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[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

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. The data gathered by tests according to ISO 13506-1
are used as input for this calculation.

In ISO 13506-1, a stationary, upright, adult-sized manikin (male or female) is dressed in a garment or
protective clothing ensemble and exposed to a laboratory simulation of a fire with controlled heat flux,
duration and flame distribution. The average incident heat flux to the exterior of the garment is 84 kW/
m2. Therinal energy sensors are fitted to the surface of the manikin. The output from the sensofs is used
to calculgte the heat flux variation with time and location on the manikin and to determine|the total
energy aljsorbed over the data-gathering period. The data-gathering period is selected tg ensurg that the
total energy transferred will no longer be rising. The information obtained from the ‘calculati¢gn of skin
burn injuty prediction (see Annex B) can be used to assist in evaluating the performaice of the garment or
protective clothing ensemble under the test conditions. It can also be used as a modelsbased tool tg estimate
the extenf and nature of potential skin damage resulting from the exposure of the tést garment.

Fit of the garment or protective clothing ensemble on the manikin is importantThus, variations i garment
or protective clothing ensemble design and how the manikin is dressed by‘the operator may influence the
test results and skin burn injury prediction. Experience suggests that testing a garment one size Igrger than
the standprd can reduce the percentage of predicted body burn by up-to 5 %.

[SO 13506-1 uses the calculated skin injury information in\the calculation of the thermal manikin
performahce factor.

The methjod described in this document as an optional part in the fire fighter standards ISO 11999-3 and
EN 469 aijd as an optional part in the industrial heat and\flame protective clothing standard ISO 1{1612.

The Natignal Fire Protection Association standard*NFPA 2112[3] specifies ASTM F1930-18[6l, which is a
test method similar to the one described in ISG:13506-1 and which contains skin burn injury prediction
calculatigns similar to the one described in this‘document.

© IS0 2024 - All rights reserved
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Protective clothing against heat and flame —

Part 2:
SKkin burn injury prediction — Calculation requirements and
test cases

1 Scope

This docyment provides technical details for calculating predicted burn injury to human skin| when its
surface id subject to a varying heat flux, such as may occur due to energy transmitted throughl and by a
garment pr protective clothing ensemble exposed to flames. A series of test casés are providgd against
which thg burn injury prediction calculation method is verified. It also contains requirements for the in situ
calibratiopn of the thermal energy sensor — skin injury prediction system fok the range of heat fluxes that
occur under garments.

The skin lpurn injury calculation methods as presented in this test method do not include terms fog handling
short wayelength radiation that may penetrate the skin. The lattef. include arc flashes, some types of fire
exposuref with liquid or solid fuels, and nuclear sources.

2 Normative references

The folloying documents are referred to in the text insuch a way that some or all of their content cpnstitutes
requirempnts of this document. For dated references;*only the edition cited applies. For undated rgferences,
the latest|edition of the referenced document (including any amendments) applies.

ISO 11614, Protective clothing — Vocabulary.

ISO 1350p-1, Protective clothing against heat and flame — Part 1: Test method for complete gafments —
Measurement of transferred energy using an instrumented manikin

3 Terms and definitions

For the plirposes of this-do¢ument, the terms and definitions given in ISO 13506-1 and ISO 11610 and the
following|apply.

[SO and IEC maintain'terminological databases for use in standardization at the following addressgs:

— ISO Opnlire ‘browsing platform: available at https://www.iso.org/obp

;i 1 L I P | AL LL 1 = - L
- IEC E Cliulupculd. avdlldUIT dU LIttps. /7 VW VW W.CICL LI UPDEUIA. UL 5/
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3.1

burn injury

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, location and sex are
not included. The severity of damage, referred to as predicted first-, second-, or third-degree (or partial thickness or
full thickness) burn injury, depends upon the magnitude of the elevated temperature above 44 °C and the time during
which it remains at or above 44 °C.

3.1.1
first-degree burn injury

first-degree burn

burn damjage 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 injury isfreversible.
In this document, the time for a predicted first-degree burn injury to occur is indicated whén the value of 2 0,53 [see
Formula (3)] at a skin depth of 75 pm, i.e. at the epidermis/dermis interface.

3.1.11
first-degree burn injury area
first-degree burn area

sum of the areas represented by heat flux sensors for which only accalculated first-degree burn injyry (3.1.1)
is predictpd to occur

3.1.2
second-%tgree burn injury

second-degree burn

partial thickness burn
burn damjage in which the epidermis and a varying extent of the dermis are burned, but the entire|thickness
of the derfmis is not usually destroyed and the'subcutaneous layer is not injured

Note 1 to|entry: Second-degree burn injury.is more serious than first-degree burn injury, resulting i complete
necrosis (living cell death) of the epidermis layer, usually accompanied with a blister, but is reversible espeg¢ially if the
affected affea is small. In this document,he'time for a predicted second-degree burn injury to occur is indidated when
the value qf 2 = 1,0 [see Formula (3)}-at.a skin depth of 75 pum, i.e. at the epidermis/dermis interface.

3.1.21
second-degree burn injury area
second-degree burn area

sum of thie areas représented by heat flux sensors for which a calculated second-degree burn injury is the
most sevdre injurypredicted to occur

3.1.3
third-deiree 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 um, i.e. at the
dermis/subcutaneous interface.

3.1.3.1

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 (3.1.3)
is predicted to occur

© IS0 2024 - All rights reserved
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3.14
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
N

skin injury parameter, the value of the damage integral [see Formula (3)], which indicates predicted burn

injury (3.1) at specific skin depths and temperature regimes

3.3

time to ppin
time takeh for the pain receptors to reach 43,2 °C

Note 1 to gntry: In this document, the pain receptors are located 195 um below the surface of the'skin.

4 General

The calcylation of predicted skin burn injury is a desirable result when-used to compare th
performahce of protective clothing using test methods that measure heat’to the manikin sur
defined thermal energy exposure. This document outlines the calculation method that shall bg
this purpjose when conducting the tests as described in ISO 13506:1. ISO 13506-1 specifies th

e relative
face for a
used for
e method

for the mleasurement of the energy transfer, which can be used as’/a basis for evaluation of thle relative

thermal grotective performance of the test specimen. The performance is a function of both the
of constrfiction and design and of fit of clothing onto the testwhanikin. The average exposure h
84 kW/m¢f with durations from 3 s to 20 s.

Predicted burn injury determined in this test method.uses a simplified mathematical model tha
directly tfanslate into actual human skin burn injury“for any exposure test conditions. The modg
on measufements on human volar forearms (Stoll-and Greenel8l).

The test §pecimen is placed on an adult-size-thanikin (see ISO 13506-1:2024, 5.1) at ambient aty
conditionf and exposed to a laboratory simulation of a fire with controlled heat flux, duration
distributipn. The test procedure, data acquisition, result calculations and preparation of the test i
performefl with computer hardwareand software programes.

Thermal pnergy transferred through the test specimen and from the test specimen to the surf
manikin ¢luring and after thelexposure is measured by heat flux sensors positioned in the surfj
manikin. [The amount of heatvaries with time. The method specified in this document uses the
measurerpents of ISO 13506-1 to calculate the predicted time to pain for each thermal energy s
first, second- and third degree burn injury areas, and the total burn injury area resulting from the
Identification of the\test specimen, test conditions, comments and remarks about the test pui
response [of the tést/specimen to the exposure are recorded and are included as part of the test rq
total enerjgy transferred and/or the predicted skin burn injury area, and the way the test specimen|

materials
bat flux is

does not
| is based

hospheric
hind flame
eport are

hce of the
hce of the
heat flux
bnsor, the
Exposure.
pose and
port. The
responds
. The skin

to the flagne-exposure are indicators for the performance of the test specimen for this test method

S.

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
specified accuracy.

5 Apparatus, specimen preparation and test procedure

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

with the

given in

[SO 13506-1:2024, Clauses 5 to 8. In addition to the calibration procedures given in ISO 13506-1:2024,

Annex C, laboratories shall carry out the validation described in Clause 7.

© IS0 2024 - All rights reserved
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6 Predicted skin burn injury calculation

6.1 Skin model

6.1.1 General

This document contains the specifications for two skin models.

— The skin property values for the skin model with temperature-dependent thermal conductivity (Skin

Mode

1 A) shall be as specified in the Table 1, Table 2 and Annex A.

— The skin property values for the skin model with temperature-independent thermal conductivity (Skin

Modd

NOTE 1

in Clause ]
ASTM F19
and Green
test cases.
literature,
formulae g
error and

the individ
plus exten|
representd
implicit in

NOTE 2

| B) shall be as specified in Table 1 and Table 3.

The skin property values listed in Table 1 to Table 3 and Annex A and the calculation test.case
| were determined by a task group within ASTM (American Society for Testing and Materials) ¥
B0L6], a test method developed jointly with the ISO 13506 series. The task group reverse ehgineer
7] experiments so as to match within 10 % the £2 = 1,0 [Formula (3)] condition for 41} the Stoll par
The values for the thicknesses of the three layers (in vivo) in the forearms of adultmales were fd

5 specified
vorking on
bd the Stoll
tial blister
und in the

as was the initial temperature gradient through the layers in the forearm (1 °C).-Using this infor

tive of the living tissue (in vivo). As such, blood flow and its potetitial effect on the results/pred
the solution using the formulae and parameters given in below)

ASTM F1930 contains detailed historical information onthe development of skin injury predic

thermal influx from hot fluids and pure radiant sources.

6.1.2 M

The absotl
by ISO 13

anikin sensor heat flux values as function.ef‘'time

bed heat flux values, g; (t), in kW m fer each manikin sensor, i, at each time step, ¢, as
b06-1 shall be taken as data input forthe calculation of skin burn injury prediction.

6.1.3 Deetermination of the predicted skin and subcutaneous tissue (adipose) internal

temperat

6.1.3.1

The thern
the tempg
with both

ure field

General

brature withinthe epidermis and dermis layers of skin and subcutaneous tissue (adipo
position (dépth) and time, and is described by the parabolic differential Formula (1)

field equdtion):

-
0
(¢

pC,

2
T 42T

ation, the

iven in 6.1.3 and 6.1.5 and the values of P and AE determined by Weaver afid)Stolll8] shown belo, trial and
bptimization techniques were used to find the values of thermal conduétivity, specific heat and|density of
ual layers so that, with one set of values, all the Stoll and GreenelZ! experimental skin injury meajsurements
sions calculated by Weaver and Stolll8! could be predicted with,2‘=1 + 0,1. The values deterjmined are

ctions are

ion due to

provided

hal exposure shall\be represented as a transient one-dimensional heat diffusion probleng in which

se) varies
(Fourier’s

(1

t x>

where

pC

T(x,t)

is the volumetric heat capacity, in J-m-3-K1;
is the time, in s;
is the depth from skin surface, in m;

is the temperature at depth x and time ¢, in °C;

k(x,T) isthe thermal conductivity at depth x and temperature T, in W-m1-K"1,

© IS0 2024 - All rights reserved
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The parameters specified for Skin Model A (i.e. in Table 1, Table 2 and Annex 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 depth of the interface between layers

Skin Epidermis/ Dermis/ Subcutaneous
Parameter Epidermis dermis Dermis | subcutaneous .
surface . . . tissue
interface tissue interface
Depth from skin surface 0 75 1200

(1m)

Thickness of layer 75 1125 3885
(um)

6.1.3.2
(Skin Mo

The therr
generaliz
and fat).

physical
and fat in

Physical properties for skin model with temperature-dependent thermal conductiviity, k
el A)

hal conductivity of each of the layers of the skin is known to vary with témperature que to the
pd thermo-physical characteristics of the layer components (simplified cemiposition: wat¢r, protein
Looper and Trezek!?] and Knox, et. al.[1%] have developed relationships fer’ estimating thg thermo-
roperties of the skin and subcutaneous (adipose) layers based on thie percentage of watgr, protein
each layer. Annex A identifies values for the layer compositions, ldyer volumetric heat capacity,

pC,(x), a’ntd temperature-dependent thermal conductivity, k(x,T) as fuhction of generalized gkin layer

compone

ts (water, protein and fat) that meet the requirements of{Glause 7 and can be used fpr solving

Formula {1). Reference values of thermal conductivity (for temperature of 32,5 °C), layer volumetric heat
capacity gnd layer compositions are identified in Table 2. See Annex A for the calculation of the values of the
thermal cpnductivity, k, at temperatures different 32,5 °C.
Table 2 — Physical properties for skin model with temperature-dependent thermal condugtivity, k
Parameter Epidermis Dermis Subcutaneous tissue
Thermal conductivity,
k (W-m1-K1) 0,615 5 0,597 6 0,365 9
at T(0, 0) = 32,5 °C
Volumetric heat capacity, 4,158 x 106 4,017 x 106 2,285 x 16
pC, J-m3-K1)
Water fraction (% mass) 80 70 20
Fat fraction (% mass) 6 12 72
Protein fraction (%\mass) 14 18 8
6.1.3.3 [Physical properties for skin model with thermal conductivity, k, independent from
temperature (SkinnModel B)
When asgumifig-that the thermal conductivity, k, is dependent only on the layer and independent of
temperatyire, the values for thermal conductivity, k, and volumetric heat capacity, pCp, shown in Table 3 meet
the requitendentsof Clause 7 whenused-in-solutionto-Eormula (1)

Table 3 — Physical properties for skin model with thermal conductivity, k, independent from

temperature
Parameter Epidermis Dermis Subcutaneous tissue
Thermal conductivity
k (Wem-L-K1) 0,6280 0,582 0 0,2930
Volumetric hez\t capacity 4,40 x 106 4,184 x 106 2,60 x 106
pC, J-m3-K1)

© IS0 2024 - All rights reserved
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6.1.3.4 Mathematical methods for solving Formula (1)

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

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

NOTE The average property values stated in Table 1 to Table 3 are representative of in vivo (living) values for
the volar surface of the forearms of the test subjects who participated in the experiments by Stoll and GreenelZl. The
thermal conductivity of each of the layers is known to vary with temperature due to the generalized thermo-physical
characteriptics of the layer components (simplified composition: water, protein and fat). The temperature dependence
of the thermal conductivity of each layer is modelled according to each of their respective compositions) Seg 6.1.1 and
Annex A.

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

a) Finitg differences method (following the “combined method” central differences representatjon where
trundation errors are expected to be second order in both At and Ax)

b) Finitg elements method (for example, the Galerkin method), and
c) Finit¢ volume method (sometimes called the control volume method).

Calculate|and store the time varying internal temperature fieldfor the skin and subcutanequs tissue
(adipose)|for each sensor at each sensor sampling time for the.entire sampling time by applyinjg each of
the sensofr’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@alculation of temperature values at the surface
(depth = P,0 m) [i.e. T(O, t)], at the skin model dermis/epidermis interface used to predict second-degree
burn (depth = 75 pm) [i.e. T(75 pm, t)], and at the skin miodel dermis/subcutaneous interface used fo predict
third-degfee burn injury (depth =1 200 um) [i.e. T(1200 pm, t)].

Equally spaced depth intervals (Ax), denoted as “nodes” or “meshes”, are recommended for highest accuracy
in all nunerical models. A value for Ax of 15 ym'has been found effective. Sparse or unstructured meshes are
not reconpmended for use in the finite difference method. Using a Ax of 15 pm sets a node at 195 pm below
the skin sprface which is the recommended depth for the time to pain calculation (pain receptor lgcation).

6.14 I;Litial and boundary conditions

The initiall and boundary conditions are as follows.
a) The ipitial temperature, T(x,0), within the three layers shall have a linear increase with d¢pth from
T(0,0) = 32,5 °C)<at-the surface to T(5 085 um, 0) = 33,5 °C at the back of the subcutanegus tissue
(adippse). Thetemperature at 5 085 pm shall be constant for all time at 33,5 °C.

NOTE|1 , Pebnesll] measured the temperature distributions in the forearms of volunteers. For the overall
thickness ef'the skin and subcutaneous tissue (adipose) listed in Table 1, the measured rise was 1 °¢. The skin
surfaz[e temperature of the volunteers in the experiments by Stoll and Greenel”l was kept very near to 82,5 °C.

b) The heat flux is applied only at the skin surface. This heat flux upon the surface of the skin is assumed to
be absorbed at the surface, i.e. at x = 0, and heat conduction is the only mode of heat transfer in the skin
and subcutaneous tissue (adipose).

oT .
kS=-=4(t) ®)

ox
NOTE 2  Assuming heat conduction only within the skin and deeper layers ignores enhanced heat transfer
due to changing blood flow in the dermis and subcutaneous tissue (adipose). The in vivo (living) values listed
in Table 2 and Table 3 were back calculated from the experimental results of Stoll and GreenelZl and numerical
extensions by Weaver and Stoll8l, The values account to a large degree for the blood flow in the test subjects.

© IS0 2024 - All rights reserved
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c) The heat flux at the skin surface at time ¢ = 0 (start of the exposure) is zero (0), i.e. g (0) =0.

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

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

The Damage Integral Model of Henriques!11l, 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 um (first- and
second-degree burn injury prediction) and 1 200 um (third-degree burn injury prediction).

Q=|Pe CAE AR+ 73 3)
where

0 is the burn injury parameter;

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

P(x,T is the pre-exponential term, dependent on depth and temperature, s7;

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

AE(xM is the activation energy, dependent on depth and témperature, J-mol-;
R is the universal gas constant, 8,314 5 J-mol-1-K*;
T(x,t) Skin temperature, dependent on depth and:time, °C.

Calculatidn of Q2 is performed by numerical integration over time where T >44°C . Values for P aphd AE /R
for first-degree, second-degree and third-degree burn injury predictions are listed in Table 4.

6.1.5.1 |[First degree burn

To deternjine the predicted time to first degree burn injury calculate €2 ata depth of 75 pm at every point in
time duripg the data acquisition peried. The predicted time to first degree burn injury is the firgt point in
time at which 2 >0,53. If no sucli'point exists no first degree burn injury is predicted.

6.1.5.2 [Second degree burn

To determine the predicted time to second degree burn injury calculate 2 at a depth of 75 um at every
point in tfme during the data acquisition period. The predicted time to second degree burn injury is the first
point in tfme at which £ >1,0. If no such point exists no second degree burn injury is predicted.

6.1.5.3 [THird degree burn

To determine the predicted time to third degree burn injury calculate €2 at a depth of 1 200 um at every
point in time during the data acquisition period. The predicted time to third degree burn injury is the first
point in time at which £ >1,0. If no such point exists no third degree burn injury is predicted.

6.1.6 Time to pain

The time to pain is predicted to occur when the skin tissue at a depth of 195 um, i.e. the solution T(195 pum,t)
of the Formula (1), reaches a temperature of 43,2 °C.

© IS0 2024 - All rights reserved
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Table 4 — Constants for calculation of omega using Formula (3)

Skin injury Temperature range 4 AE/R
Firstand second 44°C<T<50°C 2,185 x 10124 51 93 534,9 K
egreelZ
T>50°C 1,823 x 1051 51 39109,8 K
Third degreel12] 44°C<T<50°C 4,322 x 1064 s-1 50 000 K
T>50°C 9,389 x 10104 g1 80 000K

7 SKkin burn injury calculation test cases and in situ calibration

7.1 Tedt cases and in situ validation

The calcylation of the value of £2 in Formula (3) is exponentially dependent on the abselute ten;
Thus, acclirate calculation of the temperatures in each of the skin layers is essential in order to hav

values pr
points of

The requ
internal t

that the gkin injury prediction matches the conditions measured and ptedicted by Stoll and cq
Finally, tHe input-output accuracy of the apparatus-skin burn injury mdethod is checked by exposir
inikin to a known heat flux and checking that the predi¢ted time to the onset of secopd-degree
injury matches the experimental points of Stoll and GreenelZl.

on the m

7.2 SKi

721 G

The two t
at a unifo
is availab

For the ty
surface h
5085 um

722 C
a) Abso

b) Thermal condustivity of all three tissue layers, k = 0,1 W-m1-K-1,

c¢) Volun

d) Calcullate the temperature at 0 pm, 75 ym and 1 200 pm depths at 60 s after the exposure b

bdictions of 2’s so as to ensure the skin burn injury prediction methods match the exp
btoll and GreenelZl.

rements involve three steps. First, the accuracy of the computer code to accurately p
emperature distribution in a semi-infinite solid shall be undertaken. The second step is

n layer temperature prediction test cases

eneral

bst cases are based on the closed form salution of heat conduction into a semi-infinite soli
'm temperature and suddenly exposed.to a constant heat flux at its surface. The analytic:
e in any textbook on heat transfer.

pat flux is zero at time zero;then full value at the first time step. Keep the base temp
at 30 °C for all time steps inf the calculations.

ASe one

‘bed heat fluxat’skin surface = 2 kW-m-=2.

hetri¢ heat capacity of all three layers, pC, = 4 x 106 J-m3-K1.

perature.
P accurate
erimental

redict the
to ensure
-workers.
g sensors

1, initially
| solution

vo cases listed below, set the initial temperature of the tissue layers to 30 °C everywhere. The

prature at

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

7.2.3 Case two

a) Absorbed heat flux at skin surface = 20 kW-m2,

b) Thermal conductivity of all three tissue layers, k = 0,6 W-m1-K'1,

) Volumetric heat capacity of all three layers, pC, = 4 x 106 J]-m3-K'L.

pgins. Use

d) 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.
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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 %.

Table 5 — Case one

Q=2kW-m=2 Calculation time | Temperature |Temperature| Temperature
=60s at 0 pm at 75 pm at1200 um
°C °C °C
Closed forjm solution k=01 W-m1lK1 pCp =4 MJ-m=3-K'! 57,64 56,17 0,02
Temperatpire rise 27,64 26,17 10,02
Table 6 — Case two
Q=20 kW-m=2 Calculation time Tempera- |Temperature| Temperature
=6s tureatOum | at75 pum at1200 pum
°C °C °C
Closed forjm solution k=06 Wm1K1 pC,=4 MJ-m-3-K1 65,68 63,24 39,07
Temperatpire rise 35,68 33,24 D,07

7.3 SKi

The calcufation method used in 6.1.5 shall meet the validation‘tequirements identified in Table 7.

burn injury calculation test cases

When valjidating the skin burn injury model, use the layér-thickness, thermal conductivity and violumetric
heat caparity values specified in Table 2 and Annex A ot'in Table 3 and the initial and boundary donditions
of 6.1.4 wlith the exception that the exposure heat fluXes in 6.1.4 part d) become the constant values listed

in Table 7

The total calculation time shall be chosen so that the temperatures at the epidermis/dermis and

dermis/s;tbcutaneous interfaces both fall below 44 °C during the cooling phase. For these test casgs the skin

surface s
during copling.

NOTE
document

all be assumed to be adiabatic during the cooling phase, that is, no heat losses from the surface

The adiabatic boundary condition during cooling is selected because of the lack of detail in thg published
on the orientation of the‘forearms and the proximity of surrounding equipment used to c¢nduct the

experimer]ts. Furthermore, the data‘gathered from the thermal energy sensors when conducting ISO 13506-1 takes
into accoupt convection and radiation heat losses inherently through the calculation of the net energy absoifbed by the
thermal enjergy sensors. Therefore this adiabatic assumption only applies to the model validation data set gnd not the

entire testmethod.

© IS0 2024 - All rights reserved
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Table 7 — Skin model validation data set

AE: S()(::‘Sbt(;if ;{olz'otmrz):lsj;lfll'g;( ) Exposure duration Required size of time step
Wem-2 S s
3935 359 0,01
5903 21,09 0,01
11 805 8,30 0,01
15 740 5,55 0,01
23 609 3,00 0,01
31479 1,95 0,01
39 348 1,41 0,01
47218 1,08 0501
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
at the epid
requireme
Annex A or]

when Q =1
consistent
dermis intg

odels using the absorbed heat flux and exposure times in this table shall result ifi2-values of 1 + 0,10 for all test cases
ermis/dermis interface at the time when this interface temperature has ceoled to or below 44 °C. Thig
it is based on results published by Weaver and Stolll8l. The skin layer properties listed either in
in Table 1 and Table 3, and the calculation constants in Table 4 shall be uséd for these calculations. In additi
shall never be less than the exposure duration listed in this table. This latter requirement is to keep the
with the observations of Stoll and GreenelZl. Note that the parametép, (2, is a cumulative value and having
rface temperatures lower than 44 °C does not produce negative values that are subtracted.

Table 1, ]

predictive
[able 2 and
n, the time
prediction
epidermis/

7.4 Ins

In additic
injury pre¢

itu validation of burn injury prediction

n to individual sensor calibration, a check>of the thermal energy sensor-data acquisition-burn
diction model as a unit shall be undertaken. Expose a randomly selected sensor from ach data

acquisitign module to a known constant heat fluxYwith a duration that meets the requirements |n Table 8

which wi
program.
4200 W
validation]

overall range of heat fluxes cover those used by Stoll and GreenelZl. If interpolation is required, a
y nonlinear behaviour ef’the relationship or calculate the exposure duration using th¢
'y prediction computen code.

the highly
burn inju

This in si

T

| result in a second-degree burn injury being calculated by the manikin burn injury |[computer
A radiant heating source shall bextsed to conduct validation. Three different ranges |(3 800 to

m2, 7 600 to 8 400 W m'2, 15 200 to 16 800 W m2) of heat flux are listed in Table 8. The in situ

shall be carried out in each'ef the three ranges and meet the requirements given in Taple 8. The

count for
manikin

fu validation shalbbe done as a minimum annually. A permanent record of the validation shall be

rect.

'S

kept. If the validation falls outside the recommended values in Table 8, identify the reason and cor
hble 8 ~—Manikin sensor — Burn injury prediction — In situ calibration paramete}
Recommended Range of values
Absorbed heat flux continuous of required times
W-m-2 heating time for omega equal
S to1,0
3800 45 35,4 to 43,2
3900 45 34,2t041,8
4000 45 33,0t0 40,4
4100 40 32,0 to 39,2
4200 40 31,1to0 38,0
7 600 20 14,2to 17,4
7 800 20 13,7 to 16,7
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Table 8 (continued)
Recommended Range of values

Absorbed heat flux continuous of required times

W-m-2 heating time for omega equal

S to 1,0

8000 20 13,2 to 16,2

8200 20 12,8to 15,6

8400 20 12,4t0 15,2

15200 10 55t06,7

15 600 10 5,2t06,4

16 000 10 50t06,2

16 400 10 49t05,9

16 800 10 4,7to 5,7

The parameters in Table 8 cover the range of absorbed heat fluxes used by Stell{and Greene
ts. The time values listed in Table 8 represent burn prediction time under cofitituous heatin

differ fronp the average values determined in the experiments conducted by Stoll and jGreene that are pr

sub-clause
injury occ
growing c
burn injur
burn injur
included a

8 Test

7.3 and Table 7. Stoll and Greene used constant intensity fixed duration-exposures that resu

blls are above 44 °C that is important in producing cell damage and blistering of the skin (secd
). Here, the heating is continuous to the end point. With continugoug heating, the onset of a sec
y will occur at a time later than the exposure time used by Stoll ahd Greene because no cool dow
nd the final omega value will be greater than 1,0.

report

8.1 General

State thaf
according

the specimen(s) were tested according, to ISO 13506-1 and results from the testing
to this document.

In addition to the information in the test réport of ISO 13506-1, the information described in 8.2 t

be includg

d in the test report.

8.2 Skin model

State whi
— Modsd
— Modsd

8.3 Cal

831 G

Ch skin model has bieen used for the burn injury prediction calculations, i.e.

| A, according toyFable 1, Table 2 and Annex A, or

| B, according to Table 1 and Table 3.

culated results

7] in their
b and thus
esented in
ted in the

irring sometime after the exposure was terminated as the skin layers Cooted. It is the total time that the

nd-degree
nd-degree
n period is

pvaluated

o

.3 shall

eneral

Report the results for the total surface area of the manikin receiving predicted 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). Malfunctioning or
non-functioning sensor(s) and respective represented area(s) shall be removed from the calculations of total
manikin area (8.3.2) and area covered by the test specimen (8.3.3).

The time to pain and time at which predicted first-degree burn injury begins can be calculated and optionally

reported.
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8.3.2 Predicted area (%) of manikin injured based on the total area of the manikin contain
flux sensors

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

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

ing heat

c¢) Predicted manikin area of total burn injury [i.e. sum of second-degree and third-degree burn injury

(%)] and associated variation statistic, such as the standard deviation.

8.3.3 Predicted area (%) of manikin injured based only on the area of manikin covered by the test

specimen

a) Predicted area of second-degree burn injury (%) under 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 burn iy
under the covered area of the manikin and associated variation statistic, such as the standard

8.3.4 her information

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

A table ligting the times to the onset of pain, first-, second- and third-degree injury for each sens
reported.|Other optional reported information may include the depth of burn injury (location whef
the average heat flux and absorbed energy for each sensor.

jury (%)]
Heviation.

hind third-

or can be
e 1>1,0),

© IS0 2024 - All rights reserved
12


https://standardsiso.com/api/?name=b84d8c10b63b428fb2cb96bc619a307b

ISO 13506-2:2024(en)

Annex A
(normative)

Skin model with temperature-dependent thermal conductivity, k(x,T)

The skin

model parameters,

— volumetric heat capacity, pCp, inJ-m3-K1, and

— tempgrature-dependent thermal conductivity, k, in W-m1-K1),

shall be c4

Layers:

1 = epidermis;
2 = dermis;

3 = subcutaneous.

lculated for each skin layer according to the following formulae; adopted from Referénces [4] and [10].

For any lalyer (where W, is mass fraction of material; w: water, f: fat, p: protein) calculate the follow|ng values

using For

mula (A.1) to Formula (A.3):

p=1

-1
W
D00 - ﬂ+%+_p
Pw P pp

Wa “Cpw + Wi Cp g + W, oCp

1000

+
D00

p (KW, W kW
pw Ps pp

By using the following parameters:

T
— Wa
pw =10

Cp =41

Temperature;2C

Ler thermophysical values:

DO density of water, kg-m-3;

B4 heat capacity of water, ]-kg1-K'1;

thermal conductivity of water, W-m1-K-1, calculated using Formula (A.4).

L L

(A1)

(A.2)

(A.3)

— Fat

Pr = 870

o]
r=}

0,57069+(T,586XT0 3)1 (5539110 5)1

thermophysical values:

density of fat, kg-m-3;

C,¢ =1841 heat capacity of fat, ]-kg1-K'L;

pf =

ke

thermal conductivity of fat, W-m1-K-1, calculated using Formula (A.5).

© IS0 2024 - All rights reserved
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ke =0,22677+(1,506 2x10% )T —(1,6736x107° | T* (A.5)
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