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Foreword

ISO (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.
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Introduction

This document has been prepared to extend the test methods available for the determination of
flammability by oxygen index to higher gas velocity of oxygen/nitrogen mixture to which plastic
materials can be exposed in a service situation where the gas velocity is higher than that specified in
[SO 4589-2. The gas velocity at the position of the test specimen is measured prior to the test.

The output of the test described in this document can be used, for example, in the evaluation of the
burning behaviour of plastics materials used in circumstances where forced ventilation air flow
governs the supply of oxygen to the fire. See References [10] to [16].

© IS0 2021 - All rights reserved v
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ERNATIONAL STANDARD ISO 4589-

4:2021(E)

Plastics — Determination of burning behaviour by
oxygen index —

Part 4:
High gas velocity test

1

This
adm

Scope

document specifies a test method for determining the minimum volume fraction o
ixture with nitrogen, at ambient temperature, that supports combustion of,;small vertic

spedimen under a specified gas velocity that is higher than that specified in ISO4589-2.

NOT

D The result is expressed as a high gas velocity oxygen index (HOI).

In addition, this document specifies the testing apparatus for deterniining the HOI.

The

flexible sheet materials that are supported vertically by a spécified specimen holder.

2

The
CONs
undai

ISO

ISO
acce

ISO
qual

ISO

Fort

ISO

Normative references

titutes requirements of this document. For-dated references, only the edition cited

P91:2008, Plastics — Standard atmospheres for conditioning and testing

2859-1, Sampling procedures for inspection by attributes — Part 1: Sampling scheme
ptance quality limit (AQL) forlot-by-lot inspection

p859-2, Sampling procedupes for inspection by attributes — Part 2: Sampling plans indexe
ty (LQ) for isolated Idt inspection

| 3943, Fire safety<— Vocabulary

Terms and definitions

he purposes of this document, the terms and definitions given in ISO 13943, and the follc

[ oxygen, in
hl sheet test

test method is applicable to materials in the form of sheetsup to 2 mm thick. It is also applicable to

following documents are referred to in the;text in such a way that some or all of their content

hpplies. For

ited references, the latest edition of the referenced document (including any amendmernts) applies.

indexed by

1 by limiting

wing apply.

nd IEC maintain fnrmihn]ngir‘:\] daf-ﬂ'\acnc for usein cf—anr‘]ardivafinn atthe Fn"nun'ng 2

dresses:

3.1

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

[EC Electropedia: available at http://www.electropedia.org/

high gas velocity oxygen index

HOI

minimum volume fraction of oxygen, in a mixture of oxygen and nitrogen, at a specified gas velocity

that

supports flaming combustion of a material under specified test conditions

Note 1 to entry: The specified gas velocity is greater than 40 mm/s and is typically between 600 mm/s and
1000 mm/s.
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Note 2 to entry: The HOI is usually expressed as a percentage, at the gas velocity used (e.g. HOI = 34,6 %,

800 mm/s).

4 Princi

ples for determination of HOI

A small test specimen is supported vertically in a mixture of oxygen and nitrogen that flows upwards
through a transparent chimney. The volume fraction of oxygen in the gas mixture is pre-determined,
controlled and measured. The vertical velocity of the gas mixture gas is pre-determined, controlled and
measured. The upper end of the specimen is ignited, and its subsequent burning behaviour is observed
in order to compare the burnt length of the specimen, with respect to the limits specified. The HOI is

determine

5 Apparatus

5.1 Test
through wh

The recomr
of 75 mm td

NOTE I
chimney at a

A chimney having a height more than 500 mm or less than 450 mmnircan be used, if it is shown to giv

specified g4

The lower ¢
device for e
of a porous
from foulin
thatitcanh

£ : £ - : 1. cc - h] £ e £ rd Q 7
ITOIT a SCIITS UL LESLS USIITy UITITT CIIL VOIUIIIC ITdCLIOUILIS U1 OXy g5CIT(SE€T O.7 ).

chimney, which shall consist of a heat-resistant glass tube supported vertically on a
ch the oxygen/nitrogen gas mixture can be introduced (see Figure 1).

hended dimensions of the chimney are 450 mm to 500 mm in height)/and an inside dianj
100 mm. The upper outlet shall be open without any restriction

has been found that the outlet cup defined in ISO 4589-2:2017-~5.1 creates flow turbulence i
high gas velocity.

s velocity within the permitted limit of variance.

nd of the chimney, or the base upon which the chimney is supported, shall incorpor
venly distributing the gas mixture entering.the chimney as shown in Figure 1. The mouy
screen below the level of the specimen holder is helpful to prevent falling combustion d¢
b the gas entry and distribution paths. ®ne option is to construct the chimney in such a
e divided in half, so as to make the setting of samples and cleaning easier.

base

eter

h the

b the

ite a
iting
tbris
way
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Dimension in millimetres
75-100

450-500

Key

1 chimney glass tube

2 gas flow controlling chamber

3 inlet of oxygen/nitrogen gas mixture

Figure 1 — Typical chimney arrangement

© IS0 2021 - All rights reserved 3
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5.2 Specimen holder, which shall be suitable for supporting a specimen vertically in the centre of the
chimney.

The specimen holder can be hanged from the upper edge of the chimney (see Figure 2) or supported by
a vertical rod raised from the base of the chimney (see Figure 3). The specimen shall be supported by
the vertical edges of the frames of the specimen holder. The vertical frames of the specimen holder shall
have reference marks at 20 mm, 100 mm and 140 mm as shown in Figure 2 and Figure 3. The surfaces
of the specimen holder and its support shall be smooth in order to minimize the turbulence of the gas
flow in the chimney.

Dimensions in millimetres
withrtoteramces =+ 0,2': mm

20

w

/|7?

3-4,

20

>

|

1

|

I
p =
170

80

/

(=)
~
38
58
A-A =
10
Key
1 upper reference mark
2 lower reference mark
3 positioning mark for the top edge of the test specimen
NOTE The test specimen is held securely along both upright edges between forks made of stainless steel.

Figure 2 — Suspended specimen holder
(Option A hanging specimen holder)

4 © IS0 2021 - All rights reserved
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Dimensions in millimetres
with tolerances * 0,25 mm

50
38
o
\ | S
|
|
2 A—t+——f——+A
\ | _
i &
3 \ | it
| =
i
A-A -
e
Key
ipper referencedmark
ower reference mark
positioning mark for the bottom edge of the test specimen
NOTE The test specimen is held securely along both upright edges between forks made of stain]ess steel.

Figure 3 — Supported specimen holder
(Option B: Specimen holder supported from the bottom)

5.3 Gas supplies, which shall be suitable for supporting an oxygen/nitrogen gas mixture with a gas
velocity of up to 1 000 mm/s in the chimney. The gas velocity shall be within 50 mm/s of the desired value.

The supply rate of oxygen/nitrogen gas mixture in this document is greater than that specified in
IS0 4589-2 and it is necessary to have higher gas supply capability than that for ISO 4589-2.

5.4 Gas control system, which shall be suitable for setting and adjusting the volume fraction of oxygen
in a gas mixture entering into the chimney with a resolution of 0,1 % and an accuracy of 0,2 % when the

© IS0 2021 - All rights reserved 5
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gas velocity of the mixture within the chimney is 800 mm/s + 50 mm/s at 23 °C * 2 °C. The gas velocity
shall be controllable within the range of 600 mm/s to 1 000 mm/s.

The gas control system shall also be capable of supplying the oxygen/nitrogen gas mixture at the gas
velocity of 100 mm/s or less for the ignition stage of the test (see 8.3).

Means shall be provided for ensuring that the temperature of the gas mixture entering into the chimney
is 23 °C = 2 °C. If such means involves an internal probe, its position and profile shall be designed to
minimize the turbulence within the chimney.

NOTE It has been found that the temperature measurement can be done by a device specified in 5.9 and/
or 5.10.
An exampld of the suitable gas control system is given in Figure 4.
20
‘ 19
17
11 18
N
16
12 &
14 13 7643
15 o R 1
10 g
12 B .
802> 3
3 E—g 2

Key
1 N, supply port 11 gas flow controlling chamber
2 0, supply port 12 bypass outlet
3  pressurg regulator 13 flow rate control valve
4 N, supply valve 14 open/shut valve
5 0, supply valve 15 mixed gas sampling port
6  pressur¢ gauge 16 flow rate control valve
7  digital njassdlow controller [for N,] 17 coupler (plug)
8 digital :[ass flow controller [for O,] 18 coupler (socket)
9  bypass flow rate control valve 19 test chimney glass tube
10 open/shut valve 20 igniter

Figure 4 — Example of diagram of gas control system

5.5 Oxygen analyser, which shall be suitable for measuring the volume fraction of oxygen in the gas
mixture entering the chimney with a resolution of 0,1 % and an accuracy of #0,1 % of the mixture.

NOTE1 Ithas been found that paramagnetic oxygen analysers meet the accuracy requirements.

NOTE 2  In case the volume fraction of oxygen around the position of the specimen differs from that controlled
at the air supply line, troubleshooting will be necessary.

6 © IS0 2021 - All rights reserved
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5.6 Flame igniter, which shall comprise a tube that can be inserted into the chimney to apply to the
test specimen a flame issuing from an outlet of 2 mm + 1 mm diameter at the end of the tube.

The flame fuel shall be propane, without premixed air. The purity of the propane gas shall be at least
98 %. The fuel supply shall be adjusted so that, for the set volume fraction of oxygen, the total flame
height is 16 mm * 4 mm when the tube is vertical within the chimney.

Use of a flame height gauge is recommended.

5.7 Timing device, which shall be capable of measuring periods up to 5 min with an accuracy of +0,5 s.

5.8 | Fume extraction system, which shall be capable of providing sufficient ventilation*of exhaust to
rem¢ve fumes or soot expelled from the chimney without disrupting the gas flow rate ortemperatures in
the ¢himney.

5.9 | Gas velocity measurement device, i.e. anemometer, which shall be capdble of measuring vertical
gas Yelocity at the specimen position in the test chimney and have a resolutign-of 0,01 m/s.

NOTE A hot-wire anemometer has been found suitable for this purposelthas been found thgt this device
usually can also measure gas temperature as specified in 5.10.

5.1(0 Gas temperature device. The temperature measurément device for measuripg the gas
temperature in the chimney shall have an accuracy and a resolution of 0,5 K.

6 [alibration of equipment

For [conformance with this method, calibrate the equipment periodically in accordange with the
instfuctions given in Annex A so that the maximum interval between recalibration and the use
confprms to the periods stated in Table 1.

Table 1 —Equipment calibration frequencies

Item Maximum period between calibrations
Leak tests for gas system joints (as required by A.1)
a) For joints disturbed during use or cleaning of the apparatus Immediately
b) For undisturbed equipment 6 months
Gas flow rate (as required by A.2) 6 months
Gas elocity measukement device (as required by A.3) 1year
Oxygen analyser<{(as required by A.4) 1 week
Mask flow centroller (as required by A.5) 1 year
Gas femperature measurement device (as required by A.6) 1 year

7 Preparation of test specimens

7.1 Test specimen form

Of the six specimen forms listed in ISO 4589-2:2017, Table 2, only one form “V” is used in this test
method. Test specimen form “V” is flexible film or sheet and shall have the length of (140fg) mm and

width of (52 + 0,5) mm. The thickness of twat specimen shall be up to 2 mm.

© IS0 2021 - All rights reserved 7
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7.2 Sampling

Obtain a sample sufficient for preparation of at least 15 test specimens for tests in a gas velocity. The
sample shall be taken in accordance with the material specification. Otherwise, it shall be taken in

accordance

7.3 Test

with ISO 2859-1 or ISO 2859-2, as applicable.

specimen dimensions and preparation

The test specimen shall be made by any applicable procedures that comply with the appropriate
material specification (see NOTE 1) or ISO methods (see NOTE 2) for preparing specimens, mould or cut

test specim

NOTE1 S
used (e.g. in

NOTE 2
ISO 2818 or

Ensure that

(e.g. periph
Note the p

material (s¢g

NOTE3 H
material inh
from asymm

7.4 Mark

The test sp¢
ignited.

7.5 Cond

The test sp¢
24 h condit

I

eNsS

bme material specifications can require selection and identification of the “state of the test speci
h “defined state” or “basic state” for a styrene-based polymer or copolymer).

the absence of a relevant specification, one or more procedures in ISO 293, ISO"294, ISO
SO 3167 can be used.

the surfaces of specimens are clean and free from flaws that could affect burning behay
eral moulding flash or burrs from machining).

sition and orientation of test specimens with respect to anyjyasymmetry in the sa
e NOTE 3).

IOl can be significantly affected by differences in the ease of ignition or burning behaviour, d

bmogeneity (e.g. different levels of shrinkage when heated for specimens cut in different direc
etrically oriented thermoplastics film).

(ing of test specimen

rcimens shall be marked at 20 mm and 100"'mm from the end at which the specimen is {

itioning

ecimens shall be conditioned:for 24 h at 23 °C + 2 °C and (50 * 5) % relative humidity. 4
oning, if the stability of/the’mass of the test specimen reaches to 0,1 % or less changes,

allow to copduct test. Otherwise;~follow 1SO 291:2008, 8.1, to keep specimen in conditioning chaf

for at least

Test specin
be purged
specimens
168 h. Larg
for cutting
suitable for

8 Proce

B8 h (maximum duration is 88 h).

ens of cellulat mraterials that may contain volatile flammable material should prefeq
bf such volatite material prior to conditioning at 23 °C and 50 % relative humidity.
may be purged satisfactorily by pre-conditioning at 60 °C in suitable ventilated oven
br blocks.of such materials may require longer pre-treatment. It is important that facil
test specimens from cellular material that may contain volatile flammable materia
the hiazards involved.

”

men

295,

iour

mple

lie to
tions

o be

\fter
then
nber

ably
Test
s for
ities

are

dure for determination of HOI

8.1 Setting up the apparatus

8.1.1 Maintain ambient temperature for the test apparatus at 23 °C £ 2 °C. If necessary, keep the test
specimens in an enclosure at 23 °C + 2 °C and relative humidity (50 % + 5 %) from which each test
specimen can be taken when required.

8.1.2 Recalibrate equipment components, if necessary (see Clause 6 and Annex A). Before conducting
a test, clean the glass chimney to maintain good visibility. If necessary, clean the gas inlets or inlet screen,
and the temperature sensor (if fitted).

8 © IS0 2021 - All rights reserved
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8.1.3 Ensure that the test chimney is set in vertical (see Figure 1).
8.2 Setting volume fraction of oxygen and gas flow velocity

8.2.1 Selectan initial volume fraction of oxygen to be used. When possible, base this volume fraction on
past results for similar materials. Alternatively, try to ignite a test specimen in air, and note the burning
behaviour. If the test specimen burns rapidly, select an initial volume fraction of about 18 % oxygen; if
the specimen burns gently or unsteadily, select an initial oxygen volume fraction of about 21 %; if the
specimen does not continue to burn in air, select an initial volume fraction of at least 25 %, depending on
the difficulty of ignition or the period of burning before extinguishing in air.

8.2.2 Selecta gas velocity between 600 mm/s to 1 000 mm/s to which HOI is to be determjned.

NOTE It is found suitable to conduct the tests with gas velocity of 600, 800 and 1 000mm/s for|determining
blowtoff behaviour in terms of volume fraction of oxygen. See Annex D.

8.2.3 Shut the bypass valve (device 10 in Figure 4). Set the gas mixing and'‘flow controls for nitrogen
and joxygen supply (devices 3 to 8 in Figure 4) so that an oxygen/njtregen mixture at 28 °C + 2 °C
contpining the pre-determined volume fraction of oxygen is flowing at.the selected gas velpcity within
the ghimney.

8.2.4 Measure the volume fraction of the oxygen using oxygen analyser (see 5.5) which $amples the
mixture gas at the gas sampling port (device 15 of Figure 3):Record the volume fraction of oxygen.

8.2.5 The gas velocity in the test chimney at the level of top of the specimen and 20 mm horizontally
fron] the centre of the chimney shall be measured by the gas flow velocity measurement device as
spedified in 5.9. The gas velocity shall be within’50 mm/s of the desired value. The gas velpcity can be
contjolled by the flow rate control valve (device'16 in Figure 3).

8.2.6 Once the pre-determined volume/fraction of oxygen and gas velocity are obtained, lteep left the
mas$ flow controller of oxygen and nitrogen untouched (device 7 and 8 in Figure 3). For shutting the flow
of oxfygen and nitrogen, use supply valves of these gases (device 4 and 5 in Figure 3).

8.3 | Procedure for ignition of the test specimen

8.3.1 Mount a test specimen vertically in the centre of the chimney so that the top of the test specimen
is at|least 30 mm bélpw the open top of the chimney, and the lowest exposed part of the test|specimen is
at lepst 100 mm above the top of the gas distribution device at the base of the chimney.

8.3.2 Opérrthe bypass valve (device 10 in Figure 3) and set the gas velocity to 100 mm/s or lgss (see 5.4).

8.3.3 —Supply oxygen and nitrogen to the chimney by opening the gas supply valves (device 4 and 5
in Figure 3). Let the gas flow to purge the test chimney for at least 20 s prior to the ignition of the test
specimen and maintain the flow without change during the ignition.

8.3.4 After the purge, ignite the test specimen using flame ignitor (see 5.6) to burn only on the top
surface of the test specimen by sweeping the ignitor flame along the top surface of the test specimen.
This ignition process shall not be continued for more than 30 s.

8.3.5 After ignition of the test specimen, shut the bypass valve (device 10 in Figure 3) so that the gas
velocity in the chimney becomes the selected velocity.

8.3.6 Consider the specimen to be ignited, for the purpose of measuring the extent of burning, as soon
as any part of the visible burning portion reaches the level of the upper reference mark.

© IS0 2021 - All rights reserved 9
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8.3.7 Observe the burning behaviour of the test specimen and record if the limit of burning was or
was not exceeded (see 8.4) at the pre-determined volume fraction of oxygen and the pre-determined gas
velocity.

8.4 Assessing the burning behaviour of test specimen

When the combustion continues and exceed the lower reference level, note the burning behaviour
accordingly, and extinguish the flame. This is recorded as an “X” response.

When the combustion does not exceed the lower reference level, note the burning behaviour accordingly.
This is recorded as an “0” response.

NOTE The lower reference level is 40 mm above the bottom edge of the test specimen.

8.5 Selegting successive volume fraction of oxygen

The procedure described in 8.6 and 8.7 is based upon Reference [17] using the specific case where
Ny - Np =5 [see 8.7.2 and 8.7.3), with an arbitrary step size for certain changes to.be’‘made in the oxygen
volume fradtion used.

During the [testing, select the oxygen volume fraction to be used for testing-the next test specimgn as
follows:

a) decreage the oxygen volume fraction if the burning behaviour ‘ef the preceding specimen gaye an
“X” response;

otherwise
b) increase the oxygen volume fraction if the preceding-specimen gave an “O” response.

Choose the kize of the change in oxygen volume fractjon in accordance with 8.6 or 8.7, as appropriate.

8.6 Determining the preliminary voluine fraction of oxygen

Repeat the procedures specified in 8.3 te 8:5 inclusive, using volume fraction of oxygen changes of any
convenient [step size, until the volume-fractions of oxygen have been found that differ by < 1,0 %| and
of which onfe gave an “0” response and’the other an “X” response. From this pair of volume fractions of
oxygen, notle that which gave the*0Q” response as the preliminary volume fraction of oxygen level and
then procedd in accordance with 8.7.

NOTE1 The two results, @t volume fractions of oxygen <1,0 % apart, which give opposite responses neefl not
be from sucdessive speciniens.

NOTE 2  The volume-fraction which gave the “O” response does not have to be lower than that which gave the
“X” response.

NOTE 3 Al format convenient for recording the information required by this and subsequent clausgs is
illustrated in Annex B.

8.7 Volume fraction of oxygen changes

8.7.1 Using the preliminary volume fraction of oxygen (see 8.6), test one specimen by repeating 8.3 to
8.4 inclusive. Record both the oxygen volume fraction (co) used and the response, “X” or “0”, as the first
of the Nj and of the Ny series of results.

8.7.2 Change the volume fraction of oxygen, in accordance with 8.5, using volume fraction changes
(d) of 0,2 % (see 8.7.2.2) of the total gas mixture to test further specimens in accordance with 8.3 to

10 © IS0 2021 - All rights reserved
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8.5 inclusive, noting the values of co and the corresponding responses until a different response to that
obtained in 8.7.1 is recorded.

8.7.2.1 The result from 8.7.1, plus those of like response from 8.7.2, constitute the N| series of results
(see example in B.3).

8.7.2.2 Where experience has shown that the requirements of 8.7.4 are usually satisfied by a value of d
other than 0,2 %, that value may be selected as the initial value of d.

8.7.3 Testfour more specimens, in accordance with 8.3 to 8.5 inclusive, maintaining d = 0,2 %; and note

the
OXYy:!

olume fraction of oxygen co used, and response of, each specimen. Designate the volum
en used for the last specimen as c;.

Thege four results, together with the last result from 8.7.2 (i.e. that which differed-in res
thatof 8.7.1), constitute the remainder of the Ny series, as shown in Formula (1)¢

Ny=N_+5

where

See

IV, is the series of “X” or “O” results;

V. is the series of “X” or “O” results plus five.

pxample in B.3.

8.7.4 Calculate the estimated standard deviation;'o, of the oxygen volume fraction measure

the

Jast six responses in the Ny series (including cg), in accordance with Formula (4). If th

shown as Formula (2):

20/3<d< 1,50

is safisfied, calculate the HOI inaceordance with Formula (3); otherwise

e fraction of

ponse from

)

ments from
e condition

(2)

a) |fd<20/3,repeatsteps(8.V.2 to 8.7.4, using increased values for d, until the condition is atisfied; or
b) |fd > 1,50, repeat.steps 8.7.2 to 8.7.4, using decreased values for d, until the condition|is satisfied,
except that d shallmot be reduced below 0,2 unless so required by the relevant material specification.
9 [alculation and expression of results
9.1 | Calculation of the HOI
HOI=c¢+ kd 3)
where
¢g is the final value of the volume fraction of oxygen, reported in three decimal places, used in the
series of Ny measurements in accordance with 8.7;
d istheinterval, to at least three decimal places, between the oxygen volume fraction levels used
and controlled in accordance with 8.7;
k isafactor to be obtained from Table 2.
© IS0 2021 - All rights reserved 11
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For the purposes of calculating ¢ as required by 8.7.4 and 9.3, the HOI shall be calculated up to four
decimal places (i.e. two decimal places when HOI is expressed as a percentage).

For the purposes of reporting HOI results, express HOI values to the nearest 0,001 (i.e. to the nearest
0,1 when the HOI is expressed as a percentage), with actual intermediate results being rounded down.

Table 2 — Values of k for calculating the HOI from determinations made by Dixon’s

“up-and-down method”

1 2 3 4 5 6
Responses Values of k for which the first N, determination are
for tpe 13st a)
five
measurements 0 00 000 0000

X0000 -0,55 -0,55 -0,55 -0,55 OXXXX

X000X -1,25 -1,25 -1,25 -1,25 OXXXO0

X00X0 0,37 0,38 0,38 0,38 0XXO0X

XO00XX -0,17 -0,14 -0,14 -0,14 0XX00

X0X00 0,02 0,04 0,04 0,04 0X0XX

X0X0X -0,50 -0,46 -0,45 -0,45 0X0X0

X0XX0 1,17 1,24 1,25 1,25 0X00X

XOXXX 0,61 0,73 0,76 0,76 0X000

XX000 -0,30 -0,27 -0,26 -0,26 00XXX

XX00X -0,83 -0,76 -0,75 -0,75 00XXO0

XX0X0 0,83 0,94 0,95 0,95 00X0X

XX0XX 0,30 0,46 0,50 0,50 00X00

XXX00 0,50 0,65 0,68 0,68 000XX

XXX0X -0,04 0,19 0,24 0,25 000X0

XXXXO 1,60 1,92 2,00 2,01 0000X

XXXXX 0,89 1,33 1,47 1,50 00000

Values of k for which the first N; determinations are Responseg

b) X XX | XXX | XXXX for ;?Veela“
are as given inthis table opposite the appropriate response in column 6,| easuremehts
but with the sigh of k reversed (i.e. HOI = ¢¢ - kd; see 9.1).

9.2 Determination.of k

The value and sign*of k are dependent upon the pattern of the responses of specimens testdd in

accordance|with 8.7, and shall be determined from Table 2 as follows:

a) if the respomseofthespecimremrtested-imaccordarce with 87t was“6* o that threfirstcomntrary

or

b)

12

response (see 8.7.2) was an “X”, refer to column 1 of Table 2 to select the row for which the last four
response symbols correspond to those found when testing in accordance with 8.7.3. The value and
sign of k will be that shown in column 2, 3, 4 or 5 for which the number of “0”s shown in row a) of
Table 2 corresponds to the number of “O” responses found for the N series, in accordance with
8.71 and 8.7.2;

if the response of the specimen tested in accordance with 8.7.1 was “X”, so that the first contrary
response was an “0”, refer to the sixth column of Table 2 to select the row for which the last four
response symbols correspond to those found when testing in accordance with 8.7.3. The value of
k will be that shown in column 2, 3, 4 or 5 for which the number of “X”s shown in row b) of Table 2
corresponds to the number of “X” responses found for the N; series, in accordance with 8.7.1 and
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8.7.2, but the sign of k is reversed, so that negative values shown in Table 2 for k become positive,
and vice versa.

NOTE An example of the determination of k and the calculation of an HOI is given in Annex B.

9.3 Standard deviation of oxygen volume fraction measurements

For the purposes of 8.7.4, calculate the estimated standard deviation o of the oxygen volume fraction
measurements from the relationship as shown in Formula (4):
[n 12

P“(Ci —HOIY’ /[n—l)J )

i=1

D'

whele

C; is the representation of, in turn, each of the oxygen volume fractionsaused during mpasurement
of the last six responses in the N; series of measurements;

HOI is the oxygen index value, calculated in accordance with 9.1;

n is the number of measurements of the oxygen volume fraetion contributing to (q-HOI)?2.

NOTE For this method, n = 6 in accordance with 8.7.4. For 4)<v6, the method loses precision. For n > 6,
diffefent statistical criteria applies.

10 Precision of test results

An ipterlaboratory trial was conducted in 20197among four laboratories in three nationg using five
materials to obtain the precision data of this.fest method. The results together with the precision data
is dgscribed in Annex C for information.

11 [lTest report
The test report shall include the)following information:
a) hreference to this document, i.e. ISO 4589-4:2021;

b) h statement thatthe test results relate only to the behaviour of the test specimen$ under the
ronditions of €hijs test, and that these results shall not be used to infer the fire hagards of the
materials in‘@ther forms or under other fire conditions;

c) pll details“necessary for identification of the material tested, including, where relevant, the type
pbf material, its density, its previous history, and the specimen orientation with respect to any
hnisotropy in the material or sample;

d) the test specimen dimensions;

e) theigniter used, if other than the standard propane flame;

f) the HOI, value and gas velocity (e.g. HOI= 35,6 %, 800 mm/s);

g) the estimated standard deviation and oxygen volume fraction increment used, if other than 0,2 %;

h) a description of any relevant ancillary characteristics or behaviour, such as charring, dripping,
severe shrinkage, erratic burning or afterglow;

i) any deviations from the requirements of this document.

© IS0 2021 - All rights reserved 13
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Annex A
(normative)

Calibration of equipment

A.1 Leak tests

Leak tests ghall be carried out thoroughly on all joints where leaks could change the volume fracti
oxygen levels in the chimney from the volume fraction levels set or indicated.

A.2 Gas flow rates

The mass flpw controller shall be checked according to the manufacturer’s recommendation.

A.3 Gas yelocity

Gas velocity measurement device shall be calibrated by a comparisorwith calibrated gas velocity n
in an air flow test chamber.

A.4 Oxy

For zeroing
flow rate an
shall be sin
response to

a) Oxygen
b) Volume
than th

higher

A.5 Mas:

The mass
laboratory.

en analyser

feed the analyser with oxygen-free nitrogenwgas (purity 99,99 % or better), with the s
d pressure as for the sample gases. Adjust the analyser response to (0,0 + 0,2) %. Calibrd
hilarly achieved using the gas satisfying following conditions and adjusting the ana
the volume fraction of the oxygen source.

gas with purity of 99,99 % or more.

qt of what is going to belmeasured, and the accuracy of volume fraction of that gas shou
han 0,2 %.

s flow contreller

low confrpllers shall be calibrated by the manufacturer or by a qualified calibrg

bn of

eter

ame
ition
yser

fraction of oxygen of gasfor'span adjustment should have volume fraction of oxygen higher

d be

ition

A.6 Tem

Temperature measurement device shall be calibrated by a comparison with calibrated temperature
measurement device (thermos-couple) in a temperature chamber.

14
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Example of test results sheet for HOI

B.1 _Test results sheet for HOI

Matg¢rial: Phenolic laminate HOI (volume fraction, %)+29,5
Spedimen form: V (1 mm thick) (rounded to 0,1 %)

Testjng flow velocity (mm/s): 800

Ignition procedure: 0:0,152

Condlitioning procedure: 23 23°C /50 RH% Date'of test: 2016-05-24

Oxygen volume fraction increment (d): 0,2 % Laboratory No.: 19 Test No.;|1

B.2| Determination of oxygen volume fractionfor one pair of “X” and “0”
responses at <1 % O, volume fraction interval

See 8.6.

Oxylgen volume fraction, % 25,0 350 30,0 32,0 31,0

Length burnt, mm 0 >80 62 >80 >80

Response (“X” or “0”) 0 X 0 X X

Oxygen volume fraction of the<“@* response for the relevant pair (see 8.6) = 30,0 % (This is|the volume
fraction to be used again fopthe'first measurement in B.3.).

B.3| Determination‘of HOI

See 8.7.

Step|size tobe/used for successive changes d in oxygen volume fraction = 0,2 % (initially {o be 0,2 %,

unless otherwise instructed).

© IS0 2021 - All rights reserved
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N series measurements
N, series measurements
(8.2.3) Ce
(8.71 and 8.7.2)

Oxygen volume fraction, % 30,0 | 29,8 | 29,6 | 29,4 294 | 29,6 | 29,4 | 29,6 | 29,8
Length burnt, mm >80 | >80 | >80 | 60 60 | >80 | 58 64 | >80
Response (“X” or “0”) X X X 0 0 X 0 0 X

Column (2, 3,4 0or5): 4 Row (1to 16): 7

k value from Table 2; 1,25

Hence k = -1,25

HOI = ¢;+ k¢l = 29,8 + (-1,25 x 0,2)
=29,5 % (tq one decimal place, for reporting HOI)
= 29,55 % (o two decimal places, for calculation of and verification of d as required in B.4.)

kis determined by 9.2.

B.4 Verification of step size d % oxygen volume fraction

See 8.7.4 and 9.3.

Last six Oxygen volume fraction, %
results c;? HOI c; - HOI (c; - HOI)2
(o 1 29,8 29,55 0,25 0,062 5
2 29,6 29,55 0,05 0,002 5
3 29,4 29,55 -0,15 0,022 5
4 29,6 29,55 0,05 0,002 5
5 294 29,55 -0,15 0,022 5
n 6 29,6 29,55 0,05 0,002 5
Total ¥ (c; - HOI)? 0,115
3 Column ¢;'contains the oxygen volume fractions used for the measurements of
crand for eactiof the 5 preceding measurements, forn = 6.

Estimation pf standard-deviation

1
ozlz (e HOI)Z/(n—l)—‘Z

=1 i
= (0,115/5)1/2 = 0,152

20/3=0,101

d=0,2

1,50 =0,227

If 20/3 <d < 1,50, orif 0,2 =d> 1,50, HOI is valid.
If 20/3 > d, repeat B.3 using a larger value for d.

If 1,50 < d, repeat B.3 using smaller value for d.
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Then verify the step size again, making further changes to the step size as necessary until one of the
verification relationships is satisfied.

B.5 Ancillary information
a) These test results relate only to the behaviour of the specimens under the conditions of this test.
These results shall not be used to infer the relative hazards presented by differing materials or

shapes under these or other fire conditions.

b) Special material history/characteristics, if applicable.

c) |ariations from standard procedure, if applicable.
d) Pescription of observed burning behaviour.

e) Results measured/reported by.

© IS0 2021 - All rights reserved 17
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Annex C

(informative)

Interlaboratory test data on HOI measurement

An interlaboratory test was conducted in 2019 to assess the effects of different type specimens. Four

laboratories_in three nations (as indicated laboratory A, B, C and D) participated in this exercise, u

type V test specimens of five materials (as indicated test specimen V, W, X, Y and Z).

The performance of all test equipment at each laboratory was checked as stipulated in AnnexA pri

conductingthis trial.

Each laboratory conducted the tests with two replicate sets on each material.

sing

DI’ to

Due to the $mall number of the participating laboratories, the test results were-analysed according to
ASTM E2653118],
As specified in 9.3, the estimated standard deviation of the oxygen volumé fraction measurementq o at
each laborafory for tests on each material were obtained. The repeatability r was calculated as r= 14,8 0.
Tables C.1 through C.3 show the results on individual test specimen,
Table C.1 — Precision data at gas velocity 600 mm/s
Thickness Average HOI Repeatability, r Reproducibility] R
Material Type
mm % % %

Vv Film 0,125 19,0 0,7 1,1

w Textile 0,30 30,8 0,4 1,3

X Textile 0,40 30,6 0,2 1,2

Y Film 0,25 22,6 0,7 2,0

Z Film 0,125 44,2 2,5 3,8

Table C:2— Precision data at gas velocity 800 mm/s
Thickness Average HOI Repeatability, r Reproducibility] R
Material Type
mm % % %

Vv Film 0,125 19,6 1,6 19

w Textile 0,30 31,1 1,0 1,2

X Textile 0,40 30,7 0,7 1,4

Y Film 0,25 23,4 0,7 2,9

Z Film 0,125 44,7 0,8 4,0

18
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Table C.3 — Precision data at gas velocity 1 000 mm/s

Thickness Average HOI Repeatability, r Reproducibility, R
Material Type

mm % % %
\ Film 0,125 20,0 1,1 1,2
w Textile 0,30 31,4 0,5 11
X Textile 0,40 31,0 0,5 09
Y Film 0,25 24,0 0,6 2,7
Z Film 0,125 44,8 0,7 4,6

© IS0 2021 - All rights reserved
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Blow-off behaviour at high gas velocity — How to predict
the flammability of materials

D.1 BacKkground

Recently, hyman activities in space have become more extensive and long-term manned missions, such
as the consftruction of a moon base and the exploration of Mars, are being planned as,international
cooperativd missions. In such plans, one of the most important tasks is to guarantee’ fire safety in
microgravity and planetary habitation environments. In the past several decades; extensive reseprch
on flame spread over solid materials in microgravity environments has been~conducted and many
interesting [phenomena have been reported. The flammability limit of solid materials in opposed [flow
is one of th¢ major topics concerning fire safety. An important measure to ‘discuss the flammability of
a material ifs its limiting oxygen concentration (LOC). The LOC is defined a$ the oxygen concentrgtion
below whi¢h the material cannot sustain a flame under the conditions considered. It may pary
depending pn the flow speed and direction and the sample thickness. From the trend of a material’s
LOC, the fldmmability map of the material can be obtained. It has been found that the LOC of poly-
methyl methacrylate (PMMA) sheets is lower in opposed flow velocities lower than the buoyant flow.
[10] Such extension of the flammability limit is one of thesndtable characteristics observed in nyicro
or reduced|gravity environments. However, the flammability limit of a solid material is not alyvays
extended upder low flow velocities; some flame retardant materials have higher LOCs in microgravity
than in norgnal gravity. Hence, the flammability behaviour of a material in slow opposed flows should be
discussed cprefully, and it is important consider whether the flammability limit of the material upder
consideratipn expands.

Currently, the Japan Aerospace Exploration-Agency (JAXA) is conducting the Flammability Limiks at
Reduced-g Experiment (FLARE) projectian orbital flight experiment in the International Space Staltion,
in collaborption with the National(Aeronautics and Space Administration (NASA), the European
Space Agenfy (ESA), and several uhiyersities. One of the objectives of the FLARE project is to deyelop
a simplified model for evaluating)the LOC of a thin solid material, and expressing it as an indej, in
microgravity environments ferfire safety in space environments. Using the simplified model develpped
in Referencg [10], the trendoPthe flammability limit in microgravity was predicted by the trend of the
blow-off limit, and the prediction was verified for PMMA and the meta-aramid fabric NOMEX. A$ the
next step, we carried ‘out blow-off tests and parabolic flight experiments for several flame retardant
materials i opposed flow by varying the oxygen concentration and flow velocity. In the rest of| this
paper, we f]rst show the results of the blow-off tests of these flame retardant materials, which yere
conducted ¢n.the'ground, and then report their flammability limit trend in microgravity to discus§ the
relationship between the blow-off characteristics and the LOC in microgravi

D.2 Analytical model for flammability limiting curve

Figure D.1 shows the typical flammability map of a thin solid material in opposed flow. The limiting
curve is expressed by coupling the radiative extinction and blow-off limits. The LOC for downward
spread tests in buoyant flow, LOC,,, is a typical index for discussing the flammability of materials on the
ground, but there can be a minimum LOC (MLOC) that is lower than the LOCj,. It should be emphasized
that the opposed flow velocity, V., at which the MLOC is achieved, can be ghigher or lower than the
buoyant flow velocity. If the MLOC is achieved in low velocity condition, the material is expected to be
more flammable in microgravity, while at higher velocity conditions, the material is expected to be a

flame retardant in microgravity.
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To obtain the expressions for the radiation extinction and the blow-off extinction, we built a heat balance
around the two-dimensional flame spread over a thin solid material using the scale analysis technique.
See Figure D.2. In the Takahashi’s simplified model, the non-dimensional flame spread rate is expressed
as Formula (D.1), and the limiting curve is calculated with the two non-dimensional parameters R, 4
and Da, which represent the radiative heat loss factor and the Damkohler number, respectively.

1

n+Rrad +E:1 (Dl)
e(l-a, )o(T*-T4

Rr:ad: 2 ( abvsy)rm( Vn—. \M) (DZ)

/Jg(,ngLlf—lV)
X

Da:PrV—dngoA*exp(—E*/RTf) (D.3)

g

The [limiting curve lies on the points where the sum of R 4 and Da is unity:¥From Formpula (D.2

R,,41 we need to know the T, of the material, which can be measured by TG/DTA. To evaluate D, in
Formula (D.3), we need to know the values of the activation energy, £;2nd the pre-exponential factor,
A; hpwever, these values are difficult to measure directly or to estimate. Additionally,

retafdant materials may contain a small amount of additives td ,enhance their retardant property. In
suchl a case, it becomes more difficult to take their effect into-account. Hence, we introducdd the blow-
off tpsts to derive the empirical E* and A* instead of actual't and 4, in order to obtain the material’s
blow-off extinction limit accurately. The E* and A* obtaingd by the blow-off tests are empirical values
and have no physical meaning, although they are helpful to understand the trend of the blpw-off limit
once there are specified.

Y
5
7
X
Key
X  ppposed flow velocity 4 blow-off extinction
Y UXYygCII COIILCIIL dl.iUll 5 LGClg
1  buoyant flow velocity approx. 350 mm/s 6 A0,
2 flammable zone 7 MLOC
3 radiative extinction 8  critical gas velocity
NOTE The oxygen concentration and the velocity at the minimum of the U-shaped limiting curve

are defined as MLOC and V.

. respectively.

Figure D.1 — Typical flammability map of a solid material in opposed flow
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Figure D.2 — Schematic of two-dimensional flame on a solid material
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shown in F
for materia
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the same ¢
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flammable
buoyant flo

ionship between the blow-off behaviour and flammability in
ity

haviours of the materials listed in Table D.1 were\investigated within the wind tu

ure D.3. The forced flow velocity was varied fret¥ 60 cm/s to 130 cm/s by 10 cm/s s
Z, the velocity was varied from 50 cm/s to 200~cm/s. If the flame propagated beyond
, which was 4 cm away from the bottom sample edge (2nd line in Figure D.3), we consid|
n as flammable; otherwise, we considered'it extinct. We repeated the blow-off test u
pnditions three times, each time decreasing the oxygen concentration by 0,5 %, unt
re considered extinct. The minimum oxygen concentrations at which the material
vere defined as the LOC at the given flow velocity. The results of downward spread tes
v were equivalent to the results'where the opposed flow velocity was 35 cm/s.

Table D.1 — Praperties of the materials used in this study

nnel
eps;
| the

ered

nder
I all
was
ts in

Heat of Pyrolysis .
. combustion [temperature| LOCin buoy-
Type Material Thickness ant flow
(mm) Ahc (k]/g) T, (K) LOC. (o
[12] [L01[11) 1g (%)
S 0,125 259 670 17
i i T 0,25 30,32 812 22
Thefmoplastic resin
§) 0,2 30,16 863 28,5
\% 0,03 Unknown? 867 24
Thermosetting resin W 0,125 25,45 906 45,5
X 0,3 25,53 761 31,5
Fibre and rubber Y 0,3 25,53 819 32,5
Z 0,3 26,00 854 33
a2 The flame temperature was estimated assuming that the heat released per gram of oxygen consumed
by the combustion was 13,10 k]/g-0,12l.
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