammable
substance and its concentration with the oxidant and is dependént to a limited extent on the expeiimental
apparatus.

© IS0 2024 - All rights reserved
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NV
7
Key
1 direfction of flame propagation
2 unbprned mixture
3 flanje front displacement
4  dx thickness of the combustion region
5 S,
6  burptgas
7  ignifion
Figure 1 — Schematic of the flame propagation in a vertical tube
5 Measurement parameters
5.1 General
The mepsurenient of the burning velocity requires the knowledge of the following three paramgters of
Formula (10
a) the flame propagation velocity, S;

b) the flame front area A

9

the

cross-sectional area of the flame base a.

5.2 Flame propagation velocity

The flame propagation velocity in the tube is required for the measurement of the burning velocity. As a
condition to the derivation Formula (1), only parts of uniform flame propagation shall be considered in the
measurements (constant S).

© IS0 2024 - All rights reserved
4


https://standardsiso.com/api/?name=777dc638fce15cbef7bc15edaa4e7d49

ISO/PAS 24499:2024(en)

The linear propagation velocity of the flame is obtained from the direct measurement of the flame front
displacement determined by two successive images with a known time interval (30 Hz to 50 Hz) of the
camera acquisition frequency. More than one succession of images shall be used to check that the flame
propagation is uniform. An image treatment is necessary in order to enhance the flame front shape and to
locate on both images an identical luminous spot (pixels with equal brightness level) that corresponds to
the same location on the front and deduce the flame front displacement. This procedure is proved necessary
with low luminosity flames since any uncertainty in the flame front displacement leads to an uncertainty in

the flame propagation velocity and thus on the burning velocity.

5.3 Flame front area

The flaif ANNOT be generated Dy the revoIlution of a paraboia NoTr Dy the approxima
ellipsoi though in many cases this shape is symmetrical. An accurate method is n§g
calculate the flame front area A;. For an upward propagation, the flame usually shows a syminetric

n by an
eded to
al front
bnstant.

9.7 desdribes a mathematical and geometrical model to calculate the flame front area’ In summary;, t}Le flame

section a polynomial fit equation of appropriate order is made incorder to give the best fit
ints selected on that section. The best fit gives the minimum deyiation of the fit curve to th
experinpental points. The area of each section shall then be calculated’separately by dividing it inf
small elementary sections. The area of each elementary section isthen calculated from the assump
revolution shape., taking into account the bottom edge of the flame'hot being horizontal.

5.4 Cross-sectional area of the flame base

The crops-sectional area, a;, of the flame base shall be calculated from knowledge of the diameter d m
at the base of the flame as illustrated in 9.7. In that case, use Formula (2):

1 nd?
af -—T

where

as | is the cross-sectional aréaof the flame base;

d | is the diameter of the flame base.

6 Test method

6.1 Gpeneral

Measurjng the burning velocity in a tube consists of

izontal

furve to
P fitting
0 many
[ion of a

basured

(2)

a) propagating a flame in a vertical transparent tube, opened at the lower ignition end, closed at the other

upper end, and filled with the flammable mixture,
b) measuring the velocity of the flame propagating along the tube, and
c¢) recording the flame front area with a camera.
Measurements are performed at atmospheric pressure.
The test bench layout is shown in Figure 2. The main elements of the bench are

— mixing vessel,

© IS0 2024 - All rights reserved
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— ignition system,
— camera,
— test temperature control, and

— gas treatment systems.

NOTE To minimize pressure feedback effects, typically the scrubber system is not attached during the ignition
and burn portion of the testing (see Figure 8).
e—f 4
“r
e — J

Key

1 mix|ng vessel a From gas supply tanks.

2 magnetic stirrer b Pressure measurement.
3  purging gas line ¢ To vacuum pump.

4 tubg inlet d Toinlet tube.

5 quehching and smoothing'screen e Temperature measurement.
6 testftube f Supply power to ignition.
7  electrodes g Extraction to hood.

8  fitting orifices

9  quenhching screen

10 polyj(vinyl'chloride) pipe

11 igniter

12 gas expansion tank

[uny
w

collection tank with neutralizing solution

Figure 2 — Schematic of the test bench

6.2 Gas handling and mixtures preparation

The gas mixture preparation is described in ISO 817:—, 6.1.3. If used, the scrubbing system described in
6.6 should be disconnected so that the expansion volume is not filled with a flammable concentration.

© IS0 2024 - All rights reserved
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The constant composition blend is then caused to flow through the tube until the gas mixture displaces at
least thirteen times the air volume of the tube. Care should be taken to ensure that the gas mixture exiting
the bottom of the tube is properly vented. Once the desired mixture has been achieved in the tube, the
mixing vessel shall be isolated from the tube before ignition to prevent ignition of the gas in the vessel.
It is good laboratory practice to measure the concentration of the gas mixture in the tube to ensure the
methods employed adequately accomplish this objective. A paramagnetic oxygen analyser is effective for
this determination.

It is recommended that all the components, connections and parts of the test bench be resistant to their use
with corrosive gases, such as ammonia and copper, or other oxidation reactions. Stainless steel can be used,
or any other material identified to be adequate for use with the substances to test.

63 T

6.3.1

The tes

he test tube

General

tube shall be designed to ease the flame propagation with less possible distuthances, espe

the igniftion level and the first stage of flame propagation; see Figure 3. The design of the test tubg

look int
a) the
pos
b) the
and
c) the
fixi
flarn

b the following points:

ignition system, the quenching screen, and the damping orifice should be designed as
sible to the outlet of the tube;

outlet of the tube (at the lower end) should be designed to facilitate its connection to the ex
gas treatment systems;

tube should be fixed on a vertical support and at a level below the ignition system to pre
hg support from disturbing the flame propagation(excessive cooling) or any obstructio
he photography;

d) technical limitation with glass design and work should be considered as well.

cially at
should

rlose as

fraction

Fent the
h of the
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Dimensions in millimetres

fixin]
RIN
inle

6.3.2

3
GL 45 /
- — F'// = — b
— ) —= %9
( 7 1 ( —
- :
[ ) [ 72
i [ 1
i : (l/b‘
i - ) O
/F.-“'" /r"x QO*)
Sle % ..f_/ ' N
— “ 3l i - i q,
2 i )
20,0 [ 'Q
: |
| H i
20 x\% i
‘ , O |
‘ Q< 540,0-/0/ |
N
{ ‘ 2 :
Lrrrn (%) g
—+-—-—{—-$— \‘(\ ) i
— 20,020 5 R 7 /sz%
=¥ ég .
=  1x0f < == B %
o \ ]
ol B ’
N 3 )
GL 45 . O $100,0-/0/ d
C)O
g housing O .
10/19 housing for6 rodes
tube end Q
é@?‘ Figure 3 — Test tube design and main dimensions
@nsions

The tube shall be made of glass, 1,2 m long with a 40 mm internal diameter. The diameter has been chosen as
a compromise between narrower tubes that increase the quenching effect but allow more stable propagation
regimes, and larger tubes in which the losses to the walls are smaller but associated with an increase of
instabilities.[l[4] The choice of the 40 mm diameter has been shownl2l to be the most convenient for
measurement of burning velocities below 40 cm/s. It withstands a pressure of 100 kPa above the atmospheric
pressure even if the overpressure is very limited, the bottom end of the tube being the open end.

NOTE

Unstable regimes are frequent with fast propagating flames; see 9.3. The tube length is based on dimensions
from previous research. Any great change in that length affects the flame propagation regimes and its stability only
when working with high burning velocity compounds.

© IS0 2024 - All rights reserved
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6.3.3 Position

The tube should be placed in a vertical position to reduce possible deformations of the flame front from
buoyant effect and to ensure a more symmetrical shape. In this position the flame propagates upwardly, the

ignition occurring at the lower end of the tube.

6.3.4 Tube ends

The bottom end of the tube shall be open to the atmosphere. At this end are located the ignition system and
the damping orifices. A GL45 cap can be used to maintain the system in place (see Figure 4 and Figure 5).

With harmful components present in the combustion products (toxic or corrosive, e.g. HF, HCI, N

e build-up and the combustion products can freely exit the tube or expad in a 125 1 tankyif

into the tube and out of its bottom end. A GL45 cap shall be used to fix the inlet system. This ¢
be closdd before the ignition and until the end of flame propagation.

6.3.5 [Interchangeable damping orifices

The flame propagation velocity and the flame shape vary with the type-of-flammable substance

H3), the

xcessive

the gas

mixing
nd shall

and the

composjtion of its mixture with the oxidant. Adjusting the exit diameter atthe lower open end by i

sertion

of calibrated orifices helps stabilize the flame front shape by reducifg the instabilities and damping the
acousti¢ effects[6llZ1(8][9] and therefore helps to reproduce a better-shape of the flame front. The dipmeters
of the dpmping orifices for a tube of 40 mm internal diameter varyfrom 9 mm to 11 mm (see Refergnce [9]
for detaliled calculation). The damping orifices are recommended with relatively high burning velocities (i.e.

higher than 25 cm/s).

[limetres

pper

Dimensions in mi
6
n
S S 5
¥ , = M e 8
r it — '
Vi N 4+ 4 3
V] L
: A — 2
1 4
] 1
Key
1 capfdrGL 45 tip 5  RIN 10/19 polytetrafluoroethylene (PTFE) std
2 polytetrafluoroethylene (PTFE) body 6  testtube
3 quenching screen 7 1 mm diameter electrode
4  polytetrafluoroethylene (PTFE) fitting orifice 8  power supply connection

Figure 4 — Drawing of the lower end of the tube showing the ignition electrodes and the damping

(fitting) orifice

© IS0 2024 - All rights reserved
9


https://standardsiso.com/api/?name=777dc638fce15cbef7bc15edaa4e7d49

6.3.6

ISO/PAS 24499:2024(en)

Flame quenching

Quenching screens shall be mounted at both ends of the tube, resistant to the reaction with HF and NH3, to
prevent any hazard to the surroundings. The quenching screens shall have a mesh size of 1 (+ 0,5 - 0,1) mm.

6.3.7

Tube glass type

The spectral emissions of most flames are presumed to be in the range of 250 nm to 600 nm. To prevent
excessive losses, it is important to compare the glass transmission profiles before selecting the type of glass

(e.g.sili

6.3.8

The tes
an equiy

to avoid
opened

shall enfter the upper end of the tube and exit from its lower end. The lower end can be gl@g after

6.3.9

The pre|
in the ¢
depend

For this]

of dry nlitrogen. Afterwards, a wet wiper may be introduced i

wall. A §

With th
effectb

ca glass, borosilicate glass).

‘Tubepurging with testmixture M

tube shall be purged by the mixture under test with a continuous flow from the mixi es
yalent volume flow rate which represents at least 13 times the internal tube volume, Fhe gas

any possible concentration variation by dilution in the neighbourhood of the rodes. Th

to the atmosphere just before ignition.

Tube etching \Q?~
pmbustion products of HFCs or HCFCs results in tube etchingég
ng on the cleaning process) the tube turns opaque with an an t

reason, the tube shall be purged immediately after the@@of the flame propagation with 4
@de the tube to clear all deposits on t
tream of nitrogen may be again circulated inside thétlibe to remove water deposits from th

Q
s cleaning technique it is possible to use theéegiaqube for alarger number of tests before the

bcomes noticeable and the tube needs to bg iscarded.

sel with
mixture
purging
s end is

sence of substances such as hydrogen fluoride (HF) or hydrogen @)ride (HCI) with water fesidues
hat after several tests (30 to 50
white colour (see Figure 5).

stream
he inner
e wiper.

etching

Figure 5 — Tube etching due to hydrogen fluoride
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6.4 Ignition

6.4.1

General

The ignition source can affect not only the flammability limit results but also the flame propagation regime.
Analyses of spark ignition have been made by many researchers (Reference [10] gives a survey) and deal
with the electrode arrangement, type (flange electrodes for instance), material and size, the electrode gap,
the spark duration and the breakdown voltage as well as the effect of these on the minimum ignition energy.

The ignition system described in this test method has the same characteristics as the ignition system used
in the ASTM E681 flammability test method in terms of the electrode dimensions, the gap distance, the

ignitio
method

NOTE

and complements the ASTM flammability method.

These ignition specifications are also very similar to those specified in DIN 51649-1 (which is mea

flammability limits).[2]

6.4.2

Ignition type

The mixture is ignited with an electrical spark produced by two electrodes.

velocity

ht by the

6.4.3 [Positioning

The ignjition occurs at the bottom end of the tube. The electrodes aré fixed diametrically opposit¢ on the
tube, cgntred on its axis and positioned 5 mm to 10 mm above thé upper surface of the interchangeable
orifices| The electrodes shall be fixed using RIN 10/19 PTFE stoppers lodged in specially conceiyed RIN
10/19 hpusing (see Figure 4)

6.4.4 [Electrodes

The ele¢trodes are made of tungsten with 1 mm diamreter. The gap between the electrodes is 6,4 mm. When

necessalry, a special calibrating cylinder can be inserted inside the tube and in-between the elect
order tq verify their eccentricity and to ensure.acorrect gap distance.

To ensujre good ignition conditions, especially near the lower and upper propagation limits, the ele

shall be

6.4.5

repeatedly cleaned of any deposit!

Power supply

Power tp the ignition electrades shall be supplied by a transformer with an output of 15 kV, 30 mA.

such hi

bh voltage is not réquired except with compounds having a high breakdown potential. Th

supply gystem is connected to the electrodes using insulation rated for at least 15 kV to avoid short
and podr contacts ayeiding overheating.

6.4.6

The ign
has bee

Ignition time

tionttime shall be set at (0,3 £0,05) s by adjusting the spark duration with a timer. This time

fodes in

ctrodes

Usually,
b power
circuits

uration

h proved to be the most appropriate for flammability limits measurements.[°]

Ignition should not be made immediately after filling the tube with the corresponding mixture, but 5 s to
10 s later, permitting the turbulence to cease in the tube.

NOTE

The excessive energy release from this ignition system might be responsible for emitting waves inducing
turbulence in the flame front and the mixture ahead of it. Flame propagation is not steady close to the ignition source.
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6.5 Flame front visualization

6.5.1 General

Direct photography is used to record the flame front images. These images are used for the calculation of the
flame propagation velocity as well as its surface area.

6.5.2 Luminous zone and direct photography

The burning velocity measurement Formula (1) is based on the calculation of the flame front area at the
preheat zone layer. With direct photography, the luminous zones of the flame are revealed. Therefore, any
measurfment made with this photography technique shall be based on the zone of the [lame ol mos{intense
illumination. This zone corresponds to the region of the flame between the point whose temperpture is
equal td the ignition temperature and the point at the end of reaction (see Figure 6). The relativeuncertainty
in the burning velocity assessed with the flame front area calculation based on flame profiles froth direct
photogiaphy is 6,5 %.

NOTE The 6,5 % relative uncertainty can be reduced and the correct surface position can be better approached if the
profile of the outer edge of the luminous zone is shifted outwards by a distance equivalent to-the luminous zone width.
T

X
Key
1 unbprned gas
2 burped gas
3 lumjnous zone
4  pre-heat zone
5 readtion zone

Figure'6 — Temperature profile along a combustion flame and luminous zone

6.5.3 [Flame emission spectra

The spectra peaks from combustion depend on the type of substance combusted and the radicals formed
such as OH, HCO, CH, C, and Cs. From a qualitative point of view, it can be stated that the typical peaks for
maximum emission, and even sometimes a higher-level continuum, are in the range of 250 nm to 600 nm for
HC and HFC flames.

6.5.4 Acquisition camera

A digital camera shall be used to visualize the flame propagation. The flame front images shall be recorded
and saved for further treatment (flame propagation velocity measurement and flame front area calculation).

© IS0 2024 - All rights reserved
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When identifying the camera to run the tests, the characteristics of exposure time and acquisition rate shall
be selected as a function of the velocity range being measured. With very fast flames, a high acquisition
rate and small exposure time are needed (i.e. <1 ms). The spectral response of the camera shall be also
taken into account and the higher efficiency of the quantum efficiency curve shall cover the range of typical
wavelength of the flames being visualized.

NOTE

can also

6.5.5

A set of adjustments and different operating modes, such as the resolution, image enhancements, image
rate, exposure time, number of frames during record, pre-/post-trigger and parameters for image output, performed
via an appropriate interface, can help in adapting the images to the type of flame front being recorded. A set of lenses

be used to zoom and focus the optimized photography frame.

Exposure Time

Setting
reprody

Since th
aspect,

A highe
duetoi

For me{
value is

6.5.6

The can
flame n
calculat

6.5.7

Scaling
graduaf]

of the tybe and at right angles to the camera axis.

NOTE

A mirrd
and to
calculat
and the
is locaté
same Ve

the exposure time is necessary before starting the photography of the flame propagdtion|
ce the flame front shape and increase the precision of its area measurement.

ere is no defined relationship between the flame propagation velocity and its mereor less I

" exposure time compensates the low luminosity but results in an imprecise shape of the fla
s displacement during the exposure time.

surements around the stoichiometry, the recommended exposure(times are of 1 ms or lg
determined by practical experience and depends on the camera.

Positioning

ovement is known to be uniform. Only images taken.at.the same level of the lens axis shall be
e the flame front area and reduce the imprecision pn the flame front dimensions.

Scaling and optical distortion

of the flame images to the real flame front dimensions can be achieved by taking a ph
ed ruler placed along the tube in orderthat the graduations coincide with a layer crossing th

The optical deformation due to.the tube wall geometry is negligible.

r at 45° is placed beside (the tube in order to identify the irregularities of the flame front
ncrease the accuracy 0f)the tests by ensuring the correct assumptions for the flame frg
ion. With the camerd facing both the tube and the mirror, recorded images give both the frq
side view of the flame front (see Figure 7). Note that the plane in which the mirror image i
d behind that ofthe direct photography. If used for calculation, these images shall be scale
rtical layer ¢rossing the centre of the tube and at right angles to the camera axis.

to best

minous

for fast and low luminous flames the tester has to find a compromise for setting the eXpOSl:Ee time.

e front

ss. This

hera recording field shall be adjusted to the appropriatedposition and height of the tube wlere the

used to

bto of a
b centre

surface
nt area
nt view
5 placed
d to the
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tubg
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sidg
acty

N U1 A W N

disp

6.5.8

The ess
imager
in the r¢
image b

6.6 P

The teg

or
view image beam

view image beam

al side view image position
lacement

Figure 7 — Schematic of the face and side view image as received by the camera

Resolution of the flame images

bntial uncertainty inthe measurement of the burning velocity with the tube method is relat
bsolution for the flame propagation velocity, the scaling factor, and the flame front area. An
solution provideSmore accurate results, but to the extent where the points fitting on the fla
ecomes independent of the pixels of small dimensions.

irge, exhaust and gas treatment systems

dd to the

:Ecrease
e front

t apparatus shall be cleaned thoroughly after each test to remove the remaining contbustion

products

not harm

the personnel or damage the env1ronment An approprlate treatment process of the Combustlon products,

especially with fluorinated gases, shall be put in place: the extraction of the combustion products shall be
performed rapidly at the end of the test in order to neutralize the HF or HCI, which in some cases constitutes
more than 30 % of the combustion products, and reduce the corrosion of the test tube (a small amount of
moisture makes it very corrosive). For this purpose, an ad hoc treatment system and exhaust gas clean-up is
designed and installed at the outlet of the test apparatus, permitting the removal of the corrosive substances
by splashing the exhaust gas into a basic water solution (e.g. NaOH). The treatment system also includes an
expansion tank connected between the gas treatment system and the lower end of the tube to simulate a
constant pressure expansion condition (see Figure 8).
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An extraction fan evacuates the combustion products from the tube, through the expansion tank and basic
water solution and then the clean gas to the hood.

If needed, a water scrubbing system can be used instead of a splashing system. In that case a cone nozzle
can be used for example to spray water onto the upward exhaust gas flow. The acid water is collected at the
bottom and drained into a larger tank filled with a basic water solution to neutralize the acid water.

The water solution tank should be emptied regularly, and the acidity of the water solution checked to
guarantee safe handling.

NOTE If necessary, two treatment systems can be placed in series to achieve a more complete removal.

F1 —1

. 1

. 4
e
-~

a) With splashing b) With scrubbing

tubg inlet

gas pxpansion tank

coll¢ction tank with-neutralizing solution
bort screefl

scrybber

noztle

LN U A WN R
[%2]
=1
k=]

Ethu-h'An taohoad

IaCero—o11o0o6ts

o

Water supply.

Figure 8 — Gas treatment system

6.7 Test temperature setting

The test should be conducted at 23 °C. A test temperature of 23 °C may simply be achieved by controlling
the temperature in the test room. Since the flame propagation is temperature sensitive, the temperature
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gradient along the tube should minimized (e.g. to less than 1 K). This may be achieved by an appropriate
circulation and control of a temperature-controlled air stream.

6.8 Experimental protocol for mixtures prepared using partial pressure technique

The following protocol is applied for running the tests when the partial pressure technique is used to
prepare the mixtures.

The following items shall be checked before starting a new test:

recording the reference scale of the camera to that of the real flame dimension (pixels/m, or

equivalent);

a)
1)
2)
3)
4)
b) Ths
orl
c) Ths
par
ves
the
d) Ths
low
oft
e) Thd
pre
f) 5s
g) Thd
ign
imd
h) Aft
are
pro
7 Ev:
71 G
Test bui

clean the tube by dry gas purging (air or nitrogen);
check the electrodes gap distance and eccentricity;
select the appropriate exit orifice diameter.

mixing vessel and all connecting pipes and tubes shall be first evacuated teya pressure of 1
PSS,

mixing vessel shall be then filled with the different mixture compenents, each at its corres

tial pressure. The connections shall be evacuated each time a new.gas is introduced into the
5el. The magnetic stirrer should be turned on at the start of theyprocess and for at least 5
end of the filling process.

mixture can be then allowed to leave the mixing vessél, circulate through the tube, out
er exit end and to the extraction hood. An equivalentvelume of at least 13 times the internal
he tube is circulated.

D Pa abs

bonding
mixing
in after

‘rom its
volume

upper end of the vertical tube shall be closed, first and then the lower end immediately affter it to

vent any possible dilution or concentration.¢hanging within the electrodes region.
Fo 10 s should be given for the mixture:ihside the vertical tube to become quiescent.

lower end shall be opened gently~té avoid any perturbation or concentration changes aro
tion region, and then ignition isumade. Just before ignition, the camera should be activated
ges are recorded.

und the
and the

br the end of the flame propagation, quenched at the upper end of the tube, the combustion groducts

driven out by a stream.ofhitrogen or air circulated inside the tube. In the case of harmful comnj
ducts, the gas treatment system shall be installed and used.

pluation andexpression of results

eneral

bustion

ring velocity is validated by Formula (3):

2
Sy =Su,maxa(¢ ~Pmax )
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where
S, is the burning velocity;
Sumax 1S the maximum burning velocity from the second-order polynomial fit to the experimenta
@ is the equivalence ratio at the burning velocity;
®,..x isthe equivalence ratio at the maximum burning velocity;
a is a fit constant

1 points;

adequate fitting equations should then be elaborated. The experimental points can also be split’i

Ina fevicases, rFormula (3] does not achieve the best 1t to the burning velocity experimental resulf
parts and for each, a separate fitting equation can be used.

NOTE In general, the maximum burning velocity is met at an equivalence ratio between 1,00@nd 1,15.
7.2 Uncertainty

7.2.1 (Uncertainty in the burning velocity

The totpl relative uncertainty of the burning velocity measurements as-described in this Inter
Standar|d is estimated between 7 % and 10 % and is due.

a) priarily to uncertainties in the flame front area calculation{65 % of the total uncertainty), an
b) thelflame propagation speed measurement (35 % of the tetal uncertainty).

NOTE As described by Takizawa et al.,[2][3] the method is416t usable for burning velocities below 4 cm/s

the risinjg, hot, burned gas bubble controls the flame propagation rate, not the burning velocity of the mixturg.

7.2.2 |Uncertainty estimation of concentrations

The corjcentrations of the mixtures as prepared with the partial pressure method are subjectd
uncertalinty arising mainly from:

a) prepsure transducer measurement;

b) ideal gas law used to derive-the densities from the pressure and temperature. With air being th
conpponent in the mixtures, the mixture state at pressures between 300 kPa and 400 kPa abs is
far from the ideal state; Jn' that case the relative uncertainty in the density is evaluated to 2 % ¥
it can be neglected forpressures below 100 kPa abs,

NOTE The greater’part of the uncertainty in the concentration arises from the ideal gas law assump
concentyations ashighras 30 % volume fraction, the absolute uncertainty can be estimated at 0,6 % volume|
or 2 % r¢lative. For.concentrations as low as 2 % volume fraction, the absolute uncertainty can be estimated 3
volume firaction.and the relative uncertainty at 4 %.

5. Other
hto two

hational

pm

because

d to an

€ major
hot very
vhereas

tion. For
fraction
t0,08 %

The undertainties in the burning velocity measurements and the mixture concentrations shall be dete

rmined

specifically for each test bench.

8 Safety precautions

8.1 The safety recommendations are made for a proportion of oxygen in the air no higher than 21 %

volume fraction.

8.2 For high burning velocities (>30 cm/s), it is recommended to make the tests starting from the lowest
LFL of the components and gradually increasing the concentration. This is necessary to avoid explosions
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with fast propagating flames near the stoichiometric concentration. An excessive restriction of the tube exit

end wit

h the interchangeable orifices shall be avoided.

8.3 Appropriate personal protective equipment (PPE) shall be employed by the test bench user (e.g. gloves,
eye and head protection, etc.). Best practices suggest having personnel training in potential system hazards

and HF

safety kits available. HF compatible PPE should be used following safety program protocols.

8.4 The ad hoc gas treatment system shall be manipulated with caution because of its content of corrosive
substances. The treatment system shall be sealed, and an extraction fan should be used to avoid any
inhalation of the combustion products.

85 T
protect
intende

8.6 Q
shall be

9 Ov

91 F

When c
gas ahe

expansion within the wave generates a continuous flow of . burned gas towards the open end. Tl

parame
a) visq
pre

b) unh
gas

c) conpection effect of burned gas resulting in an elongated front with slower propagating flames y

the
d) con|

The bal
stability

he high voltage ignition system, connections and electrodes should be handled with|e

d for the testing should be avoided (e.g. switches, electrical contacts).

ienching screens shall be mounted on both ends of the test tube. An additiofid]l quenching
placed at the entrance to the expansion volume to prevent any ignition hazardwithin that v

erview on flame shape, propagation regimes and stability

ame shape

ad of the wave is contained by the tube wall so that it forms a stationary column. The

ters contributing to the establishment of the flamefront shape are the following:

ous drag responsible for flow retarding at the wall and acceleration in the centre of the tube
sure thrust in the centre than near the wall);

ahead of the flame is pushed towards-a closed end);

front takes an almost spherical shape with fast propagating flames;
stant burning rate in a direction normal to the flame front.

ance between all pfi\the above-mentioned effects seems to be requirements for maintair
r of the flame frontduring uniform movement (see Figure 9).

hre and

ed to prevent any direct contact. For safety reasons, potential ignition sources othier“than that

) screen
blume.

bnsidering a combustion wave propagating from the open-fo the closed end of the tube, the ugburned

thermal
e main

(higher

urned gas flow away from the flame front at the centre and towards it at the edges (the upburned

vhereas

ling the
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9.2 F

With hilgh burning velocities, the propagation usually develops in three distinct stages or regim

two po

the amplitude of pressure and flame oscillations as well. The flame movement consists of one of

followin
a) uni
b) vib

The reg
— Aft

velgcity which depends on the mixture and the tube length.

— An
the

burned gas

pd end
h end

irned gas

e 9 — Direction of flow and particle velocity for lamindr combustion wave propagatior
open to closed end of thetube

ame propagation regimes

bsible types of movements. The three stages can be distinguished either by flame strug

g movements:

form movement;

fatory movement.

jme of flame propagation can develop into the following respective stages.

br ignition, the flame propagates smoothly across the first part (first stage) of the tube at a

pscillatory ‘motion of the flame can superimpose after the first stage. These oscillations beg
appearahnee of a cellular structure in the flame front. The onset of oscillation and vibration

— As

proragation is the result of a coupling between flame and pressure oscillations in the gas.

from

es with
ture or
the two

iniform

bin with
during

héeflame progresses, the tube becomes increasingly filled by hot combustion products and h

bnce the

basic frequency of the oscillation rises. The flame front can be subject to violent reciprocating motions
and would accelerate steadily until the appearance of the turbulent propagation regime, leading to a
large instability level, which persists until combustion is complete.

The termination of the uniform movement by a vibratory motion of flame always occurs when ignition
is done at the opened end of the tube, the only exception being with slow burning mixtures, in which

combus
NOTE 1

25 cm/s.

tion may proceed at a uniform rate over a major part of the tube length.

Measurements in a 40 mm tube of burning velocities below 23 cm/s[2 showed almost no flame acceleration.
Compounds having burning velocities below 10 cm/s have been witnessed to propagate with velocities not exceeding
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