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Abstract
Three large-scale fire tests were conducted in which a 2.4-m-(8-ft)-dia., 4.6-m-(15-ft)long, 25-mm-(1-inch)-wall-thickness mild-steel pipe calorimeter was centered 1 m
above a 7.9-m-dia. basin containing 7.57 m3 (2000 gal) of jet fuel. The wind conditions,
calorimeter wall temperatures, and temperatures of foil radiant heat flux gages near the
calorimeter were measured at several locations as functions of time during and after the
fires. Video and still photography from several directions were used to monitor the
calorimeter’s engulfment in flames. The objective of these tests was to determine how
the fuel consumption rate, calorimeter coverage in flames and the calorimeter temperatures varied with wind conditions. These data can be used to benchmark computational and engineering models of heat transfer from large pool fires to thermallymassive objects. Those types of models are used to predict the response of rail-carsized used-nuclear-fuel transport packages in severe accidents. The first two tests had
average wind speeds of about 1 m/s and lasted for roughly 40 min. The third had 3-m/s
winds and consumed the fuel in only 25 min. When winds blew toward a side or end of
the calorimeter, the flames became thin and the radiant heat flux gage temperatures
measured near those regions decreased. In the lower wind-speed tests, the calorimeter
was more completely engulfed in flames and its temperatures were more uniform and
reached higher average values compared to the high wind-speed test.
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Introduction
Federal regulations (10CFR71) [1] require packages that transport large quantities
of radioactive materials to withstand a test sequence consisting of a 9-m drop onto an
unyielding surface, a 1-m drop onto a puncture bar, a 30-min, 800 C fully-engulﬁng
ﬁre, and water immersion. At the conclusion of this sequence, the containment,
shielding, and criticality functions of the package must be maintained. This regulatory sequence is estimated to be more severe than 99.4% of all transportation accidents [2]. However, risk assessment studies must consider the likelihood and
consequence of all scenarios that are possible during transport campaigns [3].
The thermal response of packages to regulatory testing and other severe events is
evaluated by both testing and analysis [4]. Analyses typically involve construction
of ﬁnite element (FE) thermal models of intact or damaged packages [5]. First the
steady state package temperatures are calculated for normal conditions of transport. These temperatures are used as initial conditions for a transient calculation
that determines the time-dependent package temperatures during a ﬁre. Finally, the
package temperatures at the end of the ﬁre are used as initial conditions for a postﬁre cool-down calculation.
A variety of models have been used to predict the heat transfer from large ﬁres
to a package of radioactive materials. Regulations [1] indicate that the package
must be fully engulfed in a ﬁre environment whose average temperature and radiant emissivity are at least 800 C and 0.9, respectively. However, this ﬁre model may
not be useful for risk assessment studies that consider a variety of package locations relative to the ﬁre and diﬀerent wind conditions.
Sophisticated ﬁre physics computational ﬂuid dynamics (CFD) and radiation
heat transfer software such as ARCHES [6], FUEGO (developed at Sandia
National Laboratories, SNL), and general purpose commercial packages such as
ANSYS/Fluent have the capability to predict heat transfer to large objects for a
variety of wind conditions and package placements. However, it is diﬃcult to
link the heat ﬂux predicted by these codes to detailed package models. The container analysis ﬁre environment (CAFE) was developed for SNL speciﬁcally to
predict the response of packages to a variety of ﬁre conditions for risk studies
[7]. It links an FE model of a package with a CFD/diﬀuse radiation heat transfer
ﬁre model.
Computational ﬁre models must be benchmarked against relevant experimental
measurements before they can be used with conﬁdence to predict the response of
used nuclear fuel packages or other large objects in severe accident conditions [8].
Kramer et al. [9] measured the temperature of a 1.2-m-(4-ft)-diameter, 4.6-m(15-ft)-long, 25.4-mm-(1-in)-wall-thickness mild-steel pipe calorimeter suspended
1-m above a 7.2-m-(24-ft)-diameter pool of burning jet fuel. The calorimeter was
roughly the size of a package used to transport used nuclear fuel by truck. The
calorimeter temperature and wind conditions were measured during two 30-min
ﬁres. The calorimeter and ﬁre were encircled by a porous barrier, and the wind
conditions were measured outside. The barrier was intended to reduce the eﬀect of
wind, but measurements show that it did not eliminate that eﬀect entirely. It is
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complicated to quantify the eﬀect of wind on the ﬁre because it is diﬃcult to model
this wind fence. Blanchat et al. [10] measured the response of the same pipe calorimeter in a series of well-deﬁned ﬁre conditions without a wind barrier.
In the current work, a much larger 2.44-m-(8-ft)-dia., 4.57-m-(15-ft)-long pipe
calorimeter, which is roughly the size of a used fuel rail transport package body,
was suspended over a 7.93-m-(26-ft)-dia. jet fuel pool. The wind speed and direction, the calorimeter wall temperatures, and temperature of foil radiant heat ﬂux
gages near the calorimeter were measured at several locations versus time. These
measurements were performed in three diﬀerent ﬁre tests and no wind barriers were
employed. The tests experienced diﬀerent wind conditions, and lasted between 25
and 41 min. The experiments were performed to acquire data to benchmark simulations and models that predict heat transfer from a large ﬁre to rail-package-sized
objects [11].
The purpose of this article is to describe the experimental facilities, the wind
conditions, and summarize the temperature measurements. The large amount of
data acquired in the experiments cannot be fully presented in a single publication,
so a website containing the full data set is available by contacting the ﬁrst author. It
may be used by other investigators to quantitatively benchmark large-ﬁre simulations and models [8].

Experimental facility
Figure 1 shows photographs of the ﬁre test facility, located at the SNL Lurance
Canyon Burn Site. Figure 1(a) shows the 2.44-m-diameter, 4.57-m-long pipe
calorimeter supported by an insulated stand and centered above a 7.93-m-diameter,
1-m-tall basin. The largest horizontal distance between the calorimeter and the
edge of the tank was 2.7 m on the calorimeter sides, and the shortest horizontal
distance was 1.7 m, located on the ends. These distances are consistent with the
requirements of federal regulations (10CFR71) used to license nuclear material
transport packages.
The pipe and lid walls were constructed from uncoated 25.4-mm-thick A36
carbon steel (this wall thickness is much less than that of an actual transport
package). The endplates were bolted to ﬂanges welded to the interior of the cylindrical body. The endplate outer surfaces were ﬂush with the pipe ends. As shown in
Figure 1(a), the calorimeter axis was aligned east-west. The x-axis shown in the
ﬁgure is also aligned east-west. Its origin x ¼ 0 is at the outer surface of the east
(primary) lid, and x increases in the westward direction.
Labels in Figure 1(a) identify three heat ﬂux gage ﬁxtures (two of which are
attached to the calorimeter, the other is supported by a stand) and three wind
anemometers on a single tower. It also shows three ﬂow (velocity) probes [12],
each of which has a bare thermocouple nearby. While the temperatures of these
thermocouples are used in this work to determine when the ﬁre begins to engulf the
calorimeter, velocity data from the ﬂow devices are not presented here. All instrument and calorimeter support stands that are in the ﬁre are insulated and wrapped
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Figure 1. Photographs of experimental facility. (a) Calorimeter, fuel basin, external
instrumentation, and west and east directions, as observed southeast of the calorimeter.
(b) Fixture on the north side of the calorimeter with two Sandia heat flux gages and a rake of
8 participating-media thermocouples below.

with stainless steel foil. Dots on the calorimeter show the approximate locations
where thermocouples were strap-welded to its interior surface.
Figure 1(b) shows a Sandia heat ﬂux gage (SHFG) [13] ﬁxture on the north side
of the calorimeter (not seen in Figure 1(a)) after one of the ﬁre tests. The two circles
are active heat ﬂux measurement surfaces. A rake of eight participating-media
thermocouples hangs below that ﬁxture. These thermocouples are used to determine when the calorimeter is ﬁrst engulfed in ﬂames, but their data during the ﬁre
are not included in this article. It is noted that while this assembly is coated with
soot after each ﬁre test, during the ﬁres the temperature is suﬃciently high to burn
oﬀ the soot, so the surfaces are relatively clean.
Four anemometer towers were located directly north, south, east, and west
of the calorimeter, 24 m (80 ft) from its center (the north tower is visible in
Figure 1(a)). Each tower supported three ultrasonic wind anemometers
(R.M. Young Company, Model 81000), 2, 5, and 10 m above the ground.
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Figure 2. Schematic diagram showing the location and alphanumeric identification of thermocouples fastened to the interior surface of the calorimeter body and end plates. Dimensions
are given in centimeters. The locations of Sections 1 to 5, as well as the primary lid (PL, west
end) and secondary lid (SL east end) are shown.

Each anemometer gave three components of wind velocity, u (to the west), v (to the
south), and w (upward), as well as local temperature. The uncertainty of the velocity measurement is 1%.
Figure 2 shows the locations where 58 thermocouples were strap-welded to the
calorimeter interior surface. All thermocouples used in these tests were Type-K,
stainless-steel-sheathed, ungrounded, and insulated using high-purity magnesium
oxide. The uncertainty of all thermocouple measurements was the greater of
1.1 C or 0.4% of the reading in Celsius. While there is an additional bias error
due to transient eﬀects from the strap-weld mounting technique, this error is negligible because the temperature’s time rate of change is slow compared to the
thermocouple time constant.
Figure 2 shows that forty-eight of the interior surface thermocouples were placed
on ﬁve rings. Rings 1 to 5 were located at x ¼ 4.22, 3.26, 2.31, 1.36 and 0.406 m,
respectively. All rings had thermocouples at angular positions  ¼ 0, 45, 90, 135, 180,
225, 270 and 315 . The location  ¼ 0 is at the north side of the calorimeter and
 ¼ 90 is at the top. Ring 3 had eight additional thermocouples halfway between
each of those angular locations. Each thermocouple is given a
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four-digit identiﬁcation number. The ﬁrst digit is the ring number, while the other
three indicate the angular position in degrees. For example, thermocouple number
TC2090 is the one on Ring 2 at the top of the calorimeter.
The primary (east) and secondary (west) lids had thermocouples at their centers
and four more 0.88 m away, directly north, above, south, and below the center. On
the primary lid these ﬁve thermocouples are identiﬁed as PLcenter, PL000, PL090,
PL180, and PL270, respectively. The secondary lid thermocouples use the same
identiﬁcation system except ‘‘SL’’ is used as the preﬁx.
Twelve additional thermocouples were embedded in the calorimeter wall near
thermocouples 3000, 3090, 3180, and 3270 ( ¼ 0, 90, 180, and 270 of Ring 3).
At each of these locations, 7.9-, 15.9-, and 24.6-mm-deep holes were drilled into the
calorimeter interior surface. The thermocouples were placed at the bottom of these
holes and strap-welded in place. The last digit of the identiﬁcation number for the
thermocouples 7.9, 15.9, and 24.6 mm beneath the interior surface is 1, 2, and 3,
respectively. These thermocouples can be used with an inverse conduction
calculation [14,15] to obtain better estimates of the calorimeter exterior surface
temperature and heat ﬂux than can be determined from the thermocouples that
were strap-welded to the interior surface. However data from these thermocouples
are not discussed in the current article.
The thermocouple lead wires were fastened to the calorimeter interior walls. On
the calorimeter body they were routed along the ﬁve rings and then along the
bottom of the calorimeter to a slot in the east (primary) lid. On the two lids, the
leads ran along horizontal or vertical lines to the center and then to the bottom of
the calorimeter. The thermocouples and lead wires were backed by three,
25-mm-(1-inch)-thick, 0.30-m-wide strips of Kaowool insulation inside the pipe
calorimeter to reduce heat transfer with the hollow calorimeter interior. Outside
the calorimeter, the wire bundle entered the fuel/water pool directly below the
primary lid’s exit slot, and exited the pool at its edge. Outside of the calorimeter,
the bundle was insulated and water-cooled.
SHFGs shown in Figure 1(b) can be used to measure radiant heat ﬂux of the
participating media near the calorimeter surfaces [13]. Each gage is a 0.1-m-long,
0.1-m-diameter tube. Double-sided gages have 0.25-mm thick 304 stainless steel
foils on each end, while single-sided gages have the foil on only one end. The foils
have thermocouples attached to their interior surfaces and are backed with insulation. The cylinder volume is also ﬁlled with insulation. The foils rapidly approach
thermal equilibrium with their surroundings. The thermocouple temperature is an
indication of the radiant heat ﬂux incident on the foils. The cylindrical surfaces of
the ﬁxtures are covered with Kaowool insulation and stainless steel foil to protect
them during the ﬁre test (Figure 1(b)). In the current article, the SHFG temperatures are reported but not used to calculate the radiant heat ﬂuxes. These ﬂuxes and
their uncertainties [16] will be the topic of future work.
Eight double-sided SHFGs were placed in the plane normal to the calorimeter
axis at x ¼ 2.74 m (between thermocouple Rings 2 and 3). They were located at
angular positions  ¼ 0, 90, 180, and 270 . At angular positions  ¼ 0 (north side),
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90 (top), and 180 (south side), radial poles were attached to the calorimeter and 2
double-sided gages were connected to each pole. At angular positions  ¼ 270
(bottom), 2 double-sided gages were supported by a stand that stood in the tank
beneath the calorimeter. The active foils of all these gages faced east and west, and
their centers were 0.15 and 0.3 m away from the calorimeter exterior surface. Fourdigit identiﬁcation numbers were given to the heat ﬂux gages. The ﬁrst digit for the
east-facing gages was 6, and it was 7 for the west-facing gages. The next two digits
were the ﬁrst two digits of the angular position. The last digit was 1 for the gage
closer to the calorimeter, and 2 for the one further. For example, gage HFG7092
was the west-facing gage at the top of the calorimeter, whose center was 0.3 m away
from the calorimeter surface.
Four more single-sided SHFGs were placed outside the east (primary) and west
(secondary) lids. Their sensing foils faced north and they were located 0.53 m below
and 50 mm south of the lid centers. The identiﬁcation numbers of the gages whose
centers are 0.15 and 0.3 m form the primary lid surface are HFG8001 and
HFG8002, respectively. The gages closer and further from the secondary lid are
HFG9001 and HFG9002.

Experimental procedure
The Lurance Canyon Burn Site is known to have predominately westward (down
canyon) winds at night and eastward (up canyon) winds during the day. The wind
conditions are typically very light in the early morning while the wind changes
direction. For this reason, Tests 1 and 2 were initiated at 7:10 and 7:20 am on
12 July and 1 August 2007 in order for the winds to be light. Test 3 was started at
8:25 am on 13 September 2007 and stronger winds were encountered.
Before each test the basin was ﬁlled with water so that its surface was 1.152 m
below the bottom of the calorimeter. A volume of 7.57 m3 (2000 gallons) of jet
propellant (JP-8) fuel was then placed in the basin. The fuel ﬂoated on top of the
water, bringing the liquid surface 1 m below the calorimeter. This distance is consistent with the requirements of the 10CFR71.73 federal regulations used to certify
nuclear waste transport packages.
The data acquisition system recorded all temperature and wind speed data at 1 s
intervals. The system was activated before the ﬁre was initiated. A propane torch
was used to ignite the fuel at the south east region of the pool. Several attempts
were required before the ﬂames were self-sustaining. It then took roughly 1 min for
the ﬂames to spread across the pool.

Results
Calorimeter response
The temperatures of the thermocouples located outside the calorimeter (the rake in
Figure 1(b), near the ﬂow probes, and within the SHFGs) were examined to

Greiner et al.

307

determine when the ﬁre began to engulf the calorimeter. The ignition time was
deﬁned as the ﬁrst time when any of the measured external temperatures exhibited
a sustained rise. In all three tests, this was 1 min after the data acquisition system
was activated.
Figure 3 shows the average calorimeter temperature versus time after ﬁre ignition for all three tests. This is the average of the 58 thermocouples on the calorimeter body and lid interior surfaces. The average temperature was between 22 and
25 C before the tests. After ignition, it took 0.2 to 0.6 min before for the average
calorimeter temperature exhibited a measureable rise. Tests 1, 2, and 3 exhibited
their maximum average calorimeter temperatures of 798 C, 766 C, and 526 C at
t ¼ 40.5, 37.6, and 25.3 min, respectively. The thermocouples outside the calorimeter also began to exhibit sustained decreases within 1.6 min of these times. This is
consistent with the video record that showed the ﬂames took several minutes to
extinguish. For the purposes of analysis, the ﬁre duration, D, is deﬁned as the time
after ignition when the average calorimeter temperature exhibited its maximum
value. These durations are summarized in Table 1.
The average calorimeter temperature rise TA for each test is also summarized
in Table 1. This is the average calorimeter temperature at a given time (Figure 3)
minus the average at the beginning of the test and is an indication of the amount of
energy delivered to the calorimeter in that time. Transportation risk models must
predict this heat transfer rate to accurately calculate the response of a transport
package in a ﬁre. Results in Table 1 are given for t ¼ D (the end of each test) and
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Figure 3. Average calorimeter temperature versus time after fire ignition for Tests 1, 2, and 3.
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for t ¼ 25 min (this time was chosen because all three tests lasted at least that long).
The ﬁre duration and average calorimeter temperature rise are signiﬁcantly smaller
for Test 3 than they are for the other tests. To understand these diﬀerences, the
wind conditions must be considered.
Figure 4(a) and (b) shows the wind speed, and the compass direction to which
the wind blew, versus time for the three tests. The wind speed at each time was
determined by averaging the speed measured by all anemometers at that time. The
direction was determined by averaging the u (westward) and v (southward) speed
components of all the anemometers and then ﬁnding the direction of the resulting
vector. In Tests 1 and 2, the anemometer at the top of the north pole exhibited
occasional anomalous spikes. In Test 3, the middle and top anemometers on the
east pole and the one in the middle of the north pole showed multiple spikes.
The data from those anemometers were not used for the tests in which they
exhibited spikes.
The wind speed was between 0.5 and 1.2 m/s at the beginning of all three tests.
The speed during Test 1 remained fairly constant, and the average over that
40.5 min ﬁre was 0.99 m/s. The wind speed of Test 2 increased somewhat at
t ¼ 23 min, and its average was 1.22 m/s. The speed of Test 3 increased dramatically
after the ﬁre started and was highly unsteady. Its average was 2.9 m/s. The average
speeds SA for each test are summarized in Table 1.
For both Test 1 and 2, the wind blew toward the west at the beginning and
toward the east at the end. In Test 1, the wind switched directions during the time
period t ¼ 5 to 15 min. In Test 2, the switch occurred over the period t ¼ 13 to
24 min. For Test 3, the wind direction changed from northeast to the east over
the period t ¼ 0 to 13 min, and blew to the east thereafter.
Figure 5 shows photographs of the ﬁre test taken by an observer located southeast of the calorimeter. Figure 5(a) and (b) represent the light wind that blew to the
west and then the east in Tests 1 and 2. The calorimeter was mostly engulfed during
those ﬁres. Figure 5(c) shows that the stronger wind conditions that existed in Test
3 tilted the ﬁre and caused the west end and top of the calorimeter to be substantially un-engulfed.
Table 1. Fire duration, average calorimeter temperature rise, and average
wind speed for Tests 1, 2, and 3.
Test

Fire duration, D (min)
Average cal temp rise, TA ( C)
At end of fire (t ¼ D)
At t ¼ 25 min
Average wind speed, SA (m/s)

1

2

3

40.5

37.6

25.3

773
661
0.99

741
664
1.22

503
502
2.9
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Figure 4. Time-dependent wind conditions for Tests 1, 2, and 3; (a) speed and (b) direction.
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Figure 5. Fire photographs (a) Tests 1 and 2, light winds to the west, (b) Tests 1 and 2, light
winds to the east, (c) Test 3 stronger winds to the east.
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Figure 6 shows the average of the thermocouple temperatures on north and
south sides of the calorimeter, and on its west and east lids versus time. The
north side is the average of thermocouple numbers TC1000, TC2000, TC3000,
TC4000, and TC5000, while the south side is the average TC1180, TC2180,
TC3180, TC4180, and TC5180. The east and west lids are the averages of
PL000, PL090, PL180, PL270, and PLcenter; and SL000, SL090, SL180, SL270,
and SLcenter, respectively. Figure 6(a–c) show data for Tests 1, 2 and 3, respectively. Vertical dashed lines show the times when each ﬁre ended, based on the time
of the maximum average calorimeter temperature, as indicated in Table 1. It is seen
that some of the regionally-averaged temperatures in Figure 6 continue to rise after
that time because the ﬁre does not extinguish at all locations at the same time.
The time-dependent average temperatures in Tests 1 and 2 are similar. At the
beginning of those tests, the wind blows toward the west. As a result, the east lid is
not as engulfed in ﬂames as the west lid, and the east lid is cooler. The temperatures
of the north and south sides rise at a rate similar to that of the engulfed west lid.
The wind shifts and blows toward the east between times t ¼ 5 and 15 min in Test 1
and t ¼ 13 and 24 min in Test 2. The rates at which the temperature goes up
decreases on the west lid and increases on the east lid during this time because
the east lid becomes engulfed in ﬂames and the west lid becomes un-engulfed. This
wind shift does not aﬀect the temperature rise rates of the calorimeter sides as much
as it aﬀects its lids. At the end of Tests 1 and 2, the average temperature of the west
lid is substantially lower than that of the sides and the other lid.
In Test 3, the wind blew toward the northeast at the beginning of the ﬁre and
then turned toward the east with increasing speed. This caused the north side and
east lid to be more engulfed and hotter than the west lid or south side. After
t ¼ 10 min, the wind blew more directly toward the east, and this caused the
north and south sides to be more equally engulfed and so their average temperatures moved closer to each other. The west and east lid temperature continued to
rise at a fairly substantial rate for roughly 2 min after the average calorimeter
temperature began to decrease. While the east lid average temperature began to
decrease after that time, the west lid value continued to rise at a slower rate. This
may be due to heat transfer from hotter portions of the calorimeter (by conduction
through its walls and radiation across its interior space of the calorimeter).
Figure 7 shows regionally-averaged calorimeter temperatures at t ¼ 25 min.
Figure 7(a) shows the temperatures measured on the calorimeter lids and rings
versus the x-coordinate of these regions. The proﬁles for Tests 1 and 2 are similar.
The temperature of the calorimeter body is fairly uniform at roughly 700 C, but the
two lids are cooler. In Test 3 the west (windward) end was less engulfed (Figure 5c)
and substantially cooler than the east (leeward) end. Once again, the lids are cooler
than the calorimeter rings near those lids. Finally, the temperature of the east end
of the calorimeter body is nearly the same in all three tests. This may be because
that end was engulfed in all three ﬁres.
Figure 7(b) shows the temperature of the calorimeter body averaged along lines
that are parallel to the calorimeter axis versus angular position of those lines, ,
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Figure 6. Average temperature of the north side (thermocouple numbers TC1000, TC2000,
TC3000, TC4000, and TC5000), south side (TC1180, TC2180, TC3180, TC4180, and
TC5180), east lid (PL000, PL090, PL180, PL270, and PLcenter), and west lid (SL000, SL090,
SL180, SL270, and SLcenter) versus time. (a) Test 1. (b) Test 2. (c) Test 3.
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Figure 7. Regionally averaged temperature profiles for Tests 1, 2, and 3 at t ¼ 25 min. (a)
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at time t ¼ 25 min. Again the temperature proﬁles for Tests 1 and 2 are similar and
fairly uniform at roughly 700 C. In Test 3, the top of the calorimeter is less
engulfed (Figure 5(c)) and much cooler than it was in Tests 1 and 2, but the
bottom is hotter. The stronger winds in Test 3 may have allowed more oxygen
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to enter the region below the calorimeter and mix with fuel vapor than in Tests 1
and 2. This may be the reason the temperature near  ¼ 270 is higher in Test 3 than
in the other tests.
Figure 8(a) shows the average fuel injection rate, which is the rate at which it
left the fuel pool, versus average wind speed. This rate is the initial fuel mass
divided by the ﬁre duration (summarized in Table 1) and the pool surface area.
While the wind conditions were measured and found to change with time, the
time-dependence of the fuel injection rate was not determined [17]. The injection
rate increased nearly linearly with average wind speed. The increased rates of fuel
evaporation and entrainment may have been caused by higher convection and
radiation heat transfer to the fuel surface. It is noted that a portion of the fuel
does not react in the ﬁre but leaves the system as fuel vapor or incompletely
reacted carbon soot.
The average calorimeter temperature rise for each test (Table 1) is plotted
against wind speed in Figure 8(b). The average temperature rise at the end of
each test (t ¼ D) decreased nearly linearly with wind speed. This was caused by
at least two eﬀects. One was that the ﬁre duration decreased as the wind speed
increased. The second was that the calorimeter was less engulfed at higher wind
speed than it was at lower speeds. The line marked t ¼ 25 min eliminates the ﬁre
duration eﬀect. The rate at which energy from the ﬁre was transferred to the calorimeter was not strongly aﬀected by light winds with SA  1.22 m/s but decreased
at higher wind speed because the calorimeter was less engulfed.
The photographs in Figure 5 show that the wind tilts the ﬁre and strongly aﬀects
which pipe calorimeter regions are engulfed in ﬂames. Figures 6 and 7 show that
this engulfment aﬀects the rate and total amount of heat ﬂux the ﬂames deliver to
each region. Figure 8 shows that the wind also aﬀects the fuel injection rate and
amount of energy delivered to the entire calorimeter. Heat transfer from the ﬁre to
the calorimeter is aﬀected by the radiant ﬂux of the participating media near the
calorimeter surfaces.

Fire environment
SHFG temperatures can be used to characterize the radiant heat ﬂux incident on
their surfaces [13]. These temperatures are sampled at 1 s intervals during the ﬁre
tests to assess the radiant environments near the calorimeter surfaces. Figure 9(a)
and (b) shows the temperature of the gages near the calorimeter lids and sides
versus the wind speed toward those surfaces. The objective of these plots is to
show that for the current conﬁguration, when wind blows away from a surface,
it tilts the ﬁre so that the surface is engulfed in ﬂames, which increases the heat ﬂux
gage temperatures near that surface.
Figure 9(a) shows the temperatures of gages HFG8001, HFG8002, HFG9001,
and HFG9002 (located near the east and west lids) versus the wind speed toward
the calorimeter wall nearest those gages. That is, the temperatures of gages 8001
and 8002, which are near the east lid, are plotted versus u, which is the velocity
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Figure 8. (a) Fuel consumption rate versus average wind speed. (b) Average calorimeter temperature rise at t ¼ 25 min and at the end of each fire (t ¼ D) versus average wind speed.
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Figure 9. Sandia heat flux gage temperatures measured near the calorimeter side walls
versus wind speed toward those walls. (a) For gages near the west and east lids. (b) For gages
near the north and south side walls.
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component toward the east lid (in this ﬁgure the average of the u-components
measured by the three anemometers on the east pole are used). The temperatures
of gages 9001 and 9002, which are near the west lid, are plotted versus u (as
measured by anemometers on the west pole). Data from Tests 1, 2, and 3 (indicated
as T1, T2, and T3) are included. Similarly, Figure 9(b) shows the temperatures of
the heat ﬂux gages on the north and south sides of the calorimeter versus the wind
speed component toward those sides (SHFG 6181 did not function and its data are
not included).
Figure 9(a) shows that the SHFG temperatures are in the range 470 C to 1050 C
when the east-west wind velocity component (u) magnitude is less than 0.4 m/s. In
contrast, the temperatures are in the range 700 C to 1050 C when the wind blows
‘‘away’’ from the walls and the gages are engulfed in ‘‘thick’’ ﬂames. The temperatures are signiﬁcantly lower when the wind blows toward the wall because the gages
are outside the ﬂames.
The magnitude of the north-south wind component in Figure 9(b) is signiﬁcantly
smaller than the east-west component in Figure 9(a). Moreover, the edge of the fuel
pool is much further away from the north and south sides of the calorimeter than it
is from the east and west lids. Much stronger north-west winds would therefore be
needed to tilt the ﬁre enough so that their heat ﬂux gages were outside the ﬂames.
Figure 9(b) shows that the gage temperature generally decreases when the wind
blows toward the calorimeter sides; however, the dependence of SHFG temperature on v-component magnitude is not as dramatic as that observed in Figure 9(a).
Future work will evaluate the eﬀect of wind on the radiant heat ﬂux incident on
each gage, and its uncertainty.

Summary
A 2.44-m-dia., 4.57-m-long, 25.4-mm-wall thickness pipe calorimeter was suspended 1-m above a 7.93-m-dia. pool with 7.57 m3 of jet fuel. The wind conditions,
heat ﬂux gage temperatures and calorimeter surface temperatures were measured at
several locations as functions of time in three ﬁre tests.
Tests 1 and 2 had relatively light winds and lasted roughly 40 min. Test 3 had
stronger winds and consumed the fuel in 25 min. The stronger winds in Test 3 tilted
the ﬂame cone so that the calorimeter was much less engulfed than in Tests 1 and 2.
As a result, the calorimeter temperature was hotter and more uniform in Tests 1
and 2 than it was in Test 3. The radiant heat ﬂux gage temperatures near each side
of the calorimeter decreased as the wind speed component toward that surface
increased.
Fire models for transportation risk assessment studies must be capable of determining the ﬁre duration (fuel consumption rate) and heat transfer rate from large
ﬁres to packages. Data from the experiments described in this article can be used to
benchmark those models. A website containing the full data set is available by
contacting the ﬁrst author.
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Nomenclature
D ¼ Fire duration
m ¼ Fuel mass flux rate
S ¼ Time-dependent average of speed measured by all wind anemometers
SA ¼ Wind speed averaged over fire duration
t ¼ Time after fire ignition
T ¼ Temperature
TA ¼ Average temperature of the 58 cask interior-surface thermocouples
TFG ¼ Flux gage temperature
u, v, w ¼ Wind speed components in the x, y and z directions, respectively
x, y, z ¼ Coordinate directions in the west, south and upward directions,
respectively
 ¼ Angular direction to which wind blew (eastward of north)
T ¼ Average calorimeter temperature rise
TP ¼ Average calorimeter temperature rise on a plane
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