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Abstract

The overall performance of thermal protective clothing banevaluated either by means of
bench scale test or by exposing a dressed mannequin tofecfidiine conditions. In this paper
an automated system for evaluation of fire protective chaffiased on the use of a flame man-
nequin is presented. The mannequin is equipped with an afregmperature sensors which
provide the information about the temperature on the mamnesurface. The level of burn
injury is evaluated using the estimated heat flux enteriegrhaterial at the surface and thermal
skin model. A particular attention in this paper is focusedtioe issue of heat flux recon-
struction, with special focus on the computational demarfdise algorithms. Two appropriate
algorithms for heat flux reconstruction are presented aatliated on calibration measurement.
The estimated heat flux is later used in the skin thermal meatieth calculates the tempera-
ture profiles inside the skin. The process of skin burn elmhus represented as a first order
chemical reaction at two points inside the skin profile. Thgrde of burn is determined using
well established empirical rules. A special attention igiagiven to the issue of computational
load of the solution resulting in an efficient algorithm faaulation of skin temperature pro-
file. The effectiveness of the solution is demonstrated @eemental data and an example of
experimental run is provided.
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1 Introduction safe and pilot burners are switched on in order to ensure
. . . . - he burners and gas supply are in fault free condition.
Workers in many industrial settings, firefighters anGafier that a calibration procedure is preformed in which

soldiers are likely to be exposed to excessive healy,qe mannequin is subjectedito 4 second flash fire.

caused by flash fire. Analysis of numerous acciden{syr each sensor a corresponding heat flux is calculated.
reveals, that the heat fluxes can be relatively high (Uggsed on that heat flux, the burners are adjusted to en-
to 80kI/m?), but the exposure oply 'aStS.ab@J* 10" syre an average heat flux aroustkW/m?2. Now the
seconds. [8]. The role of protective clothing is to min—ytem is ready for the garment evaluation. The man-
imize or prevent skin burn injuries by decreasing th‘?]equin is dressed and exposed to flash fire2fer 10

heat transfer from the fire to the skin. In order for thesecongs. After the fire extinguishes another venting of
manufacturers to fabricate suitable wear it is essenti e room is preformed and the facility is ready for next

that the protective characteristics of the garments Cakperiment.
be evaluated.

o ) . The quality of the garment is assessed with respect to
Quantitative evaluation of thermal protective garmentge percentage of the skin area affected by first, second
to fire exposure can be preformed either by means @f third degree burns. The procedure for estimation of
bench scale test [17] or by exposing a dressed mathe burn degree consists of three major steps:
nequin to real-life flame conditions. However bench
scale tests can not provide complete information be-1  om the recorded temperature on the mannequin
cause the effects like zippers, layers of outfit, etc. can g, face heat flux is calculated
not be properly taken into account. Much more faith-
ful insight can be obtained if the experiment is made as 2. temperatures inside the skin are calculated using
realistic as possible by using instrumented flame man- thermal model of the skin and estimated heat flux

nequins. 3. using these temperatures the degree of burn is cal-

In this paper an automated system for testing the gar- culated using burn integral.

ments under flash fire is presented. The system is build

around a flame mannequin equipped with 144 temper@  |nverse heat conduction problem

ture sensors, which provide information about temper- . . o

ature on the mannequin surface. The system is realizde critical part of the burninjury level estimation is the

in conformance with the standards for carrying out garcalculation of the heat flux entering the material from
ment assessment [11]. The project is motivated by rigngasured temperature at the surface of the matena_l. In
ing need of the manufacturers of protective garmeni&lis paper algorithms for heat flux reconstruction using
for additional assessment facilities, since more inddemperature gradient at the material surface have been
pendent tests carried out at different laboratories co§xamined. First a detailed thermal model of the sen-
tribute to more objective evaluation of a particular garSOr described with partlal.dlfferennal equation has been
ments [4]. The main focus of the paper is to carefullysed. The heat conduction across the sensor has been
revisit the issue of heat flux reconstruction from temsolved using a finite differences and Crank-Nicolson
perature readings with the aim to provide the comput&cheme [20]. The algorithm, refered to as CN scheme
tional procedure that will support all operating regimeds than compared to the simplified sensor model using
of the sensor. The paper will also review the process &ne ordinary differential equation with lumped param-
estimation of burn injuries using a detailed skin modefters (ODE).

and suggest a computationally efficient algorithm for itgy e other issue to be resolved are the material thermal

calculation. parameter values used in the models. The unknown pa-
rameter values have been estimated using optimization
2 System architecture procedure and mannequin sensor readings. For this pur-

pose, a calibration procedure has been conducted, so
The main building blocks of the systems are shown ifhat the temperature and heat flux sensor have been ex-
Fig. 1. The core of the system represents a flamgosed to the same heat source. The experimenthas been
mannequin located in a firing room. A flash fire re-repeated3 times, using the same duration of the flame
production system consists of 12 gas burners mountgg seconds). The resulting dataset will serve for vali-
around the mannequin. The signals from thermocoutation of the algorithms. One additional measurement

ples on the mannequin are collected by data acquisitiqfata have been obtained and will be used as a training
system running under LabVIEW environment. To endataset for parameter estimation.

sure a higher safety, the operation is governed by a pro- o
grammable logic controller rather than LabVIEW di-3-1 Distributed parameters sensor model

rectly. The application allows the operator to controlxs mentioned above, one approach of determining heat
all stages of the experiment and automatically genefiyy is by using temperature gradient. The temperature
ates detailed reports on the experiment. sensor is cylindric slab, ccacm long with thermocou-

Due to safety and calibration issues, the experimelﬁ’ﬂe mounted inside. Heat transfer across the sensor can
procedure is strictly determined. Prior to the start oP€ described with the following model:

the experiment a 30 second venting of the room is per- o 92u

formed to ensure the room is filled with clean air. Next, 5% = %92 1)
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Fig. 1 Architecture of the instrumented mannequin system

To; = Tan i 5
t=02>0T(t=0z) =T 03 = T ®)
or (== )T =Ty = ——=T (6)
t> 0,0 =1~k = —MT(L,1) ~ Tb)
xXr

where M is the number of the points im axis grid,

The model has been formulated in this way, because tﬂé“ is measured temperature dfglis the environment
sensor has a finite depth and due to low thermal resilEMPerature. The expressions (4), (5) and (6) form a
tance the cooling on the lower edge of the sensor has {4 diagonal system of equations. The temperature at all
be properly taken into account. ata points in the_: next time step_£ 1) is expressec_j in
matrix form and is calculated with LU-decomposition.
The numerical solution of the expression (1) is obtaineth the matrix form it reads
by substituting the continuous partial derivatives with
finite differences. First order time derivative is approx-
imated with forward difference (2) and second order ATy = AoTj1 +¢j1 7
space derivative with central difference (3). Index
stands fori-th point in thex axis grid and indey for
j-th time sampleAt is discrete time step or in our case
also sampling time which i8.06s, Ax is the discrete
space step which has a valuebof1.

The temperature distribution within the body is ob-
tained by iterative calculation of (7), which results in
the temperature profil€T;;,: = 1,2,..., M}. Thenit

is easy to find the heat flux at tinie

Ty ;— Ty,
or _ Ty — T @) q = —kil’jA 07, (8)
ot At r
PT  Tjiy—2T+ Tjina Next step represents the estimation of the material ther-
o2 A2 (3)  mal parameters from calibration data. The calibration

set-up is illustrated in Figure 2. A flux sensor and a
By reformulating the equation and substituthngAA;)z temperature sensor, mounted on a panel, are exposed to
with A, system of the following expressions is pro_the common heat source. The unknown parameter is

duced: then found by optimization of the criterion function:
—AT; 11 +2(1+ M) T i1 — AT 40 = e — J7 (a(t) — qar(t))?dt o
=ATj1,;+2(1 = MNTji + ATjr: (4) on(01) = o an(t)2at ®)

Adding the two boundary condition at= 0 andx =1 wheref; represents the vector of unknown model pa-
in difference form: rametersa, pc, k], ¢(t) is estimated heat flux andy (¢)
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is measured heat flux. The minimum of the criterion
function J(6,) is found using constrained linear opti- . . .
mization in MATLAB using Nelder-Mead method. The T = A7 ATo+A7 co=A7 ¢
use of constrains is necessary in order to preventnega- T, = AfleT1 + Aflcl
tive values of the parameters. _ _ _

P AT AgAT ey + AT ey

{)\*, pc*, k*} — argmirl\e[oﬁoo]yche[Oﬁoo]J(01) (10) TN _ (Al_lAO)N_lAl_lcN—l +
+ (AT'A)N AT 'en o+
-1
C](t) + Al Co (11)
l l l l H l l l l l l l l l The coefficients in the expressions (11) represent the
elements of the system impulse response and can all be
BN SRS written in form of one matrix expression

q= FTsu (12)

4 where q represents the estimated heat fliX,is the
Algorfthm lower triangular matrix, with rows representing system
forjflux impulse response arifls, is the vector containing sur-

recongtruction . .
® face temperature readings. The elements of the impulse

I response (matriX’) can all be calculated prior to the
Optimization experiment and thus the time needed for calculation of
© the results is greatly shortened.

3.2 Lumped parameter sensor model

Fig. 2 The calibration setup (epresents vector of un-

Due to the relatively high thermal conductivity with re-
known parameters)

spect to sensor depth, the heat transfer along the sen-
sor can be approximated with lumped parameter model.
Using the estimated parameter values the heat flux estiere it is assumed, that the temperature of the body is
mate shown in Fig. 3 is obtained. the same at all depths and the change of the tempera-
ture is proportional to the heat fluxes entering and exit-
ing the material. The temperature change of the mate-
rial as a result of heat flux can be expressegdzasf%.

Heat flux entering the material depends on the area be-
ing exposed to it 4¢(¢)), heat flux at the other end of

=
o
S)

temperature [GC]
a
3
T

[— st g | the material depends on the heat transfer coefficient and
% i 2 s 7 5 o 7 surrounding temperatura(7'(t) — To(t))). The sum of

time [s]

all heat fluxes and accumulated heat eq0d[s3).

100

50

heat flux [W/m?]

-
= measured heat flux
= = = estimated heat flux (CN)
h N 1 .

.
0 1 2 3 4 5 6 7
time [s]

PV~ Aglt) + NT() - To(0) =0 (13)

. Expressing(t) from Eq. (13):
Fig. 3 Measured and reconstructed heat flux by means

of Crank-Nicolson method AT (1)
alt) = == (pel) + NT() ~ To)  (14)
The algorithm describes the exact situation within thehe continuous derivative in Eq. (14) is calculated

sensor, but its drawback is, that the recursion (7) has fumerically using finite differences with backward
be calculated for all the temperature sensors which regcheme.

resents a computationally demanding procedure. Fortu-

nately there exist a much shorter way to obtain the heat

flux entering the materiaj(t). dT'(t) _ T =T

Using the relatiorc; = [A,O,...,O]TTSMJ = Ty j, dt t=t; At

whereTs, ; is the measured surface temperature, the
expressions for the temperature profiles at times  To estimate the heat flux(t) from expression (14),
1,2,..., N are of the following form there are two unknown parameter valugsdcL). The

(15)
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values are estimated similar to the ones described in S —
previous section, with optimization of the heat flux es-
timate using the criterion function Eq. (16). o

40

Jo (a(t) — qui(1))*dt

Jon(62) = . (1)
Jo ane(t)?dt ] ,
wherefs is vector of unknown parametels, pcl], q(t)
estimated heat flux ang,, (t) measured heat flux. The of
minimum of the criterion function'(82) is again found L PPN
using constrained linear optimization to prevent nega- O e on nctonvaise 02

tive values of the parameters.
Fig. 5 Criterion function value probability distributions

{)‘*7pCl*} = argmirkE[O,oo],chE[O,oo]J(HQ) (17)
the purpose of this paper, the skin can be viewed as
Using the training dataset we obtain the estimated he&@MpPosed of three layers:
flux as shown in Fig. (4).
e epidermis thin outer layer of typical thickness
0.06 — 0.8mm

=
1)
S}

e dermis 1 — 4mm thick directly below the epider-
mis; provides the strength and elasticity for the

temperature [0(:]
@
S

[— measured mperaure ] | skin, and contains lymphatic vessels, nerves, and
% 1 2 3 . s . 7 blood vessels.

time [s]

e subcutaneous tissyé.5 — 2emm thick), connec-
tive tissue serving for formation and storage of fat.

= measured heat flux . .
7 The skin response to thermal insult has been treated by

0 1 2 S 5 . 7 a number of studies in the last 50 years. Henriques [10]
° and later Mehta [14] have found that injury starts to
Fig. 4 Comparison between measured and estimat%_?é]OIVe when temperature becomes greater SiduK.
; . e proposed burn injury evaluation models rely on the
heat flux using training dataset . . . ;
idea of Henriques [10], according to which the process
can be viewed as a first-order chemical reaction

dQ 0 T < 317K
The quality of the reconstructed heat fluxes using the dt ) Pe R T >317K

two algorithms described above has been evaluated on
the test datasets consisting of 33 measurement from cal-
ibration procedures preformed under the same condihere( is burn integral,P is a factor,5£ activation
tions as the training dataset. The criterion function valenergy,I’ absolute temperature of the tissue. However,
ues (16) and (9) have been calculated for every memb#re models explaining the emergence of injury differ
of the test dataset and for both algorithms. The resulsomewhat and the coefficients used have different val-
ing criterion function value probability distributionsear ues (c.f. Table 1). In our studies we follow the recom-
shown in Fig. 5. mendations [5], [11], [1] to combine the Stoll’s burn cri-
eria at depth:; = 0.08mm (epidermis-dermis bound-

ry) and Takata’s criteria at depth = 0.2¢m (bound-

ry between dermis and subcutaneous region). The val-
ues of the parameters are given in Table 1. The degree
§f burn is determined according to the empirical rules
Stressed in Table 2.

100+

50

heat flux [W/m?]

3.3 Algorithm comparison
(18)

Comparing the results (Fig. 5), one can see that wit
using the ODE based algorithm criterion function value,
probability distribution is infact lower than the one ob-
tained using Crank-Nicolson scheme. Therefore th
later approach is not only significantly less comput

tionally demanding, but also offers better quality o
the estimate. The results suggests that the CN scherfagsential for the calculation of the burn rate (18) is de-

parameters may be overfitted and therefore the soltermination of the temperatures at the interface between
tion is not the most appropriate for different operatinggpidermal and dermal layet () and dermal and subcu-

regimes. taneous regioniz). The calculation procedure is illus-
trated in Fig. 6. Since the mannequin is instrumented
4 Estimation of burn injuries with temperature sensors, first the corresponding flow

of heat flux has to be estimated. Based on that, the tem-
The next step in the calculation of burn injuries is theperature profile along the skin layers as function of time
calculation of the temperature profile in the skin. Fois calculated.
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Tab. 1 Coefficients of Stoll's and Takata’s model l l l l l q(t)

Epidermis Xd

T(x4) Q(Xd)

Stoll Takata e
o P =2.185 x 107%*s7 1 P =432 x 10%%5 T ermis
T < 50°C A_}f =93535K % — 50000K D X, )00
T>sec P =182x10Ms7T P =939 x 10757
~ 5 = 39110K AL — §0000K

Subcutaneous
region

Tab. 2 Categories of burn injuries and corresponding

computational rules Fig. 6 The principle of estimation of burn injury
Q<05atzy No burn injury
05 <Q<latzy First degree injury . : - . L :
1< Qatzys AND Q < 1atz, Second degree injury the distance between discretization points within a par

ticular layer is constant. Thus reasonable accuracy is
achieved if 20, 40 and 100 intervals are used for epider-
mal, dermal and subcutaneous layer respectively.

0.5 <Qatxs Third degree injury

Calculation of the temperature profile at timé\t
It is assumed that heat transfer in the skin can be d&(j) = [Ty, ;11,;...Tn ;]* along the discrete points
scribed by the following partial differential equation of one-dimensional meshxg, =1, ...z } is performed
(PDE) [5] in recursive manner by solving the following equation
by means of LU-decomposition.
oT o*r

Peoy = k@ — G(pc)u(T — To) (19)

\IllTj = 'I’()Tj71 + b(]j (23)
whereT" denotes temperature,depth,c specific heat,
G blood perfusion ratej thermal conductivity and The calculation is again computationally relatively de-
index (pc), indicates the volumetric heat capacity ofmanding since it has to be preformed for &4 sen-
blood, T} is blood perfusion temperature, where the valsors. If the expressions for every time sfegre written

ues for each skin layer are known [15, 1] explicitly the following result is obtained
The following initial and boundary conditions are ap-
plied
T(x,t=0)=Ty, 0<z<D (20) T, = ¥, 'U,To+ ¥, 'bg =¥ by
oT T, = ¥7'¥ T+ ¥ 'bg =
ko= 4q(t)=0 (21) e B gt
oz lz=0 = ‘I’l 'I’()‘I’l bq1 + ‘I’l bq2
T(x=D,t)=Tp (22)
whereD is skin thickness and(t) heat flux (the same Ty = (27 %)Y ¥ bg +
as sensed by the mannequin surface). At the interface + (q;;lqlo)N—qulflqu .+
between two different layers (at = x4 andz = x,) o 'b 24
the equality of heat fluxes hold, i.e. + %1 bgn (24)

oT oT It can be seen, that the coefficients in the expressions
k’1a—x _= k2$ . (24) represent the impulse response of the system. Us-
de de |ng
ory . or
o3l B vl I Tyj=(0,...,0, 1 ,0,...,0)T;
Td
with k1, ko andks being thermal conductivity of_epi- Ts,; = (0,...,0, 1 ,0,...,0)T, (25)
dermal, dermal and subcutaneous layer respectively. ~
The numerical solution of expression (19) is obtained )
by substituting the continuous partial derivatives withVe ¢an write
finite differences. Crank-Nicolson method has been
used, which can be interpreted as an average be- T, = Taq (26)
tween fully explicit and fully implicit method. One-
dimensional grid is spanned over the skin profile so that T, =Tsq 27
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e
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Estimated heat flux [kW/mz]
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Temperature at basal level £C]
T

0 Fig. 8 Excerpt from the final report: time evolution of

0 5 10 15 20 25 - . . .
Temperature at subcutaneous level £C] the burn injuries on one of the spots of the mannequin

‘ ‘ ‘ ; surface (green: first degree, orange: second degree, red:

a0l ] third degree).

60

20
0 5 10 15 20 25

/ offers better results in terms of heat flux reconstruc-
5 J S tion than numeric calculation of the more complex dis-

Burn integral Q at basal and subcutaneous level

/ tributed parameters model. Together with the adoption

o s I i 0 - of an efficient skin temperature calculation algorithm

Level of burn injury presented, the procedure for estimation of burn injury

level becomes manageable in terms of computational

2t [ load and also offers extremely good quality of the re-
/ sult (less tham% error in heat flux reconstruction).

0 5 1‘0 ) £5 26 25
Time s Future work will be focused on the influence of the vari-
Fig. 7 Recorded temperature at a spot on the manneq@R!€ Skin properties on the burn estimates (some inves-

surface, reconstructed flux, simulated temperatures 4gation has been already done by Torvi and Dale [17]).
basal and subcutaneous level, the evolution of burn in-
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