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I ABSTRACT

This paper explores the relative contributions of radiative
and convective heat transfer to structures (like shipping
containers) in large pool fires. Results include measurements of
the temperature of two structures (called "calorimeters") in the
fire, the flames surrounding the calorimeters, the total heat flux to
the calorimeters and the radiative component of the heat transfer
at a few locations using transpiration radiometers. These
measurements will be compared with calculations. Agreement
between the measured radiative heat flux and the calculated
radiative heat flux is good. The convective contribution was
calculated from the total and radiative parts and was found to be
about 10-20% of the total.

II. NOMENCLATURE

h = convective heat transfer coefficient, W/m2-C
q = heat flux, kW/m?
T = temperature, C
= emissivity
o = Stefan-Boltzman const., 5.6693x10-12 W/cm2-K 4

Subscripts

¢ = convective heat flux

er = emitted radiative heat flux

f = flame temperature value

ir = incident radiative heat flux

neti = net flux to surface '’

refl = reflected heat flux

si = surface °i’

t = total = radiative + convective parts

III. INTRODUCTION

This paper explores the radiative/convective partitioning of
heat transfer to two calorimeters in a JP-4 (an aviation fuel) pool
fire. This is an important consideration in the design of any
structural assembly that can be subjected to an accidental fire,
because the total heat transfer to that structure and its final
temperature will determine whether it can perform its intended
function.

In this paper, the general physics of the convective heat
transfer mechanism to structures in a turbulent pool fire will be
discussed. More complicated phenomena, such as the effects of a
participating medium and accelerating flows, are not considered.
The convective part of the total heat transfer from a recently
completed experiment will be presented and analyzed.
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Experimental data from a flat plate and a cylinder in cross flow
will be analyzed. These are two common configurations of
radioactive material shipping containers, so they were used as the
modelling configurations for these heat transfer studies. The
experimental data from the test includes information from
transpiration radiometers and thermocouples mounted on a 3.05 m
high vertically oriented flat plate (the "plate calorimeter") and a
1.42 m diameter cylinder (the "cylindrical calorimeter").

The experiments presented in this paper were performed in
a fire test facility located at Sandia National Laboratories in
Albuquerque, N.M. Tests have been run over a period of several
years in a 9 m x 18 m rectangular pool with JP-4 jet fuel floating
on water. A variety of shipping containers have been tested
simultaneously with other experiments designed to help
characterize the fire environment.

IV. LITERATURE REVIEW

The magnitude of the radiative and convective components
is important in understanding the total heat transfer to a structure
in a fire. The thermal mass, size and shape of the structure will
affect that heat transfer. Neill et al. (1970) have studied fires of
methanol, acetone, hexane, JP-4, cyclohexane and benzol in
circular pans 30.48 cm (12"), 45.72 cm (18") and 60.96 cm (24") in
diameter and a cluster burner consisting of 9, 15.24 cm (6")
diameter circular pans arranged with one pan in the center and
eight pans located 45 degrees apart on 30.48 cm centers. They
estimated the convective component to a 11.37 cm diameter, 22.86
cm long vertical cylinder to be from 10-61% of the total heat
transfer. From Russell and Canfield (1973), the measured rates of
the convective component to a 21.67 cm diameter, 30.48 cm long
horizontal cylinder in cross flow ranged from 17-63% of the total
in a 2.44 m by 4.88 m (8 ft x 16 ft) pool using JP-5 aviation fuel.
Thomas et al. (1965) have estimated the convective part of the
total flux to the fuel surface to be from 1/2 of the total at the
edge to 1/5 in the center. These measurements were made in
wood and ethyl alcohol fires 91 cm in diameter at a location 1-2
cm above the fuel surface. Hamann et al. (1980) modelled the
response of a railcar/cask system assuming constant values of the
heat transfer coefficient h of 56.8 W/m2-C and 28.4 W/m2-C.
They obtained the best agreement with experimental data using
the lower value for h. Gregory et al. (1987) analyzed the
convective heat transfer from a 1.4m diameter flat plate oriented
vertically. They found the convective part to be 7% of the total
and estimated h to be about 9 W/m2-C.

There have been many convective heat transfer correlations
used in the analysis of fires. Some are standard forced convection
correlations taken from heat transfer papers (Russell and Canfield
(1973)) and several studies estimate values of the convective heat



transfer coefficient from data taken in a plasma-jet (Ahmed
(1968)) and a pool fire (Russell and Canfield (1973)).

The data from Russell and Canfield (1973), which was from
turbulent JP-5 pool fire experiments, indicated an average heat
transfer coefficient of about 56.1 W/m2-C (9.88 Btu/hr-ft2-F). A
correlation was presented and was used to estimate heat transfer
coefficients of various gases, presumably those that might be
present in a JP-5 fire. The calculated values ranged from 15.3
W/m?-C to 92.0 W/m2-C. This range spans the measured value,
but spans it by a rather large amount.. For example, if dry air
were assumed as the gas present, the calculated value of the heat
transfer coefficient would be 15.9 W/m2-C (2.80 Btu/hr-ft2-F);
this is 72% below the measured value. Therefore, depending on
which gas was assumed present in the fire, the calculated heat
transfer coefficient could be significantly different than the actual
value.

The highly turbulent free stream conditions may augment
the heat transfer coefficient when compared with forced
convective heat transfer correlations from flat plates cited in the
literature. For example, Drysdale (1985) presented correlations for
forced convection that show the transition from laminar to
turbulent flow occurs at a Reynolds number of 3x105. However,
the free stream flow in our experiments is turbulent at Reynolds
numbers near 4x104, This Reynolds number is very close to the
value cited by Gregory et al. (1987), i.e. 39,300.

The point to be made is that standard correlations may not
be adequate for convective heat transfer calculations in fires. This
was also pointed out in Shepherd (1987). One reason that the
correlations may not be adequate is that the exact composition of
the gas is not known, and in fact changes with time. This would
cause property value estimates to be in error. Second, many of
the existing correlations are for high Reynolds number turbulent
flow at relatively small differences in temperature, whereas in a
pool fire the flow is turbulent at low Reynolds numbers and has
very high temperature differences. (Ahmed (1968) has shown that
standard correlations do need modifications if high temperature
differences are present.) Because the convective heat transfer
contribution can be more than half of the total, errors in

convective coefficients can conceivably have a significant effect
on the final results.

V. DESCRIPTION OF CONVECTION IN FIRES

Figure 1 shows several side views of a vertical flat plate.
Such a situation would occur if a cylindrical shipping container
were oriented upright or if a rectangular container were oriented
with one side vertical.

View A shows a situation in which the plate is colder than
the surrounding gas and the free stream gas is moving vertically
upward, as in a fire. This situation occurs during the early stages
of a fire when the object is colder than the surrounding gas.
Kent and Schneider (1987) and Schneider and Kent (1989) have
shown that the vertical velocities range from an average of about
4 m/s at 2.8 m above the initial pool surface to about 12 m/s at
6.8 m above the surface. Their results also indicate that the flow
in these large JP-4 fires is highly turbulent. As a point of
comparison, the maximum velocity estimated from natural
convection theory from a vertical flat plate 2 m from the leading
edge is 2-3 m/sec. This is for a gas at 925C (1700F) and the plate
at 38C (100F). In this case, the natural tendency of the fluid near
the plate to fall downward is opposed by the "free stream”
velocity. Depending on the elevation, the velocities may be
roughly the same magnitude. This situation may create several
scenarios, two of which are these: 1) the average velocity near the
plate may be reduced below the free stream value, which could
cause reduced heat transfer or 2) the turbulence may be increased
near the plate which could augment the heat transfer mechanism.

View B shows the situation during the middle stages of the
fire, after the plate has been heated close to the surrounding gas
temperature. Even though there is a free stream velocity flowing
upward, there will be little net convective heat transfer because
the surface and free stream are at roughly equal temperatures.

Lastly, View C shows the situation that would occur at the
end of the fire or during the fire when the winds "tilt" the fire
away from the object. In this case the object (650C or 1200F) is
hotter than the surrounding gas and there is no free stream
velocity. Therefore, the plate will cool only by natural
convection.
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Ufs = free stream velocity Tis = tree stream temperature Ts = surface termperature
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FIGURE 1, CONVECTION PROCESSES IN FIRES

In summary, there are three distinctive convective regimes,
depending on the temperature of the structure. These regimes
correspond roughly to the early times of the fire, the middle part
when the object has reached temperatures close to the flame
temperatures and lastly to the end of the fire when the flames
have died due to the lack of fuel (or to high winds). During the
early regime the free stream is turbulent and moving upward
while there is a natural convective force driving gas near the plate
downward. The convective heat transfer may be highest during
this period. During the middle part of the fire there will be little
net convective heat transfer due to the diminished temperature
difference. Lastly, after the flames have died, the convective
mechanism is purely natural, because the free stream flow has
abated.

V1. EXPERIMENT DESCRIPTION

The majority of the experimental data to be presented was
gathered from what is called the "plate calorimeter”. The plate
calorimeter is essentially a heavily instrumented pair of vertically
oriented flat steel plates. One plate is 0.48 cm (3/16") thick and is
made of 304 stainless steel and the other is 1.91 cm (3/4") thick
mild steel. Both plates are about 30.5 cm wide and 305 cm long.
They are mounted side by side. Thermocouples were mounted on
the front and back faces of the plates and just in front of the
plates to measure the flame temperature. In addition, there were
two transpiration radiometers mounted on the front face of the
plates to measure the incident radiative component of the heat
flux. Figures 2 and 3 show an overall view and a sectional view
of the plate calorimeter.

Limited data will be presented from a "1.4 m diameter
cylindrical calorimeter"; it is described in Gregory, et al. (1987).
Figure 4 shows a side view of the 1.4 m diameter cylindrical
calorimeter. The calorimeter is 1.4 m diameter and 6.4 m long.
The walls are 3.18 ¢m (1-1/4") thick and are made of A517 steel
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FIGURE 2, FRONT VIEW OF PLATE CALORIMETER
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with strengthening ribs every 61 cm. Mounted in the 1.4 m
calorimeter were transpiration radiometers and thermocouples.
Measurements included flame temperatures, temperatures on the
backface of the 3.18 cm thick walls and pencil probe "eroding"
thermocouples used to measure outer surface temperatures on the
calorimeter.

The layout of the pool is shown in Figure 5. The long axis
of the pool is oriented in the east-west direction. The test unit, a
shipping container, was located on the east side and the 1.4 m
diameter calorimeter was located on the west side. The long axis
of the test unit was oriented east-west while the long axis of the
1.4 m calorimeter was oriented north-south. The plate calorimeter
was placed between the test unit and the 1.4 m cylindrical
calorimeter. It was placed north of the centerline of the pool.
The side of the calorimeter that contained the transpiration gages
faced to the south, into the fire. As indicated in Figure 5, there
were other experiments in the pool, but those results will not be
presented here. The entire 9m x 18m area of the pool was filled
with JP-4 fuel to a depth of about 20 cm (8"). This amounted to
about 33,000 liters (8,800 gal) of fuel.
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VII. ANALYSIS

Calculation of the convective heat transfer component has
its basis in the following energy balance:

net = Qir = Ger + dc = Grefl» (1)

where qn.; = net absorbed heat flux, q;, = incident radiant flux,
Q. = emitted radiative flux, q, = convective heat flux, and qgq =
reflected radiative flux. An energy balance for surface ’i’ can be
written as follows:

Uneti = 06Tt - oegTet + hy(Ty - Ty) - (1-¢5)06TH, 2

The above relation assumes that the shape factors are equal to 1.0
and that the surface absorptivities equal the surface emissivities.
Subscripts ’net’ refer to net absorbed values, 'f* to flame
temperature values, and ’si’ to *surface i’.

Solving (2) for the convective component gives:

hyi(Tg - Ty) = Gneti + 0€ Lot - 0e56¢TfA (3)

Equation (3) can be used to estimate the convective heat transfer
to surface ’i’ from the measured flame temperatures, surface
temperatures and the absorbed heat flux. The net absorbed heat
flux was estimated from the backface temperature measurements
by using an inverse heat conduction algorithm called SODDIT
(Blackwell et al. (1987)). SODDIT also estimates the front face
temperature and so these values can be compared with measured
values from the "eroding” thermocouples and 1.59 mm (1/16")
diameter sheathed thermocouples.

Writing equation (2) for the stainless and mild steel plates,
subtracting one from the other and rearranging gives:

h = [qnetl = Onet2 - UC(Tn‘ - Tsl4)]/[TsZ - Tsl]- (4)

This equation assumes that the heat transfer coefficients for both
plates are the same, which is not true if the plate temperatures are
significantly different. It was also assumed that the flow fields on
the two plates were the same, for example, similar to that shown
in either View A or B in Figure 1. Equation (4) can be used to
estimate the convective heat transfer coefficient, as long as the
temperature difference [Ty, -~ Ty;] is not zero and as long as the
coefficients hy; and hy; are equal. In equation (4), €, and &4
were made the same by painting both steel surfaces with a high
absorptivity paint, Pyromark Black. Similarly, equation (3) for
each surface can be used to estimate the convective heat transfer
coefficient h. There is at least one advantage in using the
equation (4) over equation (3), to calculate h. Flame temperatures
are used in equation (3), as are assumed values for flame
emissivity. Flame temperatures are measured, but flame
emissivity values are not. In addition, flame temperatures
fluctuate considerably and are measured only at a point several
inches out from the plate surface. As a result, that flame
temperature measurement may not be an accurate indication of the
effective temperature of the radiation source to the plate surface.
The use of equation (4) eliminates the need for flame temperatures
or emissivities, which could have large errors, and so is
presumably more accurate. However, the use of (4) to determine
h could also have problems, including possibly a different
frequency content of the temperature data and total absorbed heat
flux data (Qpe;; and Qpeep) for the two thicknesses of the plates. In
addition, if the temperature difference [Ty - T,;] becomes small,
the coefficients hy; and hg, are not equal or the flow fields are not
the same, the calculations for h would not be valid.

The total heat flux incident on the fronmt surface can be
estimated from the sum of the radiative and convective parts (q, =
Qi + qc), which, from equation (2), gives the following relation:

At = Aneti*tlertrel = Gneti + 065 Tyt + (1-£4)oe(Tet (5)

The net absorbed flux, qpe, is calculated from SODDIT. The
convective, radiative and total heat fluxes are calculated separately
in a small program written for these calculations.

Note that, as defined, the total flux can be less than the
radiative flux. The fluxes are defined as positive if they go into
the surface, negative if they are outgoing.

From the ratio of the total and convective parts of the heat



transfer, the convective contribution can be obtained as a function
of time during the fire. Lastly, the calculated radiative
contribution can be compared with the measured radiative
contribution obtained from the transpiration gage data.

VIII. RESULTS

Data from three of the transpiration radiometers are shown
in Figures 6-8. In Figures 6 & 7, the radiative heat fluxes
incident on the mild steel (MS) and stainless steel (SS) sides of the
plate calorimeter are shown. One would expect that the output of
gages #4 & #3 (Figurés 6 & 7) would be close, since they are only
about 0.6 m apart. This is the case until about the 27 minute
time, when the output of gage #3, Figure 7, starts to drop.
Perhaps the gage surface was affected by soot buildup, because
there was a considerable negative offset after the fire was out.
Some of the gages did have soot buildup after the test, even
though the buildup should have been minimal due to the
transpiration gas flow. The exact cause(s) of this offset are not
known at this time. However, gage #4, Figure 6, shows very little
offset at either the beginning or the end of the test.

Figure 8 shows the heat flux (looking upward) on the top of
the 1.4 m cylindrical calorimeter. The two other radiometers on
the cylindrical calorimeter produced data with large offsets at the
end of the test, and so those data are not shown. The output from
the gage on the top of the 1.4 m calorimeter was modified because
the actual transpiration gas flow rate during the test was not the
same as that used in the calibration of the gage. Because the gage
output is highly sensitive to the flow rate of the gas (Matthews et
al. (1986)), the output at the lower flow rate was higher than the
calibration values. Gage #1, Figure 8, showed some offset after
the test, but not as much as gage #3.

300
I
N A TRANSPIRATION GAGE#4, PLATE CAL. MILD STEEL SIDE
C  =2s0
I AVG=105. 8, STD DEV=50.9
s}
E 200
N
T

150
H
€
A 100
T
£ 50
L
8] 3
X o4
K 5o FIGURE 6@ INCIDENT HEAT FLUX
W
/ DATA FROM TRUPACT-II. TEST 4. 9/8/88
M 100
*
*
2 150

o =1 10 i5 20 25 30 38 40 45 S0
TIME (MINUTES) -

300
I
N & TRANSPIAATION GAGE#3., PLATE CAL. STAINLESS STEEL SIDE
C aso
T AVG=93. 8, STO OEV=75. 4
c
E =200
N
T

150
H
E
A 100
T
F 50
L
Yy [
X

4

K 50 FIGURE 7: INCIDENT MEAT FLUX
W
/
M 100 DATA FROM TRUPACT-II, TEST 1. 9/8/88 L
*
*
2 150

o 5 10 15 20 25 30 35 40 a5 50
TIME (MINUTES)

384

I
N A TRANSPIRATION GAGE#1, TOP OF CYLINDRICAL CAL
C =250
1 AVG=9S5. 3, STD DEV=25. 4
D
£ 200 (DATA ADJUSTED FDR 0. 85 CFM GAS FLOW)
N
T
150
H
E
A 100
T
s S0
L
u
X i
K a0 FIGURE 8 INCIDENT HEAT FLUX
w . Wy
/ DATA FROM TRUPACT-II, TEST 1, 9/B/88
M _1i00
*
*
2 -is0

° 8 10 15 20 25 30 3s 40 a5 50
TIME (MINUTES)

The average values and standard deviations of all 3 gages
from 3 to 33 minutes are also shown on the figures. They range
from 93.8 to 105.8 kW/m2. Remember that the output from gage
#1 was modified to account for the low transpiration gas flow
rate, and therefore the results shown in Figure 8 are subject to
larger uncertainties than those in Figures 6 & 7.

Figure 9 shows the radiative heat flux near the plate
calorimeter calculated from the flame temperatures, which were
measured with two thermocouples located at the junction of the
two steel plates. The outputs of the two thermocouples were
almost identical. As noted on the figure, the assumed value for
the flame emissivity was 0.82. This value was obtained by varying
the average value of the flame emissivity until the average
radiative heat flux calculated by the equation ogT¢* was the same
as that obtained from the transpiration radiometer shown in Figure
6. As can be seen, the average values shown in Figures 6 and 9
are almost identical. In addition, if one overlays these two plots,
the calculated and measured radiative heat fluxes show good
agreement.
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Figures 10 & 11 show the total heat fluxes (from equation
(5)), the radiative fluxes (from the flame temperatures), and the
convective fluxes (from equation (3)). As can be seen, the average
convective flux on the mild steel (MS) side is about 14.8 kW/m?2,
or about 12.3% of the total. For the stainless steel (SS) side, the
average convective flux is about 22.0 kW/m? or 17.3% of the total.

Figures 12 & 13 show front face temperatures and the flame
temperature from TC57. Note that the front face temperatures
shown were generated from SODDIT. These were compared with
the measured front face temperatures and the agreement was very
good. Figure 14 shows a typical plot. A sheathed thermocouple
mounted on the front surface of a steel plate and subjected to a
radiant heat flux will read higher than the surface to which it is
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attached. This trend is evident from the data in Figure 14. As a
result, it was decided that the calculated front face temperatures
are preferred, and these were used in Figures 12 and 13.

It is instructive to compare the heat flux plots in Figures 10
and 11 with the temperature plots in Figures 12 and 13. Note in
Figure 12 that from the very beginning of the test to a time of
about 13-14 minutes, the flame temperature was higher than the
surface temperature of the mild steel plate. As a result, the
convective flux, defined as h(T; - T,), would be positive. This
scenario was discussed in Section IV and shown in Figure 1, View
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A. During 14-20 minutes, the flame and plate temperatures are
close, and so the convective flux should be small (View B). From
about 21-26 minutes the flames are again hotter than the plate and
so the convective flux should be positive. From about 26-34
minutes the two temperatures are close and so the convective flux
should be small. Lastly, the spike at about 35 minutes again
brings the flame temperature above the plate temperature and so
the convective flux should be positive. A close scrutiny of the
plot in Figure 10 shows the general trends just outlined.

Similar trends are difficult to establish on the stainless steel
side (Figures 11 and 13) because the plate temperature and flame
temperatures were much closer throughout the test, except at the
very beginning. The stainless steel plate is much thinner than the
mild steel plate and so responds faster.

Figures 15 and 16 show heat flux data from the 1.4m
diameter cylindrical calorimeter. Figure 15 shows the calculated
radiative heat flux from TCS5 assuming a flame emissivity of 0.82.
The average of this plot is ‘about 116.4 kW/m2, which is 20%
above the average value of 95.3 kW/m? from the radiometer data
shown in Figure 8. This discrepancy is not surprising because the
radiometer data were corrected for the low transpiration gas flow
rate in a very approximate manner and the correction may not be
accurate. However, the general trends in Figures 8§ and 15 are
similar.

The calculated total, radiative and convective fluxes on the
top of the cylindrical calorimeter are shown in Figure 16. As can
be seen, the average value of the convective part is 15.1 kW/m? or
about 11.5% of the total. This contribution is on the low side of
those reported in Russell and Canfield (1973) for a small cylinder
(17-63%).

Figure 17 shows the flame temperature and front face
temperature on the top of the 1.4m diameter calorimeter. As can
be seen, the flame temperature is greater than the surface
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temperature through most of the test. As a result, the convective
flux should be positive for most of the test, and this is generally
the case (see Figure 16). However, during the 7-20 minute time,
the convective component seems more negative than positive. The
convective flux also seems to decrease towards the end of the test,
as would be expected since the temperature difference decreases
steadily. Lastly, note that the convective flux drops to almost
-100 kW/m? after the fire is over. This would be expected
because the hot cylinder would generate a natural convective heat
loss to the cooler environment, as shown in View C, Figure 1.
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The periods of negative convective heat flux in Figure 16
could be due to an overestimation of the flame emissivity and/or
surface absorptivity or the fact that the flame thermocouple, TCS,
was located about 0.55 m laterally away from the location of the
back face thermocouple. Due to this separation, using TC5 to
calculate the radiative heat flux may not be accurate. Using a
flame emissivity or surface absorptivity that is too high would
result in an overestimate of the radiative component and therefore
an underestimate of the convective component. All of these
factors contribute to the uncertainty of these calculations and
could have caused the negative convective flux during the 7-20
minute time period.

Some results, based on equations (3) and (4), were generated
for the convective heat transfer coefficient h. The results
produced from equation (3) were oscillatory in nature and grew in
magnitude with increasing time. The results produced from
equation (4) seemed unreasonably high and are most likely due to
the fact that the measurements were not sufficiently accurate.
After the first 4 minutes the plate temperatures were at least 400
C different, the thinner stainless steel plate having heated faster.
Therefore, one could not assume that hy; and h,; were equal and
the assumptions used in the derivation of equation (4) are not
valid. In the future, modifications will be made to the general
setup that could improve the results.

IX. CONCLUSIONS

Several conclusions can be drawn from the above discussions
and results:

1) Using transpiration radiometers and flame temperatures, one
can compare to reasonable accuracy (20%) the radiative component
using an assumed flame emissivity of 0.82 (for this test only).

2) The average convective contribution of the total heat transfer is
from 10-20% of the total, which says that the radiative component
is by far the largest part.

3) One can use front face temperatures calculated from the inverse
heat conduction program SODDIT with good accuracy. This
eliminates the need for many expensive measurements.
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