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References: 1. BECo letter to NRC (dated November 16, 1983) Subject:
10CFR50 Appendix R Exemption Requests (BECo Letter No.
83-281).
2. BECo letter to NRC (dated December 27, 1384) Subject:
10CFRS0 Appendix R Exemption Requests, Calculations used in
Evaluation of Structural Steel Supports (BECo Letter No.
84-214).
3. NRC letter to BECo (dated December 10, 1987) Subject:
Meeting Between Boston Edison Company and NRC on November
24, 1987.

This letter provides additional information for consideration by the staff in
its evaluation of BECo Exemption Requests 11, 12, 13 and 14. The need to
supplement our previous submittals (References 1 and 2) resulted from
discussions in our November 24, 1987 meeting (Reference 3). The information
is presented in four attachments.

Attachment 1, entitled Combustible Loading, contains maximum permitted fire
loadings which we propose for varfous fire 2zones discussed in Exemption
Requests 11 and 12. These loading limits were conservatively selected to be
well below those that may constitute a challenge to the fire area barriers and
their ability to prevent fire propagation. These limits supplement our
exemption request. We anticipate no circumstances where transient
combustibles combined with fixed combustibles would exceed them.
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Attachments 2 and 3 are BECo calculations M-197, Revision 2, Fire Resistance
cf Structural Steel in the Torus Area (EL -17'-6"), and M-198, Revision 1,
fFire Resistance of Structural Steel in the Steam Tunnel. These documents
provide the basis for Exemption Requests 13 and 14 and are updated vercions of
those used for our earlier submittals (References 1 and 2). These versions
incorporate a more rigorous analytical methodology to compute temperature rise
in the structural steel supporting the fire barrier. These new calculations
show that postulated fires in the Torus Area or Steam Tunnel will produce
temperature rises in the unprotected steel that are well below the failure
temperature. This means the conclusions of the previous calculations (the
steel and fire barrier are safe from collapse) remain unchanged. Please note
that some of the numerical results and statements presented in References |
and 2, which were based on the old methodology, are superseded by these
revised calculations.

Attachment 4 is furnished for the convenience of the NRC staff reviewers. It
shows how the new M197/M198 calculation methodology was applied to determine
the proposed Torus Area and Steam Tunnel combustible loading 1imits were safe.

We request that the NRC incorporate this information into its review of the
affected exemption requests.

Phfout

R. G. Bird
GD/amm/1619

gE; Mr. D. McDonald, Project Manager
Division of Reactor Projects I/II
Office of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission
7920 Norfolk Avenue
Bethesda, MD 20814

U. S. Nuclear Regulatory Commission
Region I

631 Park Avenue

King of Prussia, PA 19406

Senior NRC Resident Inspector
Pilgrim Nuclear Power Station

Attachments: 1. Table: Combustible Loading

2. BECo Calculation M197, Rev. 2
3. BECo Calculation M198, Rev. |
4,

Application of M197/M198 Calculation Methodology
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COMBUSTIBLE LOADING
Proposed
Maximum
Permitted
_Fire Zone _Loading (BTU/SF)
SE Quad FZ 1.1 40,000 (1)
NW Quaa FZ 1.2 40,000 (1)
NE Quad FZ 1.6/1.8 40,000 (1)
Torus Area FZ 1.30A 14,000 (2)
Steam Tunnel FZ 1.32 8,200 (2)

NOTES

ke

The proposed maximum permitted loading for the Quad zones is equivalent to
a "30 minute" fire hazard. This loading was administratively selected to
represent a limit which provides assurance against spread of a fire beyond
the affected zone, and is based on the realistic analysis described in
Exemption Requests 11 and 12.

The proposed maximum permitted loadings for the Torus Area and Steam
Tunnel are essentially equivalent to those calculated to produce a maximum
average steel temperature of 255°F using the methodology of calculation
M197, Rev. 2 and M198, Rev. 1, and are well below those needed to produce
the theoretical steel railure temperature of 1000°F used by the fire
protection industry.
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BECo Calculation M197, Revision 2
TORUS AREA
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FIUB TRANSMISSION bF HEAT BY CONDUCTION AND CONVECTION

Table 10. Maximum Flux and Corresponding Over-all Temperature Difference for
Liquids Boiled at 1 Atm with a Submerged Horizontal Steam-heated Tube

Alumisum Copper I ’ﬁh‘::'::::;' : Bteel
uu . | I
va | oA W | A | vA
1 | @he | 500 l (@ | 1000 | - { 1000 -t
Etbylscetate. .......| 4 7 TEEET ” | s |
it B 80 |1 7 100 0 100
Fidyl aleobol ....... 55 % TRt 12¢ | 68
Mectyl alcobol. .. ... ) L 100 | 95 1 110 10 155 110
Distilied water ... .. M | 8 30 | 25 €0 150

For forced-cirzulation evaporators, vapor binding is also encovatered, Thus with
o liquid benzene entering a 4-pass steam-jacketed pipe at 0.9 fps, up to the point where
60 percent by weight was vaporized, the maximum fux of 60,000 Btu per hr per sq ft
was obtained at an over-all temperature difference of 60 F; beyond this point, the
coefficient and flux decreased rapidly, approaching the values obtained in superheating
vapor, see Eq. (8b). For comparison, in a natural convection evaporator, a maximum
flux of 73,000 Btu per hr per sq ft was obtained at (af), of 100 F.

Combined Convection and Radiation Coefficients. In some cases of heat loss, such
as that from bare and insulated pipes, where loss is by convection to the air and radia-
tion to the walls of the enclosing space it is convenient to use a combined convection
and radiation coefficient (A, 4+ A,). The rate of heat loss thus becomes

e ¢ = (A + M)A (A, (18)

where (af), is the temperature difference, deg F, between the surface of the hot body
and the walls of the space. In evaluating (A, + A.), A, should be calculated by the
appropriate convection formula (see Eqs. (11¢) to (11g)] aud A, from the equation

h. - O.M&(Tu/lm)'
where ¢ is the black body coefficient of the radiating surface, p. 4-111, T, is the average

~temperature of the surface and the enclosing walls, deg R. For oxidized bare steel
pipe, the sum A, + A, may be taken directly from Table 11,

Table 11. Values of (A, + A,)
(For borisontal bare or insulated standard steel pipe of various sises and for flat plates in & room st 80 F)

N ) pige diam. (U).h-mm?ﬂm.dq}'.hv.’nnvu?m- ,
ia. 50 1100 150200 250 300 | 400 500|600 | 700 800 | %00 | 1000 | 1100 | 1200
N (2.122.482.763.103.413.754.47 5.30 6.217.258.409.73 11.20 12.81 14.43
i 2.092.382.652.983.293.624.335.166.077.118.259.57 11.04 1245 14, 48
2 1.932.272.522.85 5,143,474, 18/4.99.5.896.92.8.07 .38 10.85 12,46 14. 28
. 1.842.162.412.723.01 3,33 4.024.835.726.757.899.21 10.66 12.27 14,09
' 1.76/2.06 2.29 2.60 2.893.20 ) 88 4.68 5,57 6.60 7.739.05 10.30 12.10 1393
12 1712.012.2402.54 2,823,133 834,61 5.506.527.658.96 10.42 12.03 13 84
) 164 193 2,15 2.452.72,3.03 3,70 4.48 5.37,6.397.52.8.8310.28 11,9013, 20
Fiar Puarss g g gle e R g g M
Vortical ........... 1.822.19'2.402.70'2.99'3.30 4,00 4.79'5.70'6.72'7.86'9. 1810 64 12.25 14. 06
HFU 2.002.352.652.979.263.596.315.126.067.07 .21 9,54 11.01 12,63 14,43
HFD 1,58 1.052.092.36 2.6 2.930.61 4.385.276.27 7. 40 4.71 10,16 11,76 13. 87

HFU, borizostal. facing upward; HFD, borisontal, {acing downward.

Heat Transmission through Pipe lnsulation, (M:Millan, Trans. ASME, 1915.)
For any oumber of layers of insulation on sny size of pipe, Eqs. (), (4), aad (18)

~ TATMcH. T P?z/zq N

combine to give

where ¢,/4, is the Btu
all temperature differe

(o} -
07

o
o

tahe ditference per be
ny e n o™

o 0 0o 00

Heo! loss per sq 11 per

al

Fi1c. 6. Variation with
for k = 0.042.

outer surface; r, is th
layer of insulation, foc
ete., are the conducti
k. + A. is often taken
will have but Little eff:
U, with pipe size and
tures of 375a0d 75 F

¥OR INFORMATION
ONLY



=3 “ )
pe o -
L
= g
2 . TABLE 1 <
z NOP AL COEFFICIENTS OF THERMAL CONDUCTIVITY (TC) AND THERMAL DIFFUSIVITY (TD)* .
- \
o Carbon and Low Alloy Steels
= _ . R - e iLAr oo by 5 il B
Pl Cachon s -Salicon C-Mn C Mn-Si Mat'l. Group A' Mat'l. Group B? Mat'l. Group C°
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s thmﬂ‘ I Copr Tor#eipe P2t
§ [Chap. 11 B EY) THE INFINITE AND BEMI.INFINITE SOLID TR
e | s *eo
| 2.9. The semi-infinite solid. The flux of heat at z = }I pre-
| scribed function of the time. Zero Initial temperature
(i) Constant fluz, F, per unit time per wnil area. ev.'/FT“HR
z ) The flux J= —Kg. (1)
satisfies the same differential equation as v, namely
- uip"t —_ N\ g
" : - .'...’;T/:: (}ﬁ-a. z>0,t>0, (2)
The solution of (2) with
F's' and we have J=F, constant, r = 0,t>0, (3)
; z
s, by 24 “0), ,- };effCQ(—“-)- . (‘)
§ Thus, ﬁvm(l).tuingAppendix II, (8) and (11), -
5[ z
. L T -
* dp. 1) il £y
(i - 2—'*—('”5&&———,' (8)
E‘J/'f-l';'n r 2Vixt)
- 2o ([} e X z ’
T (') ¢ ’erfcg—(.‘) . (7)
‘ 0 A table of values of the function ierfe r is given in Appendix II.
: The temperature at z = 0 is iven by
P (2) 2F, («f\}
;:7;*&'(")}- The boundary condition of constant flux is of considerable practical
) importance. It appears if heat is generasted by a flat beating element
l'))). t>7T. (%) carrying electric current, if heat is generated by friction, and as an

epproximation intbonrlycu‘-ofbuﬁn‘ofmotomn. It
bas also important applications to problems on diffusion. The 200ling
olUnEmh‘.curuoodmecauehrﬂndh-nkht?hva
burlyumduewnmovdofbmuomtnuwmtmm
. unit time, thus (8) gives the way in which the surface temperature falls
cr~ted, (1) after sunset, \

Themulutbovenpplydnoto the case of the region —® < r < o
with heat supply 2F, in the plane r = 0. The corresponding results for

t O Brust, Quent. J. R. Mot Sec S8 (1932) 399,

secn to have the
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LA RESISTANCE AU FEU DES POUTRES D'ACIER
NON PROTECEES

SOMMAIRE

Lew auteurs tudient la réeistance au feu des poutres d'acier non protégées
&y moyen d'essais dincendie standards et de l'analyse numérigue, On a
Cécouvert que la durée de la résistance au feu varie selon le facteur forme
Gu poidede la poutredivisbparie pérumdire chau/fé. Les auteurs ont établi
deux équations sumples pour calculer les durées de réaistance au fev des
poutres d'acier non protégées et ils recommandent de les utiliser dane les
normes du bltument

¥OR IAFORMATION
ONLY



r 8719 MAY 1873 P37 Lq 30

JOURNAL OF THE
STRUCTURAL DIVISION

M 197 REV-2
?mﬂo I

L Firt RESISTANCE OF UNPROTECTED STEEL COLUMAS

By W. W, Stunzak' and T. T. Lie’

In the past the fire resistance of unprotecied steel columns hus been considered
so small & quantity that it could be ignored  Fue experience and controlicd
fire 1ests on structura! steel columns of smull cross-sectional ares showed that
unprotected steel columns could not survive the effects of fire exposure for
more than 10 min 10 20 min "However: it will now be shown that the treevicr
columns required 1o carry-the verncal foads 1n molfern high-feburidmes are
capable of much betier fire performance than had FrévioutV hedn Yeattred

. and that same can attain fire resistance classifications of 1 hr or better
Fire fatality statistics (1) show that the number of deaths attributable (o structu-
ral collupse during & building fire is neghgible, The main causes of life loss
have been shown to be asphyniation and burns (1.3.7). Therefore, to provide
life safety to occupanis. enough fire resistance to allow people time 10 escape
must be provided. Except where escape routes are extremely long or the number
of occupants is very large. 10 min 10 20 min is usually assumed to be sufficient
e However, with very tall buildings it has become evident that evacuation by
Stairs cun be so time consuming that complete evacuation is impractical (4)
r In such buildings sufficient fire resistance 1o withstand a burnout of the contents
must be provided

Provision of fire resistance beyond that required to prevant life lose is deter-
mincd largely be economic considerations. A recent study on the opimum iire
resistance of structures (1) has shown that for buildings with a small-loss poten-

Note = Discinaion open until Ovtober 1 1977 To extend the chosing date vne month,
a witten regoest must e frked with the Bdnor of Techniwal Publications, ASCE. This
papet v part of the copyrighted Journal of the Structutal Diviion, Proceedings of the
Amenican Soviety of Civil Eagineers, Vol 9. No. STS May, 1970 Manuscnipt was
submitied for review for possible publicainm on June 9. 1972

"Steel Indintnies bFellow, Fire Rescarch Sect . Div of Building Rescarch. Nationa!
Rescateh Counc i of Canade, Ottaw a. Caneda

"Research Officer, Fire Research Sect.. Div. of Building Rescarch. National Research
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bl it woukd be uneconomical 1O provade anmy fire protection by ond that inherent
0 the strovture, prosided such fire resivtanue v sufficient 1o allow ex aouation
by the oceupants Buildings representing 3 small-loss expectation gie those that
are small i size and not valuable those with no Valuable contents. those for
which the probability of a serivus fire 1s low (e.g completely sprnklered build.
gL o those having a low fire kud. The use Bf unprotected sicel columns
0 such buildings 15 generally justified if these elements huve the minimal fire
Fesistance requited to prevent Joss of life.

Accordingly . the writers have investigated the fire resistunce of unprotetedd
stedl volumns by methods of numerical caleulation and by full scade e tosts
i thear luboratory . with a view 1o dereloping simple expressions for ilvulating
the fire resistance of these building elements

Test Mermoos ano Carmcay Temrena rune

On this continent, (wo test methods are acceplable. The most recent AST A
Stundard prescribing these is E119.7) (16) ,

lhe older load test requires a sample at least 9 ft in length 10 be tested
under an applied load calculated (o develop theoretical working stresses contem.
plated by the design. The column is required to sustain the apphied losd for
a penod of fire exposure equul to that for which classification is desired

The newer aliernate test of protection for structural steel columns requires
that a sample at least 8 f1 in length be tested in a vertical position without
apphied load. This test is applicubie when the protection is not required_by
Jesign to carry any part of the rolumn luad. The applied protection must he
restiamned ugainst longitudinal vaermal expansion greater than that of the sieel
column. Temperatures are m asured by at least three thermocouples loguled
8l euch of four levels (cross sections). The upper and lower levels are 2 (1
from the ends of the sieel column, and the two intermediate levels are equully
spaced. The test is considered successful if the transmission of heal through
the protection. during the period of fire exposure for which classification is
Jdesired. does not raise the average (arithmetical) temperature of the steel 1o
any level above 100" F (S38° C), or above |,200° F (649° C) at any one of
the measured points.

The |.O* F average allowable temperature that usually determines the fire
endurance (ime in a test may be regarded as o critical temperature for structural
furlure estabiished for protected columns as a result of many fire tests on avially
louded column sections. Thus, for the analy $1.in this paper. it has been assumgy
that structural failure is imminent when the steel cross $ECHION attains an ascrage
temperature of 1000 F as all calculations snd Tire lests were made on the

basis of heat con | . e R T ———

While complete theoretical justification for the use of temperature criteria
s beyond the scope of this paper. it can readily be shown that 100" F iy
¥ teasonable value. For long columns, assuming that the member is uniformly
Feated. the buckling stress is given by Euler's formula

v F,
o, = - B e e e e h
3!
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and 1the allowahle design stress for long columns 1y ginen by CSA SIA 198y
(17 as

L

0 = (N

192 A

in which 192 18 g safety factor prescnbed by lht{ud\‘ and \ 26 (RK) |
= ) < A& 2N

. 1 e At L R L
I—\ .
l
) ‘ - \o -
N
\.\‘ A
o e \o
- ~

/

0 IS e T JE T SRR S T 0
¢ W00 0 (149 "o 1eee 1200
TEMPERATURE F

FIG 1 —Average Compressive Properties of ASTM A38 Structural Stee!

At clevaled temperatures failure is due to occur when the lefi-hand sides
of the equations are equal, 1e

THE
1 T WINPT A S TP o IR P, ()
192

Accepting the commonly assumed value for carbon stecls of E = 29 x 10
kst then

E,= 180 e 10 Ksi MM x 1OPN/m’) - oo oo . 2-u 5 L8

Using Fig 1. based on duta reported by Ingherg and Sale (100, it 15 found
that the temperatute at buckling is appronimately R8O° F (4717 C) Fire tests
of louded columns (9) have show n that the point of maximum eapanision (approai-
mately the point st which the column buckles) is followed by a further 100° F-180°
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Thus falure of columns cuan be eapecied at Cross-sectional temperatures o

from 235 P08 ¢, (5107 Ca 8680 0, depending on the dersign method ang ]
slenderness ratio. A value of 1.000° F has been assumed as 2 reasonable average

for any column. as has been indicated by the ASTM fire ress standurd

Tewrenatune Rise w Unenoticteo Steee Couumns

Ihe column s expused un four sides 10 the heat of a fire that follow s appron
mately the temperatire-time Lourse prescribed in ASTAL E119 Tor the standard
fue of “controlicd extent and severity. " Heat is transferred from the flames
in the fuinace and from the furnace walls 1o the specimen by convection and
radution. with radiation as the Primary mechanism when the flames hove seffye
LRt thickness (1K) The coelficient of heat transfer (the quantity of heat receined
purunit urea of the column. PeLynit ume and Jemperatire 4l cience Bo N

e the eodumn surface and fire) depend s The most significant
arcoemissinaty of the flames. thickness of the flames between furnace walls
and column. size of specimen: and thermal properiies of the furnac walls
Faperimental data (5) have indicated that the heat transfer 1o the specimen
In test furnaces approximates the radiative heat transfer from a bluch body
#l the so-called “‘furnace temperature. " Similar heat transfer may also be expegt-
ed in most building fires because the flames are luminous and vsually have
considerahle thickness, Biving them 3 correspondingly high emissivity

The coefficient of heat transfer can vary significantly, however, for different

ndividual conditions. and the effect of varying this quaniity will be examined
luter herein

Caicunation or Temeenarume Rise

Two-Dimensional Numerical Procedure.—To determine the temperature distry-
Bution in massive ‘quare sicel columns, a numher of calculations hased on
a a twodimensional progcedure (12) were carricd out. In these tests bluch by
radiation at the prescribed furnace temperature was assumed as the only mecha:

nism of heat transfer. The two CQquations used lor the calculationr are

Mool (R KTy, = L)

(pe)|  A%)°
At Ty, =T ) @ INT s koo (TP =T, ) )

[ot the temperature of an elementary surface element of the column. and

File T ¢l——"'—-—_([r can-n * 80 T

. TRt Y pal, ag) e Rral i -
ol 6% £ Y | L LI 1§ NS P I (TR

. "_.)(T:.,,,,._“' r'-.) * (‘:--nu-n * "..)[T:...th' T-.” (6)

for the temperature as any point inside the steel cross sectidn. in which T
18 expressed in degiees Rankine and 1in hours. It should be noted that the

\*
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term, € . g S aingtly speaking, a matenigl and temperaing Jependent
quaniity . but ot sufficiently aevurate, for the parpose of this study . 1o be
regarded v @ convtant. Alvo. since most building matetials huve emisaininies
in the range of UXS 10 098 (13) & value of 0.9 was used. although the resulis
indicated that a value of 095 would have been more appropriate

The dependence of the thermal properties of steel on 1temperature was taken
o account in the culeulations. The matenal pw;"nm used were Jdernved

TABLE 1 —Thermal Properties of Steel

Volumetric heat capacity, Thermal conductivity
in Brush thermyl ynis in British therma! ynis
Temperature, in per cubic loot , per foot-hoyr
degrees Fahrenh it ! degrees Fahrennet | cdegrees Fahrenhen
(1) | (2) i (3
1 9w : NI
1w LR | 0
i { $6 M { NN
W | “w» WoE A
' { 60 18 LN
oo 6) &4 LY
s ' W W7
) 87 82 un
wion [ 20 % 20
L 4 9 | 2| ks
T | (IR N ' 2 %
1. ks 7 ‘ W0°
1. ) Su 2 1% 9
1.2% Wiy TRE
R 127 k8 1% 16
1A% I 18 1757
1 x 1778 17,60
| 4% LIRS 17w
1.0 LN (]
| % MmN 1S &y
| timi LR 1€
1. 6% 62 0) 14 48
1.3 oh (N 15 4
| W 6 9. 16 03
200 Y 16 kS
R3] e 17 %

from available data (15) and are reproduced in Table 1. As is apparent. the
involved nature of the calculation makes utilization of a high speed digial
computer almost mandatory

Calculated temperature profiles for a 6-in. (0.152-m) square unprotecied steel
column are shown in Fig. 2 at 10-min intervals. Similar profiles for a 12an
(0 MM-m) square column are shown in Fig. Y after S0.-min and 60 min of fire
exposure Fig Mb) shows that at 60 min the maumum temperature difference
between the surface and the core was 225° F (125° C) and the temperature at
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FIG 2 —Temperature Rise in Unprotected Steel Square Column (6 in )
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ﬁm‘“. I he pomt nudway between the surliee and ¢ore wans A L E e g

200 and Md it oseen that the MaN i temperature dilfereng hotweon the
suifave of the 6-in column and the core s about 1§ This cun b regarded
dt dteasangble manimum for nost stee! ¢olumns lihely 1o he CACOUNICICY In
butlding practive. For the purpose of determinigg fire enduriance Lime by emper-
tire tise. the tempergture at (he paint halh\x between the wurface and U
of the crose section (or flange in the case of # wide flange section) mas he
repiurded as fepresenting the averagy lemperature of (he cross section For all
bul very thick sections this temperature will be almost equal 10 the temperature
4! the column surface
Fig 4 shows lemperature rise curves for 3 6.0 square column (Calvulated
» UEmCasured as wan just deseribed) As s SCCn. the assumprion of rudiiin .
heal transfer only does not adequutely represent the vonditions Picyaihing an

. ¢
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FIG 3 —Temperature Rise in Unprotected Steel Square Column (12in)
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the DBRNCR fuinsce when short fire endorance times gre imvolved  The
cuive labeled 12 hig 4 was caloulated by assuning that 20+ of the huat
Uansfer s due 1o convection and produces good agreement with the experimental
result. Unfortanatedy - this finding is of po genctal svalue because the conveeting
heat transter vaties with Lo h ACaL tsl il Slliidlisr With most fires of short
dinanon the comavtion component of heat transfer can be an the order of (/¢
H7 1o 2070 I the caleulation the effect of cunwu‘e heat transfer was simulat ) "
ed By raing ¢ from 09 10 the fivticious value of 11
The heat tramfer coefficients to columns of square Cross sction were calculat,
ol Based on an emissivity (6 ) of 08 using results obtained by Bge. S and  ps ‘
A The results are shown in Fig € where the coelficient of heat transfer has ‘ _
been plotted as o function of the duration of standard fire exposure  As v l

seen, the heat transfer coefficient rises almast bincarly with ime . und the smuller

r'u':’ 13 it § e 1.5 e ¥ 1t w7 ma’ (112 ‘}\"'—-')W"'Tn'j
",!' ‘e T at “ob T e whrt ubr wht ke Tk, e ' ad
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the enlumn 1he hnghcr the coelficiont of heat ttansfer

am" » I One-Dimensional Numerical Peocedure.—The temporature d sirbutions . delet

mined by the two-dimensional Calvulation method Jo siihed pr
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FIG 4 ~Temperature Rise Curves, 6 = 6 Solid Culumn

! I Lf I ! T T |

FIG § —Coetficients of Meat Transter for Unprotected Columns During Exposure
to Standard Fire

that the temperature differences in the steel are relatively smull, except for
very thick sections, Most columns used 1n buildings hive sections less than
Hon (025 m) thick. In such cases detailed calculation of temperature distribunion
in the steel cross section is unnecessary, and a onc-dimensional model of tae
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eated columa can be usefully empleved The model corants of o steed plate
hoaving the samy vtossssectional and wutface arcas pot umt height as the four
wdes of the heated column, with the edges and unesposed side porfecthy insolats
ed This model permits wse of & one-dimensional aumerival proccdure by which

TABLE 2 —Sampls Calculation for 10-ix Square Column

N O TG Be i, -7, £ 1 =

81 | (@ (3 4) ‘ (% : (6

0 | T 30 e ™ ! b
< l | s | e 1K ‘ 13K
LA | un (RLT | iNd (RN | M
8 | )Y | W 10 ’ W)
N ‘ L4 1aw 9 120 ' o
" [ 180 | 1% K& 1 hal
W R xS Xit e ; ¢y
0 | Snd 1.8 241 " Ken
41 1611 1626 &M 'y ' G4y
44 | KK 10\

Note @ » IK4S ¢ = 013 P v AL W = MO AT, = 03T, = T, for 31
= /12N

T R TRSTT T 3 LS 4 U SRILASE ST

FIG 6 —Temperature Rise of Square Solid Steel Columns (Calculated, o = 18 45)

the temperature of the steel cross section can be calculated with only & desk
caleulator or shide rule. In the calculation, with cach imersal of ume. 3¢t the
rise in steel temperature. AT 18 given by

e D
AT == — (T, - Tl 0 2 A = s M
« W .
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m which 37 s expressed in hours The results of sample culculation for a
10 square column with o = IXd8 (4 K) and ¢ = 0O 12 (%02 are shown
in Table 2 A fumidy of temperature rise curses obtained by similur calvulations
is show e by the sobd hines m Fig 6

Eaperimental Results.—T o oblain information on the temperature rise o unpio-
tected steel columns inthe DBR/NRC floor furnacegfine fire tests were carnicd
out on square solid columns of vanous vross sectiom The temng atures mey-
sutvd ot the poirt *dlway between the sutface and the core at mid-hoght
of the columny are ploited in Fig 7. Fig & shows u plot of fue endurunce
tume sersus the dimensiona! parameter. W/ D, on logarithmic scales As is seen,
the relationship is hinear und. from the graph, it 1s possible to obtain the “ollowing

relation directly: -« :*‘5
1

MR
'zlul(—) . . B R TR o (X
D

in which W/D < 10 To obtain a relation for columns whose W, D 5 10,

- —-“—’I-—-—-— m——— -

. /1 ot ) ]
- ’ s 7 / P ’.A l
e
3 / |
. /e .
‘ 7 A |
04 s I
L l‘/' T 1 1

FIG. 9 —8Buitt-up Column—J3 Plates

a stringht line temperature rise for the 16-in. square column is assumed. as
shown by the dushed ine in Fig 7. From this it is possible to obtain the relation:

D LR
T.=12 (-;-) ............................... 9)

und by sctting T equa! to the critical temperature of 1,000° F:

W'
e T A I R o E L Gl I T R QG Ul S S (10)
D

The lines resuling from Eq 9 are plotied in Figs. 6 and 7 (dashed hinev)
The line resulting from Eg 16 is plotted in Fig 8 and that equation should
be used for columns naving W/D = 10. However, as i seen from Fig. 7.
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it can be consersatinely app cd to any column sechion and provides a relatnot
that could readily be incorporated ainto o building by -liw {Although the experi-,
soeniul. idale re=vordmed 10 S0LCTIQUATE colummy=numerical analyses show=
"1'\«,' Fqs. 9 and 10 can grr': ln"-r\ sh »h‘ of cross section )

of the (e resistanye 1yl in columns of very tall bonddmgs
the section shown i Fig 9. on¢ of sescrgl massivg sevhit
Choatory Toronto Domimon (.L'l),.“s 1S worked oul

»
b+ 210) = 174N

| 870 ! per f1, = = 10.7

< a fire endurance time of

1) = SAmin

As s seen, these massinve sevthwons Can have fire cnduunw Lmes .IFPY\M\’H'IE
| hr. even when unprotecied

Recent North American practice has seen increased installation of sprinkier
«vstems in large (especially tall) buildings, including sume that are nol considered
to have a very high fire load .2.6i.pmpknmkmx of high butldings
become AT ebmmarT the use of unprotected massive column sections with
a fire resistance capability of about | hr should prove adequate for fire safety,
provided that the fire load s no more ‘than § Ib/sq ft 10 10 Ib/sq ft,.which
heuld not result ta a fire of severity greater than a 1-hr standard fire (¥)
(Fire load is the heat of combustion of the combustible contents expressed
in cquiralent nounds of wood per unit floor area.) It can be reasonably deduced
from Refs 4 and 14 that no safety factor need be applied 1o the actudl fire
load if the building is fully sprinklered. although such a safety factor is imphicd
by all current North American building regulations mow in force.
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Technical Transdation TT-1 M7, Ottawa, Canada, 196X)

18, Phovsicul Constants of Sume Commercial Steels at Elevated Temperatures, British lron
ang Steel Research Association, Butierworks Scientilic Publications. London, Eng
land, 1951,

14, Standard Methods of Fire Tests of Building Construction and Materials.”” ASTM
Dysignation EHSTE P e, 1971 Book of ASTM Stendards. Amercan Society for
Testing and Materials, /971

17, Sicel Structures for Buikling. CSA S16-1969, Canadian Standards Association. Oftawa.
Canada. 1989

1K Trinks, W.. 7J Mawhinney. M. W., Industrial Furnaces, Carnegie Institute of Tech-
nology . Jok 1 Wiley and Sons. Inc., New York, NY., 1961,

Arrenonx L —NoTanon

The following symbols are used in this puper:

¢ = specific heat of steel, in British thermal units per pound—degiees Fahren-
heit (or degrees Runkine) oules per kilogram—degrees Kelvin).
D = heated perimeter. in inches (meters),
E = modulus of elasticity of steel, in kips per square inch (newtons per square
meter). . g
FE = fire endurance time, in minutes:
k = thermal conductivity, in British thermal units per foot-hour-degrees Fahr-
enheit (waulls per meter-degrees Kelvin),
T = temperature, in degrees Fahrenheit (degrees Celsius);
{ = time. in minutes (unless specified otherwise):
W e mass of steel section, in pounds per fool (kilograms per meter).
e = coelficient of heat transfer, in British thermal units per fool-hour-degrees
Fahrenheit (watls per meter-degrees Kelvin),
3 = increment:
A€ = mosh width, in feet (meter<):
€= emissivity:
A = slenderness rulio]
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units per hout-square foot-degiees Runk
(walls per square meler—degrees Rebvin to the fo

\;,F\.r‘r'w

a able, average ’5
Chilivg

of furnace

at or around mesh point in mth row;

at or around mesh point in nth column

al room temperature

of s1ee! cross «2chor
nperature T and
a! )uld SITESS

Superscripts
j=atl = jAI
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C 9719 FIRT RESISTANCE OF UNPROTECTED STEEL COLUMNS
[ ————
KEY WORDS Buildings (codes); Colomas: Fire protection; Fire resisiance, ¢
Hes transfer, Stecl. Strecturs! engineeriag: Temperature —

ABSTRACT: Fire resisiance of unprotecied stecl columns is cramined by standard fire

test and numencal analyscs bated on 8 1,000 D F (S8 D-C) eritica! tempersturc for

s failure 11 1x shown that fire resistance time vancs with the shape factor of column

weight dinwded by the heated penimeicr. and (wo simple equations for calculating the

fite recistance tnnes of unprotevied stecl columns arc established A praciiva! caample

shows 1Ra large ¢olumas used in high-nse buildings can have fire resistance times ol

¢ up tv one hi. The more conservatine of the (wo cquations s revommended for use in
- building standards

REFERSNCE “Firc Resistance of Unprotecied Stech Columns.” Jowrnal of the
Strovtural Division, ASCE. Vol 99 Nu STS, Proc. I'sper 9719, May, 1973, pp 817
852
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Assessment of Fire
Resistance {equirements

J.R. MEHAFFEY and T. Z. HARMATHY
National Research Council of Canada
Division of Building Research

The calculation of normalized heat load, & succinct quantifier of the
mmldmwummluawmudbymuun.‘mm
mtuwmmma;nm4wmum1m
affora direct insight into the relation between the destructive poten-
tial of fire and the principal characieristics of the fire compartment
and its contents of combustibles.

ALTHOUGH the bases on which code writers bring down their decisions
on fire resistance requirements have changed over the years, the in-
fluence cf Ingberg’s fire load concept’ is still recognizable. That concept,
devidoped some 40 years agc. claims that the destructive potential of com-
ptmentﬁnoinpmporﬁonnltotboqndﬁcfmh.dlmuoleombuﬂblu
pwzmammmtmrmmwhm-
ment boundaries should also be allocated in proportion to the opecific fire
loed.

Although still widely used, the corcept was soundly disproved by the
results of subsequent experimental research. The outlines of a rativnal way
of assigning fire resistance requirements has recently emerged, following

the identification of a parameter as a unique quantifier of the potential of
.dnumr‘tu(ad.tncun_q:,d.'wuhthhm deci-

sions regarding fire resistance requirements are a matter of the
of the parameter caiculated for real-worid conditions with thoss
gdlormteondltbn-. ¢
”awmammmmmm
Euar«-mwmmumwm
2= thWM&m,mWhm
Eg for those who attempt to perform it withcut s programmable
or. To eliminate the need for iteration, the feasibility of expressing
= rameter by an spproximate empirical equation has been examined.
== ults of the examination are reported in this paper.




theorem of uniformity of normalized heat load.

SEMI-EMPIRICAL EXPRESSION FOR THE
NORMALIZED HEAT LOAD

Accor”.ng to statistical data, the fire load in modern buildings, dQS_Pi“
the increasing use of plastics, consists predominantly of cellulosics. Since,
in addition. fires of cellulosics excel in their destructive potential,* it ap-
pears to be a safe practice to assume that the fire l~ad consists fully of
cellulosics.

By reflecting on the m« .aing of Ingberg’'s fire load concept,' one
recognizes that it has been built on the implicit assumption that in a fire the
buik of the fuel energy is eventually absorbed by the compartment boun-
daries. The normalized heat load pertaining to the assumption that all heat
release by the fuel is absorbed within the compartment is

H.=_1 GaH 6)

vhkoc A,

where the subscript m has been affixed to H to indicate that it represents
the conceivable abdolute maximum, G is the total fire load (total fuel mass),
= : -

Fortunately it has been found that the normalized heat load on the com"
boundaries j e uel energy
C compartment, portion releascd inside
some energy will leave the compartment with the fire gases as sensible heat
and some will be lost by radiation through the ventilation opening. A
multitude of calzulations performed by the detailed iterative technique
mentioned earlier indicates that the normalized heat load, in other words
the potential of fire for destructive spread,
® increases less than in proportion to the fire load, L
* decreases as the ventilation of the compartment increases, &nd
* decreases as the thermal inertia of the boundaries increases.
The numerical results of these calculations formed the basis for an in-
vestigation that resulted in the following semi-empirical equation:

.
-

(1105 + 16) G
Akge + 935J8G

H = 10*

AN
NOLLYWYON] 404

D estimated f —wn the following
equation:

( 0.79Vh.'/ &

"t

where A, is the height of the compartment.

® is & variable that characterizes llle ventilation of the compartment. It
is defined as ]

whichever is less {8)

®=0.A.Jgh 9)

where g. is the density of envirormental atmosphere, A, is the area of ven-
tilation opening (window or d>or), A is the height of the ventilation opening,
and g is the accelerstion due to gravity. The considerations that have led to
the development of Equation 7 are discussed in the Appendix.

As the specific fire load G/A, (where A, is the floor area of the compart-
ment) may vary rather markedly from compartment to compartment, the
selection of the value of G for the fire salety design must be based on an
analysis of statistica' data. If the compartment boundaries are simple
“dividing elements’” without essential structural functions, the design
value for G/A, is usually taken as the 80th percentile in the cumulative plot
for the applicable occupancy. If, on the other hand, the compartment boun-
daries are “'key elements" that play an important part in the structural per-
formance of the building as & whole, some exira degree of safety is justified.
Tive selection of G may be based on considerations propounded by Lie* and
outlined later by Harmathy.* )

The ventilation parameter, $, is a measure of the minimum ventilation of
the compartment. This occurs under “classic” draft-free conditions. As
discussed by Harmathy,* the presence of drafts causes the value of & to in-
Crease over that calculated from Equation 9 and thus (by virtue of Equation
7) to reduce the value of the normalized heat load. a value for ¢ obtained
from Equaiion 9 may be used in assessing the potential of fires for destruc-
tive spread.

It is of interest to examine the normalized heat load in relation to its
limiting value, as expressed by Equation 8. Combinin quations 6 and 7
and using AH = 188 X 10* J kg’ in the former (bedause the fire load is
assumed to be cellulosic), the following equation is obtained: &5

H _ 05855 + 0085

H., 3
1+ 935 vGe
A vkoc
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BOME BOLIDE
k a
(Btu/hr ft F) (ft*/he
F) (212F) (1.12F)  (68F
‘ ——
F——HO 3.605
74 .32
< 13 0.237
219 204 4 353
39 23 0 .78
] U but
\ 33 21 0 64
) 19.3 1] _1 l»
) 97 t 3
| 68 61 2. l.
3 4% ( \:._
) 37 32 0.t
2 240 t
3 23 19 B
44 10 13 {
7 34
4 87 65
48 63
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TABLE E 1—Continued

A!ﬁwbxx E q

T » [ k a
(2) Nonmetals (°F)  (bw/ftY) (Btu/lba F) (Btu/hrftF) (ft'/hr)
Aerogel, silica ... ... ... 100 5.3 0.208 0.013 0.012
32 3¢ 0.25 0.0% 1,010
Asbestos . . . ......... {w 36 0
Brick, common. . ......... 68 100 0.20 0.20+.10 v.01-0.02
B BAY . . s iiieriine 1472 145 0.3 0.79 0.024
Bakelite. .. ......c.0vn0s. 68 7.5 0.38 0.134 :,:
Conerete........ocon0uens 68 119-144 0.21 0.47-0.810.019-0.027
Corkboard . . ............ 100 10 0.4 0.025 :
Diatomaceous earth,
powdered .......... 100 14 0.21 0.030  0.01
Fiber insulating board 100 14.3 0.024
Glass, window ... .. 68 162 0.16 0.51 0.020
Glass wool, fine . on 100 1.6 0.031
R 100 6.0 0.022
N ey e 32 57 0.46 1.28 0.048
Magnesia, 85% . .......... 100 17 0.039
Marble . .............. 68 156-169 0.193 1.8 0.064
PRI .. o o venmas § dubsinbn 0.078
Rockwool . ............ 100 12 0.023
Rubber, hard 32 74.8 0.48 0.087 0.0024
Wood, osk, L tograin. ... 70 51 0.57 0.12 0.004
Wood, cak || to grain .. .. 70 51 0.57 0.3 0.0000
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600 800 1000
0266 0.0303 0.0)37
L0238 0.0292 0.0345

- (¢Y)

is q, = —k(3t/3z2), and if
iz). This states that the

cross-sectional 4 (z) nor-
t 8t/dz along the condue-
rue” thermal conductivity

ith temperature, and the

« iy ue of k at the
kness [
) ®)

b (Al - An)/’ln (A./A.)L
apes, Eq. (1) must be
procedure (Awbery and
10) or by the relaxation

M=-1A7REV-2 PR e
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ATACH. L CONDUCTION 495
Table 3. Thermal Conductivities of Miscellaneous Solid Substances®

(Values of k are 10 be regarded as rough average values for the temperature range indicsted)

Bulk | Bulk iT
| density. Temp, density ernp,
Material ib per  deg } ‘ Materal b per | deg F &
eult eult '

Asheston board. eom- | Quarts, erysial. paral-

pressed asbesios and | k w Caxn (~300. | 25.0

cement 123 e 0.22% { ‘ 0. 83
Asbestos millboard 0.5 | 8 | 0070 | 300. | 4.2
Asbeston w ool 25. 212 0.052 | Rubber, hard F -3 , 100. 0.2
Ashes. soft »00d 12,5 | 6% | 0.018 | Rubber. soft, vulesa- |
Aabes. voleanie 1] 300 0.1y ined L oebe! 86| C.W
Carbon black 12 133. | 0.012 | Sand. dry | 4.8 el 0.188
Cardboard, corrugated | 0.037 | Sawdust. dry 13.4 68, 0.042
Cellulnd 8.3 85, | 0.12 | Bilica. fused | 2001 0.83
Cellulose sponge, Slics gel. powder 2.5 131, ] 0.089

du Pont 3.4 82 | 0.03) | Soul dry o8 | 0078
Conerete, sand and | Saxl, dry, ineluding

gravel | 142 75. 1.0% sodes | 127. o "
Concrete, cinder | 9. 75 0. 41 | Boow -3 3. 10.34-1.)
Charcoal powder 1.3 6). | 0.029 | Tianium oxide finely |
Cork, granulated 5.4 3 : 0.028 greund . . 52, 1900 . 0.041
Cotton wool .. i 5.0 | 100, l 0.035 | Wool, pure 5.4 8. | 0021
I hamond 151 | 70. i32. Zirconia grain UL} ] 0. | 0.1
Earthplus 42 % water | 108 | 0 | 0.62 | Woods oven dry
Fiber. red L] o8 o acroms gran !
“Flotofoam " (U 8. | Aspeo 2. 5. .

Rubber Co ) | 1.4 L 0.017 Bald cypress " 5. 0
Glass pyrex 139 200 0.%9 Balsa ‘ 0. (B .04
Glass o la lime 00 0.59 Bassw ood 2 . 5. 0058
Graphite, solid 9.5 i L} Nouglas Fir n. . 0.04)
Gravel | 1e (1] on Fini. roek “. 8. 0.097
Gypsum board | 5 9 0.082 Fir. white 2. . 0.069
lee | 308 1.26 Henilock ». 8. 0 O
Kaoclin wool 10.6 800 0.0%9 Larch. western . 8s. o.on
Lesther sole 61 4 | 0.092 Maple. sugar 4. 8. 0.0%4
Mics A FY } 0.2% Oak, red 4. 8. 0.
Pearlite. Ansona | | Pioe. southern yel-

sphenical ahell of #i- low 3. . 0.

heeous materal LB 0.0)8 Pine. white ; 15. 5. 4.
Polystyrene expanded | | Red cedar, western 2. 5.1 0,08

“Styrofoam’ 1.7 0.0 Redwood . . e 15. 8. 0.042
Pumice powdered “ 300 0.1 Bpruce 1. . 0.952
Quarts. erystal. per- | :

pendicular to C-axm -)0: {12 g

| 4
300. 1)

* The thermal conductivity of different materials varie: greatly.  For metals snd alloys b is hagh, wrhile
o cortain osuistung matenals such o glase wool cork and kapok it is very low.  [n gesersl k vanes
with the wemperature but in the case of metals the vanation s relatively snall. With most other sub-
stances b increases with raing Lemperatures but 1o the case of many erystalline matenals, the reverse i trus.

1 Wtk heat fow paraliel 10 the graio. & may be 7 10 3 times that with heat flow perpeadiculas to
praun. the values for wood are aken chiefly from J. D Macleas, Trans ASHRAK, €7, 1M1, p. 323
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Attachment JI* Independent Verification Statement (C/wil /S TRUVENRAL
MIq7 2. #[she NeTES OhLlow. ( / )
Calculation # , Revisioo ¢

P s been independently veTified by the following
method(s), as poted below:

h .
»
A
Desigo Revuvi 1iocluding verification that:
* Design i1nputs were correctly selected and included in the calculation.
* Assumptions are sdequately described and are reasonable.
* Ioput or assusptions requiring confirmation are identified, and if any exiat, the cal-
culation bas been identified as "Preliminary” and a "Finalizationo Due Date" k.is been

specified.

* Design requirements froe applicabl: codes, standards and regulatory documents are
ideotified and reflected in the design.

* Applicable construction and operating experience vas considered in the design.
* The calculation nusber has been properly obtained and entered.

* Ao appropriate design method or computer code was used.

. A mathematical check has been performed.

. The output is reascoable compared to the ioput.

Alternate Calculation 0 including verification of asterisked items poted above.
The alternate calculation ( pages) is attached.

Qualification Testing () for design feature includ-
ing verification of asterisked items noted above and the following:

¢ The test wvas performed in accordance vith written test procedures.
® Most adverse design conditions were used in the test.

e Scaling lavs vere established and verified and error analyses were performed, if
applicable.

¢ Test scceptance criteria were clearly related to the design calculation.

® Test results (documented io ) were reviewed by the
calculation Preparer or other cognizant engineer.

M NOTEER | tier Coments do THE SCPE OF TS [NOEPEANSNT VERIFKT/N
5 _LIMTED TV TNE REVIEK

A TEAN %
e %‘.D F'rocedure

BELOW.
05, S8¢. 7.1.1

Preparer concurrence with ‘ 4 -

findings and comment resolu- ?’1. 44
tion
cogn{ snt engineer

ibit 3.05-Q Rev. 5 i
2. REFEL TO INORPENOENT AKVIEL STAIAMENT ATTRCUMENT I

T Cacevtarin M. FP 26 REV. 1 Qarco 9-23-F  KOR NFORMATION

Y DICUMBNTATION OF SIMUCTVRAL PERFOAMAVKE OF §7% ONLY

ELLVA TEMPELAI VLS " §Y . PrawiLlik) DAED o
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M\q-’ A Attachwent# - Independent Verification Statement CF&‘MC)

Calculation J{lq_ Revision # & has been independently verified by the following

pethod(s), as noted below:

%

Design Revi?ﬁ iocluding verification that:

Design inputs were correctly selected and included in the calculation.

Assumptions are adequately described ar? a.¢ reasonable.

Input or assumptions requiring confirsation are identified, and if any exist, the cal-
culation has been identified as "Preliminary"” and 2 "Finalization Due Date" has been

specified.

Design requirements from applicable codes, standards and regulatory documents are
jdentified and reflected in the design.

Applicable construction and operating experience was considered in the design.
The calculation pumber has been properly cbtained and entered.

Ao appropriate design method or computer code was used.

A mathematical check has been performed.

The output is reasonable compared to the ioput.

Alternate Calculation o including verification of asterisked items noted above.
The alternate calculation ( pages) is attached.

Qualification Testing a for design feature includ-
ing verification of asterisked items noted above and the folloving:

The test was performed in accordance with written test procedures.
Most adverse design conditions were used in the test.

Scaling laws were established and verified and error analyses were performed, if
applicable.

Test acceptance criteria were clearly related to the design calculation.

Test resuits (documented in ) were reviewed by the
calculation Preparer or other cognizant engineer.

Independent Verifier Comments:

See NED Procedure 3.05, Sec. 7.1.1

Preparer concurrence with
findings and coament resolu-

tion

ant engineer

Exhibit 3.05-Q Rev. 5
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Table 10. Maximum Flux and Corresponding Over-all Temperature Difference for
Liquids Boiled at 1 Atm with a Submerged Horizontal Steam-heated Tube

Alumisum Copper :.m“p:" Bteal
N— gA | 9/ yA A
1000 | (&d)e r— | (&d)e 1000 ’ (&d)e 1000 (A
Bihyl scetate. ... ... . l ) 6 85 n” )
R s 0 58 7 ” 100 Q 100
Etbyl alechol . ....... 55 | ) [ 3] 65 124 S
Methy: aloobal . . . ... i : 100 " 110 10 155 10
Distilled water . . . ... M | s | e 25 410 1%

For forced-circulation evaporators, vapor binding is also encountered. Thus with
liquid benzene entering a 4-pass steam-jacketed pipe at 0.9 fpe, up to the point where
60 percent by weight was vaporised, the maximum fux of 60,000 Btu per hr per oq ft
was obtained at an over-all temperature difference of 860 F; beyond this point, the
coefficient and Aux decreased rapidly. approaching the values obtained in superheating
vapor, see Eq. (8b). For comparison, in s natural convection evaporstor, & maximum
fux of 73,000 Btu per hr per aq ft was obtained at (af), of 100 F. ;

. Combined Convection and Radiation Coeflicients. In some cases of heat loss, such
s that from bare and insulated pipee, where loas is by convection to the air and radia-
tion to the walls of the enclosing space it is convenient to use a combined convection
and radiation coeficierit (A, + A.). The rate of heat loss thus becomes

g= A+ MA(an, (s)

where (1), ia the temperature difference, deg F, between the surface of the hot body
and the walls of the space, In evaluating (A, + A), A should be calculated by the

sppropriate convection formula (see Eqs. (11¢) to (11g)] and A, from the equation
A = 0.00885¢(7/100)"
where « ia the black body coefficient of the radiating surface, p. 4-111, T\, fs the average
oxidised bare stesl

temperature of the surface and the enclosing w , deg R. For
pipo.mmh.+l.mybouhndwuyhon‘hbuu.

Table 11. Values of (A, + A,) .

qudhnuwwndﬁudWh-nth“bt-nD ¥

N ! pige & M.—m‘humul.h--h.-l—
a nmmuwlmmmmmmmmonumo
" 1.!111.“?2.”’).l.;!.ll!).ﬂll." §.906.217.250.6019.73 11,30 12.81(14.45
1 2,092,358 2.652.983. 293,624,335, 16/6.0717.11/8.259.57/11.04/12,45/14.48
2 199 2,27 2,522,855, 143,47 4. 104,995,096, 9210.0719.3410.05112. 46/ 14. 24
“ 1042, 162.412.725.015.954.024.835.726.757.099.21|10.6412.27/14.09
g 1.762.062.292.60 2,893,205, 88 .68 5.5716.607.739.0510.50/12.10/13.93
1 1.7112.0112.242.54 2029193 B3 4.6105.50 6,527,650 96 10.42/12.09/13. 04
2 l.u‘l.u'z.u'x.uz.n).on.nc.u:;.n'o.nl.u‘o.un.nn. "
Vortieal . ..ioioir . 10212.1512.0012.70°2.9903.504.004.795.706.727. 06 9. 1810, 6411225 14.04
HFU - 12700 2.952.652.97 5,263,599 4.31/5.126.047.078.2119,5411.01/12.4)/14.43
HFD 1.5 uu.n:.uz.uz.n:s.u.o.u‘s‘vo.uar.uio.rlju.uu.rqu.n

HEFU, borisontal. facing upward; HFD, horiscotal. lacing downward

Heat Transmission through Pipe lnsulation. (M:Milan, Trans. ASME, 1015)
For any number of layers of insulation on any sise of pipe, Eqs. (3), (4), and (18)

"?7/—

T

’
L

R S W

combine to give
|
A

where ¢,/A, is the Btu
all temperature differe:

08‘*
07
2 |
. 06
iy
£ 408
e
<
.‘03

0.2
L

0
F10.8. Variation wi'h
for k = 0.042.

outer surface; r, i th
Jayer of insulation, foo

" ste., are the conducti

A + A is often taken
“will have but Little efie
U, with pipe sise and ¢
tures of 375 a0d 75 F,
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. 129) THE INFINITE AND SBEMI.INFINITE 8OLID ®
| .
: 2.9. The semi-infinite solid. The flux of heat at x = 0} pre- Feo . y
|

scribed function of the time. Zero Initial temperature
(i) Comstant fluz, F, per unit time per wnil area, er.'/Fr’-Hﬂ

The flux J= -Kg. (1)
satisfies the same differential equation as v, namely |
e AR (}g-g. £>0,1>0 (2)

‘ The solution of (2) with
5, and we have J=F, oconstant,z=0,¢> 0, (8)
is, by 2.4 (10), - J, -

~

. Thus, from (1), using Appendix IT, (9) and (11), “- -

j z
o=@ e .
du. (1) T™HE "
Codoant o )

2F, (xt |

i ds jorf ]
oo [T ) -
2F, ) = =
0 ' Aubloofvdmoftbcfuncﬁoaiufcrh'lmhAMn.

The temperature at z = 0 is

i

*) e L)

p(':ibk'("))- The boundary condition of constant flux i of considerable pun-n S
b importance. It.pmﬂwhwwtﬂwm Wi )
). > T @) curying electric current, if beat is genersted by friction, spdas aa . .

tpproximation in the early stages of heating & furnace or & reom. It _
bas +l00 important applications to problems on diffusion. The scoling

of the Earth's surface after sunset oo  clear windlem nightt & yery -

nearly that due to removal of beat at & constant rate per mnit apea pe - - $ot
i - Mﬁm,ﬁu(l)ﬁv.mnyhmmmm
=Nl (4) after sunset, . e % e

Tbomnlhobonspplythototbnndthm —-0<E<®
with beat supply 27, in the plane & == 0, The corresponding results for

t OF Brust, Quert. J. B. Nut. Bec. B4 (1930) 399, : -

socn to have the

-
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LA RESISTANCE AU FEU DES POUTRES D'ACIER
NON PROTEGEES

SOMMAIRE

Les auteurs étudient la résistance au feu des poutres d'acier non protégées
au moyen d'essain d'incendie standards et de l'analyse sumérique. On a
découvert que la durke de la résistance au feu varie selon le facteur forme
du poidede la poutredivis par le périmdtre chauffé. Les suteurs ont #tabli
deux équations sumples pour calvuler lew durdes de résistance su fev des

poutres d'acier mon protégées ot Us recommandent de les wtiliver dans les
normes du bt ment. .
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Fire RESISTANCE OF UNPROTECTED STEEL COLUMAS

By W. W, Stanzak' and T. T, Lie’

In the past the fire resictance of unprotecied steel columns has been convidered
so small @ quantity that it could be ignored. Fire experience and controlled
fire tests on structural steel columns of small cross-sectional ares showed (hat
unprotecied sieel columns could not survive the effects of fire exposure for
more than 10 min 10 20 min "Howevetr: it will aow be showm that the hewvie!
columns required 1o carry-the vernical Joads i moSerfi high-Me boddmes ‘are
capable of much betier fire performance than had TréviousV Bet A reattred .
and that some can attain fire resistance classifications of 1 hr or better.

Fire fatality statistics (1) show that the number of deaths attributable (¢ structu-
ra! collupse during a buikling fire is negligible. The main causes of life loss
have been shown to be asphyxiation and burns (1.3.7). Therelore, 10 provide
life safety to occupants, enough fire resistance to allow geople time 1o escape
must be provided. Excert where escape roules are extremely long or the number
of occupants is very large, 10 min to 20 min is wsually sssumed 10 be sullivient
However, with very tall huldn.s i has become gvident that evacuation by
slairs can be 50 1ime consuming that complete. ¢ vacuation & dmpractical (4).
In such buildings sufficient hu nmuucﬂo -ibnpd ] Nrm ol the contents
must be provided ¢ 3 .v\ e

Provision of fire resistance hycd that M\om ﬂc lon i dcm
mincd lurpely he economic conwderalions. A
resistance of structures (11) has Mﬂ'bl 'q

Note = Dicussn open -uu] Ovroher ‘ ‘_’0'
w wrilen reguest must he (k] wigh the £
papct is part of the vopyrighted b of e
American Soviely of Civil Fagineenn, Vol - 99,
whanitied for teview for possible pubicalion Jyne 9,

'Steel Industres Fetlow, Fire  Keyosi cb Sext. 40&.
Rescarch Council of Canade. Qs s, Conala.

3 e
*Revearch Offncr, Fire wum,&m& ,u-n Rewarch -
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tal it woukd be uneconomival 1o provide any fire protection bevond that inherent
in the structure, provided such fire resistance 18 sufhicient 1o allow e\ auutinn
by the occupants. Buldings representing a small-loss expectation are those that
are samallan size and not valuable those with no valuable contents: those for
which the probahility of a serious fire 1s low (e.gcompletely sprinklyred build
g or those having a low fire load. The use ®f unprotected sicel columns
insuch buildings 1s generally justified if these elements have the minimal fire
resintance required ro prevent Joss of life.

Avvordingly. the writers have imvestigated the fire resistance of unproteg ied
Mol volumas by methods of numerical calculation and by fullscale fue tosis
i ther laboratory . with 3 view (o developing simple expressions for Calvulatmg
the fire resistance of these building elements

LR

M=Iq8 REV-] o
ATMC H. T ﬂ}?/
MAY 1873

TesT Mrroos ano Camcal Temeeas rune

On this continent, 1w o test methods are acceptable. The most recent ASTAS
Stundard prescribing these is E119-71 (16). !

The older load test requires a sample at least 9 ftin length to be tesied
under an applied load calculated (o develop theoretical working stresses contem.
plated by the design. The column is required to sustain the applied load for
a petd of fire exposure equal 1o that for which classification iy desired

The mewer aliernate test of protection for structural steel columns requires
that a sample at least 8 ft in length be tested in a vertical position withou!
apphied load. This test is applicuble when the protection is nol required by
design 1o carry any part of the column koad. The applied protection must he
restrained against longitudinal thermal expansion greater than that of the siecl
volumn. Temperatures are measured by al beast three thermovouples bocated
al each of four levels (cross sections). The upper and lower levels are 2 1
from the ends of the sieel column, and the two intermediate levels are equally
spaced. The test is considered successful if the transmission of heat through
the protection. during the period of fire exposure for which classification is
Jevired. Goes not raise the average (arithmetical) temperature of the steel 1o
any level above 1,000 F (538° C), or above 1.200° F (649" C) at any one of
the measured points.

The 1" F average allowable temperature that usually determines the fire
endurance Lime in a test may be regarded as a critical temperature for structural
fuilure established for protected columns as a result of many fire tests on avially
louded column sections. Thus, for the analysis in this r, it has been asy
that struciural failure is imminent when the <ieel cross section altains an aserage

teinperature ol 1. s all calculalio ests were madc on the
_basis of heat conduclion alune ey

While complete theoretical justification for the use of temperature criteria
is beyond ihe scope of this paper. it can readily be shown that 1.0 F s
# 1easonuble value. For long columns, assuming that the member is uniformiy
keated. the buckling stress is given by Euler's formula:

o' ¥,
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and the allowahle design stress for long columns 1s given by
(17) as

n F
192N

0=

(B

in which 192 ic o safety factor prescribed by the Code and \ 286, (KK) tir
= )< s 20 ‘ ’

1) o,

| 4n I
-’
-
- ‘. -

N TR WS Y T O e o s (IEC 0

° W00 ane 0o L 190¢ 1%

TEMPLRATURL, ¥ ¢ !

G 1AmwMummmm

Al elevaled temperatures failure is due 1o ﬂﬁww the lefi-hand sides

of the equations are equal, L.e.: g
E » Cani g A
E,--_-‘ ............. .-‘...-....1....3-, ....... (."
12 AR ,‘- Ca - &
Accepting the commonly uwmd vdut lor qhoﬂ *cls o(‘S =29 x 10"
bai. then P P, ’ .
E, =181 x 10 wum x lﬂ"N/ln ) is g ,3,:-'.‘. .‘3 v oy ane wat (4

,-,.-;'!‘N.» u\ TN -

Using Fig 1. hased on data npomd by lqbtu g Sale (1), it & _found -
J—'llﬂ' C. Fm tests

that the temperature ot buckling " qqmmut
of kaded columns (Y) have shown that the pomd ‘uon \awmn-
mately the point st which the column hutunmtolbndby ahmm 100" F- 180
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F (52 C8 Chrrise in temperature before complete fuilure of the column®oeiirs

Thus failure of columns can be eApected at cross-sectional lemperatures o
from 950° F- 1.0 F. (8100 C-%% C), depending on the design method and
slenderness ratio A value of 1,000° F has been assumed as a reasonabic average
for any column. as has been indicated by the ASIM fire test standard

.
Tewrtaarome Rist s Unemoricreo Sreel Couumns

The column s exposed on four sides 1o the heat of a fire thut follow s aApproNg
Mately the temperature-time course prescribed in ASTAL E119 (o the standard
fie of ““conirolicd extent and severity " Heat is transferred from the flames
In the fuinace and from the furnece walls 10 the specimen by convection and
tadiation, with radiation as the Primary mechanism when the flames hoyve suffi

vient thichness (1K), The coelficient of heat trunsfer ((he uanuty of heat recened
¢ unil area of (y : N
de the column surface and fire) depends on many LaCIors. The most significant

arcoemissivity of the flames: thickness of the flames between furnace wulls
and column. size of specimen: and thermal propertics of the furnice walls
Experimental data (%) have indicaled that the heat transfer o the specimen
in test furnaces approximates the radiative heat transfer from 2 bluck body
al the so-called "‘furnace lemperature.' Similar heat transfer may also be expect-
eJ in most building fires because the flames are luminous and usually have
considerable thickness, B'ving them a correspondingly high emissivity.

The coelficient of heat transfer can vary significantly, however, for different

individual conditions, and the effect of varying this Quantity will be examined
later herein

Cacumanon or Tewesna rume Rise

Two-Dimensional Numerical Procedure.—To determine the temperature distri-

bution in massive square sicel columns, a mumber of calculslions hased on

4 twodimensional procedure (12) were carried oul. 1n these tests bluck howdy

6 radiation at the prescribed furnace femperature was assumed as the only meche.
nism of heat traasfer, The two equatiuns used for the calculation are:

»

\
N eT o { (o mu)gz.'-‘“_”-;!;,]

)|, @A) Sults e ‘
et G0 Ty = TLY 2 VT a0 T~ 0F,04) . .. 66

for the temperature of an elementary surface Oknu..';l.‘t Qlwnnw g
Pt . » g‘ v . 2

Y N
" - ' — U 1 g - - “\
T-o T-- » 2 (’f)'._‘u"" “tlmun-n““&-’(;}::-:a ‘
ad rl-n.] ¢ (l:--m- n* k‘..o)lr:-uua-h;-r‘-“’l’:o‘-lz;l".h

. -

hd "..)[TGI--IIJ.-N- T'-n) + ‘k“.'l..uh + ‘L‘:]“!‘h‘:{;nlftr'..', .- “) .

for the temperature at any point inside the sice cfoq nmdnm wheh T
1s expressed in degrees Rankine and ¢ 0 hours. 1t should ‘be noted that the

=

o O
L2
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term. € 0 Fg, & n sinctly speaking. a matetial and tempery rcﬁm“m
Quantity . but itos sulficiently acvurate for the purpose of this study. 1o be
regarded as & constant Alo. since most building materials have emiscivinies
in the range of UK 10 098 (11) a value of 0.9 was used. although the results
indicated that a value of 098 would have been more appropriate

The Jependence of the thermal properties of steel on temperature was taken
into avcount an the calculations. The matenial pwputcx used were Jdertved

TABLE 1 —Thermal Properties of Stee!

Volumetnic heat capacity, Therma! conductivity

in British thermal ynits in British thermal units
Temperature in per cubic foot per foot-hou!
degrees Fahrenhe | degrees Fahrenhen degrees Fahrenhe

(v (2) (3

e 1] ‘4w W)

1) 4 e

N1 3 NN

un L EA

o 60 14 an

‘o 6 M WM

M o % M

n 65 n”n

B 70.% bl V]

L L IR MR Y
KLY LR 2108
1 N bR
(.11 S Q 15
1.2% - 18 58
1.%0 12708 1516
1.3% fod 1S "Ny
| & 117,78 17.60
14%) S 1M
|.~0 o 14 46 7%
14w an 1w
RILL o 152
1A 6201 4 1848
1.0 oy v '3 LR
1.%0 6% ’ 6o
AR s Lot T
2 ny T Ns

B -, "0 SIS WT LTV t‘-‘C-I'I'B"?- AR TTTTESLES

.

from available duta (15) and are reproduced in ‘hbl‘r‘l»'A; H‘wm the
involved nature of the calculation wcs -uhulbl d sw l’nd digita!
computer almost mandatory.

Calculated temperuture profikes (or a Na . m-.) uum md sieel
column are shown in Fig. zummmwmwnw
(0. M04-m) square column are shown in Fig. 3 after S0-min amd $0 min of fue
exposure. Fig 3b) shows that al 60 min the marimum temperatuiy diflerence
between the surface and the core was 225° F (128 C)and th Yemperature at
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“he pomt midway Setwecn the suitfave and core was abont | RLLUNE S I TY. T (TS
e amd 2d) s seon that the manmiun tempeiature dilferenge between the

siluce of the &in column and the core is about 100" F. This cun be regarded
4% reasonghle mavimum for most steel columns likely to be encountered 1
puilding practice For the purpose of Jetermining lire endurance time by 1¢ mpcta
ture rise. the temperature al the point halfway Wetween the surfacd and core
of the ¢ross section (or flange ‘n the case of a Ride flunge section) may be
reparded as represeniing the averuge temperature of the cross section For all
bul very thick sections this temperature will be almost equal 10 the temperature
4! the column <urface

& 4 shows temperature rise curves for a &ein square column (cakulated
Or measured as was just described). As is seen. the assumption of radiatine
heat transfer only does not adequaltcly represent the conditions prevathng an
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M" lﬂg REV’| the DRRONCR furnacy when short fie endurance times are imvohved The

ﬂm6 H. (; L wuise labeled (20 big 4 was calulated by ansuning that 2U% of the heat
o Lansfer s dite 10 convection and produces good agreement with the experimental

result. Unfortunatels . this Linding s of no i»‘nu.d valus h‘(iuw the conveetine

heat tranater saies wub b ol il aieaiisn W ith most fires of shung

Juration the convevtionn compangnt of hee! transfer wan be in the order of
2% 7710 200 Inthe caleulation the effect of convectivgheat transfer was swmulat
‘ ed By raising € from 09 10 the Dicticious value of |
'o The heat tramdfer coetligients to columns of square cross section were culculat ‘
ed Bused on an emissivity (e b of 09 uning resulis obtincd by Bgeo § and P
A & The results ate shown in Fig S, where the coeflicient of heat transfer has &
5 been plotted s o function of the duration of stamdard firs exposure As i
ween, the heat transter coelficient rives almost lincarly with time, und the smuller

(gt il U Bl B i ) LA A I A
! wde * ol b ude st ol whr wdz 2 e T ub gl ab
|tth by oode uly ol owds T oeds Cwle nh 7 ke " ll'041
ade © b oads T owb -k Yot b T gt bt ol by ot e

@lr Couds " oude n\’ Tab et owdes” wbe Cwbe Cowds T oah ]
adr” whe ? wée c‘u S R TR TR VI URRTL R PR &
| uhr e dsle e e e, " e . o
wor wby e el ekt edi Ceds. T eb bt el Tk vh T oat

R R T T N T S U L
T T L L N (O io"olo'éo'ds. = PR TR BT
[ode vty mie b ede ek el ekl sk
iy b wh wey  ohe eir el el T oele by e uby e
lniv‘me'm ‘m Toby vl ok e el omh e b

-

i ey el Sl m-d."ilv'm";‘d('nh i
e Fuin® en e .c.’-h m-muu"* oy ol
A N A M B D
. T..;.'.-.'.-.. wor / ,a.»/, URE o;m @ ke
or " ’n' | '.'q'-'n"m ﬁ’»}':ﬂ ‘e ww
n'm m'-".- o “we " oW /'. wh ol
: . Wi e e e ul/dt'd/&tﬁﬁ 6" E
|m,-. e e e _ Dol -\v‘
ade '.4.-.... e W e "* "w'-c. ™
: : ld ut' nh’uh/olr-/dn mﬁ’“*&"ﬂr"* >
’ "z'_x;'p . nun" mv“m Yin zs““ "lr“'m 'd'." e
b . Ayr 42 “" - ’ ~‘j'
v : ‘Aﬁ» S gy ‘ . st .}
1. to,m.n K f,‘(._f.‘ ¥ L
e S .?:T‘.’ e .
wG a-auu-u - e
o

FOR IN;ORMATION o W
OALY



FOR INFORMATION
ONLY

e Cu

7 7:”
umn the higher the coelfin i
One-Dimensional Numerical Procedure. —1he temperatus .. |
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FIG 4 —~Temperature Riss Curves, § » § Solid Column
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that the temperuture differences in the steel are sclatively .amall. except for
very thick sections. Most columns used in Nildings have sections kess than
H0n (025 m)thick. In such cases detaiied calculation of temperariure dintribution
in the stee! cross section is unnecessary, and a-onc<dimensional model of the
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beated column van be usefully ginplo;ed The mudel comusty of K stee! plate

having the samg closseagctional and surfece arecas pot und height as the Tour
ades of the heated volumn, with the ¢ posed ady perfectly imsulat-
ed This mode] permits use of g one-dimers | sumuerival proccdure by whith

TABLE 2 ~Sample Calculation for 10-n Square Column

t “ T, t T, 7, - T “ T, ‘ LA
(1) | @ | (3 (&) (5) i ®
0 | W LR N ans x | it
5 | o | 118 1032 12 (N
0 IRy ' 1.8 (L V0 bR
s | AW § 1.4V | W (R "] Wl
0 14 | | s ot N e
b | T LU (T (LN 1 hdd
W ) S 1. i 2 T4
14 | S 1S T4 vl L
a0 14611 (N 6" ke vy
' Lol o ST, N5 ., S

Note o = IK4% ¢ = 013, D » 110, W e MO, AT, ® 0138 (T, = T, for 3¢
= /12 Mt

.

L R

(W LA (S ISR Tl T |

¢ h . " 4 as -
o BN

FIG & —Tempersturs Rise of Sauars Boikd Bivel Coumme [Calontated, « * 18.45)

the temperature of the sieel cross section can N‘Mﬂ -9‘0 od','o desk
caleulator or shde rule. In the calculation, with tach _manl_d :gt.lt 3‘&; the
" ' N, ’ "8

rise in steel temperature, 7 . is given byt . R TR o W
« D : Fal RN @ .
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is shawn by the solid hines m Fig 6

Eaperimental Resutts.—To obtain information on the tempesature rise of unpro-
tected steel columne in the DBR/NRC fioor furnace. five fire tests were garnied
The temperatures meu-
the core at mid-hoight
of the columns are ploited in Fig 7 Fig. K shows a plot of fire endurance
time versis the dimensiona! parameter, W/ D, on logurithmic scules. A5 s seen,
the relationship is linear and. J.om the grapl., it 1s possible 10 obtain the followir

out on square solid columns of Various Cross section
sured it the point halfway between the surface an

relation diregtly

()
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D

:\S

r e e N e i
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‘l LAWY P "/ 7 / ¥, e
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The results of sumple culvulstion for a
fn squate column with a = 1K48 (14 X)) and ¢ = 0 12 (%021 are shown
in Lable 2 A fumily of temperature rise vurves obtained by similar culvulations

in which W/D < 10. To obtain & relation for columns whose W/ D = 10

.
T

AC 9 —Bultwp MM

a straight line temperature rise for the 16-in.

3 D\** iy ‘,.7“ ; '.".‘,': A
| . T-IN(?) '”'.:.:"ﬁ"“:.H':"'-.Tr:..b”-’.
. - und by setting T, equal |o|bccnuc-l|m’emmoﬂ(m'?
l-l‘('“")" U S f R
od D ..... 2% ) . . “ s :\.-..'. -»:.“- ‘-‘. a‘- . .

The lines resulting from Eq. 9 are wma h

be used for columns naving W/D = 10, Howcver.

- Al

FORIFORMATION | |

QALY
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uare coluum is assumed, as
shown by the dushed line in Fig. 7. From this it Is possible loobum lhc relation;

Figs. 6 n‘.!" 3 (dnbed Jines),
The hine resulting from Eq. 10 is plotted in Fig. 8 and that ‘equation should
h seen from Fig 7.
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it ean Be consenvatinely applicd 1o any column section, and provides a ¢

b contld readily be incorporated into building by -law {Mlhougﬁ the experis,
Juenial dals 4v¢-wdmtd1b1ggncfwu;r!'w!mm.—tummcd analyses show=—
that Fas. 9 and 10 cun arr‘\ 1o any shape of cross sechion )

Vs oan enample of the fue resntancy ) picd in columns of

sery tall nddimpgs

w caloubation for the section shown in Fig. 9. onc of several mas

used 1 Toronto's $a-story Toronto Dominion Cenitg. is worked out
3

1D XMW o+ |b) + NERUE 7 4 210) = 174 1n

W
W= | R I per ft, = = 107§
D

Fag 10 vields a fire endurance me of
' K (109" = €A min (Y
A is seen. these massive sections can have fire endurance imes approaching
| hr. enen when unprotecied

Recent North American practice has seen increased installation of sprinkler
svstems in large (especially tall) buildings. including sume that are not considered
to have a very high fire load (Z.OvMRWM[M high buildings
become M ZAMMONT the 'use of unprotected massive column sections with
a fire re:istance capability of about | hr should prove adequate for fire safety
provided that the fire 16ad s no more ‘than § ib/sq ft 10 10 Ib/sq ft.owhich
heuld not result in a fire of severity greater than a I-hr standurd fire (¥)
(Fire toad is the heat of combustion of the combustible conients eapressed
in cquiralent pounds of wood per wnit floor area ) It can be reasonahly deduced
from Refs. 4 and 14 that no safety factor need be applied 1o the actuyl fire
load if the huilding is fully sprinklered. although such a safety factor is imphed
by all current North American buikding regulations now in force.
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Arrtnoix B —NOTATION

The following symbols are used in this paper:

specific heat of steel, in British thermal uni’s per pound—degrees Fahren-
heit (or degrees Rankine) (Joules per hlognm-dtptts Kelvm)
yealed perimeter, in inches (meters);

modulus of elasticity of steel, in kips per u..nrt mch (mew) s per squue
meler).,

fire endurance time, én minutps: = - AR L3l T S
thermal comductivity, in British thermal unis ger loot-hour-dcne« Fahr-
enheil (walls per meter-degrees Kelvin),
temperature in degrees Fahrenheit (degrees Celsjus) (-
time. in minutes (unbess specified otherwise). < vt

mass of steel section, in pounds per foot (Kikogram{ per meler).
coellicient of heat transier, i British thermal wiits per foot-hour-degrees
Fahrenheil (watls per meter-gegrees Kﬂvm) AN
increment; T
mesh width, in feet (meters), B Gl i
emissivity ' : .
slenderness rutiv:

T
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' MAY 1873 p? zypac‘
Mlqs REV-' = J¢ in pounds per cubic foot (Milograms f k
ﬂ H. :l: . 1) und ¢ g per Cu

Giess, s IN/m ) Stefan-Boltzmann constant, U 1711

thermal units per hour square foot-degiees Ranhine 1
(walls per square meter—degrees Relvin o the fourth

ME meler)

’lrl) 1
allomable. average

Critg

of furnace.

at or around mesh point in nith row

at or around mesh point in nth column;

at room temperature

of sree! cross sechion

at temperature T, and

at ywld stress

Superscripts
J= atl = j3I
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The caiculation of norr alized hest loed, a succinct cuantifier of the !
potential of compartment fifes to Jpread Ly destrucion, is gresUy
simplified by 'he ir troductiot of two semi< mpirical equations. These
afford direct insight into the relstion between the destructive poten-
tial of fire and the principal charscteristics of the fire compartment
and its contents of combustibiss |

ALWOUGHWM@VMMWWMMM
ra fire resistance requirements have changed over the years, the in-
Buence of Ingberg’s fire load concept' is still recognizable. That concept,
developed some 40 years ago, claimo thet the destructive potential of com-
pertment {ires is proportional to the specific fire load (mass of combustibles .
per unit floor area), and that the fire resistance reuirément jor compart- |
zwmuhMumummh ‘

: ¥ A
ARhough stiD widely wéed, the -iyll—i-& ' ¥
mluolnh.q.atw ’h-d&uda ' g “
o senguing (e emsancs Frad
mmdl oy o
“. . . F ‘ '\ \'|!_‘;
- b . g o ", "”a
e S
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for those ot . 6t 2 progfayduble

2 S simnata 3o mod b = foedidility of exprossing
o 50 apprexhTIts spitioal e 1 has beem sxamined. ,
ghag%q whtted In thio paer. |
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TITIILS VUL e e
same. Conversely, specifying the same fire resistance
boundar

theorem  sniformity of normalized heat load.

EXPRESSION FOR THE
LOAD

SEMI-EMPIRICAL
NORMALIZED HEAT

According to statistical data, the fire Joad in modern buildings. Mu
the increasing use of plastics, consists predominantly of cellulosics. Since.
in addition, fires of cellulosics excel in their destructive potential,* it 8P
peml.obo.ulepuctial.olmmthnthoﬁnlo.deomiulhllyof

cellulosics.

By reflecting on the meaning of Ingberg’s fire b cept,’ one
recognizes that it has been briilt on the implicit assumpti in a fire the
bulk of the fuel energy is eventually abrorbed by the o rtment boun-

daries. The normalized heat load perteining to the assumption that all hest
release by the fuel is absorbed within the compartment is

Vhoc A,

wmmmboa'iptuhubmofﬁxdwﬂtohdhutmuwﬂ
the conceivable abacliute mximum.Ohtlumalﬁnlotd(toulhdmluL

n ouls:de the compartment,
mmwillhnt&w&n“ﬂth&.fwmu“bﬁhﬂt
.ndm-muubymuuwmv.uuuum-h
multitude of calculations by the detailed iterative technique
mwmmmmm&dutmumw
« increases Jess than in proportion to the fire fobd, " 35 - 3
e e the ventilation of th éompartment increases, abd
-‘dxmanuthww&tbww

- \mhlruﬂudthmmwuﬁbd‘ﬁ“ﬁb '

fon that resulted ir the following senibempirical equation: -
. : ‘l'. .- ’ ‘
.

H = 10* Smos+ .l.';d_gz- ' m

AN
NOLLY¥RY0:N) 404

ment ior st

* an enclosure is a practice that relies on the validity of thn . released inside the compartment. It is to be estimated f~ = the following

. - ——

equation:

‘ 0.719Vh.', &

ks

where A is the height of the compartment.
& is & variable that characterizes the ventilation of the compartment. It
is defined as

whichever is less 14]

&=, A4, /gh 9)

where g. is the density of environmental atmosphere, A, is the area of ven-
tilation opening (window or door), h is the height of the ventilaticn open'ng.
and g is the scceleration due to grsvity. The considerations thst huve led to
ths devolopment of Equation 7 are discussed in the Appendix.

As the specific fire load G/A, (where A, is the flcor ares of the compart-
ment) may vacy rather markedly from compartment to con.partment, the
selection of the value of G ior the fire safety design mnst be Lased on an
analysis of statistical data. If the compartment boui.dasies are simple
“dividing elements’” withsut esvential structural fun-ticns, the design
value for G/A, is ususily taken as the 80ti: percentile in the cnmulative plot
for the applicable occupancy. If, on .he other hand, the compartment boun-
daries are “‘key elements’ that play an imgortant part in the structural per-
formance of the building as a whole, some extra degree of safety is justified.
The selection of G may be based on considerations propounded by Lie’ and
outlined later by Hermathy.* .

The ventilation parameter, #, is a measure of the minimum ventilation of
the L. This occurs und.r “classic” draft free conditions. As
discussed by Harmathy.* the presence c{ drafts causes the value of ® to in-
crease over that calculated from Equation 9 and thus thy virtue of Equsation
7) to reduce the value of the normalized heat load, a value for ¢ obtained
from Equation 8 may be used in assessing the potentisl of fires for destruc-
tive spread.

lthdimwu-nﬂummmuinrﬂamwlu
limiting value, as expressed by Equation 6. Combiping Equations 6 and 7
end vaing ¢H = 188 X w‘Jlg‘inUnlm(bec-usethsﬁnlondio

assumed to be c# I-losic), the following equation is obtained: =
=
K _ 05855 + 0.085 g
' S JGe 33 -Dc;'
1+935, : T =0
A.vkgc s NZ
oo
R
’ - 0
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(Btu/br t F) (ft!/hr)
) @12 F) 1112 F) (68 F)
19 3665
‘14 1.322
13 i
219 204 4 gsf
39 ﬂ 0 785
0. 660
33 2 0.634
19.3 094
97 3.762
68 €l 2 01‘,
48 995
) 37 32 0.6 j
L 240 bl
) 25 19 0 452
] ‘ 10 o |-'
H 34 I ¥
\ 87 65 248
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TABLE E 1—Continued

T » & k «
(2) Nonmetals (°F) (ba/ft") (Btu/lba F) (Btu/hrftF) (ft'/hr)
Aerogel, silica ............ 100 5.3 0.205 0.013 0.012
32 38 0.25 0.087 0.010
AANIRER . ¢ i s s v an s medls {m 36 0.130
Brick, common . ......... 68 100 0.20 0.200.10 0.01-0.02
freclay. .. .. ..oooounn. 1472 145 0.3 0.7 0.024
Bakelite ............... 63 ™.5 0.38 0.134
Coperete. . ........... ... 63 119-144 0.21 ©.47-0.814019-0.027 5
Corkboard . . ............. 100 10 0.4 0.025 ’
Distomaceous earth,
powdered 100 14 0.21 0.0%0 0.01
Fiber insulating board . . . .. 100 14.3 0.034
Glase, window . ........... 68 162 0.16 0.51 0.020
Glass wool, fine 100 1.5 0.031 g T
S e 100 8.0 0.0 g kg
7 S U SR (i 21 2 5 0.4 1.8 ,0.048
Magnesis, 85% . .......... 100 17 0.039 Ar
Masble .. .....oocinnnnns 22 186160 0.198 1.6 . . 'p.os4
B =5 v e n e paneis 0.078 -
Rock wool . . . 100 132 0.033 N y
Rubber, hard . ........... 2 748 0.48 0.087
Wood, oak, 1 to grain . 70 51 0.57 -9,18. %
Wood, cak |[tograin..... 70 51 0.57 0.2 .°
P

'\'\

“ ¢ e

L] ’
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1)

G = —k(3t/3z2), and if
). This states that the
-sectional A (z) nor-
9/dz slong the conduc-
e thermal conductivity

temperature, and the

is t°  alue of k at the

(As = A)/ln (A4/A)):
ipes, Eq. (1) must be
procedure (Awbery and
0) or by the relaxation

UL i
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CONDUCTION 9 AaTmcH-I.
Table 3. Thermal Conductivities of Miscellaneous Solid Substances® PP 29 /29

(Values of k are to be regarded as rough sverage values for the temperature range indscsted)

Bulk &k "
desaity,  Temp ty. | Temp,
Material | Noe lasF| ® Material Do | dua? B
ev it | | eult
Asbeston board. com- | | Quarts, erysial, paral- |
preseed aabesios and | kel o Cane | [=300. | 25.0
eerpent 12 A 0.225 0. [ ]
Asbeston mullboerd 0.5 .| 0.0 B 4.2
Aabesow w00l 5. 1 12| 0.050 | Rubber, hard v 74 90, LN L Vo
Ashes, sof' wood 1.5 | 6% | 90.010 | Rubber, soft, vuleaa- i
Asbes. volcanic 51 1 %0 | 0.1y : e . 0
Carbon black { | W 0312 | Band, dry " . i »
Cardboard, sorrugsted | 0.0)7 | Bewduat, dry . 1.4 o LW
Cellulod | 0.3 8. en Bilica, fused | . . ». [ N3]
Cellulose sponge | I Bilica pol, powder . 3.5 1311 em
du Poot | 3.4 8. 0.03) | 8ol dry. T o .| e
Concrete, sand and | Boll, dry, imcluding Vo il o
gravel | 142, 5. 1.0% aenes............ 127, C N
Concrese. cinder | L} 75. [ ) I &> % v 4 e R - . 1.3
Charcoal powder | 1. (3] 0.0 | Titanium oxide, fmely
Cork. granulated 5.4 3.1 os T S 5. 1w, |
Cotton wool . 5.0 180 0.035 | Wool pure. .., ... . X 8. ] .
D mond 151 70 ' Circonda graln ., 1"y, 488 | 0.1
Earth plus 42% water ! 108 | 0 0.41 | Woods, oves dry, "o :
Fiber. red L 2] o acToms greda
“Flowloam” (US. ! T e
Rubber Co.) . 1.6 L [N 1}
Class pyrex g1 | 200 0.5 | Bales . ¢
Glam soda lime 0. | 0.5
Graphite. solid 9.5 1 4.
Gravel e 33 on
GCypoum board 5! " 0.082
loe 5.5 | 1.2
Kaolin wool 10.6 | W0 8.95%
Leatber, sole 2.4 0.
Mica 2 .
Pearlite. Arsona
sphencal shell of s
licaous material " 12,
Polystyrene expanded
“Styrofoam” 1.7 4
Pumice powdered | 0.
Quaru  erysial  per-
w Caxie | -n:.
0.
* The thermal sonduetivity ¥ diferent materils
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Calculation # _, Revision ¢ l s been independently veTified by the following

method(s), as noted below:
b
13

Attachment JL- Independent Verification sl.'_mn((aV\L/SmU‘w-("L)

Design ﬁvuvi including verification that:
* Design inputs were correctly selected and included in the calculation.

* Assumptions are adequately described and are reasonable.

Input or assumptions requiring confirmation are identified, and if any exiat, the cal-

culation bas been identified as "Preliminary” and a "Finalization Due Date" bas been

specified.

* Design requirements froa applicable codes, standards and regulatory documents are

identified and reflected in the design.

* Applicable ccostruction and operating experience was considered in the design.

* The calculation ouaber has been properly obtained and entered.
* Ao appropriate design method or computer code was used.
. A mathematical check has been performed.

The output is reasonable compared to the inmput.

Alternate Calculation 0 including verification of asterisked items noted above.

The alternate calculation ( pages) is attached.

Qualification Testing o for design feature
ing verification of asterisked items noted above and the following:

g The test was performed in accordance with written test procedures.

v Most adverse design conditions were used in the test.

® Scaling laws were established and verified and error analyses vere performed, if

applicable.

" Test acceptance criteria were clearly relat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>