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1. Project Overview

This study aims to advance the Flame Refluxer™ technology developed under Contract No:
E15PC000004 and E14PC00043 to a maturity level ready for commercialization. The specific
objectives were:

1. Determine the optimum material and geometry of FR.

2. Design a new collector for easy storage/deployment.

3. Design, construct and develop a self-floating FR.

4. Perform field trials at CREEL to test the burning and deployment efficiencies in waves.

Answering these questions advanced the FR technology currently at TRL 6 (full-scale technology
demonstrated in relevant environments) to TRL 8 (final integrated system tested in real or relevant
environment). Worcester Polytechnic Institute (WPI) designed and conducted scaled experiments
to evaluate controlling parameters, such as float arrangement, material, and shape. Large-scale
burns with the presence of waves were a collaborative study with the United States Army Corps
of Engineers, Cold Region Research and Engineering Laboratory (CRREL).

Figure 1 shows the progression of three phases of experimental testing that was adopted in this
study:

Phase I-a: Initial tests were performed in a bench-scale furnace to identify the optimal material
for the FR such that it increases nucleate boiling to promote enhanced burning efficiency and can
extend the sustained burning time by retaining heat long enough to fully burn an oil slick.

Phase | -b: Phase I-a results were used to design and manufacture the small-scale FR prototypes.
The efficiency of FR prototypes was tested in small-scale wave tank experiments of 10 cm
diameter at the WPI Combustion Laboratory. The main objective of Phase | was to determine the
most efficient FR prototypes and engineer a new float system. Manufacturing the large-scale
prototypes started in this phase.

Phase I1: Deployment of the self-floating FRs at large-scale (1.9 m x 1.7 m) was tested at the US
Army Cold Region Research and Engineering Laboratory (CRREL) outdoor wave tank test facility
in Hanover, NH (12 m long, 2.4 m wide, and 2.25m deep tank).

Phase I11: Phase Il experiments results were used to design intermediate-scale burn at WPI Fire
Science. The main objective of the experiments was to determine the role of fuel thickness, FR
placement, and the effect of the projection ratio on the overall efficiency.



. Phase I
. Phase II
© Phase 111

O Phase v WPI Large Scale Tests (28 cm & 70
cm): Test the efficiency of the selected
Flame Refluxer prototype with water-
in-oil emulsions.

CRREL Large Scale Burn Tests (~ 2 m x 2 m): Consfruct large-scale
Flame Refluxer prototypes and determine the burn efficiency in stagnant
and wave conditions at CRREL.

‘WPI Wave Tank Tests (~10 cm): Construct small-scale Flame Refluxer prototypes and determine the
burn efficiency in stagnant and wave conditions.

. Furnace Tests: Determine the optimum, porosity, density, thermal conductivity, and specific heat capacity of
materials to be used in prototype Flame Refluxer.

Figure 1- Experiments at small, intermediate, and large-scale

The experimental results showed that the heat generated by the combustion and directed back to
the fuel significantly enhanced the regression rate while reducing smoke emission. In Phase, |
(WPI Wave Tank Tests), the regression rate of the fuel (ANS crude oil) was enhanced by 100%
with Grid FR, respectively.
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Figure 2 - Phase Il - Burn efficiency of FR prototypes with HOOPS crude oil under the no-
wave condition



Phase 11 tests were performed in the field and resulted in three major outcomes.

The first outcome of Phase Il tests was the significant increase in burn efficiency achieved with
the Grid FR system as shown in Fig. 2. The burn efficiency was reached 94% at two Grid FRs
placed in the hoops crude oil slick. Baseline burn efficiency was measured as 57%.
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Figure 3 - Thermal penetration rates for FR cases in Phase Il
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The second outcome, the increase of thermal penetration rate in fuel using the FR, is shown in Fig.
3. The bimetals and grid FR cases demonstrated the highest thermal penetration rate, while the
ruffle and blanket FR struggled to reach as high values. The waves reduced the thermal penetration

of the grid.

CRREL (Pos. 2)
0.080
£
= 0.060
=
=
C 0.040
=
=}
© 0.020
0.000
u1_Baseline ® 2 Ruffled ®3_Grid (Topple) m4_Bimetal
®5 Grid 6_Grid (Wave 1) w7 _Grid (Wave 2) m 8 Solo Grid (Wave 1)
9_Bimetal (Wave 1) ® 10_Bimetal (Wave 1) + Rain ®11_Baseline (Wave 1) + Rain 8 12_Baseline (Wave 2)

Figure 4 - Phase Il — Average CO/CO2 comparison for HOOPS cases sampled at Pos. 2.



The third outcome is the reduction in CO/CO2 shown in Fig. 4. The cleaner combustion was also
observed visually. Figure 5 compares the smoke plume in the steady-state burning regime for the
baseline and grid FR cases.

Baseline

Figure 5 - Phase 11 — Smoke visualization of grid FR and baseline case with wave 1

Figure 5 clearly shows that the color of the smoke plume is much lighter for the Grid FR case.
The lighter color of the smoke indicates a reduction in the concentration of carbon particles due to
more complete combustion.

In Phase 111 (WPI large-scale), Flame Refluxers™ Rack + Rods enhanced the burning rate by
4.2x and reduced the CO/CO: by 50% for a 9 cm crude oil slick on the water layer.



2. Phase I - Small Scale experiment (WPI)

Objectives

The objective of Phase | was to engineer a self-floating FR with an optimum burn efficiency. First,
the optimum material and geometry were determined by bench-scale furnace experiments (Phase
I-a). Various controlling parameters (density, specific heat, and thermal conductivity) were
examined to evaluate materials for their ability to promote nucleate boiling, retain heat, withstand
rapid heating and cooling, and enhance the burning efficiency of a pool fire. Bench-scale furnace
experiments were performed to determine the most desirable material for the prototype FR, which
heats quickly, stores a good amount of heat energy, and dissipates heat at a predetermined
temperature. Based on the experimental data, small-scale FR prototypes were manufactured and
tested in a small-scale (5 cm x 5 cm) ethanol pool fire and a new Heat Flux experimental setup.
The experimental data guided the Phase I-b tests. The burning efficiency of FR prototypes was
tested in small-scale (10 cm diameter) crude oil pool fire at the WPI combustion laboratory. Small-
scale prototypes were tested under stagnant and wave conditions. Results were used to design and
manufacture the large-scale FR prototypes and floatation in Phase II.

This section explains the experimental and numerical study performed in Phase I-a and I-b in
detail.

Phase | a - Small Scale Furnace Experiments

The objective of Phase I-a is to determine the optimum materials and geometry for the construction
of the small-scale prototype floating Flame Refluxer (FR). Several controlling parameters (density,
specific heat, and thermal conductivity) are examined to evaluate materials for their ability to
promote nucleate boiling, retain heat, withstand rapid heating and cooling, and enhance the
burning efficiency of a pool fire.

An efficient FR should be able to collect heat from the flame as fast as possible (high heat transfer
rates in the gas phase) and dissipate the heat to crude oil slowly in the beginning (high heat
retention) but rapidly once the temperature of the immersed portion reaches an optimum
temperature range for nucleate boiling. For example, during the field-scale experiments in Mobile,
AL (E15PC000004) optimum performance (6 times baseline efficiency) was reached when the
temperature of the immersed blanket was in the range of 30- 40 °C above the boiling point of crude
oil used (HOOPS). For field deployment, the selection of both the collector and heater components
of the FR thus requires careful analysis. The experiments performed in the current phase are a first
attempt in providing a universal experimental platform for testing materials for FR design. The
experimental platform can also be used for other applications for example fire boom designs where
the objectives are resilience and insulation.

This section presents the experimental results from Phase I-a including temperature vs. time
profiles, analysis of material thermal integrity, and heat retention capability of samples. 114
small-scale furnace experiments (19 materials, 6 experiments each) were performed with materials
of various thermophysical properties, geometries, and porosities. Results show that the porosity of
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the material is one of the dominating parameters controlling the heat and mass transfer with respect
to FR performance. Quantification of the porosity as a function of gas-phase heat transfer, liquid
phase nucleate boiling, and overall heat retention capability is the fundamental knowledge gap
with respect to FR design moving forward. Phase I-a is designed to address this knowledge gap.

Experimental Setup

The experimental setup for Phase I-a consists of an electric radiant heat source (OMEGA QH-
121260-T panel) and a furnace housing to retain the heat energy (Fig. 6). The radiant panel is 30
cm (12") wide by 30 cm (12") across and 7.5 cm (3") tall (Fig.6). The OMEGA panel is controlled
using a Solaira SHP high power heat controller; a phase-angle firing solid-state relay process
controller for electric heaters. This combination allows for the precise management of the power
to the heater and thus the temperature inside the furnace.

1. Ceramic Fiber Board Furnace

2. Door cut out for access to furnace

3. Window to view samples during heating
4

5

. OMEGA Quartz Radiant Panel 60 W/in"2

. Thermocouple in panel Thermowell for

monitoring furnace temperature

Loading sheet with material sample

Surface thermocouple to measure sample

temperature

8. 2-inch thick fiberglass insulation surrounding
outside of furnace

9. National Instruments Data Acquisition (DAQ)

Module

10. Computer recording of data

11. Thermocouple array from water bath and

"
internal furnace temp

S

I FrontView |

Figure 6 - Experimental platform and components used in the setup - Phase la

The furnace was constructed of 2.5 cm (1") thick high-temperature ceramic fiberboard insulation
(Fig. 7). The internal dimensions of the furnace are 30 cm (12") wide by 30 cm (12") deep by 35
cm (14") tall. With the radiant panel inserted the internal available height is 28.5 cm (11.25"). The
ceramic fiberboard insulation and radiant panel were supported by a frame made of 2.5 cm (1")
square T-slotted 80/20 aluminum extrusions.



12" (30.48 cm) wide

Full height door for
loading/ unloading tall
samples

Window for viewing
samples during heating

1” square T-slotted
8020 extruded
aluminum framing

i i 1N

Figure 8 - Water bath-hermocouple arrangement in the ambient water-cooling station

The ambient air-cooling station consists of a sheet of the same ceramic fiberboard insulation, onto
which the samples were placed while the temperature of the sample was recorded for the duration
of air cooling. The fiberboard insulation was selected due to its low thermal conductivity. The
water-cooling station consists of a 3.7 Liter (1 gallon) expanded polystyrene container, selected
for polystyrene's low thermal conductivity and ability to hold water without any absorption (Fig.
8). The temperature of the water-cooling bath was measured using an array of 8 thermocouples
(K-Type, AWG 31, 0.0023 mm dia.) held in equal spacing (1.4 cm) by a metal bracket shown in
fig. 8. Data acquisition was accomplished using National Instruments Data Acquisition (DAQ)
boxes and accompanying LabView software to record data directly to a monitoring computer.

Furnace Mapping
The temperature and the heat flux profiles in the furnace were mapped to quantify the thermal

energy exposed to the specimen. Using the sensor array described is shown in fig. 9, the
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temperature and radiative heat flux inside the furnace was measured at 9 points in a plane and for
3 different plane heights as measured from the bottom of the radiant panel (8 cm, 16 cm, and 24
cm).

Top Down View of Sensor Array
| >

M-Thermocouple

[O-Heat Flux gauge

"P— o

Figure 9 - Sensor array inside of furnace pre-testing phase (left) ahd OMEGA radiant
panel used as the heat source in the Phase-la experiments(right)

0,

The heat source in these experiments is an OMEGA radiant panel, controlled with a Solaira phase-
angle power controller. This power controller allows for adjustment of what percentage of power
the panel can draw. At full power, the panel draws 8640 watts, over the panels 12x12 in the face.
Meaning a heat flux of 60 Watts/in? (93 kW/m?) is emitted from the panel. This was confirmed by
measurements taken from heat flux gauge data. Typically, during experiments the power controller
was set to 40-50% to maintain an average temperature of around 500°C, equating to a total heat
flux of 24-30 Watts/in? (37-46 kW/m?) on the test samples. The heat flux is comparable to values
observed in large-scale crude oil pool fires.

Experimental Matrix

120 small-scale furnace experiments were performed to determine the most desirable material for
the prototype FR, which heats quickly, stores a good amount of heat energy, and dissipates heat at
a predetermined temperature. Table 1 shows the test samples that have been experimented with.

Table 1: Materials tested in Phase I-a

Material Geometry Dimensions (cm)
Length Width Thickness
Solid Cylinder 15 1.25 dia. -
Hollow Cylinder 15 1.25 dia. -
Solid Hexagon 15 1.25 dia. -
Aluminum (Al) Rectangle 13 13 1.3
Fiber - 10 dia. 0.5
Foam 10 10 2.5
Honeycomb 10 10 0.3
Solid Cylinder 15 1.25 dia. -
Copper (Cu) Hollow Cylinder 15 1.25 dia. -
Solid Hexagon 15 1.25 dia. -




Rectangle 13 13 1.3
Fiber - 10 dia. 0.5
Solid Cylinder 15 1.25 dia. -
Bronze - -
Hollow Cylinder 15 1.25 dia. -
Oil Infused | o 1ig Cylinder 15 1.25 dia. i
Bronze
Ceramic White
Board Rectangle 4 4 1.8
Macor Glass | o4 cylinder 77 2.9 dia. i
Ceramic
Graphite Solid Cylinder 10 3.7 dia. -
Carbon Fiber Solid Cylinder 10 1.6 dia. -
Bimetal
(55% stainless
steel 45% Rectangle 25.4 5 0.254
Bronze)
Test Procedure
Thermocouple

Figure 10 - Aluminum cylindrical bar showing the thermocouple affixed to the surface for
temperature measurement
Each sample, after being affixed with a thermocouple placed on the surface (Fig. 10), was placed

in the preheated furnace at 500°C. Data collection began when the sample was placed inside the
furnace. After the heating phase, once the sample had reached the target 500°C, the sample was
removed from the furnace. The cooling phase for each sample was conducted in both air and
water. For ambient air cooling, the sample was removed from the furnace and placed onto a low
thermally conductive insulation sheet, and its temperature was recorded as it cooled. For water
cooling the sample was quickly removed from the furnace and placed in a water bath, where the
temperature of the sample and the water were both recorded as the sample cooled (Fig. 8). The
mass of the samples was recorded before and after the test, and for water cooling experiments the

\

: \
Al tape

mass of the water was recorded pre and post-test as well.




Experimental Results and Observations
Material heating and cooling performance

Figure 11 shows temperature profiles during heating of the samples in the furnace. Figures 12 and
13 show the cooling rates in air and water. It is clear that the surface area to volume ratio of the
samples is a significant parameter in the heat transfer process. The geometry of the sample is also
significant. Materials with high surface area and low mass cool faster than samples with reduced
surface area and high mass (denser). For example, the copper wool cools faster than the solid
copper rod, which cools faster than the solid copper plate. Figure 11 shows that copper wool is
among the fastest to gain heat, heating to over 500°C in about 100 seconds. The copper cylinder
takes 12 times longer (1200 s) to reach a similar temperature. Finally, the copper plate is the
slowest to heat, barely reaching 300°C in 2000 s. A similar trend is observed with aluminum wool,
rod, and plate. Interestingly, aluminum foam is in between aluminum wool and aluminum rod in
terms of heating rate. Only the aluminum foam was experimented, as the copper foam was not
delivered on time.

600 - ‘
Cu
500 Cyin.
© 400
2
£
& 300
d.)
Q -
§
- 200
100 A
0+ r T r T T T T T T !
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)
=—AL H_CYL CUHCYL ===AL MESH ==-CUMESH = —-AL Plate = ==CU_Plate Qil_Inf_Brnz
o= emA|_Foam  --ee- Wht_Brd Brnz_Cyl Bmz_H_Cyl ===A| Hnycmb = =Macor_Glass Crb_Fiber
= =Graphite_Cyl=——=AL CYL =—CU_CYL = AL_HEX CU_HEX

Figure 11 - Rate of heating for different material samples tested— Phase | a
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Figure 12 - Rate of cooling for material samples in ambient air — Phase | a

Figure 12 shows the ambient air-cooling curves for each material tested. Observing the copper
samples shows the influence of the material surface area and porosity on the ability of a material
to transfer heat. The copper wool is among the fastest to cool and the copper plate the slowest,

with the cylinder in between. Aluminum foam, however, cools relatively slowly for its high
porosity and low weight.
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Figure 13 - Rate of cooling for material samples in a water bath — Phase | a
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Figure 13 shows the cooling curves for the samples in water. Most samples cool very rapidly in
water as shown by the sharp decline of temperatures during the first 20 seconds. The aluminum
foam although cools much faster in water than expected based on its air-cooling rate, which was
slow. This occurs because of its ability to promote nucleate boiling on its surface causing heat
transfer rates to increase by a factor of 100. Bubbling was observed in the first few microseconds
of the experiment but was too fast to be recorded using the existing camera. Another interesting
material is the Macor glass-ceramic, which cools slower in water than other samples. This is
because of the low thermal conductivity of ceramic, so heat cannot move as easily from the inside
of the rod to the surface in contact with water. So, although the Macor ceramic is highly porous
like the aluminum foam, it maintains a much slower cooling rate during water-cooling.

A desirable material for the Flame Refluxer heats quickly, stores a good amount of heat energy,
and dissipates heat at a predetermined temperature based on the nature of the oil spill (type of oil,
thickness of layer, weathering). The metal wools are promising as demonstrated during the field-
scale experiments in Mobile, AL (E15PC000004). However, there are limitations associated with
reusability and structural stability for multiple trials. If metal wool were to be used for field
deployment, then a protective cover will be needed. On the opposing end, solid metal plates store
more heat energy but take a long time to heat up. Of all the materials tested, the metal foam shows
the most promise but requires several experiments with different types of metal foam and careful
analysis on the role of its porosity with heat transfer and structural integrity in a fire environment
(Phase 1 b). The bronze materials and the Macorglass-ceramic demonstrate desirable
characteristics for boundaries in contact with water for example during ocean waves. The furnace
tests demonstrated that of all the materials tested, the Al-foam, Al and Cu wools, solid bronze, and
Macorglass-ceramic demonstrate the most desirable thermophysical characteristics.

Special importance was given to the bimetals composed of 55% stainless steel and 45% bronze to
test for their dual material characteristics and properties. It was observed that the bimetals were
efficient to store the heat but were not able to resist the thermal shock. As anticipated and designed,
they erected with the exposure to heat but were not able to turn back to their original shape when
they dipped into the cold water. Figure 14 shows the deformed bimetals due to rapid temperature
change.

12



Deformed Bimetal Strips 7
Due to Thermal Shock

Figure 14 - Deformed bimetal strips (55% stainless steel and 45% bronze) due to thermal
shock

The manufacturer of the bimetals was consulted with the observed thermal failure with the
composite material. It was recommended a new composite is made of 72% Cu — 28% stainless
steel would better be able to sustain higher thermal conductivity and have better thermal shock
resistance.

Each material was photographed before and after each test run. None of the metal samples
experienced significant deformation or melting of any sort. Most commonly metal samples
developed a layer of darker oxidation, particularly the copper samples. The oil-impregnated bronze
rod smoldered, and it is believed would have caught fire if the heating of the sample had continued.
The ceramic panel sample accumulated some dark sooty looking material on the surface but
exhibited no other changes. Materials also developed darker spots on the surface, especially
noticeable in the aluminum cylindrical bar and aluminum flat plate photos. These darker spots are
an artifact of the adhesive from the tape used to hold on the thermocouples. On aluminum samples,
the tape adhesive left dark spots where it burned and charred. On the copper samples, most
drastically the copper plate, the tape shielded the area it covered from oxidation. This left a shiny
spot on the surface surrounded by darker oxidation, especially noticeable after only 1 test.

Further aluminum foam testing
Experiments were further performed with different types of metal foam to analyze the role of

material porosity with heat transfer and structural integrity in a fire environment. In this context,
A new experimental burn apparatus, a 5cm x 5¢cm square glass vessel with a continuous feeding
system, was used to investigate the effect of porosity on fuel (ethanol) burning rate. The fuel level
is maintained using a gravity feedback system as shown in Fig. 15. An OMEGA FPU5SMT
peristaltic pump with a constant flow rate overfeeds the fuel supply tank. The overflow rate is
measured by Sartorius ED6202S-CW load cell (Capacity of 6.2 kg with a sensitivity of 0.01 g and
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a factory uncertainty of £0.03 g). The mass-loss rate is calculated by subtracting the overflow rate
from the pumping rate. Figure 11 shows the photograph of the experimental setup.

The ethanol was first burned with nothing placed inside to establish a baseline. Then burning tests
were performed with each aluminum foam sample placed into the ethanol with 1 cm submerged
beneath the surface (4 cm collector, 1 cm heater). Seven samples with different porosities were
tested.

Flame

Al Foam Continuous Feeding System

Sample
0 all
4cm r al |
Ethanol

— E‘hanol ¢ v
5 cm x 5 cm square 2t} J <
enclosure Pump
’ = Fnclosure

I

J Load Cell ‘ . ﬁ

I v

Figure 15 - Schematic of small-scale (5 cm x 5 cm) experimental setup to test foam
materials — Phase | a

[ona ]

The Al foam samples consisted of 3 ERG aerospace Duocel aluminum foam samples (10, 20, and
40 Pores per Inch or PPI), 3 Cymat Technologies Ltd. Architectural aluminum foams (small,
medium, and large cells), and one solid block of aluminum of the same dimensions as the foams.
Each foam/ block sample was cut to the same dimensions (8.8 cm tall x 3.6 cm wide x 1.2 cm
thick), although each sample has a different weight due to their different porosities and fabrication
methods. The details of each sample and pre/post-burn pictures are shown in Table 2.

Table 2 - Aluminum Foam Burning Test Matrix

e . Wt. Before Wit. After Before After
Name Classification . .
(grams) (grams) Picture Picture
SRk e
ERG Duocel 10 PPI 8.40 8.38
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ERG Duocel 20 PPI 6.93 6.91
ERG Duocel 40 PPI 8.74 8.72
Cymat Tech. Small cell 24.27 24.29
Cymat Tech. Med cell 24.16 24.16
Cymat Tech. Large cell 9.06 9.11
Solid Al SOLID 112.01 112.07

Figure 16 shows the comparison of the mass-loss rates for different porosities. As seen in fig 16,
the Al foams do offer an improvement over the baseline burning rate. However, the more dense
and solid the foam becomes the better the burning rate improvement. This is emphasized by the
solid aluminum block which offers the greatest burning rate improvement of almost 3 times the
baseline. Consistently the most porous foams were the worst performing (10 PPI, 20 PPI, 40 PPI,
and large cell), and the more solid foams were the best (med cell, small cell, and solid aluminum

block).
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Figure 16 - Mass loss rates for different Al porosities — Phase | a

Experiments demonstrated that the Al foams do offer an improvement over the baseline. However,
the more dense and solid the foam becomes, the better the MLR improvement. Due to their low
burn efficiency and high cost, foams were eliminated as an option for the FR material.

The macorglass-ceramic was also eliminated due to its high cost, while aluminum and brass were
not selected due to their low melting point (Melting points of Al = 660 °C, Brass = 900 °C). It was
decided to continue with copper (Cu) due to its high thermal conductivity (385 W/mK) and melting
point (1,100 °C). A new experimental setup (Heat Flux) was designed, and tests were performed
to optimize the geometry of the Cu FR’s.

Heat Flux Tests

A new experimental setup was constructed with the primary objective being to test small-scale
prototype FRs in an environment similar to their use case scenario. The test setup consists of the
same OMEGA 12” x 12” radiant panel used in Phase I-a, supported by a similar extruded
aluminum frame and with insulation sheets to protect test equipment from heat damage. Directly
underneath and 16 cm from the bottom surface of the panel, is a constantly refilling fresh water
bath in a 10 cm x 10 cm glass enclosure. This sufficiently deep glass, 25 cm, enclosure water bath
maintains the water level at a constant height using a constant head device, which allows water to
flow between two vessels at the same elevation. The second vessel is being constantly filled and
drained with a pumping loop, mass loss rate from the vessel being heated can then be measured as
the change in mass in this pumping loop. Fig 17 shows a sketch of the experimental setup.

This experimental setup enables the testing of various small-scale FR prototypes for their effect
on water evaporation rate. The temperature in the water layer and the air directly above the water
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surface are also measured by a thermocouple array (6 TCs, 0.5 cm spacing, K Type, AWG31
Gauge), allowing analysis of the thermal boundary layer profiles. (Fig. 17)

s

OMEGA Radiant Panel

16 cm

Continuous Feeding
Thermocouple Array System

\‘A 1 '

25cm Fresh Water 1
Pump — [ |

| Load Cell

’ | (o]

77—

10 cm

Figure 17 - Schematic of small-scale FR prototype testing setup — optimizing FR geometry

For all tests, the height of the panel off the surface of the water remained the same at 16 cm and
the power controller for the radiant panel was set to 100%, equating to a total output of about 70
KW/m?2.

Flame Refluxer Prototypes
As FR prototypes are generated, we can rapidly produce and test them in this new experimental

setup, to date nine prototypes have been created and tested. Each prototype has a footprint of 10
cm by 10 cm, filling the area of the pool it is submerged inside. Each FR prototype was also tested
at various submersion depths. None of the prototypes are self-floating in this experiment and are
held in place either by friction fit, support from underneath, or suspended from above by a thin
wire. The prototypes experimented with are, Cu coil and Cu blanket, single Cu rod, Cu rod array,
hollow Cu rod, and Cu blanket, hollow Al rod and Al blanket, Cu wire array, and Cu blanket cup,
Cu solid cup, and Cu grid. The details of the prototypes are given in Table 3.

Table 3: Aluminum Foam Burning Test Matrix
Name Sketch Picture
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Experimental Results and Observations
Each prototype was inserted into the glass enclosure directly underneath the panel. The 6 Type K

thermocouples on their thermocouple tree were then inserted into position such that 3 were in the
water and 3 were above out of the water. Data collection was initiated, and the panel was powered
on. Each test was initiated at room temperature, no tests were started while the panel, water, or
enclosure were hot to the touch.
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Data from each test can be seen plotted in fig 18, 19, and 20 below. Fig 18 and 19 are mass loss
rate (evaporation rate) data plotted versus time. This shows the transient mass loss rate that the FR
prototype induces in the water layer. The higher the mass-loss rate, the better performing the FR.
In figure 18. we compare two identical prototype geometries made from different materials. These
prototypes are the hollow rod with mesh type as shown in Table 3 above. These prototypes feature
nearly identical shapes and compositions, only one is made from copper and one is made from
aluminum. From this comparison, we concluded that there is no significant performance benefit
between using copper (blue line) and aluminum (orange line) as an FR material.

Copper vs Aluminum
0.25
0.2
AN | ety
0.5 o
20. —F
& ol
e
2 0.1 2
s /
y
0.05 /
0 [Aa /K
0 275 550 825 1100 1375 1630 1925 2200
Time (s)

Figure 18 - Al vs Cu MLR

In figure 19 below we are comparing the baseline mass loss rate (orange) to the best performing
test so far (blue). The best performing test so far consisted of a single 15 cm tall copper rod
which was placed 80% out of the water (12cm exposed 3 cm submerged). This arrangement
offered a 68% improvement over the baseline mass loss rate.
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Figure 19 - MLR for best performing FR vs baseline

In figure 20 we are comparing the temperature profiles for the baseline experiment (blue) and the
best performing experiment thus far (orange). The thermocouple tree used in the experiments
enabled the placement of 3 thermocouples above the water and 3 thermocouples in the water with
all thermocouples spaced evenly at 0.5 cm apart. In this figure, the y-axis is the thermocouple
position in cm, with 0 cm being the water line. Here we can see that the grid FR maintains
significantly higher temperatures in the liquid phase. The temperatures higher in the gas phase are
slightly lower. This is consistent with expectations that the grid FR efficiently transfers heat from
the gas phase to the liquid phase.

TC Position vs Temperature
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1

0.5
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Figure 20 - Temp. of best performing FR vs baseline

Results demonstrated that the maximum evaporation rate was obtained with the grid FR with over
91% improvement over the baseline case (Fig. 21).
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Figure 21 - Performance of the different FR’s tested in heat flux tests

Based on the results, a scaled-down grid FR, a single pike ruffled metal FR and multiple pikes
ruffled metal FR were manufactured to be tested in the wave tank in Phase I-b.

Outcomes of Phase I-a

Phase I-a aimed to explore the parameters controlling heat collection and transfer back to the fuel
by the FR. In Phase I-a, various materials (with different porosity, density, thermal conductivity,
specific heat, and durability to thermal shock) were tested in a 30 cm x 30 cm x 35 ¢cm radiative
furnace. The following key conclusions were drawn from Phase I:

1. Experiments demonstrated the Al-foam, Al and Cu wools, solid bronze and Macorglass-
ceramic demonstrate the most desirable thermophysical characteristics for FR. They heat
quickly, store a good amount of heat energy, and dissipate heat slowly.

2. Further experiments demonstrated that the more dense and solid the foam becomes, the better
the MLR improvement. Consistently the most porous foams were the worst performing (10
PPI, 20 PPI, 40 PPI, and large cell), and the more solid foams were the best (medium cell,
small cell, and solid aluminum block).
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3. The macorglass-ceramic was eliminated due to its high cost, while aluminum and brass were
not selected due to their low melting point (Melting point of Al = 660 °C, Brass = 900 °C). It
was decided to manufacture FRs with copper (Cu) due to their high thermal conductivity (385
W/mK) and melting point (1,100 °C).

4. The effect of collector geometry on evaporation rate was investigated by the heat flux tests.
The grid FR performed best by increasing the evaporation rate by 91% over the baseline.

The results of Phase I-a (such as material, and optimum collector geometry) were used in the
development of the small-scale FR prototypes that were tested in Phase I-b.

Phase I b - Wave Tank Experiments
Experimental Setup

The test setup for Phase I-b consists of a small-scale wave tank and a self-floating fuel containment
ring. The wave tank allows for precise control of model wave parameters and small-scale burning
inside of the wave tank. The wave tank's internal dimensions measure 2.4 meters long, 0.24 m
wide, and 0.28 m deep (Fig. 22). The walls and floor of the tank consist of 2.5 cm thick acrylic
glued together at the edges. The tank is filled with 33 ppt (parts per thousand) saltwater. A 1:6
sloped beach covered with a rubberized horsehair mat acted as the wave absorber at the end of the
tank opposite the wave generator (Fig. 22a). Another section of rubberized horsehair mat was
placed behind the wave paddle to prevent reflections behind the paddle as well. The beaching
method of wave absorption was used to minimize the wave reflections.

" Rubberized Horsehair Mat

24m

Figure 22 - a) Phase I-b experimental setup, b) Waves created by the wave generator, c)
Thermocouple array used to measure plume temperatures- TC array was placed 25 cm
above the fuel surface while conducting tests.
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Waves were generated using a paddle or flapper type wave generator, powered by an electric motor
(Fig. 22a & 22b). In this method, an electric motor turns a cam which in turn drives an arm and
pushes the wave generating paddle. This method of wave generation produces regular sinusoidal
wave motion with larger circular particle movements closer to the surface, and smaller circular
particle movements closer to the bottom of the tank (Fig. 22b). Cam size and motor turning speed
can both be adjusted to create different wave profiles. Data on these wave profiles were measured
both by video and an Akamina AWP-24-3 dual-sensing wire wave height gauge.

The floating containment ring consists of a 10 cm diameter inner stainless-steel pan to contain the
fuel and a 5 cm diameter submerged stainless steel ring to support small-scale FR prototypes (Fig.
23a). The inner pan and submerged ring were connected via metal arms to a Styrofoam floating
ring with an inner diameter of 15 cm and an outer diameter of 21 cm. This floating ring surrounds
and supports the inner pan and the submerged ring. This setup allows the inner fuel containment
pan to float on the water’s surface and move with the waves, staying at a relatively constant
position relative to the water surface.

Temperature measurements in these experiments were gathered through 22 K-Type AWG31
thermocouples. Seven of them were inserted 0.5 cm apart vertically through the fuel pan to
measure the hot gas, oil, and water temperature (Fig. 23), while 15 placed 2 cm above the fuel
surface with 1 cm spacing to measure the hot plume temperature (Fig. 22c).

a) 21 cm | b) Outer floating ring Inner fuel
15 cm containment pan

10 cm

—

Floating Floating
ring ° ring

Fuel 1.5cm

Multiple cam arm
positions for different
wave profiles

Wave Cam arm

absorbing Testing region » 1
beach \ Wave paddle \\ /’
1
0.28 AN } %
| T\\\ e \ \
~ \_—

2./4 m 0.24 m

Figure 23 - Self-floating setup with TC configurations and containment pan - Phase I-b
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Two distinct wave profiles were chosen for scaling purposes from the 10 cm pool size to a 10 m
pool size with full-scale ocean waves. Scaling was accomplished using the Froude number, which
ensures proper scaling of gravity forces between a model “M” and full-scale “F”. For Phase I-b
wave tank the Froude number can be calculated by the following equation.

Fry = = 0.86 — 0.95

U
V8Lwm
where U is the wave velocity, g is the gravitational acceleration (9.81 m/s?) and Lm is the
characteristic length of the model. For Phase I-b tests the L is the pool fire size which is 10 cm.

Thurman’s Introductory Oceanography describes a moderate ocean wave as having a wavelength
of 61.8 meters, a period of 7 seconds, and a height of 4.5 meters. Wave velocity can be calculated
by dividing the wavelength by the wave period. For the Thurman wave, this would be a wave
velocity of 8.82 m/s. Using a full-scale pool fire size of 10 meters the full-scale Froude number
becomes 0.89, sufficiently in the range that we see for small-scale waves as well. In this way, we
can ensure proper scaling similarity between our scale and the full scale.

= 0.89

F U
I'p =

V8L
Table 4 shows the wave profiles used in Phase I-b.

Table 4 - Wave profiles used in Phase I-b

Wave Rotational Wave Wave Wave Fre Froud Number
Name Speed (o) Length height velocity Wavesq/.sec for small scale
rpm (L) cm (H) cm (cmls) tests
Wave 1 37.8 147 0.9 85.47 0.58 0.86
Wave 2 87 66 0.7 94.2 1.41 0.95

Experimental Matrix

A total of 114 experimental tests were performed. All tests were performed with a 1.5 cm initial
fuel slick thickness. Initially, the baseline tests were performed with pure Alaska North Slope
(ANS) crude oil and emulsion consist of 25% saline water (33 ppt) and 75% ANS by volume.
Then the influence of blanket coverage area on the burn efficiency was investigated. Blankets
comprise of 1 cm thick Cu fibers (0.0127 cm wire diameter) sandwiched between two Cu meshes
(wire diameter of 0.058 cm and has an opening of 0.13 cm between wires) were manufactured
with various diameters (10 cm, 7 cm, and 5 ¢cm) and tested. Kapok fiber, which is a plant-based,
non-toxic, naturally hydrophobic, oleophilic, and self-buoyant material, was added to the blanket
to improve burn efficiency. In two cases, 0.2 cm kapok fiber placed at the top and bottom was
tested. Then different collector types such as solid rods at the center, ruffled plate, and grid plate
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were tested. Each test was repeated three times. Details of the experimental matrix are given in
Table 5.

An analysis of the area ratios on evaporation rate was also performed. The ratio of the collector
area to the pool surface area (a1) was calculated and correlated with the burn efficiency. a1 values
obtained from Phase I-b will be used to design the large-scale FR prototypes.
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Table 5 - Experimental Matrix of Phase I-b

Case - 'Heater - CoIIecto_r Wave Fuel
Blanket Dia. (cm) | Blanket Thickness (cm) Blanket Material Type | Height
Wave 1 ANS
Baseline - - . i ) Wave 2
- 25 % Saline
Wave 1 | Water - 75 %
Wave 2 ANS
10 1 Cu - - -
5 1 Cu - - -
7 1 Cu - - Wave 1 ANS
Wave 2
7 19 lcm _Cu, 0.2 cm Kapok i i i
' fiber at the top.
Only Blanket
ANS
7 19 1 cm Cu, 0.2 cm Kapok i i Wave 1
' fiber at the bottom Wave 2
- 25 % Saline
Wave 1 | Water - 75 %
Wave 2 ANS
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Table 5 - Experimental Matrix of Phase I1-b (Cont.)

Heater

Collector

Case Blanket Dia. (cm) | Blanket Thickness (cm) | Blanket Material | Type Height Wave | Fuel *
1cm Cu, 0.2cm C;égg 3 0.266
7 1.2 Kapok fiber at the F;t the 5 - ANS | 0:432
bottom 7 0.597
center | 9 0.763
Ruffled 3 1.301
1cm Cu, 0.2cm Cu 5 1.681
7 1.2 Kapok fiber at the plate 7 - ANS | 2.120
bottom with 1
pike 9 2.587
Ruffled Wave 1| ANS
cu Wave 2
Blanket with FR lemCu,0.2cm | plate _ 25 0%
7 1.2 Kapok fiber at the | with 3 3 Sali 2.150
bottom pikes Wave 1 | aline
Water
and
holes Wave 2 | - 75 %
ANS
Wave 1 | ANS
1cmCu, 0.2cm Wave 2 25 0
7 1.2 Kapok fiber at the | Cu Grid | 3 - 721 1.23
bottom Wave 1 | Saline
Water
Wave 2 | - 75%
ANS
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Small-scale FR prototypes
Five FR prototypes were designed and tested in Phase I-b. Figure 24 shows the details of the small-
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Figure 24 - Small-scale FR prototypes tested in wave tank - Phase I-b



Experimental Results and Observations

Burn Efficiency
Burn efficiency is the ratio of the mass of oil burned to the initial oil mass:

Burn Efficiency (%)

_ Initial Oil Mass — Burnt Mass] % 100
B Initial Oil Mass

Initially, the influence of blanket coverage area on burn efficiency was investigated. Blankets (1
cm thick filled with Cu fibers) with different diameters (10 cm, 7 cm, and 5 cm) were manufactured.
Figure 8 compares the burn efficiency of the baseline and 1 cm thick Cu blanket with different
diameters for ANS crude oil. Error bars show the standard deviation between three replicates.
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Baseline 10 cm binkt 7 cm binkt 5 cm binkt

Figure 25 - Burn efficiency of the baseline, and 1 cm thick Cu blanket with different
diameters (10 cm, 7 cm, and 5 cm)

When the Cu blanket with a 7 cm diameter is placed in the fuel, it is observed that the burn
efficiency increased to 48%, while it was 38% for the baseline case. Covering the pool surface
with the blanket (10 cm blanket case) limited the rise of the fuel vapor from the bottom of the
blanket. Although the burn efficiency was ~42%, the improvement was not significant as the 7 cm
diameter blanket case. Using a smaller blanket than the pool diameter allowed fuel vapor to rise
easier and promoted a higher flame temperature and higher heat feedback from the flame to the
pool surface. In this context, a 7 cm diameter blanket was used in all the small-scale prototypes.

Then kapok fiber was added to the blanket to wick the oil during the burn and sustain the fire
longer even with the thin oil slicks. Two cases, 0.2 cm layer of kapok above the 1 cm Cu fiber and
0.2 cm layer of kapok below the 1 cm Cu fiber, were tested. Figure 26 shows the effect of kapok
fiber on the burn efficiency for ANS crude oil.
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Figure 26 - Burn efficiency of the 7 cm diameter blanket with and without kapok fiber.
Orange: No kapok fiber, Light Blue: Kapok placed below the Cu fiber, Dark Blue: Kapok
placed above the Cu fiber. (Horizontal dotted line shows the baseline)

It is observed that adding 0.2 cm thick kapok fiber (light blue) increased the burn duration (due to
the wicking effect) and further enhanced to burning rate to ~ 52%.

After optimizing the blanket area and the material, FRs with different collector types were tested
(Fig. 24). Figure 27 compares the burn efficiency of different FRs in stagnant water conditions for
ANS crude oil.
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Figure 29 - Burn efficiency of the small-scale FRs with different collector types and heights
for ANS crude oil. (Horizontal dotted line shows the baseline)
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First, FRs composed of a single hollow Cu rod (0.92 cm inner diameter, 1.25 cm outer diameter)
attached on a 7 cm diameter blanket (1 cm thick Cu fiber standing on 0.2 cm kapok fiber
sandwiched between two Cu meshes) were tested (Fig. 20). Different collector heights were
investigated (3, 5, 7, and 9 cm). It is observed that enhancement in burn efficiency was not
significant with the hollow rod FRs. It was decided to use thin Cu plates as collectors due to their
lightweight and high burn efficiency. A 3 cm high (2.7 cm collector, 0.3 cm heater) grid FR (this
configuration showed the best performance in heat flux tests) was manufactured. Holes (1.1 cm
diameter) were drilled to increase the airflow into the flame (Fig. 20). Experiments demonstrated
that the burn efficiency reached its optimum value of 76%, which is a ~ 50% increase over the
baseline case. Base on the grid FR a new FR made of single pike ruffled metal (5 cm wide, 0.05
cm thick Cu plate) attached on a 7 cm diameter blanket were manufactured (Fig. 20). The ruffled
collector is selected for easy storage and deployment. Tests with different collector heights (3, 5,
7, and 9 cm) were performed. It is observed that the short pikes, 3 and 5 cm, blocked the air
entrainment into the flame and caused lower burn efficiencies. The maximum burn efficiency,
63%, was achieved by the 7 cm high single pike (Fig. 29). However, using the same aspect ratio
(1:1) of the optimum pike height (7 cm) and the blanket diameter (7 cm) for the large-scale tests
will increase the center of gravity of the FR that might cause tilting in wave conditions. In this
context, a 3 cm high 3 pikes ruffled metal collector was designed and manufactured by keeping
the optimum pike surface area. Like in the grid FR, holes were drilled to increase the airflow into
the flame (Fig. 24). The tests demonstrated that the new multiple pike collector achieved the same
burn efficiency as the 7 cm high single pike collector.

Figure 30 shows the correlation between the a1 and burn efficiency.
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Figure 30 - Influence of a1 (Collector area/pool surface area) on burn efficiency
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As shown in Fig. 30 the maximum enhancement in burn efficiency was obtained when o
(Collector area/pool surface area) is about 1.3. The optimum a1 value will be used as a guideline
to manufacture large-scale prototypes.

Figure 31 compares the burn efficiency of the baseline, blanket, multiple pike collector, and grid
collector FRs in wavy water conditions with ANS crude oil.
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Figure 31 - Burn efficiency of the baseline, blanket, multiple pike collector, and grid
collector FRs in wavy water conditions with ANS crude oil
As shown in Fig. 31, the FRs were able to maintain the high burn efficiency even in high waves

(Wave-2 in Table 4). Figure 32 compares the burn efficiency of the different FRs in stagnant water
conditions with water-ANS emulsion. The procedure of creating emulsions is described in
Appendix B.
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Figure 32 - Burn efficiency of the baseline, blanket, multiple pike collector, and grid
collector FRs in stagnant water conditions with water-ANS emulsion
As a first attempt, a torch was used to ignite the 25% emulsion. The emulsion could not be ignited

with a torch. In this context, a 0.4 cm heptane layer was added as a starter fuel to the surface of the
emulsion. The objective was to ignite the emulsion and achieve a self-sustaining steady-state burn.
As shown in Fig. 31, self-sustained burning was achieved with the addition of a starter. With the
introduction of FR with multiple pikes ruffled collectors the burn efficiency of the emulsion
increased to 22%.

Post-burn Residue Clean-up Efficiency

Post-burn residue clean-up efficiency (PBRCE) is the ratio of the mass of residue that remains on
the water surface to the initial oil mass. PBRCE considers both the burnt residue and the residue
stuck in the blanket. Figure 33 compares the PBRCE of different FRs in stagnant water conditions
with ANS crude oil.

100
90

80

70

60

50

PBRCE (%)

40

30

20

10

Baseline Blanket Ruffled Metal Grid Collector
Collector

Figure 33 - PBRCE of the baseline, blanket, multiple pike collector, and grid collector FRs
in stagnant water conditions with ANS crude oil

As seen from Fig.33, FRs with ruffled metal (3 cm high 3 pikes) and grid collectors removed ~90%
of the oil from the water surface. This is about 3 times the baseline case. Figure 34 shows the
PBRCE for the wavy conditions.
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Figure 34 - PBRC of the baseline, blanket, multiple pike collector, and grid collector FRs in
wavy water conditions with ANS crude oil

The wave action did not affect the PBRSE of the FRs with ruffled metal and grid collectors. Most
of the oil (~90 %) was removed from the oil surface (Fig. 34). Figure 35 shows the PBRCE for the
emulsion tests under stagnant water conditions.
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Figure 35 - PBRC of the baseline, blanket, multiple pike collector, and grid collector FRs in
stagnant water conditions with water-ANS emulsion
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Baseline

Burn Rate

The burn rate for the experiments is determined both experimentally and numerically.
Experimentally the mass of oil consumed by burning is measured as the mass put into the pan
minus the mass of oil remaining at the end of the experiment. Figure 36 compares the burn rate of
different FRs in stagnant water conditions.
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Figure 36 - Burn rate of the baseline, blanket, multiple pike collector, and grid collector

FRs in stagnant water conditions with ANS crude oil

Although the burn efficiency was increased with the introduction of the blanket, the burn rate did
not change. The blanket promoted a longer burn with the same burn rate as the baseline. The burn
rate significantly increased for the grid collector by reaching a maximum value of 3.8 g/min. This
is about 2 times the baseline case. Figure 37 compares the burn rate of different FRs in wavy water

conditions.
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Figure 37 - Burn rate of the baseline, blanket, multiple pike collector, and grid collector

FRs in wavy water conditions with ANS crude oil
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As shown in Fig. 37, the ruffled metal and grid collector continued to burn faster in wavy
conditions. To validate the experimental data a numerical study was performed. Numerically a
correlation developed by Garo et al. which was developed to predict the time to boil over of crude
oil spilled on water, was used. Using the temperature data acquired from the thermocouples
inserted into the floating pan the regression rate/the mass burning rate of the oil was calculated.

In the correlation Ty, is the boiling point of the fuel, T, is the measured temperature at x depth from
the surface, o is the thermal diffusivity of the fuel, and T, is the temperature as x — o or as we
get as far from the surface as possible. Using these parameters and the equation below we can
calculate regression rate r (m/s), and then find mass burning rate (g/s).

%: i: = exp (=)

We performed this calculation on a select number of FR types and only on the no wave case tests.
The correlation predicted mass-loss rate well (10-25% error) until the highest performing FR’s. At
this point, where the FR has such a strong impact on the fuel temperatures, that the correlations
assumptions no longer remain valid, and the results start to break down.

Table 6 - Comparison of the experimental vs numerical MLR

Mass Loss Rate (g/s)
Test ID Experimental (g/s) | Numerical (g/s) Error
Baseline 0.0325 0.0371 12%
Blanket 0.0331 0.0374 12%
Multiple pikes ruffled metal collector 0.0463 0.0319 45%
Grid collector 0.0648 0.0325 100%

Temperature Profiles

The thermocouple data is averaged in two ways, in time and space. The time-averaged data is
averaged over the whole burn time for a given location while space averaged data is the average
at each time step of two locations in the flame region. For both of these methods, the data of at
least two runs is also averaged.

For the time-averaged data, there are two regions of interested the plume locations (25 to 39 cm
above the fuel surface) and the near flame region (1 cm above to 2 cm below the fuel surface).
Figures 38 and 39 represent 4 cases — baseline, blanket FR, ruffled FR and the grid FR In the
stagnant water conditions (no waves) the 3 cm grid (green line) performs the best, with the highest
temperatures in the plume and near flame region and the shortest burn time.
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Figure 38 - Time-averaged temperature data for plume and near flame regions for no wave
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Figure 39 - Flame region averaged for whole burn duration for no wave tests

Two wave conditions are shown in Figures 40 and 41. From these figures, it is clear that the grid
FR increased the plume temperature over the baseline and has comparable flame region (1 to 0
cm) temperatures to the baseline, while the multiple pikes ruffled, and the blanket has lower
temperatures than the baseline. This increase is larger at Wave 1 than Wave 2 but is still significant
at higher waves.
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The data from the two thermocouples in the flaming region (1 and 0.5 cm above the fuel surface)
are averaged together and plotted for the entire burn duration in figures 42 and 43. This look at the
temperature data shows that the grid has the highest flame region temperatures and has a
comparable burn time to the baseline. The blanket with the kapok at the bottom has the longest
burn time and has lower temperatures than the baseline at Wave -1 but is hotter than the baseline
at Wave -2. The multiple pikes ruffled metal FR is hotter than baseline for both wave conditions
but has a longer burn time and lower temperatures than the grid FR.
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Figure 42 - Flame region averaged for whole burn duration for Wave — 1
600 -
S
g
=
©
o
=
5
=
0 I L] T 1 1 1 1 1 1 : 1
0 20 40 60 80 100 120 140 160 180 200
Time (s)
—Baseline ——7 cm Kapok Bottom ——3 cm 3 Pike Ruffled ——3 cm Grid

Figure 43 - Flame region averaged for whole burn duration for Wave -2

In total, from the temperature data for crude oil burn in wavy water, the grid FR provided hotter
plume temperatures across the burn duration, short burn duration, and hotter near flame
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temperatures when compared to the baseline cases. This is in line with the burn efficiency and
clean-up efficiency data that shows the grid FR as most effective.

Outcomes of Phase I-b

In Phase 1-b a wave tank was designed and constructed to test small-scale prototype FR for their
ability to burn fresh and emulsified crude oil under various wave conditions. Based on the small-
scale tests 4 prototypes were chosen to advance to large-scale crude oil burning experiments into
Phase II.
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3. Phase Il - CRREL Testing
Site Overview

Phase Il experiments were conducted at the Cold Regions Research and Engineering Laboratory
(CRREL) in Hanover, NH between 9/21/2020 and 10/9/2020. The CRREL facility possesses a
large wave tank capable of conducting burning experiments, which was critical for this stage of
development of the Flame Refluxer. The first week of testing (9/21-9/25) consisted of setup and
preparation for the resulting two weeks of testing to be conducted. The second week (9/28-10/2)
consisted of HOOPS crude oil burning experiments with and without Flame Refluxers. The third
week (10/5-10/9) moved forward to testing with 25% water emulsions and bunker fuels.

The main testing facility for this phase of experiments consisted of the large wave tank and
surrounding facilities. The wave tank is located on a concrete pad, with an observation hill at one
end, and observation scaffolding placed at the other end. A shed sits next to the tank to house
instrumentation and data collection equipment, as well as the wave generation equipment.

ey = i P g Observation
Observation | — S o aa  scaffolding
hill i

Figure 44 — Cold Regs Research and Englneermg Laboratory wave tank facility, the
testing site for Phase 11

The CRREL wave tank has a total length of 15.5m (50.8 ft), a width of 2.5m (8.2 ft), and a depth
of 2.25m (7.4 ft). The tank is fitted with a hydraulically driven wave board at one end. Passive
wave absorbers at both ends suppresses the reflected waves. With 1.8 m (5.9 ft) of water depth in
the tank, the wavemaker can generate waves with heights to 0.6 m (2") with periods ranging from
1.7 to 3.3 seconds. An American Fire boom was used to create a 1.9 m x 1.7 m contained burn
area inside the wave tank. A large field of view cameras was placed on the scaffolding as well as
on the hill, both looking over the tank into the testing area. Distances from these cameras to the
burn area are shown in Fig 44 with another overview perspective in Fig 45.
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Figure 46 - View of fully prepared testing location, showing fuel containment boom and
other testing apparatus

Instrumentation Overview

A large collection of instrumentation was used to capture data about the Phase Il experiments. An
Akamina AWP 24-3 wave gauge and a 1m wave probe were used to verify wave heights and
periods. Initial fuel content for each experiment was measured by weight using a Computer scales
Accuset 1l load cell set as the fuel was pumped into the experiment containment area. The
remaining fuel residue was measured post-experiment using a similar load cell, set up inside of a
secondary containment area.
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Figure 47 - (left) Fuel tote placed on load cells to measure the amount of fuel added to each
experiment. (right) Load cells in a secondary containment area to measure fuel residue on
FR's

Two underwater cameras were placed in the wave tank along with an accompanying Teflon linear
measurement scale, shown in Fig 48. The objective of this equipment was to get live-feed

information about the fuel thickness and resulting regression rate. The method was used with
varying levels of success throughout the course of the two burn weeks.

Figure 48 - Underwater cameras placed with a view of a teflon measurement stick to
monitor fuel thickness throughout the experiments.

44



Thermocouples

Over 140 thermocouples (TC’s) were used to monitor temperatures over the course of the

experiment. The three thermocouple groups consisted of the flame TC array, liquid TC array, and
FR TC array.

Flame TC
arrays

Fuel TC
arrays

Figure 49 - (left) Data acquisition module with thermocouple wires (right) Sketch showing
TC locations in yellow

As shown in Fig. 50 the flame TC array consisted of 45 thermocouples secured to a water-cooled
metal support frame placed above the burning pool in the flaming region. Three emission sampling
points were also placed on this metal frame as shown.

O CaaCn 1

Thennocouples| Emission Sampling

Figure 50 - (left) flame thermocouple array placed over the burn area, with TC locations
outlined in yellow, and emissions sampling points also labeled. (right) Crane emissions
sampling point.
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The liquid TC arrays consisted of two custom fabricated TC ‘trees’ which contained 31
thermocouples, each spaced precisely 0.5 cm apart. One of these TC arrays was placed as close as
possible to the center of the burn area, and the other was placed towards the edge of the burning
pool. These thermocouples successfully measured the fuel and water temperatures over the course
of the experiments.

0.5 cm
spacing

Hot Gas Y1cm |
Cha i

Figure 51 - Liquid TC arrays were used to monitor temperatures inside of the fuel layer.
The final TC array consisted of the thermocouples placed on the FR’s themselves. Each FR had
36 thermocouples placed at strategic locations along its height and width. Some TC’s measured
the metal temperature of the FR directly, while others measured the gas or liquid fuel temperatures
directly adjacent to the FR. Shown for demonstration in Fig. 52 below is the grid FR with its TC
locations.

Grid FR
Top View Side View

FR_2

(0Xo)

(0]6)
(0 o)
(0]0)

A FR2_BLNKT_Cent Bot |
Fuel FR2_FR_Cent_Bot

Figure 52 - 36 Thermocouples were placed on the FR's to monitor metal temperatures and
adjacent gas temperatures.
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In total 24 experiments were conducted over the two-week burning period. Cases with and without
FR’s, with and without waves, and with various fuels and thicknesses were all tested. The full
experimental matrix is detailed in Table 7.

Table 7 - Phase 11 Experimental Matrix

Wave

Fuel Densit | Slick
Name Date | Fuel Weight y Thickne | Rain Wave

(kg) (kg/l) | ss(cm) Period (s) | Height

(cm)
Baseline | 9/28 225 0.784 |8.10 No -
Ruffled | 9/28 221 0.784 | 7.96 No |-
Grid 9/28 225 0.784 |8.10 No |-
Bimetal | 9/29 223 0.784 | 8.03 No |-
Grid 9/29 226 0.784 |8.14 No |-
Blanket | 9/30 230 0.784 | 8.28 No |-
Baseline | 10/2 | HOOP | 228 0.784 |8.21 Yes |25 7
Baseline | 10/5 | S 225 0.784 |8.10 No 4 14
Grid 10/1 226 0.784 | 8.14 No 2.5 7
Grid 10/1 225 0.784 |8.10 No |4 14
Solo No
Grid 10/1 229 0.784 |8.24 2.5 7
Bimetal | 10/1 227 0.784 | 8.17 No 2.5 7
Bimetal | 10/2 227 0.784 |8.17 Yes |25 7
Baseline | 10/5 | Emulsi | 68 0.86 2.45 No -
Baseline | 10/5 | on 77 0.86 2.77 No 1 4
Baseline | 10/5 | (25% 73 0.86 2.63 No 2.5 10
Baseline | 10/5 | salt 73 0.86 |2.63 No |25 20
Baseline | 10/6 | water — | 68 0.86 2.45 No |-
Bimetal | 10/8 | 75% 109.3 0.86 |3.93 No |-
HOOPs
Baseline | 10/8 |) 110.2 0.86 No |-
3.97

Baseline | 10/6 27.3 0.94 0.90 No |-
Baseline | 10/7 35.4 0.94 1.17 No 1 4
- Bunker
Bimetal | 10/7 36.1 0.94 1.19 No 1 4
Bimetal | 10/7 33 0.94 1.09 No
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Regression Analysis

An underwater camera was used to monitor the regression of the fuel layer overtime for the
experiments conducted at CRREL — phase Il of the project. The setup consists of 2 fuel gauge
sticks ( measuring stick 1 & measuring stick 2) seen in Fig. 53, made of Teflon material because
of its hydrophobic surface properties and ability to withstand high temperatures. Both the
measuring sticks (gauge) were indented with markings to distinguish the fuel level in cms and
placed at a position to cover both the fuel and the water layer under it.

Wave Tank

Wave Absorption Beach

Wave Generator Paddle

Fuel Containment Boom

LU S A o

Underwater Camera
Support Frame

. Underwater Camera -1

. Fuel Measurement Stick -1

6

7
25 m 8. Fuel Measurement Stick — 2
9

. Underwater Camera -2

10. Underwater Camera

Monitors 1 & 2

11. Burn Area

Figure 53 - Cross-sectional representation of the wave tank with the underwater camera
setup used to monitor the fuel level regression

The measuring stick — 2 was grooved and embedded with a 12 v LED strip inside the stick (fig
54), with the advantage of illuminating in dark and providing clear visuals of the fuel level.
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Figure 54 - Measuring stick — 2 fitted with LED strip; measuring with groves for LED
strip that is to be embedded (left), LED strip (mid), and completed measuring stick fitted
with LED’s

The measurement sticks were monitored by two Forbest 23 mm CMOS underwater cameras (0.3
MP, color) with built-in white LED lights. The cameras that were mounted were equipped with
120° field of view and vision capability up to 400 mm. The cameras were supported by a rigid
metal frame, able to withstand different waves tested in the wave tank seen in fig 55.

syrement A
7 ‘stick — 2 |

':,f . 3 3 . - i B
" Measurement

.+ stick—2with LED.

T i ®gstrip embedded
e / Zes POy

Figure 55 - Measurement sticks 1 & 2 used for recording regression rate mounted on the
metal frame (left) and complete set with the cameras pointing towards the measurement
stick (right)

The metal frame supporting the fuel measurement cameras rested at the bottom of the wave tank
in the boom containment area under the FR prototypes as seen in Fig 53. The cameras
communicated through fiber optic cables and the visuals from the underwater camera setup were
monitored outside the wave tank. The monitors from the cameras were capable of outputting video
images of 1140 x 234-pixel resolution and with an inbuilt ability to record images and videos in
real-time seen in fig. 56 below.

Figure 56 - Underwater camera output stations used to record regression rates
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Reg ression rate measurement

The 2 underwater cameras were used simultaneously to record the fuel regression rate depending
on the view the camera provided. From fig 57 it can be seen that the receiving monitors provided
a definitive view of the fuel thickness, the water layer, and the markings on the stick captured the
exact fuel levels.

The position of the measurement sticks does not necessarily measure the exact fuel thickness of
the experiment but is only used as a reference to monitor the regression of fuel over a time period.
Fig. 57(right) shows the line diagram of the placement of the measuring stick, it can be seen that
the measuring stick is not exactly at the fuel surface but below the fuel surface with a clearance
between the measuring stick and the fuel surface.

Fuel stick under
____ /'thesurface

Figure 57 - View from the camera output outlining the clear view of oil, water, and fuel
level from the scale (left), the placement of the measuring stick in the fuel water layer

(right)

Figure 58 shows the example of the visuals seen on receiving monitors for the baseline case — no
wave with HOOPS crude oil at 5-minute intervals. Fuel thickness regressing over time can clearly
be seen from the fig below

uel Level
3.75 c

Figure 58 - View from the camera output outlining the clear view of oil, water, and fuel
level from the scale for baseline case with HOOPS crude oil without waves observed at 5-
minute intervals

Experiments were monitored and recorded from the underwater cameras at 30 second time
intervals to study regression of fuel level systematically and the same observed recordings were
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used to calculate the average regression rate for most of the cases. Figure 59 below represents the
recordings from the baseline experiment with HOOPS crude oil without the presence of waves,
the corresponding change in fuel thickness vs time plot recorded from the underwater cameras. It
can be seen that regression for baseline case progresses negatively from 5.5 cm to 3.5 cm over
time, also seen in the captured pictures in fig. 6 at 5-minute intervals.
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Figure 59 - Plot for fuel level vs time - measurements recorded with an underwater camera
in 30 second time intervals

Figure 59. is then converted into a regression rate (mm/min) plot. Fig 60 below shows the
regression rate plotted vs time at 5 min intervals for baseline case with HOOPS crude oil without
the presence of the waves as an example. The corresponding regression plot gives the overall
distribution of the regression rate at 5 min intervals, and the average of the distributed regression
rate gives the average regression rate of the experiment.
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Figure 60 - Plot for regression rate vs time - measurements recorded with an underwater
camera for 5 minute time intervals

The underwater camera with the progressing number of experiments started to wear out with time
and also the influence of the waves on the camera had adverse effects. The camera setup worked
best when the burn area was not subjected to any turbulence. The underwater camera in the further
tests was not used because of the following reasons,

i As the number of experiments increased the markings on the measuring stick started to
wear out and the left-over residue from the burn eventually clouded the measuring stick
with tar seen in fig 61. The addition of the wave also added to the complexity.

Measurement stick

Diminished marking

Figure 61 - Unclear view of the measurement stick clouded with tar residue from the burn

ii. Since the tank was filled only once with fresh water at the start of the first experiment, It
is most clear for test 1 and the clarity of water deteriorates as the number of tests increases.
The addition of high turbulence in the system results in a bad depth of view of the camera
and the residue particles from the tests also start moving in random motion, thus making it
difficult to register any clear images of the measuring stick. From fig. 62 it can be seen that
the camera fails to register a clear view of the measuring stick because of cloudy water, the
demarking lines for fuel regression are also blurry.
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Figure 62 - Unclear view of the underwater camera with prolonged use of the measurement
stick and cloudy water surrounding it.

The experiments after the underwater camera measurements were deemed unreliable, the
regression rate is calculated as global regression rates instead of the average regression rate
calculated previously. The global regression rate was calculated using the following equation,

Fuel Thickness X Burn Ef ficiency ) % 10

Global Regression Rate (mm/min) = ( Total Burn Time

Table 8 shows the summary of the tests performed at the CRREL — Phase Il (1m scale). The
regression rates calculated using the average regression rate from the underwater cameras are
highlighted. And the remainder of the experiments that are not highlighted are calculated as global
regression rate using the equation shown above

Table 8 - Summary of experiments with wave profile, burn duration, regression rate, and
their respective efficiency - CRREL Phase 11 (1 m burn)
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Total B
Total Fuel Added Fuel Thickness v a. urn Residue Left Regression Rate | Burn Efficiency Weather
Fuel FR Wave Profile Time ) . Condition
(kg) (em) (min) (kg) (mm/min) (%) 2
Baseline - 225 16 97 1 57
Ruffled - 221 19 93 1.4 58
Grid - 225 20 - -
Sunny
Bimetal - 223 39 16 1.8 93
Grid - 226 84 14 1.8 94
Blanket - 230 23 97 1.4 58
(Wave 1) 60% Rain
Baseline Period: 2.5 s 228 42 11 1.2 95 0.04 inch — Total
Height: 7 cm Precipitation
HOOPS (Wave 2) H
Baseline Period: 4 s 225 54 7 3 97
Height: 14 cm
(Wave 1)
Grid Period: 2.5 s 226 48 2 1.5 99
Height: 7 cm
(Wave 2) Sunny
Grid Period: 4 s 225 55 2 1.5 99
Height: 14 cm
Solo Grid 229 43 2 1.5 99
(Wave 1)
Bimetal 227 31 2 2 99
Period: 2.5 5
Height: 7 cm 60% Rain
Bimetal 227 32 45 23 98 0.04 inch — Total
Precipitation
Baseline - 68 7 2.5 32 96
(Wave 3)
Baseline Period: 1s 77 6 5 42 93
Height: 4 cm
(Wave 4)
25% .
. Baseline Period: 2.5 s 73 25 8 35 31 95
Emulsion
Height: 10 cm
(Wave 5)
Baseline Period: 2.5 5 73 12 35 21 95
Height: 20 em
Baseline - 68 7 4 32 94
Sunny
Baseline - 27 5 7 1.2 74
Baseline (Wave 3) 35 6 5 1.7 86
Bunker Period: 1s 1
Bimetal Height: 4 em 36 8§ 35 1.2 90
Bimetal - 33 6 3 1.7 91
Bimetal - 109 12 18.5 2.6 83
25% 4
Emulsion
Baseline - 110 9 23 3.7 79

From Table 8. we can see that the grid FR and the bimetal FR outperformed the baseline case with
HOOPS crude oil without the presence of the waves. Both the grid FR and the bimetal FR
performed higher with an overall efficiency of 93% and 94% respectively while maintaining an
average regression rate of 1.8 mm/min until the first extinctions.
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The gird and the bimetal FR still outperformed the baseline case with HOOPS crude oil in the
wavy condition regressing at 1.5 mm/min and 2 mm/min respectively, while the baseline case
regressed at 1.2 mm/min. That’s a healthy 25% increase in burn rate for the grid FR and a 91%
increase in the burn rate for the bimetal FR (rain conditions) compared to the baseline case with
the wave 1 scenario. While the bimetal with 25% emulsions without the presence of the waves
increased the burn time also increasing the efficiency of the burn, which in turn reduced the overall
residue left at the end of the experiment.

Even with the heavier fuel like bunker crude oil, the bimetal FR without the presence of the waves
showed a 30% increase in the burn efficiency, 42% increase in the burn rate from 1.2 mm/min
with baseline case to 1.7 mm/min with bimetal FR.

Flame behavior analysis
Baseline

This section will discuss the propagation of the flame height for the baseline experiments also
discuss the fire behavior in brief for different fuels and wave cases with no FR’s.

1. HOOPS crude oil
a. Baseline - No wave

In the baseline case with no wave conditions, the flames start with tall flames of ~3.5m in height
fromt =0 to t = 3 min, then peaks to ~6.5m high flames at t = 6 min. Then fire steadies itself from
t = 9 min to t = 15 min with an average ~3m flame height, before it self-extinguishes at t = 16 mins
as seen in Fig 63.

Figure 63 - Flame behavior for baseline case — no waves with HOOPS crude Oil
b. Baseline - Wave 1

The weather conditions for this particular test were rainy with 1 mm of total precipitation observed
for the day. The baseline case with wave 1 starts with low flame (Fig. 64) height (~3m — ~4m)
and propagates to tall flames at the quarter of the experiment from t = 10 to t = 15 min. The flames
descent suddenly to a scenario with no flames at the center, flames can be only observed on the
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periphery. This might be caused due to foaming phenomenon, resulting in fuel to expand and
extinguish the flames. Also, it is suspected the cooling effect and the flames held on the sides of
the boom cause the fuel to cool down and reignite the fire in baseline case at t = 27 min. the flames
continue to grow until they self-extinguish at t = 39 min.
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Figure 64 - Flame behavior for baseline case — Wave 1 with HOOPS crude Oil

c. Baseline — Wave 2

The baseline with wave-2 behaves similarly and follows a trend alike wave 1 case where the flames
start tall ~4.5 in and sustain an average flame of ~3m from t = 6 to t = 18 min. From t = 18 min
the flames start to reduce in height to a minimum and extinguish completely due to the foaming
phenomenon observed at t = 30 min, the flames remain subdued until t = 33 min. The fire then
comes back to reach steady flames of ~2m before it self-extinguishes at t = 54 min.

56



" att=30min

Figure 65 - Flame behavior for baseline case — Wave 2 with HOOPS crude Oil

Figure 66 shows the summary of the fire behavior of all the baseline cases with HOOPS crude oil.
For all the cases with waves, the flames start tall and reduce and steady themselves before
extinction, with the cases with no waves the flame height peaks with 6.5 m fire and dip to self-
extinction at t = 16 min. while both wave 1 and wave 2 cases behave similarly; both start with tall
flames, decrease to a steady flame height. At the midpoint during the experiment the flames reduce
to a minimum and flames die at t = 24 and t = 30 for wave 1 and wave 2 respectively, raise again
higher before they self-extinguish at t =42 min and t = 54 min respectively. The timeframe where
the flames virtually die as seen in the graph can be attributed to foaming which can be also seen in
fig 65.
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Figure 66 - Flame heights for baseline cases -HOOPS crude Oil with 3 cases — no wave,
wave 1, and wave 2.
2. 25% Emulsions

a. Baseline — No wave

The baseline case with 25% emulsion was tested with 2 different fuel thicknesses starting with
2.5cm fuel slick and 4 cm fuel slick thickness

For the case with 2.5 cm fuel thickness, the experiment was repeated, and two sets of data were
collected to see the repeatability of the burns. The fire starts with a steady flame of ~2m in height
and increases gradually to up to ~3m tall. The fire stays consistent at an average flame height of
~2.5m throughout the first run of the test until it self-extinguishes at t = 7 min (Fig. 67)

Figure 67 - Flame behavior for baseline case — No wave for 2.5 cm slick thickness (runl)
with 25% emulsion mix
The repeated test showed slightly different behavior in terms of flame height. The flames start tall
and slowly diminishes until the fire self-extinguishes at t = 8 min.
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Figure 68 - Flame behavior for baseline case — No wave for 2.5 cm slick thickness (run 2)
with 25% emulsion mix
For the case where the slick thickness increased to 4 cm, the fire behaves similarly to that of the
case earlier with 2.5 cm fuel thickness. The flames start slow and steady at around ~2.5 m
compared to ~2m previous case with lower fuel thickness. The flames hold steady for most of the
burn with an average flame height of ~2.5m from t = 3 min to t = 8 min before it self-extinguishes
att =9 mins.

The 2.5 cm and 4cm fuel thicknesses behave similarly in terms of behavior as observed in Figures
68 and 69 where the fire starts steady, flames peak, and self-extinguishes at the end.

Figure 69 - Flame behavior for baseline case — No wave for 4 cm slick thickness with 25%
emulsion mix
The no wave case (run 1) with 2.5 cm fuel thickness and no wave 4 cm fuel thickness behaves
similarly in terms of flame behavior. While run 1 and run 2 behave differently in terms of flame
heights, they yield a similar burn efficiency and burn rate at the end of the test after self-extinction.
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Flame Height {m)
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Figure 70 - Flame heights for baseline cases —25% emulsion with 3 cases — no wave 2.5 cm
oil thickness (run 1), no wave 2.5 cm oil thickness (run 2), and no wave 4cm oil thickness
b. Baseline - Wave 3

In the case with wave 3, the flames start high and tall reaching up to ~3m in length as seen in Fig.
71 att = 1min and gradually decrease to ~2m until it self-extinguishes at t = 6 min.

- “ Y E ’ . 3 4 < . R B Av,v‘. . l‘ ~"\‘
“t=1lmin""T T Tt=2min™ "7 " "t=3 min t=4 min =5 min
Figure 71 - Flame behavior for baseline case — Wave 3 with 25% emulsion mix
c. Baseline — Wave 4

t=6min~ .

In the case with wave 3, the fire tends to delay reaching maximum flame height ~4m tall at t = 2
min, compared to wave 1 case where the flame reaches its maximum height at the t = 1 min mark.
Soon after the flame height peaks (t = 2 min), it drops to its lowest ~2.5m at t = 3min and holds
steady until t = 5 mins. The flames rise again an average of ~3m height before it self-extinguishes
att=8 min

~2.5m) 2.8m]
*2.5m
=8 » L - » : A =
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Figure 72 - Flame behavior for baseline case — Wave 4 with 25% emulsion mix

— —
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d. Baseline — Wave 5

For the case with wave 5, the flames start tall and steady at around ~2.8m fromt=1tot =5 min.
The flames then start to decline from t = 5 to t = 6 mins from ~2.5m to ~1.8m, the flames drop
even lower and hold steady ~0.8m height from t = 7 to t = 9 min before it self-extinguishes at t =
12 min. It is important to note that the containment boom disintegrated at t = 10 min where it was
observed the flames increase to ~1.8m and flames die soon after.

Figure 73 - Flame behavior for baseline case — Wave 5 with 25% emulsion mix
In Summary, wave 3 and wave 4 behave similarly in a pattern where the flame starts steady, and
it is observed that flames peak right before they self-extinguish. For the case with wave 5, the test
sustains a bit longer than the wave 3 and wave 4 cases. The flames start steady at ~3m height and
gradually decrease over a period. The flame again steadies and quickly shoots before it drops and
self-extinguishes at t = 12 min.
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Figure 74 - Flame heights for baseline cases —25% emulsion with 3 cases —wave 3, wave 4,
and wave 5
3. Bunker Fuel

a. Baseline — No wave

Bunker fuel being heavier and hard to ignite, and starter fuel was used as an ignitor to start the fire.
The case with no waves for bunker fuel starts to sow with ~1.8m flame height, then peaks at around
t = 3mins and drops to ~2m flames before self-extinguishing at t = 6min.

7.

=1 min =2 min

=3 min t =4 min t =5 min 6 min
Figure 75 - Flame behavior for baseline case — No wave with bunker fuel
b. Baseline — Wave 3

For the case with waves, the flames behave differently compared to the no waves with bunker fuel.
The flames peak at the start with a tall ~3.5m fire and holds steady from t = 2min to t = 5min at
~2.8m to ~2.5m flame height before self-extinguishes at t = 6 min.
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Figure 76 - Flame behavior for baseline case — Wave 3 with bunker fuel

The flames heights for no wave and wave 3 vary initially as the case with no waves starts with low
flames and peaks before descending while the wave 3 case peaks initially and descends from the
peak flame height. From t = 2 mins both the cases behave quite similarly in terms of flame height
and self extinguish at the same time at t = 6 min
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Figure 77 - Flame heights for baseline cases —-Bunker fuel with 2 cases — no wave, and wave
3
Flame Refluxers

1. Wave 1 - Hoops Crude Oil
a. GridFR

Compared to the baseline case we do not see any cyclic behavior that was observed in baseline
where the flames peak and fall to a minimum, and peaks again before self-extinction. The Grid FR
with wave 1 does not fluctuate much, the flames start small at ~1.8m and relatively stays at steady
with an average flame height of ~2.5m throughout the test before one of the FR fails to maintain
its buoyancy and sinks at t = 45 min and the experiment concludes with self-extinction at t = 48
min.

63



Figure 78 - Flame behavior with grid FR case — Wave 1 with HOOPS crude Oil
b. Bimetal —

The wave 1 case with bimetal FR, starts tall with ~3m flame height with steady average flame
heights of around ~2m high from t = 2 to t = 15 min. It was observed that the flames suddenly
erupted to high up to ~5m intermittently from t = 18 min to t = 30, with flames averaging about
~4m high. Before it self-extinguishes at t = 42 min.

S 39 mlnI ~.t
Figure 79 - Flame behavior with bimetal FR case — Wave 1 with HOOPS crude Oil

The bimetal FR is an alloy of 2 different materials (Cu and SS), characteristics of the bimetal FR
allow it to contract and expand differently. We can also see that bimetal FR works as intended,
rising when subjected to high-temperature conditions.
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Figure 80 - Bimetal FRs raising with high temperatures — Wave 1 with HOOPS crude Oil
c. Bimetal — (rain case)

The experiment with the Bimetal FR case with wave 1 does follow a trend similar to the baseline
case but the fluctuations are much erratic. The fire with bimetal FR starts steadily at ~2.8 m from
t = 2 min to t = 18 min, an unusual erratic behavior is observed with bimetal FR where sudden
pops of flames reach close ~5m to 7 before and the after the flames are extinguished by to foaming.
It can be seen that flames pops are frequent from t = 20 to t = 21.5 before the flames are subdued.
At t =23 min it can see that flames are only observed in the FR periphery and not that the center,
flames start coming back to the center towards the FR at t = 24 min and then propagate to higher
flames. Soon after the flames mature at the end of the cyclic behavior, pops of fire flashes are
observed again after the following 2 mins from t = 24 to t = 26 min. The flames then die gradually,
and self-extinguishes at to = 42 min.

TR T R L A P B e o R a R
t=23 min t=30min t=33 min t=36min  t=39min

Figure 81 - Flame behavior with bimetal FR case — Wave 1 with HOOPS crude Oil
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The case with baseline with wave 1 profile follows a sinusoidal trend with average flame heights
of ~3m. while the FR (Bimetal & Grid) sustain taller fires and longer fires with an increased
burning rate. The grid resulting 25%, and bimetal cases without and with rain resulting 67% and
92% higher burning rate than the baseline case.

Flame Height (m)
»
°
-]
-
=
e

3 a x X oo / X
X = m X
a
2 o Y
o ° o

45 50

Time (min)

—o—Baseline B-Grid —A—Bimetal X Bimetal with rain

Figure 82 - Flame height comparisons for baseline, gird FR, and bimetal FR case — Wave 1
with HOOPS crude Oil

Also, it can be seen from the observed figure 83 comparing grid FR and baseline case with wave
1, that the grid is visibly burning with clear white smoke indicating complete combustion, while
the baseline case is still inefficient visible from the black smoke.
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Baseline — wave 1

Figure 83 - Smoke visualization of grid FR and baseline case with wave 1
2. Wave 2 - HOOPS Crude Oil
a. Grid

Compared to the baseline case the FR with wave 2 profile has an overall reduced flame height.
The flames start low at ~0.8m high at t = 3 min and keep fluctuating between 0.8 and 1.8 for the
entire burn period, expect at t = 45 min and t = 51 min where the peaks at ~2.8m before
extinguishing at t = 57 min
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Figure 84 - Flame behavior with grid FR case — Wave 2 with HOOPS crude Oil

The Baseline follows a clear trend where the flames peak, reduce to no flames, and peak again
before extinction. Whereas the bimetal FR again stays relatively low compared to the baseline case
but sustains the fire longer and with steady flame height. The fluctuations in the flame are very
subtle and do not vary much throughout the experiment with the FR case still maintaining high
efficiency.
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Figure 85 - Flame height comparison for baseline, and gird FR- Wave 2 with HOOPS
crude Oil

Average Flame Height analysis

Figure 87 shows the evolution of stages for the different experiments with HOOPS crude oil. The
burn phases portray the continuous burning regime in the different cases. The time-averaged flame
height (in m) is shown in each of these burn phases. Time averaging of flame photographs is done
every second through an in-house MATLAB code through image processing for every burn
duration as shown in Table 9. Figure 86 shows the image averaging procedure in the MATLAB
code. Consider a pixel in image 1 as shown at location 305 x 121. For this pixel, the Red-Green-
Blue components of each pixel are stored in a three-dimensional where [0,0,0] and [1,1,1] represent
black and white colors, respectively. Each of the RGB components for the other colors lies in
between 0 and 1. The RGB components of the pixel in image 1 and image 2 are averaged to obtain
the RGB value for the same pixel in the average image. This procedure is followed for the required
number of figures, for each of the test cases to obtain an average image in that duration.
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Image 1

}

R:0.93, ,B:0.13

Image 2

Pixel number: 305 x 121  Pixel number: 305 x 121

!

R:0.98, , B:0.06

Average

Pixel number: 305 x 121

!

R: 0.96, , B:0.095

Figure 86 —Image averaging procedure in MATLAB

For example, during 0 - 20.5 min, the baseline no-wave case as shown in the first row of Table 9,
the photograph shows a superimposed image of 1230 images taken from the time of ignition to
extinction. The camera location does not change. Similar photographic averages are shown for all
13 experiments performed with HOOPS crude oil during week 1 and week 2 at CRREL. In some
cases, the photographs are split into phases, for example with Bimetal and Grid FR’s to show
behavior during re-ignition caused because of foaming.

For the baseline case (Test 1), foaming occurs, and the flame extinguishes at around 20 minutes
leading to only 57% burn efficiency. The ruffled and blanket cases (Tests 2 and 6) were
extinguished in about 20 minutes with 58% efficiency with the oil froth preventing re-ignition.
This behavior was overcome in cases with bimetal (Test 4) and grid (Test 5), with multiple
extinction and re-ignition cycles being observed for the grid case, where the heat as contained by
the refluxers was able to break down the froth. The flames are observed to be shorter after re-
ignition. It is also worthwhile to note that the foaming period is usually in the order of 2.5 - 4
minutes, and then the reignition occurs.

For the baseline with wave cases (Test 12, 13) as shown in Fig. 87, the flame extinguishes at
around 30 min (wave 1) and 35 min (wave 2). However, the wave motion causes the froth to break
down more quickly compared to baseline no-wave cases thereby leading to a reignition in 2.5
minutes as shown in Fig 87. The flames are shorter as compared to the pre-foaming period. For
the cases with bimetal with wave 1 (Test 7), the flame does not extinguish completely even during
the foaming period. Even though the flames were shorter than 1 m in the foaming time period, the
fire sustained over the pool to attain a burn efficiency of 98%, which is higher than the baseline
wave cases of ~95%. For the grid cases with waves (Tests 7 and 8), the flames sustained throughout
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the burn without any foam-induced quenching, leading to a burn efficiency of 99%. Finally, the
average flame photographs clearly show that the burning is much cleaner for the Grid FR for all
cases. The smoke plume is light gray compared to the black smoke observed in baseline cases. The
emission data from OGES and EPA also show the same result, where the particulates with the Grid

FR are nearly 50% lower than the baseline cases.

Finally, Fig 88 shows a comparison of the average photograph flame method with the
Blanket with 48 coils test performed at Mobile, AL [Fig. 88 (a), (b)] with the CRREL experiment
[Fig. 88 (c), (d)] performed currently. Even in Mobile, the case with the flame refluxer showed
cleaner burning as compared to the baseline case with light gray smoke in Fig. 88(b).
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Figure 87 - Time evolution of burning stages for HOOPS crude oil cases (Numbers indicate

average flame height during the burn time)

Table 9 - Time-averaged flame photographs
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Burn time: 0 - 20.5 minutes
1 Baseline | Burn efficiency: 57%

Visible flame height: 4.12 m

Burn time: 0 -18.6 minutes
2_Ruffled | Burn efficiency: 58%

Visible flame height: 2.95 m

Burn times: 0 -20 minutes,
24 - 29.5 minutes

4 Bimetal
Burn efficiency: 93 %

Visible flame height: 2.36 m, 1.6

Burn times:

0-28,30.8-35.8,46-47.6
minutes

50.4 - 53,55.4-60.1, 60.2 -
64.2 minutes

5.Grid | Burn efficiency: 94 %

1S 554- 60.1 mins 60.
Visible flame height:
3.59m, 2.65m, 1.8 m,

2.35m. 0.6 m.0.7m




Burn time: 0 - 22 minutes

6 Blanket | Burn efficiency: 58%
Visible flame height: 2.45 m
Burn time: 0 - 48 minutes
7_Grid 5 Ffici - 999
Wave 1 urn efficiency: 99%
Visible flame height: 2.72 m
Burn time: 0 - 55 minutes
8 Grid
_ - . 000
Wave 2 Burn efficiency: 99%
Visible flame height: 2.37 m
Burn times:
0 - 37.8 minutes
(Foaming: 22 - 24.3 mins, 36.3 - 37.8
mins)
.. 080
11_Bimetal Burn efficiency: 98 %
Wave 1 Visible flame height:

3.7m, 0.8 m,

24m,0.7m
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Burn times:

0 - 28.5, 31 - 41 minutes

12 Baseline
Wave 1 Burn efficiency: 95 %

Visible flame height:

3.72m,256m

Burn times:

0 - 34, 36.8 - 50.8 minutes
13 Baseline
Wave 2 Burn efficiency: 97 %

Visible flame height:

271m,1.87m

(@) (b)

0 - 20.5 mins

©) (d)

Figure 88 - Average flame photograph for (a) Mobile baseline test, (b) Mobile blanket with
48 coils test, (¢) CRREL baseline test, and (d) CRREL grid test
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Thermal Penetration Rate

The temperature data played a key role as one of the integral instrumentation methods to monitor
the performance of the burning behavior since the thickness of the fuel layer was difficult to
monitor with waves. We developed a method of analysis to evaluate the thermal penetration
performance for each of the experiments. As the fuel layer heats this method ‘tracks’ a threshold
temperature as it moves down the thermocouple array. For these experiments, this thermal
penetration threshold temperature was 120°C. This method is shown as an example for the bimetals
case. Fig. 89 (left) shows the temperature of the bimetal vs time plot for the fuel thermocouple
array. The large fluctuations are present due to the extinction and reignition behavior of the
bimetals case. The heating region of interest is outlined in a red box on the temperature vs time
plot, the in-depth thermocouples are visible rising in this region of interest and crossing the red-
dashed line which denotes 120°C.
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Figure 89 - (left) Bimetals temp vs time with thermal penetration rate area of interest

highlighted. (right) Thermal development in the fuel layer over time
The time at which each thermocouple reached 120°C were tabulated and used to create charts that
plot thermocouple depth and time to 120°C. This plot is shown as an example for the bimetals case
in Fig. 90. A linear trendline then fits this data, and the slope of this line is the thermal penetration
rate in millimeters per second (mm/s). This thermal penetration rate was obtained for both the
outer and center fuel thermocouple arrays wherever available and then averaged to obtain a single
value for each FR. Extensive thermal penetration plots for each FR prototype and the individual
center and outer fuel thermocouple arrays are available in the appendix.
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Figure 90 - Example thermal penetration chart for bimetals case

This analysis was conducted for the first 12 experiments conducted in Phase Il at CRREL. This
data is presented in Fig. 91 below. Solo grid wave 1 has been omitted due to unreliable data. The
Bimetal and second Grid experiments both experienced extinction and reignition behavior not seen
in other experiments. For these cases, the thermal penetration for this chart was only calculated
using the first initial burning period. The Bimetals and Grid cases demonstrated the highest thermal
penetration rate, as anticipated. While the ruffle and blanket struggled to reach as high values. The
waves reduced the thermal penetration of the grid, with wave 2 being more detrimental than wave
1. Although both the bimetal and grid FR performed very similarly under the impingement of wave
1.
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Figure 91 - Thermal penetration rates for FR cases in Phase 11
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Foaming Speed

A similar method to the thermal penetration rate can be applied to measure the speed at which the
foaming moves through the oil layer. As the foam rises through the fuel the presence of the bubbles
limits the maximum temperature that can be present in the fuel layer. This resultingly cools the
fuel and thermocouples. This threshold temperature was discovered to be 150°C and could then be
tracked moving back up through the fuel layer, as seen in Fig. 92 this region of interest is outline
by the red box.
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Figure 92 - (left) Bimetals temp vs time with foaming speed area of interest highlighted.
(right) Foaming development in the fuel layer over time

In the same fashion as the thermal penetration rate, these points representing TC position and time
to 150°C were then plotted, and the slope of the linear fit being the foaming speed in mm/s. This
calculation was conducted for the ruffle case, as well as for all the foaming events in both the grid
and bimetal cases (8 from grid, 3 from bi-metal). It was found that there may be a slight decline
over the course of multiple extinctions and reignitions, but largely the speed of foaming was
constant and independent of the FR. The decrease in foaming speed may be in part due to the
increase in viscosity of the oil, which would slow down the terminal bubble rise velocity.
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Foaming Speed
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Figure 92 - Foaming speeds for the Ruffle, Bimetal, and Grid cases

Cooling by Waves

Some cases never extinguished due to foaming behavior and thus the cooling behavior for these
cases needed to be captured as well. The cases examined which did not experience foaming were
grid - wave 1, grid wave - 2, and baseline wave - 1 in rainy conditions. These 3 cases were then
analyzed to find the speed at which a 120°C threshold moved back up the TC array once the heating
penetration had stopped.
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Figure 93 - Wave induced cooling speeds for the available wave cases

An interesting observation is that the cooling rate seems to be independent of whether the FR is
present in the experiment. This behavior seems to be dominated by which wave is impinging on
the fuel layer. Both wave 1 cases exhibit almost identical cooling rates, and the more aggressive
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wave 2 has a higher cooling rate than both as expected. Although it is difficult to make concrete
statements with only 3 data points.

Extinction and Reignition Events

The two most promising FR types produced experiments with never-before-seen behavior. Both
the bimetal and grid cases experienced a foaming-driven extinction and then multiple reignitions
and extinctions subsequently. Each of these foaming and reignitions was analyzed for their
respective thermal penetration rate and foaming speed. These rates were then plotted on the same
chart with three select FR metal temperature thermocouples.

Bimetal

Fig. 94 shows this combination of data points. The blue bars represent thermal penetration speeds,
and the orang bars represent foaming speeds. The 3 lines represent the temperatures of the FR Top
(red), FR Middle (purple), and FR Fuel (green) thermocouples. The thermal penetration rates
slightly rise over the course of the experiment, and the foaming speeds decline. The bimetal FR is
at least partially responsible for the rise in thermal penetration rates over the course of the
reignitions. This is evident because of the rising peaks observed in the overlayed temperature data.
This suggests that even though the flames are extinguished the FR is retaining heat and overall
heating up over the course of the experiment.
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Figure 94 - Evolution of FR temps, thermal penetration rate, and foaming speed for the
bimetals case

Grid

Just as shown in the bimetal section, Fig. 95 shows the same chart now generated for the grid case.
The grid case experienced 8 foaming extinctions and 7 reignitions. Here the rise in thermal
penetration rate is much more exaggerated than in the bimetal case. This may be because of the
longer duration, higher number of reignitions, or higher thermal capacity of the grid FR. The drop
in foaming speed is similar to what was observed with the bimetal case. Just as in the bimetal case
the FR metal temperatures suggest that even through the extinctions the FR is heating up and
driving the faster thermal penetration rates. This is especially evident in the FR Middle (purple)
line.
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Grid FR Temps
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Figure 95 - Evolution of FR temps, thermal penetration rate, and foaming speed for the
grid case

Temperature Plots

Comparing each experiment more appropriately required the generation of temperature-depth
plots. Temperatures in these plots are obtained from 1-minute averages for each experiment, and
the plots are then color-scaled for visualization of the temperature bands. Plots were generated for
5-, 10-, 15-, and 20-minute time stamps for the ruffle, bimetals, grid, blanket, grid wave 1, grid
wave 2, and baseline wave 1 rain cases, these plots are shown in Fig. 96. It can be seen from these
charts that the grid wave cases present the highest temps in-depth initially, although these
temperatures are not very high, they do penetrate quite deep. However, at 15 and 20 minutes, once
the bimetals and grid have had sufficient time to develop heat, they present much higher overall
temperatures than any case. Meanwhile, the grid wave 1 and grid wave 2 cases do not show much
overall change in temperature development into the later timestamps. It should also be noted that
the threshold temperature for calculating thermal penetration rate was 120°C. Thus, the wave cases

80



do not present faster penetration rates because this 120°C threshold is not reached any faster than
in the Grid and Bimetal FR cases.

Temps at 5-min Temps at 10-min
TC pos (cm) | Ruffle |Bimetals| Grid |Blanket|Grid wl|Grid w2|Base wlr| | TC pos (cm) | Buffle | Bimetals | Grid |Blanket | Grid wl | Grid w2 | Base wlr
0 1797 [ 2481 | 1954 | 165.6 | 1244 [ 1072 1414 0 1857 | 2297 | 2516 | 2178 | 1196 | 1489 146.1
-0.5 90.2 168.1 | 1254 | 101.6 | 1296 | 964 39.7 -0.3 153.0 | 211.9 | 1979 | 2040 | 1025 | 120.8 136.2
-1 773 1185 | 88.7 | 434 | 1283 | 857 59.7 -1 156.6 | 1811 | 190.7 | 160.8 | 1332 92.7 102.8
59.6 1322 -15 1314 | 1763 | 1876 | 1388 | 1638 | 101.7 129.6
444 134.8 -2 1257 | 160.2 | 151.9 163.8 | 1194 85.4

108.3 -2.3 1099 | 1562 | 1128 122.6 93.8 69.6

-3 91.1 122.7 | 100.3 1149 | 1062 61.8
90.0 107.1
387 99.7

317 731

Temps at 15-min Temps at 20-min
TC pos (cm) | Ruffle |Bimetals| Grid |Blanket|Grid wl|Grid w2|Base wlr| | TC pos (cm) | Ruffle | Bimetals | Grid [ Blanket | Grid wl | Grid w2 | Base wlr
0 2349 | 263.1 | 2195 | 220.6 | 2225 | 229.6 | 223.6 0 2238 1853 | 2324 | 1993 | 2182 | 2212
-0.5 1772 | 2051 | 192.8 | 226.3 | 2199 | 1263 | 1646 -0.35 1642 | 256.8 | 162.0 | 231.0 | 1485 | 1715 197.7
-1 169.1 | 1946 | 1833 | 211.6 | 1955 | 61.1 141.5 -1 1741 | 2163 | 163.3 | 2306 | 1633 | 165.8 183.6
-15 1649 | 1938 | 1819 | 2074 | 996 91.6 132.7 -15 1873 | 2404 | 1719 | 2262 | 1327 | 1600 155.5
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Figure 96 - Temperature color vs depth plots for CRREL FR cases

Flame Temperatures

Flame temperatures were recorded for each experiment with the array placed over the burning
area. Using this flame temperature data plots were generated showing the position of each
sampling point, with the temperatures at each point color-scaled for ease of comparison. For the
following comparison, only the middle flame temperature array (Flame_2) will be shown, with the
remaining flame temperature plots included in the appendix. The middle array was chosen as this
array is most likely to be exposed to consistent flame and hot-gas heating. The experiments chosen
for comparison were the baseline, bimetal, and grid cases. The temperatures for these plots are 1-
minute averages of the temperatures present at 15-minutes post ignition. The baseline case presents
the lowest flame temps both close to the burning pool and higher on the array away from the fuel.
Both the bimetal and grid have significantly higher gas temperatures throughout the plume.
However, the grid FR demonstrates the highest temps at the 15-minute mark, both close to the
burning surface and higher in the gas temperature array.
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Figure 97 -Flame temperature comparison with data plots showing the position of each

sampling point, color scaled temperatures at each point with baseline, bimetal, and grid FR
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Outdoor Gas Emission Sampling (OGES) CRREL - Phase 11 Tests

In addition to temperature and regression rate data, gas emission sampling would act as another
data set to determine the burning performance enhancement of the different FR’s. Fig. 98 depicts
the gas sensor sampling chamber as well as the sampling filter ‘train used for the CRREL tests.
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Figure 98 - (a) Gas sensor sampling chamber (b) Filter train

Flow direction

The large-scale nature of the CRREL tests piqued interest in not only the study of gas emission
distribution along the centerline of a fire, which can then be compared to multiple plume theories
from prior research but also the study of gas concentration distribution along the horizontal
direction as well. Therefore, three points on the TC tree were chosen as sampling points for the
tests at CRREL, labeled Pos 1, 2, and 3 respectively (Fig. 99). Sampling points were selected in
locations with a TC present so that gas emission data could be compared to temperature data during
data analysis.

Environmental Protection Agency (EPA) was present for the first week of testing (Sep 28 — Oct
2) and performed burn emission sampling with the aid of a crane at much higher locations than the
TC tree. A fourth sampling point was added in the crane to provide an additional data set for the
WPI studies and comparison with EPA data when needed. Fig. 99 shows all the sampling points.
Table 10 lists the locations of the sampling points relative to the fuel surface.
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Figure 99 - OGES setup on (a) TC tree (b) Crane.

Table 10 - Sampling points for CRREL tests.

Sampling Location
Point
Height: 180 cm
Pos 1 Position: Centerline
Height: 280 cm
Pos 2 Position: Centerline
Pos 3 Height: 280 cm
Position: 50 cm from Centerline
Location varies: Crane operator attempts to keep payload
Crane o .
within plume as much as possible

OGES Data Averaging

To ensure all data sets had the same starting point, all data sets were moved so that only 2 minutes
of pre-ignition time remained. The burn tests at CRREL had durations between 20 to 65 minutes
depending on the fuel type, fuel thickness, wave setting, and FR prototype deployed. To decrease
the amount of noise in the data, all data was averaged to 1-min time steps to simplify data analysis.
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Fig. 100 below is a representation of the data after it is averaged for CO2 and CO concentrations.
The data shown is from the Baseline; No Wave; HOOPS test at Pos 2.
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Figure 100 - Averaging technique for gas emission data.
Results CO/COz2

After obtaining the averaged data, other values such as CO/CO. were calculated and graphed based
on this data. Fig. 101 is an example of a CO/CO. graph based on averaged CO. and CO data. The
data shown is from the Baseline; No Wave; HOOPS test at Pos 2.
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Figure 101 - CO/CO2 for Baseline; No Wave; HOOPS test at Pos 2.
CO/CO2 was then averaged over the entire burn, where a representative single value was obtained
to quantify the overall burning behavior of a given experiment. These average values are shown
in bar graphs to visually compare the burning performance enhancement of the FR prototypes.
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Higher CO/COzratio, in general, represents a higher degree of inefficient burning. The expectation
of FR deployment was an increased enhanced burning behavior, meaning the CO/COz ratio should
be lower than the baseline case.

A total of 12 burn experiments were performed in collaboration with EPA at CRREL. Five
experiments were performed without waves being made by the large wave tank; the remaining
seven experiments comprised of two different waves, referred to as Wave 1 and Wave 2 in the
experimental matrix. Wave 1 is a smaller wave with a period of 2.5 s and wave height of 7 cm;
Wave 2 is a larger wave with a period of 4 s and wave height of 14 cm. Fig. 102 shows all tests
performed with HOOPS crude oil sampled at Pos 2 by OGES system.
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Figure 102 - Average CO/CO2 comparison for HOOPS cases sampled at Pos. 2
For experiments with no waves, all cases where an FR was deployed yielded a lower CO/CO:. ratio.
This makes sense since the function of the FR prototype is to redirect heat back to the fuel layer
and subsequently improve burning behavior, with the added anticipation of reduced emissions.

Overall, the Bimetal FR provided the most improvement in terms of emissions over the Baseline
case, an over 40% in reduction of CO/CO; ratio, and is overall the best performing FR prototype
when there are no waves. A notable observation is that the Grid FR toppled over within a short
period in Set 3, and therefore it is observed that the CO/CO:- ratio is essentially identical to the
Baseline case. This is reasonable since a toppled FR is underwater and is no longer functioning as
intended to enhance the burning behavior of the fuel, reverting this data set back to a pseudo-
Baseline case. This demonstrates the repeatability of using the new OGES system to evaluate
CO/CO; ratio or degree of burning behavior improvement, for large-scale outdoor burn
experiments.

For experiments with waves, the Grid FR provides the most improvement in terms of emissions
over the Baseline case, even with different waves. Focusing on Wave 2, the improvement in
CO/CO; ratio with the Grid FR is over 25%. However, the Bimetal FR still provided a slightly
lower but comparable decrease in CO/CO. over baseline cases involving waves, and therefore
other factors such as temperature data needed to be considered when deciding the best-performing
FR for future work and commercial deployment.
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Fig. 103 shows a comparison of average CO/CO- for the same experiment matrix, but for the Crane
sampling point instead. For these cases, a similar trend to the Pos 2 sampling point is observed
except for the first three experiments. During the first day of experiments, the crane operator
required some repetitions to maintain the sampling apparatuses within the smoke plume. In
addition, obstruction from the dark smoke limited visibility and required external communication.
This caused slight delays, which would result in gaps of missing data points during sudden wind
shifts. Average CO/CO. values were outside of the reasonable range for these experiments since
these values approach zero. This means CO concentration readings tended to approach zero, which
is not reasonable for a fire of this size.
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Figure 103 - Average CO/CO2 comparison for HOOPS cases sampled at Crane.

It was observed that overall CO/CO; values were lower at the Crane position compared to on the
TC tree at Pos 2. The hypothesis is that CO concentrations decay at a much faster rate with respect
to height compared to CO2. Once past a certain reasonable height, it becomes more difficult to
quantify burning behavior based on CO/CO> because CO concentrations begin to approach zero
from ambient dilution. Figures 102 and103 conclude that real-time gas sampling should be above
the flame tip of a fire, but not too far from the fire where ambient dilution and wind shifts become
a limiting factor. A discussion on CO, and CO concentration decay with respect to height as well
as optimal sampling height is shown in the appendix section of this report as a publication.

This research originally included Pos 1 and 3 on the TC tree for a more systematic study on
combustion product spatial distribution, however, equipment issues at Pos 3 resulted in missing
data sets while the sampled gas concentrations at Pos 1 far exceeded the sampling capabilities of
the gas sensors. The deployment of FR prototypes yielded flame heights that were higher than
anticipated, and therefore resulted in Pos 1 no longer being in the intermittent flame zone but in
the continuous flame zone. As mentioned in the publication in the appendix, the sampling point
cannot be in the continuous flame zone to minimize the effect caused by flame chemistry.

As noted previously, EPA was present for the first week of experiments. The same publication in
the appendix provides a section that compares gas emissions data between EPA and WPI. EPA
data suggests that Grid FR provides the most improvement in emissions, particularly the
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significant decrease in particulates compared to other FR’s. This makes the case for Grid FR as
the overall best performing FR for future work and commercialization.
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4. Phase Il
Overview

In the Phase Il experiments at CRREL, it was observed that foaming was frequent with best
working prototypes (Grid and Bimetal FR) and the FR coverage area to the pool area (Projection
Ratio) might affect the overall efficiency of the FR prototype.

Using this information from Phase 11, the experiments in Phase 11l were designed to answer the
following questions:

1. Does fuel thickness and placement of the FR in the fuel region play a role in burning?
2. Does the projection ratio1 of the system play an important role in enhancing the overall
efficiency of the FR prototype?

The Phase 111 experiments were divided into 2 sections with one set of experiments performed in
December 2020 and the second set in February 2021. Notable points between the December
experiments and the February experiments are:

i The December experiments did not have a continuous feed replicating CRREL
experiments, while the February experiments were conducted with a continuous fuel
feeding setup to achieve a steady state during the combustion.

ii. December experiments were performed with a pool diameter of 70 cm, while the February
experiments were performed with a pool diameter of 28 cm. The smaller diameter burn
allowed floating the FR in a pool of water.

iii. The December experiments had a projection ratio of 0.1, while the February experiments
had a projection ratio of 0.6. Note that CRREL experiments during Phase Il had a
projection ratio equal to 0.25 - 0.5.

The results in Phase 111 of the experiments in December showed that placement of the FR played
a significant role in achieving higher efficiency and overall reducing emissions (CO/COy).
Projection ratio of 0.6 in the February tests yielded higher regression rates (4.8x with kerosene fuel
and 4.2x with HOOPS crude oil).

1 The projection ratio is the area projected by the FR on the fuel surface divided by the total fuel surface
area. A projection ratio = 1 means the FR is covering the entire fuel surface.
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PHASE 111 Experiments at WPI (0.7 m scale) (December 2020)
Experimental Setup

The experimental setup consists of a stainless-steel burn pan 70 cm wide and 30 cm deep (Fig.
104). The burn pan houses a stationary 8020-aluminum frame 25 cm x 25 cm wide and 30 cm tall
that sat in the water layer at the bottom of the pan, the frame was used to support the FR’s during
the experiments. The projection ratio of the FR’s tested varied from 0.04 to 0.12.

Exhaust Hood

OGES Sampling o
Point

Video
Recorder 70 cm

:l UIIage=25rr’[ZI.L‘
Fuel =3cm |

IR camera

Support Frame =25cm

Figure 104 - Experimental setup for Phase 111 experiments performed at WPI during Dec
2020

The experimental setup was instrumented with thermocouples to record FR temperatures. Mass
loss data was collected from the load cell placed underneath the burn pan and emissions were
monitored from the OGES sampling point for every experiment to validate the efficiency of the
FR’s. Additionally, an infrared camera and digital video recorder were used to capture flame
behavior and corresponding temperature profiles for the experiments done.

A total of seventeen experiments were performed with HOOPS crude oil and kerosene in an
experimental platform shown in Fig.104. Five FR prototypes were tested, three with blanket bases
and two standalone with different fuel thicknesses and configurations.
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Support Block

Support Frame

Burn Pan

Figure 105 - Experimental setup for Phase 11 experiments performed at WPI during
Dec 2020. The diameter of the vessel is 70 cm. The FR was supported on an aluminum
frame, as shown in the photograph. The initial fuel slick thickness for all experiments
was 3 cm.

Blanket case FRs comprised of 1 cm thick Cu fibers (0.0127 cm wire diameter) sandwiched
between two Cu meshes (wire diameter of 0.058 cm and has an opening of 0.13 cm between wires)
manufactured for coils (wire thickness 0.4 cm) and grid FR (plate thickness 0.08 cm and 1 cm).
The coil and grid structure sat on top of the blanket as collectors. Rack (plate thickness of 2.5cm)
and rod (diameter of 3.81cm) FRs were used as standalone prototypes with no blanket underneath
them, as they act as collectors and heaters coupled together. Table 11. shows the detailed test
matrix in the order of testing and corresponding initial results. The projection ratio, defined as the
ratio of the FR coverage area to the total pool area, is shown in Table 12.

Table 11 - Experimental matrix for Phase I11 experiments at WPI (0.7 m scale) — December

2020
Prototype Prototvpe Collector | Heater Fuel Burn Burn
# Fuel FR P Placemyeat Height | Height | Thickness | Efficiency | Duration
(cm) (cm) (cm) (%) (min)
1 Baseline - - - 58 11
2 Rack Center 195 3 81.2 23
3 Rack Corner 19.5 3 58 17
4 | Hoops | Rack- Center 20,5 2 88 28
Crude Raised
5 oil Rod Center 12 4 3 64 14
Thick
6 Grid & - 9 3 73 21
Blanket

91




Thick
7 Grid — no - 9 3 52 10
Blanket
Thick
8 Grid & - 10.5 15 68 24
Blanket
Thin Grid
d & Blanket i d 3 64 12
Coils &
10 Blanket - 11 1 61 12
11 Baseline - - - 99 12
12 Rack - Center 215 1 2 99 14
Raised
13 Rack 4 Corners 20,5 2 99 30
separated
Rack
14 | Kerosene 4 Corners 20.5 2 4 99 63
separated
15 Rack Center 19 2 2 99 31
Immersed
16 Baseline - - - 99 28
17 Rack - Center 215 1 4 99 51
Raised

Table 12 - Projection ratios of FR’s during Phase I1I experiments at WPI (0.7 m scale)
performed in December 2020

FR Prototype

Projection View

Projection Area

Total Pool Area

= Projection Ratio

Rack

Projection Area

70 cm

(17.5%17.5)
(t x 352)

= 0.08
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S
Rack — — (m x 35%) X (m x 32.75%)
Distributed (T x 357 =0.12
Grid —no ‘ (12x12)
blanket (X 352) 0.04
Grid — with the { o (m x 8.75%)
\ — 2 =0.06
blanket SO (T x 352)

Analysis of Burning Behavior

The section discusses the burning behavior of the 2 FR prototypes, analyzed in different working
conditions. The experiments are not replenished with fuel and are transient in nature where the
fuel layer regresses with time.

Experiments with HOOPS crude oil

i. RackFR
The yellow highlighted cases in Table 11 of baseline, the Rack FR and Grid FR with its heater
partially and fully immersed in the fuel slick of thickness 3 cm are analyzed in detail for HOOPS
crude oil. This is done to demonstrate the influence of initial and boundary conditions on the
efficiency of the FR. The fuel is constant at 3 cm thickness for all the cases discussed in this
section.
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Figure 106 - Flame height progression and analysis for baseline case with 70 cm crude oil pool fire.

The burning behavior of HOOPS crude oil slick floating on water with an initial fuel thickness of
3 cm and a pool diameter of 70 cm is shown in Fig. 106. The flame height hovers consistently
around 5 — 6 feet for the duration of the experiment. At t = 7 min, small crackling sounds are
observed and continue until t = 10 min, where a boilover is observed. The flame height does not
increase substantially, and the fire extinguishes within 1 min after boilover, as shown in Fig. 106.

_ 8 feet 8 feet

Figure 107 - Flame height progression and analysis for rack FR case with 70 cm crude oil pool fire
with FR placed water fuel interface.

Figure 107 shows the burning behavior of the case where the FR is immersed in the fuel slick with
its bottom touching the water-fuel interface. The burning is much more intense than the baseline
case with the presence of the FR, with flame heights reaching 8 feet compared to the 5 — 6 feet
observed during the baseline. Since the heat transfer rate into the pool increases, crackling sounds
of water boiling are observed earlier at t =5 min, with intense crackling around t = 6 min. However,
since the water boiling is localized around the FR and the FR does not cover the entire pool surface
area (projection ratio = 0.08, Table 12) at t = 7 min, foaming behavior is observed, and the flame
height decreases to 3 feet from 8 feet. The rest of the burn occurs with the average flame height
around 3 feet to 4 feet and extends to 23 minutes of total burn duration. Also, from 8 min to 24
min, the flames tend to move away from FR at the onset of foaming and come back in around 1
min intervals in a cyclic way. This behavior is clearly observed in the photographs at t = 10 min
and t = 11 min in Fig. 107 (visible and IR). This cycle continues until the fire is extinguished at
t=23 min. IR camera images also show the reduction in the overall flame heat transfer after the 7
min. A similar pattern was also observed during the CRREL experiments of Phase II.
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Figure 108 - Flame height progression and analysis for rack FR case with 70 cm crude oil pool fire
with FR raised 1.5 cm midway in the fuel layer.

Figure 108 shows the burning behavior under similar conditions but with the FR raised midway in
the fuel layer. Thus, the heater of the FR is not fully utilized as half of the fuel slick ~1.5 cm is not
exposed to it. In this case, the burning behavior is again higher than the baseline, with the flame
height around 6 to 7 feet. Surprisingly, intense crackling is observed much earlier for this case at t
= 5 min, and at around 6.6 min, the fuel starts bubbling out of the container. A cyclic pattern of
flame moving back and forth from the FR serving as an anchor is observed in this case after t = 7
min. The burning slows down and continues till the fire self-extinguishes at t = 28 min. The cyclic
movement of the flame is because of the formation of water vapor that bubbles through the oil
slick rather than causing boilover has never been reported in the literature. It is a unique
phenomenon first observed during CRREL experiments (Phase I1) and then re-confirmed during
the WPI experiments (Phase 111).

Figure 109 shows a 10 second moving average of the mass loss data vs. time for the three cases
discussed earlier. These include baseline, a rack FR placed in the center with the base touching the
water sub-layer, and a rack FR placed in the center with its base raised, as shown in the inset
sketches of Fig. 109. The fuel slick thickness is also shown in Fig. 109 on the alternate Y-axis on
the right-hand side. The three experiments analyzed in Fig. 109 are also highlighted in Table 11.
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Figure 109 - HOOPS crude oil mass loss vs. time for baseline (blue curve), Rack FR placed at
the fuel-water interface (red), and Rack FR placed midway in the fuel layer (green). Initial oil
slick thickness equals 3 cm. Pool diameter equals 0.7 m.

As shown in Table 13, the burn efficiency of the rack FR placed at the water-fuel interface equals
81.2%, while the FR placed midway in the fuel layer has a higher efficiency equal to 88%. Both
burn efficiencies are significantly higher than the baseline case of 58 %. The FR’s are thus able to
burn off the higher boiling point tar-like fuel in the crude oil. However, the low projection area of
the FR’s causes boiling of the water sublayer. Since the boiling point of water is lower than that
of crude oil, the subsequent water boiling causes the heat from the FR to be predominantly directed
to the water sub-layer. The nucleate boiling in the crude oil ceases, and instead, water starts boiling.
This leads to foaming and foaming behavior, causing the burning to occur in a cyclic fashion with
ups and downs, as shown in the mass loss vs. time graph in Fig. 109. This cyclic motion also delays
the duration of the burn because of the flame cycling, as shown in Fig. 109. This back-and-forth
movement is related to the initial and boundary conditions.

Table 13 - Duration, efficiency, and rate of combustion for HOOPS crude oil slicks floating
on water, with an initial thickness of 3cm and pool diameter of 70 cm.

. . Burn Duration | Burn Efficiency .
Prototype Configuration (min) %) Burn rate (g/min)
* Baseline 11.3 58 1.62
Center 23.3 81.2 1.02
Rack FR
Center — Raised 28.2 88 0.91
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Figure 110 shows the fire behavior during foaming for the rack FR when placed at the water-fuel
interface. The FR heats the water layer creating a regular stream of water vapor bubbles around
the FR and pushes the fire away from the FR. A recent study at WPI shows that the frequency of
the water bubbles is around 60 Hz with an average bubble size of approximately 1 mm. The
significant quantity of bubbling causes the fire to be quenched around the refluxer region, as shown
in Fig. 110A. The burning slows down from Fig. 110A to 110C, also demonstrated by the positive
slope on the mass loss vs. time curve shown in Fig. 109. With no flame around the FR, it cools,
and this causes a reduction in the water vapor. The fire then comes back radially to the center
towards the FR as shown in Fig. 110C and 110D. The corresponding burning rate increases as
shown by the negative slope of the mass loss vs. time when traversing through points C and D in
Fig. 109. The cycle repeats throughout the burning duration, with the frequency changing because
of the fuel layer thickness not being constant. Thus, in this case, the localized heating of the water
sublayer caused by the flame refluxer results in a cyclic burning behavior.

Bubble formation & EMFlames ushed away from ‘Flames coming to the FR¥SFlames engulfing the FR
onset of frothing the FR area

Figure 110 - Foaming cycle observed with Rack FR with a center configuration where the FR
bottom sits at the water-fuel interface.

The Fig 111. shows the similar pattern that was observed with bimetal FR in wave 1 condition,
where the flames were observed to die from the center and propagate towards the periphery and
come back to the center towards FR to form a fully mature fire. This phenomenon at that time was
only attributed to the foaming and not attributed to the placement of the FR, from the experiments
concluded in December the results reconfirmed this behavior observed in Phase II.
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Figure 111 - Foaming cycle observed in Phase 11 experiments at CRREL with bimetal FR in wave 1
condition with Hoops crude oil

Figure 112. shows that the behavior of the cyclic motion is also a function of the initial and
boundary condition. When the rack FR is placed midway on the oil surface, the burning efficiency
improves by ~10%, as observed in Table 11. However, the burning behavior is still cyclic, with
the FR serving as an anchor to the flames and the flames moving away from the burn pan towards
the FR. This behavior is observed because after the fuel regresses by 1.5 cm (around 7 min) the
FR heater is no longer immersed in the fuel surface. Instead, it is above the fuel (see Fig. 112B)
and is only radiatively heating the oil slick at this time.

. s Flames come back and

Figure 112 - Foaming cycle observed with Rack FR - raised configuration where the FR bottom sits
midway in the fuel layer

Fig 113. Shows the flame behavior observed in the cases with rack FR at the onset of foaming
behavior. The key difference between the two cases where the FR is placed at the water-fuel
interface and FR is raised midway in the fuel is that they behave oppositely. In the case where the
FR is raised, the flames are anchored to the FR while in the case where the FR is at the interface
the flames move away from the FR. This behavior can be attributed to the initial boundary
conditions and heat transfer feedback of the FR discussed in Fig 110 and Fig 112.
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Figure 113 - Flame behavior observed at the onset of the Foaming cycle observed with Rack FR —i.
Center case — FR sits at the fuel-water interface ii. Raised case - FR bottom sits midway in the fuel
layer

Transient behavior of CO/CO2 using OGES

A time-dependent study was performed on the Rack cases with HOOPS crude oil as the fuel to
investigate the transient changes in CO/CO: ratio as the fuel regresses throughout the burn. For
“Mid-fuel” cases, the fuel regresses to a certain point throughout the burn so that the FR is no
longer in contact with the fuel. When this air gap is created, the lower heat transfer coefficient of
air allows it to act as an insulation that hinders heat transfer from the FR to the fuel layer. An
illustration of this description is shown in Figure 114.

»~ Air gap

(a) (b)
Figure 114 - FR placement within fuel for Rack Mid-Fuel case during (a) early (b) late-stage

Figure 115 shows the CO/CO- values in the plume region at 2 minutes increments for the Rack
cases using HOOPS crude oil. Figure 8 shows that during the initial stages, the Rack FR can
provide heat to the fuel layer, substantially decreasing unwanted emissions, or lower CO/CO>
ratios. This results from direct contact resulting in effective heat feedback via conduction, which
holds true for both placements of the FR, as the values are in close agreement. However, as
indicated by the red line, after 7 min, it can be observed from the Rack Mid-Fuel case that it is no
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longer providing a sufficient amount of heat feedback to reduce the CO/CQO; ratio. The reason for
this conclusion is that the CO/CO; ratio after 7 min reverts to values similar to that of baseline. It
is deduced that there is an air gap present. However, due to the lack of this air gap in the FR case
with complete immersion, it is still able to effectively reduce the CO/CO ratio throughout the
entirety of the burn, as shown by the significantly lower CO/CO: ratios after 7 min.

HOOPS crude oil (Rack cases)

0.0400 - I-u .
0.0300 - A A
® o
A
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o) o © a o o
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0.0050 - A
0.0000 . ' : A .
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@®Baseline MRack & Rack Mid-Fuel

Figure 115 - Transient CO/CO, comparison for Rack cases using HOOPS crude oil

However, when the FR is placed too close to the fuel-water interface, the emission of water vapor
creates other complications not associated with the improvements observed from sampled gas
emissions. Further studies are required to improve knowledge regarding the placement height of
FR within the fuel layer, and its effects on burning mass loss rate as well as gas emissions,
especially when the fuel layer thickness is transient in nature.

ii. GridFR

The same conditions that were previously experimented with rack FR were used as a reference
point to understand if grid FR also exhibited the same occurrences that were seen in rack
configurations. The grid FR was investigated with two configurations starting with grid FR with
blanket and grid without a blanket, both the FR’s placed at the fuel-water interface.

2 feet 3 feet

¢ 8 feot 4 feet o 4 feet 4 5 feet 4 feet 47, fe.& [ 4 f“:“ 1 feet, N
g »

8 feet 8 feet

Figure 116 - Flame height progression and analysis for grid FR with a blanket with 70 cm crude oil
pool fire with FR at water fuel interface.
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Figure 116. shows the burning behavior of Grid FR with a blanket, placed at the fuel-water
interface. The flame height starts high with 8 feet tall fires and suppresses to steady 4 feet tall
flames from t = 5 min to t = 9 min. Intense cracking sounds were observed at t =9 min due to the
boiling of the water sublayer and soon after boilover was observed at t = 10 min with intense tall
flames reaching 7 feet, once the boilover was reached the flames anchored to the FR fromt =11
to t = 12 min; also visible on the mass loss vs time curve. The fire engulfs the burn area from the
FR radially from t = 13 to t = 14 min and mellows with a small burst, the fire then subdues and
stays just on the FR for the remainder of the burn from t = 15 min to until it self-extinguishes at t
=22 min.

Figure 117 - Flame height progression and analysis for grid FR without a blanket with 70 cm crude
oil pool fire with FR at water fuel interface.

The burning behavior for the grid FR with no blanket showed a different behavior compared to
that of the blanket case. The flame height for this experiment constantly hovered between 6 to 8
feet high from t = 2 min to t = 7 min before the onset of foaming behavior, intense cracking sounds
were observed from t = 8 min to t = 9 min while also seeing a gradual reduction in flame height
from 6 feet to 4 feet tall at t = 9 min. The flames moved away from the FR at the onset of foaming
and the flame's self-extinguished in 30 seconds after the onset of foaming. This was also observed
with rack FR placed at the water fuel interface, where the heat from the FR creates localized boiling
and pushes the flame away from the FR since rack FR had higher heat retention, a cyclic behavior
was observed where the flames returned when the localized boiling reduced. While it was observed
that the grid FR loses its heat feedback to the water sublayer significantly and fails to sustain the
fire before it self-extinguishes soon after foaming at t = 10.5 min.

Figure 118 shows a 10 second moving average of the mass loss data vs time discussed for the 2
FR cases with the grid. The figure shows the mass loss behavior of baseline, grid FR with a blanket
placed in the center with the base touching the water sub-layer, and a grid FR without the blanket
placed in the center with the base touching the water sub-layer. The fuel slick thickness is also
shown in Fig. 118 on the alternate Y-axis on the right-hand side.
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Grid FR - HOOPS Crude Oil
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Figure 118 - HOOPS crude oil mass loss vs. time for baseline (blue curve), Rack FR placed at
the fuel-water interface (red), and Rack FR placed midway in the fuel layer (green). Initial oil
slick thickness equals 3 cm. Pool diameter equals 0.7 m.
The grid FR case with blanket performed higher than both baseline and Grid FR with no blanket
case with 75% efficiency. While the grid without blanket performed similarly to the case with
baseline. In no blanket, the FR case, the majority of the heat is lost to the water sublayer, which
was also observed with rack FR with a configuration where the FR was placed the water-fuel

interface.

While the grid with a blanket observed a boilover, the case without a blanket did observe foaming.
This can be attributed to the slowly rising temperatures in the water layer, which is not enough to
cause foaming behavior.

Table 14 - Duration, efficiency, and rate of combustion for HOOPS crude oil slicks floating
on water, with an initial thickness of 3cm and pool diameter of 70 cm.

Prototype Configuration Burn(rl;)iunr; tion | Burn Ii;f)l)(:lency Burn rate (mm/min)
* Baseline 11.3 58 1.62
With blanket 21.4 75 0.98
Grid FR
No blanket 10.35 53 1.5
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Experiments with Kerosene fuel

A similar data analysis method was used to study the burning behavior of Kerosene with FR’s.
Kerosene was chosen because it has a high boiling point (200 — 300 °C range). It also burns with
an efficiency of 99% as it does not have tarry compounds like crude oil. Thus, the aspect of “burn
efficiency” can be excluded from the analysis, and the focus on “burning rate” can be made.
Kerosene also does not degrade such that lighter volatiles escapes first, as observed in the crude
oil case. Kerosene is also transparent and allowed a more accessible analysis of the influence of
initial conditions and water evaporation. Figure 119 shows the mass loss vs. time for two FR initial
conditions compared with the baseline.

Rack FR — Kerosene Fuel
7000 =,
Baseline

——Rack Mid Fuel
5000

___________ 5 . o —s—Rack Immersed

o 1 2 3 4 6 8 9 0 11 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
-1000 . - e Oaq
Time to boilover
75 cm

-3000

Mass Loss (g)

-5000

-7000

Time (min)

Figure 119 - Kerosene mass loss vs. time. 1. Baseline (blue curve), 2. Rack mid fuel - FR
placed midway in the fuel layer, and 3. Rack immersed - FR sits 1.5cm in the water sublayer

Like the crude oil case, the Rack FR placed midway into the fuel captures and transfers heat to the
fuel layer efficiently, thus yielding sustained burns with a higher burn rate throughout the test.
Interestingly, when the FR was immersed in the water layer, the burn duration almost doubles!
The slow-burning occurs because of water vapor evaporation. Thus, with the initial condition
where the FR is in contact with the water sublayer during burning, most of the heat transferred by
the FR is to the water sublayer. This is also evident from the time to boilover for this case, where
boilover is observed in the shortest time of 6. 5 min. However, not all kerosene can boil over. After
this local increase in the burning rate, the heat from the FR is dissipated to the water, the water
bubbles, the bubbles move through the kerosene layer, and superheated steam is mixed with the
kerosene vapor, thereby diluting the flame and causing a reduction in the overall burning rate. This
behavior extends the burning of the 2 cm layer of kerosene to 32 minutes! The mass loss is also
negative on the Y-axis of Fig. 119 because of water vapor formation. Table 15 shows the pre and
post-boil-over summary that shows the rack FR in different configurations for kerosene.
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Table 15 - Duration, efficiency, and rate of combustion for Kerosene slicks floating on
water, with an initial thickness of 3cm and pool diameter of 70 cm.

Burn

Mass

) Time | Mass Pre Boil Pre Boil
Duration Water ) loss
Prototype | Configuration |  (min) | evaporated Boil | lossPre | over - Post- | OVer-
yp g P over -Boil Burn rate ) Burn rate
@ (min) | over (g) | (mm/min) Boil (mm/min)
Efficiency] g over (g)
12.23
- Baseline 740 8 5322.88 2.21 1617.77 1.34
[99%]
) 14.27
Center - Mid 888 85 |4980.04| 194 |[2308.00| 1.28
Fuel
Rack [99%]
Center - 31.47
Immersed 5434 6.5 | 4195.27 2.14 8238.83 1.09
1.5cm [99%]

As for the cases where the rack FR was broken up into pieces and placed in corners of the burn
area to see the influence of the projection area and placement of the FR in the burn area. It was
again observed from Figure 120. that the FR in contact with the water sublayer had higher
evaporation rates and longer burn durations as observed in all the cases with FR’s placed at the
water sublayer for all the above cases. The FR raised mid-way delays the onset of boilover
considerably from the baseline and the corresponding case where the FR touches water sublayer
by 3 and 5 min respectively. As can be seen from the mass loss is also negative on the Y-axis of
Fig. 120, but higher evaporation rates are only observed where the FR is closer to the water layer,
while the mid fuel placed FR performed par with FR placed at water interface in terms of

regression rate observed in Table 16.
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Rack FR — Distributed Kerosene Fuel
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Figure 120 - Rack distributed FR kerosene fuel mass loss data for 2 different configurations 1.
Rack distributed - FR placed water-fuel interface and 2. Rack distributed mid fuel - FR sits

midway 1.5 cm in the fuel layer.

Table 16. below shows the pre-and post-boil-over summary that shows the rack FR in different
configurations.

Table 16 - Duration, efficiency, and rate of combustion for Kerosene slicks floating on

water, with an initial thickness of 3cm and pool diameter of 70 cm.

B“m Time | Mass Pre Boil Mass Pre Boil
Duration Water . loss
Prototype | Configuration (min) | evaporated Boil | lossPre | over - post- | OVer-
over | -Boil Burn rate . Burn rate
@ (min) | over (g) | (mm/min) Boil (mm/min)
[Efficiency] over (g)
12.23
- Baseline 740 8 5322.88 2.21 1617.77 1.34
[99%)]
29.92
Rack Distributed 4831 11 | 5360.97 1.62 5470.11 0.96
[99%)]
_ 21.15
Rack D'lf/tlf('jb;‘te? ; 1150 6 |2811.96| 156 |433856| 0.93
id fue [99%]

In summary, the cases with FR placed at the water-fuel interface reached boilover earlier and
foaming was observed for most cases because of the heat feedback to the water sublayer rather
than to the fuel completely. while the cases where the FR was raised, the heat from FR was largely
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distributed to the fuel layer yielding sustained burns with higher efficiency. Also, the higher

evaporation rates from kerosene experiments showed clearly the heat dissipation to the water layer
is higher in cases where the FR is at the fuel-water interface.

Temperature Data

The experiments conducted in December were instrumented with 3 thermocouples spaced 1cm
apart, shown as an example for the rack configuration in the figure below. These 3 Type K

thermocouples were firmly anchored to the body of the FR itself and sampled at a rate of 1 Hz
over the entirety of each experiment.

Rack FR
Prototype

Thermocouples 3

Water

Figure 121 - December experiments FR thermocouple arrangement, shown for Rack FR

A 30-second moving average was done with the temperature measurements and plotted. These
thermocouple measurements were used to assess the performance of each FR prototype, by both

the rate at which they initially heat up during the beginning of the experiment and how they may
be transferring heat to the fuel layer. A

Experiments with HOOPS crude oil
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Figure 122 - HOOPS crude oil temp vs. time for Rack FR placed at the fuel-water interface,
and Rack FR placed midway in the fuel layer. Pool diameter equals 0.7 m.

As seen in Fig. 122 the rack FR raised midway in the fuel heats up quickly reaching average
temperatures of 300°C before 5 minutes from the ignition, while the FR placed at the water fuel
interface only reaches roughly 250°C until the onset of the foaming. Temperatures in the raised
configuration are higher since the flames anchor to the FR during the cyclic behavior that is
previously covered in flame behavior analysis. It can be seen that the raised case also sustains
constant average temperatures of ~350°C throughout the entirety of the test, while the
configuration where the FR placed at the water sublayer. It gradually keeps reducing until it is self-
extinguished. The average temperature sustained in this configuration is around ~220°C. Showing
that a greater amount of heat is being lost to the water layer.
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Figure 123 - HOOPS crude oil temp vs. time for grid FR placed at the fuel-water interface i.
with blanket ii. Without blanket - Pool diameter equals 0.7 m.

From fig. 123, the grid FR with the blanket case again achieves higher temperatures as the Grid
FR is not in direct contact with the water layer, keeping the FR relatively at higher average
temperatures of ~410°C. While the case with no blanket stays steady throughout the tests (~315°C)
until foaming onsets and self-extinguish as temperatures drop in seconds of the onset of foaming.

Experiments with kerosene

The experiments with crude oil showed that the rack FR was the best performing FR, and it also
presented the configuration and placement of the FR had significant importance on the
performance of the FR. Hence, experiments were further conducted to validate the data seen in
crude oil experiments.

Figure 124. shows the 2 configurations of the rack FR raised midway in the fuel layer and the other
case where it is immersed 1.5 cm in the water layer. As we can see from fig. 124 the temperatures
go higher with the progression of the experiment for the raised case, while the temperatures remain
relatively steady and low for the immersed case. The bottom TC in the immersed case never
reaches the boiling point while the mid-TC which is at the water fuel interface reaches boiling
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point throughout the experiment, confirming that a greater amount of heat is directed to the water
layer causing the flames to dilute with water vapor and prolonging the experiment to 31 minutes
in the case with FR immersed 1.5 cm in the water layer. The average temperatures for the raised
case are also higher compared to that of the immersed case.
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Figure 124 - HOOPS crude oil temp vs. time for Rack FR placed midway in the fuel layer and

rack FR submerged 1.5 cm in the water layer. Pool diameter equals 0.7 m.

The experiments further showed similar results, the configurations closer to the water layer lost a
significant amount of heat to the water layer. The FR takes a longer time to reach peak
performance, as compared to the FR raised above the water layer (Fig 125).
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Figure 125 - HOOPS crude oil temp vs. time for distributed rack FR placed midway in the
fuel layer and rack FR placed at the interface of the fuel-water layer. Pool diameter equals 0.7
m.
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PHASE 111 experiments at WPI (0.3 m scale) — February 2021

Experimental Setup

Figure 126 shows the experimental setup used for the second stage of Phase Ill experiments
performed at WPI during Feb 2021. The FR’s were contained in a 28 cm diameter burn pan that
was floating in a water bath of 70 cm diameter, as shown in Fig. 126. The projection ratio was
around 0.6 for these experiments.

Exhaust Hood

OGES Sampling °
Point

Q 70 cm
Video

Recorder
Fuel Thickness ii%
Range=8-13cm =727 17I° i ———— S—
Water
Float < 30 cm

6 Camera
Microphone |

T |

Pump
’-1
| Camera Wire
| ¥ o Feeding Tube

Figure 126 - Experimental setup for experiments performed during Phase 111 at WPI at 0.3 m scale.
The FR was self-floating, and a steady state was achieved by continuously feeding fuel.

The fuel is pumped to the burn area via a peristaltic pump that is controlled by manipulating the
speed of the pump. The 70 cm diameter pan houses a 28 cm diameter steel ring that constitutes a
burn area, as shown in Figure 127. The FR sits on a mesh supported by stainless steel rods held in
place by high-density foam floats. The floats keep the FR neutrally buoyant.

The experimental setup is instrumented with thermocouples to record fuel, water, and FR
temperatures. Mass loss data is collected from both the burn pan and the fueling station, and
emissions are monitored for every experiment to validate the efficiency of the FR’s in addition to
the underwater microphone, to study acoustics and fire behavior correlations further.
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Figure 127 - Experimental burn pan for floating FR experiments performed at WPI in Feb 2021.
Burn diameter = 28 cm, fuel slick thickness ~ 10 cm.
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Eight experiments were performed with HOOPS crude oil and kerosene. With information from
tests conducted in December 2020, it was clear that Rack FR and Grid FR gave the highest
efficiency of around 88 % compared to the baseline efficiency of 58 % for HOOPS crude oil.
Therefore, experiments were performed with Rack FR and Grid FR’s with various configurations
shown in Table 17.

Table 17 - Experimental matrix for Phase 111 experiments performed at WPI (0.3m scale)

in February 2021

Heater Fuel Burn
# Fuel Prolt:c;ype Hi?';ic(té);) Height Slick I\S/Itl(iaRdz ?rtnaitne) Duration
g (cm) (cm) g (min)
Baseline (70
i il - - 95 414 82
’ Baseline (28 : i 10 100 17
L cm)
Kerosene Grid + 6 Grid = 8.5, Grid = 3.5,
i Rods Rods =30.5 Rods = 8 10 147 81
14| Rack 14.5 55 8 211 54
Rack + 14 Rack = 17, Rack= 5.5,
° Rods Rod =32.5 Rods = 6 12 476 81
Baseline2 -
HOOPS (70 cm) 9 302
Baseline (28
5| oors | em) : - | u % S
7 Rack 18 4.5 7 140 39

2 Calculated from observed on Phase Il baseline experiments at CRREL (~ 2 m scale), with HOOPS crude

oil
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Rack + 14 Rack — 17, Rack- 5,

Rods Rods — 32.5 Rods — 6 8 £ 3

Analysis of Burning Behavior
The methodology used to calculate steady mass loss rate

Figure 127 shows the methodology used to identify the steady-state region for each experiment
and the corresponding mass loss rate is shown in Table 17 in g/min for all experiments.
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Figure 128 - Steady-state mass loss data interpretation and regression rate sampling for baseline
with 28 cm burn area for HOOPS crude oil.

Figure 128 shows an example case for the experimental data recorded by the load cells at stations
m1 and m2 shown in the schematic for the experiment in Fig. 126. m1 represents the overall mass
of the system measured by weighing the burn pan containing the water and fuel. It is clear that
when a steady mass loss rate is achieved, the incoming fuel delivered from the fueling station
should balance the vaporized fuel at the burn pan. In other words, m1 will not record any change
in mass. As shown in Fig. 128 (LHS), this occurs at ~9 min and continues till around 22 min. A
five-minute window is identified by the shaded band from 10 — 15 min during this steady-state
regime, as shown in Fig. 128. The steady mass loss rate in kg/min is estimated from the load cell
station m2 as shown in Fig. 128 (RHS). The slope of the mass loss vs. time curve at station m2
equals 0.086 kg/min and is recorded as the steady-state mass loss rate in g/min in Table 17. The
procedure is repeated for all the nine experiments shown in Table 5. The burning rate enhancement
with the FR is observed for all cases with kerosene by comparing the baseline cases (shaded gray)
with the experiments with FR’s.

Experiments with HOOPS crude oil

Figure 129 shows the experimental regression rate for HOOPS crude oil.
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It can be seen that the combination of Rack and rod FR resulted in a 4.2x higher regression rate
compared to the baseline case. Fig. 130 shows the flame behavior for the best performing case and
the baseline. It can be seen that the flames average 4 to 5 feet tall for the best performing FR while
the baseline steady-state only manages to peak about 3 feet tall.
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Figure 130 - Flame height analysis of the best performing FR (rack + rods) and baseline case

Experiments with Kerosene

A total of 5 experiments were performed with kerosene as fuel. Two baselines with 70 cm burn
area and 28 cm burn area, along 3 FR cases starting with a combination of grid and rods, rack and
with the last combination of rack and rod FR’s. The additional rods were added to the FR to
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provide heat transfer at different depths of the fuel slick, as the fuel slick thicknesses were
significantly higher compared to the 3 cm thickness used during the experiments performed in
Dec 2020.
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Figure 131 - Steady-state regression rate for kerosene with a floating FR.

From Figure 131, it can be seen the rack and rod combination FR performed the best yielding a
4.8x times higher regression rate than the corresponding baseline case. The rack and rod
combination FR aggregated 0.15x higher regression rate even outperforming the baseline case with
70 cm burn area. Additionally, even just the rack FR in itself had 2x times the regression rate than
the baseline case.

Importance of Projection Ratio

Projection ratio refers to the ratio of the FR coverage area to the total pool area. Since the FR’s
tested both with crude oil and kerosene fuel presented various dimensions, the projection area
investigates the influence of the coverage area over efficiency. Table 18 shows the different FR’s
and their respective projection areas.
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Table 18 - Projection ratios for FR’s tested in February - 2021

Projection Area

FR Prototype Projection View Projection Ratio =
yp ) rojection Ratio Total Pool Area

Grid + Rods 12 cm 0.23

28 cm

Rack 0.5

Projection Area

28 cm

Rack +Rods Pem ) g 0.6

Projection Area

28 cm

Figures 132 and 133, show the influence of the projection ratio over the efficiency of the prototype
in terms of regression rate.
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Figure 132 - Influence of projection ratio over the efficiency of FR’s tested for kerosene fuel
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Figure 133 - Influence of projection ratio over the efficiency of FR’s tested for HOOPS crude oil fuel

As shown in 132 and 133, it is evident that as the projection ratio increases the efficiency in terms
of regression increases, and this is observed both in kerosene and crude oil fuel FR cases.

Temperatures — Phase 111

For the February Phase Ill experiments temperature data was determined to be of interest.
Temperatures were collected from both the fuel/ water layers as well as from the FR’s themselves.
The variety of FR prototypes tested required slightly different FR thermocouple (TC)
arrangements for each prototype, but generally, the layout was similar. Fig. 134 below shows the
TC arrangements for the fuel layer, as well as the Rack, Rod, and Grid FR’s.
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Figure 134 - Flame Refluxer (FR) thermocouple arrangements for the Feb Phase 111
Experiments.
The fuel thermocouple array consisted of 14 TC’s affixed to a Teflon bar which was then
submerged so the topmost TC remained at the fuel surface for each experiment. This thermocouple
array was used to measure the temperature distribution in the fuel/ water layers and would prove
especially important in the baseline cases. The three baseline case fuel arrangements are seen in

the images below.
70cm
Kerosene

{48
i 'd

28cm
HOOPS
Crude Oil

Figure 135 - Images showing the 3 baseline cases examined in the Feb experiments.
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Figure 136 - Baseline temperature profiles (left) and thermocouple array diagram (right)

The temperature distributions for the 3 baseline cases are seen in Fig. 136 above (left) and the fuel
TC array (right). The three baseline cases were 70cm diameter Kerosene, 28cm diameter Kerosene,
and 28 cm Crude Oil. Plotting of the temperature vs depth for the baseline cases confirms what we
would expect about the heat transfer from the burning region back to the liquid fuel. The 70cm
Kerosene case yields the hottest temperatures in-depth, the burning area for this case is
significantly larger and thus so is the resulting heat feedback. The 28cm Kerosene and Crude
baselines are very similar, but the Kerosene maintains a slightly higher surface temperature which
IS expected.

Fuel Temperatures

Temperature depth color plots were then generated for the various FR and baseline cases for
Kerosene and HOOPS crude to better visualize the FR prototype’s impact on temperature in-depth.
It should be noted that the “fuel depth” noted on the charts is an approximation as the various tests
had slightly varying initial fuel depths. Additionally, these tests had were conducted using constant
filling aimed at maintaining 8 to 13 cm fuel depth. These temperature profiles were taken at the
steady-state times during the experiment, as determined earlier in this section. The Kerosene
experiments are shown first in Fig. 137 below.
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Temps at steady state

[
—_
=

Time at steady 20-24 10-15 12-17 17-21 3742 20-25
TC pos (cm) |Baseline (70cm) | Baseline (28cm) | 8 Thick Rods| Rack |Rack & 14 rods | Grid & thin rods

0 80.54 104.20 201.39 188.80 204.85
I 55.52 103.69 185.72 209.44 118.67
40.34 102.74 184.46 212.04 118.67
-3 29.44 101.05 16537 198.19 118.64
-4 25.91 101.04 157.88 55.76 118.62
-5 201.13 64.75 142.80 54.15 118.61
-6 60.59 139.74 49.95 118.49
-7 45.07 47.55 118.41
-8 38.13 38.03 118.38
-9 2937 33.38 117.25
-10 29.08 27.47 25.00

-11 28.93

-12 28.82

-13 28.14

Figure 137 - Temperature depth color plots for Kerosene Feb Phase 111 Experiments.

First to note is that all cases except for the 70 cm baseline were conducted with a 28cm diameter
burn area. With this plot, it can be observed that the baseline 28cm case has the lowest heat
penetration of all the cases, and the 70cm is the highest heat penetration. It can also be observed
that the best performing FR’s (Rack and Grid) are reaching the same internal fuel temperatures as
the 70cm baseline. This further supports the conclusion that the best performing FR’s can compete
with larger burning diameters, at least from a thermal perspective.

Temps at steady state

Time at steady

10-15

13-18

18-21

TC pos (cm)

Baseline

Rack

Rack & thin rods

Figure 138 - Temperature depth color plots for HOOPS Crude Oil Feb Phase 111
Experiments.
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The crude cases show a similar result to the kerosene cases. The baseline case shows the lowest
heat penetration of the cases presented. The Rack FR in both configurations shows significant heat
penetration over the baseline case.

FR Temperatures

The following plot in Fig. 139 shows the FR temps vs distance from fuel surface for each of the
selected cases. On this chart (K.) denotes a kerosene fuel experiment, and (Cr.) denoted a HOOPS
crude oil experiment. Although this is not a decisive analysis it can be observed that at the steady-
state portion of the experiments the best performing FR’s are maintaining the highest fuel temps
and the highest FR temps. The thick rods, which showed the lowest fuel temps among the selected
cases, also shows the lowest FR temps. While the Rack and Rack with rods cases consistently
show high fuel temps and high FR temps.
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—Rack (Cr.) —Rack & thin rods (Cr.)

Figure 139 - FR Temperatures for select cases from Feb Phase 111 Experiments.

Audio Sensors and Preliminary Analysis
Obijective

Previous studies have used sound signals for the analysis of crude oil burns in various ways.
Labourer et al. conducted thin layer boilover experiments to study boilover as a function of
reservoir size and material. Sound signal in this study was collected from an external sensor,
different regimes of burning and boiling are mentioned, and a correlation between load cell data
and sound data is noted, but no correlations or functional use of this knowledge is presenteds. Fan

3 D. Laboureur, L. Aprin, A. Osmont, J. M. Buchlin, and P. Rambaud, “Small scale thin-layer boilover
experiments: Physical understanding and modeling of the water sub-layer boiling and the flame
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et al. established the regimes and categorization mentioned in Laboureur et al. when examining
boilover fires in oil tanks with a water sublayer. Audio in these experiments was collected with a
dedicated external microphone and amplifier signal chain. Fan notes 3 basic stages of burning:
quasi-steady, boilover premonitory, and boilover periods. Fan notes that audio signal data could
be a viable method for early and/ or remote detecting of a likely boilover occurrence in a liquid
pool fire4s. Panetta et al. used acoustic transducers in crude oil burn experiments to prove the
viability of using acoustic data to measure oil slick thickness. The technology proved viable to
obtain slick thickness, instantaneous burn rate, and efficiencys.

A precedent for the utility of acoustic signals exists in the space of crude oil burning, and
specifically crude over boilover burning. The objective of our exploration was to examine the
viability of acoustic signals as another data source for evaluating FR performance in a burning
crude oil pool fire. Two hardware options were tested, and success was demonstrated in various
experiments.

Hardware — acoustic sensors

Two different audio sensor hardware options were tested in the February experiments. A standard
instrument pickup piezoelectric sensor was tested first with limited results. Lack of water sealing
led to sensor failure after a short amount of experimentation. An in-house constructed hydrophone,
consisting of a modified piezoelectric sensor sealed into a watertight housing was then tested. This
proved to be much more durable and produced a better signal-to-noise ratio.

enlargement,” J. Loss Prev. Process Ind., vol. 26, no. 6, pp. 1380-1389, 2013, doi:
https://doi.org/10.1016/j.jIp.2013.08.016.

4 W. C. Fan, J. S. Hua, and G. X. Liao, “Experimental study on the premonitory phenomena of boilover
in liquid pool fires supported on water,” J. Loss Prev. Process Ind., vol. 8, no. 4, pp. 221-227,
1995, doi: https://doi.org/10.1016/0950-4230(95)00012-P.

5J. S. Hua, W. C. Fan, and G. X. Liao, “Study and Prediction of Boilover in Liquid Pool Fires with a
Water Sublayer using Micro-explosion Noise Phenomena,” Fire Saf. J., vol. 30, no. 3, pp. 269—
291, Apr. 1998, doi: 10.1016/S0379-7112(97)00025-8.

6 P. Panetta, R. Byrne, and H. Du, “Quantitative Measurement of In-Situ Burn (ISB) Efficiency and Rate
,” Sep. 2018. Accessed: Apr. 19, 2021. [Online]. Available: https://www.bsee.gov/research-
reports/1074aa.
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Figure 140 - (a) Commercially available instrument piezoelectric sensor (b) In-house-made

waterproof piezoelectric disc sensor

Results

The better acoustic sensor was only used for the latter half of the experiments, so available data is
limited. But even so, we can demonstrate that using acoustic sensor data is useful in evaluating FR
and burning pool performance. For example, we can compare the 70 cm Baseline Kerosene
experiment and the Rack & 14 Rods Kerosene experiments data. Figure 141 below shows the
audio amplitude data for each of these experiments over time. The baseline case, even being 70cm
and significantly hotter, shows little audio disturbance over the course of the experiment up until
boilover. However, the Rack and rods case show multiple zones where the audio picks up
underwater boiling and seething sounds indicative of enhanced burning and hotter fuel-water
interface temperatures. As well the boilover events are very distinct in the audio data, with usually
a characteristic sound profile leading up to boil over. Indicating a possible utility of the audio data
as a precursor to boil over.

Test 4 — Baseline Test 8 — Rack & rods
Kerosene Kerosene

Amplitude
=
[
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| | Pumping of fuel active

Enhanced steady state burning

Boilover

g

Figure 141 - Audio signal comparison for 70cm Baseline Kerosene (left) and 28cm Rack
and rods Kerosene (right)
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Subsurface sound signal data presents several promising signs as a new data source for FR analysis
and pool burning analysis. This method will need further exploration and iteration as a data
collection technique before it can reliably provide data for comparison across experimental
platforms. As well an analytical method for reliably comparing data sets will need to be developed
and vetted as viable.
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OGES
Setup
December WPI tests — 2020 (0.7m)

The Outdoor Gas Emission Sampling (OGES) system sampling pipe was mounted at a height of
2.65 m above the pool. This height was selected based on flame height estimations for a 70 cm
pool fire as well as experience from the previous large-scale tests performed at CRREL. To avoid
saturation issues for the gas sensors along with the goal to obtain adequate data to study gas
emissions within a smoke plume, the sampling location should be located above the flame tip and
not within the flames. Based on regimes defined by McCaffrey, the sampling point should be in
the intermittent zone. Fig. 142 below shows the OGES sampling pipe as mounted during the
December burn tests.

4 3
il | ]
- B
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Figure. 142 - December tests OGES system (a) Setup (b) Burn test.

February WPI tests

Because of the smaller fire diameter for the February tests, the OGES system sampling pipe was
situated at a lower height of 1.8 m above the base of the fire. This is because the anticipated flame
height of a 28 cm fire would be much lower compared to the 70 cm fires performed in the
December tests. Fig. 143 shows the OGES sampling pipe as mounted during the February burn
tests.
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Figure 143 - February tests OGES system (a) Setup (b) Burn test.

Results and Discussion
December WPI results
COICO:z prior to the onset of boilover

Table 18 and Fig 144 show the CO/CO:; ratio for the discussed HOOPS crude oil cases at peak
flame height just before the onset of boilover occurs as mentioned in the quarterly report; Table
19 and Fig. 145 are the results for the Kerosene cases at the same instance, just prior to the onset
of boilover.

Table 18 - Summary for December tests (HOOPS crude oil cases).
CO/CO; (Prior to onset of boilover)  Average

Baseline 0.0236 £ 0.0036

Rack 0.0106 £0.0036

Rack Mid-Fuel 0.0202 +0.0067
Thick Grid 0.0273 £0.0130
Thick Grid Mid-Fuel 0.0247 £ 0.0033
Thick Grid No Blanket 0.0232 £0.0027
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HOOPS Crude Oil (Prior to onset of boilover)
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Figure 144 - Summary for December tests (HOOPS crude oil cases).

Table 19 - Summary for December tests (Kerosene cases).

CO/CO: (Prior to onset of boilover) Average
Baseline 0.0172 £0.0010
Rack Center Mid-Fuel 0.0157 £0.0004
Rack Center Immersed 1.5 cm 0.0108 £0.0012
Rack Distributed 0.0096 £ 0.0012
Rack Distributed Mid-Fuel 0.0153 £0.0009

Kerosene (Prior to onset of boilover)

0.02

OIOI I I . . .

0.00
m Baseline ™ Rack Center Mid-Fuel ~ = Rack Center Immersed 1.5 cm ™ Rack Distributed ~ ® Rack Distributed Mid-Fuel

Figure 145 - Summary for December tests (Kerosene cases).

CO/CO2 ratio

Purely observing the values on the surface, it would seem that for both HOOPS crude oil and
kerosene, having the prototype touching the water actually improves the emissions the most in
terms of CO/CO; ratio. On the contrary, having the prototype at mid-fuel yields the best

126



performance in terms of burn efficiency and burn time, but the improvement on gas emissions is
much less pronounced.

However, due to the lack of a fuel replenishing system for these tests, the overall burn was transient
in nature, never actually reaching a state where it would be deemed a steady state. Instead, these
values were calculated based on the observation of an increased flame height just prior to the onset
of boilover. If restricted to this period of study, the FR is no longer touching the fuel as a result of
regressing fuel surface for the “Mid-fuel” cases, which is the reason for the seemingly lesser degree
of emissions improvement when compared to data sets where the FR was touching the water layer.
This can also be explained why the “Mid-fuel” cases have a CO/COz ratio that is strikingly similar
to baseline cases.

To better investigate the burning behavior improvement for all data sets, a time-dependent study
should be performed for all the tests, especially the “Mid-fuel” cases. This allows provides the
additional benefit of understanding when peak improvement is actually reached, and also
understand when the fuel layer has regressed to a point where the FR is no longer touching the fuel
and burning enhancement is reduced.

February WPI results
Table 20 and Fig. 146 show the CO/CO; ratio for the February experiments at steady-state using
kerosene as the fuel; Table 21 and Fig. 147 show the same study for HOOPS crude oil.

Table 20 - Summary for February tests (Kerosene cases).

CO/CO: (Steady-State) Average
3_Rack 0.0141 £ 0.0006
4 Baseline (70 cm) 0.0221 + 0.0010
5 8 Thick Rods
7_Grid + 6 Thin Rods 0.0108 + 0.0006
8 Rack + 14 Rods 0.0133 + 0.0012
9 Baseline (28 cm) 0.0207 + 0.0007
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Feb 2021 GW 28 cm (Kerosene; Steady-State)
0.02
N
@
Q
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) I . .
0.00
m3 Rack =4 Baseline 70 cm =5 8 Thick Rods
® 7 Grid + 6 Thin Rods ®8 Rack + 14 Rods  ®9 Baseline
Figure 146 - Summary for February tests (Kerosene cases)
Table 21. Summary for February tests (HOOPS crude oil cases).
CO/CO?2 (Steady-State) Average
10_Baseline 0.0153 = 0.0008
11 Rack + 14 Thin Rods 0.0085 + 0.0005
14 Rack 0.0092 = 0.0015
15 Rack + 14 Thin Rods w/ Outer Ring 0.0082 £ 0.0011
Feb 2021 GW 28 cm (HOOPS; Steady-State)
0.02
N
o
£ 0.01
S I
@)
0.00
[0 Baseline 11 _Rack + 14 Thin Rods ® 14 Rack = 15 _Rack + 14 Thin Rods w/ Outer Ring

Figure 147 - Summary for February tests (HOOPS crude oil cases)
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With a replenishing system present, the steady-state study of the emissions data can be performed
since the fuel is maintained at the same thickness throughout the experiments. This is in contrast
to the December tests where it was transient in nature throughout the entire burn. This is evident
as the values CO/COz ratio are closer to as expected compared to the data sets from the December
tests.

From Fig. 146, it can be observed that there is a missing data set using the “Thick Rods”. Visual
observations noticed a much lower flame height than the baseline case, and therefore the gas
concentrations sampled by the OGES system were too low to obtain a definitive CO/CO: ratio for
this data set. With such a low flame height, excess dilution of the sampled gases resulted in
CO/COz ratios that were out of the reasonable range of such fires as reported by other studies. This
is a similar observation to the experiments performed at CRREL where CO values approached
zero.

For the other data sets, more reasonable CO/CO ratios can be observed. This is especially evident
when observing the baseline cases using Kerosene. The CO/CO; ratios for both 28 cm and 70 cm
are identical, showing that this value is fuel-specific; and as long as the sampling distance is within
the intermittent flame zone where excess dilution is not a significant factor, a similar CO/COx ratio
can be expected for the same fuel but different diameter fires.

Fig. 146 also shows the best performing FR to be the “Grid + 6 Thin Rods” case based on
emissions, but mass loss data shows the degree of burning enhancement to be minimal compared
to baseline. On the other hand, the “Rack + 14 Thin Rods” case indicates a similar CO/CO2, around
50% decrease compared to baseline, but also providing a substantial improvement in terms of mass
loss rate compared to baseline. Data from Fig. 147 for HOOPS crude oil also supports this
observation, yielding a decrease of 46% of CO/CO: ratio at steady-state. Therefore, in conclusion,
the “Rack + 14 Thin Rods” shows to be the best overall performing FR in terms of both mass loss
rate and emissions.
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Conclusions from Phase 111 experiments performed at WPI during Dec 2020 and Feb 2021

1. When the FR does not entirely cover the fuel surface, the heat transfer to the water sublayer
can induce local water evaporation. This is especially true for fuels with a boiling point higher
than that of water (100 °C), common with most oil slicks during in situ burning operations.
We have observed this behavior for projection ratios < 0.6.

2. During combustion of an oil slick floating on water with an FR, the heat collected from the
flame is at first efficiently transferred by the FR to the fuel, and burning is rapid. However,
if or when the FR heater comes in contact with water, it loses its heat to the water faster than
heating the fuel. The nucleate boiling of fuel on the heater surface stops, and instead, the
water starts boiling. The resulting steam rises and causes an emulsification of the crude oil
(foaming) and dilution of fuel vapor, thereby lowering the burning rate and causing the
burning to slow down.

3. Experiments from Phase 111 show that there are only two solutions to the problem. A) Develop

a floating control volume housing the FR’s that is separated from the water sublayer. Or B)
increase the coverage area of the FR such that it covers the entire fuel surface.
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5. Foaming

Introduction

During the Phase 11 experiments performed at CRREL in October 2020, visual observations during
non-turbulent conditions (no waves) showed a foaming phenomenon of the HOOPS crude oil for
all cases, even the baseline case where no FR was deployed. Foaming is hypothesized to occur
when the water sublayer beneath the crude oil layer reaches and exceeds its boiling point. Buist et
al. [1] observed boiling of water below an oil slick during in situ burning (1SB) in calm water with
no current, which causes steam to mix vigorously with the remaining oil layer and eject oil droplets
into the flame. They refer to this as the “vigorous burning phase” with observed increases in burn
rate, flame height, and foaming behavior. However, Buist et al. [1] state that the cause of this
phenomenon is a thinning oil slick that allows heat to reach the water sublayer. This behavior is in
fact more analogous to the boilover phenomenon observed in liquid fuel storage tank fires, where
Broeckmann and Schecker [2] observed violent fuel ejections, frothing over the tank, flame
enlargements, and fireballs. Broeckmann and Schecker [2] hypothesize a zone of uniform
temperature (hot zone) and an oil viscous enough to facilitate foaming as necessary conditions.
However, they also observe a small amount of remaining fuel when the water below is heated to
vaporization. This is in contrast to the observations at CRREL, where heating of the water sublayer
occurs because of increased heat feedback from FR deployment, but the thicker fuel slick above is
unable to allow steam to escape past the crude oil layer and result in a boilover. Instead, the force
exerted induces mixing of the steam with the crude oil, resulting in a foam that migrates to the
surface of the crude oil layer. This layer of foam blocks the ambient oxygen from reacting with
the fuel below the foam, effectively suppressing the fire. An illustration of this hypothesized
foaming mechanism is shown in Fig. 148.

e AR Superheats water sublayer;
Migrates downwards until Superheated steam mixes Foam created at
24 e reaching oil-water interface with oil at interface oil-water interface

T A RS SRR

i,

| Foam migrates
upwards

Foam layer covers fuel surface;
Deprives fuel of oxygen
R4 N S

B Ly

Flame extinction

from foaming

Figure 148 - lllustration of hypothesized foaming mechanism
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In the baseline case, the foaming caused the extinction of the flames after 20 min with an efficiency
of 55%. This means nearly half of the fuel remained in the boom after the burn. With the Grid and
Bimetal FR, foaming also resulted in the extinction of the flames. However, they reignited within
2 — 4 min, unlike the baseline case, causing the burning efficiency of the FR to reach 93 — 94%.
Additionally, foaming would occur more quickly at the location of the FR because of more direct
heat feedback in that area. This means foaming would initiate at the FR and migrate outwards.
This also resulted in flames being pushed away from the FR since they would only be present in
locations where the foam had not yet formed. However, the flames would reignite once the foam
collapsed after a few minutes. During Phase Il experiments at WPI, this phenomenon was
observed once again for 70 cm pool fires with Rack prototypes using HOOPS crude oil with 3 cm
initial fuel thickness. However, it should be noted that this foaming behavior did not occur during
previous ISB experiments performed in Mobile, AL when the fuel was also HOOPS crude oil [3].
This may be because of continuous feeding and a lower fuel thickness of 1 cm, which causes
boilover instead of foaming.

Visual observations from CRREL experiments
Foaming behavior

At present, only experiments without waves are discussed in this section, but oil foaming was also
observed for wave cases at CRREL. As shown in Table 22, 12 out of 24 experiments were
performed without the presence of waves, and foaming only occurred with HOOPS crude oil.
Interestingly, an emulsion of HOOPS crude oil did not foam as shown in Table 22. This may be
because of the smaller fuel thickness of only 2.5 cm compared to 8 cm used in the experiments
where foaming was observed. A change in fuel properties because of emulsification may have also
played a role. The table also details the time to foam for each data set, or time to extinction if
foaming did not occur. This table divides the extinction behavior for these various experiments
into three main types:

1. Foaming then extinction;
2. Foaming then reignition;
3. Extinction; no foaming.

Table 22 - Summary of foaming times for no wave cases performed at CRREL

Time to
Prototype Fuel; Initial thickness foaming (or Note
extinction)
Baseline HOOPS; 8 cm 16:30 Foaming then extinction
Ruffled metal HOOPS; 8 cm 19:00 Foaming then extinction
. ] ] Foaming then reignition
Bimetal HOOPS; 8 cm 19:30 (23:30)
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. ] ] Foaming then reignition
Grid HOOPS; 8 cm 28:00 (32:30)

Blanket HOOPS; 8 cm 24:00 Foaming then extinction
Baseline HOOPS E£1UISIOn; 25 09:00 Extinction; no foaming
Baseline HOOPS E;]nulsmn; 23 08:30 Extinction; no foaming
Bimetal HOOPS Emulsion; 4 cm 13:00 Extinction; no foaming
Baseline HOOPS Emulsion; 4 cm 09:00 Extinction; no foaming
Baseline Bunker; 1 cm 06:00 Extinction; no foaming
Bimetal Bunker; 1 cm 08:00 Extinction; no foaming

“Foaming then extinction” is when a visible layer of foam is observed once flames are no longer
present, and it is determined that the flames were extinguished caused by the presence of this foam.
Similar to the mechanism utilized by foam-based fire suppression systems [4], foam on top of a
liquid pool fire deprives the fuel of ambient oxygen. As the foam spreads and ultimately covers
the entirety of the pool area, oxygen is completely cut off from the fuel and the extinction of the
flames occur. Fig. 149 shows this situation during the baseline case where no FR was deployed,
while Fig. 150 shows a similar photograph using the Ruffled metal FR. As seen in the photographs,
a visible gray layer of foam is present, and no reignition occurs after several minutes.

Figure 149 - Foaming then extlnctlon Basellne (HOOPS crude oil; Pool dimensions: 1.7 m

by 1.9 m)
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Figure 150 - Foaming then extinction — Ruffled metal FR (HOOPS crude oil)

“Foaming then reignition” is when the foam layer causes flame extinction, but the pool fire is
reignited after several minutes. Fig. 151 shows this behavior when using the Grid FR with HOOPS
crude oil. The foam layer causes extinction for the majority of the flames in Fig. 151 (a), but the
surrounding residual flames reignite the pool several minutes later in Fig. 151 (b) after the bubbles
in the foam have broken down to a certain degree. The highlighted area in red shows the contrast
in appearance at the fuel surface. This behavior may also be because of the fact that the Grid FR
remains at a high temperature of 500° C seven out of eight extinctions, providing a source of
external heat flux to the fuel surface that facilitates reignition after the foam collapses. Temperature
data showing the temperature history of the collector portion of the FR supports this hypothesis.
Similar behavior is also observed with the Bimetal FR.

PR - I a5 TV _bin Yy s
-

Figure 151 - Foaming then reignition behavior — Grid FR (HOOPS crude oil)
(a) Initial extinction (b) Reignition
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Certain wave cases also exhibit this behavior where foaming causes flame extinction, but
reignition occurs after several minutes. Fig. 152 shows a similar phenomenon for the baseline case
with Wave 2 using HOOPS crude oil. Interestingly, movement from the waves allows reignition
to occur after the foam has broken down after several minutes. This is in stark contrast to the
baseline case with no waves, where oil foaming caused complete extinction of the flames, which
in turn resulted in a relatively low burn efficiency of 57%. The reignition behavior in the baseline
case with Wave 2 yielded a much more satisfactory burn efficiency of 97%, showing that a
potential solution to oil foaming is to create an environment where reignition is possible. Future
studies on the effects of different wave profiles on oil foaming tendency and foam breakdown need
to be performed to quantify this behavior.

Figure 152 - Foaming then reignition behavior — Baseline (HOOPS crude oil) w/ Wave 2
(a) Initial extinction (b) Reignition
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“Extinction; no foaming” is when the extinction of flames is visually observed to be caused by
depletion of the fuel and not from a foam layer. For fuels such as emulsions, this foam layer never
forms and the fuel is mostly burned off. Fig. 153 shows this behavior from a baseline burn using
an emulsion between HOOPS crude oil and water (25% mixture). The water beneath the oil can
be seen visually and there is minimal residue. However, it should be noted that the initial fuel
thickness was only 2.5 cm in this case. As discussed earlier, there is a possibility this behavior may
be caused by emulsion or a smaller initial fuel thickness compared to cases where foaming was
observed. There may exist a critical initial fuel thickness that provides the conditions for foaming
to occur. However, the deciding factors are currently unknown and require further research. This
may be an important consideration especially in situations where thick oil layers can occur in
stagnant pools, for example in marshy areas or ice cavities.
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Figure 153 - Extinction behavior — Baseline (Emulsion; 75% HOOPS crude oil, 25% water)

Time to reignition

As noted in Table 22 and Fig. 151, there are two experiments (Bimetal and Grid FR) where
foaming was observed visually, but residual flames and retention of heat by the FR present in the
surrounding boom material allowed for the possibility of reignition.

Fig. 154 shows a photo strip with corresponding times stamps for experiments with the Bimetal
FR. This photo strip shows the initial flame reaching a fully developed state at around 1 min, while
foaming begins to occur at around 19.5 min, and quickly causes the extinction of the flames in less
than a minute. After about 4 min, the bubbles in the foam layer begin to subside and gradual
reignition of the entire pool begins. However, since it takes another few minutes for the foam to
disappear completely, in addition to the fact only mostly heavier and harder-to-burn hydrocarbons
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remain after the initial fire, it takes around 5 min before the fire becomes fully developed again.
This can be verified by comparing the two fully developed fires at 1 min versus 28.5 min. The
smoke plume in the latter fully developed fire is much thicker and darker compared to that of the
earlier one, indicating that it is indeed the heavier components of the crude oil that are being burned
during the latter stages of the fire, and lighter components had mostly burned off during the early
stages. The in-depth temperature measurements also validate this fact.

This experiment had two latter instances of foaming then reignition, however the video feed for
this data set was only available for the first 30 min, therefore only the first instance of reignition
is shown in Fig. 154. This observation of multiple reignitions will be shown for the Grid FR data
set in Fig. 155.

A similar observation is made for the Grid FR, shown as a photo strip in Fig. 155. This experiment
was interesting in that it had multiple occurrences of foaming then reignition behavior, a total of
eight foaming instances, and seven reignitions. There were two instances where the video feed
failed for a period of 6 min respectively, as labeled in the photo strip. However, this did not hinder
the global observations for the foaming and subsequent reignition behavior. Similar conclusions
to that of the Bimetal FR case are made for this data set as well. The cyclic behavior of the foaming
in this data set shows that it takes approximately 3 to 4 min for the foaming to subside and allow
the surrounding residual flames to reignite the pool. One additional observation noticed for this
specific data set was that the flames were much hotter than any other data set at around 9 min,
while the corresponding flame height was taller as well.

These qualitative observations from the video feed for time to foaming, time to reignition, and
high temperatures at 9 min for the Grid FR case will be discussed further in the temperature data
section.
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Figure 154 - Foaming then reignition behavior — Bimetal FR
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Contributing factors to foaming of crude oil and prior research

To achieve an improved understanding regarding the foaming behavior of crude oil, a literature
review was performed on the factors that contribute to crude oil foaming, in addition to the
comparison of the data sheets for ANS and HOOPS crude oil to explore the causes of foaming for
HOOPS crude oil that is consistent with prior studies. Recall that previous experiments using
HOOPS crude oil (Mobile, AL; 2017) [3] did not exhibit this type of foaming behavior. However,
Phase Il experiments at CRREL with 8 cm initial fuel thickness showed obvious foaming
phenomena, while Phase 111 experiments at WPI with 3 cm initial thickness also exhibited similar
behavior, indicating the need for further research on this topic. Fig. 156 shows foaming during
Phase 111 experiments at WPI.

Figure 156 - Foaming behavior during Phase 111 experiments at WPI

The earliest instance of documenting the formation of oil foam was in a report by Scott [5] from
Mobil Oil Company in 1967. Scott [5] shows that although oil foaming is mainly a result of
mechanical means, characteristics of the oil, such as oil viscosity, can affect its foaming tendencies.
A study by Callaghan et al. [6] used 16 different crude oils and showed extraction of these crudes
with both alkali and acid indicated that the crude oil components responsible for foam stability
were removed by the alkali extraction. Further examination of the alkali extract revealed it was the
chloroform-soluble part of this extract (0.02 wt% of the whole crude) that was responsible for
foaming. Further analysis of this extract indicated that the critical components were short-chain
carboxylic acids and phenols with molecular weight < 400, presumably because they provide
surface tension gradients and/or surface viscosity that promotes foam stabilization. Once stripped,
all 16 crude oils no longer had the tendency to foam but retained their foaming tendencies once
the extract was added back to the crude oil. Table 23 shows the foaminess indices for both stripped
and complete crude oils. It can be seen from the data that alkali-stripped oils no longer have a
tendency to foam.
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Table 23. Foaming indices of 16 crude oils in Callaghan et al. [6]

L, minutes
Stripped Whole

Qil © il
8onny 0.0 04
Forcados 0.0 0.4
Basra 0.0 0.5
Umm Shaif 0.0 0.2
Zakum 0.0 0.4
Buchan 0.1 0.6
Ninian 0.0 . 0.5
Kuwait . 0.0 0.7
Heather 0.0 0.4
Magnus 0.0 0.4
Alaskan (North Slope) 0.0 0.9
Iranian Heavy 0.0 0.8
Qatar 0.0 0.1
Forties 0.0 0.4
Murban 0.1 0.3
Iranian Light 0.0 0.6

Research by Poindexter et al. [7] provided the first systematic study directly using 20 different
types of crude oil to investigate the factors that contribute to foaming. They attempted to correlate
common crude oil properties such as density, bulk viscosity, surface tension, asphaltene, and resin
contents to two critical foam parameters, foamability, and collapse slope. Sparge experiments were
performed using a dynamic foam test. A 500 mL graduated cylinder (foam cylinder) is modified
with a glass extension at the bottom, with 46 mL of crude oil added to this extension (reservoir).
A gas dispersion tube was inserted through the bottom of the glass extension, with nitrogen serving
as the sparge gas at gas flow rates of 100 or 250 mL/min. Foam volume, measured at the air-foam
interface, was visually recorded. At the eight-minute mark, the gas flow was terminated, and the
foam was allowed to collapse. Foamability simply relates to the maximum foam volume achieved
during a fixed period of time, while collapse slope was determined by a least-squares fit of the
linearly decreasing part of the curve after the termination of the sparge gas. Fig. 157 shows the
results of the experimental study for six crude oil types.

Three main conclusions are made by Poindexter et al. [7] First, crude oils that have bulk viscosities
at or above 150 cP at 37.8°C produced little or no foam, meaning crudes with high viscosities do
not foam easily. This was observed at CRREL, where emulsion with HOOPS and highly viscous
bunker fuel did not exhibit foaming. Table 24 shows a summary of the nine crudes used initially
in the experiments performed by Poindexter et al. HO, SJV, and T1 crude fall into this criteria and
show no foamability. As shown in Table 24, the foamability of these three oils is less than 10 mL.
The resin content is around 20% for these three oils, compared to the others that have much lower
resin content. This may play an important role in oil viscosity, as these three oils also have the
highest viscosities of the crudes.

140



Table 24 - Crude oil properties for the initial nine crudes in Poindexter et al. [7]

density viscosity foamability collapse slope
crude oil designation (g/mL) (cP) % asphaltenes % resins (mL) (mL/min)

Alaska North Slope ANS 0.8894 13 3.38 8.72 30 -9
Arab Berri AB 0.8383 4 0.79 3.24 140 —220
Arab Heavy AH 0.9460 34 6.68 7.46 200 -39
Canadon Seco CS 0.9030 70 7.50 8.94 45 -8
Hondo HO 0.9377 363 14.81 20.52 5 a
Malu Isan MI 0.8448 38 0.18 4.86 75 —22
San Joaquin Valley SJV 0.9792 1390 4.56 19.37 0

Statfjord SF 0.8328 3 0.09 4.02 120 —228
THUMS 1 b 0.9516 152 5.09 18.70 0

2 Maximum foam volume was 5 mL. Upon terminating the gas flow, the foam immediately collapsed to 1 mL. A stable foam collar
remained at 1 mL for the next 8 min.

Second, for Gulf of Mexico (GOM) crudes that contained asphaltenes of around 3 — 9% (GOM
1M - 4M), collapse slope was found to correlate with asphaltene content as well as crude oil density
and viscosity. Foam volume did not show the same correlation, but these crudes tended to foam
the most out of the 20 types used. Third, GOM crudes that had little to no asphaltenes (< 1%)
(GOM 1A - 7A) showed foam volumes that were three to four times that of the ANS crude, but
also possessed very steep collapse slopes, showing that foaming would subside rather easily after
several minutes. Table 25 shows a summary for both categories of GOM crudes.

Table 25 - Gulf of Mexico (GOM) crude oil properties in Poindexter et al. [7]

density  viscosity  surface tension foamability  collapse slope
sample designation  (g/mL) (cP) (mN/m) % asphaltenes? % resins (mL) (mL/min)
GOM 1M 1M 0.8926 20 27.49 3.61 10.72 365 —80
GOM 2M 2M 0.9227 68 28.66 8.71 13.71 390 -19
GOM 3M 3M 0.8911 19 27.91 4.16 9.83 257 —74
GOM 4M M 0.9087 48 28.41 9.10 10.49 103 -30
GOM 1A 1A 0.8387 6 26.30 0.21 3.86 30 —88
GOM 2A 2A 0.8689 10 27.74 0.50 4.77 105 —-94
GOM 3A 3A 0.8567 9 27.07 0.44 4.85 97 —97
GOM 4A 4A 0.8617 9 27.20 0.36 6.10 91 —106
GOM 5A 5A 0.8235 5 26.42 0.08 1.82 24 —176
GOM 6A 6A 0.8565 24 27.71 0.33 4.38 127 —106
GOM TA 7A 0.8477 7 26.65 0.62 4.31 39 —-108
toluene 0.8628 0.5% 28.10 0 0 0 0
heptane 0.6804 0.30 19.91 0 0 0 0
octane 0.6991 0.40 21.30 0 0 0 0
mineral oil (heavy) 0.8772 68 31.32 0 0 126 —33

a2 As noted in the text, the GOM A crude asphaltenes are actually waxes. ? Viscosities taken from the Handbook of Chemistry and
Physics, 65th ed.; Weast, R. C., Ed.; CRC Press: Boca Raton, 1984—1985.

Comparing the data sheets provided by ExxonMobil for both ANS and HOOPS crude oil [8][9], it
can be seen that ANS crude has a higher viscosity and asphaltene content (2.6%), while HOOPS
crude has a lower viscosity and very low asphaltene content (0.3%). The study by Poindexter et
al. [7] used ANS crude oil as one of the samples and showed ANS to produce little to no foam
compared to the other samples. Although the study by Poindexter et al. [7] did not use HOOPS
crude as one of their samples, the data sheet for HOOPS crude indicates oil characteristics closely
resembling the seven non-asphaltenic crudes (GOM 1A - 7A) in that study. If we assume similar
behavior, then it would be reasonable that HOOPS crude produced significantly more foam during
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FR experiments compared to other crudes such as ANS. The same non-asphaltenic crudes show
very steep collapse slopes, meaning the foam subsides quickly after the sparge gas is terminated.
If we assume similar behavior for HOOPS, it is understandable why reignition was observed for
the Bimetal and Grid FR after foaming had resulted in flame extinction. The foam breaks up
quickly after the flames extinguish, but there are large amounts of residual heat on the FR, which
results in reignition after the foam disappears.

Fig. 157 shows foam volume versus time plots to visually show the foamability and collapse slope
of different crudes used in Poindexter et al. [7] Two crudes from each category are shown in the
graph. It is interesting to note that the foam for one type of crude (GOM 2M) does not completely
collapse after the sparge gas has been terminated for multiple minutes. Since an oil spill can occur
for any type of crude oil, the worst-case scenario should be taken into consideration when
considering the foaming capabilities of crude oil, which in this case is GOM 2M. Not only does it
have the highest foamability compared to the other crudes, the collapsed slope is non-existent
because the foam does not collapse completely even after extended amounts of time. The
implication of this is the possibility that the foam will not subside after flame extinction has
occurred and will hinder any possibility for reignition as observed in the Bimetal and Grid FR
experiments. Crude oils with these characteristics need to be investigated specifically to
understand the root cause of why the foam does not collapse and to design methods for mechanical
breakdown of the foam if it were to occur during ISB.
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Figure 157 - Foam volume versus time for select crude oils in Poindexter et al. [7]
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The study by Poindexter et al. [7] focused primarily on oil properties and the effect they have on
crude oil foamability. However, there are certain key factors not considered in that study but relate
to the experiments performed at CRREL. The first is the consideration of high temperatures. For
example, foaming initiated at CRREL when the average oil temperature reached around 120 — 150
° C, which shows that this was because of superheated steam. Elevated temperatures also
significantly affect oil properties such as oil viscosity. The second factor is the influence of the
initial thickness of the oil layer. As mentioned previously, foaming was observed at CRREL using
an initial fuel thickness of 8 cm, but previous experiments performed in Mobile [3] with a 1 cm
initial fuel thickness and replenishing system did not exhibit the same behavior. Buist et al. [1]
also observed partial extinction of a burning oil slick initiated by foaming action. The burning oil
slick foamed and extinguished over one area of the surface and was reignited later by adjacent
flames. However, the fuel slicks were thinner than the experiments at CRREL, which is why
foaming did not result in total extinction. Based on these two points, further research should be
pursued on the topic for an improved understanding of foaming during I1SB, particularly for thicker
oil slick thicknesses.

Continuing the discussion of foaming, it should be noted that there are two classifications for liquid
foams: dry and wet foams. Depending on the amount of liquid in the foam, bubbles can either be
in contact or separated, and can often be empirically judged from the liquid fraction or shape of
the bubbles [10]. For the case of dry foams, bubbles are substantially deformed and thin liquid
films in contact with one another provide substantial mechanical stability to the foam. Bubble
shapes also take the shape of polyhedrons. When the liquid fraction increases to a certain point,
the shape of the bubbles becomes round and approaches circles, transitioning the foam to a wet
foam. At this point, the bubbles are separated by the drainage of liquid between the bubbles due to
gravity, causing bubbles to be destroyed more easily. Another way of articulating this is that wet
foams are inherently less stable [10][11]. Fig. 158 shows a comparison from Furuta et al. [10]
regarding the bubble shape for dry and wet foam. Callaghan et al. [12] use this observation for
Ninian crude oil, but only makes the comparison for stabilized versus pipeline crude oil, and is
therefore not a direct comparison to this current project.

In a three-dimensional system, Furuta et al. [10] state that liquid-gas (LG) foams are empirically
recognized as a dry foam when the liquid fraction is below 5% and is considered to be in a state
of wet foam when liquid fraction increase to 15% or above. The experiments at CRREL were
performed with an oil slick floating on top of the water. For cases where foaming was observed,
temperature data shows that the water sublayer indeed reaches and even exceeds the boiling point
of water. It is assumed that this superheated steam moves upward into the crude oil layer and
creates the foaming phenomenon observed at CRREL. At present, the hypothesis is that the
foaming behavior observed at CRREL is in a state of wet foam since only a 15% liquid fraction is
required for the foam to be in a state of wet foam. Both Furuta et al. [10] and Isert et al. [11] state
that wet foams are inherently less stable and the bubbles break down more easily. This is validated
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by the reignitions exhibited by the Grid and Bimetal FRs, as the foam subsided only a few minutes
after flame extinction occurred.

o]

(®)

Figure 158 - Comparison in bubble shape from Furuta et al. [10]
(a) dry foam — polyhedrons (b) wet foam — circles

A study by Arnaudov et al. [13] discusses the effect of oily additives on the foamability and foam
stability of surfactant solutions such as sodium dodecy! sulfate (SDS), a common ingredient used
to make soap. They conclude that foamability is a nonmonotonic function of the oil concentrations
based on a variety of variables such as dynamic surface tension. However, no direct correlation
between the spreading behavior of the oils and their foam breaking ability was obtained. The
solution used is also a surfactant and not crude oil, and therefore the results cannot be compared
directly. Another study by Blazquez et al.[14] concluded that certain additives could be used to
prevent the formation of foam (antifoams) or destroy foams that had already been created
(defoamers) in crude oils. Scott [5] also documents this but states that these agents should only be
used as a last resort when no mechanical or physical remedial action has proved effective.

A study by Mellema and Benjamins [15] attempts to explain the foaming behavior of
triacylglycerol (TAG) oils in the presence of phospholipids when heated from the bottom via a hot
plate. The foaming mechanism can be explained by relating the foaming tendency and interfacial
elasticity to the occurrence of Benard-Marangoni (BM) convection patterns formed during heating,
as a result of the Marangoni effect. To study the BM patterning, 20 mL of oil was placed in a 14
cm diameter shallow glass dish with 0.3 — 0.5 wt% of phospholipid additives and heated to 130°
C on a heating plate. A stable pattern formation was usually observed within 2 min after the oil
reached 130° C, and could be continuously observed for another 3 min. IR images of the
experiments, as shown in Fig. 159, indicate that the BM patterns could take the form of rolls,
necklaces, necklaces/hexagons, or large hexagons depending on the additive used in the oil.
However, Mellema and Benjamins [15] do not have a water layer beneath the oil layer, and
therefore more research is required regarding the viability of using this method to quantify crude
oil foamability.

144



Figure 159 - BM patterns via hot plate heating from the bottom at 130° C [15]
(a) Rolls (b) Necklaces (c) Necklaces/hexagons (d) Large hexagons

Conclusions

For the specific application regarding ISB of crude oil with FR deployment, further work is
required to determine the exact parameters of crude oil to characterize foam volume, collapse
slope, or some combination of the two parameters. Antifoams and defoamers are not ideal for this
application, and therefore a mechanical solution needs to be developed to break down the bubbles
within the foam if they were to occur during ISB. In the experiments at CRREL, oil foaming was
still observed for wave cases. However, in contrast to the 57% burn efficiency for the baseline case
with no waves, the baseline case with Wave 2 allowed for reignition to occur similar to the FR
cases with no waves, which resulted in a 97% burn efficiency. The only difference was the addition
of waves. It is currently unknown whether the presence of waves alone is responsible for allowing
reignition to occur. Quantification for wave presence and wave intensity as it relates to oil foaming
tendency and foam breakdown requires further investigation.
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Studies relating BM patterns to foamability are based on a layer of oil with additives being heated
from the bottom. It would be interesting to perform similar studies using various types of crude
oil, especially HOOPS, to study foaming tendency versus BM patterns using IR images. Another
possible study would be to consider heating from the top of the oil layer, which would relate the
foamability of a given crude oil to a scenario where a fire is burning at the surface. Previous studies
of dry and wet foam mostly focus on a premixed mixture of water and surfactant, such as SDS, to
systematically quantify the liquid content in the foam. No prior studies exist discussing dry versus
wet foam of crude oil due to boiling water at the water-fuel interface during a fire, as is the case
with this project. Future research is required to allow categorization of the foam observed at
CRREL as dry or wet foam and to study the mechanisms that result in the foaming behavior.

Moreover, this foaming behavior was not observed in the Mobile experiments, where HOOPS
crude oil was also used as the fuel. However, one critical difference exists between the two
projects. A fuel replenishing system was used in Mobile to maintain a constant fuel thickness of 1
cm, whereas, at CRREL, it was a thinning fuel slick with 8 cm initial fuel thickness. This suggests
the possibility of fuel thickness or the presence of cold fuel at the water-fuel interface playing a
role in the foaming tendency. This aspect also requires future work for a more fundamental
understanding.

In the latter sections, temperature data from the CRREL experiments will also provide valuable
insight into the time to foaming as well as the parameters for its cause.
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APPENDIX - A

MODEL FOR PREDICTING THE INFLUENCE OF IMMERSED OBJECT ON POOL
FIRE BURNING
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ABSTRACT

The study presents a heat transfer model for prediction of the effect of immersed objects with high
thermal conductivity (refluxer) on the mass burning characteristics of a pool fire. The refluxer
forms a thermal loop between the flame and the fuel pool, enhancing the heat feedback to the fuel.
Consequently, additional fuel vaporization occurs thus improving the burning characteristics. In
the study, a theoretical model solves steady state energy equation to analyze the effectiveness of
the refluxer by determining the heat transfer to the fuel pool based on parameters of refluxer
parameters (material and dimensions) and fuel properties. The model solution also envisions an
inverse design of a refluxer based on end-use of the refluxer.

Keywords: Pool fire; Heat transfer model; Mass loss rate enhancement; Inverse design.

1. INTRODUCTION

Pool fires have been studied extensively in terms of the mass burning rates, temperature, species,
and flow fields. These are necessary for understanding the coupled behavior of heat transfer, mass
transfer, and the reaction mechanism in pool fires. Due to this coupling, the fuel evaporation and
burning are dependent on the flame heat feedback to the pool. Thus, a mechanism to enhance this
heat transfer would improve the burning rate of the fuel. To accomplish this, the Flame Refluxer™
was developed [1], where a high conductivity material is placed the flame, which would assist in
establishing a thermal loop from flame to preheat and burn the fuel in an enhanced manner. The
technology was developed for with direct application to in-situ burning of oil spills where
enhanced mass burning rates were observed [2 - 4]. Additionally, the method also has various
applications where thermal storage in liquids or slurry is required, such as in anaerobic digestor or
in slurry sanitization.

Different scales of pool fire experiments have been conducted using the refluxer technology to
determine the design parameters of the refluxer. The dimensions of the refluxer need to be
optimized to ensure maximum heat transfer from the flame to the subcooled fuel. Studies have
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shown a reduction in mass loss rate when the refluxer exceeds a particular height above the fuel
pool [2, 5]. It was also shown that the thermal conductivity of the refluxer material played an
important role where copper refluxers were more efficient than stainless steel ones [2]. Moreover,
multiple refluxers immersed in the fuel pool also led to enhanced mass loss rate [2, 3].

Numerical modeling of the Flame Refluxer™ is valuable in understanding the effect of the
governing parameters such as fuel characteristics and refluxer properties. A two-dimensional
model was done by Sezer et al. [6], where the effect of an immersed aluminum rod in a hexane
pool was studied. The enhanced mass loss rate due to the rod was predicted close to the
experimental values. An integral model was developed by Arsava et al. [7] where the heating of
the fuel in the presence of refluxers was analyzed through thermal penetration depth, and the
optimization of the refluxer design was discussed for oil spill burning application. Fang et al. [5]
predicted the mass loss rate using the B-number approach for aluminum plates in ethanol and
heptane pools, where enhanced mass burning rates were observed. The present study proposes a
predictive heat transfer model that solves steady state energy equation for the refluxer. The model
can be utilized by an end-user for either (a) predicting the enhancement in the mass loss rate for a
designed refluxer or (b) an inverse design of a refluxer prototype optimized to enhance the mass
loss rate by a design amount.

2. MODEL DESCRIPTION
2.1. Problem specification

Figure 1(a) shows the heat transfer modes in a pool fire. The flame (f) heats the fuel surface through
convection and radiation. This heat received on the fuel-air interface (i) is denoted by Q, ;. The
in-depth conduction (QH) leads to sensible heating of the liquid fuel. The fuel evaporates from

the surface and burns based on the flame heat feedback and the latent heating of the fuel. Thus, the
energy balance is given by

Qf—i _Qi—l =mL (1)

where, L is the latent heat of vaporization of the fuel.
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Figure 1: Heat transfer modes in a (a) pool fire, (b) pool fire with Flame Refluxer™

(f: flame, i: interface, I: liquid, C: collector, H: heater)

Figure 1(b) shows a pool fire burning with a Flame Refluxer™. In addition to the heat input from
the flame to the fuel surface, heat is also transferred from the flame to the fuel through the high
conducting refluxer. The part of the refluxer that is exposed to the hot combusting gases is the
collector region (C). This heat is transferred to the fuel through the heater region (H) of the refluxer
as shown in Fig. 1(b). The additional heat input into the liquid fuel causes sensible as well as latent
heating of the fuel, leading to enhanced mass loss rate. The energy balance for the fuel in the
presence of the refluxer is given by,

Qf—i _Qi—l +QH—I =(m+mFR)L 2

It is seen that there is an additional mass loss rate due to the heat transfer from the immersed object.
This paper aims to quantify and predict this enhancement based on a heat transfer model for the
refluxer. For the refluxer region, the energy balance at steady state can be written as,

Qf—c = QC—H = QH—I (3)

The enhancement of the mass burning rate of fuel with an immersed object depends on both fuel
characteristics and the refluxer dimensions and properties. Further, from equation (3), it is seen
that the problem can be studied from the perspective of the collector and heater sections separately.
The heater section encompasses the conduction within the object and subsequent heat transfer to
the fuel. Additionally, the heater would also act as sites for nucleate boiling [8] based on the degree
of superheat. This would involve a complex coupled model to study the two-phase flow, fluid
convection and heat transfer. Alternatively, the present work proposes a predictive model applied
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to the collector region which involves a solid object heated in a gas phase. Hence, using equation
(3), the term QH—I in equation (2) can be re-written as,

Qf—i_Qi—l+Qf—C :(m+mFR)L (4)

From equation (4), it is clear that if the heat input to the collector from the flame is known, the
enhancement in mass loss rate can be predicted. Thus, the problem statement for the refluxer has
been simplified into a collector model.

2.2. Model formulation

A fundamental model for the collector section of the refluxer is as shown in Fig. 2(a). A collector
of length L¢ is modeled in a constant heated temperature environment. This temperature is
approximated to an effective flame temperature (Tr). The heater section is simplified to a low
temperature sink (Ts) extracting heat from the defined collector region. The temperature along the
collector (Trr) will be a function of height x above the heater, depending on the heat into the

collector from the flame (Q, ) and the heat loss to sink (QC_H ). Moreover, it is assumed that the

temperature variation is more significant along x-direction as compared to the variation along the
other directions of the collector.

(@) (b)
i x=Lct Effective flame !

i temperature (Ty) |

Qf -C : qux Cross-sectional

i — i areaA
I dqrad

Figure 2: (a) Sketch showing the model for collector region of Flame Refluxer™, and (b)
energy balance in a differential element of the collector

Fig. 2(b) shows a differential element of length dx at a distance x from the sink, with cross-sectional
area A and perimeter P. It is to be noted here that the model is not specific to the shape of the
collector and can be used if the cross-sectional area and perimeter of the refluxer are known. Heat
conducts in negative x-direction as shown in Fig. 2(b). It is assumed the collector is heated through
radiative mode of heat transfer. The radiative heat transfer to the collector element from the flame
is also indicated in Fig. 2(b). The model simplifications and assumptions are summarized below:
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The temperature variation in x-direction is more significant than the temperature variation in
other directions.

The collector is assumed to be slender (A << P x Lc, where P x Lc s the side surface area of
the collector) and major portion of the heat is collected by the side of the refluxer rather than
the top of the collector.

The temperature of the surrounding of the collector is assumed to be at a specified effective
flame temperature Tr.

The convective heat transfer from the flame is ignored as compared to the radiative heat flux,
which is a valid assumption for medium to large pool fires.

A sink at constant temperature Ts is assumed at X = 0, which represents the heat lost from the
collector to the heater section and to the fuel pool.

Transient heating of the system is not considered, and the results are based on the achievement
of quasi-steady state.

As a result, the energy balance equation for the differential element at steady state can be written

as,

qx+dx - qx + dqrad =0 (5)

: . . . . dT
Here, heat conduction at distance (x) can be written from Fourier’s Law as ¢, = kA dFR , Where k
X

is the thermal conductivity of the refluxer material. The heat conduction at distance (x + dx) can
be written using Taylor series expansion as,

qx+dx = qx +

dq d°T d°T
Xdx=¢, +kA—Rdx=>q,., — ¢, =kKA—F
dX qx dX2 qx+dx qx dX2

dx (6)

The radiant heat flux term (dd,,, ) is given from Stephen-Boltzmann Law as,

dd,,g = oePdx(T{ -T5) ©)

where, ¢ is the Stephen-Boltzmann constant (5.67 x 108 W/m2-K*), ¢ is the emissivity, and P x
dx denotes the surface area of the differential element exposed to radiant heating. Thus, equation
(5) can be re-written as,

kAd

2

Tee | gop (T¢-T5%)=0 (8)

X2

Equation (8) shows a second order differential equation which must be solved to determine Trr(X).
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2.3. Model solution

Equation (8) shows the temperature distribution (Trr) in terms of heat conduction term and the
radiative heat transfer term. To solve this equation, the equation is simplified into two first order

differential equations by defining the temperature gradient d(-jr;R =6 . Equations (9a) and (9b)

show the two first order differential equations along with the known boundary conditions (BC) at
x =0and x = Lc. At x = 0, the temperature is the sink temperature (Ts). From the slender refluxer
assumption, the heat flux on the top of the collector is negligible resulting in an adiabatic condition
atx = Lc.

%: 6, BC: T, (x=0)=T, (9a)
do <P
&=—%(Tf4—T§R), BC:0(x=L,)=0 (9b)

Equation (9) can be solved numerically using Euler’s method. However, Euler’s method being a
space-marching problem, requires the values of Trr and @ at x = 0. From the boundary conditions,
we know that at x = 0, T, =T,. However, g,, the temperature gradient at x = 0, is unknown.

Hence, for the solution of the two differential equations, shooting method needs to be
implemented, where a guess value of g, is used and the solution is solved iteratively until the value

of 8(x=L.)=0. This can either be achieved by using goal seek procedure in MS excel or by
using shooting method available in an in-house C code. The numerical solution gives the
temperature distribution [Trr(X)] and the temperature gradient distribution [ &(x) ] along the
collector length.

2.4. Non-dimensional parameters

From the model solution for temperature and temperature gradient, the heat input to the collector,
Q;_. and heat output from collector to sink, QC—H , @ shown in Fig. 2(a) can be evaluated using

equation (10). It should be noted that at steady state Q, . =Q._,, .

L

Q= oe(Pdx)(T/ =T )
x=0 ; (10)
QC—H = kAh

— kA0
dx

x=0

x=0
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Subsequently, a non-dimensional parameter has been defined for associating the input parameters
such as the collector dimensions and properties, and flame and sink temperatures given by,

(11)

. . : P ... .
where, 7 is non-dimensional, and m = % . It is to be noted that the parameter m is dependent on

the collector geometry through parameters of P and A, and collector material property through
thermal conductivity k and the emissivity ¢. Thus, a variation in m denotes an effective variation
in the refluxer characteristics.A

dTFR

Similarly, the collector output given be Q._,, = kAd— can be non-dimensionalized using heat
X

x=0

such that the collector tip is at flame

output evaluated for a side insulated refluxer, Q

ins !

: T, - T,
temperature. In this case, Q,, = kA%. Thus, the non-dimensional collector output can be
defined as,
ar
* QC—H dx =0
— " p—rd X 12
Q Qins (Tf _TS) ( )
L.

It is noted that parameter # involves all the input parameters and thus the non-dimensional collector
output, Q°, can be evaluated as a function of #. Figure 3(a) shows the variation of Q* with 7.
Scatter plots are obtained by varying the different input parameters in terms of collector geometry
parameters, the flame and sink temperature. The plot shows that Q* can be increased by enhancing
the value of 7. This can be achieved by varying refluxer dimension by either (a) increasing
collector length (Lc) or by (b) increasing perimeter to area (P/A) ratio. Additionally, the collector

heat transfer to the sink (QC—H) in terms of Watt can be evaluated using equation (12) after
obtaining Q* as a function of #. Further, the temperature distribution obtained from the model
solution can be non-dimensionalized such that it is a function of . The temperature at x = Lc is
denoted asT,_is non-dimensionalized in terms of flame temperature (Tr) and sink temperature (Ts)
as shown in equation (13). The variation of T, as a function of # is shown in Fig. 3(b) along with
the polynomial fit. It is worthwhile to note that as the collector length increases, # increases to
about 2.5, T, asymptotes close to one, portraying that the temperature T, approaches the effective

flame temperature with increase in collector length.
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(T
T = - ) (13)

The non-dimensional temperature distribution (T, ) can be defined in terms of temperature at the
top end (T,_) as shown in equation (14). This non-dimensionalized distribution is seen to be fit by
a second order polynomial as shown in Fig. 3(c).

* (Tx _TS)

T, = ﬁ (14)

The model procedure is summarized in the flow chart as shown in Fig. 4. As shown in Fig. 4, the
non-dimensional parameter # is evaluated using the input parameters. Based on the value of 7, the
collector output Q,_,, and the temperature distribution Ter(X) can be evaluated using the model.

@ 55 o) 1, .
1 Q" =-0.04667° +0.3799° ~1.058* +0.8967° T = 0.10835* —0.6603;° + 1.2519;> —0.2347 + 0.0029
~ ] +0.71675% +0.016677 + 0.0011 YRzt
25 1 R?=0.998 08 1 =
s =00 ]
] 04
0.5 0.2
0 0 Wbt
0 0.5 I 1.5 2 25 0 05 1 15 2 25 3
n n
o " =-0.998277 +1.99647 +0.00 i 74 ar
1 TXZ—— . n° +1.99647 +0.001 =L oecP (T, -T, ) o - Q'C—H _ dx |,
R*=1 KA (T, -T,) Q.. 0,-T)
0.8 L
Lx0.6 (.-T) X
T = X =1
0.4 (Tf 7Ts)
0.2 T -T
TX :gTX TS;
o FHF¥Z¥—H0—r—r——r—— L
0 0.2 04 06 08 1
<

Figure 3: Model solution for non-dimensional (a) collector output (Q*), (b) temperature at x = L,
and (c) temperature at x
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Figure 4: Flowchart showing the procedure for evaluating collector output Q._,, and temperature
distribution Trr(x) on the collector

3. RESULTS AND DISCUSSION

The model is used to study the effect of the governing parameters of refluxer characteristics and
fuel properties on the mass loss rate enhancement in pool fires. Four case studies are considered
to study the effect of (1) collector length, (2) multiple collectors, (3) collector material, and (4)
fuel type. The final case study visualizes use of the model foe inverse design of the collector.

3.1. Case Study 1: Effect of collector length

An experiment was conducted [2] where an aluminum rod of diameter 1 cm was immersed in a
hexane pool to analyze its effect on the mass loss rate. The collector length Lc was varied from 5
cm to 20 cm. The perimeter (P) and the cross-sectional area (A) of the rod is evaluated to be 0.031
m and 7.85 x 10> m?, respectively. Since A << P x Lc, the slender rod assumption is valid for this
case. Using thermal conductivity of aluminum (k = 220 W/m-K) and emissivity € ~ 1, the
parameter m can be evaluated as 1.03 x 107 m2K™. It is seen that the sink temperature and effective
flame temperature used for evaluation of # is unknown. However, the temperature profile along
the collector for L = 14 cm collector is known through the experiment [2]. Assuming a sink
temperature of 450 K and an effective flame temperature of 800 K, # is evaluated as 1.46 for Lc =
0.14 m. The corresponding values of Q”, and T." are 1.51 and 0.67, respectively. Using these
values, the temperature profile along the collector is obtained as shown in Fig. 8, as compared to
the experimental data for Lc = 14 cm. It is to be noted that the values of 450 K and 800 K for sink
and flame temperatures have been obtained through a trial-and-error method, to match
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experimental data. Using these temperature values 7 is evaluated, and the corresponding values of
Q", and T." are shown in Table 3 for different collector lengths. Further, the temperature
distribution is plotted in Fig. 8 for different collector lengths as a function of x. It is seen that the
FR tip temperature approaches T as collector length increases.

800 -
750 ] IR B
< 700 et
g ] s -
2 o0 ] =
2 ] ) —..L=20cm
o ]
5 %% £ L=16cm
e ] >
: At ——L=14cm
550 1 7 -
] -7 ——L=9cm
501 o7 __-. .
Vi o Expt-14cm
o ¥ ©° Bxpt-14
0 0.05 0.1 0.15 0.2
X (m)

Figure 8: Temperature distribution along the rod for different collector lengths (Lc varying from 5
cm to 20 cm)

The collector output in terms of Q. _,,, as evaluated from Q" is also shown in Table 1 for different

collector heights. The heat addition from the rod is seen to increase from about 32 W to 70 W as
the collector height increases from 5 cm to 20 cm. If we assume that this heat is used in latent
heating of the fuel, the additional mass loss rate due to the metal rod (mg;) can be evaluated as
shown in equation (15). This assumption is valid as the heater section acts as nucleation sites and

the heat transferred from the collector to the heater section leads to formation of bubbles as shown
by Pi et al. [8].

QC—H — Q* XkA(Tf _Ts) (15)
Lo L L

Meg =

Here, Lvap is the latent heat of vaporization of the fuel (335 kJ/kg for hexane). Hence, the overall
mass loss rate (m) is given by,

m= I’ﬁbaseline +QC—H / I‘vap (16)

where, m,,.... represents the baseline mass loss rate for a pool fire without the rod. The

experimental value for baseline mass loss rate is 0.11 g/s [2]. Using equation (16), the mass loss
rates have been evaluated as shown in Table 1 and is compared with the experimental mass loss
rate value at steady state. Further, the mass loss rate is plotted as a function of collector length in
Fig. 9. The predicted values are seen to be in close proximity to the experimental values, showing
that the model is able to ascertain the effectiveness of the refluxer in a quantitative manner.
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Table 1: Predicted values of parameters for different collector lengths

(Lc varying from 5 cm to 20 cm)

Lc (cm) 5 9 14 16 20

] 0.52 0.94 1.46 1.67 2.08
Q" 0.26 0.77 151 1.79 2.31
T 0.13 0.38 0.67 0.75 0.86
Heat from rod Q._,, (W) 31.7 51.9 65.3 67.6 69.8

Mass loss rate (g/s)

Predicted 0.2 0.26 0.3 0.31 0.32

Experiment 0.22 0.28 0.374 0.32 -

Enhancement ratio (ER)

Predicted 1.82 2.36 2.72 2.82 2.9

Experiment 2 2.54 3.4 291 -

Moreover, an mass loss rate enhancement ratio (ER) can be defined as,

ER=—M 1, Qo (17)
mbaseline mbaseline Lvap

The predicted and experimental values of enhancement ratio are shown in Table 3, showing an
increase in mass loss rate with collector length.
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Figure 9: Variation of mass loss rate and heat input (open symbols indicate experimental data)

Another important observation from Table 1 is that the enhancement ratio is seen to asymptote to
a value close to 3. This requires further study on impact of collector length Lc > 20 cm. The data
for higher values of Lc is shown in Fig. 10(a) where ER saturates to 3 beyond a collector length
more than 30 cm. This is also explained by the coinciding temperature profiles for 30 cm and 50
cm collector length in Fig. 10(b). Thus, it is seen that the model can be used to optimize collector
length. From Fig. 10(a), it is clear that the collector length in the range 20 cm - 30 cm (2.1 <7y <
3.1) can be considered optimal as the change in ER beyond this value of Lc is not significant. It
is also interesting to note here that according to Fig. 3(b), the temperature at collector tip also
asymptotes close to 1 around # ~ 2.5, which gives a collector length Lc = 25 cm.
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Figure 10: (a) Variation of enhancement ratio as a function of collector length, (b) temperature
distribution along the rod for different collector lengths (Lc varying from 5 cm to 50 cm)

3.2. Case Study 2: Effect of multiple refluxers

In case study 1, a single refluxer was considered and the enhancement in mass loss rate was
predicted. In addition to this in the same experimental setup [2], multiple aluminum rods of
diameter 1 cm and height 14 cm were used as refluxers in a hexane pool. The number of rods is
varied from 0 (no rod) to 9 rods in the experiment. Using the input parameters, the parameter 7 is
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evaluated as 1.46 and the corresponding Q" is 1.51 for each rod as dimensions and the properties
are the same for each rod. However, the total heat from the refluxer is given by,

Qo =N <@ xka

(18)

where, N is the number of rods. The predicted values of heat from multiple rods, the corresponding
mass loss rates and enhancement ratios are shown in Table 2. The mass loss rate and enhancement
ratio as a function of number of FRs is shown in Fig. 11. It is seen that as the number of rods is
increased, the enhancement in mass loss rates is higher. This is due to additional heat transferred
from the flame that is transferred to the fuel by the rods.

Table 2: Predicted values of parameters for multiple collectors (N varying from 0 to 9)

N 0 1 2 3 4 5 9
1.46

Q" 1.51

T 0.67

Heat from rods

) 0 65.3 130.6 | 1959 |[261.2 | 326.5|587.7

Qv (W)

Mass loss rate (g/s)

Predicted - 0.3 0.5 0.69 0.89 |1.08 |1.86

Experiment 0.11 0.374 (051 0.71 095 |123 |1.64

Enhancement ratio (ER)

Predicted 1 2.72 4.54 6.27 8.09 |9.82 |16.9

Experiment 1 3.4 4.64 6.45 8.64 |11.2 |149
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Figure 11: Variation of mass loss rate and enhancement ratio as a function number of rods

3.3. Case study 4: Effect of collector material

The collector property should be such that the heat incident on the rod is transferred in a fast and
efficient manner to the heater section. This requires high conductivity materials such as copper or
aluminum. Figure 12(a) shows the optimized rod length for materials with different thermal
conductivities when the effective flame temperature is 800 K and sink temperature is about 450
K. It is seen that for the optimum length varies based on the refluxer material. Also, based on a
baseline mass loss rate of 0.11 g/s [2], it is seen that a high conductivity material accounts for
higher values of maximum enhancement ratio as shown in Fig. 12(b). These plots are also useful
in predicting the diameter and collector length required if the enhancement ratio is specified. For
instance, if the required ER is 4, Table 3 shows the different rod dimensions that could be used
based on the chosen material. It is also seen that as thermal conductivity increases, slender and
longer rods are optimum for mass loss rate enhancement.
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Table 3: Predicted values of rod dimensions based on required enhancement ratio

ER 4
Thermal conductivity (W/m-K) | 100 | 200 300 400
Rod diameter (cm)

175 (14 1.2 11
[Fig. 13(b)]
Optimum rod length (cm)

21.4 | 27 31 34
[Fig. 13(a)]

3.4. Case Study 4: Effect of fuel type

The enhancement ratio in fuel vaporization and burning due to the refluxer depends on the type
of fuel considered in the pool fire. The important thermo-physical properties of the fuel are
thermal conductivity, specific heat and saturation temperature. The overall effect of these
properties can be analyzed by varying the sink temperature. The optimum rod length for sink
temperatures varying from 350 K to 500 K is shown in Fig. 13(a). The enhancement ratios for
these cases are seen to almost coincide for the different case as shown in Fig. 13(b). The
enhancement is evaluated based on baseline mass loss rate of 0.11 g/s [2]. Further, the effect of
latent heat of vaporization is considered. Figure 14(a) shows the optimum length of an
aluminum collector as a function of rod diameter when effective flame temperature is 800 K,
and sink temperature is 450 K. The plots are seen to coincide for different fuels as the optimum
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collector height is function of the refluxer properties. Figure 14(b) shows the variation in the
maximum enhancement ratio for different fuels, as shown by varying the latent heat of
vaporization. It is seen that the enhancement ratio is lower for fuels with higher requirement of
latent heat.
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Figure 13: Variation of (a) optimum collector length, and (b) maximum enhancement ratio as a
function of rod diameter for different sink temperatures
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Figure 14: Maximum enhancement ratio for different latent heat of vaporization of fuels

3.5. Case Study 5: Inverse design of collector
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Case studies 1 and 2 dealt with the prediction of enhancement in mass loss rate for a given
collector dimension. This model can also be used to design a collector based on the maximum

enhancement. From Fig. 3(b), it is seen that T, —1when # ~ 2.5 and this can be considered an
optimal value for collector design. Considering this,

L feep (T e [
”_LC\/kA (T,-T.) YR

where hr is the linearized radiation heat transfer coefficient defined as h, = oe

4 4
(F-T) he
(T-T.)
corresponding Q* for this value of # is about 2.8. The sink temperature is assumed to be about
450 K. The variation of the optimum collector length for an aluminum refluxer with the
diameter or side length are shown in Figs. 15(a) and 15(c) for refluxers with circular, and square
cross-sections respectively. It is seen that the optimum length is same for circular and square
cross-sections. This is because the value of P/A is one-fourth of the characteristic length for
both the cross-sections. The plots are also shown for different effective flame temperatures and
it is seen that even a smaller collector is able to attain high ER values at higher flame
temperatures.

Figs. 15(b) and 15(d) show the enhancement in the mass loss rate of hexane (considering a
baseline mass loss rate of 0.11 g/s [2]). The enhancement ratio is given by,

) 2.8xKA(T, -T,)/
ER=1+_ Jem _3, "% (I -T)/ L
mbaseline Lvap mbaseline Lvap

It is seen that for same characteristics dimensions, a square shaped refluxer shows better
enhancement in the mass loss rate as shown in Fig. 15(d). This is due to higher surface area for
a square refluxer.

Consequently, a plate type refluxer is envisioned. The plate is designed to match the
enhancement ratio of the square refluxer. To accomplish this, a 2.5 cm thick plate is chosen
such that the maximum enhancement ratio is about 20 when the effective flame temperature is
1000 K. Fig. 15(e) shows the variation of optimum collector length with its width for the
aluminum plate and Fig. 15(f) shows the enhancement ratio for the plate. Table 4 shows the
predicted values of refluxer dimensions based on ER of 8, and flame temperature of 800 K.

Table 4: Predicted values of refluxer dimensions based on required enhancement ratio

ER 8
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Refluxer type Circular rod | Square rod | Plate
Diameter / Width (cm) 2.4 2.01 1.6
Optimum rod length (cm) | 37 34 38
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4. CONCLUSIONS

The effect of refluxers in pool fires is analyzed using a heat transfer based model. Steady state
energy equation is solved for the collector region of a the refluxer. The model solution has been
used to define non-dimensional parameters based on the governing input (refluxer and fuel
properties) and output characteristics (collector output, temperature distribution). These
parameters have been correlated using polynomial fits which can be easily used to predict the
refluxer effectiveness and enhancement in the mass loss rate. Further, the model has been used
to analyze the effect of collector dimensions, multiple refluxers, refluxer material, and fuel type.
The results have also been compared to experimental results from literature. Additionally, an
inverse design approach is formulated where the optimized refluxer dimensions are predicted
based on the collector output required.
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APPENDIX - B
Burning behavior analysis in meso- and large-scale oil slick fires with and
without waves using Outdoor Gas Emission Sampling (OGES) system

Abstract

A new Outdoor Gas Emission Sampling (OGES) system was developed to serve as a low-cost
alternative to expensive industrial gas sampling equipment. This research showed its effectiveness
in sampling a smoke plume from multiple points simultaneously, obtaining gas concentration
regression curves for common products of combustion such as CO, and CO in meso-scale
experiments. The optimal height for combustion product sampling was determined based on a
variety of factors, most notably CO/CO. ratio, which showed to be most consistent when located
in the intermittent and plume regime of the McCaffrey plume. Large-scale field tests at U.S. Army
Cold Regions Research and Engineering Laboratory (CRREL) in collaboration with the
Environmental Protection Agency (EPA) demonstrated the potential of using the OGES system to
evaluate the completeness of combustion for various fuels in a variety of settings. OC and CDG
methods versus plume theory results show the potential of using point sampling within a smoke
plume to estimate HRR for fires that exceed the capabilities of conventional calorimeters.

1. Introduction

Heat release rate (HRR) is one of the most critical parameters in fire hazard evaluation [1].
Knowledge of HRR allows for further estimation of burning efficiency, convective and radiative
losses, and emissions such as smoke and by-products, which may be harmful to the environment.
Tsuchiya [2] summarizes multiple methods for determining HRR. The first is via thermal methods,

which allows calculation of HRR based on specific heat (c, ), temperature rise (AT ), and mass

flow rate of flue gases (m). The second is through gas analysis methods, which require the mass
flow rate of air, fuel, and exhaust gases through a control volume. Another common method is
shown in SFPE Handbook (SFPE HB) [3] using the product of mass burning rate (m ) and heat

of combustion (AH_). Heat of combustion (AH,) is defined as the enthalpy change because of
reactants (fuel + oxygen) converting to products (CO, + H20) through the process of combustion.
This enthalpy change is assumed to be captured by change in ¢ AT . This sensible heating of air,
expressed through ¢, AT, can be further expressed as AH . As a result, heat of combustion is often
studied and reported for different types of fuels and length scales [3].

One of the most commonly used apparatuses for quantifying HRR is through product gas
calorimetry following ASTM E1354 [4]. It is used to evaluate various characteristics of materials
such as HRR, effective heat of combustion, mass loss rate, and soot production. This is achieved
with a gas analyzer, differential pressure probe, thermocouple, helium-neon laser, and load cell
within the apparatus. The gas analyzer analyzes concentrations of combustion products within the
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exhaust product stream such as CO2, CO, and O.. The differential pressure probe calculates the
flow rate of exhaust product stream within the control volume. The thermocouple measures the
temperature of the exhaust product stream. The helium-neon laser is part of a smoke obscuration
measuring system that analyzes soot production. The load cell monitors mass loss rate of the

burning sample, in turn obtaining mass burning rate (M ).

Heat release measurements using this apparatus are based on oxygen consumption calorimetry
[2][5], which is an HRR quantification technique that relies on a controlled indoor laboratory
environment where there is an accurate sampling of the exhaust gases. This method utilizes the
assumption that a constant amount of heat is released per unit mass of oxygen consumed, which is
13.1 kJ/g as demonstrated in a study by Huggett [6]. This is referred to as Oxygen Consumption
(OC) calorimetry. Based on the formulation by Tewarson, Factory Mutual (FM) Global [3]
developed a similar calorimetry method in the 1970s but instead focused on the generation of CO;
and CO. In this method, HRR can be calculated from the amount of CO2 and CO produced; this is
referred to as Carbon Dioxide Generation (CDG) calorimetry. For simple organic compounds,
Khan et al. [3] give average energy release constants for CO2 and CO to be 13.3 kJ/g and 11.1 kJ/g
respectively.

However, due to the variables required to establish HRR, this limits the size of the design fire
because the entirety of the smoke plume needs to be collected to analyze the concentrations of the
various exhaust gases. An amount of make-up air also needs to be provided to the burn space that
is equivalent to the exhaust mass flow being extracted out the exhaust duct of the calorimeter hood.
Cooper [9] states the ideal exhaust mass flow should be equal to the total mass flow of the plume
for accuracy purposes.

Worcester Polytechnic Institute (WPI) possesses a large calorimeter capable of measuringa 5 MW
fire at steady-state and upwards of 15 MW intermittently. National Institute of Standards and
Technology (NIST) and Factory Mutual (FM) Global currently have the largest known commercial
calorimeters in the US capable of measuring a continuous 20 MW fire for up to four hours, with a
hood covering dimensions of 13.8 m by 15.4 m [7]. In many cases, larger fires are required to
simulate realistic fire scenarios, such as in-situ burning (ISB) of crude oil in outdoor conditions,
therefore rendering a cone calorimeter setup to be impractical as the plume cross-sectional area is
expected to exceed several meters [8]. Assuming an oil spill with a burn area of 100 m?, with a
burning regression rate of 4 mm/min, this corresponds to a fire of around 143 MW. Cooper [9]
discussed the amount of make-up air needed in an ideal calorimeter hood design based on
correlations by Heskestad [10]. For a design fire of this magnitude, the estimated amount of make-
up air for the burn space would be around 450 m%/s. At present, the world’s largest air compressor
is capable of 277 m®/s. Both diameter and HRR of this expected fire far surpass the capabilities of
any known calorimeter. This current knowledge gap is where improving a method for gas
emissions point sampling to estimate HRR becomes valuable.
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Previous studies by Tukaew [11] and Tukaew et al. [12] at Worcester Polytechnic Institute (WPI)
were performed using an early design of the Outdoor Gas Emission Sampling (OGES) system to
utilize point sampling within a smoke plume from a crude oil fire. A windsock covering a large
metal frame with a gas sampling ring, differential pressure probe, and type-K thermocouple was
mounted on an 8 m tall tower structure to serve as the singular gas sampling point. A pulley system
was incorporated to maintain the windsock within the smoke plume as much as possible. The gas
sampling ring was connected to a SERVOMEX 4200 industrial gas analyzer to record the gas
concentration data. Field tests performed at U.S. Navy’s Naval Research Laboratory (NRL) in
Mobile, Alabama showed promise of the OGES system but also indicated the need for
improvements in the sampling system design to systematically study completeness of combustion
and possibly HRR.

A proper understanding of combustion product spatial distribution within a smoke plume is
required to evaluate the applicability of point sampling on estimating burning efficiency and HRR.
However, prior knowledge in this aspect is somewhat lacking. Previous studies regarding
combustion production spatial distribution have been centered towards indoor scenarios related to
tenable conditions for occupants [13], but little research has been performed outside this specific
application. Early studies by McCaffrey [14] showed temperature and velocity distribution curves
along the radial direction within a smoke plume, but no data regarding combustion product
concentrations were published. Sibulkin and Malary [15] published concentration profiles of CO>
and CO to study the completeness of combustion in MMA wall fires, but the focus was centered
on the change in peak CO. and CO concentrations when varying the amount of oxygen on the fuel
side of the flame. Tsuchiya [2] also published values for CO/CO; ratios in well-ventilated
conditions, such as ASTM HRR apparatus and E-84 tunnel tests, but did not elaborate further on
the practicality of such values.

The Environmental Protection Agency (EPA) has published many findings relating to gas
emissions in outdoor fires [16 - 18]; however, the focus of such publications was related to
particulates (PM) and other toxic substances released from such fires and not the completeness of
combustion or HRR, which is the focus of this study. Hariharan et al. [19] observed particulate-
matter emissions from liquid pool fires and fire whirls, however, similar to EPA, they emphasized
cumulative release of carbon emissions (CO2, CO, and PM) rather than real-time emissions
sampling.

2. Experimental setup and methods
2.1 Setup
2.1.1 Sampling apparatus design

The original iteration of the OGES system developed by Tukaew [11] and Tukaew et al. [12]
utilized a flexible windsock attached to a rigid metal frame, which would alleviate issues of
combustion product accumulation within the sampling apparatus. This would allow for the
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differential pressure probe within the windsock to obtain a more accurate measurement of the mass
flow rate through the control volume. The wind sock and frame were mounted to a pulley system
which allowed for height adjustments to account for shifting winds. All gases gathered within the
wind sock were transported via tubing to an industrial gas analyzer (SERVOMEX 4200 Industrial
Gas Analyzer) to determine the real-time concentrations of the combustion products. It has an
effective measurement range of 0 — 2.5% for CO2, 0 — 1% (0 — 10,000 ppm) for CO, and 0 — 25%
for Oo.

However, using the wind sock frame and gas analyzer for gas analysis and velocity measurements
required long sampling tubes and wires, as well as exceeding 30 kg in weight. Furthermore, the
primary assumption made for the wind sock design was that the control volume within the wind
sock had the same gas concentrations as the entirety of the smoke plume. This assumption
necessitates an empirical correction factor applied to mass flow rate calculations to account for the
entire plume

One method of avoiding the use of an empirical correction factor is by using multiple sampling
points, the control volume and gas analysis equipment needed to be designed in a way that required
lower cost than using multiple industrial gas analyzers. The elimination of long tubes and wires
was also desirable; because future research with multiple simultaneous sampling points would be
made more convenient with wireless monitoring that could be performed remotely. This triggered
a new iteration of the OGES system.

A new portable design was conceived as a substitute for the industrial gas analyzer, as well as the
removal of the wind sock entirely. Small, portable sensors for CO, (GasLab TX 20% CO Sensor),
CO (GasLab AlphaSense CO-AF Sensor), and O, (GasLab TX 25% Oxygen Sensor) were
purchased and placed within a sealed chamber. The measurement ranges were comparable to that
of the industrial gas analyzer used in the previous iteration of the OGES system.

To prevent soot, water vapor, and other contaminants from entering the sensor module and
affecting measurements, a sampling train with the proper filters was used. The first filter, referred
to as coarse particle filter, was a polyester air filter foam often used in HVAC systems. These
filters are designed to filter dust, dander, spores, and mold; and preliminary burn tests showed that
they were very effective in filtering out the majority of soot particles. The foam was placed in a
column to ensure that the entire system remained sealed and ambient air would not leak into the
system. A 10 um soot filter, or fine particle filter, was connected after the foam to filter any
remaining particulates. Finally, calcium sulfate desiccants (Drierite) were used to filter out water
vapor produced by the fire before the connected air pump (4.4 Ipm) would transport the gases to
the gas sensor module. This air pump had the same flow rate as the one used in the studies by
Tukaew [11] and Tukaew et al. [12]. Fig. 1(a) shows a flow diagram for the new OGES system;
Fig. 1(b) and (c) show a prototype of the gas sensor module and filter train used throughout the
experiments.
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Fig. 1. New OGES system
(@) Flow diagram (b) Gas sensor module with CO2, CO, and O sensors (a) Filter train.

Notable improvements over Tukaew [11] and Tukaew et al. [12] include size and weight, overall
portability, and cost. The newfound portability of the new OGES system allowed for the gas
sampling ports to be fixated on any structure without the worry of compromising its integrity, as
there is a 50-fold decrease in overall system weight. Another scenario was to place sampling ports
within a crane (or zip line when the crane was unavailable) as shown in Fig. 4. The crane would
maneuver to sample the smoke plume continuously even during wind shifts in outdoor fires. This
advantage was only made possible by the size and weight reduction of the new OGES system.
Another limitation to the original OGES system was the singular sampling point. To achieve
improved results for the development of a combustion product spatial distribution model, more
simultaneous sampling points are required. However, industrial gas analyzers are expensive and
therefore make it impractical to purchase multiple systems while also being hindered by their lack
of mobility. The use of low-cost, portable gas sensors decreases the cost of equipment by 20-fold
compared to an industrial gas analyzer, which allows for simultaneous deployment of multiple
systems.

One of the most important factors to validate beforehand was the accuracy of the portable
sensors compared to industrial equipment. Fig. 2 shows a validation burn experiment (75 cm pool
fire) using the new OGES system with the existing SERVOMEX industrial gas analyzer. Plots
show that these portable gas sensors provide readings that are in good agreement with industrial
equipment at gas concentrations around this range. Therefore, results reported in the latter portion
of this study will be concentrations obtained from the portable sensor readings.
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Fig. 2. Validation burn experiment (a) CO2 (b) CO. Pool diameter = 75 cm; Fuel = ANS crude
oil; Initial fuel thickness = 5 cm; Fuel volume = 22 L; Sampling height = 1.5 m above pool
surface.

2.2 Experimental methods
2.2.1 Combustion product spatial distribution study

Meso-scale burn experiments were designed to investigate the spatial distribution of certain
combustion products such as CO2 and CO within a smoke plume. A burn pan of 75 cm in diameter
was placed on a load cell to obtain mass loss rate. Two types of fuel were used for these
experiments: ANS crude oil and 87-octane regular gasoline. The fuel volume was 22 L, which
equaled an initial fuel thickness of 5 cm

The indoor laboratory environment at WPI provided a vertical plume that was undisturbed by wind,
therefore six to nine sampling locations along the centerline of the plume could be studied
simultaneously. This aspect of a vertical plume in tandem with centerline sampling points allowed
for additional validation of sensor readings with plume theory correlations [3] to obtain HRR.

Fig. 3 illustrates the sampling locations throughout this series of experiments. Nine sampling
locations were selected for the ANS crude oil experiments. Three repeat experiments were
performed for all locations to ensure repeatability of gas concentrations at specific heights above
the pool surface. Experimental results discussed later include standard deviation for different
heights above the pool surface.
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Fig. 3. Sampling locations for meso-scale 75 cm burn experiments
(@) ANS crude oil (b) 87-octane regular gasoline.

2.2.2 Large-scale field study

A large-scale field study was performed at U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) in a large wave tank with a burn area of 1.9 m by 1.7 m. Two types of fuel
were burned in the field trials: HOOPS crude oil and bunker fuel. The fuel was burned floating on
top of water bound by a boom. Fuel volumes for HOOPS crude oil and bunker fuel were 260 L
and 32 L respectively, equating to respective initial fuel thicknesses of 8 cm and 1 cm. Three wave
profiles were used in the experiments (wave period; wave height): Wave 1 —2.5's, 7 cm; Wave 2
—45s,14 cm; Wave 3—1s, 4 cm. Wave 1 and 3 were faster but shorter waves; Wave 2 was slower
but taller. The OGES system was set up in an attempt to continue research of completeness of
combustion for various fuels, as well as estimate HRR based on gas concentration readings. The
main purpose of the parametric study with the presence of waves was to investigate the influence
of waves on emissions; this was to see if using the same methods to calculate HRR for wave cases
would yield a similar agreement to cases with no waves.

Similar to the meso-scale experiments, the large-scale nature of the CRREL field trials piqued
interest in combustion product distribution at different heights above a fire. A sampling point on
the superstructure at 2.80 m above the pool was selected as the sampling point. This sampling
location was chosen based on the presence of an existing Thermocouple (TC), which allowed for
gas emission data to be compared to temperature data during data analysis. The superstructure
above the pool will be referred to as TC tree in the subsequent text; this sampling point is denoted
as OGES TC tree.
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EPA was present for several burn experiments to perform burn emission sampling with the aid of
a crane at locations much higher than the TC tree. In light of this, another sampling point was
added in the crane to provide an additional data set for the WPI studies and collaborate with EPA
data when needed, denoted OGES Crane. The concept of crane sampling is similar to the studies
by Tukaew [11] and Tukaew et al. [12]. However, fixating the sampling point on the crane was
only made possible as a result of decreased size and weight of the new OGES system.

To visualize the overall setup, Fig. 4(a) shows an overview of the layout at CRREL, while Fig.
4(b) is a side view. The sampling tube for the OGES TC tree was connected to the filter train and
gas sensor module located within a control shed next to the wave tank. In addition, this control
shed housed the data logging equipment for the gas sensor data, temperature data, and controller
for the wave tank paddle. On the other side of the wave tank was the EPA station where EPA
personnel were situated during burn experiments to monitor data streams. Fig. 5(a) shows an
overview photo of the wave tank; Fig. 5(b) shows a detailed photo of the OGES TC tree sampling
point. The OGES Crane sampling point, as shown in Fig. 6, was connected via sampling tube to
gas sensor data logging equipment located in the EPA station. Table 1 summarizes the locations
of the sampling points relative to the fuel surface.

ry
Crane —— Zip line 5.7 m

Crane
(a) (b) payload

payload T <——  Location adjusted Zip line
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Fig. 4. Diagram of layout and OGES system connections at CRREL (a) Overview (b) Side
view.
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Fig. 5. OGES system setup on (a) TC tree (b) Crane.
Table 1. OGES system sampling points for CRREL experiments.

OGES system sampling Location
point

TC tree

Height: 2.80 m

Position: Centerline

Varies: Crane operator attempts to
Crane maintain payload within smoke plume as
much as possible

A main source of concern would be the difference in tube length, especially the TC tree sampling
point versus the crane sampling point, which would result in different time delays recorded by the
data logging equipment. This concern was alleviated by comparing the gas sensor data to the
temperature data to consider the amount of time delay within the sampling lines.

Out of five total experiments, EPA personnel and the crane operator were only present for two
experiments. For subsequent experiments, a zip line was mounted at the facility to mimic the crane
as much as possible. The OGES Crane sampling point was fixed to this zip line at a height of 4.00
m above the pool surface, the highest possible height at this facility. A string of metal wire was
used to pull OGES Crane along the zip line to maintain its presence within the smoke plume during
wind shifts. The location of the zip line is shown in Fig. 4.

A more detailed photograph of the sampling point for OGES Crane as well as the sampling rigs
used by EPA, called the Flyer, is shown in Fig. 6. The OGES system sampling tube is fixated on
an aluminum frame next to the Flyer, while its tip is reinforced with a barbed metal hose connector
to ensure the tip does not deform and collapse in the case of higher temperatures when the crane
moves to close proximity of the flames. The Flyer was developed in-house by EPA and can
measure CO2, CO, PMzs (particulate matter of mass median diameter 2.5 um or less), Black
Carbon (BC), total carbon/organic carbon/elemental carbon (TC/OC/EC), polycyclic aromatic
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hydrocarbons (PAHSs), volatile organic compounds (VOCs), and polychlorinated dibenzo-p
dioxins/polychlorinated dibenzofurans (PCDD/PCDF) from the smoke plumes. As shown in the
previous figure, the sampling instrumentation was suspended and maneuvered via crane into the
smoke plume with guidance from the Flyer’s operator, who monitored real-time temperature and
CO:z levels. In particular, this study compared measured CO> and CO values with EPA.

The main goal of EPA was the accumulation study of toxic gases and particulates throughout a
burn experiment, while the OGES system was focused on real-time gas emissions sampling. The
Flyers were limited by the capacity of the particulate filters, and sampling would need to be
terminated once the filters were saturated, which was around 45 min. One of the advantages of the
OGES system over the Flyers is that it only measured gas emissions, and therefore the setup of a
coarse and fine particulate filter could allow for continuous sampling of burns that well exceeded
60 min. Moreover, the Flyers needed to be maintained under 50°C for equipment longevity
purposes, therefore the crane held the payload at an average height of 5.70 m above the pool
surface, as shown in Fig. 4. A clear disadvantage of this is the susceptibility to non-continuous
sampling caused by sudden wind shifts. Experimental results discussed later will also show that
gas sampling at this distance may lead to results that are not representative of the actual burning
behavior. This is another advantage of the OGES system in that it was much more flexible in terms
of system placement compared to the Flyers, even near flames. (PERHAPS DR. GULLETT
CAN PROVIDE SOME FURTHER DETAILS REGARDING THE FLYERS AND
CLARIFY THE MAXIMUM SAMPLING TIME)

3 | EPA sampling rigs; “Flyer” “

—

N

Fig. 6. betailed depiction of OGES system and EPA setup on the crane.

3. Results and discussion
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3.1 Meso-scale 75 cm indoor experiments
3.1.1 Combustion product spatial distribution

Fig. 7 shows the vertical distribution along the centerline for CO2 and CO emissions for the meso-
scale 75 cm burn experiments. Fig. 7(a) shows the results for ANS crude oil and Fig. 7(b) for 87-
octane gasoline. Heights below 1.00 m were omitted as a result of being in too close proximity to
the base of the fire, yielding concentrations that exceeded the capabilities of the gas sensors and
industrial gas analyzers. The shaded regions correspond to the intermittent zone defined by
McCaffrey [14][20]. This will be important in a later discussion regarding HRR.

(a) Continuous (b) Continuous
flame Intermittent ~ Plume flame Intermittent ~ Plume

zone zone zone zone zone zone

4000

W
w

6000

45 i 45 -
4
44 TN\ T 4
i . - 5000 l L 3000
35 4 4 354 |
g3 | F4000 —~ = 3 * 4 ~
E £ 3 £
225 I & 225 t 2000 £
S )4 F3000 5 < 3
S 2 AN S g2 | 3]
15 he €0 2000 1.5 !
! . T 1o CO, F 1000
1 - 1 { I L ~_
. 4 1000 ! "
0.5 o (O > 0.5 < CO
A . A 3 Ty e
0 : s —* 1 0 0 : 0
0 1 2 3 4 5 6 0 1 2 3 4 5

Height above pool surface (m) Height above pool surface (m)

Fig. 7. Vertical distribution of CO, and CO concentrations within the smoke plume of 75 cm
pool fire

(@) ANS crude oil (b) 87-octane gasoline.

Interestingly, trends for both types of fuels are similar with respect to vertical distance from the
pool surface, but the trends between CO2 and CO are drastically different. Observations for both
ANS crude oil and 87-octane gasoline show concentration of CO, seems to decrease in a relatively
linear fashion with respect to height, while CO concentration decreases exponentially. Since this
trend is consistent for both types of fuel, observations suggest this trend is species-specific and not
fuel-specific. This is elaborated further in the large-scale experiments at CRREL when discussing
the validity of OGES TC tree and OGES Crane data.

3.1.2 CO/CO3 ratio

Another method for burning behavior analysis is the comparison of CO/CO. ratio. Before
comparing between data sets, the CO/CO: ratios at different heights along the centerline of a smoke
plume should be evaluated to determine the optimal sampling point above a fire that will serve as
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a basis for further burning behavior analyses. Table 2 and Fig. 8 show the CO/CO; ratios for a 75
cm pool fire using ANS crude oil and 87-octane gasoline at the different sampling heights
mentioned in the previous section. Normalized plots are shown in Fig. 8 by dividing sampling
height over observed flame height.

Table 2. Average CO/CO: ratio at different heights above pool surface for 75 cm indoor pool fire
experiments with two different fuels.

Height above
pool  surface ANS Crude Oil 87-Octane Gasoline

(m)
1 0.1119 £ 0.07
15 0.0504 + 0.0042 0.0736 + 0.0011
2 0.0245 + 0.0015 0.0327 £ 0.0131
2.5 0.0173 +£0.0017 0.0121 +0.0025
3 0.0169 + 0.0009
35 0.0201 + 0.0032 0.0116 +0.0011
4.5 0.0233 £ 0.0105 0.0241 + 0.0004
55 0.0253 + 0.0042
0.160 4 ¢ ANS Crude Ofl
0.140 1 . 4 87-Octane Gasoline
0.120 A l
,0.100 A
o)
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Fig. 8. Summary of CO/CO: ratios for 75 cm indoor pool fire experiments with two different fuels.

As indicated in Fig. 3, the flame height for the 75 cm ANS crude oil fire was approximately 1.5
m. Observing CO/CO:; ratios for ANS crude oil, there is an obvious difference between the values
obtained above the flame tip compared to below it. There is a visible decrease in CO/CO2 ratio
once above the flame tip at 1.5 m. This can be attributed to the fact that at heights of 1.5 m and
below, it is the continuous flame zone, and therefore ongoing flame chemistry is still a significant
factor that is affecting the results of emissions sampling. The standard deviation also reflects this
as ongoing combustion results in rapid changing of gas species, and therefore sampled gas
concentrations show immense fluctuations between repeat tests.

182



For 87-octane gasoline, Fig. 3 shows the flame height to be approximately 2 m. With that
knowledge, a visible cutoff point past the location of the flame tip is observed once again. Similar
to the ANS crude oil cases, the standard deviation between repeat tests is much larger for heights
in the continuous flame zone, where combustion is ongoing. In contrast, the standard deviation for
heights in the plume zone is rather small.

At heights above the flame tip, where only the smoke plume is present and there are no flames,
average CO/CO; ratios along the centerline of the fire maintain consistent values between 0.0173
and 0.0253. Even at heights where effects from the ambient environment begin to cause significant
dilution of the sampled gas species, the standard deviation is rather small between repeat tests
compared to locations in the continuous flame zone. Tsuchiya [2] measured and reported CO/CO>
ratios from experiments performed in an ASTM HRR apparatus and E-84 tunnel for various solid
fuels, such as particleboard, asbestos board, and red oak. Values reported in literature indicate that
for well-ventilated indoor scenarios, the three solid fuels mentioned above yielded CO/CO; ratios
between 0.002 and 0.300. The CO/COz ratios obtained in this study show consistency with values
reported by Tsuchiya.

COI/CO: ratios maintain rather consistent values above the flame tip; however, it can be observed
that the value begins to deviate when the normalized height exceeds 2. The hypothesis from
observations is that CO concentration decays exponentially with height, while CO> concentration
decays in a relatively linear fashion. At heights exceeding two times the flame height, rapid
dilution of CO gas may vyield results that are not representative of the actual burning behavior.

Using the crude oil and gasoline data sets as a baseline, the optimal sampling heights for meso-
scale experiments should be above the flame tip but no more than two times that of the observed
flame height. This ensures only gas emissions from the smoke plume are sampled but the effects
from ambient dilution are minimized, particularly for CO. This corresponds to the intermittent and
plume regime of the McCaffrey plume [14].

3.2 Large-scale outdoor experiments at CRREL

Five burn experiments were performed at CRREL. The first three experiments were performed
using HOOPS crude oil to compare between a baseline case and two wave profiles. The latter two
experiments consisted of bunker fuel, as well as a third wave profile.

Densities for HOOPS crude oil and bunker fuel were 784 kg/m? and 940 kg/m? respectively. The
three wave profiles are described using wave period and wave height. Wave 1 —2.5s, 7 cm; Wave
2—4s,14cm; Wave3—-15s,4cm.

3.2.1 OGES TC tree data

OGES TC tree was 2.8 m above the surface of the pool and located at the centerline of the fire.
Table 5 is a summary of the combustion product measurements sampled by OGES TC tree
throughout the five experiments. For the case of CO., the value is reported after deducting 0.046
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vol% from the measured concentration. For CO, this value is 0 vol%. Since there is a consumption
of O instead of production, the reported value is obtained after deducting the measured O
concentration from 20.80 vol%.

In Table 3, peak values represent the peak amount of gas concentration measured by the OGES
system. For CO2 and CO, it represents the peak amount produced. In the case of Oy, it represents
the peak amount consumed. Average (Avg) values represent sampled gas concentrations averaged
over the entire burn experiment.

Table 3. Summary of combustion product concentrations measured at 2.8 m above pool surface.

Peak/Avg  Peak/Avg  Peak/Avg Rearession  Burn Burn
Initial Wave Produced Produced Consumed Soot" g . -
Fuel . rate time efficiency
thickness number CO; Cco (o)) (9) (mm/min)  (min) (%)
(vol%) (vol%) (vol%) 0
HOOPS 8cm 4.637/1.415 0.460/0.098 7.500/2.081 0.01 1.54 30.0 57
HOOPS” 8cm Wave 1 4.540/1.817 0.475/0.118 7.834/2.946 0.10 1.86 42.0 95
HOOPS 8cm Wave 2 2.798/1.137 0.299/0.054 5.331/1.685 0.01 1.45 54.0 97
Bunker lcm 1.943/0.705 0.106/0.035 2.797/1.107 1.25 55 74
Bunker lcm Wave 3 1.122/0.405 0.053/0.019 1.523/0.653 0.02 1.72 6.0 86
“ Rain

" Fine particle filter in Fig. 1

Fig. 9 shows the CO2, CO, and Oz concentration curves throughout the entirety of the burn for the
first three experiments sampled from by OGES TC tree at 2.8 m above the pool surface. The plots
shown were readings from the portable gas sensors.
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Fig. 9. CO., CO, and O concentration curves throughout the entirety of the burn experiment at
2.8 m along centerline
(a) HOOPS crude oil without wave
(b) HOOPS crude oil with Wave 1
(c) HOOPS crude oil with Wave 2.

Fig. 10 provides timeline photographs to explain the gas concentration curves for Fig. 9(c). At 1
min, there is a very tall initial flame height. This is attributed to the lighter components in the crude
oil being burned off in the early stages of the fire. The CO2 and CO values reflect this as there is a
peak at the start of the fire. At 10 min, the flame height has decreased slightly because the fire is
now burning slightly heavier components. There is a corresponding decrease in CO2, however, CO
values have increased because heavier components tend to have a higher degree of incomplete
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combustion. At 30 min, oil foaming from boiling water below the oil causes the flames to
extinguish temporarily. However, the foam breaks down after a few minutes and the surrounding
residual flames allow reignition of the entire pool to occur. At 40 min, there is a steady flame, but
the smoke is much thicker and darker compared to earlier photos. At 43 min, the fuel slick is now
very thin and allows boilover to occur, resulting in a very tall flame for a short period before
complete extinction of the fire.

| t=30 min t =40 min |8

Fig. 10. Timeline photograph of HOOPS crude oil with Wave 2. Flame heights concur with
measured gas concentrations at labeled time stamps.

3.2.2 OGES Crane data

For the first two experiments, EPA utilized a crane to collect data regarding emissions from
outdoor pool fires, specifically particulate matter (PM) and volatile organic compounds (VOC).
Similar to this study, EPA also sampled CO and CO- concentrations but focused on cumulative
amounts rather than concentrations at specific times throughout the burn. For three experiments,
the crane was not present and the zip line was used, as shown in Fig. 5. Table 6 is a summary of
the combustion product measurements sampled at a height of 4.00 m (zip line) or around 5.70 m
(crane) throughout the five experiments. The measurements were not made along the centerline
but followed the plume trajectory.

Table 4. Summary of combustion product concentrations measured by OGES Crane.

Peak/Av
Peak/Avg g Peak/Avg .
Initial Wave Produced Produce Consumed Soot" Regression B_urn Bu_rn
Fuel - rate time  efficiency
thickness number CO; d (O]} (9) (mm/min)  (min) (%)
(vol%) CO (vol%o)
(ppm)
HOOPS? 8cm 0.247/ 33/ 0.117/ 0.01 1.54 30.0 57

186



0.858/0.45

HOOPS* 8cm Wave 1 5 105/34 0.292/ 0.10 1.86 42.0 95
HOOPS®  8cm  Wave2 2'1971/ 065 950 0.01 1.45 54.0 97
Bunker® 1cm 1'86%/0'49 113/49 1.25 55 74
Bunke  1cm  Wave3 2'14%/ 065 14201460 0.02 172 6.0 86

* Rain

" Fine particle filter in Fig. 1
& Crane
b Zip line

As noted in Fig. 5 in the experimental setup section, the crane was not in a static position. The
crane operator would maneuver the crane to allow for the sampling point to be completely engulfed
by the smoke plume depending on the direction of the wind. However, as seen from Table 5, this
was not without its challenges. Initially, the crane operator required some repetitions to maintain
the sampling apparatuses within the smoke plume. In addition, obstruction from the dark smoke
limited visibility and required external communication. This caused slight delays, which would
result in gaps of missing data points during sudden wind shifts. Because of this, an average value
for the combustion product concentrations could not be reasonably calculated for the first
experiment.

Table 4 shows sampled concentrations to be relatively higher when using the zip line compared to
the crane. This is because the zip line was situated at a height of 4.0 m above the pool, while the
average height for the cases with a crane was approximately 5.7 m. The sampling apparatuses used
by EPA required that the ambient temperature around the equipment be maintained below 50°C to
ensure accuracy and longevity. This meant that the crane could not lower the sampling points too
close to the flames, as it would easily exceed the limiting temperature. This difficulty did not exist
with OGES. Using Heskestad plume correlations [10] for the 1.9 m by 1.7 m crude oil pool fire at
CRREL, the estimated minimum height to maintain a temperature below 50°C is around 5.7 m.

However, recall the conclusion from the meso-scale experiments concerning optimal sampling
height. It should be above the flame tip but no more than two times that of the observed flame
height. Visual observations from video footage showed the average flame height to be around 2.7
m. Since 5.7 m was the minimum height for the crane, it consistently exceeded this value, which
resulted in sampling heights that exceeded the optimal range for the OGES system. Recall from
meso-scale experiments that CO concentrations decay exponentially with height, diffusing much
quicker than CO2 as height increases. This shows the possibility for skewed results, especially
when sampling heights exceed a certain range.

3.2.3 Comparison with EPA results
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As mentioned previously, EPA was only present for the first two experiments, therefore only two
cases will be compared to EPA data in this section. Using Modified Combustion Efficiency (MCE)
to compare burning behavior for different experiments,

MCE=_ 92 )
CO2+CO

where CO2 and CO are in vol%.

MCE is a different way of expressing the CO/CO; ratio. In general, a higher CO/CO> ratio
represents a higher degree of incomplete combustion, while a higher MCE represents the opposite.
Both terms can be compared since the included variables are the same. Fig. 11 shows a comparison
between calculated MCE values obtained from both OGES TC tree and OGES Crane. Both peak
and average concentrations values are reported in the figure. EPA values were obtained from the
final report [22].

1 [wHoOPS
No Wave
0.98 A
HOOPS
0.96 1 Wave 1
w/ Rain
m 0.94 A
S
0.92 A
0.9
0.88 -
0.86 A
O
&

Fig. 11. MCE comparison between WPI and EPA reported values.

An initial assumption is that increased convective cooling from wave behavior would lower the
combustion efficiency of a fire. Interestingly, EPA and WPI data seem to both suggest the effect
is negligible, and perhaps increases the combustion efficiency by a slight margin. More
observations on the influence of waves are given in the latter HRR discussion.

It is observed that OGES TC tree yielded MCE values that were consistent with the reported values
by EPA. Both peak and average concentrations from OGES TC tree produced reasonable results.
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At the same time, however, one cannot ignore that OGES Crane yielded results that are not in good
agreement with other values. It is also noted that the values approach unity, meaning OGES Crane
only captured relatively low amounts of CO compared to CO2. A possible reason is that wind shifts
affected OGES Crane more than OGES TC tree. The fact that OGES TC tree was in much closer
proximity to the fire aided in its ability to be fully engulfed within the smoke plume compared to
OGES Crane during wind shifts. Another contributor to uncertainty can be attributed to the same
CO sensors being used simultaneously for OGES TC tree and OGES Crane. The CO sensors were
calibrated for higher concentrations upwards of 5000 ppm, but CO concentrations at the average
crane height of 5.7 m were in the range of 100 ppm. The sensors likely had less sensitivity at low
concentrations.

However, the same report by EPA [22] reported peak CO concentrations of approximately 150
ppm in the same sampling location. The peak CO concentration of 105 ppm sampled by OGES
Crane was within a similar range. A reasonable hypothesis stems from the results shown in the
meso-scale experiments. CO concentrations show exponential decay with respect to height
compared to CO> concentrations. This shows that sampling locations that exceed a certain height
may Yyield CO/CO: ratios, or MCE values in this case, that is not representative of the actual
burning behavior.

A solution to this would be to develop a system that can withstand extreme heat similar to OGES
TC tree so that gas sampling can be performed closer to the fire, and metrics such as MCE or
CO/COz ratio are more representative of the actual burning behavior. Another consideration arises
when considering other harmful combustion products, such as nitrogen oxides (NOx) and sulfur
oxides (SOx). It is currently unknown whether these gas species diffuse in a manner that is similar
to CO2 or CO, therefore future studies on combustion product sampling should be performed while
including these gas species.

3.3 Heat Release Rate (HRR)

HRR based on point measurements of fire products. Six different methods can be used to establish
the HRR (Q) or energy release rate of the process, as shown in Fig. 12.
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Fig. 12. Six different methods for establishing HRR. The first two methods multiply heat of
combustion (AH, ) and mass of fuel consumed (Mg ;) or mass of fuel vapor released (M. ) per

unit time. The third method is based on the amount of consumed oxygen. The fourth method uses
produced CO.. The fifth method assumes energy released by combustion is used to heat the gas
to a flame temperature at the flame location. The sixth method is based on the temperature rise of
the exhaust gasses passing through the control volume.

This research used three methods to calculate HRR: Oxygen Consumption (OC) method, Carbon
Dioxide Generation (CDG) method, and Mass Burning Rate (MBR) method. First is the OC

method from Tsuchiya [2], which is represented by the product of mass flow rate of oxygen (M )

through the control volume and heat release per unit mass of oxygen (AH,, ). Second is the CDG

method using the formulation by Tewarson [3], which is generally represented by the product of
mass flow rate of oxygen (M, ) through the control volume and heat release per unit mass of CO>

(AHco, ). In the CRREL experiments, however, sampled CO concentrations were rather high

compared to small- and meso-scale fires, which represents a larger degree of incomplete
combustion. This needed to be accounted for and therefore an additional term for the production
of CO was added to the CDG method equation. HRR based on the OC method is shown as Eqgn.

(2), while HRR based on the CDG method is shown as Eqn. (3). m°terms represent the mass flow
rate of individual gas species in ambient air. Huggett [6] showed that AH_, is constant for most

hydrocarbon fires, which is 13.1 kJ/g. Khan et al. [3] showed AH., and AH, to also be
consistent for most hydrocarbon fires, which are 13.3 kJ/g and 11.1 kJ/g respectively.

ro = AHo2 (mgz - moz) ) (2)

QCDG = AHco2 (mco2 - mgoz) +AH, (mco - m?:o) . (3)
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Egn. (2) and (3) show HRR calculations based on OC and CDG method require mass flow rate
through the control volume. Plume theories derived by Heskestad [10] and McCaffrey [20] were
used to estimate mass flow rates along the centerline of the fire at different heights. In addition,
profiles of vertical velocity across the horizontal direction of the plume are assumed to be uniform
based on integral formulations by Morton et al. [21]. This results in a simplification where a
uniform “top hat” profile was used when estimating mass flow rate at a certain height. This
assumption also means a radial distribution of CO2, CO, and O is not needed.

McCaffrey [14][20] divides a buoyant diffusion flame into three distinct regimes: continuous
flame zone, intermittent zone, and plume zone. Continuous flame zone is the zone where the flame
is always present. Intermittent zone is the zone where the eruption and break from the anchored
flame with a regular flicker of a few Hz can be observed. Plume zone is the zone above the visible
flame where flames are no longer present. The regime is determined based on height above the
burner (z) and total HRR (Q). McCaffrey [20] provides equations to calculate mass flow rate

() along the centerline of the fire based on the regime, as shown in Table 2.

Table 2. Summary of mass flow rate correlations for a buoyant diffusion flame from McCaffrey
[14]

7 / Q'Z/S
Regime Correlation
g [m/kWZ/S]
Continuous CA L 22/50.566
Flame <0.08 m/Q=0.011(z/ Q")
Intermittent 0.08—-0.20 m/Q =0.026(z/Q°)**
Plume >0.20 m/Q =0.124(z / Q¥°)-**

McCaffrey [14] also provides equations for centerline velocity and temperature of a buoyant
diffusion flame, shown as Eqn. (4) and (5) respectively. Table 3 shows the constants used for the
three distinct regimes. u, is centerline velocity; g is gravitational acceleration, or 9.81 m/s?; T, is

ambient temperature; AT, is temperature rise above ambient; C is an empirical correction factor,
or 0.9; nis an empirical exponent coefficient.

U/ Q% =k(z/Q™)" (4)
29AT, /T, = (k/C)*(z/Q¥*)*™. (5)
Table 3. Summary of centerline constants for a buoyant diffusion flame from McCaffrey [14]

7 / QZ/S

Regime K [M/kW25]
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Flame 6.8 [m*/s] 1/2 <0.08 0.9

Intermittent 0 0.08-0.20 0.9

1.9
[M/KWY* 5]
1.1

m*ehwe.s] 1z ~020 09

Plume

The third method of calculating HRR is taking the product of mass burning rate (M. ;) and heat

of combustion (AH, ) for a given fuel [3]. SFPE HB [3] gives the heat of combustion for crude oil

as 42,600 kJ/g. The mass burning rate (MBR) was calculated based on the average observed
regression rate of the fuel layer throughout the experiments. Using that as a baseline HRR value,
this study calculated HRR based on measured combustion products concentrations.

HRR can also be obtained by using empirical constants reported by Babrauskas [3][23] for large-
scale pool fires,

Q=AH M (1-e*P)xA. (6)

Outside of the heat of combustion for a given fuel, two additional empirical constants need to be
determined. First is the asymptotic mass loss rate per unit area (m. ). The mass loss rate per unit

area approaches asymptotic as the pool diameter increase towards infinity. Generally, this equation
can be applied to pool fires that are 1 m in diameter or greater. The second constant is the product
of extinction-absorption coefficient and beam-length corrector (k). However, it is noted that this

correlation yields an HRR value solely based on pool diameter and fuel type, which in this study
is identical across cases that use the same fuel. It cannot account for external factors such as waves.

3.3.1 Meso-scale 75 cm indoor experiments

Using Babrauskas [3][23] correlation for the meso-scale indoor experiments, a 75 cm ANS crude
oil fire would have an HRR of 350 kW, while an 87-octane gasoline fire would be 720 kW. This
set of experiments only measured combustion product concentrations. However, the fact that
sampling points were located at the centerline allowed for McCaffrey plume correlations [14][20]
to be used to estimate mass flow rate at the sampling point, as shown in Table 2 and Eqn. (4) (5).
Once these variables were obtained, HRR was approximated using CDG method with measured
CO2 and CO concentrations. Fig. 13 shows estimated HRR from CDG method using measured gas
concentrations at different heights. The horizontal lines represent HRR approximated by
Babrauskas [3][23] for a 75 cm pool fire.
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Fig. 13. Estimated HRR for meso-scale 75 cm indoor pool fire experiments. Measured gas
concentrations at different heights were used with CDG method to obtain HRR values.

From Fig. 13, it is interesting to see that using CDG method from the OGES system measured CO-
and CO concentrations yielded HRR values that consistently overestimated for both ANS crude
oil and 87-octane gasoline when compared to Babrauskas [3][23] values. Other measurement
methods such as oxygen data, temperature data, and fuel regression rate were lacking, so other
methods of validation were not present for this set of experiments.

However, the takeaway from these results is that there is a similar trend for calculated HRR with
respect to sampling height. In the continuous flame zone (1 — 1.5 m for ANS crude oil, 1.5-2m
for 87-octane gasoline), the calculated HRR increases, moving further away from the HRR
predicted by existing correlations. However, once in the intermittent zone (1.5 — 2 m for ANS
crude oil, 2 — 2.5 m for 87-octane gasoline), the calculated HRR values decrease and are closer to
expected values. Once the plume zone is reached at further distances (> 2 m for ANS crude oil, >
2.5 m for 87-octane gasoline), the HRR calculated by CDG method again begins to deviate farther
from the expected value. The conclusion drawn from these observations is that OGES system gas
emissions sampling for HRR measurement purposes should be performed in the intermittent zone
of the fire, as that yields values that are closest to plume theory correlations.

3.3.2 Large-scale outdoor experiments at CRREL

Based on Babrauskas [3][23], HRR is estimated to be 5.9 MW for HOOPS crude oil. SFPE HB [3]
does not report values for bunker fuel specifically, but it states that bunker fuel falls under the
category of heavy fuel oil. Using the constants for heavy fuel oil, the estimated HRR for bunker
fuel is 4.3 MW. As stated previously, this correlation yields an HRR value solely based on pool
diameter and fuel type, which means an identical HRR will be obtained across cases that use the
same fuel. However, this is not the case with external factors such as waves and is one of the
limitations of this correlation.
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As mentioned in previous sections, this study relied on existing plume theories such as McCaffrey
plume [14][20] to estimate mass flow rate, velocity, and temperature along the centerline at the
sampling height, as shown in Table 2 and Eqn. (4) (5). Once these variables were obtained, HRR
was approximated using CDG method with measured CO. and CO concentrations, or OC method
with O2 concentrations. Recall that OGES TC tree was located along the centerline of the fire at
2.8 m above the pool surface. This is why McCaffrey plume could be used to obtain variables not
measured in this study. However, for the same reason, HRR could not be obtained using OGES
Crane data, since the crane was not always situated along the centerline of the plume.

Based on the three distinct flame regimes from McCaffrey [14][20], Table 2 shows that OGES TC
tree was located in the intermittent zone for all five experiments. MBR provided a baseline value
for HRR calculation; the value was then used to estimate the mass flow rate along the centerline

using Table 2. M, , M., , andm, could then be calculated using measured gas concentrations

from OGES TC tree, after which these values were used to estimate HRR using OC and CDG
method.

Initially, HRR was calculated using OC and CDG method respectively using both peak or average
gas concentration values. However, results showed using peak gas concentrations sampled by the
OGES system did not yield HRR values that were in good agreement with the HRR based on MBR.
Using peak values consistently resulted in a significant overestimation of HRR. However, average
gas concentration values yielded HRR values that were much more reasonable for this fire size.
This made sense, as the MBR was calculated based on an average regression rate of the fuel layer.
For the three cases with HOOPS crude oil, HRR based on MBR was in good agreement with the
two HRR values predicted by OC and CDG method within a reasonable degree of error when
average gas concentrations were used. Fig. 14 plots calculated HRR values using the different
methods; HRR calculated using peak gas concentrations are omitted.
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Fig. 14. Four HRR calculation methods for five experiments at CRREL.

It can be observed that OC method yields HRR values that are in good agreement for HOOPS
crude oil cases, even with the inclusion of waves. CDG method yields consistently lower values,
which suggests other products of combustion, such as soot production, need to be quantified as
well. This is especially important for the fire size used at CRREL, as a higher degree of incomplete
combustion is expected.

Similar to the comparison with EPA data, both MCE and HRR calculations seem to suggest that a
fast but short wave like Wave 1 allows more complete combustion of the fire. However, a slow
but tall wave like Wave 2 causes HRR to decrease slightly. Regardless of the wave, the OGES
system shows the capability to capture combustion products and effectively estimate HRR based
on OC and CDG methods even with the presence of waves. Quantification of waves is out of the
scope of this study, but future research is needed to quantify the effect of waves on oil slicks
burning above water.

It is interesting to observe that these same methods underestimate HRR for bunker fuel by a
considerable margin. For bunker fuel, this suggests a thin fuel layer of 1 cm allows for very fast
heat penetration to the water sublayer under the fuel, which promotes burning phenomena such as
boilover as the water reaches its boiling point. The boiling water in conjunction with the waves
atomizes the fuel quicker since the fuel slick thickness is very thin initially; this enhances the burn
rate compared to a calm scenario. The hypothesis of why OC and CDG methods are
underestimating the HRR is that the vaporizing water content is a significant component in the flue
gases and should be quantified in further studies to more accurately predict HRR using point
sampling.
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Although currently limited to certain fuels, the OGES system has demonstrated a low-cost but
effective alternative to expensive industrial gas analyzers for HRR estimation, especially in large-
scale outdoor fire scenarios where complete encapsulation of the plume is unfeasible and only
point sampling is possible. Further refinement of this system, such as measurement of mass flow
rate at the sampling location and quantification of water vapor content, can allow it to become
applicable for more types of fuels.

4. Conclusion

The newly developed OGES system displays a new alternative method for gas emissions sampling
in outdoor fires. In the meso-scale tests, it showed an ability to obtain a vertical distribution of
combustion products along the centerline of a fire, obtaining a regression curve for gas
concentrations versus height. Results suggest CO: dilutes in a relatively linear fashion with respect
to height, while CO dilutes exponentially. Further studies are required regarding other combustion
products not considered in this study, such as NOx and SOy, to better understand the dilution of
combustion products with respect to height.

In the large-scale field tests at CRREL, measured combustion product concentrations and
comparison with reported EPA data suggest that OGES TC tree was in a more optimal gas
sampling location for HRR measurements. Significant dilution of CO concentration at higher
locations above the fire made it difficult for consistent point sampling to be performed.

When combined with plume theories, such as McCaffrey plume, using average values of CO>, CO,
and O captured by the OGES TC tree yielded HRR values that were in good agreement with mass
burning rate data for HOOPS crude oil. Larger underestimations with bunker fuel suggest other
products of combustion not measured in this study, and further research should be pursued on this
topic. However, at present, the OGES system has shown to be a low-cost but effective way to
measure HRR in large-scale outdoor fire scenarios where only point sampling is feasible.
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APPENDIX — C Samples tests in small scale experiments (PHASE la)

Material | Test1 Test 2 Test 3

Al - Cyl. _—

Bar

Al -

Hollow

Bar

Al — Hex.

Bar

N .

Al - Wool

Al - Foam

Al - Fell apart, no Fell apart, no Fell apart, no
Honeycom further tests further tests further tests
b
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Cu - Cyl.
Bar

Cu-
Hollow
Bar

Cu — Hex.
Bar

Cu - Plate

Cu - Wool

Bronze Oil
Rod

Ceramic
Board
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Bronze
Solid
Graphite

Bronze
Hollow
Graphite

Macor-
Glass-
Ceramic
Rod

Carbon
Fiber Rod

Graphite
Rod
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APPENDIX — D (Emulsion Preparation — PHASE Ib)

/ * Freeze salt water
* Thaw - to bring back to liquid state
Salt water
* 3 parts crude oil - 1 part saline water by volume
Homogenous | ® 10 mins of mixing in a high power blender
mixture
e 10 minutesrest
Setting

Black fresh ANS
/—-_\ ﬁ\

Brown Water-ANS emulsion

202



APPENDIX — E (Additional Figures — PHASE I1)
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APPENDIX - F (Phase Il — Test Summary)

Fuel
Test Date Thickness Test
(cm)
Sept 28, 2020 Baseline
Fuel: HOOPS
Ruffled FR
Sept 28, 2020 o
Fuel: HOOPS 8

Sept 28, 2020
Fuel: HOOPS

t =20 min
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Sept 29, 2020
Fuel: HOOPS

Bimetal FR

Sept 29, 2020
Fuel: HOOPS

Sept 30, 2020
Fuel: HOOPS

Grid - FR
il

N

: | [
| i W | el ; 4 il i
T " leMﬁ JMI
i | V ] e ' 4 i

~1.5m ~
I - o, P
M Todesemt s i X e —

Oct 2, 2020
Fuel: HOOPS

Blanket

Baseline — Wave 1
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Oct 5, 2020

t =60 min

8 Fuel: HOOPS Baseline — Wave 2
Grid Wave 1
Oct 1, 2020 -, K, =
9 Fuel: HOOPS
Oct 1, 2020
10 Fuel: HOOPS
Oct 1, 2020
11 Fuel: HOOPS




12

Oct 1, 2020
Fuel: HOOPS

Bimetal FR — Wave 1

13

Oct 2, 2020
Rainy
Fuel: HOOPS

Bimetal FR — Wave 1

14

Oct 5, 2020
Fuel: 25%
Emulsion

2.5

Baseline
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15

Oct 5, 2020
Fuel: 25%
Emulsion

2.8

Baseline — Wave 3

16

Oct 5, 2020
Fuel: 25%
Emulsion

2.5

Baseline — Wave 4

17

Oct 5, 2020
Fuel: 25%
Emulsion

18

Oct 6, 2020
Fuel: 25%
Emulsion

25

Baseline wave 5

Baseline
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Oct 6, 2020

19 Fuel: Bunker Baseline
Oct 7, 2020
20 Fuel: Bunker Baseline — Wave 3
Bimetals FR — Wave 3
Oct 7, 2020
21 Fuel: Bunker
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22

Oct 7, 2020
Fuel: Bunker

Bimetal FR

23

Oct 8, 2020
Fuel: 25%
Emulsion

24

Oct 8, 2020
25% Emulsion

Bimetal FR

Baseline
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APPENDIX - E (Repository)

Efforts were made in constructing an online repository for WPI-BSEE projects, instruments, and
research applications that are done in the past. Most of the information currently was passed down
from person to person or by personal documents used by individuals. There was a need for
centralizing information, and transparency for knowledge transfer. The repository in construction
was built as a starting point for anyone looking to find information on specific topics with case
studies and real-time application examples that were previously done as a part of research at WPI.
The repository site is an ongoing effort, last updated on May 11™,2020. Below attached is the link
to redirect to the live online repository.

https://sites.google.com/view/combustion-lab/repository

The projects that being analyzed were first chosen, following which the instrumentation used in
all of the projects were summarized and sectioned into categories as follows,

1. Camera 7. Lasers

2. Thermocouple 8. Pressure

3. Pumps 9. Velocity

4. Data Acquisition 10. Heat Flux Gauge
5. Flow Meters 11. Voltage

6. Gas Sensors

An introductory literature review (READ ME doc) was documented to discuss a broader
perspective of the topics categorized above. Further, these topics were provided and linked with
an additional set of case study documents, consisting of examples of previous research using these
instrumentation techniques wherever further understanding was necessary of its applications and
implementations in the research scenario for most of the topics.

Fig. 1 shows the overview of the repository site online (alpha version). It can be seen that eleven
topics are listed in a table format with filters in place for ease of selection. Each of the documents
listed gives a content overview, type of file, and the editor to review information first hand. The
interface also allows filtering the contents of the table by project lead (owner), the type of file
(readme Doc, Final report, examples, etc.), and by specific documents required in the search bar
for navigation. More topics and content will be added for selection in the future for references.
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COMBUSTION LAB REPOSITORY  ADDITIONAL RESOURCES ~ Q

Figurel - Overview of the interface for the repository online with the topics covered (last
updated — May 2020)

The primary objective of the repository was to benefit the present and future researchers to learn
about previous projects and instrumentation techniques used for the specific experiments,
fundamentally a local library database unique to research efforts at combustion lab, WPI. The site
online is still in its infant alpha version, and the project will be continued as an ongoing project.
An effort in continuous contribution towards the repository from present and incoming researchers
will help in preserving the research efforts done in the past.
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