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Abstract

A series of three 18.9 m diameter JP-4 pool fire experiments with a large (2.1 m X
4.6 m), flat plate calorimeter adjacent to the fuel pool were recently performed. The
objectives of these experiments were to: 1) gain a better understanding of fire phe-
nomenology, 2) provide empirical input parameter estimates for simplified, deter-
ministic Risk Assessment Compatible Fire Models (RACFMs), 3) assist in continuing
fire field model code validation and development, and 4) enhance the data base of fire
temperature and heat flux to object distributions.

Due to different wind conditions during each experiment, data were obtained for con-
ditions where the plate was not engulfed, fully-engulfed and partially engulfed by
the continuous flame zone. Results include the heat flux distribution to the plate and
flame thermocouple temperatures in the vicinity of the plate and at two cross sec-
tions within the lower region of the continuous flame zone. The results emphasize
the importance of radiative coupling (i.e. the cooling of the flames by a thermally
massive object) and convective coupling (including object-induced turbulence and ob-
ject/wind/flame interactions) in determining the heat flux from a fire to an object.
The formation of a secondary flame zone on an object adjacent to a fire via convective
coupling (which increases the heat flux by a factor of two) is shown to be possible
when the object is located within a distance equal to the object width from the fire.
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1. Intfoduction

1.1 Background

Exposure to a large hydrocarbon pool fire is one of the many scenarios to be con-
sidered when assessing the fire survivability of engineered systems. Such fires occur
as a result of transportation accidents. The spectrum of technologies required to ac-
curately predict the fire environment for such scenarios is presently under develop-
ment at Sandia National Laboratories (SNL). Due to the complex interaction of
nonlinear phenomena present in fires, an integrated approach including full scale
experiments, the development of advanced diagnostic techniques and the develop-
ment of a suite of numerical models is required for significant, applicable technical
progress to be realized.

In support of this integrated effort, an extensive full scale fuel fire experimental
program was initiated at the Naval Air Warfare Center, Weapons Division
(NAWCWPNS). The objectives of this program are to: 1) gain a better understanding
of fire phenomenology, 2) provide empirical input parameter estimates for simplified,
deterministic Risk Assessment Compatible Fire Models (RACFMs) [1], 3) assist in
continuing fire field model validation and development [2], and 4) enhance the data
base of fire temperature and heat flux to object distribution measurements. These
experiments are supported by the Defense Special Weapons Agency (DSWA) as part
of a Fuel Fire Technology Base Program. The goal of the Fuel Fire Technology Base
Program is to develop validated numerical tools capable of predicting the fuel fire
thermal environment resulting from an aircraft or ground transportation accident.
These numerical simulation capabilities are required to improve the fidelity of Weap-
ons System Safety Assessments (WSSAs).

As part of the full scale fuel fire experimental program, a series of 18.9 m diam-
eter JP-4 pool fire experiments with a large (2.1 m X 4.6 m) flat plate calorimeter ad-
jacent to the fuel pool were recently performed at NAWCWPNS. One objective of this
series is to obtain the data required to validate and further the development of fire
field models. The ability to numerically model the fire environment is required to im-
prove the design and assessment of fire-survivable engineered systems. Fire model-
ing, including the influence of objects on the fire environment and the thermal
response of objects, requires that many coupled, nonlinear, physical phenomena be
represented. Currently, a fire field model is under development at SNL to predict the
fire environment from a “first principles” approach whereby the governing transport
and phenomenological equations are solved for all primary relevant variables. The
comparison of model predictions and high fidelity experimental data is an essential
component of the model development process. Depending on the results of such com-
parisons, it may be possible to obtain increased confidence in the ability of the model




to predict certain variable fields within the uncertainty inherent in the experimental
measurements. In this sense “validation” of one or more aspects of the model can be
achieved.

When discrepancies between model predictions and experimental results is ob-
served, an understanding of the fire phenomenology is required to reconcile the dif-
ferences. This understanding must frequently be developed by investigating the
characteristics of the measurements and the details of the model predictions. Based
on the results of these investigations, the model and experimental technology devel-
opment processes are supported in the most efficient manner possible by directing
research efforts towards the appropriate areas.

Of all fire scenarios which include an engulfed object, it is important to compare
experimental results and model predictions for cases when the object size and shape
is such that the geometry of the flame zone is altered due to the presence of the ob-
ject. These scenarios are difficult to address because the alteration of the flow field
due to the presence of the object, and the influence of the altered flow field on the fire
physics, must be known to determine the flame zone geometry. The presence of a
large flat plate adjacent to the fuel pool (as performed in this series), which serves to
redirect the flames toward and along the front surface of the plate, was expected to
result in fires within this class of scenarios.

Large computational times are required to perform fire field model simulations.
They are therefore not well-suited for the initial series of numerous calculations re-
quired by Probabilistic Safety Assessments (PSAs). A suite of simplified, determinis-
tic, risk assessment compatible fire models (RACFMs) are presently being developed
at Sandia National Laboratories (SNL) for this purpose. These models apply first
principles to the dominant physical phenomena (radiative and advective transport)
and rely on empirically-determined parameters to represent the remaining physics
[1]. Using this approach, run times are reduced to a level acceptable for PSAs. Pres-
ently, predicting the heat release due to combustion, which is largely controlled by
mixing and hence requires the numerical simulation of the flow field, is beyond the
scope of these models [3]. It is therefore necessary to represent the temperature and
radiative property fields which result from combustion of the fuel using empirical pa-
rameters. Data generated from large scale experiments, complemented by fire field
model simulations, are used to develop the necessary empirical relationships and
constants. In many cases, significant differences are observed between these data
and commonly accepted estimates which appear in fire protection engineering hand-
books [4]. These deviations can largely be attributed to the lack of large scale fire da-
ta. It is therefore necessary to supplement the existing knowledge base with data
from carefully designed experiments.

Although a comprehensive knowledge of “free fires” (i.e. fires without objects)
has yet to be obtained, the most significant immediate benefit to WSSAs is yielded
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from an improved ability to quantify the heat flux to objects subjected to large fires.
One of the most fundamental of these cases occurs when the flames are uniformly
advected along a flat surface. Although the presence of a flat plate adjacent to the
fuel pool may cause global changes in the continuous flame zone, the region of the
fire which is close enough to affect the heat flux to the plate is expected to be com-
posed of flames flowing parallel to the plate surface when the plate is engulfed. De-
spite the foundational importance of these type of scenarios, this case has not been
addressed prior to this study. An additional objective of this series of experiments is
to provide data for the development and validation of RACFMs. An improved under-
standing of the associated fire phenomenology which has not previously been real-
ized due to the lack of the appropriate data is also expected to be acquired as a result
of these experiments.

1.2 Objectives

The objectives of this report are to:
1. document the instrumentation employed in the series of experiments

2. document the conditions under which each experiment in the series was
performed,

3. present the data collected during the series in a manner suitable for com-
parison with numerical model predictions,

4. present the data collected during the series needed to determine empirical
parameters required by RACFMs,

5. investigate and document trends observed in the data.

Each of these objectives will be addressed in the chapters which follow.







2. Instrumentatioh

2.1 Overview of Experimental Setup

The experimental series was performed at the NAWCWPNS CT-4 test site. The
experimental setup consists of a large, vertical flat plate calorimeter which is located
adjacent to an 18.9 m diameter pool fire test pit. The site is at the bottom of a gradu-
ally-sloping valley which is approximately 800 m wide. The calorimeter was placed
such that the calorimeter surface was normal to prevailing valley wind direction
(which is approximately 210° clockwise from south). Fire environment instrumenta-
tion includes an array of thermocouples and heat flux gauges positioned within the
fuel pool in front of the calorimeter and two thermocouple arrays extending from the
pool center to slightly beyond the exterior of the north end of the test pit. The test pit
is approximately 25 cm deep and is initially filled with approximately 15 cm of water.
Prior to each experiment, a fuel pool is formed in the pit by floating military-grade
JP-4 fuel on top of the water. The fuel is ignited at three locations by triggering a
110V signal across a book of matches. experiments are concluded when all of the fuel
is consumed.

2.2 Vertical Flat Plate Calorimeter Construction, Instrumentation, and
Placement

The vertical flat plate calorimeter is constructed from a 2.1 m X 5.2 m X 3 cm
thick mild-steel plate mounted on two vertical W5X5 beams. The vertical beams are
maintained in an upright position by a triangular support structure. The assembly
was constructed at the SNL Lurance Canyon Burn Site and shipped to NAWCWP-
NS. Design drawings of the assembly are included in Appendix A. The front face of
the calorimeter is coated with Pyromark™ flat black paint.

Type-K, 0.16 cm diameter sheathed thermocouples are mounted as shown in
Figure 2.1 to the back side of the plate calorimeter at 17 locations. Prior to attaching
the thermocouples, a hand grinder was used to remove oxidation at each location on
the calorimeter surface. To minimize the influence of conduction through the thermo-
couple lead on the temperature measurement, the end of each thermocouple was
bent to form a “J-hook” with diameter of approximately 2.0 cm. Nichrome strips were
then placed on top of the “J-hook” and were tack welded to the calorimeter at approx-
imately 30 locations to secure the thermocouple to the calorimeter surface.

Thermocouples are mounted to the back side of the calorimeter plate at the 14
locations (P1-P14) shown in Figure 2.2. To assess the repeatability associated with
the thermocouples and the attachment technique, two thermocouples were installed
at three locations (P2 & P3, P7 & P8, and P12 & P13) on the calorimeter. The back
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Figure 2.1 Thermocouple Attachment Technique




-

2.1m

i

Back Side of
Calorimeter
Plate

Thermocouple

W5X5
Beam

View from
Back

Figure 2.2 Thermocouple Locations on Back of Calorimeter
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side of the calorimeter plate was insulated with 5 layers of 1.25 cm semi-rigid, ce-
ramic fiber insulation, as shown in Figure 2.3, to provide a boundary condition for an
inverse calculation of the heat flux using the measured temperatures. All insulation
was attached using 0.32 cm diameter mild steel mounting studs with retaining clips.
The semi-rigid insulation was enclosed by a 0.32 cm corrugated steel plate which
was attached to the back side of the vertical W5X5 beams. Thermocouples were
mounted at 3 locations on the corrugated plate, as shown in Figure 2.4. The exterior
of the corrugated plate, the exposed sides of the W5X5 beams, and the remainder of
the support assembly were covered with 2.54 cm thick ceramic fiber blanket insula-
tion for thermal protection. Insulation on the exterior of the support assembly was
held in place using stainless steel wire. To avoid toppling of the assembly into the
fuel pool, supports extending to the bottom of the test pit were welded to the front of
the calorimeter support structure as shown in Figure 2.5.

Leads from thermocouples mounted on the back side of the calorimeter were
routed on top of the semi-rigid insulation, covered with ceramic fiber blanket, and
routed through the bottom of the assembly. Thermocouples located on the corrugated
steel back plate were routed along the back plate and fastened together with the re-
maining thermocouples at the bottom of the assembly. The bundle of leads was cov-
ered with ceramic fiber blanket insulation for protection against the fire
environment up to the point where the leads were immersed in the water contained
in the test pit.
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2.3 Fire Environment Instrumentation

Twenty seven “free fire” (i.e. thermocouples which were directly exposed to the
flames) Type-K, 0.16 cm diameter sheathed thermocouples and 10 Hemispherical
Heat Flux Gauges (HFGs) mounted on three stringer assemblies, as shown in Figure
2.5, were used to monitor the fire environment near the calorimeter.

HFGs use a thin (0.025 cm) flat sensor disk with a thermocouple attached to the
interior side. Thermal contact between the sensor disk and the remainder of the
gauge is minimized and hence the sensor disk rapidly (limited by the time constant
of the attached thermocouple) approaches equilibrium with the fire environment. A
high temperature sensor surface reduces the potential for soot deposition due to
thermophoresis. A Pyromark™ black coating is applied to the sensor disk to yield a
diffuse and gray surface. When convection is negligible, the emissive power of the
diffuse, gray sensor surface, in equilibrium with the surroundings, provides a mea-
surement of the incident heat flux. The gauges used in this series include sensor sur-
faces on both ends to measure the heat flux in two directions. At the time of these
experiments, HFGs were still under development. At four locations, gauges which in-
cluded light (0.025 cm) stainless steel shields, to investigate the potential of reducing
the influence of convective heat transfer, were located next to unshielded gauges. Fu-
ture enhancements of the gauge have resulted in eliminating the use of shields and
increasing the sensor diameter from 2.5 cm to 5 cm to reduce heat loss to the gauge
body. Production versions of the HFGs are presently constructed according to SNL
drawing R45066. A detailed description of the HFG, including calibration data and
general heat flux measurement considerations, is also available [5].

The stringer assemblies were constructed at SNL and shipped to NAWCWPNS
where they were mounted on three water-filled towers as shown in Figure 2.5. Fig-
ure 2.5 also shows the thermocouple labeling scheme. To support the instrumenta-
tion stringers, “J-shaped” hangers were welded to the towers. Figure 2.6 shows the
stringer dimensions and the tower mounting technique. Stringers were located at el-
evations of 1.2 m, 2.4 m, and 3.6 m from the horizontal plane formed by the bottom of
the calorimeter plate. The stringers were placed so that the axis of the stringer is
normal to the face of the calorimeter plate, and the nearest point on the stringer is
25 cm from the face of the plate, as shown in Figure 2.5. All thermocouple leads for
the stringer assemblies were secured to, and routed along, the center tower. All tow-
ers and thermocouple leads were insulated with 2.54 cm thick, ceramic fiber blanket
for protection against the fire environment. A photo of the stringer assemblies posi-
tioned on the towers as received at NAWCWPNS (i.e. with thermocouple leads pack-
aged and gauge faces uncoated) which shows the shielded and unshielded gauges is
given in Figure 2.7.

To characterize the fire environment at a distance from the calorimeter, an as-
sembly of water-cooled, insulated poles forming two thermocouple arrays was located
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Figure 2.6 Typical Stringer Dimensions and Mounting

within the fuel pool along a line from south to north. The arrays extended from the
pool center to slightly beyond the exterior of the test pit. Type K, 0.16 cm bare-junc-
tion thermocouples were mounted on the poles such that the junction extended

0.46 m from the surface of the pole. A layout of the thermocouple locations, a thermo-

couple pole detail, and the pole and thermocouple labeling scheme is given in Figure
2.8.

A photograph of the overall experimental setup, showing the fully-insulated cal-
orimeter and all of the fire environment instrumentation, is given in Figure 2.9.
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2.4 Wind Condition Instrumentation

Wind speed and direction measurements were performed using a vane-type
gauge located 5.5 m from the ground surface and 12.2 m from the south edge of the
pool. The gauge was calibrated within the stated accuracy of the instrument.

2,5 Data Acquisition

Type-K thermocouple data were acquired for a total of 134 channels: 20 HFG
channels, 27 free fire thermocouple channels from the array adjacent to the calorim-
eter, 70 free fire thermocouple channels from the additional two thermocouple ar-
rays, and 17 calorimeter channels. All channels were tested immediately prior to the
fire experiment. Data was sampled simultaneously for all channels at a rate of 1
sample per second over a period of time beginning approximately 2 minutes (+/-
Imin) prior to ignition of the fire and continuing until 2 minutes (+/- 1min) after all
of the fuel was consumed.
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3. Experimental Results

3.1 Overview of Experiments

Experiments were performed on 8/12/93 (Exp. 1), 9/14/93 (Exp. 2), and 9/16/93
(Exp. 3). Results presented here include a general description of the experiments,
wind measurements performed during the experiments, average fuel consumption
rates, the identification of periods of quasi-steady state behavior, and temperature
and heat flux results during those periods. A discussion of relevant phenomena is
also included. Observations from the video record are included in the discussion of
the results. Copies of the video record for these experiments, and the raw numerical
data, are available from the primary author. The numerical data have also been en-
tered in the Fire Data Management System (FDMS), an international database of
fire experiment results.

3.2 Wind Conditions

Wind speed and direction measurements are provided in Figures 3.1, 3.2, and
3.3 for experiments 1, 2 and 3, respectively. Wind directions are specified in terms of
the direction of the wind vector where south is zero degrees and the clockwise direc-
tion is positive. A wind direction of 180° from south is hence from the south and to-
wards the north.

As shown in Figure 3.1, wind speeds were initially very low (i.e. conditions were
essentially calm) during experiment 1. Approximately 400 s after ignition, a gust of
wind over 2.2 m/s (5 MPH) was measured. Winds then became reasonably steady at
a speed of near 1.1 m/s (2.5 MPH). Measured wind directions tended to oscillate be-
tween 180° and 270° from south, with isolated sudden changes, during this experi-
ment.

Significantly higher wind speeds were measured during experiment 2 as shown
in Figure 3.2. Winds were initially above 2.2 m/s (5 MPH) but decreased during the
experiment to speeds below 0.9 m/s (2 MPH). Some anomalies can be seen in the
data presented in Figure 3.2. From the time of ignition until 600s into the experi-
ment, the wind speed data tend to “fall out” by suddenly dropping to less than 0.5 m/
s (1 MPH) and then suddenly increasing back to speeds over 1.8 m/s (4 MPH). An in-
strumentation malfunction is the suspected cause of this intermittent loss of the sig-
nal from the gauge. Evidence of this malfunction does not appear later in the
experiment. Following this experiment, the instrument was refurbished in hopes of
eliminating future anomalies. Winds were towards the north early in the experiment
but quickly shifted to fluctuating directions between 90° and 120° from the south
where they remained reasonably stable for the remainder of the experiment.
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With the exception of a 1.8 m/s (4 MPH) gust 400 s into the experiment and
some low (~ 0.5 m/s (1 MPH)) winds later in the experiment, conditions during ex-
periment 3 were essentially calm. The data in Figure 3.3 show a wind speed of ap-
proximately 0.2 m/s (0.5 MPH) with occasional spikes down to 0. This trend is
attributable to the resolution and response of the gauge. Wind speeds less than 0.2
m/s (0.5 MPH) can not be resolved by the instrument. Occasional drops to 0 are due
to vane motion in the opposite direction of normal rotation. Wind direction has limit-
ed meaning for this experiment due to the small magnitude of the wind vector.

3.3 Average Fuel Consumption Rate

Thermocouple temperature data were investigated to determine the duration of
the fire and hence allow the average fuel consumption rate to be deduced. For exper-
iment 1, full burning (as illustrated by thermocouple temperatures greater than
1000 K and therefore representative of flame cover) at all elevations was cbserved at
the center of the fuel pool 21 s after ignition. The period of full burning ended 1280 s
after ignition and there was no evidence of burning 1300 s after ignition. For this ex-
periment, the same period of full burning was observed at the north end of the fuel
pool. As shown in Figure 3.1, the winds were primarily towards the north near the




end of the experiment. Fuel swept towards the north end of the pool by the wind con-
tinued to burn in the form of small flamelets up to 1311 s after ignition.

During experiment 2, full burning occurred at elevations up to 0.91 m at the
pool center and north end 12 s and 18 s after ignition, respectively. Full burning at
all elevations occurred between 39 s and 1104 s at the pool center and between 56 s
and 1080 s at the north end of the pool. All burning ended at the pool center 1145 s
after ignition and at the north end 1155 s after ignition. The differences in the rate
and positions in which full burning occurred in experiment 1 and experiment 2 are
attributable to the differences in wind speed at the beginning of the two experi-
ments. The higher wind speeds during experiment 2 initiated burning earlier at the
lower elevations, but greater time was required to reach full burning at all elevations
due to advection of the vaporized fuel by the wind.

Full burning was observed at the center of the pool 14 s after ignition during ex-
periment 3. Significantly longer times were required for full burning to be obtained
at the north end of the pool. Thermocouple temperatures typical of flame exposure
were measured 0.3 m above the pool at the north end 30 s after ignition. A time of 81
s was required to establish burning at all elevations. The cause of the delay in burn-
ing at the north end is not clear from the available data. Full burning ended at 1220
s and all burning ended 1300 s after ignition at both locations.

The preceding observations can be used to estimate burn time, which, in con-
junction with the volume of fuel consumed and the density of the fuel, provides an
estimate of the average fuel mass consumption rate. For these purposes, the mini-
mum burn time is defined as the elapsed time where full burning over the entire fuel
surface is observed. The maximum burn time is the elapsed time from ignition to
complete extinction. To estimate the fuel consumption rate, a nominal burn time is
useful. This value is obtained by assuming that the growth and decline in heat flux
to the fuel surface (and hence fuel burning rate) is approximately parabolic immedi-
ately during flame spread and immediately prior to extinction. Data from measure-
ments of heat flux to the fuel surface [6] tend to support this assumption. The
nominal burn time is then defined by approximating the average fuel consumption
rate during the time periods of flame spread and flame extinction to be 1/3 of the to-
tal average fuel consumption rate (i.e. the integral of a parabolic profile) during full
burning. Considerable uncertainty is associated with this approximation, but it rep-
resents the best available estimate and a considerable improvement over a linear av-
erage between the minimum and maximum burn times.

The volume of fuel consumed, estimates of the burn time, and the corresponding
estimates of the average fuel consumption rate are given in Table 3.1. The average
fuel consumption rate as a function of the average wind speed is shown in Figure 3.4.
Despite the uncertainty inherent in the fuel consumption rate estimates, (the maxi-
mum and minimum values in Table 3.1 are shown in the form of error bars in Figure
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3.4) it is evident that the lowest estimate of the burn rate is significantly higher for
the experiment performed during predominantly high wind conditions (Exp. 2) than
the upper estimate of the burn rate for the experiment performed when low winds
prevailed (Exp. 3). Significantly larger fuel consumption rates are observed for ex-
periment 2, where the wind speeds were, as shown in Figure 3.2, generally greater
than 1.3 m/s. The lowest fuel consumption rate estimate corresponds to the virtually
calm conditions which prevailed during experiment 3. This trend is due to two phe-
nomena: 1) enhanced convective mass transfer at the fuel surface, and 2) improved
mixing close to the fuel surface which results in improved combustion and hence in-
creased radiative heating of the fuel.

Table 3.1: Burn Time and Average Fuel Consumption Rate

Volume Burn Time (s) Fuel Consumzptiaon Rate
Exp | of Fuel (kg/m*s)
@ [ Min, | Max | Nominal | Max. | Min. | Nominal
1 38.55 1259 1310 1276 0.083 0.079 0.081
2 30.28 1024 1255 1101 0.080 0.065 0.074
3 30.28 1139 1300 1192 0.072 0.063 0.069

a. JP4 density = 760 kg/m3 [7]
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Figure 3.4 Average Fuel Consumption Rate as a Function of Wind Speed
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Fuel recession rates ranging from 5 mm/min to 6.5 mm/min (corresponding to the
fuel consumption rates given in Table 3.1 and Figure 3.4) observed here are signifi-
cantly greater than the 4.4 mm/min recession rates acquired in the limited number
of experiments included the classical study by Blinov and Khudiakov [8]. Their re-
sults show an increase in fuel consumption rate prior to the onset of the fully turbu-
lent regime occurring for pool diameters greater than approximately 1 m. Within the
fully turbulent regime, their data shows an essentially constant fuel recession rate
(with perhaps a slight downward trend for large diameters) for both high volatility
(gasoline) and low volatility (kerosene) fuels. Additional studies are underway to de-
termine the source of the discrepancy.

3.4 Transient Calorimeter Thermal Response

Temperatures measured by thermocouples mounted on the calorimeter and ob-
servations regarding the heat fluxes inferred from calorimeter temperature mea-
surements, both as a function of time, are presented in this section. The results
illustrate the heating of the calorimeter with elapsed exposure to the fire, and the
spatial variations in calorimeter heating observed during different experiments. The
changes in the calorimeter temperature (and hence incident heat flux) distribution
that occur with time due to changes in wind conditions are also assessed from these
data. Further discussion will be focused on spatial characterization of the fire envi-
ronment under specified wind conditions. The results will therefore be averaged over
selected time periods.

3.4.1 Calorimeter Température

The transient temperature distribution, as measured by the thermocouples
along the center line of the back surface of the calorimeter, is shown for the duration
of experiment 1 in Figure 3.5. Transient inverse heat conduction analyses discussed
later show a negligible difference between the temperature of the front and rear sur-
faces of the calorimeter. Accordingly, only the rear surface temperatures are present-
ed here. Due to the surface preparation and thermocouple attachment technique
employed, contact resistance between the thermocouple and the calorimeter is ne-
glected and the temperature of the rear surface of the calorimeter is assumed to be
given by the thermocouple measurements. The results in Figure 3.5 show an approx-
imately linear increase in the calorimeter temperature with time up to approximate-
ly 750 s after ignition. Temperatures increase at a reduced rate towards the end of
the fire indicating that the calorimeter is approaching thermal equilibrium with the
fire environment. The maximum temperature is observed near the end of the fire
(~1300s). As shown in Figure 3.1, winds of approximately 1-2 m/s, in a direction pri-
marily towards the calorimeter, were present during this experiment. The flame
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zone was therefore tilted by the wind towards the calorimeter and the calorimeter
was engulfed in the flame zone for the majority of the experiment.

An enlarged view for the time period between 450 and 650 s after ignition is
shown in Figure 3.6. In general, the temperature decreases with elevation, although
the temperature at the lowest point along the centerline (z = 0.61 m) drops to the
lowest of the measured temperatures approximately 525 s after ignition. Figure 3.1
shows a reduction in the wind speed at approximately the same time. This reduction
in wind speed will result in less tilting of the flame zone. A reduction in the tilt of the
flame zone will cause the cold, oxygen-starved flame zone interior near the fuel sur-
face to move towards the center, raising the temperature of the lower portion of the
calorimeter located at the edge of the pool. Correlation therefore exists between mea-
sured wind speeds and spatial temperature distributions on the calorimeter surface.
These results emphasize the influence of wind on the heat flux to an object.

The transient temperature distribution along the centerline of the calorimeter
during experiment 2 is shown in Figure 3.7. The highest temperature (~850K) is ob-
served near the bottom of the calorimeter with temperatures decreasing with in-
creasing elevation. A lower maximum temperature is observed in experiment 2 and
the trend is opposite from the trend of data acquired during experiment 1 and shown
in Figure 3.6. A significantly larger variation in temperature as a function of eleva-
tion is also evident in the data from experiment 2. These differences are due to wind
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Figure 3.5 Transient Temperature Along Plate Vertical Centerline - Exp. 1
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conditions which tend to engulf the calorimeter during experiment 1, and winds
which directed the flame zone away from the calorimeter during experiment 2.

Temperatures measured by thermocouples on the back surface of the calorime-
ter are shown for the duration of experiment 3 in Figure 3.8. In a manner similar to
experiment 2, the highest temperature is observed near the bottom of the calorime-
ter. In comparison with experiment 2 and Figure 3.7, the variation as a function of
elevation is significantly less pronounced and the maximum temperature is compa-
rable to those observed during experiment 1 and shown in Figure 3.6. The existence
of a change in slope of the calorimeter temperature approximately 700 s after igni-
tion is consistent with the change in wind speed from calm conditions to winds
slightly greater than 0.5 m/s shown in Figure 3.3. More rapid, short duration tran-
sient changes in wind conditions (such as those observed approximately 400 s after
ignition) appear to have little or no effect on the thermal response of the calorimeter
due to its thermal mass.

3.4.2 Calorimeter Heat Flux

Using temperature measurements acquired on the back side of the calorimeter,
the Sandia One Dimensional Direct and Inverse Thermal Code (SODDIT) [9] was
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used to estimate the front surface temperature and the total (radiative and convec-
tive), net absorbed (i.e. the energy which results in sensible heating of the calorime-
ter) heat flux. Two models were constructed: 1) a detailed model which performs the
inverse calculation using two measured temperatures (the temperature on the back
of the calorimeter plate and the temperature on the corrugated steel back plate), and
2) a simplified model which represents a 3.18 cm steel plate, a 6.35 cm layer of ce-
ramic insulation, and an adiabatic back surface. A description of the detailed model,
and the comparison of results for the detailed and simplified models, is provided in
Appendix B. The simple model was proven to produce the same results as the more
detailed model and was therefore applied at all locations to estimate the heat flux on
the front surface of the calorimeter. The model parameters used in the simplified
model are given in Appendix C.

The assumption of one-dimensional heat transfer invoked to calculate the ab-
sorbed heat flux was supported by a maximum plate temperature variation in the
horizontal direction (along the centerline) of less than 10 K per 0.3 m (> 729 K to <
738 K) and vertical variations of less than 55 K (> 685 K to < 740 K) per 0.6 m. The
front surface temperatures determined by SODDIT are consistently 2-5 K above
those measured on the back side of the calorimeter plate and therefore the front sur-
face temperatures were not presented here.

Interpretation and subsequent reduction of the heat flux results is worthy of ad-
ditional discussion. The heat flux incident on the calorimeter (which is the measure
of the thermal hazard posed by the fire) is given by the sum of the net absorbed heat
flux and the front surface emissive power, assuming that the surface is diffuse and

gray, by

Qine = Tnes, azsorbed +oT4 (Eqn. 1)
where € is the emissivity of the front surface. The surface of the calorimeter was
coated with flat black pyromark, which is expected to yield an emissivity between
0.85 (for pyromark exposed to higher temperatures) [10] and 1.0 (for surfaces coated
with a thin layer of soot). According to Eqn. 1, the difference between the net, ab-
sorbed heat flux and the incident heat flux increases nonlinearly with increasing
front surface temperature and decreasing emissivity. An example of this difference,
using the largest measured temperature (i.e. that observed at the bottom of the calo-
rimeter during experiment 3) is shown in Figure 3.9. The maximum influence of the
unknown emissivity on the incident heat flux is approximately 20% and is observed
early in the experiment when the surface temperature is low (and hence oT? is
small). As the calorimeter surface temperature increases (towards the end of the ex-
periment) the difference between the incident heat flux and the net absorbed heat
flux becomes more significant and less subject to the influence of the unknown emis-
sivity. The influence of the assumptions that are invoked to obtain incident heat flux
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Figure 3.9 Transient Heat Flux Distribution, Z = 0.61 m - Exp. 3

data from absorbed fluxes (in terms of the radiative properties of the surface) there-
fore depend on the temperature of the calorimeter and hence on the time into the ex-
periment. Reasonable minimum (or maximum) incident heat fluxes over intervals
during the experiment can be determined by using the maximum emissivity and the
minimum calorimeter surface temperature (or the minimum emissivity and the
maximum calorimeter surface temperature). This approach is implemented in the
following section.

The complication posed by increasing surface temperature can be minimized by
attempting to keep the surface at a constant temperature via active cooling [11] or
by using a calorimeter with less thermal mass. Both of these options present chal-
lenges for studies of the interaction of large flat surfaces with large fires. Active cool-
ing is limited by cost considerations and surfaces with less thermal mass are subject
to excessive warping.

As evident in Figure 3.9, heat flux data deduced from transient thermocouple
measurements include large oscillations which appear to be noise. These features
are expected since heat flux calculations require evaluating the derivative of the
transient temperature data (which amplifies any noise in the signal). It is therefore
preferred to either smooth the original data, or to represent the heat fluxes in terms
of time-averaged values. The second approach is taken here, where the heat fluxes
are averaged over periods of quasi-steady-state behavior.
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3.5 Periods of Quasi-Steady-State Behavior

Fire data are characterized by rapid changes in temperature and heat flux due
to the interaction of instrumentation such as thermocouples and heat flux gauges
with turbulent flame sheets. In order to spatially characterize the fire environment,
data are averaged over a period of quasi-steady-state behavior. For each experiment,
time periods of quasi-steady-state behavior were identified that follow ignition by a
sufficient time for all initial fire transients to stabilize. During these periods, no ma-
jor changes in the flame geometry were observed in the video record of the experi-
ment, and wind, temperature, and heat flux data oscillated uniformly about a
constant mean value. For this experimental series, quasi-steady-state time periods
were obtained for wind speeds of 0.45, 1.15, and 2.0 m/s during experiments 3, 1 and
2, respectively. The standard deviation of the wind speed during these periods did
not exceed 0.09 m/s. Wind directions during these periods of 0.45, 1.15, and 2.0 m/s
wind speeds were 130°, 242°, and 110° from south, respectively. The standard devia-
tion of the wind direction during these periods did not exceed 9.8°. Quasi-steady-
state time periods are summarized in Table 3.2. The sections which follow focus on
results obtained by averaging data over these time periods.

Table 3.2: Quasi-Steady-State Time Periods

Wind Speed, m/s W},’t}d D“"’Ctt‘;l’“’
Exp. Time After Ignition, rorm sou
Number min (s) Standard Standard
Mean .. Mean . .
Deviation Deviation
1 8.2 - 10.8, (492-648) 1.15 0.09 242 9.8
2 10.1 - 12.1, (606-726) 2.0 0.09 110 7.2
3 7.0-94, (420-564) 0.45 0.05 130 3.1

3.5.1 Time-Averaged Results, Experiment 1

From a review of the video record, the flame shape and behavior appeared to be
relatively stable during the quasi-steady-state time period identified for experiment
number 1. The calorimeter and thermocouple array were engulfed for the duration of
this time period. Figure 3.10 is a sketch of the general range of the flame shape
(flame remained between boundaries 1 and 2) for the time corresponding to this data
set.

Time-averaged total incident heat fluxes along the centerline of the calorimeter
and temperature contours from time-averaged thermocouple measurements taken
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Figure 3.10 Flame Zone Shape, Quasi-Steady-State Time Period - Exp. 1

on the array directly in front of the calorimeter are shown in Figure 3.11. As shown
in Chapter 2, replicate thermocouples were installed at three locations. Measure-
ments at these locations differed by a maximum of 5 K and resulted in a maximum
precision error of 1.3 kW/m?, or approximately 1.3%, in the calculated heat flux.
Since these data were acquired early in the experiment, the uncertainty associated
with the total incident heat flux is dominated by the effect of unknown surface radia-
tive properties. The range of heat flux represented by the error bars (which span ap-
proximately +/- 10% of the mean) corresponds to the range of surface emissivities
between 0.85 and 1.0.

During the quasi-steady-state time period for this experiment, the surface of
the calorimeter increased in temperature from approximately 600 K to 700 K (see
Figure 3.6). The uncertainty due to the temperature rise of the plate during the qua-
si-steady-state time period is less than 5% at every measurement point. Additional
uncertainty, including effects of contact resistance between the thermocouple, varia-
tions in the thermophysical properties of the material (tabulated values from Incrop-
era and DeWitt [12] were used) are expected to comprise less than 5% and therefore,
by comparison to features already identified, can reasonably be neglected.

It should be noted that the thermocouple temperatures measured in the fire and
presented here can be, in general, very different from the local media temperature.
Sources of these differences, which include participating media radiative heat trans-
fer, thermocouple thermal inertia, and convective heat transfer, have been summa-
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rized in a previous work [13]. Due to the presence of multiple modes of heat transfer
between the thermocouple and the surrounding media, the thermocouple tempera-
tures will tend to be “smoother” than the actual media temperature. Thermocouples
located in high temperature regions will generally indicate temperatures lower than
the media, and thermocouples in low temperature regions will generally indicate
higher temperatures. Very large gradients in temperature which may be present in
the fire are therefore not well-represented by thermocouples.

Spatial temperature gradients greater than 100 K/m are evident in the fire
thermocouple measurements given in Figure 3.11. Larger gradients are likely to ex-
ist. A high (> 1450 K) temperature region is observed approximately 2.5 m from the
pool surface and 0.8 m from the surface of the calorimeter. Reduced thermocouple
temperatures were measured adjacent to the calorimeter. Lower thermocouple tem-
peratures are expected in this region due to the radiative coupling between fire envi-
ronments and large, thermally massive objects identified in earlier analyses [14,15].
The presence of a relatively low temperature region away (> 2.5 m) from the calorim-
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eter is consistent with the presence of an oxygen-starved region observed in previous
data [16].

The magnitude of the temperatures presented in Figure 3.11 are consistent
with the temperature of thermocouples exposed to turbulent flame sheets in highly
sooting fires. Relative to variations observed near flame zone boundaries, a small
overall variation in temperature (200 K) was measured over the area shown in Fig-
ure 3.11. At these high temperatures, however, small temperature variations have a
high influence on the radiative heat flux to an object due to the fourth power depen-
dence of radiative emission on media temperature. For example, the blackbody emis-
sive power (0T%) of media at 1280 K (approximately the lower limit of the data
shown in Figure 3.11) is approximately 152 kW/m?, whereas the black body emissive
power corresponding to 1480 K (near the upper limit of the data shown in Figure
3.11) is over 270 kW/m?. This example illustrates the strong influence of the media
temperature on radiative heat flux and emphasizes the importance of accurately
characterizing the temperature field in order to estimate the resulting heat flux to
an object.

Trends observed in calorimeter heat flux data are consistent with the tempera-
ture measurements. Figure 3.11 shows an increase in heat flux with elevation up to
a maximum of over 125 kW/m? at a distance 1.5 to 3.0 m from the pool surface. The
magnitude of the incident heat fluxes is slightly lower than expected based on the
150-270 kW/m? range of emissive powers corresponding to the thermocouple temper-
atures. The cause of these reduced fluxes is not well defined. Cold media (including
soot and unburned gases) in the immediate (< 25 ¢cm) vicinity of the plate is one po-
tential explanation. It should also be emphasized that the radiative heat flux to the
plate is determined by the temperature and radiative property distribution within a
hemispherical field. The temperatures presented here were measured in a plane nor-
mal to the surface of the plate. Lower temperatures outside the plane of measure-
ment will reduce the heat flux to the plate surface. Although the thermocouples will
also be exposed to the same field, the convective component of the heat transfer to
the thermocouple will be much larger than the contribution of convection to the heat
flux acting on the plate. This difference in radiative/convective partitioning is due to
the inverse relationship between the convective heat transfer coefficient and the rel-
evant length scale. Since the diameter of the thermocouple is orders of magnitude
smaller than the length along the surface of the plate, convection will tend to drive
the thermocouple closer to the temperature of the local media and the thermocouple
will therefore be less subject than the plate surface to the influence of the tempera-
ture outside the measurement plane.

The horizontal variation of heat flux on the surface of the calorimeter is given in
Figure 3.12. At an elevation of 2.4 m, there is less than a 6% variation in the horizon-
tal heat flux distribution. The distribution is skewed slightly towards x<0, due to the
component of the wind in the x direction.
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A plot of the hemispherical heat flux distribution, as measured by the HFGs in
a plane directly in front of the calorimeter, is given in Figure 3.13. Symbols are used
to denote the direction of the measured heat flux. Several trends are evident from in-
spection of these data. At the bottom level, the heat flux increases with distance from
the plate. With increasing elevation, heat fluxes increase near the plate and decrease
away (>2.0 m) from the plate. As shown in Figure 2.5, two HFGs were positioned at
select locations. The data shown in Figure 3.13 show that the upper gauge consis-
tently measures a higher heat flux than the HFG positioned directly below. This
trend is constant with increased mixing, and hence improved combustion efficiency
and increased heat release in the vicinity of the upper HFG due to the presence of
the lower HFG. Highly mixed, and hence strongly luminescing, regions adjacent to
such objects have been recently observed in time-averaged photographs [17]. The
lower HFG measurements are therefore more representative of the fire environment.
The magnitude of the incident heat fluxes within 1 m of the plate (~170 kW/m?) giv-
en in Figure 3.10 are significantly larger than the magnitude of the incident heat
flux to the plate (100 kW/m?), but are lower than the local emissive power estimates
(up to 270 kW/m?) provided by the thermocouple measurements. As mentioned earli-
er with regard to the heat flux incident on the plate surface, the convective heat
transfer between the flame and a thermocouple is significantly larger than the con-
vective heat transfer between the flame and a flat plate (and hence the sensing sur-
face of the HFG). The HFGs will therefore be more prone to the influence of nearby
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regions of lower temperature. The comparatively lower magnitude of the heat flux to
the flat plate as compared to the HFGs is consistent with the presence of a highly ab-
sorbing layer of cold soot near the plate surface. This effect is expected to be less rel-
evant for the HFGs since the HFG temperature is significantly greater than the
temperature of the plate surface and is closer to the temperature of the thermocou-
ples. '

As described in Chapter 1, thermocouple temperatures were also obtained along
two planes away from the calorimeter. A contour plot of the time-averaged tempera-
ture distribution for the plane closest to the calorimeter, along with a schematic of
the location of these measurements, is given in Figure 3.14. This figure shows the
strong influence of wind on the temperature distribution within the continuous
flame zone. The hottest region is located near the edge of the fuel pool (4 to 9 m from
the pool center) at an elevation of 1 to 3 m. Temperatures within this region exceed
1300 K. Lower temperatures (1250 K) are observed at the center of the pool extend-
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ing from the pool surface to an elevation of approximately 1.4 m. A reduction in tem-
perature to less than 750 K occurs with increasing elevation from 1.4 m to 4.0 m.

The magnitude of the wind component along the direction of the plane of ther-
mocouple poles is approximately 0.54 m/s. According to the standard practice [4], a
0.54 m/s wind should not significantly tilt the flame zone produced by a 20 m JP8
pool fire. Figure 3.14 shows that the center of the flame zone (i.e. the region with the
highest thermocouple temperature) is significantly displaced along the direction of
the wind. The flame zone within this plane, however, is not redirected by a single tilt
angle due to the wind. As seen in Figure 3.14, the isotherms form a 75° angle from
the normal on the windward side of the plane, whereas the isotherms on the leeward
side of the flame zone form a significantly smaller angle of 40° from the vertical. This
profile is typical of wind-induced flame zone shapes due to the increased horizontal
momentum imparted on the windward side of the flame zone. Buoyancy-induced ve-
locities dominate the influence of the wind on the leeward side. Due to the increase
in temperature with elevation from the pool surface, the magnitude of the buoyancy-
induced velocity increases with increasing elevation. This trend is clearly shown in
Figure 3.14 by the decrease in the angle between the isotherms and the vertical on
the leeward side of the flame zone with increasing elevation. Approximately 11 m
from the pool center the isotherms become almost vertical at an elevation of 3 m.
These results show significant deviation from the symmetric flame volume profile
given by standard practice.

A contour plot of the temperature distribution along the plane and farthest
from the calorimeter is shown in Figure 3.15. This plane is west of, and parallel to,
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Figure 3.15 Fire Thermocouple Temperature Distribution, Plane West of Pool
Center - Exp. 1

the plane represented in Figure 3.14. The two planes are separated by a distance of
2.44 m. The thermocouple temperature distribution shown in Figure 3.15 is repre-
sentative of a plane closer to the windward edge of the pool. The high temperature
region is considerably smaller than shown in Figure 3.14, although the maximum
temperature within the two planes is approximately equal. These results emphasize
the significant temperature gradients which are present near the edge of the flame
zone.

3.5.2 Time-Averaged Results, Experiment 2

During this period, the flame volume was directed away from the flat plate as
shown in Figure 3.16. The video record shows stable flame zone behavior with the in-
nermost thermocouples on the bottom stringer to be intermittently engulfed by
large-scale turbulent eddies on the exterior of the flame zone. The innermost thermo-
couples on the top stringer were only occasionally engulfed by the larger eddies.

The vertical distribution of the total incident heat flux at the calorimeter cen-
terline is shown in Figure 3.17. The heat flux decreases with elevation from approxi-
mately 75 kW/m? near the pool surface to an approximately uniform value of
25 kW/mZat an elevation of 3.5 to 4.5 m. Since only a very small portion at the bot-
tom of the calorimeter is engulfed, the heat flux from the fire is due to radiative
transfer from the flame zone to an object at a “stand-off” distance from the flame
zone. In this case, the influence of the object on the entrained air is not sufficient to
overcome the momentum transfer due to the wind. The influence of the wind there-
fore dominates the flame zone shape and the flame zone geometry is generally unaf-
fected by the presence of the object.
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When the object does not significantly influence the geometry of the flame zone,
the heat transfer from hydrocarbon pool fires to a nearby object is dominated by the
emissive power of the outer layer of the flame zone. In general, for highly-sooting hy-
drocarbons, the majority of this outer layer is covered with a layer of cold black
smoke which is thought to be significantly opaque to “block” most of the thermal ra-
diation from the active flame zone. Due to the formation of the large transient vorti-
ces which cause the fire to “puff”, regions of the smoke layer are regularly displaced
by a small (5-20%) area of brightly luminescing flames. Large columnar vortices on
the leeward side of the flame zone due to the interaction of the fire with the wind will
also produce large luminescing zones which significantly influence the heat flux to a
nearby object.

Based on limited data, standard guidelines for hydrocarbon fire hazard esti-
mates [4] provide an approximate value of 20 kW/m? for the emissive power of the
smoke layer and an approximate value of 150 kW/m? for the luminescing regions.
The results shown in Figure 3.17 are consistent with the emissive power guidelines
for the smoke layer alone. At an elevation of 3.5 to 4.5 m the temperature data show
the calorimeter to be approximately 2 m from the flame zone. The view factor from
the surface to the exterior of the fire will therefore be nearly unity. Since the larger
luminescing regions generally appear very high on the flame zone, or on the leeward
side of the flame zone, the heat flux to the calorimeter at an elevation of 3.5 to 4.5 m
on the windward side is expected to be primarily from the smoke layer. These data

NOTE: Thermocouple poles engulfed.
Most of stringer array visible
through flame.

Flame Zone —» Stringer Array
Thermocouple Pole
Farthest South
Plate
— — Calorimeter

Figure 3.16 Flame Zone Shape, Quasi-Steady-State Time Period - Exp. 2
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therefore tend to support previous measurements of the emissive power of the smoke
layer.

The thermocouple temperature distribution adjacent to the calorimeter is also
shown in Figure 3.17. Temperatures representative of flame exposure (1100-1300 K)
are observed at distances of 2.5 to 3 m from the calorimeter surface at an elevation of
1.25 m. The remainder of the temperatures shown in Figure 3.14 are representative
of thermocouples which are intermittently engulfed or are being heated by radiation
from the fire exterior.

The horizontal heat flux variation is shown in Figure 3.18. Some slight varia-
tion in heat flux (a maximum of 8 kW/m?) is observed. The trend, a higher heat flux
on the negative x side of the calorimeter, is consistent with the presence of the wind
component in the negative x direction.

Due to the lack of flame cover on the HFGs, data from these measurements are
not presented. In these cases, convective effects can induce significant uncertainty
into the fidelity of HFG measurements.
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The thermocouple temperature away from the calorimeter is shown in Figure
3.19. The distribution is characterized by temperatures representative of a large, ac-
tive flame zone (~1300K) which extends from the pool surface to an elevation of ap-
proximately 2.5 m at the pool centerline and up to an elevation of nearly 4 m at a
distance of 4 m from the pool center. The thermocouple temperature distribution in
the region beyond the pool (a distance greater than 9.45 m from the pool centerline)
is characterized by almost vertical contour lines near the pool surface. This trend is
expected for a measurement plane almost normal to the direction of the wind. The
decrease in temperature with increasing elevation near the centerline, as illustrated
by the 60° contour lines, is not expected. Given the direction and magnitude of the
wind, one would expect the thermocouple temperatures to become constant near the
pool center due to symmetry considerations, or to increase with increasing elevation
indicating the presence of an oxygen-starved interior. Further investigation is re-
quired to resolve the source of this trend. Given the available data, the cause of this
trend is not readily evident given the magnitude of the component of the wind in the
direction of the measurement plane. It is possible that the profile is attributable to
the complex the flow field induced by the calorimeter and measurement hardware lo-
cated upwind of this cross section.

A contour of the temperature distribution along the plane farthest from the cal-
orimeter is given in Figure 3.20. The same basic flame zone shape is observed except
for the high temperature region which extends up to a greater elevation of 4 m. Since
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this plane is closer to the leeward side of the pool, a high temperature region indica-
tive of the flame zone extending to a greater elevation is observed in Figure 3.20.
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Figure 3.19 Fire Thermocouple Temperature Distribution, Plane Through Pool
Center - Exp. 2
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3.5.3 Time-Averaged Results, Experiment 3

As given in Table 3.2, very low (0.45 m/s) winds prevailed for the duration of the
quasi-steady-state time period identified during experiment 3. Review of the video
record for this time period showed extremely stable flame behavior consistent with
the negligible wind speed. The main part of the flame, i.e. the primary flame zone,
was essentially vertical as shown in Figure 3.21. Except for the periodic puffing,
which is well known characteristic of buoyant plumes including pool fires [18], the
flame zone shape was stable and did not change throughout the duration of the time
period.

During this period, the fire was composed of a large primary flame zone, similar
to a fire with no objects under calm wind conditions, and a much smaller secondary
flame zone consisting of two standing, counter-rotating vortices formed at the edges
of the calorimeter front surface. The formation of the secondary flame zone is due to
the presence of the plate. The plate at the edge of the pool restricts the flow of en-
trained air and produces highly-mixed, and therefore highly combusting, regions at
the edges of the front surface of the plate as shown in Section A-A of Figure 3.21. The
- intensity of these rotational structures is enhanced by baroclinic vorticity. A gap be-
tween the flame attached to the plate and the main flame volume was also observed

NOTE: Thermocouple poles engulfed. )
Center of stringer array visible Counter-Rotating

through flame. AA Vortice
Primary p
Flame Zone
Stringer Array r___+

Thermocouple Pole A A [ Plate

Farthest South Calorimeter
Secondary
Flame Zone

Figure 3.21 Flame Zone Shape, Quasi-Steady-State Time Period - Exp. 3
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Figure 3.22 Heat Flux on Partially-Engulfed Calorimeter and Fire Thermocouple
Temperature - Exp. 3

from the video record. Fire field model simulations [19] have been successful in cap-
turing this phenomenon.

The presence of the secondary flame zone is evident in the thermocouple tem-
peratures shown in Figure 3.22. The gap between the primary and secondary flame
zones is illustrated by the low (<800 K) temperature region which extends down to
an elevation of 2.5 m from the pool surface between 1.5 m and 2.5 m from the plate
surface. High (up to 1200 K) temperatures associated with a secondary flame zone
are evident up to 1.0 m from the plate at elevations of 1.2 to > 3.0 m.

As shown in Figure 3.22, heat fluxes of approximately 105 kW/m?2, which re-
main relatively constant with elevation, were measured at the front surface of the
plate. These heat flux values are significantly larger than the ~ 40 kW/m? which one
would estimate using standard practices [4] which neglect the formation of a second-
ary flame zone due to the presence of the object. In the data presented here, the heat
fluxes are only 10-15% less than the fluxes measured for the fully engulfed case of
experiment 1. Although the spatial extent of the flame cover adjacent to the object is
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Figure 3.23 Horizontal Variation of Heat Flux at 2.4 m Elevation - Exp. 3

reduced for the wind conditions of experiment 3, high temperatures were measured
between the large counter-rotating vortices. Additional heat flux to the calorimeter
surface from enhanced convection is also expected for these conditions due to the for-
mation of the vortical structures.

The potential formation of the secondary flame zone observed in this experi-
ment can be assessed from the size of the vortical structures. The size of these struc-
tures is, in turn, related to an appropriate characteristic object length scale. Under
quiescent conditions, the diameter of the vortices observed in this experiment were
on the order of one half the plate width. Accordingly, this coupling can be expected
when an object is located within a distance equal to or less than one half its width
from the fuel pool. Asymmetries in wind conditions may produce vortical structures
of unequal size. The entire width of the object therefore serves as a reasonable upper
bound for the distance required to avoid the formation of a secondary flame zone.

The horizontal variation in heat flux to the front surface of the calorimeter for
the time period identified during experiment 3 is given in Figure 3.23. The most sig-
nificant variation in horizontal heat flux (97 to 110 kW/m?2) was observed for these
conditions. The magnitude and character of this variation is consistent with the
small wind component in the negative x direction as illustrated in Figure 3.23.

As mentioned previously, the vortices are formed on front surface of the plate
primarily due to the restriction of entrained air. The wind adds an additional compo-
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nent to the flow and therefore the exact size and location of the vortices is expected
to be defined by the resultant flow component at the edges of the plate. A schematic
illustrating the resultant flow vectors is given in Figure 3.23. Two effects can be
identified which would result in the heat flux distribution shown in Figure 3.23.
First, the highest heat flux is likely to be somewhere between the two vortices due to
the presence of flame cover on both sides (and hence increased optical thickness) and
due to increased convection caused by the impinging flow. The wind will tend dis-
place the vortices towards the leeward side of the plate in a manner consistent with
the data shown in Figure 3.24. Furthermore, the vortex on the windward side of the
plate may be larger since the resultant flow vector is directed towards the centerline
of the plate instead of away from the plate as evident on the lee side. Due to obscura-
tion of the view it was not possible to compare the relative size and precise position
of the vortices from inspection of the video record and confirm the preceding specula-
tions.

The size of the vortices is expected to be smaller than several optical paths, and
therefore the heat flux to the calorimeter will also be influenced by the temperature
field beyond the individual vortices. Slight tilting of the primary flame zone, and in-
creased mixing (and hence a high temperature region) on the leeward side of the in-
strumentation arrays placed in front of the calorimeter may therefore also explain
the nonuniform horizontal heat flux distribution shown in Figure 3.23.

A plot of the hemispherical heat flux distribution, as measured by the HFGs in
the plane directly in front of the calorimeter, is given in Figure 3.25. The trend is
very similar to that given in Figure 3.13. In cases where two HFGs are placed on top
of each other at approximately the same location, a significantly higher heat flux is
measured by top HFGs at locations near the plate at the middle and top elevations.
At the bottom elevation, and away (2.0 to 2.5 m) from the plate, a slightly higher
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Figure 3.24 Influence of Wind and Entrained Air on Horizontal Heat
Flux Distribution
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heat flux is measured by the bottom HFG. Since this location corresponds to the low-
er part of the primary flame zone, as shown in Figure 3.19, it is expected that the
bottom HFG would be subjected to a greater incident heat flux. In this case, the local

heat flux gradients appear to dominate the localized mixing effects caused by the
lower HFG.

The time-averaged thermocouple temperatures measured along the plane away
from the calorimeter are shown in Figure 3.26. It is again important to recognize the
differences inherent between thermocouple and actual media temperatures. Several
overall trends are evident which lend additional insight into the character of the fire
in the region away from the calorimeter.

The main trends shown in Figure 3.26 are typical of a fire under calm condi-
tions. This temperature distribution in this plane does not appear to be significantly
influenced by the small wind component. The presence of a low temperature, oxygen-
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Figure 3.26 Fire Thermocouple Temperature Distribution, Plane Through Pool
Center - Exp. 3

starved interior is shown by the region of low (~800 K) temperatures which extends
up to nearly 4 m at the centerline and to an elevation of approximately 0.3 m at a
distance of approximately 5 m from the pool center. A large, active flame zone with
temperatures near 1300 K is shown in Figure 3.26 which increases in width with in-
creasing elevation. This increase in the width of the active flame zone is consistent
with the increased ability to mix air into the flame interior with increasing distance
from the ground plane (which effectively limits air entrainment at the fuel surface).

The necking of the flame zone which occurs just above the ground plane is also
clearly evident in Figure 3.26. This necking is due in part to the momentum of the
entrained air. Inspection of the contour lines shows the angle at which the flame
zone necks to be approximately 52° near the foot of the flame. As expected, the con-
tour lines become increasingly vertical with increasing elevation. These results do,
however, show that the flame zone profile still forms a significant angle from the ver-
tical, and therefore is continuing to neck, at an elevation of 4 m.

The thermocouple temperature distribution along the plane farthest from the
calorimeter is shown in Figure 3.27. The same basic flame zone shape is evident,
however the cold region in the interior of the flame zone is smaller. This trend is con-
sistent with the expected decrease in the size of the oxygen-starved region with in-
creasing distance from the pool center.
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4. Summary and Conclusions

4.1 Summary of Results

As part of the full scale fuel fire experimental program, a series of 18.9 m diameter
JP-4 pool fire experiments with a large (2.1 m X 4.6 m) flat plate calorimeter adja-
cent to the fuel pool were recently performed at NAWCWPNS. The instrumentation
employed, the conditions under which each experiment in the series was performed,
the data collected during this series, and qualitative interpretation of the results in
terms of relevant physical mechanisms, is presented here. The data are presented in
a manner suitable for comparison with model predictions. The trends in the data of-
fer additional insight into the relevant physical mechanisms in fires and therefore
support the further development of our understanding of fire phenomena and the de-
velopment of improved computational models. Although a comprehensive knowledge
of “free fires” (i.e. fires without objects) has yet to be obtained, a principal benefit of
this series of experiments is the data and insight gained for conditions where an ob-
ject of significant size compared to the size of the fire is subjected to the fire environ-
ment. Under these conditions, the presence of the object influences the fire and the
resulting fire environment is more difficult to envision a priori.

Differing wind conditions for each of the three experiments resulted in cases where
the calorimeter is fully engulfed, not engulfed, and partially engulfed by a secondary
flame zone. Results from this series of experiments include the following:

1. Average JP4 fuel consumption rates increased from 0.069 kg/m?-s
(5.4 mm/min) to 0.081 kg/m?-s (6.4 mm/min) with increasing average wind
speeds of 0.65 to 2.0 m/s, respectively.

2. The temperature of the calorimeter increased slowly during the experi-
ment, reaching a maximum of 1000 K near the fuel surface under partial-
ly-engulfed conditions.

3. The uncertainty associated with determining the average incident heat
flux to the calorimeter was negligibly affected (4%) by the increase in tem-
perature as a function of time and strongly (15%) affected by assumptions
relating to the surface radiative properties.

4. The highest incident heat fluxes (130 kW/m?) were observed under fully
engulfed conditions.

5. The highest thermocouple temperatures (1280-1480 K) were recorded near
the plate under fully engulfed conditions.

6. Horizontal variation in the heat flux to the plate ranging from 6 to 20%
was observed during the series of experiments. The largest variation oc-
curred under partially engulfed conditions subject to low (0.45 m/s) winds.
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7. Heat fluxes representative of previous data for the emissive power of the
smoke layer (20 kW/m?) were observed at elevations of 3.5 to 4.5 m when
the calorimeter surface was 2.0 m outside of a flame zone which was direct-
ed away from the calorimeter by the wind.

8. Under quiescent conditions, restriction of entrained air by the calorimeter
results in a secondary flame zone in the form of standing vortices at the
calorimeter edges. Incident heat fluxes on the calorimeter of
100 - 115 kW/m? (within 10-15% of the fully engulfed case) at elevations
from 0.5 to 4.5 m were measured.

4.2 Conclusions

The results presented here emphasize the importance of the object/wind/flame inter-
actions in determining the heat flux from a fire to an object. A subset of these phe-
nomena can be referred to as “object-induced turbulence” since the fuel/air mixing
and the fine structure turbulence, which strongly defines the character of the fire, is
affected due to the presence of the object. Under these conditions, the thermal haz-
ard posed by the fire is coupled with the object geometry, location and orientation.
Since, under quiescent conditions, the length scale of the flow structures is related to
the size of the object, this coupling can be expected when the object is located within
a distance from the fuel pool equal to the appropriate characteristic length of the ob-
ject.

The importance of these scenarios is emphasized by the data presented here.
Differences greater than a factor of 2 are observed between the measured heat fluxes
and heat flux estimates which neglect these features and treat the object as being lo-
cated a finite distance from a cylindrical flame zone. For two of the cases presented
here, only small (10-15%) differences in the absorbed heat flux for fully and partially
engulfed scenarios were observed. In order to obtain credible estimates of heat flux-
es, these features must be represented.

These results also confirm previous work regarding the extent of oxygen-
starved regions in the interior of large pool fires, and the coupled thermal response of
large, thermally massive objects and participating media on the heat flux to an ob-
ject in a large hydrocarbon pool fire. The influence of small objects, such as HFGs, on
the local fire environment is also emphasized by these results and should be consid-
ered in experimental design.
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Appendix A - Flat Plate Calorimeter Design Drawings

Calorimeter Design by Larry Kent, Thermal Characterization and Simulation,
Department 2735, Sandia National Laboratories.
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Appendix B - Justification for the Simple SODDIT Model

SODDIT was used to solve the one-dimensional inverse conduction problem associat-
ed with estimating the temperature and heat flux at the surface of the calorimeter. A
detailed model which includes the air gap behind the Semi-Rigid insulation, and the
corrugated back plate, is shown in Figure A.1. A simplified model, which assumes no
heat loss from the back of the insulation, is shown in Figure A.2.

Blanket Insulation
Not used in model m Locations where
temperature 1s

specified
Corrugated Steel Plate;
32cm

Air Gap: 6.35 cm

5 Layers Semi-Rigid
Insulation: 6.35 cm

Calorimeter Plate; 3.18 cm Flame

Region

Figure A.1 Detailed SODDIT Calorimeter Model

m Location where
temperature is
specified

Adiabatic surface:
q=0
5 Layers Semi-Rigid T
Insufation, 6.35cm ——u_ 1/
%*
2
%
Calorimeter Plate,:3.175 cm \g Flame
“i» Region

Figure A.2 Simplified SODDIT Calorimeter Model
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To determine the required level of complexity, SODDIT was run on both models for
the middle height. All program parameters were held constant, except for the addi-
tion of the air gap and back plate. Both models used the same known temperature
history at the interface between the front steel plate and the insulation. For the ac-
tual model, the rear boundary condition was a measured temperature at the back of
the back plate. For the simplified model, An adiabatic rear boundary condition was
employed in the simplified model. The results from the two models are the same. The
simplified model, therefore, represents the essential features of the assembly and
was used to provide all of the heat flux estimates presented here.

Table A.1: SODDIT Output for Detailed and Simplified Models

Model Predictions
Quantity
Detailed Simplified
Average surface T* (K%) 0.356559E12 0.356559E12
Highest surface T (K%): 0.477914E12 0.477914E12
Lowest surface T% (K%): 0.255727E12 0.255728E12
Average surface flux (W): 118001 118001

71




Appendix C - Selection of SODDIT Parameters

SODDIT parameters for the numerical simulation were selected as follows:

Temperature Dependent property data for the ANSI mild steel plate were taken
from Incropera and Dewitt, [12]. Data were input for 200 K increments from 300K
to 1000K; SODDIT interpolates where necessary.

Property data for the ceramic fiber were taken from manufacturer’s documenta-
tion, and assumed to be constant over the whole temperature range of operation.

The calorimeter model used for the simulation is shown in Figure B.1 below

The 3.175 cm steel plate and the 6.35 cm insulation layer were each divided into
25 elements.

The duration of the simulation extends from before the fire starts to beyond the re-
gion of interest, to assure consistency of the results during pre and post fire peri-
ods.

The boundary conditions are (1) an adiabatic back surface (q=0) and (2) a specified
temperature history at the steel/insulation interface.

A fully implicit numerical scheme [theta = 1] was used.
5 future times were used to obtain each estimate of surface flux.

Data at 10 second intervals were used as input to prevent unstable behavior.

m Location where
temperature is
specified

Adiabatic surface:

q=0

5 Layers Semi-Rigid »

Insulation, 6.35 cm \

Calorimeter Plate,:3.175¢cm | Flame
Region

Figure B.1: Calorimeter Model Used for Inverse Calculations
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