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Safery Analysis Repont

Special form

Subcnticality

Test package

Type A package

Type B package

10 CFR 71
J0CFR 71.73(a)

A document shat provides a comprehensive technical evaluation and
veview of the design, testing, operational procedures, maintenance
procedures, and quality assurance program for a package. The
purpose of the report is to demonsirate compliance with the DOE
regulatory safety standards equivalent to those established by the
NRC for approving packagings and issuing certificates of
compliance.

Radioactive materisl that satisfies the radioactive material
conditions defined in JO CFR 71.4.

The condition of a nuctear system in which the rate of production
of fission neutrons is lower than in the previous generation due 1o
neutron leakage and poisons. As a result of this condition, a self-
supporting chain reaction cannot be maintained.

The package (containing simulated radioactive contents) used in the
acceptance tests defined in this document.

A package containing radiosctive material, the aggregate
radioactivity of which does not exceed Ay for special-form
radioactive material or A; for normal-form radicactive matena),

A package containing madioactive material, the aggregate
radioactivity of which exceeds A; or A; levels.

Title 10 of the Code of Federal Regulations, Part 71
10 CFR 71, Section 73, paragraph (a)
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1.3 Scope

The TTG inc des general instructions for planning and performing physical thermal tests in
accordance with JO CFR 71.73(c). Detailed instructions or methods are not prescribed because
each test will be package-design and test-facility specific. Also, selection of specific test
materials, equipment, instrumentation, or methods will be dictated by availability of these items
and their apphicability to a specific package. Supporting analyses are recommended, but the
analysis methods (e.g., equational, numerical, etc.) are to be selected by the packaging designer.

1.4 Hypothetical Aecident Requirements

The requirements for applying thermal testing methods to a Fackage, at hypothetical accident
conditions, are contained in JO CR 71.73 [Ref. 1]. NRC Regulatory Guides 7.8 and 7.9 (J'Refs. 5
and 6] ﬁive supporting tEuidsuu:e for applying these requirements. A proposed new riiing’ for J0
CFR 71.73 s mitted by the NRC is in closer agreemem with IAEA Safety Standards. (See
Appendices A and B.) The following is a summary of current NRC requirements for hypothetical
accident thermal tests.

s - Evi ation for hypothetical accident conditions is to be based on
sequential application of four tests: (1) free drop, (2) puncture, (3) thermal, and (4)
immersion. (‘F he it ersion test does not affect the results of the other tests; therefore it
is not discussed in this guide.)

Test conditions - The ambient air temperature before and afier the tests must remain
constant at that value between -29 °C (-20 °F) and +38 °C (100 °F) that is most
unfavorable for the package under consideration, The initial internal pressure within the
containment systern must be the maximum normal operating pressure unless a lower
internal pressure, consistent with the ambient temperature assumed to precede and
follow the tests, is more unfavorable.

Free-drop test - A free drop of the package through a distance of 9 m (30 fi) onto a flat,
essentially unyielcing horizontal surface, striking the surface in a position for which
maximum damage is expected,

Puncilure test - A free drop of the package through a distance of 1 m (4C in) in a position
for which maximum damage is expected, onto the uprer end of a solid, veniczl,
cylindrical, mild steel bar mounted on an essentially unyie ding, horizontal surface. The
bar must be 15 cm (6 in) in diameter, with the top honzontal and its edge rounded 10 a
radius of not more than 6 mm (0.25 in) and of a length as to cause maximum damage to
the package, but not less than 20 cm (8 in) long. The long axis of the bar must be
vertical,

Thermal test - Exposure of the whole package for not less than 30 minutes to a heat fux
not less than that of a radiation environment of 800 °C (1475 °F) with an emissivity
coefficient of at least 0.9. For purposes of calcuiation, the surface absorptivity must be
ei.her that value that the package may be expected to possess if exposed to the fire or
0.8, whichever 1s greater. In addition, when significant, convective heat input must be
included on the basis of still, ambient air at 800 °C (1475 °F). Artificial cooling must not
be applied after cessation of external heat input, and any combustion of materials of
construction must be allowed to proceed until it terminates naturally. The effects of
solar radiation may be neglected prior 10, during, and following the test.

2 Expected 10 become effective at 3 Ruture dalc.












induced errors should also be addressed (e.g., errors caused by heat transfer in sensor lead wires,
poor thermal contact between sensors and pack:)ge components, or other temperature-induced
errors). Methods to be implemented for sensor calibrations should be described. (Discussions of
test measurements and sensor selections are presented in Section 4.)

2.5 Acceptance Eva ition

Describe the method of acceptance evaluation that will be used to determine if the package design
medets the acceptance criteria for containment, shielding, and subcnticality (see Sections 1.5
and 5),

2.6 Test Procedure

Give a detailed test procedure that includes all pre-test, test, and post-test activities. Ini de
contingency plans for unexpected events or deviations. Include a step-by-step  acedure for test
phmonnel to follow with sufficie detail to minimize possible confusion during performance of
the test.

2.7 Test Desig

Describe all fixtures, supports, equipment, and instrumentation that will be used in the test. If
contents heat must be simulated, describe the method to be egjlied (see Section 3.2.3). Include
appropriate drawings. Give sufficient detail for test personnel to assemble the test setup.

2.8 Suppourting Analyses

Present the method and results of analyses performed in support of the test plan. The objective of
the analyses is to ensure that a thermal test can be conducted successfully and the expense of
conducting a test will not be wasted. The method, degree of accuracy, and extent of the analyses
are optional, but for most test parameters, approximations are sufficient. The following analyses
are recomniended.

e Determine the ambient air temperature between -29 °C (-20 °F) and +38 °C (100 °F) that
will result in the most unfavorable initial and final conditions for the package (see Tesl
conditions in Section 1.4).

o Determine if the initial intenal pressure within the containment system must be the
maximum normal operating pressure or must be a lower internal pressure consistent with
the ambient ter erat.;e to precede and follow the test (see Test conditions in
Section 1.4).

» Estimate the maximum pressure that will occur in the containment system of a test
package d ing a thermal test.

s Verify that temperatures of package components are expected to remain within
acceptable limits.

e Verify that the containme  systemn will not leak during the thermal test (e.g., from
stresses in closure baolts, fianges, or seals).

« Estimate heat transfer rates to the package and corapare to the requirements (see
Thermal test in Section 1.4).












If the analysis indicates that contents heating can be omitted, initial temperatures in the package
should be nearly uniform and equal to the required ambient temperature.

In some Fackage designs the outcome of a thermal test is not significantly influenced by varying
the initial ambient temperature within the specified runge (-29 1o +38 °C). In such cases, the test
package temperatures can come 1o equilibrium with an existing ambient temperature, if it is
effectively steady. To accomplish this, the test package may, in some cases, have to be isolated
from diurnal temperature variations.

If a specific environme temperature must be created for the test package, a method that can
satisfy the required 1emperature and the packaging size must be used. Approprzie heating or
cooling chambers or blankets can be used when steady-stute temperature conditions in the test
package are to be achieved. From any chosen method, nearly uniform environment temperatures
on all package surfaces must be attained.

3.2.2 Contajpment Pressure

According to /0 CFR 71.73, the initial internal press vithin a containment system must be the
maximum normal operating pressure unless a rowe: arnal pressure is more unfavorable. In
some conlainment designs, a maximum internal pressure is nol always the most unfavorable
condition; that is, a lower pressure may result in greater leakage (see Section 1.4). For example,
some containment system seals depend on an internal pressure being rreater than the external
pressure 10 maintain leak tightness. Therefore, analysis should be performed to determine the
most unfavorable pressure for containment (see Section 2.8).

Packages that are to be used for transporiing plutonium must have a double containment system
as specified in /0 CFR 7/.63. Pressure conditions in test packages having such containment
system must be applied to both containments.

The internal pressure of a test-package containment system reaches a maximum value during a
thermal test. This value 1 st not be less than the maximum pressure that would occur in a
transportation package subjected to the same test. Therefore, the initial pressure in a test package
must be at a level that will result in this equivi nce. In determining the required initial pressure,
several possible sources of pressure increase must be considered. They include release from
encapsulatzd materials, phase change of materials, outgassing, radiolysis, thermochemical
decomposition and container closure procedures. The transportation package conte ; must be
analyzed to determirze all pressure sources and their contribution to the total internal pressure in a
containment system.

If the drop, crush, and puncture tests preceding the thermal test could cause gases or materials to
be released from a transportation package contents (e.g., by rupture of encapsulations), and the
release would result in tncreased pressure in the containment system, then the selected initial
pressure for the thermai test must clude the effects of the release. Usually, it is neces-ary to
assume that all encapsulations in the contents are ruptured and existing fluids are released. The
worst-case accumulation of fluids in encapsulations should be assumed. However, if rupture of
encapsulations during the drop, crush and puncture tests cause a reduction of pressure, the initial
pressure for the thermal test must not be reduced to account for the effects of this reduction,
except when the reduction causes a more unfavorable condition for containment.

The gas volume in the containm.ent system must be equal to that gas -olume that would present
the most unfavorable condition for containment during the thermal ;est.
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test to determine if this condition uccurred could save time and expense, though this step is
optional and may not be fea: le for some packages.

Inspections should also be performed to evaluate the extent of deformations or loss of thermal
insulation, if any. If they are severe enough that unacceptable temperatures or stresses in the
containment system will undoubtedly occur during the thermal test, then the package design
should be improved.

An applicant may choose to perform the drop, cnish, or puncture tests by analysis and the thermal
iest by a physical test. A benefit of this approach is that only one package may be needed for
testing. Otherwise, several packages may have to be tested to determine the onentations in the
drop, crush, and puncture tests that yield the most unfavorable result, If the drop, crush, and
puncture tests are performed by analysis, the test package should be subjected physically to the
sequential drop, crush, and puncture conditions at the most unfavorable orientations (The test
requirements are given in Section 1.4 and Appendix A.) This is necessary to produce the
resulting deformations or other damage prior to a thermal test. The analyses may be used to
determine the package orientations that must be applied during the drop, crush, and puncture
conditions to produce the most unfavorzble results. If, however, an applica can clearly show
that the sequential drop, crush, and puncture tests on a specitic package do not significantly affect
the outcome of the thermal 1est on the ickage, then subjecting the package to the s¢ e al
physical tests becomes optional.

3.2.5 OrieMation

During a thermal test, a package must be positioned in the orientation (e.g., horizontal, vertical,
or oblique) that provides the most unfavorable conditions for the package to satisfy the /0 CFR
71 requirements for maintaining containment, shielding and subcnticality. This urientation may be
determined by analysis or test. If the test method is chosen, then more than one thermal test may
be reyuired to determine the most unfavorable orientation.

3.3 Thermal Conditions

According to /0 CFR 71.73(c) requirements, a test package must be exposed for not less than 30
minutes to a fully engulfing, hydrocarbon fuel/air fire of defi.od dimensions or an equivi nt
enivironme  (see Appendix A). The intent of the requirements is to expose a test package to a
thermal environment that will supply a heat flux to the package surfaces that exceeds a minimum
value. Compone ; of the total heat flux from the engulfing fire environment are radiation and
convection heat transfer.

qiot = Jrad * qcon (1)

where: quoi = total heat flux to the package surface (V m?)
Qrad - radiation heat flux to the package (W/m )2
Qcon = convection heat  x to the package (W/m”).

An equational expression for estimating the net radiation heat flux between a radiation source and
package of uniform temperatures is [Ref. 9]:

1] (T;' - Tp‘)
Qrad = (2)
(Ap/As)(V/es -1) + (Yep -1) +1/Fpg
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An example of convective heat flux values for a package surface is shown in Fig. 3.1. Note that
the convection component of the total heat flux is significant in the example and should not be
omitted from heat transfer analyses, However, the value of convective heat flux is dependent on
package desis orientation, and surface and environmen: temperatures. Thus, every test package
should be independently evaluated to estirnate a convective heat flux for each surface.

The required heat flux to a test package can possibly be accomplished by gever methods, such as
oven heating, liquid fuel fires, or gas fuel fires. Selection of a suitable method can depend on the
package size and design and on available heating methods. For example, fire facilities or ovens
must satisfactorily accommodate a package size and develop the req -ed thermal conditions.

3.3.1 Fire Heating

Fire can be used to thermally test a package. The fire must be from air/fuel combustion of a
hydrocarbon fuel such as gasoline, kerosene, aviation jet fuel, diesel fuel, or liquefied gases.
Temperatures in air-combustion fires u: g these fuels are typically more than 800 °C (1475 °F).
However, a fire must be controiled to an extent that it sufficiently engulfs a test package and
develops at least the required minimum heat flux to the package. Propetly controfled fires of jet
or diesel fuels can provide acceptable test conditions. These fires can have a relatively high
density of entrained carbon particles to provide for a sufficiently 3h thermal emissivity
coefficient.

Gaseous-fuel fires, such as combusiion of natural gas or liquefied gas (e.g., propane), have
relatively low emissivity coefficients because the quantity of entrained particulates in these fires is
low. If a gaseous-fuel fire should be used, the fire temperature may have to be much greater than
800 °C 10 develop the required test conditions. Flame temperatures can sometimes be increased
by controlling air/fuel mixiures.

The proposed r ng for /0 CFR 71 (and IAEA Safety Siandards) specifies that “The fuel source
shall extend horizontally at least 1 m, but shall not extend more than 3 m, beyond any external
surface of the package, and the package shall be positioned 1 m above the fuel surface” (see
Appendices A and B). This applies particularly to pool fires of jet or diese! fuels. Aileast I m of
fire thickness is needed to achieve sufficient opacity for developing an acceptable flame emissivity
in these fires. Pool fires extending more than 3 m may inl it natural air flow to the fire center
and thereby reduce flame temperatures adjacent to a package. However, low-opacity fires may
need to be thicker than 3 m and have enhanced air flow to achieve the minimum required heat flux
to a package.

Before using a fire for thermal 1esting, the basic mechanics of fire behavior should be understood.
Numerous published references comain descriptions of fire behavior. For example, the
characteristics of large, open-pool fires are described in Refs. 10 and 11. This tvpe of fire
contains large-scale turbulence that produces random temporal and spatial fluctuations of
temperature and velocity. The Fre is also characterized by threc desc tive veriical zones
illustrated in Fig. 3.4 for a JP-4 fuel. They are:

(1) the persistent flame zone {orange/red color) where there is an accelerating flow of
burning gases (a characteristic radial pinch occurs in this zone, caused by strong
radial inflow of air)

(2) the intermittent flame zone (orange/black color) where there is intermittent flaming
and a near-constant flow velocity

(3) the buoyant plume (black color) where gas velocity and temperature decrease.

An example pool fire is reported in Ref. 10. The fire was developed by combustion of JP-4 fuel,
and it had a 9-m (30-ft) diameter base. According to carrelations given in Ref. 11, the persistent
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Consideration must also be given to ar ient temperature, Fire temperatures and evaporuu
rates of liquid fuels are effected by ambient air temperature. Thus, a fire test should not be
cond\éct(ed orc‘_iuring e~tremely cold conditions, such zs when ambient temperature is Jess than
-15°C (5 °F).

A means for supporting a test package in a fire must be carefully dssigned. If a structure that is
not an integral part of a ﬁpacl-cage esign is used to supporl a test package, then the support
structure must not significantly interfere with a fire reaching package surfaces or conduct
sigau.” -2t quantities heat to or from a package.

The duration of the fire test is measured from the itial time the test package becomes fully
engulfed in the fire until it is not fully engulfed in the fire. The time for the fire to become fully
developed must not be included in thie test duration. A package should be in a fully engulfing fire
“or a duration that is sufficient to ensure that the requirements of /¢ CFR 71.73(c) are satisfied.

Termination of fire heating can be accomplished by moving a package out of the fire. Radiation
shields may be required to prevent any erther heat transfer from the fire to the package if it
remains in the vicinity of the fire. Sometimes, the duration of pool fires can be sufficiently
controlled by the quantity of fuel allowed inte the pool. Fire heating may also be terminated hy
interrupting the fuel or air supply and leaving the package in place. If'this method is chosen, the
test must be designed to ensure that the package is neither cooled nor exposed to a source of heat
that would significantly alter natural cooling of the package. Also, any combustion of packege
maten'lalls must not be inhibited and combustion must be allowed to continue until it termi-ates
naturally.

3.3.2 Oven Heating

A package may be thermally tested in an oven (or fumace) if acceptable conditions in the oven
can be achieved. An oven must be able to supply at least the minimum required heat flux to al!
surfaces of a package and allow natural combustion of package materials throughout a test.
Some ovens can provide & nearly uniform temperature environment; however some ovens are not
uniformly heated and may not provide a uniform temperature environmen: tor a test package.
Also, some ovens may inl it combustion of package materials. Before using an oven to
thermally test packages, it should be subjected to qualifications tests to demonstiate it can satisfy
the requirements of /0 CFR 71.73 [Ref. 13].

A common difficulty in using an oven is achieving an acceptable heat flux to a test package
througbout the test. If the oven volume is not large compared to the package volume, the oven
wall ter: perature may significantly decrease after a package is inserted into the oven. This would
be cau: :d by transient heat transfer from the oven walls to the package. It would be an
unacceptable condition if the total heat transfer to all package surfaces dunng the test fell below
the required minimum. To help avoid this potertial problem, an oven test-zone vc me should be
at least 5 times the volume of a test specimen so that the oven will have sufficent thermal 1iass to
keep its wall tem; eratures above a required mimmum [Ref. 14]. The acceprability of a particular
oven for thermaily testing packages must be evaluated on the basis of an oven’s capability to
develop and maintain the re ired conditions for a specific package.

The thermal emissivity coefficients of oven walls are usually less then 0.9. A surface emissivicy
that is too low can be compensated Yy increasing the oven wall temperature until the required
surface heat flux to a package is achieved. This is illustrated ia Fig. 3.3. An altemate
compensation method is to have a sufficiently large ratio of oven wall area to package surface
area as indicated in Equation (2). Figure 3.5 illust:ates this relationship for package emissivity
equal to 0.8, When oven-wall4to-package-surface area ratios are greater than those defined by
the curve, then the heat flux to a package should be more than the required minimurn.
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Surface temperature sensors, <e those on outer package surfaces, may require shielding from
convective or radiation heating. Small, metal-foil radiction shields placed over, but not
contacting, t  sensors can be used, provided the s lding does not significantly change the
surface temperature, However, if the sensor is embeaaed in the material, shielding may not be
required. As recommended in Section 2.8, an analysis of the sensor conditions should be
performed to estirnate induced errors and expected accuracies. Equations for estimating these
errors can be found in available p lications [Ref. 19).

To properly measure fire or oven atmosphere temperatures, sensors must be shielded from
thermal radiation and also be well ventilated 8o that only the gas temperature is measured. If oven
wall temperatures are to be measured, surface sensors must algo he shielded from radiation.

Color-changing and fusible temperature indicators can be used to deter 1e attained temperatures
of surfaces. These indicators are specially formulated materials that change color or melt when
heated to a defined transition temperature [Ref. 16]. They can be applied as paint, attached strips,
or as a rub-on solid, and they can indicate temperatures from 100 to 1300 °C, in 50-°C and 100-
°C increments, and within 1% accuracy. These indicators cannot be used in place of continuously
indicating temperature sensors, but they can be used in conjunction with them. If a colar-
chanﬁing indicator is 1o be subjected to surface deposits, such as fire so0t, a removable cuati-.4
may have to be applied over the indicator to permit acceptable post-test inspection. Such coating

must not affect the response of the package or the indicator 1o the test conditions.

ra
4.2 Pressure

If feasible, the containment szstem pressure should be measured during a thermal test. This can
sometimes be accomplished by connecting a pressure (ransducer 1o an appropriate containment
system penetration via a small diameter metal tube that is long enough to atlow remote placement
of the transducer. [f desirable, the tube can be connected 10 an existing penctration {e.g., for a
relief valve), provided the connection does not interfere with, or adversely influence, the intended
function of any package component. The gas volume in the pressure measuring sysiem must be
small relative to the gas volume in a package container (e.g., <5%) so that a pressure change in
the container will not be significantly affected by the gas in the pressure-measuring system. Also,
to protect package materials from additional heating, the tubing shculd be routed and thermally
insulated in the same manner as temperat 2 sensor wires.

Pressure transducers may, in some cases, be installed within a package, provi d they function
properly while experiencing the conditions produced by a thermat test. Ordinarily, pressure
transducer calibrations are sensitive 1o temperature change. However, this type of installation
would entail routing wires, instead of a tube, to pressure-indicating instruments.

4.3 Heat Flux

Measuremer .3 can be made to verify that hea flux on the package surfaces exceed the required
minimum. Heat flux can be measured by using total flux meters (radiative plus convective),
radiometers {radiative}, or calorimeters.

Water-cooled, Gardon-type meters are commonly used for total or radiavive flux metering [Ref.
16]. These meters ..1ay be placed on or near a package to measure heat flux at several locations.
However, care must be taken not to influence the package surface heating. Also, condensation or
soot deposition on these meters can cause measurement errors. Thus, this of type meter wouid
probably not be suitable for fire emvironments.
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4.6 Photographic Records

Phowographic methods should be used to record test events, conditions, and results. For exa e,
photos of assemblies or pans taken before and aRer the thermal test can be usefu! in explaining
any changes that may have occurred. Also, a video record of a fire test can be very uscful in
establishing that acceptable fire condition= occusred. A video record should cover continuous
elapsed time.

4.7 Auxiliary Tests

Independent tests may be performed on selected items, such as companents or subassemblies, to
demonstrate that an item can successfully survive the thermal test conditions. For example, relief
vaives, rupture discs, pressure gauges, gaskets, O-rings, or co linment materials are items that
may be candidates for independent, contr¢ :d tests. The objective of the tests may be to
determine material stability or compatibility of items or to measure leak-tightness of seals when
subjected to selected ranges of pressure and temﬁera:ure. Demonstrating the performance of
items in pretests can help establish confidence that they will perform satisfactorily during a
rackage thermal test.
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coefficic 1 st be that value which may be demonstraied to exist if the package
were exposed 10 the fire specified. Artificial cooling must not be applied afier
cessation of external heat inp and any combustion of materials of construction
must be allowed to proceed until it terminates naturally.

(5) Immersion - all pac A separate, undamaged specimen must be
subjected to water pressure equivalent to immersion under a head 0. water of at
least 15 m, (50 ft). For test purposes, an external press 3 of water of 15C kPa
(21.7 Ib/in®) gauge is considered to meet these conditions.

(6) Imtmersion - fissile material. For fissile material subject to § 71.55, in those
cases where water inleakage has not been assumed for criticality analysis,
immersion under a head of water of at least 0.9 m (3 ft) in the attitude for which
maximum leakage is expected.
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heat input, the specimen shall not be cooled artificially and any combustion of materials of
the specimen shall be allowed to proceed naturally. For demonstration purposes, the
surface absorptivity coefficient shall be either 0.8 or that value which the package may be
demonstrated to possess if exposed to the fire specified; and the convective coefficient
shall be that value which the designer can justify if the package were exgosed to the fire
specified. With respect to the initial conditions for the thermal test, the demonstration of
compliance shall be based upon the assumption that the package is in equilibrium at an
ambient temperature of 39 °C. The effects of solar radiation may be neglected - to
and ring the tests, but must be taken into account in the subse ent evaluation ot the

package response.

629. Water immersion test: The specimen shall be immersed under a head of water of at
least 1S m for a period of not less than eight hours in the attitude which will lead to
maximum damage. 2Fcn' demonsts on purposes, an external gauge pressure of at least
150 kPa (1.5 kgt/em*) shall be considered to meet these conditions.

630. Water immersion test for packages containing irradiated nuclear fuel: The
specimen shall be immersed under a head of water of at least 200 m for a period of not
less than one houi For demonstration purposes, an extern gauge pressure of at least
2 MPa (20 kgtlcm*) shall be considered to meet these conditions.
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C.2 Free Ct rection Correlations
The following correlations are found in Ref. C-1.
Horizontal cylinders of diameter D:

0.387 Ra 16

Nup,= {0.60 + }2, 10°5 <Rap < 1012
= { [1+ (0.559/Pr)¥16}8/27

tes of 1
Nup=(Nuf + Nu)i6 | | <Rag <1012

28
Nl.l; =
In{1 + 2.8/(C; Ra, 1/4)]
Nut = (.-:‘Ir RﬂLln
0.671
C =
[1 +(0.492/Pr)16)4/9
0.13 P0.22
(1 + 0.61 pr081)0.42
where: Nu, = Nusselt number, basedon L

Ra, "= Rayleigh number, based on L
Pr ™ = Prandt! number.

Upward heated or dowaward cooled plates:
N"L= (Nu’lll + Nulltl)lflu , Rap>1
14
Inf1 + 1L.677T4C, Ray 14)]
Nug = 0.14Ra 13

Nll; =

C

(Equation C-7)
L = (plate surface area)/(plate perimetur)
Downward heated or upward cooled plates;
1 L= CyRa V5,  105<Ra <1010
0.527
[} + (1.9/Pr)910)2/9

Cl'l=
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Fig. Z.1. Surface heat flux on a horizontal cylinder for : -ced flow (fr¢ Equation C-1)
and free convect 1 flow (from Equation C-3). Air temperature = BB °C,
cy lerdiameter =1 m, forced finw velocity = Sm/s.
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APPENDIX D:

EXAMPLE TEST FACILITIES

Numerous hydrocarbon fuel fires that satisfy the thermal test conditions have been produced.
Two example fires are described in this appendix.

D.1 Natural Convection Fire

A series of pool fire tests were conducted by the Sandia National Laboratories to study the
thermal response of large cylindrical calorimeters 1o the regulation fire defined in JO0 CFR 71.73
[Refs. D-1 and D-2]. A JP-4 jet-fuel fire was established on a pool of water contained by a 9.1 X
18.3 X 0.9 m (30 X 60 X 3 f) concrete pool (see Figs. D.1.1 and D.1.2). A 22 cm (8.5 in) layer
of fuel on 66 cm (26 in) of water burned for approximately 35 minutes in quiescent atmospheric

conditions.

Large and small calorimeters were placed in the fire 10 measure their temperature and heat flux
response to the fire. Surface heat flux was computed using measured temperatures at the inner
and outer surfaces of a calorimeter wall (see Fig. D.1.3) and the calorimeter dimensions and
thermal properties in a numerical calculation code. Example values of measured fire temperature
and calorimeter surface heat flux and temperature are given in Fig, D.1.4.
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Fig. D.1.1. Layout of Sandia fire test pool, Iarge calorimeter, and instrumentation towers
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