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ABSTRACT

A novel methodology for generalising CFD-based apphes for thermal analysis of protected
steelwork in fire has been developed, known as &HELA. This is a quasi-3D approach with
computation of a "steel temperature field" parame&teeach computational cell. The methodology
accommodates both uncertainties in the input paemiand possible variants to the specification by
means of parallel calculations. A framework for thelusion of temperature/time-dependent thermal
properties, including the effects of moisture ammimescence, has been established. Indicativesralue
of intumescent material properties have been obtblny means of cone calorimeter testing. These are
dependent on initial thickness and exposure hesat fGeniSTELA has been implemented as a
submodel within the SOFIE RANS CFD code. The maslehlidated against measurements from the

BRE large compartment fire tests, which involvedlwestrumented post-flashover fires in a 12 x
12m compartment, including steel indicatives witid avithout protection. Sensitivity studies reveal
the expected strong dependencies on structural sresgecification and properties of protection
materials. The computational requirements are addck considering aspects such as the number of
simultaneous cases and frequency of GeniSTELA aalbrder to achieve a reasonable balance
between fluid and solid-phase analyses. It is ésteddl that the model can be a practical tool,
performing c. 10-100 simultaneous thermal calcafegi before becoming dominant. These steel
temperature field predictions provided by GeniSTEt#n provide far more flexibility in assessing
the thermal response of structures to fire thavalable via existing methods.

NOMENCLATURE
Cos Cp1, Cp2 specific heat capacity of steel and protectioetayl,2, respectively (J/kg/K)
d intumescent layer thickness (m)

Esystem total energy in the system (J)

hey, hep convection coefficient on sides 1,2, respecyiéV/m’/K)

ki, Kz thermal conductivity of protection layers 1,2,pestively (W/m/K)

Fer s Ko net heat flux on sides 1,2, respectively ({j/m

& 4, incident heat flux on sides 1,2, respectively g/

t time (s)

Tt Thz gas temperature on sides 1,2, respectively (K)

T T surface temperature at gas/solid interface orssig2ain” time-step, respectively (K)
T, Ty, T2 average temperatures of steel and protectiondayesides 1,2, respectively (K)
Wp1, Wp2 “weight factors” of protection layers on side&,Iespectively (-)

AXs, AXy, A%, thickness of steel and protection layers on sidg2srespectively (m)

01, 02 thermal penetration depth on sides 1,2, respegt{ve)

Eml, Em2 emissivity of protection layers on sides 1,2pssgively (-)

Ps P1, P2 density of steel and protection layers on sid8srespectively (kg/f)

o Stefan-Boltzmann constant (5.67581M//m?/K?)
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INTRODUCTION

Increasing interest in assessing the performanatro€tures in fire is driving the development of a
array of modelling methodologies to be used in fiadety engineering design. Whilst traditionally
most code-based design has been invoked simplela@bns, referencing measured fire performance
in standard tests, the progressive shift towardpeance-based design has opened the door to use
of advanced methods exploiting numerical modelses€happroaches will not replace standard
testing, but they can already be used in a compitang fashion, to extend the application of test
data, or in cases where standard test resultsoargpplicable.

Some simplified modelling methods have also beembéished, such as the protected member
equation in Eurocode 3 (EC3) [1], but as with a&linsempirical methods the results will tend to be
conservative and there are of necessity a numbersiwiplifying assumptions. CFD-based
methodologies can in principle provide a much naetailed description of the thermal environment
and the effects of localised heating, which cowdibed in conjunction with thermal analysis models
to examine structural performance. In previous W@k a dedicated fine-mesh thermal modelling
tool, known as STELA (Solid ThErmaL Analysis), Haeen implemented with the RANS CFD code
SOFIE [3]. However, this research suggests thatildetthermal analysis of structural members in the
context of simulations of full-scale building fireemains problematic. This is partly due to the
difference of scale between the mesh which canfleedad for the fire and that required for the
thermal analysis of the structure, a particulabpem with structured meshes, and also the generally
high computational demands for coupled analysestebar, existing approaches are limited to
consideration of a specific structural arrangentdnnterest, since it is necessary to define alteto
parameters in advance. Simulations must be repdedad scratch if details such as the structural
geometry or the thermal properties are changednainefficient procedure.

A more general and flexible methodology has nownbg®posed, still within the context of a CFD
fire simulation, as reported elsewhere [4,5]. Thisbased on computation of a set of "steel
temperature field" parameters within the wholela talculation domain, accommodating, by means
of simultaneous calculations, both uncertaintiethim input parameters and possible variants to the
specification. Hence the need for repeat simulatinbypassed. Furthermore, by predicting the
member temperatures at each point in space thetions of existing methods with regards to the
position of the structural component are overco@mnsidering the potentially great computational
costs associated with the large humbers of theamallysis calculations required (equal to the number
of gas-phase cells times the number of variantdiedtiin the simultaneous calculations), approximate
methods are employed to reduce the full 3D themesppbonse problem down to treatments which are
essentially 1D but which include appropriate repneations of the heat transfer processes in ther oth
dimensions to reconstruct a quasi-3D solution. Thew generalised methodology is called
GeniSTELA (Generalised Solid ThErmaL Analysis) édlso implemented in SOFIE [4,5].

The current paper addresses the continued devetdpofe this methodology, particularly for
intumescent material properties, and analysissopérformance. The validation of GeniSTELA with
reference to the full-scale fire tests in the BREgé compartment (12m x12m) is reported [6].
Finally, the computational requirements of GeniSAEre assessed and discussed.

METHODOLOGY DEVELOPMENT

Brief description

When protected steelwork is exposed to fire, hedtansferred to the structure through a layer of
insulation. The transient heating response of tr@mber can in principle be described using
conventional methods based on numerical heat gankfowever, full 3D analyses impose great
computational demands, due to the large numbecgltsf required in order to adequately resolve the
steep thermal gradients during the initial heatiegen if the computational resource is availabie, i

simple deterministic models there is no direct na@i$m to accommodate uncertainties in the thermal
properties and member specification. To overconesehproblems, with an appropriate balance
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between accuracy and tractability, a novel quasiaBalysis methodology has been developed [4].
This is achieved by constructing a generalised Hdehand further considering the 2D or 3D effects
within the heat transfer processes by approprippecximations and corrections. The computations
are performed in each gas-phase CFD cell in thepatational domain.

Generalised 1D mode

The generalised 1D model is constructed througlysimg the heat transfer to and within an element
in an idealised protected steel member assumed éxpposed to heat on two faces, as shown in Fig. 1
below. This element is representative of a slica pfotected steel structure, e.g. a finite seatioa
flange or a web; two faces are used to allow farasions where the exposure conditions on each side
might vary, encompassing also the case of hollati®es with very different exposures on the inside
of the structure, though in that case the insutatidickness on the inside is reduced to zero.

Insulation material 1 / Stee}}7Insulation material 2
%@y o N T
H2
T o /_
Fire U T30
\/\/ \/\
Convection & Radiation / Convection & Radiation
q;zetl 1/ S \f\/ q;;d?

AX | AX, |AX,

Figure 1. Schematic of heat transfer to protected steel member

The generalised 1D model provides a modelling fraomk which exploits a simple thermal
penetration model for the protection coupled tessentially lumped parameter representation of the
steel heating. The governing equations for this eha@de derived by considering the net energy
balance together with surface heat transfer boynztarditions [7], as given below:

Energy balance equation:

oE T, T, aT.
stem _ _, . s 1 2
SY; - (&net’ ie. Ps mps%mxfrwplwlmpl% [Bxq+wy obp Jfe, ikat A,

ot 1)

_ M . (N4 m . (N4
- hch(THl _Tl,O )+6f1_£m1wm-1,0 +hC ZX(TH 2_T2,O)+6f 7 &m 200 2,0

The terms shown in the expanded equation here seprerespectively, the transient heating of the
steel and protection layer on each side, and theemion, radiation and reradiation for each swfac

of the protected member. A semi-empirical treatmeradopted for transient heating, allowing for

spatially- and temporally-varying temperature geats within the solid. The boundary conditions are
supplied from the heat transfer solution for théestes, using the following equations:

Kk

" —_ 1 (n) 1 .
& = Qe -T)0es s ™ e s o™il kO )
netl Wplel 1,0 S cl (Hl 1,0)“4’?1 fm1 10 WplelEﬂ 10 s) )
4 —_ 2 (n) 1 . k (n)
= qry 7 -Tg),ie:, ™ _ ™ o My_ Ky ) 3
e Wp2tXo 20 ° M2y Ty ) &2 Em2 T, Wi2hXo Mo ™™ 3)

The weight factorsy,;, Wy, are defined in terms of the thermal penetratieptla of the protection:
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3 (4)

W, =min{ % 1w, =minf %
AX, AX,,

Y2 y2
k, [
Co Ly Cpo LD,

The framework for incorporating temperature/tim@eledent characteristics, including moisture and
intumescence effects, in the thermal propertiesrggmons, for generalisation of the methodology,
has been described elsewhere [4,5]; further detmiés provided here on effective intumescent
properties, including their derivation from bendale tests.

where:

It is well-known that the above situation represeatstrongly coupled problem, with the net heat
fluxes at the gas-solid interface very much depende the surface temperature, but both also rlate
to the transient thermal response of the strudteedf. Numerical instabilities might become eviten
if inadequate solution procedures are used; thesewercome using a Newton-Raphson method to
update the surface temperature from the boundangitton governing equations, and thereafter,
solving the overall energy balance equation, E}j. With a Runge-Kutta method to obtain the steel
temperature; further details are provided in [4].

Quasi-3D mode€

Use of a fundamentally 1D treatment is essent@isitiering the costs of doing a full 3D analysis in
every computational cell and including a sufficiemimber of parametric variations. However,
adoption of a simple 1D model for thermal analysisuld clearly lead to some modelling
inaccuracies. In principle, these might be in eittlieection, resulting in either conservative (over
design) or non-conservative (unsafe) results. Tdrenér aspect is not a major concern since the
method is in any case far more flexible than ottieple models, and by using generalised treatments
conservatism is already greatly reduced. The laispect is a more obvious problem, and in order to
overcome it, methods for treating important 2D 8fdeffects are needed. A number of corrections
factors have been implemented in the model, encsesipgithe phenomena indicated in Fig. 2:

/7Ceiling slab
\\ J
AN \
Heat sink effect
Axial Conduction
Junction effect
| : R
End effect
(a) Temperature profile from STELA (b) 3D corrections

Figure 2. Cross-section of the beam with locations of possible correction effects

{1

Specific corrections are made for the “junctioneeff, “end effect”, “heat sink effect” and “axial
temperature gradient effect”, as described eaffier The significance of these corrections can be
found by comparison with the simulation resultsrirother models, e.g. those of STELA, cf. Fig.
2(a). It is important to note that these effects anly critical where they negatively impact the
performance of the member, i.e. increase the delicberatures, and in the majority of cases the
opposite is true, i.e. the default procedure iadgepresentation of the “worst” case. Thus, wiile
is vital to show that these possible correctiongehaeen appropriately considered, their effect bey
relatively minor.
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MATERIAL PROPERTIES

The aforementioned model might be considered asasonable representation of ttuedamental
aspects of the heat transfer phenomena. Howevprattice several factors are found to have a great
impact on the transient response, in particular tttegmal properties of the protection materials,
which affect the surface temperature and thus tiw semperature. It is known that these properties
are often strongly temperature/time dependent aadise of constant values may result in significant
errors in some cases. The methodology developes d&iers at generalising the thermal analysis to
accommodate all important phenomena; conventiopptaaches to treatment of moisture effects
have already been implemented, referencing modgjeetific heats and thermal conductivities [4].
This was later extended further to include the @ffeof intumescence [5], clearly of great practical
relevance to the case of protected steelwork.

Intumescent materials are an increasingly poputamfof fire protection, due to a number of
advantages arising from the fact that they canpipdied as thin, aesthetically pleasing, coatingjsegi
before or after construction [8,9,10]. When expageligh temperatures, they swell and form a layer
of carbonaceous char which has much greater thisktien the initial state. The char subsequently
acts as a thermal barrier to effectively proteetghbstrate against increase in temperature. Dthiang
process of intumescence, the material propertiash s thermal conductivity, specific heat and
density of the intumescent layer, can be seveteynged and endo- and exo-thermic reactions occur.

Several research studies have been carried outeterndne the effective intumescent thermal
properties by experimental tests, in conjunctiothvgiome form of numerical analysis. These include
bench-scale cone calorimeter tests and small-§galace tests on coated plates [11,12], and furnace
tests on cellular beams [13]. The bench/small-sstaldies examined typical water-based and solvent-
containing intumescent systems [11] and later ah-bgyformance material, i.e., epoxy resin
containing boric acid and phosphate-based flanggdant [12]. The results from the former showed a
significant slow down of temperature increase betw200-300C, due to intumescence, i.e. the
formation of an insulating char and other co-actieigergy absorbing processes; temperature
influences during the latter tests also resolvedbmping effect at 153C due to the endothermic
reaction of boric acid, which also releases watayer thickness effects were non-linear.

Considering the effects of geometrical expansiorsinaple conceptual model would suggest that
thermal equivalence to a finite thickness problean te achieved by simply scaling the thermal
conductivity by the layer thickness (=1m), giving an effective thermal conductivityd. Density is
scaled in the same way, and specific heat by therde ofd, but these two parameters always appear
as factors of each other, so these scalings vamiite termpc,. The key parameter for the thermal
model is therefore the conductivity, or its scaledlie, i.e.k/d. The conductivity itself is affected by
fundamental changes in the material as it intunwe$t#,12,15]. Unfortunately, the effect is non-
linear and very dependent on initial thicknesshfeinost pronounced at the smaller thicknesses
typical of real applications; hence, there woulgegr to be no substitute for its direct experimenta
determination. Here, we have fitted values deriveth the results of cone calorimeter tests.

Conecalorimeter tests

Cone calorimeter testing was carried out accorthn&O-5660 [16] in order to investigate derivation
of the temperature/time-dependent thermal progedieéntumescent materials. A single intumescent
paint was examined (a white thin-film water-bormmating, Steelguard FM585, supplied by Ameron
coatings). It was applied to an Aluminium block, afea 100x100mm by 15mm depth and
thermocouples were physically attached (not weldedthe back of the block and at the interface
between the block and the intumescent. 12 samplbsthvee intumescent thicknesses (1mm, 2mm,
5mm), together with an uncoated control specimesreviested at four irradiance levels (30, 60, 75,
90 KW/m?). Their intumescent expansion ratio was approxéhdty measuring peak char thickness
after the test and their effective thermal conditstideduced from calibration of a one-dimensional
thermal model implemented in a spreadsheet. F&; thie conduction heat transfer through the
intumescent layer is simply equated to the sengibtbalpy increment of the substrate block, minus a
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heat loss term; the latter was scaled from theevdkduced for the final conditions of the test (whe
thermal equilibrium is assumed to apply so thagit be equated to the net heat flux from the cone),
weighted by the normalised ratio of the temperatlifference between the rear of the block and the
ambient conditions. A summary of the results isviged in Table 1 and a photograph of post-test
condition of the expanded intumescent materiahts in Fig. 3:

Table 1. Summary of intumescent tests parameters

Approx. initial Approx. final Expansion

Test No. Heat flux thickness thickness ratio Nominalk/d
(kW/rr12) (mm) (mm) () (W/rﬁ/ K)

1 30 1 27 27 30

2 30 2 22 11 23

3 30 5 47 9 18
4 60 1 24 24 28
5 60 2 38 19 20
6 60 5 60 12 12
7 75 1 28 28 25
8 75 2 46 23 15
9 75 5 66 13 10
10 90 1 45 45 20
11 90 2 66 33 12
12 a0 5 79 15 9

Figure 3. Photograph illustrating final condition of intumescent in test 5 (2mm, 60kW/m?)

The final measured thicknesses in Table 1 showttiebverall expansion ratio is not very strongly
related to the initial intumescent layer thicknesgggesting that it is mainly the surface material
intumescing to creating a thermal barrier. Nevdetbse Figs. 4-6 show that the block temperatures
plateaued at lower levels with higher initial thiglsses (shown by the locations of the right-hamis en

of the curves), consistent with the fact that greamounts of intumescent do provide a better
insulation effect. The effective (normalised) thatroonductivities are rather variable (and soma dat
points are missing in the lower temperature ramgetfe 60kW/m plot), but there is a clear trend to

lower values at greater thicknesses, consisteffit thié provision of extra insulation. However, this

effect is exposure dependent and Fig. 7 shows terbattumescent performance, i.e. reduced
normalised conductivity, at higher fluxes (Test 12 must be partly due to the relatively greater
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expansion thicknesses at high fluxes, hence largenalising parametat, but other effects may also

be relevant. Finally, it should be noted that thtuinescent thicknesses used here are greater than
typical design specifications for the product tdswue to practical considerations (though c. 1mm i
required for some larger members) but this testiag not intended to be a material performance
assessment. However, results of this type coulgrinciple be used to provide guidance on
representing intumescent thermal properties forimugteniSTELA for any other products.

60 60
1mm
50 | 50 - Imm
—2mm —2mm
< 407 —5mm e 5mm
NE g
E 30 A s 30
= 201 S 20 -
10 - 10~ -
O T T 0 T T
0 100 200 300 0 100 200 300
Average block temperature (T) Average block temperature (C)
Figure 4. Effective thermal conductivity at Figure 5. Effective thermal conductivity at
30kW/m? 60kW/m?
60 35
20 — 30kW/m*
50 - 1mm — 60kW/m?
—2mm —~ 25 2
< 40 - . < 90kW/m
NE mm e 20 A
—~ 30 - —~
5 5 15 A
° Ke]
N 20 — ~
~ X 10 -
10 7 5 _
0 T T 0 T T
0 100 200 300 0 100 200 300
Average block temperature (T) Average block temperature ()
Figure 6. Effective thermal conductivity at Figure 7. Effective thermal conductivity for 5mm
90kW/m? intumescent thickness

MODEL IMPLEMENTATION AND VERIFICATION

The above conceptual model has been implementedd sabmodel called GeniSTELA within the
SOFIE RANS CFD code [3]. Representative empiricdugs are adopted for some terms such as the
initial conditions, the thermal properties, etmdéheir influence has been studied by exercideg t
model with different sets of input parameter valuBHse performance of the model was assessed by
undertaking sensitivity studies, looking at theseté of a range of numerical and physical paramseter
Comparisons were also made with the results franE@3 protected member equation [1].

The case used for verification studies is the ptetésteel indicative, UC254x254/73, in the fulidsc
tests on a 12x12m compartment undertaken at BREi@@aon [17]; this member was protected with
about 25mm of Fendolite MIl sprayed fibre (base)ir€80kg/ni, k=0.19W/m/K). Fig. 8 shows the
fire development stage in the test compartmentienig. 9 shows the SOFIE temperature predictions
for the fully flashed-over phase of the fire; 48srwere used as individual fire sources each with
individual burning histories chosen to be in agreetwith the measured mass loss data at the 8 load
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cells. and according to assumptions about the dmeak of the combustion of the wood and plastic
fuels, the latter being allowed to burn off prefarally cf. [17].

In the test a variety of thermal parameter measensnwere made, encompassing conditions in the
gas phase (temperatures, velocities and heat Jlaxekin the solid phase (steel temperatures in
protected beams, columns and indicatives, withvaitftbut protection); this study also serves for an
initial validation of the model, comparing the mbgeedictions with the measured steel temperatures
in the protected indicative.

Figure 8. BRE large compartment fire test Figure 9. Predicted gas temperature field

Gas and steel temperatures were computed usingeS@ifel the coupled GeniSTELA code [4,5]. In
qualitative terms the results showed the expedciféereihces in steel and gas temperature fieldd) wit
relatively higher steel temperatures within thetdegf the compartment compared to the openings.
This is consistent with the fact that the thermglasures are more severe at locations deeper within

the fire [17], and the predictions from GeniSTEL# &eavily influenced by the radiative ternd,,

derived directly from the SOFIE calculation. Compan with measured steel temperature and EC3
equation gave a fair agreement, with the lattehoegiving a more conservative result, c.f. [4,5].

Sensitivity study results

Some results from the sensitivity study are showifrigs. 10 & 11 for the effects of changing the
steel flange thickness (spanning UC 254x254/7318Y}),and different types of protection material.
As expected, the change of section factor has &ffegt on the heating rate. For the latter case, t
two materials were chosen to be thermally equivalen they provide the same fire resistance gatin
with the initial thickness of the intumescent beaigput 100 times smaller than for the sprayed fibre
The computed steel temperatures are consistenthiglequivalence.

500 500
400 400 =
G 300{ e 0300
£ 200 2 200 1
tf=14.2mm Fendolite 25.4
1001 A - . tf=20.5mm 100 H - endolite .Orngn1
0 ———  =31.9mm 0 ntumescent 0.261mm
0 5 10 15 20 0 5 10 15 20
Time(min) Time (min)

Figure 10. Effect of flange thickness on steel Figure 11. Effect of protection thicknesses
temperature on steel temperature
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Computational requirements study

The overall computational requirements have besasagd in terms of the CPU time usage. Also, the
potential for reducing the frequency of the catigtte GeniSTELA steel temperature solver has been
explored by changing this from the default of orgery 10 iterations. This default was determined to
match the usual frequency of calls to the radiasiolver, since one of the key drivers of the thérma
response is the radiation field and in most caseetis no benefit in recomputing steel temperature
if this has not been updated. The change in Geri8T&all frequency is realised by introducing a
timestep factor variablaféctor) in the model in order to increase the intervasieen calls.

The results showed that GeniSTELA uses around 1#%eoCPU time for the flow solver, including
radiation, when called at the default interval Bfiterations. Simulations were then undertaken waith
tfactor value of 10, for a localised fire scenario, withcanstant fire size, having realistic steel
temperature increases in 10 minutes. Fig. 12(ayshbe results for the respective steel temperature
predictions, confirming that even when called omige per every 100 main solver iterations, i.ehwit
just six calls of the GeniSTELA solver altogethirere is a very small effect on the final steel
temperature result, especially at longer times. E2(b) shows the evolution of the percentage
temperature difference. It is obvious that the ipancy is only important in the early stage, wfith
maximum difference being only of order 8%, mostlithm 3%. Using an intermediate value of
tfactor=2 gave results much closer to the default cagh, avinaximum discrepancy of only 1.5%.

The above findings are of course only of relevdocehis particulasteady fire, and for more general
cases, where the heat release rate may be chargiitly, higher frequencies may be required. In
practice, the frequency of the GeniSTELA call cobkl adjusted by automatic selection linked to
heating rates, in order to achieve the best effieNevertheless, this initial study suggests éhatll

set of parametric calculations (10-100 cases) cbeldfforded without any significant compromise of
accuracy, before the GeniSTELA analysis becomeddh@nant part of the computation

400 Q 15
o % Tsteel difference
300 - ) E 12 1 by different tfactors
~ a
oo o 9 ]
— 200 §
e S 6
2
100 —e— tfactor=1 = 3 |
—v— tfactor=10 it
0 : : : : E ) : : : :
0 2 4 6 8 10 0 2 4 6 8 10
Time(min) Time(min)
Figure 12a. Predicted steel temperatures Figure 12b. Difference in steel temperature
with tfactor=1 and 10 against time using tfactor=1 and 10

CONCLUSIONS

A generalised methodology for thermal analysis wdtgrted steel structures in fire is described.
Temperature-dependent properties are adopted,dingithe effects of moisture and intumescence,
and a method by which the latter might be deterthinas been established, based on bench-scale
testing in the cone calorimeter. The GeniSTELA enpéntation of the method has been extended to
simultaneous computations spanning the range @scakinterest; the method has been verified by
comparison with data from full-scale tests. Sevisjtistudies reveal the expected strong dependgncie
on structural member specification and propertfgerotection materials. Computational demands are
found to be acceptable, confirming the potentialcfical use of GeniSTELA. These results serve to
illustrate the importance of using generalised watthogies in tackling thermal response problems,
providing a possible new approach for performarased design of steel structures.
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