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Abstract

Composite building materials, such as Fiber Reinforced Polymers (FRP) are widely used in the exterior
cladding systems of modern buildings. Its characteristic of light-weight, fast, and easily customizable
design has appealed to both architects and engineers. However, FRP's classification as a combustible
material presents concerns with respect to external fire spread. Combustible exterior cladding assemblies
are required to pass the NFPA 285 multi-story building test. The full-scale NFPA 285 test is expensive to
run, and it is challenging to repeatedly test the exterior cladding specimen when considering potential
alterations to the assembly. This project focuses on utilizing a cost-effective intermediate-scale screening
rig in the WPI Fire Laboratory to provide results, which are indicative of the full-scale NFPA 285 test. An
instrumented assembly specimen is tested in the intermediate-scale test, and results are compared to

previous tests, and the NFPA 285 standardized test.

Acknowledgements
Through this project, there has been many parties that have helped and supported us and lead us to
complete this project successfully. The team would like to acknowledge their guidance, without them, we

would not have been possible to complete this project.

We would like to thank our sponsor Kreysler and Associates for supplying testing materials and giving

the group permission to run the test and see test results.

We would like to thank our advisor Professor Dembsey for guiding us through this project and providing

feedback and support on our project.

We would also like to thank the fire lab manager Ray, Ranellone, for providing us proper instruction on

how to use cone calorimeter in the lab.

MQP Report Organization
This MQP report is a 20-pages conference paper, which contains the comparison between NFPA 285,

southwest test and past MQP test, construction of the rig, mobile base, instrumentation details and the
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design of our practice wall platform. The supplemental information includes calculation for wall design,

calibration process and results, and relevant in-depth information are included in the appendix.
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Introduction

The external wall containing combustible materials need to meet certain regulation from NFPA 285
testing for building construction. Fiber reinforced polymer is a widely used composite building materials.
However, its combustible property has concerned our sponsor Kreysler and Associates to determine if this
material can be used and pass the NFPA 285 test. NFPA 285 is a test that studies the potential for vertical
and horizontal fire spread on the exterior of buildings however it is also a relatively expensive and large
test to run. Therefore, the MQP group decide to build an intermediate scale rig to closely replicate the

full-scale NFPA 285 test.

In order to evaluate if the intermediate scale rig would be a good representation for the full-scale NFPA
285 Test, we will first design and calibrate all instrumentations to closely simulate NFPA 285 test then

design and optimized our practice wall based on the design from past MQP team.

Background

Exterior Wall
Exterior walls are a protective assembly layer of materials that separate a building’s structure and

interior, from exterior conditions. The exterior wall system is commonly comprised of a layer of interior
sheathing or drywall, framing, a water penetration layer, insulation, exterior sheathing, drainage segment,
and a base coat, and a finish coat. The outermost layer of an exterior wall is known as the exterior
cladding. Exterior cladding includes poured concrete, stucco, masonry (brick or stone), vinyl, wood
shingles (cedar), fiber-cement siding w/ plywood sheathing on vertical furring strips, tile siding with
horizontal furring strips, clay tiles, and aluminum. For this project, our exterior cladding will be

comprised of a fiber reinforced polymer rainscreen.
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Figure 1: Rainscreen Example

A rainscreen is a form of exterior cladding, where the cladding is separated from the remainder of
the exterior wall system, as shown in Figure 1, creating a capillary break to allow for drainage and
evaporation. The rainscreen also adds strength to the building's structure. When a rainscreen is used, the
layer beneath the exterior cladding must consider exterior conditions. Rainscreens also provide the

structure with an additional layer of thermal insulation.

Fiber Reinforced Polymer
Fiber reinforced polymer is a composite material composed of a polymer matrix of resins

reinforced with fibers. Polyester, epoxy, vinyl ester, and urethane are materials used in the resin matrix to
protect and transfer stress between the reinforcing fibers. Thermoset resins are typically used, which
begin as liquid polymers and are curing to solid form during the molding process. This process is called
crosslinking, and is irreversible. Thermoset resins may not be melted or reshaped. Thermoplastics, on the
other hand, will melt at a given temperature and can be solidified into new shapes by cooling to ambient
temperatures. Carbon, glass, basalt and aramid are used as reinforcing fibers to provide strength and
stiffness. Glass accounts for over 90% of the reinforcements in use. These reinforcements are arranged to

provide support in the direction of loading (uni-directional orientation), if there are multidirectional
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forces, the fiber shall be arranged in either bi-directional or multi-directional orientation. Additives to

fiber reinforced polymers may present fire retardant properties.

Additives are typically used to modify the properties of the material, and tailor its performance, to
its desired use. For polyester FRP a type of peroxide or benzoyl peroxide is added to induce the curing
process, and crosslinking. Tertiary butyl catechol may be used to slow the process, while dimethyl aniline
may be used as an accelerator. Fillers are used in composite design to reduce costs, and the organic
content, in addition to tailoring the performance of the material. Fillers also improve dimensional stability
of the FRP for thermoplastic resins, as fillers will deform less. Alumina trihydrate and calcium sulfate are
commonly used fillers. Alumina trihydrate will give off water when exposed to high temperature, which
helps reduce smoke and fire from propagating. Calcium sulfate is a lower cost alternative that works on a
similar concept, but with less water released, and at a lower temperature. Panels of fiber reinforced
polymers are used in a sandwich construction, commonly with a foam material, to reduce weight, and
increase durability and stability in construction. Surface finishes on the FRP provide corrosion resistance
to exterior conditions. Alternatives to foam include waffle patterned, or honeycomb designed cores, or

balsa wood cores.

Figure 2: Fiber Reinforced Panel in Sandwiched Construction

FRP possesses linear elastic behavior until failure, with no yielding, and its design shall account
for this. FRP therefore has a higher ultimate strength, and presents a lower strain at failure. FRP is

incorporated in designs for weight saving for building loading design, and can also be easier and faster to
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operate during construction. Architects are fond of FRP's easily formable properties, as it may take a

multitude of creatively designed shapes.

Kreysler and Associates erected an FRP rainscreen for the San Francisco, California Museum of
Modern Art, as shown in Figure 3. The panels used for this design are approximately 1 meter x 10 meters.

The average weight of the panels, including the integral frame is approximately 8 pounds per foot.

Figure 3: FRP panels on the San Francisco MoMA building

FRP panels were chosen for this design because of their ability to be easily formed into complex shapes,
as well as FRP's high strength and lightweight characteristics. The material's light weight allowed for

fewer, and smaller, connections.

Since there are many different options for the creation of FRP, from the choice of resin, reinforcements,
additives, fillers, and tailoring the FRP to its designed use, it is not an exact science to quantify the
material properties of all FRP. However, a general comparison to steel, aluminum, and wood may be
considered based off tested materials. FRP weighs 75% less than steel and 30% less than aluminum, yet
presents a similar strength when in the lengthwise direction. (Steel: 36ksi, Aluminum: 25ksi, FRP: 30ksi,
Wood: 12ksi). FRP is also corrosion resistant, non-conductive, and a good thermal insulator, which are

beneficial qualities for exterior cladding.

International Building Code
The International Building Code (IBC) is a regulated code adapted on a federal level and

amended on a state level. We have considered the federal level regulations in regards to FRP and exterior
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wall systems. Chapter 26 of the most recent IBC (2015) focuses on Plastics, which covers Fiber

Reinforced Polymers in section 2613. Exterior cladding is covered by chapter 14.

FRP may not exceed 20 percent of a wall covering, or may not exceed 10 percent of an
architectural element. When using FRP on an exterior system, the flame spread index shall not exceed 25.
Fire blocking must also be used with FRP. When installing FRP on a building exterior, the layer the FRP
is attached to must be of noncombustible material substrate, or separated from the exterior wall by
corrosion-resistant steel with a minimum base thickness of 0.016 inches, or aluminum with a minimum
base thickness of 0.019 inches. When the building is less than 40 feet above grade, and the fire separation
distance is no greater than 5 feet, FRP may not cover more than 10 percent of an exterior wall. When the
building is less than 40 feet above grade, and the fire separation distance is more than 5 feet, there shall be
no restriction on the percent covering of FRP on exterior walls. On buildings less than 40 feet above
grade, the flame spread index shall not exceed 200; unless the thickness of paint or coatings applied
directly to FRP does not exceed 0.036 inches, in which case there will be not flame spread index

requirement.

Requirements for the foam plastic insulation in panels are to follow test methods as outlined in
NFPA 259, "Standard Test Method for Potential Heat of Building Materials." The vertical and lateral
flame propagation of the exterior wall shall be in accordance with NFPA 285, "Standard Fire Test Method
for Evaluation of Fire Propagation Characteristics of Exterior Non-Load-Bearing Wall Assemblies
Containing Combustible Components.” In addition, the exterior wall may not display sustained flaming
when tested in accordance with NFPA 268, "Standard Test Method for Determining Ignitability of
Exterior Wall Assemblies Using a Radiant Heat Energy Source." Fireblocking shall also be used in the

exterior wall system, to separate combustible construction and break up flaming regions.

Requirements in the International Building Code for exterior cladding revolve around general
requirements that encompass the main concerns for fire safety, and the tests referenced to be passed for

appropriate material behavior in fire conditions. In addition to these general requirements, there are
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additional modified requirements for Exterior Insulation and Finish Systems (EIFS), High-Pressure

Decorative Exterior-Grade Laminate (HPL), and Metal Composite Material (MCM).

Exterior cladding may be constructed of combustible material. However, non-plastic material
may not exceed 10 percent of an exterior wall surface when the fire separation distance is less than 5 feet,
and may not be more than 40 feet in height above the plane. The ignition resistance of the cladding shall
be tested in accordance with NFPA 268, "Standard Test Method for Determining Ignitability of Exterior
Wall Assemblies Using a Radiant Heat Energy Source" unless the material is wood, or meets a minimum
thickness requirement. For results from the NFPA 268 test, sustained flaming shall not be present. Refer
to the table 1406.2.1.1.2 in the IBC for allowable fire separation distance based on the incident radiant
heat flux experienced in accordance with NFPA 268. The exterior cladding must be separated from the

exterior wall shall not exceed 1 5/8 inches when fireblocked.

Exterior Insulation and Finish Systems (EIFS), are non-structural, non-load bearing, exterior wall
cladding systems that consist of an insulation board attached either adhesively or mechanically, or both,
to the substrate, with an integrally reinforced base coat and a textured protective finish coat. This is
required to comply with all general specifications with the addition of meeting the performance standards

of ASTM E 2568, "Standard Specification for PB Exterior Insulation and Finish Systems."

High-Pressure Decorative Exterior-Grade Laminate (HPL), are panels consisting of layers of
cellulose fibrous material impregnated with thermosetting resins and bonded together by a high-pressure
process to form a homogeneous non porous core suitable for exterior use. Specifications are in line with
general requirements with some additions and modifications. The flame spread index is specified at 75 or
less and smoke-development index of 450 or less, in accordance with ASTM E 84, "Test Method for
Surface Burning Characteristics of Building Materials." HPL shall be separated from the building by an
approved thermal barrier of % inch material tested by NFPA 275, "Temperature Transmission Fire Test
and the Integrity Fire Test." The HPL system must also be tested with minimum and maximum
thicknesses and pass the full-scale NFPA 285, "Standard Test Method for Evaluating the Fire Propagation

Characteristics of Exterior Non-Load-Bearing Wall Assemblies Containing Combustible Components.” If
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none of the above mentioned requirements are met for HPL systems, there are requirements based on
height and fire separation distance to determine the percentage covering the HPL system may present on

the building.

Metal Composite Material (MCM) is a factory manufactured panel consisting of metal skins
bonded to both faces of solid plastic. The requirements for MCM are the same as HPL, with added
requirements if the NFPA 285 test is not passed. Since there are different combustibility classes of MCM,

the fire separation distances and max allowable percentage coverings vary slightly.

NFPA 285
The National Fire Protection Association (NFPA) developed fire test 285 to study the potential

for vertical and horizontal fire spread on the exterior of buildings. In the 1970s foam plastic was a
proposed material for exterior wall insulating. This material did not meet the requirements for the
building codes at the time and was rejected as an idea. The Society of the Plastics Industry (SPI) was
tasked with developing a test to prove that a wall with foam plastic insulation that was on fire would not
spread to far horizontally or vertically. The test standard was created and has gone through a couple of
adaptations. The most recent version of NFPA was created in 2012. NFPA 285 is used to test four
abilities of the exterior wall assemble that is to be tested. These abilities include the wall assembly’s
ability to resist flame over the exterior face of the wall assembly, resist vertical fame propagation within
the combustible components from one story to the next, to resist vertical flame propagation over the
interior surface of the wall assembly from one story to the next, and the ability to resist lateral flame

propagation from the compartment of fire origin to adjacent compartments or spaces.

The setup of the most recent 285 test is relatively simple. The test involves a two story concrete
structure with the exterior wall assembly attached to its front face. The structure has two vertically
stacked rooms. The lower room has a single window in the test specimen where a burner is placed to
replicate the fire spilling out of the window. Also inside the lower room there is a burner which replicates
a fire burning inside of the room. For an apparatus that is being tested using NFPA 285 there are some

criteria that the test must meet. This criteria includes no vertical and horizontal spread outside of the
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impingement zone in the exterior face, no vertical and horizontal spread in the components or insulation,
the maximum temperature in the second story test room cannot exceed 500 degrees Fahrenheit, there are
no flames present in the second story test room, and there is no flame spread to the side walls of the

assembly.

2.1.4.1 Problems with current test
The NFPA 285 test poses multiple complications for companies or individuals who would like to

run the test:

1. Size- The dimensions of the 285 rig is 14°X18’. These dimensions can be too large for an average
test facility to accommodate.

2. Price- The current test is expensive and for an assembly to fail is also inherently expensive. The
price of the test can range from $15,000 to $50,000.

3. Walls must be built on site- The exterior wall need to be attached to the testing rig. This increases

the time, cost, and manpower necessary to run the test.

4 Portability- The 285 rig is made of concrete and brick walls. This means that it is a stationary rig
that will permanently occupy the space it will be built in.

5. Test time- The current test takes a long time to occur. This limits the amount of tests that can be

performed in one day.

Intermediate Scale Rig

The intermediate scale rig we are using is meant to replicate, to the best of its ability, the results
that would be expected from an NFPA 285 test. To corroborate that our scale rig does provide data that
matches with data from NFPA 285 we compared our scale rig data with NFPA 285 test calibration data
and two NFPA 285 tests performed by the Southwest Company.

One area of comparison for these four sets of test data is the average temperature in Celsius of the

thermocouples spaced out at one foot intervals up the wall at the six designated time steps. This data can
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be observed on table 1 through table 4 in Appendix A. From this data you can observe that the scale rig
data provides similar temperature readings to the NFPA 285 calibration data and the Southwest tests
when you compare the temperature readings above the three foot mark for each test. The scale rig data
shows a higher temperature at the bottom of the wall during the entire duration of the test. An explanation
for this is that the NFPA 285 test is run with a larger wall face without side walls and there is an internal
combustion chamber below the window in addition to the line burner. The internal chamber creates a
flame plume outside of the window and that is why the temperatures lower on the wall are lower in
comparison to the scale rig.

The charts displayed in Appendix A show the temperature differences between the four tests as well at
each Heat Release Rate Step. Please note that all data points are up to six feet above the "top of the
window", because after that point, we do not have data from all four sources. Also note, that we do not
have comparative data for the critical ten foot point either, with the reason of having the NFPA flame
temperature line for each graph is for a means of giving an update of where the test temperatures are
3/5ths of the way up the face of the wall.

A second means of comparison can be derived from the average temperature readings of the four tests.
The flame height cannot exceed ten feet from the top of the window opening for the NFPA 285 test,
otherwise that constitutes as a failure of the material meeting the minimum requirements. Flame height
can be determined based on temperature readings. When a temperature of 538°C is detected by a
thermocouple at a determined height that indicates that flames are present at that height. The following
bar chart shows a comparison of the four tests where a flame temperature of 538 °C have been reached at
various heights during the time steps. From this chart, it can be observed that the screening rig has similar

flame heights to the other three tests.
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Flame height comparison based on Temperature (°C)
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Figure 4: Flame height comparison based on Temperature

Besides determining flame heights based on temperature readings visual observations can be used to
make comparisons. The flame heights based on visual observations of the screening rig test from last
year, Southwest test one, and Southwest test two can all be compared. The screening rig test from last
year flames reached the 2 foot mark after about 1.5 minutes. Southwest test 1 flames took 12 minutes to
reach the 2 foot mark and Southwest test 2 flames took 8 minutes to reach the 2 foot mark. The second
point of comparison is the flame heights of the tests after 15 minutes of burner exposure. The screening
rig test from last year flame height at this time are reaching the 6 foot mark. For Southwest test 1 the
flame height at this time is at the 11 foot mark which is located 6 feet above the top of the window. For
Southwest test 2 the flame height at this time is at the 9.5 foot mark which is located 4.5 feet above the
top of the window. The maximum flame height of the screening rig test from last year is about 6.5 feet.
For Southwest test 1 the max flame height is about 6.5 feet and for Southwest test 2 the max flame height
is about 5.5 feet.

The chart below shows the comparison of the internal air cavity temperatures of each of the screening rig
test data from last year and both of the Southwest tests. Last year’s data and the first Southwest test have
the most comparable data. The rate at which the temperature increased in last year’s test is at a rate that
was in between the rates of the Southwest tests. Southwest 2 ends at a temperature around 212.8 °C and
the test last year ended at a value closer to 67.7 °C. The reason for a discrepancy in the data collected can
be attributed to the differences in materials tested and the differences in how the screening rig is run in

comparison to the NFPA 285 test.
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Figure 5: Air cavity temperature comparisons

The burn pattern of the screening rig test and both Southwest tests are represented below. Each burn
pattern is observed to have a wider char pattern at the base and the pattern becomes thinner to form a
parabolic point. The char pattern tips are at similar locations for all three tests. The char patterns at the
base for both Southwest tests are just a bit thinner than the width of the pipe burner. The entire wall face
of last year’s rig test is charred. For last year’s test the tip is just getting to the 7 foot mark, for Southwest
test 1 it was at 9 feet above the burner, and Southwest 2 was just at 8 feet above the burner.

There are some differences in the shape of the char pattern of the rig test last year and both Southwest
tests. This is attributed to the fact that our rig has sidewalls that are attached to the vertical wall face we

are burning. Where as in the Southwest test they are burning a wall with a larger width and no sidewalls.

Figure 6: Left to Right, Final burn pattern of last year’s experiment. The white line is drawn to distinctly show the char pattern,
Final burn pattern of Southwest 1, Final burn pattern of Southwest 2

Instrumentation Details
Two primary instruments for temperature measurement in this project are thermocouples and thin skin
calorimeters.
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Thermocouples were built by the MQP team to measure temperature for this project. Thermocouple wires
were stripped on both ends, one end is twisted and welded together for a contact point. The other end of
the thermocouple is attached to the type K thermocouple plug. The welded point produce and pass

temperature reading for data collection. Detail information for thermocouple are listed in Appendix B.

The thin skin calorimeter is used to measure an incident heat flux. Incident heat flux is the sum of the
incoming radiation and convection. This instrument is created by welding a thermocouple to the back of a
thin metal plate, two layers of ceramic fiber board and gypsum wall board. The face of the plate is painted
black to minimize radiation heat loss. Thin skin calorimeters can be calibrated under a known heat flux
generated by a cone calorimeter. With known thermal properties of each layer of material, temperature
distribution throughout the thin skin calorimeter can be determined. The thin skin calorimeters are then
calibrated under three different incident heat flux 25kw/m2, 50 kw/m2 and 75 kw/m2. Following equation

was used to backtrack the incident heat flux and evaluate the accuracy of our calibration process

dt

pCpd = eq;' — ea (T, = Tg) — heoy (Tpp — Too) — hCC(TPL - T(f)

Where left-hand side of the equation is the change of energy stored in the plate of the thin skin
calorimeter. The first term on the right-hand side is the radiative energy absorbed by the plate. The second
term is the radiative energy emitted by the plate. The third term is the conductive heat loss. The last term
is calculating the heat loss into the ceramic fiberboard which requires using a contact conductance factor
(hee). Tou is the temperature of the thin skin calorimeter, T. is the ambient temperature, and To is the

temperature of the first node using finite difference method.

By creating and using the explicit finite difference method, two calibration process were conducted to
better determine if the thin skin is calibrated correctly. Following graph provides results from two
calibration method (dynamic and constant contact conductance) for thin skin calorimeter under 25kw/m2

incident heat flux.
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Figure 7: Calibration Comparison between constant and dynamic hcc

The overall incident heat flux from finite difference model for both methods contains some errors. Two
calibration process provides an error of £10kw/m2 in compared to the known incident heat flux 25kw/m2.
One reason why there are errors occurred is delayed response from thermocouples and varying he value
only gives a minor affect to the calibration results. The fluctuation of the heat loss into ceramic fiberboard
affects the heat flux after 200s, which tells us this model will not work for a time base of seconds.
However, as we will be working on the time base of a minute for this project, we can conclude that the

thin skin calorimeter has been calibrated successfully.

Detail thin skin calorimeter design and calibration calculation can be found in Appendix B.

Practice Wall Design
The practice wall was designed with durability and efficiency in mind. In accordance with appendix D,
the practice wall composition was adjusted so that none of the materials would reach critical temperatures

apart from the front face of sheetrock, from which the instrumentation is mounted.
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Figure 8: Schematic showing the construction of the practice wall

Two layers of cerablanket will prevent the second layer of sheetrock from critical dehydration. The wood
frame is only in discrete locations, therefore considerations for backface temperature will be considered to

the plywood backface. Figure 8 above is a schematic displaying the construction of the practice wall.

The aluminum rig temperature is of concern as well, as the temperature shall not cause structural of
strength concerns, as well as maintaining a safe temperature if a human were to come in contact with it.
Analysis of semi-infinite behavior, and finite difference method were used and outlined in Appendix C to
come to the conclusion of two layers of cerablanket being required to maintain temperatures under the

critical limits.

Mobile Base Construction
In order to make our intermediate-scale test rig easier to transport, we created a mobile platform

on four 6-inch diameter wheels. The platform itself, we made a frame of two 2X6s 72 inches long on their
side (on the 6 inch side), and two 2X6s 58 inches long on their side as well. Two interior 58 inch 2X6s
were added to support the interior of the platform as well, which was topped with a sheet of plywood. In
order to make sure that we had a robust and satisfactory platform, we calculated the clamp force of the top
layer of the platform, the rolling and sliding force required to push the rig and platform assembly, the
rig’s center of gravity, the tipping force required to tip the rig over, and the bending stress acting upon the

platform itself.
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Figure 9: Schematic of the forces in play with the rig and platform assembly

The first factor we looked into with the platform was the clamp force of the platform top, which measures
how secure the top of the platform is put together. This was determined based on the diameter of the
screws we used to fasten the platform top along with the amount of screws used. Fortunately for us, it
was determined that a monumental and unrealistic force of 48,000 LBS would be required to unfasten the

top of the platform from the rest of the structure.

We calculated the force required to move the rig by itself if it were on a stationary plywood platform (l.e.
no wheels) versus the force required to move the rig on the mobile platform. We found that in order to
move the mobile base with the rig, one needs to exert 18.4 LBS of force vs. 161 LBS of force for pushing

the rig off of a stationary platform.

The next factor we determined was the center of gravity of the rig and platform assembly. This was done
by using the dimensions of the rig and platform and their respective weights, or weight of each part in the
case of the rig, and then determining the overall center of gravity from there. We ended up with a final

center of gravity of (28.5, 41.1, 37.2) inches in the (X, y, z) direction.

The force required tipping the rig and platform over was determined if somehow the platform were to
somehow get stuck while being rolled. We determined that in order to tip the 850 pound rig and base
over, we would have to exert a force of 305 LBs at a height of 80 inches, which was our assumed
maximum push height. For lower heights, the required force would only be larger due to the decreased

area between the "stuck wheel" and the push.
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We also looked into doing a worst-case scenario analysis for the strength of the supporting 2X6s. In order
to do this, we calculated the bending stress of a 72 inch 2X6 which was acted upon by a 2400 LB force at
the center (weight used based on the max capacity of the wheels). Using a beam supported by a pin and
roller as a model, we determined that the bending stress exerted on the beam equals 3600 PSI, which is
well under the 5100 PSI rupture modulus for the wood we used (pine). We then assumed that the other
supporting members would check out too, since their length only 58 inches as opposed to 72, which

would lead to a lesser bending stress if acted upon at the center.

Design Factor Equation Value for Platform

Rolling Force ik (E) ‘n 18.4 LBS

sSliding Force ps = W 161.3 LBS

Platform Top Clamp Force ( T ) . 48,000 LBS

Dbaolt = u

Center of Gravity a2 +y2 +27) (28.5, 41.1, 37.2) inches for(x,v,
2} direction

Tipping Force (W« Cx)/h 305.0 Lbs

Maximum Bending Stress JxW=xl 3600 PSI, 1500 PSIless than our

2ewsd? material rupture modulus of

5,100 P51,

Figure 10: Equation used in the construction of the platform

Conclusion

The project successfully established an intermediate practice rig with all instruments constructed
and calibrated successfully. Based on the comparison results between NFPA 285 test, southwest and test
from past MQP we are able to conclude that our intermediate rig can closely replicate the full-scale NFPA
285 test. Through this project, improvement and adjustments were done to the intermediate scale rig to
improve the efficiency for further experiment process. With the mobile base, the mobility of the rig is
greatly improved. By adding additional insulation layer, the test wall is able to operate under multiple
practice runs which will also allow for the FRP panels provided by Kreysler and Associates to be suitably
tested and analyzed when the time comes. Through the simulation results, the intermediate scale rig is
safe to operate and is an indication of the full scale NFPA rig test, however, improvements should be

considered with future experiment results.
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Recommendations

Through this project, following recommendations are established by the MQP team,

1.

Total weight for practice wall and rig should stay below the weight limit and placed on the
mobile base properly.

When performing practice calculations in regards to an exterior cladding test it is recommended
to perform more than one test. To perform two tests it is recommended to construct a practice
wall that can be used for more than one burn test. A way of doing this is to construct a practice
wall in the form of a sandwich with one piece of test wall at the back face, insulating material,
and then a front piece of test wall, as shown in Figure 8.

When constructing the practice wall in sandwich orientation it is recommended to experiment
with different insulation material to study the potential of extending the multi-usage feature.

In order to receive more accurate data from the experiment based on our 2-D plume theory
design, we recommend using line burner instead of pool fire, as included in Appendix F.
Additional fire modeling tools are recommended to add into this project to improve the accuracy

of this intermediate-scale rig in compare to the full scale NFPA 285 test.
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Appendix A: Test comparison information

Time interval(min)

Thermocouple height (ft.)  0-5

Interior wall surface 573.8
1 ft. above window 316.7
2ft 359.4
3ft 341.1
4ft 302.8
5ft 271.7
6ft 244.4

Table 1: NFPA 285 Calibration Temperatures
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5-10 10-15  15-20 20-25  25-30

703.3

778.3

858.9  857.8

901.7

4589 527.8
407.2 468.3  509.4
365.6 4194 4578 4894



Time

interval

(min)
Thermocouple | 0-5 5-10 10-15 15-20 20-25 25-30
height (ft.)
0
1
2
3 484.7
4 234.7 341.7
5 185.4 262.3 297.8 449.8 497.5 505
6 1475 204.3 230.2 337.1 383. 389.2
7 124.3 167.5 185.6 260.2 293.9 298.6
8 106.2 141.9 155.7 211.2 236.2 242.2
9 90 118.8 129 167.7 186.6 192.3
10 81.2 107 124.4 170.6 186.4 213.4
11 83.7 111 116.4 154.1 167.7 163.2

Table 2: Temperature Table for last year's MQP Test.
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Time interval(min)

Thermocouple height (ft.) 0-5 5-10  10-15 15-20 20-25  25-30
Interior wall surface 632.1 750.8 787.2 852.7 890.6 929
1 3323
2 358.3
3 318.2
4 272.7
5 243.1
6 217.1 3315 3831 436.1 525.6 537.2

Table 3: Temperature Table for the first Southwest Research Test

Time interval(min)

Thermocouple height (ft.) 0-5 5-10  10-15 15-20 20-25  25-30
Interior wall surface 638.3 720 792.8 865 890.6  907.2
1 328.3
2 328.3
3 318.3
4 296.7
5 247.2
6 229.4 366.1 456.1 508.3 525.6  537.2

Table 4: Temperature Table for the second Southwest Research Test.

The four above tables show the average temperature readings at determined heights of the four

tests. The orange highlighted cells indicate where temperatures are high enough for flames to be present.
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The following charts display the temperature differences between the four tests as well at each

Heat Release Rate Step.
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Figure 11: Thermocouple Temperatures at HRR Step 1
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Figure 12: Thermocouple Temperatures at HRR Step 1 MQP and NFPA 285
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Thermocouple Temperatures at HRR Step 2
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Figure 13: Thermocouple Temperatures at HRR Step 2
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Figure 14: Thermocouple Temperatures at HRR Step 2 MQP and NFPA 285
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Figure 15: Thermocouple Temperatures at HRR Step 3
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Figure 16: Thermocouple Temperatures at HRR Step 3 MQP and NFPA 285
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Thermocouple Temperatures at HRR Step 4
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Figure 17: Thermocouple Temperatures at HRR Step 4
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Figure 18: Thermocouple Temperatures at HRR Step 4 MQP and NFPA 285
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Figure 19: Thermocouple Temperatures at HRR Step 5
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Figure 20: Thermocouple Temperatures at HRR Step 5 MQP and NFPA 285
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Figure 21: Thermocouple Temperatures at HRR Step 6
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Figure 22: Thermocouple Temperatures at HRR Step 6 MQP and NFPA 285

The following table shows the average temperature data of the air cavities of the screening rig test

and both Southwest tests.

Table 5: Air cavity temperature data

Last year’s test data Southwest 1 Southwest 2
Time Average Time Average Time Average
interval(min) Temp(°C) interval(min) Temp(°C) interval(min) Temp(°C)
0-5 26.5 0-5 32.2 0-5 43.3
5-10 38 5-10 36.7 5-10 90.6
10-15 44.2 10-15 43.3 10-15 128.1
15-20 55.1 15-20 48.9 15-20 165.6
20-25 64.7 20-25 57.2 20-25 193.3
25-30 67.7 25-30 71.1 25-30 212.8
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Flame height comparison based on visual observations:

Table 6: Rig test flame heights and observations

Time (min:sec)

Flame Height (ft.)

Observations

flame wisps reaching 7’

0 About 9 at the edges and 3” in | Beginning of burn test
the middle
00:24 About 1’ at the edges and 3’ in | Charring is present at the 2’
the middle mark.
1:5 About 1’ from the bottom of the | Charring is present at the 3’
wall at the edges and 3’ in the mark.
middle
4:00 About 2’ from the bottom of the | Flame is present in first gap and
wall at the edges and charring is present past the 4’
approaching 4’ in the middle mark
5:03 Uniform flame plume with the Flames are licking past the 5%
flame reaching 5’ thermocouple and charring is
present to the 6’
15:31 Uniform flame plume with the Charring is present at the 7°
flame reaching 6’ mark. There is sustained flames
in the gap of the first two panels
20:35 Uniform flame plume at 6’ with | Charring is present at the 7.5’
flame wisps reaching 7’ mark. There is sustained flames
in the gap of the first two panels
30:14 Uniform flame plume at 6’ with | This is the end of the fire test

Table 7: Southwest August 9, 2012 flame heights and observations
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Time (min:sec)

Flame height (ft.)

observations

0 No flame present The top of the window starts at
the 5° mark

7:45 No real flame height to speak of | The inner compartment is fully
involved. There is the start of
flames touching the top of the
window

11:26 Flames are up to the 6’ mark Charring observed up to the 7’
mark

15:20 Flames are up to the 6” mark Charring observed up to the 9°
mark

18:19 Flames on the sides are at the 6’ | Flames and charring are

mark and the flame at the concentrated at the centerline
centerline is at the 10” mark

20 Flames are up to the 11° mark.

21:16 Flames are up to the 11.5’ mark. | Flames and charring pattern start
wide at the bottom and get
thinner as it travels up

23 Flames have receded to the 10’

mark
25:13 Flames have receded to the 9.5° | Flame size has reduced. A

mark

darker char pattern reaches up to
14°. Signs of less severe
charring can be observed up to

16
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29:34 Flames have receded to the 9° Flame size has reduced. A
mark darker char pattern reaches up to
14°. Signs of less severe
charring can be observed up to
16°
30 Flames have receded to the 9’ The test is ended after 30 min

mark

Table 8: Southwest June 27, 2013 flame heights and observations

mark

Time (min:sec) Height (ft.) Observations
0 No flames present Start of test
5 No flames present on vertical Burner is put into place
surface
8:40 Flames are up to the 6’ mark There is barely any charring
visible on the wall
15:51 Flames are up to the 7.5’ mark Charring is visible up to the 9’
mark
16:27 Flames are up to 10” mark at the | There is a distinct char pattern
centerline and at the 6” mark on | up to the 9> mark
the sides
20:32 Flames recede closer to the 9.5° | A char pattern in the

approximate shape of an
equilateral triangle with its point
going up can be observed. The

point is a bit above the 11° mark
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29:26 Flames recede to the 8 mark The char pattern is in a similar
shape. It is wider at its edges
than before and reaches the 12’

mark

These tables were developed using a video of the screening rig test and from picture provided

with both Southwest reports.

Appendix B: Instrumentation Calibration
In this project, thermocouple and thin skin calorimeter are two primary instruments that will be used for

temperature measurement.

A thermocouple is created when two dissimilar metals touch and the contact point produces a
small open-circuit voltage as a function of temperature. This thermoelectric voltage is known as Seebeck

voltage.

To Data
Acguirition
Device

o] Conatantan
E Iran
. Copper

Figure 23: Diagram representing a thermocouple

The circuit contains three dissimilar metal junctions: J1, J2, and J3. This results in a Seebeck
voltage between J3 and J2 that is proportional to the temperature difference between J1. Because copper
wire is connected to both J2 and J3, there is no additional voltage contributed between the temperature

difference of the J2/J3 junction and the point where the voltage is measured by the data acquisition
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device. To determine the temperature at J1, you must know the temperatures of junctions J2 and J3. You
can then use the measured voltage and the known temperature of the J2/J3 junction to infer the
temperature at J1. Thermocouples require some form of temperature reference to compensate for the cold
junctions. The most common method is to measure the temperature at the reference junction with a direct-
reading temperature sensor and then apply this cold-junction temperature measurement to the voltage
reading to determine the temperature measured by the thermocouple. By using the Thermocouple Law of
Intermediate Metals and making some simple assumptions, you find that the measured voltage depends
on the thermocouple type, thermocouple voltage, and the cold-junction temperature. The measured

voltage is independent of the composition of the measurement leads and the cold junctions, J2 and J3.

Science behind thermocouples: If heat is applied at one end, the electrons at that end become
more energetic. They absorb energy and move out of their normal energy states and into higher ones.
Some will be liberated from their atoms entirely. These newly freed highly energetic electrons move
toward the cool end of the wire. As these electrons speed down the wire, they transfer their energy to
other atoms. As these electrons build up at the cool end of the wire, they experience an electrostatic
repulsion. The not-so-energetic electrons at the cool end move toward the hot end of the wire, which is
how charge neutrality is maintained in the conductor. As electrons move from the cold junction to the hot
junction, these not-so-energetic electrons are able to move easier in one metal than the other. The
electrons that are moving from the hot end to the cold end have already absorbed a lot of energy, and are

free to move almost equally well in both wires. This is why an electric current is developed in the loop.

The purpose of a thin skin calorimeter is to measure an incident heat flux. Incident heat flux is the sum of
the incoming radiation and convection. This instrument is created by welding a thermocouple to the back
of a thin metal plate. The thickness of the wire used is dependent on the thickness of the metal plate. The
face of the plate is painted black to minimize radiation heat loss. Thin skin calorimeters can be calibrated

under a known heat flux generated by a cone calorimeter.
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Measurement on the heat transfer rate to a metal calorimeter of finite thickness is based on the
assumption of one-dimensional heat flow. After an initial transient, the response of the calorimeter on the

exposed face of the thin skin calorimeter is calculated by using a lumped parameter analysis:

B dT
q= Pcpﬁ'ﬁ

T
Where I is rate of the temperature of the back is unexposed surface of the calorimeter.

p is density (p is specific heat and & is the thickness of the plate.

Energy balance within the thin skin calorimeter is an energy balance which can be simplified as

Astorage = 9in — Yout
Where qin is the incident heat flux and gou is the loss of heat from the plate to its surroundings. The loss
can be summarized as
Qout = 9conv — 9rad — 9cond

Where qconv is the convective losses to the surrounding; grad is the radiative losses to the surroundings

and gcond is the conductive losses.

During a transfer of heat, heat loss should be take into account while calculating the flux. A thermic

balance on a plate can be present as below, where [J is emissivity of the plate;

_ qnar + qconv + qr'rzri + qcond

Dincident —

£

With thermal condition influenced by convection, radiation and internal energy generation, energy stored

in the plate of the thin skin calorimeter can by represented as

ar -, .
pCpSE =é&q; — 50_(T;7LL - T(;L) - hcov (TPL - Too) - hCC(TPL - Té)
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Where left hand side of the equation is the change of energy stored in the plate of the thin skin
calorimeter. The first term on the right hand side is the radiative energy absorbed by the plate. The second
term is the radiative energy emitted by the plate. The third term is the conductive heat loss. The last term
is calculating the heat loss into the ceramic fiberboard which requires to use of a contact conductance

factor (hcc).

For our project, we are assuming the plate is lumped sum and thermally thin which allows us to use
Newtonian cooling and contact conductance to represent transfer coefficient. In order to calculate the
contact resistance, an explicit finite difference method is used to perform this analysis. An explicit finite
difference method uses values at a current time step to evaluate values at a future time step, which can be

represent as following equation

oT T\*'—T}
at At

(Where i represents time and n represents node.)

A boundary condition of initial node is also applied:

dT
BC1: — Ka = hCC(TPL - To)

Where T pl is the temperature of the plate and TO is the temperature of the initial node 0.

The boundary condition of the final node is:

oT
BC2: —KE=O&T=Tn

Where Tn is the temperature of the final node,n. To simplify our solution, addition layer of insulation is

added on the back face and the insulation is assumed to be perfect.

By using the explicit finite difference method, the two boundary condition can be rewriten as following

two equations for calculating the initial and final nodes temperature.
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BC1: Tt = 2FoBi(Tp, — TY) — 2Fo(T{ — TLy,) + T
BC2: T\t = 2Fo(T{_, — BiT,,) — 2FoT; — 2FoBi T} + T}

Where Fo is the fourier number,which is a dimensionless term that describe the ratio of the heat

conduction rate to the rate of thermal energy storage in a solid.

alt

Fo=—
° Ax?

Where At is time(s), Ax is thickness(m) and a is thermal diffusivity (m?%s) can be represent as

k
o=—
pCp

Where k is the thermal conductivity (kW/mK), p is the density (kg/m®) and Cp is specific heat (kJ/kgK).
Bi is athe dimesionless Biot number which can be determined by using equation below,

ho-Ax

Bi =
T

Finally for an interior node, the explicit finite difference solution is
Interior : Ti*' = Fo(T}yy + T._4) + T} — 2FoT;

Additionally, because explicit finite difference method is not always stable, in order to achieve the correct

value from each time step. A specific condition is needed to be followed;

Ty
o
IA

N =

1
Fo(1+Bi) <>

Thin skin calorimeters measure the net heat flux experienced by a surface. By knowing the thin skin
calorimeters’ material properties, and properties of the environment we are able to calculate the

convective, radiative, conductive affects. By knowing these values, the incident heat flux may be
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measured. For this purpose, thin skin calorimeters will be placed on the surface of the cladding being

tested. This will give us incident heat flux distribution with respect to location and time.

Step 1: Thin Skin Calorimeter Design
Based off past MQP team experiment and our previous experiment results, the team decide to revise the

design of the thin skin calorimeter to improve its performance for this project.

The first layer of our thin skin calorimeter is a 2-inch-by-2-inch ASTI 301 stainless steel plate, which is
spray painted black to minimize heat loss and absorb radiation. There are two metal wires are welded on
the back of the plate and on the other side of these two wires are two type k thermocouples. This set up
mimics the thermocouple concept where the plate acts as the third metal. The next two layer are 13mm

thick substrates that are made of ceramic fiberboard. The last layer is a 16.6 mm thick gypsum wallboard.

Based on our B term experimental results, the team decide to create two different set up. The first set up
we drill a hole in the center of the second layer and have the wire attached to the plate run through and out
in between the two ceramic fiberboards. Have another thermocouple sitting in between two ceramic

fiberboards and one in between ceramic fiberboard and gypsum wallboard.

To secure these layers and minimize the air gap within the setup, small ditches in between Ceramic
Fiberboard and Gypsum Board (Drywall) are done to create space for placing thermocouple wire. We
then use Ceramic fiberboard material to fulfill the hole on the side of thin skin calorimeter to minimized

air gap and radiative heat transfer. Two metal screws are used to ensure the layers are tightly bounded.

Figure 24 provides a schematic of our first thin skin calorimeters set up.
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Figure 24: Thin Skin Calorimeter Design 1

The second set up for our thin skin calorimeter has “Thermocouple 1 only go through stainless steel
plate to avoid drilling hole in the first ceramic fiberboard and prevent air gap. Figure 25 provides a

schematic of our second thin skin calorimeters set up.

Plate (Y
» TC1

Ceramic Fiber Board

» TC2

Ceramic Fiber Board ’

> TC3

Gypsum Wall Board

Figure 25: Thin Skin Calorimeter Design 2

Before the thin skin calorimeters are placed under the cone calorimeter, they are wrapped with two layers

of insulation. The insulation is 4 inch thick Cerablanket. The following figure provide the insulation set-

up.
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Figure 26: Thin Skin Calorimeter Insulation Set Up

Step 2: Finite Different Method Model

In order to better understand the thermal characteristics of thin skin calorimeter and better utilize the cone
test data. A one dimensional finite difference model is created to determine the temperature distribution of

the sample. Semi-infinite method is then utilized to verify the accuracy of the FDM model.

Finite Difference Method
With an assumption of twenty-six nodes that were distributed through the thin skin calorimeter. The first
node locates at surface of the plate, the eighth node locates between the plate and ceramic fiberboard. The

sixteenth node is at the interface between ceramic fiberboard and gypsum wall board.

Two different boundary conditions were used for the property estimation. The initial condition is simply

using the thermocouple data from the surface of the plate.

The sample calculation of initial node is shown below:

Change in Energy = Convection out of Node — Conduction out of Node
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(Tl+1 ) ( TL 1)
pCp—- == = hee (Tp, = T}) — kT”*
) 2 X hce X At . 2 X kAt . )
1
Tt = ToCpdx (Tpr —T) — oCp Ax? (T = Thsr) + T
Because:
Fo — alt k
©T Ax?’ pCp
h..Ax
Bi =
Tk
FoBi — hccAt
ob! pCp Ax
Therefore

Boundary Condition (BC) 1: T,i*! = 2FoBi(Tp, — T) — 2Fo(Tt — TL,,) + T}

The equation for each interior node is derived below,

Interior;

Qstorage = 9in — Yout

o) (T (T T
d dx dt

pCp5

2kAt

kAt
T =Ti+ PCpAr? ———— (T + Tiy) _WTn

. _aAt k
©T Ax?’ O(_pCp
o kat

o_pCprx2

Tt = Fo(T}, + TL_,) + T — 2FoT}
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The second boundary condition for the back face of the thin skin calorimeter is shown below,
Storage Energy = Conduction out of Node — Convection out of Node

Mx(Ta™ = T) ) Taa =T
2 dt B dx

pCp - hcc(T,i —Tx)

2 X kAt . 2 X hce X At

i

o .
T, " =Ty = W(Tﬁq —-Tp) —

Because

T — T = 2Fo(T\._, — T})) — 2FoBi (T} — T.,)
BC2: T\t = 2Fo(T{_, — BiT,,) — 2FoT;} — 2FoBi T}\ + T}
Semi- Infinite Method
In order to successfully conduct correct data analysis in a solid, it is important to ensure that the finite
different method is written correctly. Therefore, the team decide to use semi-infinite solid analysis to
verify the finite different method. The semi-infinite solid boundary condition assumes a constant incident

heat flux at the surface with convective and radiative heat losses. Carslaw and Jaeger define the following

equation, 1965 (Heat transfer Book)

X h . at
+CC

. 7z )erfc(zm T

_T 2
T(x,t)—T; rfc( X )_ . (hccx h*at )

Too - Ti 2\/&

Detail Verification is explained in Appendix C2.
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Step 3: Cone Test and Experiment Analysis

Cone Calorimeter

In order to calibrate our thin skin calorimeters to read an incident heat flux we need to use a cone
calorimeter to supply a known incident heat flux. The cone is an upside down stainless steel dome with
coils running in the inside of the dome. These coils heat up to a known temperature and release a known
heat flux down toward the testing area. The cone uses a temperature controller in order to control the
output temperature of the cone. For our experiments. The temperature settings are 25kW/m? (530 °C), 50

kW/m? (730 °C) and 75 kW/m? (840 °C).
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Figure 27: The cone side view
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Figure 28: The cone cross sectional view
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Figure 29: The cone top view

The cone calorimeter reads temperatures by attaching our thermocouples into the correct female adaptors,
which located below the cone testing area. The temperature data in each one-second time interval is then
computed through a developed program “Lab View”. For our experiment, three thin skin calorimeters

(assumed with same properties which is listed as the table below) were run under the cone for 10 minutes.

Table 9: Property of Thin Skin Calorimeter

Plate Properties Values
Length (m) 0.05
Width (m) 0.05
Thickness (m) 0.044 (0.00146 for the plate)
Conductivity (kw/mK) 0.001
Density (kg/m?®) 80300
Specific Heat(kJ/kgK) 1
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Figure 30: Thin Skin Calorimeter Sketch under Cone Test

Cone Experiment Results- Temperature Vs Time

In this section, the team studied the temperature distribution profile for all three boundary condition of
three samples that has similar thermal and physical properties. The raw data was first analyzed by
subtracting the initial temperature from each time step to maintain the starting temperature is at constant

Zero.
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Boundary Condition 1
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Figure 31: Heat Flux of 25kw/m2
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Figure 32: Heat Flux of 50kw/m2
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Figure 33: Heat Flux of 75 kw/m2
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Interior Condition
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Figure 34: Heat Flux of 25kw/m2 interior condition
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Figure 35: Heat Flux of 50kw/m2 interior condition

60



Heat Flux of 75kw/m?

500

75 kw/m? Middle

450

400

350

300

Temp C
N
ul
o

200

75kw/m2 Middle 1

150

75kw/m2 Middle 2

CIC\A/

100

75KW-Middle Average

100

150 200 250 300

Time S

350 400 450

500 550

Figure 36: Heat Flux of 75kw/m2 interior condition
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Boundary Condition 2
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Figure 37: Heat Flux of 25kw/m2 boundary condition 2
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Figure 38: Heat Flux of 50kw/m2 boundary condition 2
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Figure 39: Heat Flux of 75kw/m2 boundary conditions 2

63



From our experimental data, all three boundary conditions appear to have similar trend and increment for
each samples under different heat flux. In graphs above we discover that experimental error has cause
temperature difference among samples by + 50 °C, therefore the average of all trails were used to

minimize the experimental error.
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Overall Temperature Profile

Next, we studied the average temperature profiles of three thermal couples and we found all temperature

profiles follow a similar trend under different heat flux.
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Figure 40: Overall Temp Profile 25 kw/m*2
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Figure 41: Overall Temp Profile 50 kw/m*2
Overall Temp Profile 75kw/m?
600
500 —

/ ——75 kw/m?2 Plate

400
75 kw/m2 Middle
Average

Average

Temp C
w
]
\

———75 kw/m2 Bottom
Average

200 /
100

P —

I

0 50 100 150 200 250 300 350 400 450 500 550

Time S

Figure 42: Overall Temp Profile 75 kw/m”"2
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Comparison Results Temperature vs Time
In this section, we will be comparing the plate, middle and bottom temperature distribution profiles under

three different heat flux.

We will also study how temperature various with the depth of each thermocouple.
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Figure 43: Plate Comparison

67



Middle Comparison
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Figure 44: Middle Comparison
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Bottom Comparison
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Figure 45: Bottom Comparison

From above experimental graphs, we observed that with an increasing heat flux we will result with a

higher temperature trend. However,
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Comparison Results Temperature vs Depth
Heat Flux of 25kw/m?
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Figure 46: Comparison Results Temperature vs Depth Heat Flux of 25kw/m2
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Heat Flux of 50kw/m?
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Figure 47: Comparison Results Temperature vs Depth Heat Flux of 50 kw/m2
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Figure 48: Comparison Results Temperature vs Depth Heat Flux of 75kw/m2

From all graph above, it is certain that temperature will decrease as the depth goes from plate to bottom
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Step 4: Thin Skin Calibration

In order to calibrate our thin skin calorimeter (TSC) we will first need to develop a correct finite
difference model. Once the correct model is determined, we will use experimental plate temperature data
from cone test to evaluate contact conductance factor (hcc). Lastly, with known incident heat flux we will
vary contact conductance and thermal properties parameters to better calibrate our model to match with

our thin skin calorimeter.

For this project, we used 25kw/m?, 50 kw/m?and 75 kw/m?. The equations we use to calibrate our incident

heat flux is:

dTpy,

Cpd
det

=eq]' — eo (T, — Tg) — heov (Tpy — Too) — hee(Tpy — T¢)

Where Tpl is the temperature of the thin skin calorimeter, T, is the ambient temperature, To is the
temperature of the first node using finite difference method and hc is the contact conductance between the

thin skin plate and the ceramic fiberboard.

FDM & Semi-infinite Model Verification on Ceramic Fiber Board

In order to solve for temperatures changes within a solid, we will first need use finite difference method
to simulate. When a finite difference analysis is used to solve for the temperatures in a solid it is
important to ensure that the model is written correctly. For verification purpose, we then use semi-infinite

analysis to ensure the accuracy of finite difference method and boundary conditions...

To comprise the sample, we assume 26 nodes and 25 mm of thickness for the finite difference model.
Then use following thermal and material properties of ceramic fiberboard to calculate temperature for

each node.
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Table 10: Thermal and Material Properties of CFB

Tambient 700 k

k 0.002 kw/mk
CFB(p) 250 Kg/m3
Cp 1 Jigk

Hcc (Contact Conductance factor) 0.8 Kw/m2k
Dx 0.001 m

k
a =——=0.0000008

pCp
Fo = 28 _ 0,048
O—sz— .

Additionally, because explicit finite difference method is not always stable, in order to achieve the correct

value from each time step, fourier number need to follow condition below;

Ty
o
IA

N =

1
Fo(1+Bi) <

] ho-Ax
Biot number 1 = . =4
] ho-Ax
Biot number 2 = . =0
Dt=0.06s

With given parameters, Newtonian equations of two boundary conditions and interior node were used to

calculate the temperature changes over time.

Boundary Conditionl:
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Boundary Condition 2:

Interior Node:

Ti*t = 2FoBi(Tp, — Ty) = 2Fo(Ty — Tier) + Tt

Tt = 2Fo(T_, — BiT,,) — 2FoT{ — 2FoBi T + T}

Tt = Fo(Ti, + TL 1) + Tt — 2FoT}

Based on given condition, two boundary conditions are Node 1 &26 (Thermocouple 1 & Thermocouple

3) and the interior condition is Node 12. Sample calculations are included in Appendix C1. Detail

calculation excel file can be found in Appendix C2.

Figure 49 and 50 show the comparison between finite difference and semi-infinite method.
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Figure 49: FDM & Semi-Infinite Temperature History Comparison
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Semi Temp vs depth
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Figure 50: FDM & Semi-Infinite Temperature Profile Comparison

As the graphs show, the results for semi-infinite and finite difference methods are similar which
concludes the finite difference boundary conditions are correctly derived and this method is correctly

modeled.

Contact Conductance (hcc) verification
By assuming the plate is a lumped sum and thermally thin, this will allow us to include radiative,
conductive and convective loss between the plate and the substrate into one heat transfer coefficient —

contact conductance (hcc). By varying the contact conductance, we will be able further calibrate our thin

skins.

Now the model for our thin skin calorimeters (TSC) has been created and we can use a cone calorimeter
data to calibrate TSCs by using known thermal and physical properties of plate, ceramic fiberboard (CFB)

and gypsum wall board (GWB).
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Having experimental cone test data, we are able to evaluate contact conductance value when the
comparison graph between the cone test and FDM of interior and back face temperature distribution are
matching or close to each other. In this section, detail hce verification process under different incident

heat flux are included below.

Heat Flux of 25kw/m?

First, with given cone test plate results, polynomial 4™ order equation is generated below.

Table 11: Temperature Debrief Data under Heat Flux of 25kw/m2

Plate
Time
Average

0 0

1 1.961949408

2 3.919767795

3 5.862920103

4 7.792729086

5 9.710468233

648 339.4191705

649 339.4307485

650 339.4610757

651 339.531452

652 339.5905913

653 339.6309314
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Y = (—3.2081 x 1077 x x*) + (6.5991 X 107° x x3) — (0.005311 X x2) + (2.0684 x x) — 1.4458

Next by using polynomial equation above, we are able to obtain a close matching plate temperature graph

between finite difference analysis and cone test.

25 kw Cone Test Vs FDM Plate Temperature
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Figure 51: Plate Temperature Simulation with FDM Under 25kw/m2

By using plate temperature distribution as the heater for CFB and GWB and equations (1, 2 and 3) which

can be found below, we will be able to calculate temperature of each node (between CFB and GWB).
BC1: T\t = 2FoBi(Tp, — T{) — 2Fo(T = Tiy1) + TE (1)
BC2: T\t = 2Fo(T{_, — BiT,,) — 2FoT,} — 2FoBi T} + T{{ (2)
Interior : Ti*1 = Fo(Tt,, + T} ;) + Tt — 2FoTE (3)

To determine a good estimation of hcc, we will compare the FDM simulation on thermal couple (TC) 2
and 3 with cone test of middle and bottom temperature profile using following condition and material

properties of ceramic fiberboard (CFB) and gypsum wallboard (GWB).
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Table 12: Thermal Properties of Plate, CFB and GWB for 25kw/m2.

Total Thickness 43 mm dt 0.06 5 Total # of Nodes 44
Metal CFB Drywall/gypsum board

hee / kw/m2K hee 0.085 kw/M2k hee 0.025 kw/M2k
k 0.16 kw/mk k 0.0002 kw/mk k 0.00017 kw/mk
a 2.03822E-05 a 8.88889E-07 a 2.125E-07

dx 0.001 m dx 0.001 m dx 0.001 m

Fo 1.222929936 Fo 0.053333333 Fo 0.01275

Bil / Bil 0.425 Bil 0.147058824

rho 7850 kg/m3 rho 250 kg/m3 rho 800 kg/m3
cp 1 I/gk cp 0.9 I/gk cp 1 Jfgk

This figure presents when hcc value is set equal to 0.085kw/m2k, will provide the closest comparison

graphs between cone test and finite difference method for TC2 and TC3 temperature distribution over

time under 25 kw/m2.

25KW/M2 Cone test vs FDM
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Figure 52: hcc verification under 25kw/m?2

Heat Flux of 50kw/m?

With given cone test plate results under 50 kw/m2 incident heat flux, a 4™ order polynomial equation is
generated below.
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Table 13: Temperature Debrief Data under Heat Flux of 50kw/m2

Plate
Time
Average

0 0

1 5.198229383

2 10.37212566

3 15.50259618

4 20.56433744

5 25.58987096

648 495.8343408

649 495.9621448

650 496.1315698

651 339.531452

652 339.5905913

653 339.6309314

Y = (11917 x 1078 x x*) + (2.2477 x 1075 x x3) — (0.015182 X x2) + (4.3798 X x) — 26.1651

By using the equation above, a close match between FDM plate and cone test is generated.
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Figure 53: Plate Temperature Simulation with FDM Under 50kw/m2

600

By using plate temperature distribution as the heater for CFB and GWB and equations (1, 2 and 3), we

will be able to calculate temperature of each node (between CFB and GWB).

In order to obtain a good estimation of hcc, we will compare the FDM simulation on thermal couple (TC)

2 and 3 with cone test of middle and bottom temperature profile using following condition and material

properties of ceramic fiberboard (CFB) and gypsum wallboard (GWB).

Table 14: Thermal Properties of Plate, CFB and GWB for 50kw/m2.

Total Thickness 43 mm dt 0.06 s Total # of Nodes 44

Metal CFB Drywall/gypsum board
hce / kw/M2k hce 0.09 kw/M2k hce 0.01 kw/M2k
k 0.16 kw/mk k 0.0002 kw/mk k 0.00017 kw/mk
a 2.03822E-05 a 0.000001 a 2.125E-07
dx 0.001 m dx 0.001 m dx 0.001 m
Fo 1.222929936 Fo 0.06 Fo 0.01275
Bil / Bil 0.45 Bil 0.058823529
rho 7850 kg/m3 rho 250 kg/m3 rho 800 kg/m3
cp 1 J/gk cp 0.8 J/gk cp 1 J/gk

Figure 4 shows the closest comparison graphs between cone test and finite difference method for TC2 and

TC3 temperature distribution over time under 50 kw/m2 when hcc value is set equal to 0.09 kw/m2k.

80



Temp

300

250

200

150

100

50

50 kw/m2 Cone Test vs FDM

= FDM TC2

== FDM TC3

—&— 50kw Middle Cone
—8— 50 kw Bottom Cone

50 100 150 200 250 300 350 400

Time

Figure 54: hcc verification under 50kw/m2
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Heat Flux of 75kw/m?
Under heat flux of 75kw/m2, we are able to generate a fourth order polynomial equation by using given

cone test data.

Table 15: Temperature Debrief Data under Heat Flux of 50kw/m2

Plate
Time
Average

0 0

1 6.510686291

2 12.95893351

3 19.39018428

4 25.6917769

5 32.03166916

535 557.0331748

536 557.0435373

537 557.0498674

538 557.1267336

539 557.1377062

540 557.1916333

Y = (—4.2869 x 1078 X x*) + (5.9644 x 1075 x x3) — (0.030038 x x2) + (6.5718 X x) + 8.0043
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By using polynomial equation above, a close match between FDM plate and cone test is shown below,

75kw Cone Test vs FDM Plate Temperature
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Figure 55: Plate Temperature Simulation with FDM Under 75kw/m2

By using plate temperature distribution as the heater for CFB and GWB and equations (1, 2 and 3), we

will be able to calculate temperature of each node (between CFB and GWB).

In order to obtain a good estimation of hcc, we will compare the FDM simulation on thermal couple (TC)
2 and 3 with cone test of middle and bottom temperature profile using following condition and material

properties of ceramic fiberboard (CFB) and gypsum wallboard (GWB).
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Table 16: Thermal Properties of Plate, CFB and GWB for 75kw/m2.

Total Thickness 43 mm dt 0.06 s Total # of Nodes 44
Metal CFB Drywall/gypsum board

hee / kw/M2k hee 0.09  kw/M2k hee 0.01 kw/M2k
k 0.16 kw/mk k 0.0002 kw/mk k 0.00017 kw/mk
a 2.03822E-05 a 0.000001 a 2.125E-07

dx 0.001 m dx 0.001 m dx 0001 m

Fo 1.222929936 Fo 0.06 Fo 0.01275

Bil / Bil 0.45 Bil 0.058823529

rho 7850 kg/m3 rho 250 kg/m3 rho 800 kg/m3
cp 1 J/gk cp 0.8 J/gk cp 1 J/gk

Figure 5 shows the closest comparison graphs between cone test and finite difference method for TC2 and

TC3 temperature distribution over time under 50 kw/m2 when hcc value is set equal to 0.09 kw/m2k.
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Figure 56: hcc verification under 75kw/m2

Calibration with Constant Contact Conductance
Now that with verified contact conductance and finite difference model, we can calibrate our thin skin

calorimeter by having it to reproduce a known incident heat flux.
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For our project, temperature setting of 530 °C gives a heat flux of 25 kW/m2, 730 °C gives a heat flux of

50 kW/m2 and 840 °C gives us a heat flux of 75 kW/mz2.

With known govern equation below and following material properties, we are able to determine heat

storage within each parameter.

Table 17: Material Properties for TS Calibration

T ambient 0 c
hcc of CFB 0.09 kw/M2k
dx 0.001 m
rho 7850 kg/m3
cp 0.8 JIKg*K
stefan-boltzmann constant 5.67E-08 w/m2k4
Convection heat transfer coefficient 15 w/m2*k

Incident Heat Flux

dT " 4 4 [
pCp5d—t =¢eq; —e0(Tp, —Ty) — heop (Tpp, — Teo) — hCC(TPL - TO)

Plate Temp Storage Radiative Heat Loss Convective Heat Loss Heat Loss into CFB

Figures following show calibration for our thin skin under three incident heat flux.
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Figure 57: Calibration of 25kw IHF
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Figure 58: Calibration of 50kw IHF

86




75kw/m2

80
75
70
65
60
55

~ 50

E 45

240

535

T 30

® )5

I 20
15
10

vl

-10

50

100

75 kw/m2 IHF Calibration

150

200

== Incident heat flux

—@— Plate temp Storage
—@— Radiative loss (Kw/m2)
—@— Convection loss (Kw/m2)

heat loss into CFB (kw/m2)
D)

250 300 350 400 450

Time (s)

Figure 59: Calibration of 75kw IHF

Figures above show that the overall incident heat flux from FDM model contains some errors. The

fluctuation of the heat loss into ceramic fiberboard affects the heat flux after 200s, which tells us to

consider a better calibration in order to improve simulation on our thin skins. Another reason why there

are errors occurred is delayed response from TCs and varying hcc value gives no significant change

within the IHF calibration.
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Calibration with Dynamic Contact Conductance
With the concern of if the calibration process from last section is a good representation for our project. In
this section the team decide to study how radiation affect the calibration by dividing the contact

conductance into two parts which can be represents as
hcc dynamic = h radiation + h conduction

After determine dynamic hcc values, we will then compare the incident heat flux calibration with the
previous calibration process (constant hcc) to determine if radiation can improve the calibration process

results.

To study the effects of radiation, we will first use the cone experimental data and temperature from each
node using FDM. We will then use the following equation to determine a sequence of dynamic h

radiation.
hradiation = o (TZ, + Téep) (Tpr + Terp)

Where ¢ is Stefan-bolzmann constant, Te_ is plate temperature from cone test. Tcrs is temperature of node

one which locates between plate and ceramic fiberboard.

With known thermal conductivity of air is 0.04w/mk, we then use h radiation sequence to backtrack
thickness of air gap between plate and CFB when the h cond gives the closest trend of known incident

heat flux.

thermal conductivity of air
thickness of air gap

heona =

Sample Calculation for Incident Heat Flux of 25kw/m2k is shown below,

Given condition
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Table 18: Sample Calculation for Incident Heat Flux of 25kw/m2k

k 0.0002 kw/mk
a 8.88889E-07
dx 0.001 m
Fo 0.053333333
rho 250 kg/m3
Stefan Boltzmann Constant 5.67E-08 | W/m2k4
cp 0.9 Jigk

hradiation = o (TZ, + Téep) (Tpr + Terp)

hcc * dx
k

Bi =

All temperature value for radiative calculation is in K.

T (K) = T(°C) + 273 + Ty,

h radiation is then calculated at listed below
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Table 19: Calibration values

# | DeltaT(s) | Time Z;C‘;::;l(‘lﬁ:nnzt)f h radiation (W/M2K) ci::::i?:;mz::] hec (kw/m2k) bi Radiative Plate Temp (K) Radi:;:_:i :ch;del
o] 0.06 4] 66.006601 0.00000000000000 5.67E-08 0.0000000000000000 0 296.5542000000000 298
1 0.06 0.06 66.006601 5.558404534183592 5.67E-08 0.0715650051542455 0.0004 296.6782848818250 258
2 0.06 0.12 66.006601 5.96212801895729 5.67E-08 0.0715687286790233 0.0004 296.8023315330030 298
3 0.06 0.18 66.006601 5.96585283040265 5.67E-08 0.0715724534504687 0.0004 296.9263399620830 258
4 0.06 0.24 66.006601 5.96957891257120 5.67E-08 0.0715761795730372 0.0004 297.0503101776150 298
5 0.06 0.3 66.006601 5.973306220465850 5.67E-08 0.0715799068805355 0.0004 297.1742421881500 258
6 0.06 0.36 66.006601 5.97703471434137 5.67E-08 0.0715836353744074 0.0004 297.2981360022340 298
7 0.06 0.42 ©66.006601 5.98076436227672 5.67E-08 0.0715873650223427 0.0004 297.4219916284140 298
8 0.06 0.48 66.006601 5.98449513708338 5.67E-08 0.0715910957971454 0.0004 297.5458090752370 298
9 0.06 0.54 66.006601 5.98822701577132 5.67E-08 0.0715548276758373 0.0004 257.6695883512480 298

10 0.06 0.6 66.006601 5.99195597880816 5.67E-08 0.0715585606388742 0.0004 297.7933294645900 298

The closest trend line that we are able to get under 25kw/m2 incident heat flux is when

The comparison graph between two calibration processes are shown below.

kw

hcond = 0.066——

m2k

; thickness of air gap = 0.0006061 m
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Figure 60: 25 kw/m*2 Dynamic & Constant hcc Comparison

With similar approach we are able to

The closest trend line that we are able to get under 50kw/m2 incident heat flux is when

kw

hcond = 0.06m; thickness of air gap = 0.000667 m

The comparison graph between two calibration processes are shown below.
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50 kw/m2 Dynamic & Constant hcc Comparision

55
50
45 —@®— Dynamic Temp Storage
40 —— Dynamic Radiative Loss
~ 35 —— Dynamic Convection loss
§ 30 dynamic Heat loss into CFB(KW/M2)
i 25 dynamic hce Incident heat flux
T‘; 20 o —X¥— Constant hcc Incident heat flux
§ = \ —@— Radiative loss (Kw/m2)
10 heat loss into CFB (kw/m2)
5
0 e EEEEE—
5 0 50 100 150 200 250 300 350 400 450
10 Time (s)

Figure 61: 50 kw/m*2 Dynamic & Constant hcc Comparison

The closest trend line that we are able to get under 50kw/m2 incident heat flux is when

hcond = 0.066 ——; thickness of air gap = 0.000606061 m

kw
m2k

The comparison graph between two calibration processes are shown below.
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75 kw/m2 Dynamic & Constant hcc Comparision
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Figure 62: 75 kw/m*2 Dynamic & Constant hcc Comparison

Through figures above, we discover that radiation has some minor effects to our model. However, these
minor changes do not improve the delayed response time nor as the fluctuation phenomenon. Two
calibration process provides error of £10kw/m2. Since the fluctuation of the heat loss into ceramic
fiberboard only affects the heat flux after 200s and for our project we will be working on time base of

minutes (10-40min), we can state that this dynamic hcc simulation is a good model for our project.

Detailed calibration calculation for dynamic hcc is listed in appendix C5.
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Appendix C

Appendix C1: Finite Difference Method Boundary Condition Sample Calculation

Following calculation shows, how temperature of each node at different location is determined.

Node 1 (BC1)
T, =700 k; T} = Node 1 at Time 0s = 25 k;
i, = Node 2 at Time 0Os = 25 k; Fo = 0.048; Bi = 4
Tt = 2FoBi(Ts — Ti) — 2Fo(T{ — T, 1) + T (1)
= 2% 0.048 x 4(T,, — 25) — 2 X 0.048(25 — 25) + 25 = 284.2 k
Node 26 (BC2)

T!_, = Node 25 at Time 0s = 25k ; T} = Node 26 at Time 0s = 25 k;Bi = 0
Tit1 = 2Fo(T!_, — BiTs) — 2FoT} — 2FoBi T} + T;} (2)
=2 X 0.048(25 — 0 X 25) — 2 X 0.048 x 25 — 2 X 0.048 x 0 x 25 + 25 = 25
Node 12 (Interior)
T}!,, = Node 13 at Time 0s = 25k; T._, = Node 11 at Time 0s = 25k ;
T! = Node 12 at Time 0s = 25 k;
Tt = Fo(TLy, + TL 1) + Tt — 2FoTy (3)

= 0.048 X (254 25) + 25 -2 % 0.048 x 25 = 25
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Appendix C2: Finite Difference Method and Semi-Infinite Method Verification

Finite Difference

With given condition

X:Thickness of Plate (m) 0.025
Ti: Initial Temperature (C) 25
Dx: Distance between each node (m) 0.001
K: Thermal Conductivity (kw/mK) 0.016
Cp: Specific Heat of the plate (kJ/kgK) 1
Too: Ambient Temperature ( C ) 30
Hcc: Contact Conductance (kw/m? K) 0.1
p:Density (kg/m®) 7850

Table 20: Finite difference method given conditions

Thermal diffusivity is calculated by using

k
o=—
pCp
B 0.016kw/mk 2038 x 10-6
* = 7850kg/m3 x 1K /kgk
In order to achieve the stable condition;
1 alt
Fo < E y Fo = E
With Dx of 0.001m
0.5 * 0.001m?
= S

t=2038x106

fourier number is calculated as a fixed value:
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_2.038X 107° x 0.2s

Fo = e = 0.4076
Biot Number is calculated under different node
h..Ax
Bi =
Tk
0';1’;“’ % 0.001m
Node 1: Bi = = 0.00625
04e 2B =70 016kw /mk

Node 26 Condition 1: (same hcc value): Bi =0.00625

Node 26 Condition2: (with hcc=0): Bi=0
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Semi-Infinite Difference Method

With given condition

Table 21: Semi-infinite difference method given conditions

X:Thickness of Plate (m) 0.025
Ti: Initial Temperature (C) 25
Dx: Distance between each node (m) 0.001
K: Thermal Conductivity (kw/mK) 0.016
Cp: Specific Heat of the plate (kJ/kgK) 1
Too: Ambient Temperature ( C ) 30
Hcc: Contact Conductance (kw/m? K) 0.1
p:Density (kg/m®) 7850

Thermal diffusivity is calculated by using

k
o0=—
pCp
B 0.016kw/mk _ 2038 x 10-6
* = 7850kg/m3 x 1K /kgK ="
In order to achieve the stable condition;
1 alt
Fo < E y Fo = E
With Dx of 0.001m
0.5 * 0.001m?
= =02s

t=z—40——
2.038 x 10-°

fourier number is calculated as a fixed value:
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b 2038x107°x02s
°= 0.001m? -

Biot Number is calculated under different node

h..Ax
Bi = =

0.Lkw 6. 001m

Node 1: Bi = = 0.00625
048 1 B= 70 016kw/mk

Node 26 Condition 1: (same hcc value): Bi =0.00625

Node 26 Condition2: (with hcc=0): Bi=0

—_ . 2
Tt~ T = erfc( ad ) — exp (hckcx - hk(;t) erfc< al hccﬁ) (1.2)

Tow —T; 2Jat 2\/at
Node 1:
T(x,t) — 25°C ( 0.00025m )
—_—_—— C
30°C — 25°C 24/2.038 X 106 x 0.2s

<0.1kw/m2 K x 0.00025m
— exp

0.016kw/mk
0.1kw/m2 K2 x 2.038 x 1076 x 0.25> 0.00025m
— erfc
0.016kw/mk? 24/2.038 x 10-° x 0.2s

N 0.1kw/m2 K x v2.038 X 1076 x 0.2s
0.016kw/mk?

T(xt) = 25.0156

Node 2-26 is then be calculated with same equation but with changing thickness and time, detail

calculation results can be found from the following table;
Verification Excel file is included on USB submission.
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Table 22: Semi-Infinite Difference Method Calculation Results (Node 1-26)

 DeuTH Tisw  Nodel  Nefel  Malel  Neded  NodeS  Nesed  Mate)  Meded  Noded  Mede0  Medell Mol

° Ll o x5 = L) bl » ) » » » u el *

3 ¥ 02 M6 260006 200D 250000 £ 5 5 £ £ £l 5 £

tl o Q4 2500479 25000 JS0020C 2500006 2500001 5 £l x5 » n » Ed

1 Ll O 25003191 2501561 2500473 25006 3500007 2600000 bl s » » bl x

. a2 0 25005 2S000% 2500006 250021 2500064 250003 200008 % x5 » » %

s o 1 28083 2500840 50100 2S00 2500136 20000M BN06  XS.00001 % » » %

3 [t 12 JSOMEIS  2SOMM JS0M400  2S00S7 2500300 2500060  M00NIS  XS00003 2500001 » » £

7 o 14 60622 260MM1  MENN 2000 .00 20000 KSO0008 2500007 x » x

. L] RV ] AN AN S00067 500034 25008 Me00s) 500016 JS0000¢ 2600003 » »

* e L8 20671 2S0AT  MEND 0NN 260064 B0 B S0007 260008 2500000 » %
® L 2 JS06M) 25069 2SENG2  2S0IMA 5006 2S00 01 SO0 500004 00006 2500000 £
u o 22 2506797 250411 JSEMSE 250166 JS00KS 5000 X004 2500064 2500000 2S0000) 2R0002  JS.00001
2 o 24 2500136 2505155 JSENSH  JSOUKE  2S00%1 250041 20005 00085 MO0 250008 2500000
o LH 26 JS00461 2505466 2SEMM 500019 600N 800N Boewn W02 2500049 2S000I 2500006 600000
u b 28 JSOME 2505167 20T 2502209 JSOL6S 2500673 2003 XS.00056  JS0006T 2500000 80001 2500008
e LH 3 JS0M07 5060 2MAME  XN0aM 2S00 00N B0 MO0 250008 2000 2500015 2500006
® “ ° 280837 oM WOQ NS 25018 26008 MO0 NO0N7 0012 M08 5000 X000
] 02 X4 2500654 2S061S 2S04 SO JSCO7IT 2500008 5085 JSO0MS 60010 2500060 2N000M 2500081
u o 1 290600 2506 2S0GE)  2S0N05) S0 oun JS006)  NSO0KN6 250060 2500061 250008 3500018
» o 5 2500399 250741 XSOMM S04 JSONAT  250L43 B 2500 50000 2001 K006 25,0008
» Ll 4 JS08461  2SO7IW JSE51S6 JSO0AS4 SOMM 50U 00 SO07 S0 M0 5000 X007
n L 42 250077 250%4)  JS0SS  JSOI6S1 2500378 S0MMS OO JS00508  JS00277 2S04 XS00072  XS000%
n o 44 2500967 25079 2505600 250084 JSONI 06 JS00M 500671 JS00MS SO0 N8 XSO0
2 L] 46 25301 250K JAEWNM  JS00M 2S00 2500M NN MO006)7 2S00 260000 500008 XSO0
) L A8 JSI0461  2S0KMI  JS060M 250429 JSO0NSE  JS0ME) XIS JS00006  JS00400 2000 200U XS.0006
» e 5 2530686 250K JSMA  JSOWI 2SO N0 M6 S0006  JS00SE B0 BO0ML  NS000%
» L] 52 2Ka0W6  250MIE 2S0GMA  XS0MO0F 2505 20N BOIMS  IS00848 JS00500 200N MO0 XS.0007
o o S4 0 2SaL 2500 2SN 25078 M0N0 25004 X505 XS00003 50086 2S00 NO0OME  JS0000
» o S5 JSa1e sows) Hoks soen 260340 NONB B0ISE B0 JS00RE  S006) Ko S0
» o S8 2S5 25083 2500083 2505153 JSOBGAL  JS0NS0F X066 XS00077  JS00673 25006 00N SO0IM
L o 6 JSA1M6 2508661 JSA2M 250530 JSOM01  JSO0MM BN S0MSE 2S00 2500M4 B0 3S001S2
n [ 62 2522000 2S0ME  SENS  JSOSS1  2S0MS6 200NN BAWNE SO0 2S00 NSO NS00 No0N
n Lk 64 Maans 2630081 0NG S0568S 260611 2500880 MO SO0INA JS008S 250083 2S00NS  N.0010
n o K6 251043 2530 2MONG 506850 20NN M0H  NMOMO 2S00 KOME M0 IS0
- L] 68 IS06 253060 MO N0 SOMM MO0NS NN SO 2S000F 500 2500M N00N
n o 7 ISa26 253060 RN N0 SOU6 S0 BEH B0 NS08 BOS  BO0OUS 350001
» Ll 72 BT SINE BSME 50671 SOUM N BN NO0ME7 250011 2N0006 K02 XS.00086
n (Y] 74 2533m1 0 25207 JSMSH IS0 2SONMGS  MSOSM  BOSM B0 S0uM RN Boow  5oos)
» L 76 35330 25311 BN JS06N05 250500 250N BN KO 2S00 SO0 N00W 25003
» (] WIUG 20 0686 ISO5162 20N SO0 NS00 JSOINE 25003 50067 35008
© o 251361 M0NR 2500000 ISO0S306 250MM XMW 201 250003 25006 00N
a Y] 203110 JSON0E FONM 2506054 200 M) 0N B0 2500 00K 30000
a o 293000 0N NOMS SO MO0GM KON SO 5053 S 2000 250086
o o B NG MOSM N004 NO0GN NI NS00 2S0M06 5000 N0 X006
-“ o WIANE NOMD NS00 SO M0MN KoM s BONE B KoM BS00R6
& o B3 NS B0KE S0 25065 BB WS MO HOEN  IS006
- o 283060 B SO 067 N0 BoMR S8 50063 5016 X005 X006
o o 2512863 25300 JSORIN S0 2S0MIT M0N0 SO645 JS0906  JS0IM) 250003 XS006)
- L Kaon Man 5089 2506452 2500 WO BN Ncad 20 N000 250067
- o 26ans 606N 0L 250601 Ao Bomu Wom Aot Moun B0 BS00e
“ o IGO0 MGSR MO0 N0 BawD) W07 MOSM SO M0OMY
) o 201NN N0ME JAOD4L JSOGMT 25000 N0 XNOMI6  JS00aS M0 201N XS00M6
o L Aue sy JS06M0  JSOM0E MO N0 AOHI S0 NOHE BO XN00RE
s [ 2SIMSI 2510 0NN 207 MNO0SS  BOGS)  BONI BN BOUN  BONs S0
- L 2W301 BIMN O NONA BSOS BO0WET B N0 S04 NON B0uM XS00W
5 el W@ BUSK B0EN 250741 2505M0  NS4ER  S00M1 S00SK 250MSE BN JS00N2
% Lt SJM BIDM BOMR2 250N 25042 BOS)) KOS S0061 50M N0 XN00MS
9 o 20640 MMM 20616 JSOMYT 0MA NS B0 S0 o Bous N0
“ o 263463 200N S017SE 20NN JMOEE BN N0 S0 M0XE  BOE S0
" ) 2W0W ManN NOoeW S0 25008 W B0 2SO0NSI  Mon))  N0SQ  BOuM
w o Muea mans 53004 JS0M07 S0 N0 NS00 500N Monsd  Xowd SouM
& e 2515000 XIMT B0 JSOR02 OGN B H0N6S SO MO NS 25012
“ o W3NG B B0 SN Nse xan S0405  S0N0NE MO BOUR NN
“ L ZBISH  BADE 510655 250846 25009 MO MO SOonM S0 Boe Ko
- L] BT SN0S NI S0NES  JS0MY) BEAS SN K06 BN BOME B0
© L 203568 NU0E  S07 S0N6 2506 XS SO0UN S0NG NSO X000 280141
“ o 20N JSIME U066 JSORMD  2SO7I1 MOSA)  SO0WD)  JS0SQ4 M0 M0 XS0MSH
o o 234 Manm i 250807 MONN BN MON0E  2SOMA)  MONON  XNOue
“ L 203634 AN M2 2500006 NOTIM N0 SO0MIS  JS0KeP  JS00SC M08 XS0085E
@ o2 2MURE 2N SIS S0 B0 X0 SO0 JSOM MOMI6  BOME SO0k
» L] A JSASS 2536 AN 2S00 5005 OB HOMLY  JS0IS¢ MONS) KON KOS
n o 42 BuTe Z650 JSLME JSAISH 500660 SONS B06U) XSO0 JSO0MYT N0 B0 wen
n (%] 144 2536 253667 50N JSLNS0 JSOM 5075 JSOATE  SO0MA 250000 2S04 BN S006
n o 6 253903 2SMAU MuS) SaUe WOM MO S04 2S00 Moy Mot S0k
" o 1B 253915 264ASS  2S0E) IS0 JSOMAY JSOMN  NO06M6  ISOS18 JS0KES  JNONSS  J0MS3  NS0MMS
» o 15 283020 25300M 2N S0 250000 200K KOS BN NO0UE MO MoK Mook
» o 152 a0 2ana Mass Mann 25008 MO0 XM XNOMS MO0 KON NN Ko
n (Y] 154 253046 26U7M0 2 201 N30 2071 B0 MOSE0  JSONK  JS0M  JS06 X000
» (Y] 186 B BIGD BN 25100 MOME 208 50552 2501 IS0 BOIX3 50000
» L 158 2520 BN Masa Bus 251046 0% N0 XNOS6AS 2509501 NO0BG  BONE)  Noun
Ll e 36 252996 2SI 2535077 M6 SIS N0 B0 NOSTIR JSO0ed 2oEn BOa3 K026
& o 162 2520101 2530885 281806 XM 20E1) B0 MOSEL JSO0MET  250%e6 500 50N
© o 164 292013 250N M35 NN IS0 N0ND MO NS08 SO0 KON N0NE S0
o @ P R L T N6 263002 200D MOMII M0 JSO0MM 2M0MAY  MO0NR  S0NS1
- 2 168 2920406 2508 2SUSSE JSLNT) 2531000 200MA)  BESI) XS0000  JS0MIT  J50MI 250008 50006
© e 1252064 26ISA5 MISNE BN SIS NOWK  BONM B0 A0S BOMM  MOMSL 50062
" [ 172 B MUSA DS B SI6 B006 BONS  NO0N  ISOSEI 2SO BO0E SO0
o o 174 25081 25IMETI XSASME  JSLISEY JSIL06 50N XBETHIS  XSO0MME 2500067 MOaM  NORR NONM
- L 176 2520000 2SO 2SM0% 50687 JSau NOGR  Bomé 265 Mo NOoIME 250063
" (3] 128 2SI SAM 2SI ST 2S00 290MEY N6 5067 JS0AN3 M0AME  NOMU S0067
o o I IS 25308 MM JSUA 2521719 25009 NOKE 506661 2506416 250061 NOME SO0
“ o W2 BnMr SmN FSI6E 214005 221833 JEO0MOE MOKNS  XS06S) 506490 25043 201 XSO0
£ o e 2030 NS 2SI 2SO JRS00 NGNS MO0 S0MMI 20600 M0N0
" L M6 JS2ET a2 2000 MOAMD O SIN6 Al M4 S0M06  JS0MES  O0Es N0 S00me
" ] B 25216 Ma%a MMM MMM 2S00 NI0N  BASH SOW7 5004 N0MSE  BONM 5000
" o 19 NI 2538660 XSLAM MM NaRNE NoNN B SO0 A58 BO0ON  NOoMNG X000
- 2 192 B2006 28I e M6 SaNM M 07T K008 03 0] KON S0y
o [¥] 184 B2 BN SO N6 SN0 BI5H  NO0ME SO0 JS05WE  2S0@E1  B0MN SO0NME
- o 106 252204 2520031 250300 2SRNS54 253060 N.0aN06 250739 JS0OTE 2006 MO0 XS0N06
” 0 195 252236 250183 SN 2SS S04 2530040 SOIE  JSOME 2506361 2508081 B0 XS00N5
00 o n sue oy Msy 8806 282234 2530881 Mon0l LMY MO 0808 MOMM  MONN
m o 202 M2200 202000 IS NISY SO0 2a0NS Xone WONE MO BSU MOoON Mo
0 (Y] 204 BRI WA KD MISME ISIGT M08 NMNS  SOT5 JSO0G0N  BMODM  BMUDT S0
o Lh] 2086 BME 252N BaNE Baw BanE Baue BNeww BLTMA 25061 NG NoaN Hnas
0 L 208 BN BA0Q NU0N XSS BN MI06 KoM KON S0R7 N0 K0S 2506
5 (%] WOBBDE BINH BIK SISEN BAUNS BIE BNKM S00U IS0HES BT BOUR S0
306 o 22 B 25200 BN BT BIM NI 50064 NSOMI6  JS0673T 2S0S5S51 SO SO0NM
w e a4 82000 a0 IS8 NS BOWE B9 S0 KGN B0 X0
04 Lt ns 26233 252006 20 2515055 253600 16 MONDT  MOSN6 250001 2505000 N0 0NN
m o B BN 25202 NS N0 JSIM01 BT B S0NA 500 250806 BoOE BOUSE
uo “ n 224N LMK DS 2SaMOT 26aM X006 SOED  S0N6C 250481 MO0M SOk
s e 22 BATE BASH BN NI S0 BIM N6 N0 S07eE XM0MM BO0WS X0
W o 24 BB B2 BUSY XNIeM Saay saxn Boaen W/owss mona Ho6 KOG Ko
1 o2 26 W01 28275 [S0L I BaNM BIBE S SO0 N0 IS0 N0
e L A B S0 2SaNE 6600 2S3A6 2anN B0UY S0 BO Mo Bown 250636
s o B8 BnW BINM BT 53 NaNT NSNS0 JSOMI 25064 BOSUS 800
e LH 232 3524w 2S2nn 2SI JSI6EM 2Sa4S1 NDO  BEE N0 50N MO0W NN moum
w o 84 282445 2200 Mand 53680 2634606 250056 M09 MO 2SOMM oA BO5M BOM
ey [ M6 BWME! 220N N NN 620N IO NI BO0NEE  SOMIS MWD N0 3500
aur e E BNN 20 BINE NI SO BN NI08 N0NS) SO0T% 02 NO0MIS XS0M6
w L WM BIGS B BING Naa NaRO Bues WONE NN B0 N0 SONM
i e 202 52N 2520661 MW BI7EA JSISM5 XA JSIM0 NOMN JSOMET IS0 150655 5048
w o 44 s BN MMM S8 53546 253050 BN SO0SI3 JS0M0E N0 506N S0T
wn L 246 2525100 262N 20005 NS 253848 IR NN N9 JS0NI S0 N0 XS040
n bl 4N SSHA 252096 MO0NL JSINE)  JSISME SIS NUIME  SOMEE  JSO0RNE 2506 05K SO0
£ L B 22N 262M0M 2200 NN 62540 SANG XA B0 MO0 Mo M0 25043
% o 252 24 20201 2004 MINN 25680 23540 NS SOMSE 5069 SO0 XN0SM0 XS04
w L 254 25255 252008 XS08M IN7 Sask 25NN FIA NOMME S0BOP 2OTIM NO0MS S0
i el 266 B2S6A 252U NXEM 5308 253574 MIMM BAUE NI0029 SO0 0N NO0RN N0
i a2 B8 BN BHN BN BB SIS0 BO7 BLAZ 5005 X066 NON6 N00R 50606
3% W 252586 B280 25,5046 BN B2 NS0T BOME 068 BSW

99

FRRRRURERERRRE R RRR

L2 AR A R R S R A R R R R R R R R R R 0 ) i)

UMM R ARRE
UAUAU A AUAAAURSUE
A A A R R R R

PEREERRRR R R R R RERRRR

=
i !
g U RRS

CERERRRERERRRERRERAERERRRRERIM

HUNR N NU MM AA R AR A AN AR AR RSE

HEHHHT
FERRER RN RR R R RN R RN R RERRRR R RS

11
i
e A R A R )

i
MU MR AN AN NN AU A AR R AU U MU ARSI A A XX AR NN RN

TR

i

I3 AR - A A R R A A R S A A A R R R R 1

i

R A R R T R R R R R R R R R i R R R R

HEHEH TR
i

RRR R R R R R R R IR R R R R R R R R R R R R R R RN R R R R KRR R R ER R R RN R RRR

®”
2
3

HEHHUHH IR
i

:
T

i
HHITH T

HHHHHHRHTHHTHE

B
£
-3
£

1

HHEHEH T BT T
T

T
EERRRRRRRRCEERERRRRRRIIRANE

RERREERERRRRREERERERERERRRRRERERERARAREREERERANES
T

HEHHH

g
HHHH

e

i
]

TR
T HH T

EEEL
i

i
REREEERERAELE
i
EREEEERRERRERRRREVERRRE

i
i
1

:
I E BT T

it
i

BEEEE

Es
i

£
HEHHHHTH T

REEEREREEEENL

i
it

it
i
SEERERRRSERERRERERRERERCRRURRRRRRIERRERENE

d

i
BT

R I
EECERREECERCEEERABRRRNERE R RE
{1

T

i



Appendix C3: Contact Conductance Verification

In this section, verification excel file can be found on USB submission.

Appendix C4: Constant hcc Calibration Calculation

In this section, detail calibration excel file can be found on USB submission.

Appendix C5: Dynamic hcc Calibration Calculation

In this section, detail calibration excel file can be found on USB submission.
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Appendix D: Back face Temperature

Material Properties
The rig was built with two aluminum alloys, 6061- T6 and 6061-T6516, which have a melting point of

650C; 923K which is lower than the upper temperatures the intermediate scale rig will be subjected to
(upwards of 800C; 1073K) during fire tests. Insulation is therefore necessary to limit the temperatures the
intermediate scale rig will be exposed to during fire tests.

While the melting temperature of the aluminum is 650C; 923K, its material properties are affected at
significantly lower temperatures. The previous MQP completed in April, 2015 by Sean Gills, Nicholas
Houghton, David Scott, and Joseph Weiler researched the temperature at which long term thermal effects
would take place on the intermediate scale rig. It was determined as a recommendation that the
temperature be limited to 2/3 of the temperature of aging during manufacturing. Since aging occurs
approximately at 180C; 453K the limiting temperature threshold was determined to be 120C; 393K. The
MQP group determined this by investigating the losses to the yield strength, and tensile strength, and
increase in strain with elevated temperatures. Also investigated was the temperatures at which the
aluminum is heated, formed, and aged during manufacturing since the aluminum the rig is composed of is
treated.

The MQP team also considered the temperature at which the aluminum would cause harm with human
interaction. A study by Ungar and Stroud at the NASA/Johnson Space Center determined that any
temperature of aluminum below 45C; 318K would be below the threshold of pain for human touch. It
would be ideal to keep the temperature of the back of the aluminum below 45C; 318K, using insulation.
Another consideration we will be taking into account because of the setup of our practice wall, is the
dehydration of sheetrock, or gypsum board. Since the practice wall is composed of a front face of
sheetrock for the first practice test, and then insulation, followed by the sheetrock for the second practice
test. We would like to ensure that the second panel of sheetrock will be in sufficient condition for a
second practice test, and be able to support a safe temperature at the back face. From several studies on
gypsum by Mehaffey et al, Gerlich et al, McIntosh et al, gypsum board has been determined to contain

approximately 21% water by weight. When gypsum boards are heated to temperatures above 80C; 353K,
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the chemically bound water dissociates from its crystal lattice and evaporates. This process, known as
“dehydration” of gypsum, and takes place at temperatures between ~80 C and ~250 C (353K-523K). A
study by Benichou in 2001 found that the mass loss of gypsum wallboard remains nearly unchanged up to
100C; 373K. Between 100 C and 160 C (373K-433K) the mass loss under four hours of exposure is
approximately 15 percent, as moisture is lost.

Cerablanket; ceramic fiber blanket insulation, and sheetrock; or gypsum board, are to be used to insulate
the rig, and as a means to mount instrumentation. Cerablanket is utilized due to its low thermal
conductivity, accessibility, and previous reliability in WPI’s fire laboratory. The back face of the practice
wall to which the gypsum wallboards and cerablanket is mounted is a 0.8" sheet of plywood. Also, for
wall stability a standard wood frame is also used in discrete locations. The following table illustrates the
practice wall materials and thicknesses. From left to right, the front face to the back face respectively. The

total thickness is 0.13462m.

Table 23: Practice Wall Material Thickness

Sheetrock Cerablanket Sheetrock Plywood Wood frame (in
discrete
locations)

0.5" 19" 0.5" 0.8" 19"

0.0127m 0.04445m 0.0127m 0.02032m 0.04445m

The material properties of these substances are outlined in the following table.

Table 24: Practice Wall Material Thermal Properties

Notation Thermal Density Specific Heat  Thermal
Conductivity  (kg/m®) rho (J/kgK) Cp Diffusivity
(W/mK) k (m?/s)
a=k/rhoCp
Sheetrock a,c 0.17 481 1300 2.718695E-7
Cerablanket Db 0.04 96.1 670 6.212434E-7
Plywood d 0.13 545 1215 1.963227E-7
Wood e 0.11 561 1400 1.400560E-7

Sources: Engineering Toolbox, Manufacturers' Websites

Temperature Diffusion Time

By using semi-infinite 1D conduction analysis with exposure to a hot gas temperature, to determine the
time for the temperature gradient to reach the wall, the thermal diffusivity over the material thickness is

considered a constant average.
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The constant thermal diffusivity, determined with relation to the thickness of each layer is calculated, for

example:
. = [:a'rztrz:] + [:a'btb:] + (a'ctc] + (adtdj
T tr
where: a = thermal dif fusivity, and t = thickness
A

(2 +2.71865E — 7) = 0.0127 + (6.212434E — 7) = 0.04445 + (1.963227E — 7) = 0.02032 + (1.40056E — 7) = 0.04445
- (2= 0.0127 + 0.04445 + 0.02032 + 0.04445)

ar = 3.32129E — 7 m" /s There is not a practiced method to modeling multiple layers with a singular
average thermal diffusivity term, however this method is justified intuitively by taking into account the
thickness ratio of each material. All thermal diffusivity terms are in the range of 1.4E-7 m2/s to 6.2E-7

m2/s so the resulting 3.3E-7 m2/s will produce representative results, as this range is reasonable.
Thermal conductivity is added in series with respect to the length.

@) @)+ (@) (@) + ()

o c g

kr=

t
where:k = —,and R = —
R k

Rr=R,+R, +R_+R; +R,

k., = 0073924 W/mK

Back Face of Wood Frame
Semi-infinite behavior may be assumed if the thickness of the overall insulating body is greater than or

equal to 4 times the square root of the overall thermal diffusivity multiplied by the time. (Drysdale, 2011)

Ax = 4/ (at)

Using this equation the time at which the heat reaches the back face of our wall may be determined.

"
r

r Im
0.13462m = 4V (3.32129E— 7—=* t)
]

t = 3410.3 seconds, or 56.84 minutes
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In addition, by using semi-infinite behavior, the time at which the back face sees a temperature rise on the

order of 15% may be determined by the following equation.

Ax = 2V (at)

-
&

: m
0.13462m = 2V (3.32129E— 7—= 1)
g

t = 13641.19 seconds, or 227.35 minutes
Since the duration of the test we will be completing is providing exposure to the burner flame for 30
minutes, and then incorporates a cool down phase, the back face temperature of the wall through these

layers due to 1D conduction should not be within the range of damage to the rig (40C; 313K).

Back Face of Plywood
Let us now consider the semi-infinite conduction model to the back face of the plywood, since the wood

frame is only in discrete locations.

The new constant thermal diffusivity value becomes,

-

3.84857E— 8 m-
a= ———= 426813E—7—
0.09017 g

The new thickness not considering the wood framing becomes 0.09017m. Using the semi-infinite

analysis:

Ax = 4/ (at)

-
&

- m
0.09017m = 4V (4.26813E— 7—= 1)
s
t = 1190.6 seconds, or 19.84 minutes
This time is not ideal, since it is within our testing range, however this plywood wall will not be in direct
contact with the rig, since the framing will leave an air gap. The time to 15% temperature rise at the back

face of the plywood is determined:

Ax = 2V (at)

"
r

r Im
0.09017m = 2V (4.26813E— 7—=* t)
]

t = 4762.4 seconds, or 79.37 minutes

104



These calculations indicate that by the commencement of the 30-minute testing period, the heat will have
reached the back face, however the temperature rise on the back face will be less than 15%. Based off of
NFPA 285 calibration the approximate front face temperature for the 30 minutes of testing will be
considered 700C; 973.15. A 15% temperature rise to the back face would indicate
Tigy, = 700+ 0.15 = 105C; 378K
Therefore this temperature rise calculation will be a good measure of the point of dehydration to the
sheetrock (within the range of 80C-250C). However further analysis is required to insure the safe human

pain threshold temperature of the aluminum is not reached (40C; 313K).

Back Face of Cerablanket
Since the degradation of the second gypsum sheetrock is a concern, a semi-infinite analysis will be taken

at the back face of the cerablanket, at the front face of the second gypsum board. At this location, the
thermal diffusivity term is calculated to be, a= 5.43605E-7 m?/s. The thickness of the front layer of

gypsum, and layer of cerablanket, t= 0.05715m.

Ax = 4 (at)

-
&

. m
0.05715m = 4‘»’[5.43605E -7

=t
S]

t = 375.52 seconds, or 6.26 minutes
This time is not ideal, since it is within our testing range, additional thickness of cerablanket may be
required to keep the second layer of gypsum sheetrock from dehydrating to a critical state. The time to
15% temperature rise at the back face of the cerablanket, and front face of the second layer of gypsum

sheetrock is determined:

Ax = Em’r[at]

"
r

r m
0.05715m = 2/ (5.43605E — 7—= t)
s

t = 1502.08 seconds, or 25.05 minutes
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Since this temperature rise is seen within the 30-minute test exposure, we can assume that with this

design there will be degradation of the second layer of sheetrock.

Temperature Diffusion Time Results
The results from all three conditions are summarized in the following Table.

Table 25: Thermal Diffusion Time at Depth Results

Effective Effective Thickness (m) Time for Time for 15%
Thermal Thermal thermal Temperature
Diffusivity Conductivity penetrationto  Rise (mins)
(m?s) a (W/mK) k back face
(mins)
Back face of 3.32129E-7 0.073924 0.13462 56.84 227.35
Wood frame
Back face of 4.26813E-7 0.063636 0.09017 19.84 79.37
Plywood
Back face of 5.43605E-7 0.048189 0.05715 6.26 25.05
Cera blanket
Back face of 5.7757E-7 0.044228 0.1016 18.62 74.5
additional
layer of Cera
blanket

The results for temperature diffusion with respect to time indicate that within the 30 minutes of testing,
there is temperature diffusion to the back face of the plywood, but on the order of less than a 15% rise.
The plywood is not in direct contact with the aluminum rig, so there is not a significant concern for the
durability of the aluminum with regards to temperature ware. There is however, a concern for the
dehydration of the second layer of the gypsum sheetrock which was designated for a second practice test.
The 15% temperature rise is reached by the front face of the second layer of gypsum sheetrock.

The temperature of the gas in each gas flow phase at each centerline height is known from the NFPA 285
design test, the Southwest Institute study, and a previous MQP study is mentioned in the comparison
chapter. Since the temperature gradient, and diffusion calculations were based on the temperature of the
front face of the practice wall at the material, and not the gas temperature of the fire, convective loss must
be taken into consideration before using the temperature gradient analysis to determine back face
temperatures.

We will be using a max heat flux of 40kW/m?, and a max temperature at the lower height of the rig, in the

last five-minute phase of 700C. For a temperature gradient to be on the order of 15%, the back face
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temperature would be 105C. Therefore, if the max temperature of 700C was seen throughout the 30
minute span, the temperature at the front face of the second layer of gypsum would reach 105C at the
25.05minute mark. Since the temperature is not a constant maximum value, this temperature would be

reached after the 25 minutes.

By using a temperature average over the 30-minute test period, this would give a lower bound of the
temperature at the second layer of gypsum board to provide context for the problem. An average value of
the gas is on the order of 600C. This would indicate at 25 minutes the temperature at the second layer
gypsum reaching 90C. Since the dehydration process begins for the sheetrock at temperature of 80C, this
is more reasonable, however the exposure may still support dehydration.

Additional Layer of Cerablanket Analysis
Working backwards, we can determine the thickness of the cerablanket given that ideally there is not a
15% temperature rise at the back face of the cerablanket/front face of the gypsum sheetrock until 30-
minutes into the test. Therefore:
t = 30min = 1800=ec

Ax = 0.05715m + added thickness

((5.43605E — 7m2/5)0.05715m + (6.212434E — 7m2/s) * added thickness)
Ax

Using the equation for 15% temperature rise:
Ax = 2V (at)

0.05715m + added thickness
|

=2 || (((5.43605E —7
\

-

m;

-

m;

=

) 0.05715m + (6.2 12434E—-7
g

) * added thickness)t/Ax)

-

| 3 m&

T
0.05715m+ b = 2 ll(([E.llJﬁ?E.' -8—) + (6.212434E -7
5
\

) *b)t/0.05715m + b)

]

If one more layer of cerablanket were added, the added thickness (b) would be 0.04445m.

el
=

r m
0.1016m = 2V (5.7757E — 7 — = t)
5
The time to 15% temperature rise at the back of the second layer of gypsum would be,
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t = 4468 secor 74.5mins

With initial temperature rise,

-
&

0.1016m = 4V/(5.7757E— 7 m? = t)
t=1117.02secor 18.62mins
Therefore, it is recommended that an additional layer of cerablanket be added to the practice wall to
protect the second layer of gypsum sheetrock; to ensure that the board is in good condition and not
significantly dehydrated, and so that it may be used in a second practice test. With the one layer

composition, there will be dehydration of the gypsum sheetrock.

Temperature Calculations
Using analysis of measured gas temperature, heat transfer coefficient and heat flux, an idea of the

temperature profile over time may be generated to indicate the duration of critical exposure. The gas
temperature and heat transfer coefficient of reference are determined from previous MQP, NFPA 285, and

Kreysler tests. The magnitude of the parameters under consideration are reported in the following table.

Table 26: Time-Step Gas Temperature and Heat Transfer Coefficient from Prior Testing

Time step (Mins) Gas Temperature (C) hc (W/m2K)
0-5 300 27
5-10 500 31
10-15 590 32
15-20 615 35
20-25 650 37
25-30 700 40

It is important to consider these may not be the most extreme conditions, as there is variance.

Finite Difference Method

The finite difference method is used to determine the temperature at depth within the solid. This
approach is used to model both the incident heat flux boundary condition, and the convective heating

from the gas temperature boundary. These results may be compared with the semi-infinite solution.

Interior Nodal Equation:
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General 1D heat conduction

aTl dZT
— = —
dx dx -

o= thermal dif fusivity
dx = spacial node

dt = time node

FDM
" . E:n
fis1=F: +f“:-dx+&dx‘ PP L
2! n!
v .,  fi"
fiei=F —f’idx+2—!idx‘ — - dx”

The sum of the two above equations:

_ fi+1— zfiﬂ'" fz‘—1+ 0(dx2) & fis1— Efiﬂ-" fi-1
dx< dx=

Applied to temperature

TH‘lm - Tim —o Tim—i - ETEm + jl--im+1

=

dt dx<

THL  —o

dt i i i i
ti.'x.'z{T m—l_zT m+T m+1}+T m

dt ) ) dt
3 (Ttm—1+ jl--E:vr1+13'_|_ {1 -2 dxg

Ti+l g
m dx

)T

Fo =

dx?
Interior Nodal Equation:

T+l = Fo(T,_q+ Tinsq)+ (1 — 2F0)TH,,

Incident heat flux boundary
Front Face Boundary Condition:

dT

G net = _ka =q"inc — h{T:r,t - TDCJ

For purposes of consistency
Ter = Tim

By Taylor series expansion
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_fin—fi

firi—fima =17, 2dx

Applied to temperature gradient

E _ jl--im+1 B jl--im—i

dx 2dx
Timst1 — Tl -
q natz_sz i c_h{Ttm_Tac}

Solve for T m—1

—2dx .
I }[r-_;'”z'nc - h{TEm - Tﬂtj

Tim+1 - Tim—i = (

) _ —2dx
T =T + (T}[q inc h{T: — T J

. . 2dx
jl--E:"J'L—l:ir-tm+1+( I )[l'-]' inc h{TE — T }]

pi ot +(2:ix) (de) h{T‘ }
m—1 m+l k l‘-i' inc

Ti =T +1+(2dx)q (m) R (@)hnﬂ
iy m k inc Iilc k

B__dxh
Tk

i — i @ i i
T 1 =T e + X §"ine — 2BiT",, + 2BiT,,
Insert this into the interior nodal equation

_ . 2d _ . .
Ti#l = Fo([T! ney + (Tx) §"ine — 2BiTE 4+ 2BiTo] + Tinaq) + (1 — 2F0)TE,,

. . 2dx . .
T+l =FoT%, .1+ Fo (T) §"ine — 2F0BiT*,, + 2FoBiT,. + FoT! .1 + (1 — 2F0)T",,

. . 2dx . . . .
T+l  =FoT!,.,+ Fo (T) q"ine — 2F0BiT*, + 2FoBiT,. + FoT ' ;24 + Tt — 2F0T?,,

i+1 i dx i : i i
T, =2FaT* 21+ 2F0 % §"ine — 2F0BiT',, + 2FeBiT, + T, — 2FoT",,

. dx . .
Tl = 2Fo (—) §"ine + 2F0BiT,. + 2FaT! .4 + T, (1— 2F0 — 2F0Bi)

k

To back face of plywood, with: 1 layer of cera blanket
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Figure 64: Temperature profiles at 5min intervals

With two layers of cerablanket:
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Figure 65: Temp profile at interfaces vs. Time
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Figure 66: Temperature profiles at 5min intervals

Convective heating by gas temperature boundary

Front Face Boundary Condition:

dT
Q" nee = —k—— = (T, —T.)
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For purposes of consistency
T:r,r = Tim
By Taylor series expansion

fz‘+1—ﬁ'—1=‘!‘ff5=%

Applied to temperature gradient

ar _ il--im+1 B il--im—l
dx 2dx

a Ti +1_Ti -1
d nec = _k# = h{Tg - Tm}

Solve for T m-1

2dxh ,
I }{Tg - sz}

B__dxh
Tk

Time1 = Timar +(

Timo1=Times + (2B0)(T, - T'y)
Insert this into the interior nodal equation
Tl =Fo(T' .1+ 2Bi(T, — T: )+ T .10+ (1—2F0)T¢,

T**1,, = 2BiFoT, + 2FoT" 21 + T* (1 — 2F0 — 2BiFo)

To back face of plywood, with: 1 layer of cerablanket
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Figure 67: Temp profile at interfaces vs. time 1 layer of Cerablanket
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Figure 68: Temperature profiles at 5min intervals with 1 layer of cerablanket

With 2 layers of cerablanket:
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Figure 69: Temperature profiles at 5min intervals with 2 layers of cerablanket
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Figure 70: Temperature profiles at 5min intervals with 2 layers of cerablanket
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Appendix E: Mobile Base Calculation

Clamp Force of the Platform Top

The following equation was used to determine the force needed for the rig to shear the top layer of the
platform when pushed...

FClamp = T/ (DBolt*u)*N

Where: T = Torque applied to the bolt/screw (assumed 200 Lbin. Of torque used to secure each screw
with drill)

DBolt = Diameter of the bottom of the bolt/screw (Measured to be 0.25 inches)

K = friction coefficient of the wood with the bolt/screw = 0.2

N = number of fasteners in the face of the wood, which for our platform is 12 screws

So

FClamp = (200 Lbin.)/ (0.25in.*0.2)*(12 screws)

FClamp = 48,000 LBS

A monumental and unrealistic force of 48,000 pounds would be required to shear the top of the platform.
Rolling Friction of the Rig

Next we determined the push force required to get the rig and platform assembly on the assumed four
wheels...

We use the following equation...

F = f*W/R*N

Where f = friction coefficient of the hard rubber wheels on the concrete floor, it was found to be 0.02
W = weight of the rig, 806.6 Lbs.

R = radius of each wheel, 3.5 inches (since we will use 7 inch wheels)

N = number of wheels, 4

We solve accordingly...

F = (0.02)*(806.6 Lbs. /3.5 in.)*(4 wheels)

F=18.4 Lbs.

18.4 pounds of force will be required to move the rig and platform on all four wheels simultaneously.
Sliding Force

The following calculations were done as a means of determining the force required to slide the rig on the
platform. It was done in concurrence with the rolling friction calculation above.

F = ps*w
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Where: us = static friction coefficient between the rig and the platform, which was found to be a
minimum of 0.2 (aluminum and dry wood)

W = weight of the rig, 806.6 pounds
So F =(0.2)*(806.6)
F =161.3 Lbs.

161 pounds of push force is required to slide the rig over the platform, which is much greater (almost by a
factor of 10) than the force required to move the four wheels of the platform.

Center of Gravity for the Rig and Platform Assembly

The following calculations were taken to determine the 3-dimensional (X, y, z) center of gravity for the rig
and platform. Note that the dimensions were as follows: x from the left of the rig to the right, y from the
front of the rig to the back of the rig, and z from the bottom of the rig to the top of the rig...

Figure: Symmetry of the rig frame in the x-direction

First of all, we assumed that the assembly is perfectly symmetric in the x-dimension, and therefore placed
the center of gravity at an x-coordinate that coincided with that assumption. Therefore Cx= 28.5 inches

Next we determined the y-coordinate of the center of gravity, which is split up by weight in the following
picture...

Figure: Drawing that features the weight segments of the rig in the y-direction
From the figure above, we have three segments of the rig that have different weights

First we have the two sidewalls and part of the bottom of the side rails, assuming the vast majority of the
weight is in the sidewalls, we solve for the weight of the first segment...

Cly = (44/52)*(373.14 Lbs.) = 315.7 Lbs.

The second segment of the rig contains the back wall, the vertical piece of the side rails and a part of the
side walls as well, the following equation was used to determine the weight of this segment, assuming
that 1/3rd of the weight of the side rails is concentrated in this segment...

C2y = (8/52)*(373.14Lbs) + (137.34 Lbs.)+ (1/3)*(296.12 Lbs.) = 293.5 Lbs.
The third segment contains only the remaining piece of the side rails. Its weight equation is as follows...
C3y = (2/3)*(296.12 Lbs.) = 197.4 Lbs.

Now we can solve for the y-coordinate of the center of gravity for the assembly, including the platform in
the calculation...

Cy = (50/856.6)*(36.5 in.) + (315.7/856.6)*(22in.) + (293.5/856.6)*(48) + (197.4/856.6)*(62.5)
Cy =41.1 inches

For the center of gravity in the z-direction, we use a similar method with the y-direction, except now we
have two segments instead of three

Figure: Drawing that features the weight segments of the rig in the z-direction.
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The first (bottom) segment is made up of the bottom of the side rails along with the bottom portion of the
side walls, and the back wall (also Cly + C2y = 609.2 Lbs.)

We first solve for C1z using the following...

Cl1z = (2/3)*(296.12 Lbs.) + (18/96)*(609.2 Lbs.) = 311.6 Lbs.

We now solve for segment 2, which is made of the sum of the first two y-direction segments only...
C2z = (78/96)*(609.2 Lbs.) = 495 Lbs.

We now solve for the center of gravity, including the platform...

Cz = (50/856.6)*(2 in.) + (311.6/856.6)*(13 in.)+ (495/856.6)*(56 in.)

Cz =37.2 inches

We have a final center of gravity of (28.5, 41.1, 37.2)

Bending Stress

We now look to the maximum bending stress to occur to the platform’s supporting members, and see if it
exceeds the wood’s rupture modulus of 5,100 PSI (for Southern Pine, Engineering Toolbox)

6= (3*W*L) / (2*w*d2), Where

W = Weight of load = 2400 Lbs. based on the ratings of the wheels
L = Maximum length of the supporting member = 72 inches

w = width of the supporting member = 2 inches

d = depth/height of the supporting member = 6 inches

We solve for o,

o = (3*2400 Lbs.*72 inches)/ (2*2 inches*(6 inches) 2)

o =3600 PSI

The maximum bending stress of the assembly is 1500 PSI less than the wood’s rupture modulus of 5,100
PSI.

Tipping Force/Moment

The following calculations were to determine the force required to tip the rig if the platform were to hita
bolt or some other obstruction on the floor

Without considering velocity, we use the following equilibrium equation to determine the push force
necessary to tip a stopped rig over...

Tw=TC
W*Cx = F*height of push

So essentially, we determine which force will cause the push torque or TC, to be greater than the torque
generated by the rig upon the front wheel

We first have our givens...
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W = 856.6 Lbs.

Cx=285in.

We then solve for F, using a push height of 80 inches which was used as a “worst case” scenario.
F = (W*Cx)/h = (856.6 LBS*28.5 in.)/80 in.

F =305.0 Lbs.

A minimum static force of 305 Lbs. would need to be exerted to tip the rig over, when stopped.

These preliminary calculations were done to make sure that while moving the rig on this platform, we
would not be in any risk of breaking the platform or tipping over the rig, which would be a very
unpleasant situation for us.
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Appendix F: Burner Design

Based on the MQP completed in 2015 by Blake Cornachini, Matt Foley, Scott Knight, and Tom
Ritchey, "Calibration of an Intermediate Scale Fire Test for Exterior Wall Assemblies: Source
Fire," our burner settings were determined. By utilizing the 2D plume theory, adapting heat
transfer principles, and running fire models, the source fire simulates the thermal insult of NFPA
285. The NFPA 285 test involves the base of our practice wall placed directly above a window.
The rig accommodates for this with side channels that are used to match the vertical gas flow
exhausting from the NFPA 285 window. In the NFPA 285 test there are two burners, one in the

room, and one at the window.

In order to accurately compare the fire of NFPA 285 and that of the designed burner, it was
necessary to characterize NFPA 285 in terms of the plume which the test specimen is exposed to.
This characterization comes primarily from the calibration provided within NFPA 285 as well as

existing work completed by Czarnowski et al.

NFPA 285 provides external plume centerline temperature data for one to six feet above the top
of the window frame, and heat flux data for two to four feet above the window frame. Utilizing
the existing 2D and spill plume theory, Czarnowski et al. determined that the flow resulting from
the dual burner arrangement of NFPA 285 could be considered nominally a 2D Spill Plume.
Next it was necessary to characterize the plume of an NFPA 285 calibration in terms of the
modes of heat transfer between the resultant plume and the wall specimen. To do this
fundamental radiation and convection heat transfer equations were utilized, along with data from
the calibration procedure. Utilizing the calibration heat flux values from NFPA 285, the total

heat flux to the three locations along the centerline of the wall was known.

q“.tr.rtul = q“cunv-'—q“rur.!
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The heat flux due to radiation was calculated by determining the emissivity of methane, from

data in NFPA 28&5.

q rad = eoT*
By knowing this value, the convective heat transfer coefficient of the plume was determined.

h'_- —_ [Tp!m-rao}

-
q conv

Since the NFPA 285 test can be characterized as a 2D plume, this means that the smoke plume
created is only considered to exist in two directions, height and width, and it is assumed to be
infinitely long in the third direction. For this reason, a line burner was chosen as the type of
burner for this project. A line burner is a cylindrical pipe with a straight slot cut out along its
length. A mesh screen lines the slot to diffuse the gas as it exits the burner, where it is ignited to
create a non-premixed flame. The burner was designed for this project to resemble the window
burner from NFPA 285 as closely as possible. For this reason, the pipe diameter and slot
thickness were maintained from NFPA 285, while the slot length needed to be scaled down from
48 inches to fit in the intermediate rig assembly. This resulted in a final slot size of 0.5 inches by
28 inches. The main two inch pipe is fed on both sides by symmetric one inch diameter steel

piping to ensure even gas flow.

Figure 71: Line Burner Assembly
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In the previous MQP Rig Assembly, the test wall was balanced on the burner box as shown in
the following figure, so the burner was placed under the burner box. The same results may be
achieved by supporting the line burner in front of the test specimen, and inserting the gas line

from the front of the assembly.

o ]
Test -
Specimery E: Oft
o 121t
Burnery
—

Figure 72: Line Burner Placement

The previous MQP group performed practice tests on a temporary test specimen with the burner
at different heights and distances from the bottom of the test specimen in an effort to best
simulate the window opening. The optimum placement of the line burner was determined to be 9
inches below the bottom of the test specimen, and 1 % inches horizontally in front of the test

specimen, and centered along the length of the slot.

Although NFPA 285 uses natural gas, propane gas was used for testing because it has a higher
soot yield and is more readily available in the WPI Fire Protection Laboratory. A higher soot
production is beneficial to this project because it increases the radiative heat flux produced by
the burner. This is necessary because the combined plume created by the room and window
burners in NFPA 285 carries more convective heat flux than can be produced by the single
burner designed for this project. For this reason, radiative heat flux produced by soot can be used

to supplement some of the missing heat flux.
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A comparison table between methane and propane supports this decision

Table 27: Methane and Propane Comparison Table

Property Methane Propane
Chemical Formula CH4 C3H8
Density (kg/m*3) .668 1.882
Heat of Combustion (kl/g) 50.00 46.45
Soot Yield (g/g) 0.000 0.024
Flame Temp (K} 1446 1554

Soot Volume Fraction 4.49E-6 7.09E-6
Total Calculated Emissivity 0.112 0.188

The MQP group which focused on the burner scaled the HRR from NFPA 285, and their practice
tests by using the width of the window for NFPA 285 (1.98m), and the length of the line burner
for their tests (0.71m). After scaling the NFPA 285 heat release rates from the window and room
burners, they were converted to flow rates by using the heat of combustion and density of

propane, and added together.

These heat flows were then tested, and the temperature and heat flux results were compared to
expected values. The temperature profiles of all the burns, were scaled by the height above the
burner divided by the heat release rate per unit width to the 2 /3 power, following the precedent
set by Yuan & Cox. The profiles were compared to the theoretical temperature rise as correlated
by Yuan &Cox. The data from the burns collapsed well about the correlation with some notable

variation.

By leveraging the existing 2D plume theory, the team was able to fit a correlation to the results
by imposing the physical constraints of the three flame regions, continuous, intermittent and
plume upon the data. The correlation was fit using an average error minimization technique. The

form of Yuan & Cox’s equation was replicated, keeping the exponential constants the same and
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varying the coefficient B. This correlation adjusts the existing theory based upon a burner in the

open to a line burner against a vertical face.

The heat flux profiles were then compared, and a similar method was employed to create a
correlation for heat flux by separating the three flaming regions, continuous, intermittent, and

plume, with an adjusted B value.

The group concluded that 2D plume theory with three flaming regions aligned all data collected
with expected NFPA 285 comparison results. Also the line burner against a wall required

adjustment in calculations.

Based on their test, comparisons, and analysis, the MQP group developed a set of recommended

burner flow rates for the 6, five minute steps to match NFPA 285 testing.

Table 28: Burner Flow Rates (CFM)

MNFPA 285 (min) Burner (CFM)
Otos 4.7
Stol10 6
10to 15 7.5
15te 20 12
20to 25 13.6
25to 30 15

All considerations were taken at the 3 foot height from the base of the test specimen. This was
done due to the mass of hot gases exiting the burn compartment of NFPA 285, the measurements
closer to the window frame are reported as lower than those farther up. Fire plume theory states
that the centerline temperature measurements should be at a maximum closest to the origin of the
fire and decrease in magnitude as you ascend vertically up the plume. The reason for the

divergence of NFPA 285 from the theory is what the group has defined as “Exit Effects”. This is
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due to the momentum of the compartment exhaust separating the thermal boundary layer away

from the wall horizontally, before it eventually attaches to the wall further up the face.

When considered as an absolute average, the burner was able to reproduce temperatures and heat
fluxes by the MQP group to within 19% and 23% of NFPA 285 respectively. When you discount
the points deemed “Exit Effects” this accuracy improves to 14% and 13%. Finally, in the initial
time step of NFPA 285 only the room burner is ignited. This profile is highly difficult to
replicate with a single line burner, and when removed from the data set the accuracy of the
results improves further to 11% for each. These results were based off a test specimen with the
same face as the practice wall we will be analyzing, therefore we do not foresee any large

deviations, and can expect to obtain similar temperature and heat flux values.
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Appendix G: Standard Operating Procedure

Since our goal is to run fire tests that can successfully mimic a full-scale NFPA 285 test, it is
important to follow the same test operating procedure as of that outlined by NFPA 285. The
following steps shall take place after the transport of the rig to under the hood. They coincide

with 2012 NFPA 285, 8.1.1 through 8.1.5.

1. The thermocouples and thin skin calorimeter(s) on the test wall shall be checked to
ensure that they are properly working. This can be achieved by checking the data
acquisition for a temperature signal along with the successful calibration of the thin skin
calorimeter.

2. The burner shall be turned on and burned to a small extent before final positioning. That
way we can ensure a vertical flame direction up the wall during the test.

3. The final positioning of the burner shall be so that its horizontal centerline is
approximately 9 inches from the bottom surface of the wall and the vertical centerline is
approximately 2 inches from the wall assembly in accordance with 2012 NFPA 285 4.4.9
through 4.4.12, and past MQP test results.

4. Take note of the ambient conditions in the test lab, including the temperature, relative
humidity, and airflow (if possible).

5. Videotape the rig assembly noting all instrumentation placement, wall materials, and
processes being utilized, note any variations made from previous assemblies. Include a
timer in the screen of the video for the observer to use as reference. Continue to video

tape until 5 minutes post-test.

These steps shall be followed in order to ensure a properly run fire test.
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After the Pre Test Procedure is complete, the Testing Procedure will be as follows

1.

Continue to video tape until 5 minutes post-test. While testing, note on the video
recording when the time step changes, and any observations: including heat experienced,

flame behavior, smoke behavior, material condition, and any other notable observations.

Since our burner has capabilities for programmable gas flow rates, we will be using this

feature to increase the heat release rate each five minutes.

Table 29: Burner Flow Rate by Time Step

Time Step Burner Flow
(min) Rate (CFM)
0-5 4.7

5-10 6

10-15 7.5

15-20 12

20-25 13.6

25-30 15

Ensure the area surrounding the rig is safely cleared, turn on the gas, and ignite the

burner.

After the burner is ignited, we will ensure that all instruments are still in working order,

in position, and reading reasonable values.

For each 5 minute time step we will be recording the burn pattern, but also making

qualitative remarks, and recording all of them, and recording a video or taking pictures

After each 5-minute time step the gas flow rate is increased. The calibration of the burner
before the test will provide the desired flow rates to provide equitable results to NFPA

2854.4.13 and 7.1.11

The gas is provided for 30 minutes. After 30 minutes the gas is turned off
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7. Any residual burning on the test specimen shall not be extinguished until not less than 10

minutes after the gas is turned off

Upon the completion of the test, the following measures shall be taken...

1. Continue video until 5 minutes post-test, then video may be turned off. After the 30
minutes to allow the rig to cool down, a video should be taken of the inspection of the rig
and its condition.

2. The rig shall be left under the hood for no less than 30 minutes to cool off for further
analysis.

3. The data from the test shall be saved.

4. The top layer of sheetrock and the layer of cerablanket shall be taken off of the wall and
observed for damage.

5. Pictures or video will be taken of Post Test conditions
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