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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.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

The purpose of heat and flame-resistant protective clothing is to shield the wearer from hazards that
can cause skin burn injury. The clothing can be made from one or more materials, which can be made
into a garment or protective clothing ensemble for testing on a manikin fire exposure system.

This document is a companion document to ISO 13506-1. It replaces ISO 13506:2008, Annex C and
specifies in a normative way the method of calculating and reporting test results for ISO 13506-1 in the
form of skin burn injury prediction. The data gathered by tests according to ISO 13506-1 are used as
input for this calculation.

In fhe test method standard ISO 13506-1, a stationary, upright, adult-sized manikin\is
a garment or protective clothing ensemble and exposed to a laboratory simulatien)of
confrolled heat flux, duration and flame distribution. The average incident heat flux £o the
thelgarment is 84 kW/m2. Thermal energy sensors are fitted to the surface of the.manikin.
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dressed in
 fire with
exterior of
The output
anikin and

etermine the total energy absorbed over the data-gathering period. Théydata-gatheri
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from the calculation of skin burn injury prediction (see Annex B) can be'used to assist in evaluating the
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exposure of the test garment.

bf the garment or protective clothing ensemble on the manikin is important. Thus, v4
ment or protective clothing ensemble design and how)the manikin is dressed by the op
lience the test results and skin burn injury prediction. Experience suggests that testing
size larger than the standard can reduce the percentage of predicted body burn by up tg

ISO/TC 94/SC 13 and SC 14 committe€s’ and the European Committee for Stang
[/TC 162 specify the method described. in this document as an optional part in the

hing standard ISO 11612.

National Fire Protection Association standard NFPA 2112[6] (specifies ASTM F1930-17(7
method similar to the one described in ISO 13506-1 and which contains skin burn injuryj
ulations similar to the one described in this document.
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Scope

5 document provides technical details for calculating predicted burn injury te human sk
face is subject to a varying heat flux, such as may occur due to energy transmitted throu
ment or protective clothing ensemble exposed to flames. A series of testgases are provic
ch the burn injury prediction calculation method is verified. It also contains requireme
tu calibration of the thermal energy sensor — skin injury predictién)system for the ra
es that occur under garments.

skin burn injury calculation methods as presented in this’test method do not include
dling short wavelength radiation that may penetrate the&Kkih. The latter include arc fla
bs of fire exposures with liquid or solid fuels, and nuclear&sources.

Normative references

following documents are referred to in the-text in such a way that some or all of th
Stitutes requirements of this document. -For dated references, only the edition cited 3
ated references, the latest edition of thebeferenced document (including any amendmen

TR 11610, Protective clothing — Vecabulary

13506-1:2017, Protective clothing against heat and flame — Part 1: Test method f9
ments — Measurement of transferred energy using an instrumented manikin

Terms and definitions

the purposes of this document, the terms and definitions given in ISO 13506-1 and ISC
the following.apply.

and [ECimaintain terminological databases for use in standardization at the following aqg
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31

burn injury

burn damage which occurs at various depths within human tissue due to elevated temperatures
resulting from heat transfer to the surface

Note 1 to entry: Burn injury in human tissue occurs when the tissue is heated and kept at an elevated temperature
(>44 °C) for a critical period of time. In this document, it is assumed that skin has three layers: the epidermis,
which is the tough outer layer, the dermis, which is the layer below the epidermis, and the subcutaneous
tissue (adipose), which is the fatty layer of tissue deeper than the dermis. In this document, it is assumed that
the thicknesses of the layers are the same everywhere on the human body. Variations in thickness that occur
with age, locatlon and sex are not 1nc1uded The severlty of damage referred to as predlcted flrst- second or
third-degrep ot [ i [ : ' 1ted
temperaturg above 44 °C and the time during Wthh it remains at or above 44 °C.

3.1.1
first-degree burn injury

first-degree burn

burn damalge in which only the superficial part of the epidermis has been injured

Note 1 to eptry: The skin turns red, but does not blister or actually burn through. First-degree burn injufy is
reversible. n this document, the time for a predicted first-degree burn injury to_oecur is indicated when| the
value of 2 =|0,53 [see Formula (3)] at a skin depth of 75 x 10-6 m (75 um), i.e. at the epidermis/dermis interfgce.

3.1.1.1
first-degree burn injury area
first-degree burn area

sum of the preas represented by heat flux sensors for which onlyra'calculated first-degree burn injuty is
predicted fo occur

egree burn injury
ggree burn
ckness burn
burn damdge in which the epidermis and a:varying extent of the dermis are burned, but the enftire
thickness ¢f the dermis is not usually destroyed and the subcutaneous layer is not injured

Note 1 to enjtry: Second-degree burn injuryiis more serious than first-degree burn injury, resulting in compgjlete
necrosis (ljving cell death) of the epidermis layer, usually accompanied with a blister, but is revergible
especially if the affected area is small..In this document, the time for a predicted second-degree burn injuify to
occur is indlicated when the value(of)2 = 1,0 [see Formula (3)] at a skin depth of 75 x 10-6 m (75 pm), i.e. af the
epidermis/dermis interface.

3.1.21

second-degree burnsinjury area
second-degree butnarea

sum of the|areas Fepresented by heat flux sensors for which a calculated second-degree burn injuy is
the most s¢vere injury predicted to occur

3.1.3
third-degree burn injury

third-degree burn

full thickness burn

burn damage which extends through the dermis, into or beyond the subcutaneous tissue

Note 1 to entry: Third-degree burn injury is not reversible. In this document, the time for a predicted third-degree

burn injury to occur is indicated when the value of £2 = 1,0 [see Formula (3)] at a skin depth of 1 200 x 10-6 m
(1200 um), i.e. at the dermis/subcutaneous interface.

2 © IS0 2017 - All rights reserved
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3.1.31

third-degree burn injury area

third-degree burn area

sum of the areas represented by the heat flux sensors for which a calculated third-degree burn injury is
predicted to occur

314

total burn injury area
total burn area

sum of the areas represented by the heat flux sensors for which at least a second-degree burn injury is
predicted to occur

3.2
omega value
0N
burp injury parameter, the value of the damage integral [see Formula(3)], which indicate§ predicted
burh injury (3.1) at specific skin depths and temperature regimes

3.3
paip area
sun of the areas represented by the heat flux sensors for which pain ispredicted to occur

3.4
timle to pain
timg taken for the pain receptors to reach 43,2 °C

Notg 1 to entry: In this document, the pain receptors aredocated 195 x 10-6 m (195 pm) below thie surface of
the pkin.

4 |[General

The calculation of predicted skin burn ihjury is a desirable result when used to compare tfhe relative
performance of protective clothing using test methods that measure heat to the manikin surface for
a d¢fined thermal energy exposure~This document outlines the calculation method that shill be used
for [this purpose when conducting’the tests as described in ISO 13506-1. ISO 13506-1 sgecifies the
method for the measurementof‘the energy transfer, which can be used as a basis for evalugtion of the
reldgtive thermal protective(performance of the test specimen. The performance is a function|of both the
materials of constructiofi and design and of fit of clothing onto the test manikin. The average exposure
heaf flux is 84 kW/m2with durations from 3 sto 12 s.

Preflicted burn jnjury determined in this test method uses a simplified mathematical modégl that does
not|directly translate into actual human skin burn injury for any exposure test conditions. The model is
baspd on measurements on human fore arms.

The test specimen is placed on an adult-size manikin at ambient atmospheric conditions and exposed
to d laboratory simulation of a fire with controlled heat flux, duration and flame distributign. The test
procCequre, data acquisttion, Tesulit catculations and preparation of the test report are performed with
computer hardware and software programs.

Thermal energy transferred through the test specimen and from the test specimen to the surface of
the manikin during and after the exposure is measured by heat flux sensors positioned in the surface
of the manikin. The amount of heat varies with time. The method specified in this document uses these
heat flux measurements of ISO 13506-1 to calculate the predicted time to pain for each thermal energy
sensor, the second- and third-degree burn injury areas, and the total burn injury area resulting from
the exposure. It can also be used to predict the time to first-degree burn injury.

Identification of the test specimen, test conditions, comments and remarks about the test purpose and
response of the test specimen to the exposure are recorded and are included as part of the test report.
The total energy transferred and/or the predicted skin burn injury area, and the way the test specimen
responds to the flame exposure are indicators for the performance of the test specimen for this test

© IS0 2017 - All rights reserved 3
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method. The skin burn injury prediction method can be used with other test methods that produce
similar exposures.

Clause 6 gives the details of the required calculation of predicted skin injury, while Clause 7 lists a
series of test cases against which the calculation method shall be tested to demonstrate compliance

with the specified accuracy.

5 Apparatus, specimen preparation and test procedure

The apparatus details, test specimen preparation and dressing and the test procedure are given in

ISO 13506{T:20T7, Clauses 5 to 8. In addition to the calibration procedures given in ISO 13506-1;2
Annex C, Igdboratories shall carry out the calibration described in Clause 7.

6 Predi
6.1 Skin

6.1.1 Ge
This docun

The sK
(Skin }

The sk
(Skin §

NOTE1 1
specified in
working on
engineered
all the Stoll
adult males
(1 °C). Usin
Weaver and
thermal con
and Greene
be predicte
blood flow
parameters

NOTE2 4
due to thery

6.1.2 M3

cted skin burn injury calculation
model

neral
hent contains the specifications for two skin models.

in property values for the skin model with temperatufe-dependent thermal conducti
odel A) are specified in the Table 1, Table 2 and AnnexA.

in property values for the skin model with temperature-independent thermal conducti
lodel B) are specified in Table 1 and Table 3.

'he skin property values listed in Table 1 to.Table 3 and Annex A and the calculation test c

Clause 7 were determined by a task group within ASTM (American Society for Testing and Mater
ASTM F1930[7], a test method developed in concert with ISO 13506. The task group rev

the Stoll and Greenel8] experiments soasto match within 10 % the 2 = 1,0 Formula (3) conditi

were found in the literature, as wasthe initial temperature gradient through the layers in the fore
b this information, the formulae.given in 6.1.3 and 6.1.5 and the values of P and AE determine
Stoll[®] shown below, trial@nd error and optimization techniques were used to find the value
ductivity, specific heat and density of the individual layers so that, with one set of values, all the
8] experimental skin injury measurements plus extensions calculated by Weaver and Stoll[9] c
1 with 2 = 1 + 0,1. Thevalues determined are representative of the living tissue (in vivo). As s
ind its potential effect on the results/predictions are implicit in the solution using the formulae
given in below.

ASTM F1930(Contains detailed historical information on the development of skin injury predig
hal influx from hot fluids and pure radiant sources.

nikin sensor heat flux values as function of time

0
partial blister test cases. The values-for the thicknesses of the three layers (in vivo) in the forearrx

D17,

ity

ity

hses
als)
brse
for
s of
hrm
1 by
s of
Stoll
buld
uch,
and

tion

The absorbed heat flux values, g; (tn), in KW/m?2 for each manikin sensor, i, at each time step, ¢t, as
provided by ISO 13506-1 shall be taken as data input for the calculation of skin burn injury prediction.

6.1.3 De

termination of the predicted skin and subcutaneous tissue (adipose) internal

temperature field

6.1.3.1 General

The thermal exposure shall be represented as a transient one-dimensional heat diffusion problem
in which the temperature within the epidermis and dermis layers of skin and subcutaneous tissue

© ISO 2017 - All rights reserved
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(adipose) varies with both position (depth) and time, and is described by the parabolic differential

equation (Fourier’s Field Equation):

T O°T
pey =k W
ot Ox
where
pCp is the volumetric heat capacity, in J/m3:K;
X is the depth from skin surface, in m;
T(x,t) isthe temperature at depth x and time ¢, in K;
k(x,T) isthe thermal conductivity at depth x and temperature T, in W/meK:
The parameters specified for Skin Model A (i.e. in Table 1, Table 2 and Apnex A) or for Skin Model B (i.e.
in Table 1 and Table 3) shall be used when solving Formula (1).
Table 1 — Skin model — Thickness of layers and deptlrofthe interface between lpyers
. Epidermis/ Dermis/
Parameter Skin Epidermis dermis Dermis | subcutaneous Sub 1_1tane0us
surface . . . issue
interface tissue interface
Depth from skin surface
0 75 1200
(1m)
Thickness of layer
75 1125 3 885
(1m)

6.1
(Sk

The
gen
pro
the

in Model A)

of ¥
vol

thermal conductivity of éach of the layers of the skin is known to vary with temperaturg
pralized thermo-physical/characteristics of the layer components (simplified composit
Lein and fat). Cooper‘and Trezek[10] and Knox, et. al.[11] have developed relationships for
thermo-physicalpreperties of the skin and subcutaneous (adipose) layers based on the
vater, proteincand fat in each layer. Annex A identifies values for the layer composit
metric heat{eapacity, pCp (x), and temperature-dependent thermal conductivity, k(x,T)
of generalized \skin layer components (water, protein and fat) that meet the requirements

3.2 Physical properties for skin'model with temperature-dependent thermal condluctivity, k

due to the
ion: water,
estimating
percentage
ions, layer
hs function
bf Clause 7

and| can be used for solving Formula (1). The initial values of thermal conductivity (temperature at

timp = 0} layer volumetric heat capacity and layer compositions are identified in Table 2. S
for the calculation of the values of the thermal conductivity, k, at other depths and temperatu

pbe Annex A
res than at

o (o]
T(0M03=-32,5-2¢.
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Table 2 — Physical properties for skin model with temperature-dependent thermal
conductivity, k

Parameter Epidermis Dermis Subcutaneous tissue

Thermal conductivity,
k (W/m:K) 0,615 5 0,597 6 0,3659
at T(0,0) =32,5°C

Volumetric heat capacity,

4,158 x 106 4,017 x 106 2,285 x 106
pCp (J/m3K)
Water fraction (% mass) 80 70 20
Fat fraction (% mass) 6 12 72
Pijotein fraction (% mass) 14 18 8

6.1.3.3 Physical properties for skin model with thermal conductivity, k, independent from
temperatyre (Skin Model B)

When assyming that the thermal conductivity, k, is dependent only on theMayer and independent
from tempprature, different values than for Skin Model A need to be specified for the volumetric eat
capacity, pfp, as function of layer, as shown in Table 3, in order to meet tke validation requirements of
Clause 7.

Table 3 1+ Physical properties for skin model with thermal.conductivity, k, independent from

temperature
Parameter Epidermis Dermis Subcutaneous tissue
Thermpl conductivity
0,628 0 0,582 0 0,293 0
k|(W/m-K)
Volumetfic heat capacity
4,40 x 106 4,184 x 106 2,60 x 106
pGp (J/m3-K)

6.1.3.4 Mathematical methods forselving Formula (1)

Solve Formula (1) numerically using the three-layer skin model as defined in Table 1 that takes |nto
account the depth dependency ‘of'the thermal conductivity and volumetric heat capacity values either
as specifiefl in Table 2 and Ahnex A or as specified in Table 3. Each of the three layers shall be constant
thickness, lying parallel tothe surface.

Use of absqlute tempeératures is recommended when solving Formula (1) because Formula (3), whigh is
used for thee calculation of 2, the burn injury parameter, requires absolute temperatures.

NOTE1 The’property values stated in Table 1 to Table 3 are representative of in vivo (living) values fo1| the
forearms of|th€test subjects who participated in the experiments by Stoll and Greenel8l. They are average values.
The thermal conductivity of each of the Tayers is known to vary with temperature due to the generalized thermo-
physical characteristics of the layer components (simplified composition: water, protein and fat). This is done by
modelling the temperature dependence of the thermal conductivity of each layer according to their respective
compositions. See 6.1.

The discretization methods to solve Formula (1) that have been found effective are

a) the finite differences method (following the “combined method” central differences representation
where truncation errors are expected to be second order in both At and Ax), finite elements method
(for example, the Galerkin method), and

b) the finite volume method (sometimes called the control volume method).

6 © IS0 2017 - All rights reserved
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Calculate and store the time varying internal temperature field for the skin and subcutaneous tissue
(adipose) for each sensor at each sensor sampling time for the entire sampling time by applying each of
the sensor’s time-dependent absorbed heat flux values identified in 6.1.2 to the surface of the skin. These
internal temperature fields shall include, as a minimum, the calculation of temperature values at the
surface (depth = 0,0 m) [i.e. T(0,t)], ata depth of 75 x 10-6 m [i.e. T(75,t)] at the skin model epidermis/dermis
interface used to predict second-degree burn injury), and at a depth of 1 200 x 10-6 m [i.e. T(1 200,t)] at
the skin model dermis/subcutaneous interface used to predict a third-degree burn injury.

Equally spaced depth intervals (Ax), denoted as “nodes” or “meshes”, are recommended for highest
accuracy in all numerical models. A value for Ax of 15 x 10-6 m has been found effective. Sparse or

un

tructured meshes are not recommended for use in the finite difference method. Usi

ng a Ax of

15

deptth for the time to pain calculation (pain receptor location).

6.1
The

a)

b)

d)

10-6 m sets a node at 195 x 106 m (195 pm) below the skin surface which is the réc

4 Initial and boundary conditions

initial and boundary conditions are as follows.

The initial temperature, T(x,0), within the three layers shall have a linear increase with
T(0,0) = 305,65 K (32,5 °C) at the surface to T(5 085 um,0) = 306,65 K (33,5 °C) at the
subcutaneous tissue (adipose). The temperature at 5 085 x 10-6m (5 085 pum) shall be ¢
all time at 306,65 K (33,5 °C).

NOTE1 Pennes[!12] measured the temperature distributiofs irf the forearms of volunteers. Fo
thickness of the skin and subcutaneous tissue (adipose) listed in Table 2 and Table 3, the measu
1 K (1 °C). The skin surface temperature of the volunteers'in the experiments by Stoll and Greene
very near to 305,65 K (32,5 °C).

The heat flux is applied only at the skin surface. This heat flux upon the surface of
assumed to be absorbed at the surface, i.elat x = 0, and heat conduction is the only m
transfer in the skin and subcutaneous tissue (adipose).
oT .
k—=q(t
ox a(e)

NOTE2  Assuming heat donduction only within the skin and deeper layers ignores enhanced i
due to changing blood flow in the dermis and subcutaneous tissue (adipose). The in vivo (liy
listed in Table 1 were back calculated from the experimental results of Stoll and Greenel8] an
extensions by Weaver and Stoll[9]. The values account to a large degree for the blood flow in the t

The heat fluX at the skin surface at time t = 0 (start of the exposure) is zero (0), i.e. g (0)

The heatflux values at the skin surface at all times, t > 0, are the time-dependent absorbe
values(see 6.1.2). No corrections are made for radiant heat losses or for emissivity/a
differences between the sensors and the skin surface used in the model.

bmmended

Hepth from
back of the
pnstant for

' the overall
fed rise was
[8] was kept

the skin is
bde of heat

(2)

eat transfer
ring) values
H numerical
bst subjects.

=0.

d heat flux
bsorptivity

6.1.

5 Determination of the (2 value for the prediction of skin burn injury

The Damage Integral Model of Henriques[12], shown in Formula (3), is used to predict skin burn
injury based on skin temperature values at each measurement time interval at skin model depths of
75 x 10-6 m (first- and second-degree burn injury prediction) and 1 200 x 10-6 m (third-degree burn
injury prediction).
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0= JPe_(AE/RT)dt
where

0 is the burn injury parameter; value, = 1 indicates predicted burn injury;

t is the time of exposure and data collection period, in s;

P(x,T) is the pre-exponential term, dependent on depth and temperature, 1/s;

e is a mathematical constant (Euler’s number) = 2,718 3;

AE(x,T|) isthe activation energy, dependent on depth and temperature, J/kmol;

R is the universal gas constant, 8 314,5 J/mol-K;

T(x,t) Temperature, T, in (K) at specified depth, x, and time, ¢, i.e. T(0,£)LT(75,t), T(1 200,¢).
Determine| the first-degree, second-degree and third-degree burn injury ‘parameter value ((2)

numericall
performedI:;t each measurement time interval for each of the sensors@tthe first-degree, second-deg

and third-
is 2317,15

For the fi

dependent|values for P and AE/R are listed in Table 4.

The predidted time for the beginning of a first-degree burn injury is when £ = 0,53 at a dept
75 x 10-6 1 (75 pm).

The predicfted time for the beginning of a second-degree or third-degree burn injury is when 2 =1
the respective interfaces between skin layérsaccording to the skin model parameters given in Tabl
6.1.6 Ti]:me to pain

The time t¢ pain is predicted toroccur when the skin tissue at a depth of 195 x 10-6 m (195 um), i.e|

solution T

K (44 °C).

195 ,¢) of the Formula(1), reaches a temperature of 316,35 K (43,2 °C).

integrating Formula (3) for the total time that data was gathered. The integratio

egree skin depths (75 x 10-6 m and 1 200 x 10-6 m, resgectively) when the temperatur

Table4'— Constants for calculation of omega using Formula (3)

(3)

by
h is
ree
e, T,

'st-degree, second-degree and third-degree bur# injury predictions, the temperatyire-

h of

0 at
p 1.

the

SKkin injury Temperature range P AE/R
317,15 K< T<323,15K
Second degree(8] 2,185 x 10124 s-1 93 5349K
(44°C=<T<50°C)
T>3Z3,I5 K, Use:
1,823 x 1051 s-1 39109,8K
(T>50°C)
31715 K< T<323,15K
Third degreel13] 4,322 x 1064 s-1 50 000 K
(44 °C < T< 50 °C)
T > 323,15 K, use:
9,389 x 10104 s-1 80 000K
(T>50°C)
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SKkin burn injury calculation test cases and in situ calibration

Test cases and in situ calibration

The calculation of the value of (2 is shown in Formula (3) to be exponentially dependent on the absolute
temperature. Thus, accurate calculation of the temperatures in each of the skin layers is essential in
order to have accurate values predictions of 2’s so as to ensure the skin burn injury prediction methods
match the experimental points of Stoll and Greenel8l.

The requirements involve three steps. First, the accuracy of the computer code to accurately predict

the
to 6
co-\
exp
of s

7.2

7.2
The

init

For
the

7.2
a)
b)
‘)
d)

7.2

illtCl ua} tClll}JCl atuu: dibtl i‘uutiuu ill d DCllli illfillitc DU}id oha}} ]lJC uudcx ta}\cu. T}lC oCL
nsure that the skin injury prediction matches the conditions measured and predicted\h
vorkers. Finally, the input-output accuracy of the apparatus-skin burn injury method is
psing sensors on the manikin to a known heat flux and checking that the predicted time t
pcond-degree injury matches the experimental points of Stoll and Greenel8].

Skin layer temperature prediction test cases

1 General

two test cases are based on the closed form solution of heat cenduction into a semi-in

the two cases listed below, set the initial temperature of the tissue layers to 30 °C everyw
base temperature at 5 085 um at 30 °C for all time'steps in the calculations.

2 Caseone

Absorbed heat flux at skin surface = 2,KW/mz2.

Thermal conductivity of all three:tissue layers, k= 0,1 W/m-K.
Volumetric heat capacity of all three layers, pCp = 4 x 106 ]/m3-K.

Calculate the temperatuteat 0 um, 75 um and 1 200 pm depths at 60 s after the expos
Use any time step equal-to or smaller than 0,1 s.

3 Casetwo
Absorbed heatflux at skin surface = 20 kW/m?2.
Thermaleonductivity of all three tissue layers, k = 0,6 W/m-K.

Volumetric heat capacity of all three layers, pCp = 4 x 106 J/m3-K.

nd step is
y Stoll and
Checked by
0 the onset

inite solid,

ally at a uniform temperature and suddenly exposed ta/a,constant heat flux at its syrface. The
analytical solution is available in any textbook on heat transfer:

here. Keep

ire begins.

d)

7.2.

Calculate the temperature at 0 pm, 75 pm and 1 200 um depths at 6 s after the exposure begins.

Use any time step equal to or smaller than 0,1 s.

4 Accuracy requirement

The temperature and temperature rise at each of the three locations as calculated from the closed form
solution for the two cases are listed in Table 5 and Table 6. The computer code predicted temperature
rise shall match the temperature rise from the closed form solution at the three locations for the two
cases with a maximum error of 0,2 %.
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Table 5 — Case one

Q=2kW/m?2 Calculation time=60s Temperature Temperature Temperature at
at 0 pm at 75 pm 1200 um
°C °C °C
Closed form k=0,1 W/m-K pCp=4x106]/m3-K 57,64 56,17 40,02
solution
Temperature 27,64 26,17 10,02
rise
Table 6 — Case two
Q =20 kW/m?2 Calculationtime=6s Temperature Temperature Temperaturg at
at 0 um at 75 um 1200 pm
°C °C °C
Closed form k=0,6 W/m-K pCp=4x106]/m3-K 65,68 63,24 39,07
solution
Temperatufe 35,68 33,24 9,07
rise
7.3 SKkin burn injury calculation test cases
The calculgtion method used in 6.1.5 shall meet the validation requirements identified in Table 7.
When validating the skin burn injury model, use the layer"thickness, thermal conductivity pnd
volumetrid heat capacity values specified in Table 2 and<Annex A or in Table 3 and the initial pnd
boundary ¢onditions of 6.1.4 with the exception that the‘exposure heat fluxes in 6.1.4 part d) becpme
the constant values listed in Table 7. The total calculation time shall be chosen so that the temperatyres

at the epid
the cooling
cooling ph

NOTE y
published d|
conduct thg
ISO 13506-1
energy absg
validation d

ermis/dermis and dermis/subcutaneous, initerfaces both fall below 317,15 K (44 °C) du
I phase. For these test cases the skin surface shall be assumed to be adiabatic during
ise, that is, no heat losses from the surface during cooling.

'he adiabatic boundary condition during cooling is selected because of the lack of detail in
bcuments on the orientation ©f the forearms and the proximity of surrounding equipment use
experiments. Furthermore, the data gathered from the thermal energy sensors when condug
takes into account convecttion and radiation heat losses inherently through the calculation of thg
rbed by the thermal efiergy sensors. Therefore this adiabatic assumption only applies to the m
ata set and not the eftire test method.

ing
the

the
d to
ting
net
bdel
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Table 7 — Skin model validation data set

Absorbed exposure heat fluxa . . . .
Exposure duration Required size of time step
(constant for the exposure)
W/m2 S S
3935 359 0,01
5903 21,09 0,01
11 805 8,30 0,01
15 740 5,55 0,01
23609 3,00 0,01
31479 1,95 0,01
39 348 1,41 0,01
47 218 1,08 0,01
55088 0,862 0,001
62 957 0,713 0,001
70 827 0,603 0,001
78 697 0,522 0,001
a  |Skin models using the absorbed heat flux and exposure times in this table_shall result in 2 values of 1 } 0,10 for all
tesf cases at the epidermis/dermis interface at the time when this interfaced¢emperature has cooled to or below 317,15 K
(44]°C). This predictive requirement is based on results published by Weaver and Stoll[9]. The skin layer proyerties listed
eithler in Table 1, Table 2 and Annex A or in Table 1 and Table 3, and th& calculation constants in Table 4 shal] be used for
thesge calculations. In addition, the time when Q = 1 shall never beless than the exposure duration listed n this table.
Thip latter requirement is to keep the prediction consistent with\the observations of Stoll and Greenel8]. Note that the
parpmeter, (2, is a cumulative value and having epidermis/dermisiinterface temperatures lower than 317,15 K|(44 °C) does
notjproduce negative values that are subtracted.

7.4{ In situ calibration of burn injury prediction

In addition to individual sensor calibration, a check of the thermal energy sensor-data acqui

injury prediction model as a unit shallbe undertaken. Expose a randomly selected sensor {
conktant heat flux with a duration‘'which will result in a second-degree burn injury being
by fhe manikin burn injury computer program that meets the requirements in Table 8. Thrg
ranges of heat flux are listedqdn Table 8. The in situ calibration shall be carried out in each d

ranges and meet the requireménts given in Table 8. The overall range of heat fluxes cover th
Stoll and Greenel8].

bition-burn
o a known
calculated
e different
f the three
pse used by

Use| any exposure conditions that will result in absorbed energies within each of the ranpges listed,

accpunting for séngor surface heat absorption characteristics (for example, absorptivit
matching to achéat flux is not required. If interpolation is required, account for the highly
behaviour af‘the relationship or calculate the exposure duration using the manikin b
preflictionrscomputer code. If the calibration falls outside the recommended values in Table

thejreason and correct.

Thi
shall be kept.
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Table 8 — Manikin sensor — Burn injury prediction — In situ calibration parameters

The paran
their expe

Absorbed heat flux Recommended Range of values of
W/m2 con?inuqus required times for
heating time omega equal to 1,0
S
3800 45 37,3t0 41,3
3900 45 36,1t0 399
4000 45 34,9 to 38,5
4108 40 33-8-+te374
4200 40 32,810 36,2
7 600 20 15,0 to 16,6
7 800 20 14,1t0 16,0
8000 20 14,0 to 15,4
8200 20 13,5to 14,9
8400 20 13,1to 14,5
15 200 10 5,8 to 6,4
15600 10 5,5te6;1
16 000 10 53.to 5,9
16 400 10 51to5,7
16 800 10 49t05,5

eters in Table 8 cover the range of absorbed li€dt fluxes used by Stoll and Greeneld
[iments. The time values listed in Table 8 do.not match the average values determine

the experiments conducted by Stoll and Greene that are presented in Section 7.3 and Table 7. Stoll

Greene use
after the e
are above

burn injur)
second-deg
because na

d constant intensity fixed duration exposutes that resulted in the injury occurring somet
Kposure was terminated as the skin layers cooled. It is the total time that the growing ¢
14 °C that is important in producingcell damage and blistering of the skin (second-deg
7). Here, the heating is continuousito the end point. With continuous heating, the onset
Iree burn injury will occur at a titne later than the exposure time used by Stoll and Grg
cool down period is includedand the final omega value will be greater than 1,0.

8 Testgeport

8.1 Gen

State that {
according

In addition

bral

he specimen(s) were tested according to ISO 13506-1 and results from the testing evalud
o this decument.

to’the information in the test report of ISO 13506-1, the information described in 8.2 tg

shall be in

| in
H in
and
ime
ells
ree
of a
ene

ted

8.3

luded in the test report

8.2 Skin model

State which skin model has been used for the burn injury prediction calculations, i.e.

— Model
— Model

12

A, according to Table 1, Table 2 and Annex A, or
B, according to Table 1 and Table 3.
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8.3 Calculated results

8.3.1 General

Report the results for the total surface area of the manikin receiving second- and third-degree burn
injury. Base the predicted burn injury both on the total area of the manikin containing heat flux sensors
(see 8.3.2) and on the total area of the manikin covered by the test specimen (see 8.3.3).

The time to pain for each sensor shall be reported.

The time at which predicted first-degree burn injury begins can be calculated and reported as optional
infdrmation.

8.3]2 Predicted area (%) of manikin injured based on the total area of the manikin cgntaining
heat flux sensors

a) |Predicted manikin area of second-degree burn injury (%).
b) |Predicted manikin area of third-degree burn injury (%).

c) |Predicted manikin area of total burn injury [i.e. sum of second-degiee and third-degree burn injury
(%)] and associated variation statistic, such as the standard,déviation.

8.3]3 Predicted area (%) of manikin injured based only/on the area of manikin covered by the
tes{ specimen

a) |Predicted area of second-degree burn injury (%)-timder the covered area of the manikin
b) |Predicted area of third-degree burn injury (%) under the covered area of the manikin.

c) |Predicted area of total burn injury (%), [i.e. sum of second-degree and third-degree Qurn injury
(%)] under the covered area of the manikin and associated variation statistic, such as the standard
deviation.

8.3[4 Other information

The diagram of the manikin showing location and burn injury levels as predicted second-flegree and
thirid-degree burn injury-areas shall be reported.

A tdble listing the timesto the onset of pain, first-, second- and third-degree injury for each|sensor can
be presented.

Optiional reported information may include the depth of burn injury (location where 2 [|= 1,0), the
avelage heat\flux and absorbed energy for each sensor.

Thd table'of individual heat flux values, q (tn), in kW/m2 for each manikin sensor, i, at each tipne step, ty,
as provided hy 1SQ 13506-1 can be rppnrhnr] as additionalinformation

© IS0 2017 - All rights reserved 13


https://standardsiso.com/api/?name=76c16596211dfd0b2d2c2702fe22bd86

ISO 13506-2:2017(E)

Annex A
(normative)

Skin model with temperature-dependent thermal conductivity,

k(x,T)

The skin model parameters,

—  volum

— tempe

ptric heat capacity, pCp, in J/m3-K, and

Fature-dependent thermal conductivity, k, in W/m-K,

shall be calculated for each skin layer according to the following formulae; adopted from References

and [11].

Layers:

For any lay]
values usir]

| = epidermis;
P = dermis;

B = subcutaneous.

er (where Wx is weight fraction of material; w: waterif“fat, p: protein) calculate the follow
g Formula (A.1) to Formula (A.3):

-1
WL&&J

w  Pf pp

NXCV,W+WfXCV,f+WpXCV,p

!(W XWW " kf ><VVf + kPXWP|

k:p.

By using th
— Temps
tempK = te]

being temp

— Water

P ps 2|
e following parameters:
rature:
mperature\#273,15

eraturein °C converted into K

thrermophysical values:

[10]

ing

\.1)

\.2)

\.3)

pw=1,0
Cyw=1,0

kw =(-0,275 8 + 4,6120E-03 x tempK - 5,5391E-06 x tempK x tempK)/418,40

14

being density of water, g/cm3

being heat capacity of water, cal/g-°C

being the temperature-dependent thermal conductivity, cal/cm-s-K
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