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ABSTRACT

Hest flux and temperature measurements were conducted on a square sted column adjacent to and
surrounded by fire sources from theinterest in the application to the structurd fire safety design of metd
structures. The tests on the adjacent fires demondtrate a description of the heet flux profile dong the
column surface as a single function of the height normdized by flame height for each column-fire
distance and notable decreasse of surface heat flux by the increase of the column-source distance
Surface temperature of the column in this configuration was found to be notably lower than the estimate
from heet flux data based on the uniform heating assumption, which suggests the significance of the
conductive hegt lossto unheated surfaces of the column. Thetests on the surrounding fires has resulted
in heat flux profile weskly dependent on heat release rate and coincidence of the measured surface
temperature and its estimate from hest flux dueto rather even hest flux on dl surfaces of the colunm.
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INTRODUCTION

Although sted structures are requested to be protected with therma insulation in conventiond fire
safety design, there are many examples where building dements are submitted only to a localized
heating during fire. If only a limited part of a ructure is exposed to fire, its fire resstance may be
dgnificantly different from that obtained assuming uniform temperature didtribution. It is believed that
the main reason why only uniform hesating was cond dered when analyzing behavior of sructuresinfire
is that the only means of evauations were standard fire resstance tests on single dements. If we
congder such gructures as dria, open car parks ralway gaions, ec. in terms of fire safety design,
types and location of the fire load is generdly limited and specifiable. In such cases any fire would be
of a fud-contralled type and the fire and the effect of hedting on structurd members could remain
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locdized. It may be assumed that the risein temperatureis smdler than in the event of dl the members
being subjected to heeting by fire. When a metd structurd member is heeted only locdly in a fire,

temperature of the member will rapidly even out due to the accelerated heat conduction through the
member itsdlf. These effects have drawn attention of structural engineers, and numbers of large scde
tests have been conducted to examine mechanica response of sted structures to naturd fires™? . Also,
the authors conducted hest flux and temperature messurements on a sed beam below an inert cailing

above a propane diffusion flame smulating a naturd fire and confirmed the relaxation of temperature
rise dueto the“localized fire effect™. Through comparison between the meesured temperature against
numerica cdculdions by using the heat flux correlation as the input, effectiveness of such numerica

methods as Finite Element Method and Finite Difference Method asatool for the fire safety assessment
of such structureswas also verified*?.

However, a column should need more careful examination than abeam as aload-bearing dement
because buckling of a column may cause serious damage to the whole building while influence of the
damage of abeamiis essentidly limited to thelocal floor dab supported by the beam. Also, column can
be hested directly by any nearby burning object in the event of afire, while the heating of a beamiis
sgnificant only when the flame becomes large enough to reach the beam. Although consderable
studies have been made on the flame heating of vertical building components, mogt of such works dedl
with wall fires®? and there isvirtudly no heat flux measurement on columns near a flame. When a
column is compaed with a wal, large difference is anticipated in the flame hesting since the
entrainment across the column is believed to make the flame length shorter than awall flame and dso
cool the column. These should generdly make the flame hesting of the surfacewesker thanthewall fire
configuration.

In this research, measurements have been conducted usng a modd scde fadility on flame
length, flane heat trandfer, and temperature fidd of a sted column exposed to a fire source. Two
different experimentd configurations are considered; only one side of the square-sectiond column
being exposed to a square fire source and the column totally surrounded by a pooal fire. The former
configuration was chosen to represent the smplest and probably the most plausible geometrica
condition of a locdized fire and the another represents the “worst case’ within the locdized fire
scenario. Following previous flame heat trandfer measurements on wals, ceilings and beams, it has
been atempted to correate the verticd heet flux digtribution dong the column specimen againg the
height divided by the flame height. For this purpose, square porous propane burners were used as the
fire source and heat relesse rate was controlled to produce diffusion flame s of different flame lengths
The primary aim of the study isto establish confidencein the localized fire concept” with stedl column
and generate flame hest transfer correlations asthe boundary conditions for the numerica cdculation of
the temperature field within the specimen. Temperature was monitored as a touchstone for the
validation of such numerica codes.
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EXPERIMENTAL DESCRIPTION
Generd

Two 4.5mm thick, 2.50m tal and 0.15m square sted columnswere prepared asthe specimen; one
with aline of holes far the inddlaion of 15mm diameter Schmidt - Bodter heet flux gages(lSOkW/rn2
full range) and the another with 0.20mm diameter K-type thermocouples. The upper end of each
column was semi-closed in order to prevent excessve pressure rise in the cavity of the column.
Temperature was monitored on dl the externd surfaces of the specimen and in the cavity dfter the
surface temperature of the specimen had reached nearly the steady state. Incident heet flux wes
meesured a the interva of 2 seconds for 2minutes for each heat release rate Q, and we report its
average. Flame was recorded with digitd video, and the average of visible flanetips height for one
minute sampled a the interval of 1 second will be reported. The heat flux and the temperature
measurements were conducted independently to avoid intervention between the two measurements.
Hest release rate was controlled by fuel supply rate to cover awide range of flame height within the
length of the column. The reported heet release rates are nominal ones caculaed assuming the
complete combustion. These experiments do not intend to Smulate any specific building nor burning
object, but the sectional dimension of the specimen is around 1/3 of that of common stee component.
Assuming the scaling by 1/3, acoording to the Froude modding, heet release rate in these experiments
is believed to correspond to a fire source of the heat release rate 15.6(3 *2) times larger than the test
condition.

Adjacent FireTests

A 0.50m square diffusion burner with propane
asthe fud was usad as the fire source(Figure 1). The
burner surface was 450mm above the floor of the
laboratory. Heat release rae was controlled to
produce a wide range of flame height within the
length of the specimen. In order to investigateinto the
effectiveness of the isolaion of the column from the
fire source, burner- column distance, L, was changed
between 0 and 250mm, i.e within the range of
L/D=0 —0.50. Heat flux was monitored not only on
the front surface of the specimen but dso on the side
surface by rotating the column by 90 degree because
the flood of the flame hed been observed during  Figure 1 Experimentd arengement for
preliminary tests especialy with low L/D ratio, and  Adjacent Fire Tests
it was thought that the heating of the side surfaceis
not ignorable Table 1 is a summary of the
experimental conditions. The reference flame height, L¢*, was cdculated by experimentd flametips
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height formula, L*=3.5Q*'D, where n=2/3 for Q*<1.0 and n=2/5 for Q*>1.0.
Table 1Test Conditions, Adjacent Fires

Nomind Heat Q*(-) |Cdculated Unconfined Column-Burner
Release Rate (kW) FlameHeight, Li*(m) | Distance(mm)

52 0.26 0.72 0, 25,50, 125
105 053 115 0,25,50,125

157 0.79 151 0,25,50,125

210 106 179 0, 25,50, 125, 250
255 129 194 0, 25, 50, 125, 250
Surrounding Fire Tedts

Figure2 Experimenta arrengement for Surrounding Fire Tests

Eight 0.15m square porous burners were placed around the 0.15m square column to make a0.45m
square burner-column complex. Totd heat rlease rate(nomind) was controlled within the range from
40.5t0 162 kW to reproducetheidentical Q* with the adjacent fire configuration. Table 2 isasummary

of the experimenta conditions.

Table 2Test Conditions, Surrounding Fires

Nominal HealQ*() [Cdculated Unconfined Measured Flame
Reease Rate (kW) FHameHeight, Li*(m) |Height, L{(m)
405 0.26 0.65 0.68

81 053 104 1.00

121.5 0.79 1.36 119

162 1.06 165 144

EXPERIMENTAL RESULT

Flameheight

Figure3 shows the relationship between Q* and flame height divided by D for the both series of the
experiments. The column-fire source distance and the difference of the corfiguration, whether the
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adjacent fire or the surrounding fire, do not seem to strongly affect on theflameheight corrdlation.

Finnire = Rdationshin hehween O and flamehainht divided hv D
Though the messured flame heights are generdly close to that of unconfined flame tips height
established in previous experi mats?, the power dependence of L¢/D on Q* of the current experiments
is dightly wesker than that for unconfined flames. It is noteworthy thet, a the adjacent fire
configuration, if Q* and L/D are sufficiently small the flame divides into two summits, one cresping
aong the column and the another right above the center of the burner.

Overall Localized Fire Effect

Degree of the rdlaxation of the temperature rise of the specimen due to locdized heating can be
evauated by comparing measured temperature of the specimen and its estimate cdculated from the
incident hesat flux assuming one-dimensiond therma conduction. The estimate of surface temperature
assuming uniform heating can be caculated from

Trn=(q"/ es)"*~27316 (1)
Figures 4(a) and (b) are a summary of the measured temperature on the front surface compared with
that caculated from measured heet flux by equation (1) for the both configurations. Emissivity of the
column surface, e was assumed to be unity. For the adjacent fire configuration, the column- burner
digtance and heet release rate were chosen as L/D=0 and 0.10,and Q=52kW and 255kW.
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Figure 4(a) Meesured temperature and Figure 4 (b) Mesasured temperature
edtimate based on uniform hesting usng hest flux and edimate based on uniform heating usng
datafor Adjacent FireTests hest flux datafor Surrounding Fire Tests
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The “locdized effect” in the structurd fire safety design originates from two independent thermal
processesinameta structure, limitation of the heet flux level compared to fully developed firesand the
acce erated heet lossfrom the directly hested area dueto the high conductivity of thematerid. Fromthe
figured(b), it is evident that, once a column is surrounded by fire, surface temperature of the column
becomes very dose to its estimate based on the uniform hedting. This indicates thet the high
conductivity of sted no longer contributes to the relaxation of the heating of the column in the
surrounding fire configuration.

In the adjacent fire configuration, systematic difference is seen between L/D=0 and L/D=0.1, dearly
lower T;/Ty, ratiofor L/D=0.1(T /T, ratio=0.3-0.6) than for for L/D=0(T /Ty, = 05-0.9) Thissignificant
improvement of the localized fire effect by separating the fire source only by L/D=0.10 is atributed to
thelimited direct flame exposure to the front surface when thefire source is separated from the column.
Thiseffect will be discussed in more detal in the later sections.

Heat Flux

(D)Vetica heat flux digtribution on front surfaceof column, Adjacent fire configuration

Table 3 shows digitd data of the heat. In previous flame heat transfer measurements on wal and
cailing, it was reported that flame hest flux to adjacent surface is expressed as a function of distance
normalized by flame lengtt?®®. Similarly, the heat flux datain the present experiments are summarized
againg the normaized height (z/Ls*) for L/D=0, 0.10, 0.25, 0.50 (Figures5-8). Only littledifferencewas
seen when L¢* was replaced by the measured flame height, Ls. Wereport the corrdations againgt z/L¢*
because cdculaion usng fire source information is much simpler onL¢* thanonL:.

Table3 Veticd Heat Fux Distribution on a column for Adjacent Fire

(1) _Heat Flux on Front Surface of Column (L/D=0) (2) Heat Flux on Side Surface of Column (L/C=0)
HRR QW) 525 105] 1575 210 255 HRR QW) 52.5 105] 1575 210 255
Dimensionless HRR Q#{-) 027 053 080 1.06 129 Dimensionless HRR Q#(-) 0.27 053 0.80 1.06 1.29
Heat Flux |Height z = 0.050 367 399 449 470 429 Heat Flux [Height z =0.05(m 05 09 17 24 25
[I<W/m®] 02 46.6 60.7 636 671 60.2 [kWi/m?] 02 04 08 16 2.4 2.4
035 30.2 493 547 608 56.5 035 13 18 28 37 37
a5 228 360 546 643 60.3 05 22 56 53 i2 85
.65 145 332 40.0 558 56.5 0.65 25 6.8 82 122 207
a8 6.1 136 216 357 384 08 18 39 49 104 162
095 38 85 136 258 308 095 1.0 29 38 9.2 142
1.1 28 17 141 253 335 1.1 1.0 29 32 88 143
125 15 54| 104] 189] 268 125 1o 24 31 73] 116
T4 15| 33| 66| 118] 170 4 08| 15| 24| 54 16
155 13 27 si 94| 142 15 06 12 21 39| 62
7 13 23| 43| 84 125 17 07 13 20 33 49
1.85 1.4 22 40 14 1.1 1.85 07 1.7 22 29 4.4
(3) Heat Flux on Front Surface of Colurmn (L/D=0.1) (1) Heat Flux on Fromt Surface of Golurin (L/D=025)
HRR QlkA) 52.5 105] 15715 210 255 HRR Q) 52.5 105] 1575 210 255
Dimensionless HRR Q#(-) 0.27 053 0.80 1.06 129 Dimensionless HRR Qu#(-) 0.27 053 0.80 1.06 1.29
Heat Flux |Height z=0.05(m 149 22.3 218 277 257 Heat Flux [height z =0.06(m) 84 144 176 186 189
[I<W/m*] 02 174 284 375 369 349 [kWw/m?] 02 98 183 234 254 254
036 136 241 332 %7 339 035 74 155 215 240 243
05 12.4 263 395 435 439 05 6.8 16.4 246 30.1 297
065 a1 188 320 392 41 065 48 121 209 277 284
08 48 118 195 298 307 08 2.8 76 145 207 237
095 30 85 150 244 261 0.95 1.9 49 111 189 285
1.1 25 7.0 138 241 277 1.1 15 38 89 170 248
1.25 2.1 5.4] 105 19.1 229 1.25 1.4 35 8.4 149 219
14 1.6 3.8 16 130 159 14 09 2.1 56 101 151
155 1.3 29 5.1 95 127 155 09 1.7 35 68 120
17 1.3 2.7 49 86 1.2 1.7 09 16 31 58 109
185 1.2 2.3 4.1 74 968 1.85 1.0 15 28 47 92
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Figure6 Verticd heat flux disribution on
front surface (L/D=0.10)
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Figure8 Verticd hest flux digtribution on
front surface (L/D=0.50)

In each Fgure, there is one dgnificant peak in the range of 0.2 <(z/Ls*)<0.4. In comparison with
flame heet flux distribution on the wall surface ®, there is a marked decrease of hest flux downward
toward the column base(z/L ¥ <0.2). Thisisattributed to tre air entrainment to the flame passing by the
column base and resulting cooling of the column in the present configuration, whereasthereisvirtualy
no entranment from the wal dde in a wdl fire configuration. Obvioudy, heat flux decreases
sgnificartly as L/D increases. Within theflame (0<z/L¢* <1), even asmall distance between fire source
and column, L/D=0.1, lowers hesat flux amost by haf. Also it seen for L/D<0.5 thet the bigger L/D
becomes, the higher (z/Ls*) where hegt flux reschesthe peak becomes.

Alsoitisnoteworthy thet, except for L/D=0, thereisasystematic differencein the heat flux profile
according to heet release rate. However, hesat flux is represented as dmost a single function of z/L ¢ for
L/D=0 except for low heet release rate, say Q=52kW. This single dependence of hegt flux on z/L¢is
similar to the flame hear trandfer corrdations in wall fire and ceiling fire, and its independence on hest
release rate is attributed to the weak dependence of flame radiation on the heet rdlesse rate. The hest
flux in the solid flamefor Q=52kW dightly weaker than othersis probably because Q* of thiscondition
isvery low and the flamethickness is considerably thin On the other hand, oncethefire sourceis apart
from the column surface, remote radiation from the flame becomes dominant in the surface hesting and
is controlled by the configuration factor between the flame and the heated surface. The systematic
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increase of heat flux with the source intensity for L/D>0 isbelieved to smply refl ect theincrease of the
corffiguration factor of the flame with respect to heat rdlease rate. The rather strong flame heset flux
within the solid flame for L/D=0 irrepective of heat rdease rate implies that even a smadl fire source
could cause sgnificant flame heating once it directly attaches to a building component. Figures 58
uggest Sgnificant effectiveness of the geometricd isolation of an unprotected column from any
combudtible objects.
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Figured Verticd hest flux digribution on sde  Figurel0 Vertica hest flux digribution on
surface(L/D=0) front surfacefor sorrounding fire (L/D=0)

(2Verticd heat flux distribution on side surface of column, A djacent fire configuration

The hest flux distributions on the side surfacefor L/D=0 are summarized in Table 3(2) and Figure
9. Unlike the heet flux to the front surface (Figure 5), there is systematic increase of heat flux with
respect toheat release rate. Heat flux to the side surface becomes significantly wesker oncetheburner is
separated from the column. The maximum hegt flux increases as the heet release rate becomes larger,
and for Q not less than 210kW, it exceeds 10kW/m? Such strong heating of the sides not directly
adjacant to thefire sourceisbelieved to wesaken the heat loss from the front surface. The maximum hest
flux appears & z/L*=0.4. This height is higher than that on the front surface ( Figure 5). This is
dtributed to thehorizontal extenson of the flooded flame with increase of heet releaserate.

(3)Vertica hest flux digribution, Surrounding fire configuration

The vertica hest flux distributions dong the surface of the column surrounded by a poal fire are
summarized in Fgure 10. Because of the lack of ar-cooling of the column by entranment, thereis no
sgnificant downward decrease of heet flux in the solid flame. The flux profile for z/Ls*>05 isdaseto
that for the adjacent fire configuration, however the heat flux a lower z/Ls* is notably wesker than for
the adjacent fire configuration and is weskly dependent on hest reease rate. Since each column surface
isexposed to only ahaf of thewholeflame, the flame thickness effective for the hegting of each surface
is congderably thinner than in the adjacent configuration The weak and Q-dependent heet flux within
the flame in the surrounding fire configuration is attributed to the thinner “ effective’ flame thickness
than in the adjacent fire configuration. From this estimation, it is expected that, for lager fire source
intendity, heat flux in the solid flame could become il 1ager than the present report.
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Temperature

(1)Adjacent fire configuration

Figures 11-14 demondrate example of vertica temperat ure distributions on the front surfece, the
ddesurface, the back surface and the cavity of the. Thetemperatures cal culated using the measured hest
flux by equation(1) assuming steady uniform heating are aso shown in each Figure for the examination
of the conductive effects . Temperature is the highest on the front surface, and temperaturesin the cavity
and on the dde surface show dmogt smilar digtribution expect for L/D=0, Q=255kW. The
temperature difference in the vertical direction is the most pronounced on the front surface, eg. the
difference between the highest temperature and the temperaturejust above the flametipsfor L/D=0 and
Q=255kW being around 500K. Notable temperature difference can be seen aso between the front
surface and other surfaces especidly in the solid flame, eg. around 400K for L/D=0 and Q=255kW.
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This strong multidimensiond temperature distribution is different from a beam above a locdized fire
where only the axid temperature profile is pronounced. This suggests importance of the careful
modding of conductive heet loss for a column while even a smple one-dimensiond Finite Difference
Cdculation was found to be effective for the prediction of the temperature field of a beam above a
locdized fire?. The maximum temperature on the front surface appears in the solid flame
range(z/L <0.5). For L/D=0, Q=255kW, temperature rise on the sde and the back surface is far more
pronounced than for other conditions. Thisisattributed to the heeting by theflooding flametoward the
column sides when fire source is adjacent to the column, as shown in Figure 9. The front surface
temperature in solid flame range(z/Ls *=0.5) for L/D=0, Q=255kW (Figure 13), is dso remarkably
higher than thet for L/D=0, Q=52kW (Figure 11). A reason for thisis the suppression of the hest loss
dueto the strong heeting to the side surfaces by theincrease of the sourceintensity. Surfacet emperature
was found to be extremdy sensitive to the column-burner distance as seen in the difference between
Figurel3, L/D=0 and Figurel4, L/D=0.10. The front surface temperature within the solid flame, i.e
Z/L¢*<0.5, for L/D=0 iswithin the range wheredegradation of the mechanica properties of sted should
be consdered. The front surface temperature for L/D=0.10 demonstrate considerable rdaxation of the
temperaturerisein the solid flame.

Figure 15 Veticd temperature digribution Figure 16 Vaticd temperature digtribution
on gde suface for surrounding fire on dde suface for surrounding  fire

(Q=40.5kW) (Q=81kW)

Figure 17 Veticd temperature distribution Figure 18 Veticd temperature distribution
on dde suface for surrounding fire on sdde surface for surrounding fire

(Q=121.5kW) (Q=162kW)
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(2)Surrounding fire configuration

Vertica temperature distribution for each fire source intensity is summarized againgt z/L¢ in Figure 15—
18. The surface temperature of the column is generdly dose to the cdculation using the heat flux data
assuming steedy uniform heating. Temperature within the flame, z/Li<1.0 is generdly higher than
300°C, and the maximum temperature generaly reaches the range where degradation of the mechanical
properties of sted should be consdered.

CONCLUSIONS

Heet flux and temperature digtributions along a sguare column adjacent to and surrounded by a pool
fire have been measured. From the results of the experiment, following conclusions can be drawn.

(1) The“localized fire" concept does not seem to goply to a.column which can be surrounded by fire.

(2) The“locdizedfireeffect” isconfirmed for the adjacent fire configuration. In the present tests, the
measured temperature rise is found to be 30-90% of its estimate assuming the uniform heeting.

(3) Surface het flux prafile in the adjacent fire configuration is represented as a function of height
normaized by flame height. The het flax within the solid flame is affected by the air-cooling due
to the entrainment.

(4) Separaion of fire source from the column is sgnificantly effective for the reaxation of the
hesting of the column in an adjacent fire configuration.

(5) Condderably large temperature gradient occurs in the verticd and horizontd direction in an
adjacent fire configuration In the experimenta condition of L/D=0, temperature risesto over 500°C
a Q=52kW and about 700°C at Q=255kW. Numericd Prediction of the therma response of a
column should need athree-dimensiond trestment, e.g. by Finite Element Method.
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TERMINOLO GY

G, :spedific heet of ar [kJkgK]

D :characteridtic fud sze (thelength of Sde of the square burner in this paper) [m]
L :horizontal distance between fire source and member subject [m]

L :meesured flameheght [m]

Li" :height of flame tipsfrom unconfined flame calculated by semi-empirical formula[m]
T; :messured temperature on column surface [°C]

Tw : cdculated surfacetemperature assuming uniform and steady heeting [C]

To :ambienttemperature [K]

Q :hedt rdease rate [kW]

Q@ : dimensionless heat generation rate (FQ/?C,Tog" D) [
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VMO NOQ@

: gravitational acoderation(=9.8) [mvs?
heet flux [KW/nf]
: haght of measurement point  [m]
: emissvity
: Sefan-Boltzman Constant (=5.67x10™) [kW/ sK ]
- density of ambient air [kg/m’]
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