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Abstract

For this Major Qualifying Project (MQP) a virtual simulation of the fire-resistance test
ASTM E 2307 for an glass curtain wall system was created using computer software ANSYS. Using
the software, knowledge was gained on the thermal and structural performance of these
structures during a fire. Information from building codes such as the Uniform Building Code,
Standards Building Code, BOCA National Building Code, the International Building Code and
Underwriters Laboratories also allowed for the understanding of the fire-resistance of a curtain
wall. Together, the codes and the virtual simulation support in determining whether there is a
need for certain per-requisites such as, a 3-foot spandrel inside a curtain wall or having an

automatic sprinkler system installed that are reference in the building codes.
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Executive Summary
Simpson, Gumpertz, & Heger (SGH) is a national engineering firm that designs, investigates

and rehabilitates structures and building enclosures®. For this Major Qualifying Project (MQP) we
worked alongside SGH to investigate glass curtain wall systems. Curtain walls are defined as thin,
usually aluminum-framed wall, containing in-fills of glass, metal panels, or thin stone, this framing
is then attached to the building exterior?. Curtain walls along with many other elements in
building construction have regulations set in place by the building code for safety purposes. For
instance, steel beams are tested to make sure they can withstand specific wind and gravity loads
before they can be used for construction. For the design of curtain wall systems, one regulation
is to have a 3-foot spandrel. The spandrel allows for the fire to spread throughout the structure
slowly as the fire needs to pass through the empty space provided by the 3 feet of spandrel.
However, there is an exception in the building code that can remove the spandrel requirement if
there is an automatic sprinkler system installed in the building. Nevertheless, many of the glass
curtain wall systems that were looked at in the initial stage of this project had the 3-foot spandrel
and automatic sprinkler system. The necessity for the spandrel is investigated in this MQP.

The curtain wall systems examined are Underwriters Laboratories (UL) listed assemblies. All
these structures passed building code requirements such as, the fire-resistance testing in
compliance with the ASTM E2307 and the time-temperature curve of the ASTM E119. Knowing

this various building code editions were looked at to see how the requirements for exterior walls,

1 Simpson, Gumpertz, & Heger (website)
2 Chris Arnold, “Building Envelope Design Guide” Whole Building Design Guide (WBDG) (2016)
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specifically curtain walls, change over time. Research was put into understanding the function
and data provided by ASTM E2307 and ASTM E119.

The goal of this MQP is to study the need for the 3-foot spandrel. To do this a HILTI curtain
wall model without a spandrel is used in a virtual simulation of the Intermediate-Scale Multi-
Story Apparatus (ISMA) that is utilized in the ASTM E2307: fire resistance test. The creation of
this virtual apparatus with computer software such as ANSYS gives understanding to what a
curtain wall system goes through first hand when put under the conditions of fire and loading.
The thermal and structural performance of the curtain wall is tested to see the failure of materials
and the times at which these failures occur. Further testing is put into the apparatus to view the
effects fire and wind loads have on the system. For instance, moving the fire closer or further
away from the vision glass may influence the failure/deformation of the material. If the apparatus
is on the 10™ floor and not the 1% floor, the wind loads may be effected and in turn might affect
the fire and failure/deformation of the curtain wall materials. The parameters that are
guestioned are put to the test. The results garnered from the simulation are compared to the
actual results from the ASTM E 2307 and ultimately show if the HILTI model used passes the test

or requires the 3-foot spandrel.



1. Introduction
The possibility of a fire is a major concern when constructing a building. To protect those who

inhabit these structures specific attention is paid to the fire-resistance of the building materials.
High-rise buildings that use a glass exterior facade, curtain wall systems have a low fire-resistance
rating and as a result, elements such as a 3-foot spandrels and/or automatic sprinkler systems
are used to increase the fire-resistance rating. These elements allow the fire to spread slowly
throughout the building, giving time for those inside to evacuate before the building materials
start to fail and collapse.

If a fire were to break out in a high-rise building the spread of fire would be vertical, going
from one floor to the next, following with the flow of air currents. This is because the void
between the floor and curtain wall are not properly sealed. The fire will affect both sides of the
curtain wall system causing premature failure of the wall and potentially the vision glass
(International Firestop Council, 2004). To reduce the spread of fire, a properly designed and
tested Perimeter Fire Barrier System is used. This system not only protects the perimeter joint,

but the wall framing and support components of the wall as well.

Fire Resistive Joint Perimeter Barrier

Figure 1.1: Curtain Wall Representation of Fire Resistive Joint and Perimeter Barrier



Protecting the perimeter also requires the extension of the rated floor to the exterior wall
surface. The Perimeter Fire Barrier System, the sealing of the perimeter joint, and extension of
the rated floor provides structural protection and maximizes the integrity of the wall system. This
can keep the wall and window system intact for a longer period of time. Other benefits of these
precautions include:

e Forcing the fire to exit the building

e Preventing the movement of flames, hot gases and smoke to the floors above

e Protecting the structural elements and helps prevent failure of spandrel system

e Maximizing fire protection of non-fire rated walls

e Giving time for occupants to evacuate and first responders to secure the building

e Providing additional protection if sprinklers or fire alarms fail

To test the integrity of a glass curtain wall and it’s perimeter fire barrier an Intermediate-
Scale Multi-Story Apparatus (ISMA) is used. This scheme is referenced in the more recent editions
of the IBC and is performed in accordance to ASTM E2307: Fire-Resistance Test. This test
determines two ratings: “F”-rating?, the resistance to fire spread and “T”-rating®, the
temperature on non-fire side. Further understanding of this test permits the knowledge to use
and design curtain wall systems that are structurally sound when withstanding loads such as,

wind and gravity, and being able to sustain itself during extreme conditions such as fire.

3 The "F Rating" is a measure of the perimeter-fire-containment system to limit flame penetration through
the system or around its boundaries and the passage of flames and hot gases sufficient to ignite cotton
waste as defined in ANSI/ASTM E2307 (UL Online Certification Directory)

4The "T Rating" is a measure of the ability of the perimeter-fire-containment system to limit the temperature
rise on the unexposed surface of the perimeter-fire-containment system and the adjacent supporting
construction as defined in ANSI/ASTM E2307 (UL Online Certification Directory)

4



For this Major Qualifying Project, the problem that is to be solved is the inevitability of
the 3-foot spandrel to increase the fire-resistance of a curtain wall system. To do this, an initial
study of the effects fire has on the thermal and structural performance of a non-spandrel curtain
wall model has to be done. Research is put into the different building code requirements, taking

into consideration constraints for exterior walls, curtain walls, spandrels, and fire protection.



2. Background

To recognize why certain requirements are put in place during the construction process of a
curtain wall system, one should consider the different building codes used. This is to know how
these construction constraints might have changed over time and the differences that were made
to the erection and/or instillation of that system. The codes that were looked at in this project
include the Uniform Building Code, Standard Building Code, BOCA National Building Code, and
the International Building Code. With each edition of the different codes the requirements for
exterior walls, curtain walls and fire protection change slightly, staying current with any

construction/ engineering advancements.

2.1 History of Building Code

Uniform Building Standard BOCA National
Code Building Code Building Code
1927 - 1897 1945 - 1999 1950 - 1999
International
Building Code
2000 - Today

Figure 2.1: Building Code in the United States

The building code for engineers, contractors, and architects goes back about 90 years and
went from three individual codes separated by region i.e. Northeast, South, and Midwest to one
cohesive code. The first of the building codes were the Uniform Building Codes (UBC), then the
Standard Build Codes (SBC), and finally BOCA National Building Codes (BOCA/NBC). The three

organizations that created these codes came together to create the International Building Code

6



(IBC) which meets many the requirements set forth by the codes before them, with the addition

of other prerequisites as times have changed and advancements are made.

2.1.1 Uniform Building Code (UBC)
The UBC were codes for the Mid-West part of the United States. The International

Conference of Building Official’s (ICBO) developed these codes. For these codes, there was
mention of exterior walls needing to maintain a fire resistive rating if they were passing through
an attic. The UBC provided its own table for these fire resistance rating of exterior walls. Later
versions of the UBC also mention construction joints needing to be used in fire resistant walls to
protect an opening in the wall. However, the editions of the code looked at by the team had no

mention of curtain walls or spandrel requirements.

2.1.2 Standard Building Code (SBC)
The SBC was a set of regulations enacted by the Southern Building Code Congress

International (SBCCI) in 1945. These code requirements dealt with southern states such as,
Alabama, Georgia, and Florida. The primary focus of these codes was to protect the life, health,
and welfare of the building environment. Though these codes played an important role in
southern states, a find full versions of the code could not be found to understand how southern

states dealt with exterior walls/curtain walls and its thermal and structural performance.

2.1.3 BOCA National Building Code (BOCA/NBC)
BOCA National Building Codes were established in the 1950s for construction in the

Northeast and Mid-West by the nonprofit organization Building Official’s and Code Administrator
International (BOCA), which was established in 1915. The parameters set forth by this
organization in accordance to Fire Protection and Curtain wall system requirements include

section 902.1.1 Fire resistance Rating.



902.1.1 Fire Resistance-Rating: The fire resistance properties of materials and
assemblies must be measured and specified according to a common test standard. For
this reason, the fire resistance rating of building assemblies and structural elements shall
be determined in accordance to ASTM E 119 °(BOCA, 1990)

The ASTM E119 is pivotal in building assemblies and is stilled used to determine the fire-
resistance rating of materials and structures. The ASTM E119 test provides a time-temperature
curve that is used to see when a material in a curtain wall system or any other type of building
assembly were to fail. If the material were to collapse before the time and temperature
previously established by the curve, then the assembly or material should not be used.

Besides the mention of the ASTM E119, there is no reference to curtain wall systems or
spandrel opening in the code editions that were found. There was also no reference to the ASTM

E2307 test.

2.1.4 International Building Cod (IBC)
The International Building Code was developed in 2003 and takes into consideration the

requirements that were set in place by the previous building codes. The first edition of the code
had similar requirements to UBC for exterior wall systems however; later versions of the IBC do

mention curtain wall systems and the need for a 3-foot spandrel.

705.8.5 Vertical separation of opening: Openings in exterior walls in adjacent stories shall
be separated vertically to protect against fire spread on the exterior of the buildings
where the openings are within 5 feet (1524 mm) of each other horizontally and the
opening in the lower story is not a protected opening with a fire protection rating of not
less than 3/4 hour. Such openings shall be separated vertically not less than 3 feet (914
mm) by spandrel girders, exterior walls or other similar assemblies that have a fire-
resistance rating of not less than 1 hour

Exceptions:

5 Test method that evaluates the ability of an assembly to contain a fire or to retain its structural integrity, or both,
in terms of endurance time during the testing conditions (BOCA, 1990)

8



1. This section shall not apply to buildings that are three stories or less
above grade plane.
2. This section shall not apply to buildings equipped throughout with
an automatic sprinkler system in accordance with Section
903.3.1.1 0r 903.3.1.2.
3. Open parking garages.
- IBC, 2015

In this section of the IBC, the 3-foot spandrel is used to allow for a fire-resistance rating ®of at
least an hour. The minimum fire-resistance rating of 1 hour allows for appropriate protection of
the system’ because it gives people enough time to exit a building before the materials start to
fail and the structure collapses. The exception to the rule, having a sprinkler system installed, is
mentioned in this section of the IBC. The sprinkler system is used as precaution; if a fire were to
start in a structure the sprinklers will go off to try to minimize the fire, giving those who inhabit
the structure time to exit.

The IBC also references ASTM E2307 in section 715.4: Exterior Curtain Wall/Floor
Intersection. The section goes into detail about the different rating provided by the ASTM E2307
as well as, exception to this rule.

715.4 Exterior curtain wall/floor intersection: Where fire resistance-rated floor or
floor/ceiling assemblies are required, voids created at the intersection of the exterior
curtain wall assemblies and such floor assemblies shall be sealed with an approved system
to prevent the interior spread of fire. Such systems shall be securely installed and tested
in accordance with ASTM E2307 to provide an F rating for a time period not less than
the fire-resistance rating of the floor assembly. Height and fire-resistance requirements
for curtain wall spandrels shall comply with Section 705.8.5.

Exception: Voids created at the intersection of the exterior curtain wall assemblies

and such floor assemblies where the vision glass extends to the finished floor level

shall be permitted to be sealed with an approved material to prevent the interior

5 Fire-resistance rating: the duration for which a passive fire protection system can withstand a standard fire
resistance test, is quantified as a measurement of time
7 Arthur J. Parker and Jesse J. Beitel, Required Fire Resistance Ratings for Structural Building Elements, SFPE
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spread of fire. Such material shall be securely installed and capable of preventing
the passage of flame and hot gases sufficient to ignite cotton waste where
subjected to ASTM E119 time-temperature fire conditions under a minimum
positive pressure differential of 0.01 inch (0.254 mm) of water column (2.5 Pa) for
the time period not less than the fire-resistance rating of the floor assembly
- IBC, 2015
In this portion of the code, floor or floor/ceiling assemblies such as curtain walls are required to

have an approved system that is installed and tested in accordance to ASTM E2307. This test
provides an F rating® for various time periods; the rating should be at least equal to the fire-
resistance rating of the floor assembly (/BC, 2012). If the material fails to do so, it cannot be used
for the assembly of a curtain wall.

The requirements set in place by these two sections of the code allowed for greater
understanding of curtain wall system design. It also provides a stepping-stone for this Major

Qualifying Project.

2.2 Modern Code Usage
In addition to researching building codes, other documentation that deemed a curtain

wall safe for use were considered. The Underwriters laboratories documentation for certification
of safety helped in determining the type of curtain wall modeled for the schematic. Underwriter
Laboratories is a company that conducts safety analysis for new technologies such as electrical
appliances and curtain wall system. UL provides safety certification through precautions such as
testing and inspection. If the system passes the necessary testing and other requirements it
receives the UL seal of approval for use. The testing required for curtain wall systems will be

discussed in the next few paragraphs.

8 F-rating: Flame rating - expressed in hours and the number indicates the specific length of time that a barrier can
withstand fire before being consumed or before permitting the passage of flame through the opening (ASTM E814)
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2.2.1 Underwriters Laboratories (UL) Listing
To gain the certification of the Underwriters Laboratory (UL) the curtain walls go through

specific test. One of the test contains a perimeter-fire-containment system, Intermediate-Scale
Multi-Story Apparatus (ISMA), it is particular to constructions consisting of a floor with an hourly
fire-resistance rating, an exterior curtain wall with no hourly fire-resistance rating, and material
installed to fill gaps between the floor and the curtain wall to prevent the vertical spread of fire
in a building (Underwriters Laboratories, 2017). The UL listing uses an hourly rating to determine
the strength of the system. When determining, the hourly rating the complete system is
considered. The materials and specifications for the perimeter-fire-containment system and the

wall assembly are directly related to the established rating.
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Vertical Mullions
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Figure 2.2: Typical Glass Curtain Wall with elements defined

The image above shows a typical curtain wall system with a spandrel that could be UL listed. The

F and T rating of the perimeter fire-barrier system fall under all the necessary criteria of the ATSM
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E2307 to be certified. It also is in compliance with the UL 2079, an additional criterion for
certification that provides the integrity rating and the insulation rating using the same apparatus,
ISMA.

These ratings go hand in hand to attest to a structurally sound curtain wall system. The
standards for the Integrity Rating complies with the requirements for the “F-rating”. It also limits
the passage of flams through openings in the curtain wall above the perimeter fire barrier (UL
Online Certification Directory). For the Insulation Rating it complies with the “T-Rating” and it also
limits the temperature rise to 325 F above the starting temperature in the interior surface of the
curtain wall (UL Online Certification Rating).

The Underwriters laboratories also takes into consideration the Leakage Rating (L-Rating)
that measures the amount of air leakage through the perimeter-fire-containment system. Using
NFPA 101 “Life and Safety Code” as a parameter to determine the stability of the system to
restrict the movement of smoke throughout a building (UL Online Certification Rating). However,
the virtual simulation created for this MQP is a simplified version of the perimeter-fire-
containment system, taking only into consideration the only the “F-Ratings” and “T-Ratings”. To
take into consideration air leakage would require the knowledge of the fluids parameter in ANSYS
which could not be adequately learned in the amount of time required to complete this project.

Nevertheless, the two ratings, F and T, that is given with the HILTI curtain wall model
schematic provided a simulation that was able to function and give readings for the thermal and

structural performance.
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3. Review of Relevant Codes and Standards
Other parameter like the F-Rating and T-Rating were found through the review of relevant

codes and standards. The deflection limit for mullion system as well as, maximum wind pressure
and other loadings that are applied to a high-rise building when put under conditions of the Fire
Resistance Test. These parameters gave further understanding of what to expect when creating

and analyzing the virtual simulation of the Fire Resistance Test modeled in ANSYS.

3.11BC
The curtain wall modeled for this project uses stainless steel for the mullion system. With

stainless steel being a sturdy material the deflection limit that was used is L/360. Looking in the
IBC table 1604.3 gave some construction types and deflection limits that were used as a basis for

the assumption for the deflection.

Table 3.1: IBC 2015 Table 1604.3 Deflection Limits

TABLE 1604.3
DEFLECTION LIMITS® &= hi
CONSTRUCTION L Sor W' D+ L2e

Roof members:*

Supporting plaster or stucco ceiling 360 11360 11240

Supporting nonplaster ceiling 17240 11240 /180

Not supporting ceiling 180 11180 1120
Floor members 360 — 11240
Exterior walls and interior partitions:

With plaster or stucco finishes — 11360 —_

With other brittle finishes — 11240 —

With flexible finishes — /120 —
Farm buildings — — 180
Greenhouses — — 11120

3.2 Standards

In the structural component of building construction various types of loading can be
applied. For this project simuation typical forces are placed on curtain wall, i.e. wind and gravity
loads.For the wind pressure being applied to the curtain wall the system was theoretically placed

in Boston, Massachusetts taking on 105 mph wind speed. In this situation, the wind pressure
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being utilized on the structure is 8.35 psf. The number was calculated by using the Cornell
University Wind Pressure Calculator by Jonathan Ochshorn. This calculator took into account the
city, giving a constant wind speed of 105 mph, and the roof height. Other parameters in the
calculator remained unchanged resulting in a wind pressure of 8.35 psf. This calculator though
not intended for actual design purposes did give understanding of design principals. As for the
gravity load the standard value for gravity, 386 in/s? is used. The parameters found through

research allows for the simulation to mimic that of the real world.

3.3 ASTM E2307

ATSM E2307 is a fire-resistance test that measures the performance of the perimeter fire
barrier® and its ability to maintain a seal to prevent fire from spreading among an exterior wall
assembly and floor assembly. Through this test the deflection and deformation of material that
compose the curtain wall can be seen.

This fire test simulates an indoor fire located near a window. Time is considered in this
test, as the flame burns for longer periods of time the effects on the exterior wall assembly and
floor assembly can be seen as fire travels through the structure. The goal of this test is to find the
period of time elapsing before the first condition of compliance is reached. During this test, the

fire barrier perimeter is subjected to time and temperature dependent fire exposer.

9 The perimeter joint protection in building construction provides fire resistance to prevent passage of fire from
floor to floor within the building at the opening between the exterior wall assembly and the floor assembly. The
boundaries are the edge of the floor assembly and the interior face of the exterior wall assembly in contact with
the perimeter joint protection (ASTM E 2307)
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Conditions of compliance include:

e Movement Cycling Test??
Perimeter joint!! protection completes at least the minimum movement cycle for the
movement type selected

e Fire-Resistance Test
T-Rating of perimeter fire barrier should be determined when conditions such as, the
temperature unexpectant rises more than 375F from its original temperature, first
occurs

e Integrity Test
The perimeter fire barrier should not allow for fames or hot gases to pass and ignite
insulation

e Load Application
The perimeter joint of protection should be able to withstand the load being applied

during the rating period
The fire exposer conditions used for this test are specified in the first 30 minutes of fire exposer.

Then the time-temperature curve from ASTM E119, which will be discussed later, is used for the

remained of the test.

Figure 3.1: Actual Performance of ASTM E 2307 Test

10 Movement cycle — the change between the minimum and the maximum joint width
11 The linear void located between a juxtaposed exterior wall and assembly and floor assembly to accommodate
various movements of the floor and wall during construction (ASTM E 2307)
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3.3.1 Test Set Up

The testing apparatus should be a two-story test structure having a test room and
observation room (Figure 3.2). Each room has an inside length and width dimension of 120 + 0.5
in. and a height of 84 + 0.5 in. The floor and roof should be supported by columns and beams
sized to support the loads from the floor and roof. The floor should have a thickness of 8 + 0.5 in.
and the walls that make up the test apparatus should be insulated.

To create the controlled fire for the test there should be two gas-fired burners. The test
room burner is a nominal 2 in. OD steel pipe, u-shape with holes drilled in the pipe to allow for
fire to expand though out the structure. The window burner should be rectangular shape made

with a 60 £ 0.5 in nominal 2 in OD pipe.
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1. Gas Supply Line (Ref. 6.3.3.3)

2. Concrete Slab (First Floor of Test Room) (Ref. 6.2.2)
3. Wall (Ref. 6.2.3)

4. Test Room Burner (Ref. 6.3.2)

5. Area of Burner with Holes (6.3.2.3)
6. Column (Typical) (Ref. 6.2.2)

Figure 3.2: Plan View of Test Room Burner Positioned in Test Room
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Plan View of Window Burner

10. Window Burner Location During Test
11. Exterior Wall Assembly
12. Test Apparatus
13. Floor Assembly5
14. Floor of Observation Room
15. Roof Slab
16. Floor of Test Room
17.  Window Sill Height
b 1] +— i

l‘..

Side Elevation View of Window Burner Location

Figure 3.3: Plan View of Window Burner and Side Elevation View of Window Burner Location

The exterior wall assembly used during these test is determined by the test sponsor and
laboratory and should be secured to the testing apparatus. The minimum height and width of the
exterior wall assembly should be 17.5 by 13.33 ft. For the floor assembly of this structure it should
have a width of at least 12 in and have a length of 13ft. The window placed in the exterior wall

assembly should have a height and width of 30 by 78 in. Figure 3.4 below shows examples of

exterior wall assemblies and their attachment to the test apparatus.
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Figure 3.4: Examples of Exterior Wall Assembly with Window Openings

3.3.2 Results:
When the test set up is completed, the test can now be performed. From this test method

a variety of exterior wall assemblies such as curtain walls can be examined. This allows for the
understanding of exterior wall assembly performances during a fire, which can be used during
the selection and construction process. The results that are garnered are in relation to time and
temperature and can determine the failure of material and/or assembly. To aid in determining
when and at what temperature a material is to fail the ASTM E119 Time vs. Temperature curve

is used a reference.

3.4 ASTM E 119

The ASTME 119 test the performance of wall, columns, floors and other building elements
when in a fire. This test measures the ability of a wall, partition, floor or roof to be able to stop
flames or hot gases from going thru an assembly?. The assemblies tested are put under the

conditions of a temperature of at least 2400F and a time of at least 8 hours. The information

12 Firefree Coating Inc. (2017)
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gathered from this test are put into a graphical representation of a time vs. temperature curve

(Figure 3.5).
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Figure 3.5 Time vs Temperature curve with examples of material failure

With the requirements for the ASTM E2307 understood and the parameters for ISMA detailed
the project continued. The team worked towards the next phase of the project, understanding

and using the computer software ANSYS.
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4. Methodology
The goal of this project was to develop computerized simulation of the ASTME 2307: Fire

Resistance Test. Using the computer software ANSYS, the Intermediate Scale Multistory
Apparatus, used to test the Fire Resistance of a curtain wall was modeled. It gave a visual
representation of how the curtain wall selected for this project is effected when simulating the
fire of ASTME 2307 test. For instance, specific material will have varying strength, which will in
turn effect the thermal and structural performance of that material. For this project, the

deflection of materials, specifically the mullion was analyzed.

4.1 ANSYS
To understand the structural and thermal performance of a curtain wall the computer

software ANSYS was used. ANSYS is a general-purpose software, used to simulate interaction of
all disciplines of physics, structural, vibration, fluid dynamics, heat transfer and electromagnetic
for engineers3. In this project, ANSYS was used to simulate the thermal and structural
performance of a curtain wall system when under the condition of the ASTME 2307 test. Simple
problems were used to first understand how the software dealt with different structural and

thermal conditions.

4.1.1 Structural Performance
To comprehend the structural performance of a system, a test on a simple fixed beam

was conducted. In the figure below the fixed beam has, a pressure being applied downward is
shown. Using ANSYS this problem was simulated to show the deformation of the beam, which

can be seem in Figure 4.6.

13 Figes Engineering, “What is ANSYS” (2017)
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Figure 4.1: Fixed Beam
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Figure 4.2: Deformation of the Fixed Beam

This theory of deformation when loading is applied can be used in a curtain wall system. The
loads being applied to the system are wind loads (applied longitudinally) and gravity loads
(applied latitudinal downward). These loads will cause a slight deformation to the curtain wall.

This structural performance was examined further in the test of the HLTI curtain wall system.

4.1.2 Thermal Performance
To understand the thermal performance of a curtain wall, a case showing the radiation of

an object was looked at. In this problem of very cold specimen is placed in the center of a shell
at room temperature. ANSYS simulations the radiation exchange between the surface of the shell
and the specimen. From the results seen below from the shell and the specimen, one can note
that some radiation emitted by the shell is being absorbed and stored within the specimen. With
the initial temperature of the specimen, being close to absolute zero it emits very small amounts
of radiation. However, the specimen’s emitted radiation gradually increase, as it gets warmer

with time.
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This type of thermal reaction can be used when looking at a fire within a curtain wall
system. For instance, the glass will absorb the heat being emitted from the fire. As the fire grows
hotter over time, the glass will absorb more of the heat which can then cause a reaction within
the glass, the glass can fail and combust. This theory is looked into further in the model of the

HILTI curtain wall system.

Figure 4.3: Thermal Reading of Shell

Figure 4.4: Thermal Reading of Specimen

4.1.3 Combination of Structural and Thermal Performance
Examining the structural and thermal performance together of a building can allow for

understanding of how these properties work together. In the example below there is a simply
fixed beam place between two walls and the temperature on the bar with an initial temperature
of 22C and is increased to 100C. With the increase in temperature on the beam will cause a

deformation of the beam, either expanding or contracting.
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Figure 4.5: Simply fixed beam between two walls

Figure 4.6: Thermal Result - temperature remains at 122C

Figure 4.7: Structural Result - total deformation of beam is 0.002m

The results of the jointed thermal and structural analysis of beam can be seen above in figures
4.6 and 4.7. The thermal results show that with the beam in steady state that the beam has a
constant temperature of 122C, going from initial temperature of 22C increasing 100C to have a
final temperature of 122C. With the temperature increasing, the material of the beam is affected.
In this example, the beam experiences a stretch, causing an elastic change in the beam, increasing

0.002m.



Comparing this model to the curtain wall system looked at, the temperature increase
from the fire will cause the material such as, the glass and mullion system to deform. Also, the
loads being applied to the to the system simultaneously with temperature change will result in
addition deformation of the system because wind loads, gravity loads, and self-weight of the

system are being applied.

4.2 Curtain Wall Model
In selecting a curtain wall to test in the simulation the team chose a curtain wall that had

already gone through the ASTM E2307 test giving the team values for the F and T-Ratings.
Knowing that the system had passed the Fire Resistance test allows for the assumption that this

system should also pass the simulation created.

Figure 4.8: HILTI CAD Curtin Wall drawing

The model that was chosen was the HILTI curtain wall model without the recommended 3-foot
spandrel. As mentioned previously, the spandrel is a 3-foot opening in a curtain wall used to slow
down the spreading of fire up a curtain wall. Using this model gives an understanding of what
occurs in a curtain wall when that opening is not available. The HILTI model uses materials such

as, aluminum mullions, concrete slab floor and roof, wool insulation, silicone fire stop spray, and
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glass paneling. To fully understand this system, it is modeled in Auto CAD and then in ANSYS,
defining each element of the system including connections and parts of the curtain wall not seen
in the 3D CAD image provided by HILIT (figure 4.8). This model can then be examined through
the conditions required for thermal and structural analysis, which will be discussed further in the

methodology section of this report.

To perform the Fire Resistance Test, the curtain wall system had to follow the
requirements for the ISMA detailed in the ASTM E2307. The height of the curtain wall system had
to be at least 17-feet with a width of 13.33-feet. The floor slap had to have a thickness of at most
8 inches. Also, the simulated fire had to be a certain size and be raised a certain amount off the
ground. The fire had to be at least 30 inches in height and 78 inches in width because of the
window size. The exact height of the fire was not specified in the test and as a result, some
assumptions were made to garner the best outcome. Nevertheless, following these criteria

allowed for a more precise result in ANSYS.

Figure 4.9: 2D ANSYS of Figure 4.10: 3D ANSYS pf Glass Curtain Wall in ISMA
Glass Curtain in ISMA
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4.2.1 2D Auto CAD
The Auto CAD drawing of the non-spandrel curtain wall was the first step in being able to

design this virtual simulation of the Fire Resistance Test. This drawing details elements of the
curtain wall system not readily seen in figure 4.8. Using the CAD drawings provided by HILTI gave
a general idea of the elements that make up the curtain wall. The model was expanded upon to
meet the stipulations given by the ASTM E2307. A 2D elevation of the curtain wall was created in
Auto CAD and this elevation aided in conductimg the joint thermal and structural analysis of a

curtain wall.
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Figure 4:11 2D Auto CAD of Glass Curtain Wall

The 2D Auto CAD model seen in figure 4.11 has the fire placed at the proper distance
away from the glass/mullion, 2 feet and the specified height above the floor, 2.5 feet, as the
window that holds the burners for the fire was 2.5 feet above the ground. For the simulation, the

27



fire is considered to be a rectangular shape to allow for properties such as temperature and
boundary conditions to be implemented later on in ANSYS. The height of the system from floor
to ceiling is 17 feet as detailed in the ASTM E2307 for the ISMA. The floors and ceiling slabs have
a thickness of 6 inches which does not exceed the recommended 8 in. thickness. However, for
the flooring and length of the floor slab was only 6 feet and not the recommended 13 feet. This
is because for the analysis portion in ANSYS the team wanted to create a simpler model of the
ISMA to garner results. The team did not treat the ISMA as a room as detailed in the ASTM E2307
but instead as portion of the ISMA, theoretically continuing on but only taking into consideration

the portion of the curtain wall greatly affected by the fire, at the mullion between to glass panels.

Other considerations that were taken into account when modeling the HILTI curtain wall,
is that the ISMA is a closed system, but in the CAD drawing it is an open system with only a floor
slab, to meet the specifications of the ASTM E2307 a ceiling was added. The CAD drawing also
provides the details for a window, however, since the 2D Auto CAD will be used for analyzing the
deflection of the mullion and not window the thickness mullion is defined as % in. Other elements
that are implement in the Auto CAD drawing is the “L” shape bracket connections between the
concrete slabs and wool insulation. Small elements such as the “L” bracket do effect the ANSYS
model and as a result must be detailed in Auto CAD drawing. The “L” bracket is not readily found
in the CAD drawing provided by HILTI so it should be drawn in manually. The wool insulation and
air are details already found in the modeled so do not need to be manually implemented but are
necessary to detail. Once the 2D model is completed in Auto CAD save file as an “stl.” to allow

for easy import into ANSYS.
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4.2.2 2D ANSYS: Set-Up
The 2D curtain wall model will be used for the analysis for the combined thermal and

structural. To create this type of analysis a “custom system” is chosen in the project page of
ANSYS, specifically a “Thermal-Stress: Custom System”. ANYSY will generate two tables once
“Thermal-Steady State” and the other “Structural-Steady State”, changing the automatic tables
ANSYS generates from “Steady-State” to “transient”. Having transient conditions for the thermal
and structural analysis allows for a progression of change in for instance, the fire, allowing for
the fire to gradyally increase over a period of time rather than in steady state condition where
the fire would have is a constant value. To assure that the simulation stays true to the real world

conidition
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Figure 4.12: Custom System - Thermal-Structural

For the general setup of the 2D model, the materials of each element of the curtain wall is defined
as well as the connections between the elements. Using the Engineering Database provided by ANSYS
selecting the materials that will be used and importing them into the projects own Engineering Database.

o Materials Used:
= Structural Steel — Given Material
= Stainless Steel — Found in General Materials
= Concrete — Found in General Materials
= Resin Polyester — Found in Composite Materials
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= Silicone Anisotropic — Found in General Materials

With the materials defined the 2D AutoCAD can be imported into the ANSYS geometry. In the

geometry portion of ANSYS the materials for each element was applied, the table below has the

elements of the curtain wall, the material, and the properties of the material which includes

density, isotropic conductivity, and specific heat.

Table 4.1: 2D Geometry Materials and their Thermal Properties

Densi | . - ficH

Elements of Curtain Wall Material ensty sotropic CC_):'Id_l:CtIVIty Speci If _fat

(kg.m™) (W.m™.C*) (J.kg*.Ct)

Mullion Stainless Steel 7750 15.1 480
Floor Slab

= Concrete 2300 0.72 780
Ceiling Slab
Firestop Spray Silicon 2330 148 712
Sheet Metal Pans

Structural Steel 7850 60.5 434

In-Concrete Steel Angles
Curtain Wall Insulation Resin Polyester 1044 0.033 1500

When the geometry and materials are defined the ANSYS modeling of the curtain wall is

to follow. In the modeling portion of ANSYS connections between elements of the curtain wall

are specified. For the 2D model only bonded connections are considered. Bonded elements act

between contacting faces of structurally supporting bodies, as a result, there is no movement

between the elements. The table below shows the contacts that are made in ANYS. A more

detailed explanation of the general 2D ANSYS setup can be found in the Appendix: User’s guide.
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Table 4.2: 2D Geometry Connection between Elements

Bonded

In-Concrete Steel Angle

Mullion

Sheet Metal Pan Wool Insulation

Silicone Firestop Spray

Wool Insulation

Concrete In-Concrete Steel Angle

Silicone Firestop Spray

Silicone Firestop Spray

Wool Insulation
In-Concrete Steel Angle

With the contacts characterized the system is meshed. For the 2D geometry face sizing is used,

giving the nodes the connection necessary for ANSYS to later run the simulation.

Table 4.3: Number of Faces and Node Sizes for Meshing

Elements # of Faces  Size (in.)
In Concrete Steel Angel
Bracket 6 0.0625
Silicone
Mulion
Concrete slab 5 0.5

Wool Insulation

After the general setup is complete the model was generate in ANSYS with all its properties to
then begin the setup for the different analysis that is conducted.
4.2.3 2D ANSYS: Combined Thermal and Structural Set-Up

When the geometry and model are completed in Transient Thermal, ANSYS will
automatically transfer the model to geometry. In the setup of transient thermal the boundary
conditions need to be defined. For this system radaiation applied to the fire and interior elements

of the curtain wall were considered. Since this analysis is not steady (constant) but trasient (steps)
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the data for radiation is in tablular data form, broken into 6 steps going from an initial time of Os

to a final time of 7200s. The properties of the boundary conditions are as followed:

Table 4.4: 2D Radiation — Tabular Data

Element Boundary Emissivity Ambient
Temperature (F)
Fire (Rectangle) Radiation 0.8 716 F
Interior elements of o
Curtain Wall Radiation 0.8 716 F

Another condition applied to this system is the temperature of fire, similar to radiation it will
gradually increase over time. The temperature starts at 71.6 F, for an average room temperature
and ends 1800 F, the start of melting of the mullion system as defined in the ASTM E119 Time vs.
Temperature curve. The breakdown of the temperature for the fire can be found in the table

below.

Table 4. 5: Fire Temperature — Tabular Data

Steps Time Temperature

(s) (F)
1 1 716
2 120 450
3 360 1050
4 540 1220
5 1500 1510
6 7200 1800

Once the boundary conditions the solution type was chosen to run the simulation. In the thermal
setup, the solution necessary is the temperature. Run the simulation and the results for
temperature can be found in section 5.

For structural analysis setup, boundary conditions such as, gravity and wind pressure are

taken into consideration. Gravity load is defined in ANSYS as 386.09 in/s? in the y-axis and it is
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applied to the whole system. Pressure is also defined in this analysis however, not as a constant

but tabular data detailed in Table 4.6 below.

Table 4.6: Wind Pressure — Tabular Data

Steps Time Pressure

(s) (Psi)
1 1 8.35
2 120 8.35
3 360 8.35
4 540 8.35

5 1500 8.35
Also, to assure that the structural analysis is performed correctly the elements in the curtain wall is

defined as a fixed support, resulting in no movement of curtain wall. When the setup is completed the
solution for structural in determined, for this simulation total deflection is taken into consideration. After
the individual set up are completed and the solutions are finalized the simulation can be run giving results

of the total deflection of the mullion based on the pressure, wind load and fire temperature.

4.2.4 3D Auto CAD
The 3D Auto CAD of the curtain wall is used for the individual analysis of the individual

thermal and structural performance of the system. The image below (figure 4.17) shows two-
pane glass panels that were elongated to the proper height for the ASTM E2307 test, 17 feet. It
was made to be a closed system like in the 2D Auto CAD, thus, there is concrete flooring and

IIIII

concrete roof held in place by a two steel/aluminum mullions that create an “I” shape. Another
element that was placed in the CAD drawing is a rectangular prism again, it will act as heat

source/fire when performing the thermal and structural test in ANSYS.
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Figure 4.13: 3D Auto CAD of Model

The rectangular prism has a height of 5 feet, a width of 1 foot, and length of 6.5 feet. The
length of the fire was given by the ASTM E2307 standards for the window size for the burner,
however the height and width of the prism are assumed sizes to fit what is known about indoor
fires. The prism is lifted 2.5 feet above the concrete floor slab and is placed about 2 feet away
from the glass panels. The height at which the prism is lifted is another given measurement from
the ASTM E2307 test while the distance away from the glass panel is assumed. The placement of
the fire is a parameter of the test that will eventually be analyzed to see the effects the fire

placement has on the deflection of the system.

34



_1I_—2I—

2-6"

&1 |

1.11.
24

Figure 3Figue 4.14: 2D HILTI Model with Dimension

e 1l
& i 4 F}
1 [RINFR RIS
12 HiREABIE
A W lytal e ko
r 112
-
1
-
1 7. i
b 5 3 B
Y .

Figure 4.15: Zoomed in on the mullion and concrete connection
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The mullions and connections to the floor and roof slabs are elements of the curtain wall
that are detailed to express the internal fixtures within the system. Figure 4.15 shows a zoomed
in version of the connections as well as the glass panels for the window. To connect the concrete
slab to the insulation in the mullion a reinforced metal L-bracket is placed into the 3D AutoCAD
model. In an actual curtain wall, the L-bracket prevents the movement of the floor/ceiling slab
and insulation. This detail though not specified in the HILTI CAD drawing it is a necessary element
to add to correctly simulate the performance of a curtain. Another connection not detailed in the
HILTI CAD drawing but necessary to add is are two smaller bracket connections in the mullion to

lIIH

create the shape, shown in figure 4.16. These connections prevent the movement of the

mullions and keep the curtain wall intact.

Figure 4.16: L-bracket connection between mullions

Other smaller elements that were added to the model incude rubber spacers that fit inbetween
the mullion. This element will provide thermal insulation when preforming the analysis later on
in the project. The small details drawin into the orginal CAD will aid in thermal and structural
performance of the system in ANSYS. When the geometry and model are finalized the setup for

the two analysis can be completed.
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4.2.5 3D ANSYS: Set-Up
To complete the thermal and structural analysis of the 3D model in ANSYS, consider the

general setup of the model, meaning having the correct curtain wall system imported into the
software and understanding what details need to be specified in the model for instance, the
material used and/or the connections between elements in the system. Once the geometry
solidified and the materials and connections are identified, the specialized set up for each type

of analysis can start.
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Table 4.7: 3D Geometry Materials and their Thermal Properties

Elements of Curtain Wall Material Density Isotropic Specific Heat
(Kg.m3) Conductivity ().kgt.c?)
(W.m1C?)
Mullion Stainless Steel 7750 15.1 480
Transoms Aluminum Alloy 2770 Tabular Value 875
Caps
Floor Slab Concrete 2300 0.72 780
Ceiling Slab
Vision Glass Glass 2400 14 750
Curtain Wall Insulation Resin Polyester 1044 0.033 1500
Rubbers Rubber Hard 1190 0.16 1
Spacers
Firestop Spray Silicon 2330 148 /12
Sheet Metal Pans
T-Shape Steel Plates Structural Steel 7850 60.5 434
Brackets

In-Concrete Steel Angles

Table 4.8: Tabular Data - Alumium Alloy

Temperature Thermal Conductivity

(€) (Wm™c)
-100 114

0 144
100 165
200 175

Once each element of the curtain wall has its own material the connections between
elements are made. The purpose of defining these connections are to show how these elements
acted with one another. In a real-world scenario elements, such as, a T-shape Steel Plate and an
in concrete steel angle would be bolt to each other. This would prevent movement of that specific
section of the model. With the simplified version of the curtain wall model connections were

defined as either bonded or no separation. For bonded elements, they act between contacting
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faces of structurally supporting bodies, as a result, there is no movement between the elements.

For no separate elements, they act between contracting face of thermal insulation bodies and

those of other bodies, these elements are connected but can move laterally (up and down).

Making these connections give for a more realistic telling of how the curtain wall would act and

also makes the meshing of the whole system easier. Table 4.9 below shows the connection of

materials either bonded or no separation.

Table 4.9: 3D Geometry Connection between Elements

Bonded No Separation
Rubber Glass Curtain Wall Sheet Metal Pan
Mullion Brackets
Transom Transoms
Caps Mullions
T-Shape Steel Plate  In-concrete steel Wool Insulation
angle
Mullion Wool Insulation Sheet Metal Pans
Sheet Metal Pans In-Concrete Steel Brackets
angle
Transoms Concrete floor slab
Brackets In-concrete steel Silicone Firestop
angle spray
Mullion Mullion
In-concrete Steel Concrete Floor Slab Silicone Firestop Sheet Metal Pan
angle Wool Insulation Spray Concrete Floor Slab
Mullions Transoms Mullion
Vertical Caps Horizontal Caps
Glass Spacers
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Figure 4.17: Meshing of Curtain Wall

Figure 4.16: Zoomed in Meshing of Joint Connect of Curtain Wall

The meshing of the geometry is the next step before defining what is to be and running
the simulation. The meshing for this system was more defined, using the connections that were
defined previously, as well as, size meshing smaller elements in the system i.e. T-shape, cap,
rubber, and wool insulation allowed for a more conscience meshing. Figure 4.19 below shows
the complete ANSYS model with materials and connections defined. The geometry, materials,

and meshing remains the same with each analysis conducted.
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Figure 4.19: 3D Model of Curtain Wall

4.2.6 3D ANSYS: Thermal Set-Up
Thought the general set up for ANSYS differ slightly from 2D to 3D the thermal set up

remains constant. To complete the thermal analysis, characterized the conditions for transient
heat transfer. For instance, stating the boundary conditions that will be using. For this system,
take into account radiation that would occur as a result of the fire, specifically use surface to

surface radiation that emits an emissivity of 0.8.

Table 4.10: Defined Boundaries in Surface to Surface Radiation

Surface to Surface Radiation
Fire Interior Surface
Inside glass Outside glass

Another condition that was defined was fire. Using the ASTM E 119 Time vs. Temperature curve
precise values to how the temperature changed over a time. Showing the steps of temperature
increase in a period of two hours, giving us an estimated temperature of the fire at every step.
The two-hour range is in direct correlation with the actual ASTM E 2307 and the UL listed table

provide with the curtain wall system. Over the two-hours aluminum is assumed to start melting
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(9 minutes, temperature 1220 F). This condition is one that can be tested in the simulation to see

if the model is accurate.

4.2.7 3D ANSYS: Structural Set-Up
For structural 3D analysis, the project type is defined as static structural ANSYS. Having a

static protect type results in specifications being constant and not changing over time. The set-
up for structural analysis take into consideration the boundary conditions, loading being applied

to the system both laterally and longitudinally, as well as wind pressure.

Table 4.11: 3D Geometry Structural Boundary Conditions and Properties

Geometry Boundary Value Applied by

11 faces  Pressure 0.11 psi Surface Effect
All Bodies  Gravity -386.09 in/s?
(z-direction)

Similar to the structural setup for 2D the type of supports need for the curtain wall was defined,
in this simulation, the floor and ceiling, as well as the glasses are fixed supports. Once the setup
is complete the solutions for the analysis are define. For this simulation the Total Deformation,

Equivalent Elastic Strain, and Equivalent Stress are take into consideration.
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5. Results

The results garnered from the simulation are split into three analysis, thermal, structural
and combination of thermal-structural. For the individual thermal analysis the effects of
temperature of fire was examined, as well as the heat flux in the curtain wall caused by the fire.
In the individual analysis of the structural aspect of the curtain wall the total deformation caused
by the loads being applied to the curtain wall. Additional information garnered from the
structural analysis is the equivalent stress and strain applied to the curtain wall. For the combined
Thermal-Structural analysis total deformation caused by loading and fire temperature over a
period of two hours. The results of each analysis is detailed further in the following few

paragraphs.

5.1 Thermal Results
In the analysis of the thermal performance of the curtain the max heat sources is the fire

which increased from 0 seconds to 7200 seconds (hours) from an ambient temperature of 71.6 F
to a max temperature of 1800F. The heat is radiating out to elements such as, inside and outside
glass, and interior surfaces of the curtain wall. Checking the mullion of the curtain wall the applied
by the fire is about 1402 F. This shows that the element that gets most of the heat from the fire
is the mullion system. With the placement of the fire and its proximity to mullion that result

garnered from the test is true.
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A: Model, Transient Thermal A: Model, Transient Thermal
Ij:ep:e;‘::;;ature Temperature

Tywpe: Tempetature
Unit: °F
Tirme: 7200
4/11f2017 11:54 AM
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Time: 7200
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1800 Max
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636.5
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71.601 Min

1800 Max
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Figure 5.1: Transient Thermal Results: Temperature
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Figure 5.2: Graphical — Transient Thermal Results: Temperature

The heat flux helped to exam the rate of heat energy transfer through the surface over a
period of time. For the simulation, most the curtain wall has a heat flux of 8.93x10°*8 BTU/s in.
The small value of heat flux shows that there is not a major transfer of energy as a result, did not

have a huge impact on the deflection of the material in the curtain wall.

A: Model, Transient Thermal
Tokal Heat Flux

Type: Total Heat Flux

Unit: BTUfs*in2

Time:; 7200

4{13{2017 12:11 PM

0.22152 Max
0.1969

0.17229

0.14768

0.12306
0.098451
0.073839
0.049226
0.024813
8.9268e-186 Min

Figure 5.3: Transient Thermal Results: Heat Flux
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Figure 5.4: Graphical — Transient Thermal Results: Heat Flux

In the actually ASTM E2307 convection and air are factors which affect the fire and in turn
affects the material of the curtain wall. For the virtual simulation, these factors couldn’t be taken
into consideration and as a result the heat radiating from the fire and on to the materials isn’t as
high as it could be. Also, because the fire is treated as hot box with material properties of
structural steel and was not treated as a natural element there are restrictions to the thermal
properties of fire. With the need to heat up that material of the curtain wall first, the radiation
bouncing off of the fire box again isn’t the highest it could have been. Nevertheless, examining
the radiation that occurs between the fire and the materials of the curtain wall allows for the

understanding of the effects of fire over time.

5.2 Structural
In the structural analysis of the curtain wall boundary conditions of pressure and gravity

loads are considered. These loads when applied affect the deflection of the material. In an actual
curtain wall system, the maximum deflection occurs at the middle edge of the glass. This is
because glass is a weaker material in comparison to that of the mullion. However, in the
simulation the maximum deflection occurs in the middle, center of the glass curtain wall. The
reason for this might be because of the how the supports in the curtain wall were defined.

Though the results are not what is assumed, the deflection of the whole system is examined.
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Using the parameter for the deflection of stainless steel “L/360” the assumption for the
deflection of the steel mullion is about 0.5 in. in the simulation, the deflection garnered for the
mullion was about 0.37908 in. which is less than the max deflection calculated. Showing that
though the maximum deflection is not where expected the simulation does exceed the max

deflection

4{5[2017 7:20 PH

1.6677 Max
1.4824
1.2971
11118
0.92651
0.74121
0,55591
0,37061
0.1853

0 Min

0.57208_7

Figure 5.5: Static Structural Results: Total Deformation

Another aspect of static structural that is looked at is the Equivalent Elastic Strain and
Equivalent Stress caused by the loading. Having these two results helped in understanding the
strength in material. The Equivalent Elastic Strain shows the strain in which the element under
loading and deformation returns to its original shape and size when the loading is removed. For

most of the curtain wall has the same value of Equivalent Stress Strain as shown in figure 5.6.
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Figure 5.6: Static Structural Results: Equivalent Elastic Strain

15046
13165
11234
9403.5
FoZ2.B
Sb42,1
37614
16807
3.513e-16 Min

Figure 5.7: Static Structural Results: Equivalent Stress

The Equivalent Stress shows the yielding!® of material, providing a value for the deformation of

a material when it does not return to its normal shape after the loading is removed. Unlike the

Equivalent Elastic Strain the value of Equivalent Stress varies with each material. This is because

16 Yield Strength — the material property defined as stress at which the material begins to deform plastically, non-
reversible change in shape when forces are applied.
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the strength in material is different for each. These additional tests though do not affect the total
deformation of the materials do provide background to how the materials are influenced by the

loading be applied.

5.3 Thermal & Structural
The Thermal and Structural analysis took into consideration the temperature of fire and

the loading being applied to the curtain wall showing the deformation. For this analysis only the
deflection of the mullion was studied. The results of the simulation show that maximum
deflection of 0.28831 in. at the end of 1500s with a total max deflection of 0.351 in. at the end
of 540s. The deflection resulting from this analysis differs slightly from the deflection found in
the individual structural analysis. This might be because this simulation is taking into
consideration fire and wind pressure, with wind pressure in one direction and the fire in the other
the corresponding deflections cancel each other out giving a smaller value. The deflection shown
in figure 5.8 is not one that is expected. When a load is being applied to a mullion the deflection
usually bows out but the in the simulation the maximum deflection bows in toward the fire. This
result might have again been because of the whole system being a fixed support, in an actual

curtain wall there is slight movement between materials giving a different shape for deflection.
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Figure 5.8: Combined Thermal and Structural: Total Deformation
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Figure 5.9: Graphical — Max and Min Total Deformation

035115

1250, 1500,

1500.

0.34 —
0.33 —

[in]

0,32 ——
0.31 —
03—

0.28531

0. 250, 500. 750,

[s]

1000.

Figure 5.10: Graphical — Max Total Deformation
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Table 5.1: Time vs Deflection: Max and Min

Tirne [5] ||7 Minirnurn [in] ||7 Mairnurm [in]
1. 0. 0.31541
60.5 0. 0.31955
120, 0. 0.31947
240, 0. 0.3349
360, 0. 0.33491
=40, 0. 0.351158
a6, 0. 0.258931
11580, 0. 0.258847
1500, 0. 0.2585831

Through the individual thermal and structural analysis to the combined analysis the
performance of the curtain wall is seen. The simulation provides a visual aid to see the effects of
fire and wind load. Though the results were not always what was expected did give the team a
better understanding of the thermal and structural performance of a curtain wall when put under
the condition of fire. It also, gave an understanding to the ASTM E2307: Fire Resistance Test and

why curtain wall are put to the test.

Usiing the result gained from the individual analysis parametric testing was completed
testing the placement of the fire and the amount of wind loads being applied to the system.

Garnering a greater understanding of the thermal and structural performance of a curtain wall.

6. Parametric Test
With the results gathered from the thermal and structural analysis the wind pressure and

fire placement was tested. These two elements affect the deflection of curtain wall over a period
of time and their placement should effect the value of deflection. In the original simulation, the
fire is placed on the first floor and the fire is placed 2 feet away from the mullion. For the

parametric testing the fire was moved from 1 foot to 6 feet, expanded the length of the concrete
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floor slab and the wind pressure was change to reflect if the curtain wall was on the first through

tenth floor.

6.1 Wind Loads
For the wind loads the total deformation of the mullion was looked at. As a comparsion

the team first looked at what happens if only wind pressure is being applied with no fire. In the
test the mullion bows out. This is not what is expected because when loading is applied on the
outside of the mullion the expectation is for it to bow inward toward the fire. But from previous
test, from the combined thermal and structural the team assumed this type of deflection occurs
because the mullion boundary conditions being applied to the system. Further test was
completed with the wind pressure but this time taking into consideration the effects of fire. The
wind pressure increases as the curtain wall is moved higher in a high rise building. With the
greater wind pressure the deflection also increases, which is what is to be expected. Results from

the parametric test can be found in the appendix of the report.

0.28343
0.246
021257
0.17714
014172
0.10629
0.070858
0.035429
0 Min

Figure 6.1: Total Deformation — 15t Floor, No Fire, Only Wind Pressure
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Figure 6.2: Graphical — Max Total Deformation caused by Wind Pressure

Table 6.1: Time vs Deflection: Max and Min Wind Pressure

Time [5] ||_ Minirnun [in] ||7 Mazximurn [in] |

1,
G, 5
120,
240,
360,
240,
=110
1130,
1500,

Sl Sl LSl Rl Lol Lo Lol Lol b

1.6733e-003
1.4537e-003
1.4536e-003
3.2807e-002
3.2807e-002
6. 125e-002
0.31541
0.315351
0.31536

Table 6.2: Max Deflection from 15t to 10t Floor

Floor

Deflection (in)

1

0.28831

0.35933

0.40969

0.45015

0.48462

0.51447

0.54166

0.56652

Ol |IN OO W|N

0.58896

=
o

0.61025
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6.2 Movement of Fire
For the fire a similar approach was taken, the team took into account a curtain wall system

with noly fire and no wind as the bases of the parametic testing. In this situation the mullion
deflects inward toward the fire. The expectation for this mullion is the closer the fire gets to the
mullion the greater the deflection causing the mullion to expand due to the higher temperatires.
As a result, the mullion should bow out and not in. Similar to the structural analysis the deflection
garnered is not the expectation. The reasoning behind this again, might be the boundary

conditions that were applied to the system.

Further testing is completed taking into consideration both the fire and wind pressure.
The results from this parametric testing show that the further the fire gets from the curtain wall
the lower the deflection. This result is what is to be expected because the mullion will expand
less if the heat is further away from it. The complete results from the parametric testing of fire

can be found in appendix of this paper.

0.56635 Max
0,50342
044049
0.37757
0,31454
0,25171
018873
0.12586
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0 Min

Figure 6.3: Total Deformation caused by Fire Temperature
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Figure 6.4: Graphical — Max Total Deformation caused by Fire Temperature

Table 6.3: Time vs Deflection caused by Fire Temperature

Time [5] ||_ Minirnun [in] ||7 Mazximurn [in] |

1, a. 0.56617
G, 5 a. 0.56647
120, a. 0.56627
240, a. 0.5664

360, a. 0.56632
240, a. 0.566356
ge0. a. 0.566354
1180, 0. 0.56635
1500, 0. 0.56635

Table 6.4: Max Deflection from 1 to 6 feet Away

Feet Away from | Deflection (in)
Curtain Wall
1 0.345
2 0.319
3 0.293
4 0.27
5 0.25
6 0.234

6.3 Results
The results from the parametric testing shows the effect of the placement of fire and

curtain wall. When the curtain wall is on the first floor the deflection is the lowest and when he
fire is moved further and further away from the curtain wall it continues to decrease which is

what to be expected. The deflection of the mullion on the 10™ floor is greater, it has the highest
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wind pressure but similar to the first floor the further the fire got from the curtain wall the

deflection decreases. Through the parametric testing the effect of the fire and wind pressure

could readily be seen.

Deflection

Deflection (in.)

Floor  Wind Pressure (psi) 1 ft. away 2 ft. 3ft. 4 ft. 5 ft. 6 ft.
away away away away away

1t 8.35 0.371 0.351 0.339 0.330 0.324 0.322
2nd 10.18 0.441 0.423 0.411 0.403 0.397 0.395
3 11.43 0.490 0.473 0.461 0.454 0.448 0.445
4th 12.41 0.529 0.513 0.501 0.494 0.488 0.483
5th 13.23 0.562 0.546 0.535 0.527 0.522 0.517
6t 13.93 0.591 0.575 0.564 0.556 0.550 0.546
7t 14.56 0.616 0.601 0.590 0.582 0.577 0.572
gth 15.13 0.640 0.624 0.614 0.606 0.600 0.595
gth 15.64 0.661 0.646 0.635 0.627 0.621 0.617
10t 16.12 0.681 0.666 0.655 0.647 0.642 0.637
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7. Conclusion
All in all, the virtual simulation of the ASTM E2307: Fire Resistance Test detailed the

performance of the curtain wall. Through the thermal and structural analysis, the deflection
caused by the loading and fire temperature are visible. Though the results for the deflection are
not what was expected the general idea behind the fire resistance test, which is to see if the
curtain wall is structural and thermally sound for contstruction purposes can be garnered from
the results with gathered. From our individual thermal and structural and even the combined

analysis the deflection max for the mullion is not reached.

Through the parametric testing we saw that the curtain wall is able to handle the fire,
wind and gravity loads being applied to it from level 1 to 10. Beyond that point the deflection of
the mullion exceeds is yield strength. Nevertheless, being able to simulate the fire resistance test
gave a better understanding to the effects of fire and the importantace of the thermal and
structural strength of material. With fire being a major concern when constructing a building

attention has to be paid to every detailed and element being used.

7.1 Future Consideration
If this project were to continue future teams should consider the following, continuing

with the parametric testing and analyszing a different type of curtain wall. In continuing with the
parametric testing the materials of the curtain wall could be changed. The materials used for this
simulation were readily available in the ANSYS database and might not meet requirements
thermal and structural requirements set forth by the building code. For instance, for the
simulation created float glass was used however, most curtain walls uses insulated glass. The

insulated glass could improve the thermal properties of the curtain wall changing the results
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gained from the analysis. Making changes to the material properties to meet the proper thermal
requirements for a curtain wall could better simulate the actual results from the Fire Resistance

Test.

To get a better understanding of the effects of fire has on a curtain wall a comparison of
different curtain walls would be useful. Simulating a curtain wall with a 3-foot spandrel can show
the effects fire has on the opening provided by the spandrel. Being able to analyze the thermal
and structural performance of the system. All in all, continuing to gain knowledge about the
ASTM 2307 and being able to test the ffects of the ASTM E2307 can give more knowledge to the

fire performance of a curtain wall.
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Appendix A: Data

Hilti Firestop Systems

Moaember 24, 2015

Design Mo. HIVBEPF 120-10 E
PERIMETER FIRE BEARRIERS =
Firastop Joint Spray CF5-5P WE B
ASTM E 2307 E
Table 1.
Firasfop Joind Silicang Joel
Spray CFE-5P Spray CFE-5P
WE gL
F-Raling 2 Hinr 2 Hinr
T-Reading 45 Miniila 44 Wirule
Applcalion 1l in. vl Gim 7 s (0
Thichness (1718 b deyh wsl 11~
Statie Jodmt
L-Rating <1.0 SCFMILF af Ambient Conditions
1
Reproduced by HILTY, b, | g TEN
BT I o AL

|F‘agn3' 1of2
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Design Mo. HVEPF 120-10

HIBPF 120-10

1. CONCRETE FLOOR ASSEWELY: T hour raied conceens Moor assembly mada fom eiffar ghiweighl or nomal weighl concrete with a dansiy of
05 in 153 pef, having 8 =i thicknass ol & in. o te join face, Wian & engiwdinal racass {olockout) b requined i conlain an arcstecural joinl
Sysiem, inceease ooncrele floor assembly hickness o mainsin a min. hickness of & in. and acco=madine depih of blockout for=ed in the
cinrpla; Diackot widlh unesiicied.

2. CURTAIN ‘WaLL ASSEWBLY: Tha curlain wall assembly shal incorporate tha folowing mensiniclion faatums:

M ounting AHachmest (Mot shown): Atach sluminum framing (liem 28| jo the sracunal framing sooending %o the curtain wal sanufachener’s
inevucions. Connect he mownling siibchments o P joinl o2 of he concrels Boor aeeemily [llem 1) acoonding o the cirsin wal
maniactRaTs instuchons,

B. Muminum Framing: Use holiow reciangulzr aluminam ecinad pd tbing with miee overall dimensionss of @800 in thick, 4 in. high and 2102 in
wide. Locale mulliors (werlical aliminum eaming] sin. 60 in oz, Locaks the ramons (horizntal aleminus Iresisg) such ihal ta bofom
serfaca of the transom & al 0 sama faight a8 e p suracs of the Roor sssambly

=, Glss Paneks: Sized and instalied inte aluminum framing (tem 2B in acoeniance with the curtain wal manufaciurer's insinechions. Lise mim.
1t in. thick, chsar, haal slreeyg Faned [HE) or lempanad glass wilh & res widlh and heght ks han the aleminue Eaming (Fem 2B) oc
gpainy, 00 spacing ehall abmy qiaes By b2 eacured o ha sumingms faming [llem 78] betwesn 15 noiched shiulders, Seoure gest pansln
with a theemal break {nisker enson), pressune har (akemnum cdmuson], min 104-20 by 848 in. long scmews, and a snap face (akeminum
eslnision).

0. Alsrminum: Anchor Brackats: (Mol shoewn): Lisa min 102 i hick aliminum anchor brackets o save & part of the mouning afachmeani (kem
24 rigirlly secarad 4o the aluminem faming (kam 2B) and the moncrate fiopr assambly |lem 1)

E. Gakarized Sheet Metal Pan: Altack 15 GA alanized shed sedion % the aluminum framing with o 10 Sef-dnlling sheel mesal soews at
12 in. 0 and b T Conceese slah with Hili Kk HUS-EZ 108 in. % 1 758 in sleel corarebe snchiors, sl 13 i o2, The gakanized Siea| pen
st l ba formed such that i has & min. 1 in, lip for which o securs the pan o te aluminus framing, can contan min, 3 e, fick min, 6 in, fal
rurtain wall insulation {Hem 2F). and a botom leg long enoegh to overdap the concrele floor assembly min. 1 in. o seowe the pan 1o the floor
assaimibly [liem 1), Install 18 GA patvatized seal plales mie. 4102 . in widh, cesbered al he shminus rulions such hal thess iy
COMINLCLE Covarage betow tha joink. Insiall HRGF5-5 51 GG Firesiop Sicora alorg T £oges of g melal pan Tral ane incomact with the
aluminam members of the corsain wall assembty,

F. Cortain Wal insulstion: Fil b caity of Be el pan {fem ZE) with nominal 3 in. thick, sin G in. @i, & paf densiyy, mineral wool ball
ingulation. Tightly T, compress Bl least 18 in i oll direciors. Les only Intenek carifiad products @eeing he above min. raguitments

1 PERIMETER JOIWT PROTECTION: Do no excend a £ in, nomiral joind wicth joinbwidi @ instaliaton]. Incoeporaie thie folowing oomsiracion
I=alunes: for Lhe perimeder joinl prolection (s known &% permeter five harer sysiem):

A Facking Malarial Uz onky minarel e besing an ierek cerilied product abel ond =wedng the follewing =in rouismeele. eee min
12 in. long, min. 2 in, all, 4pof density, minaral wool batl ingulalion packing malerial comprassed inlo the joint b 25% imo bottom of pan
temiered at mach malion. Lse min. 4 in tall, d-pef density, mneral wool batt ingulation and cuf packisg maleral witih 1o achieve 25%
compraesion when instalied in the nominal joist widh and use po mine tan two adjacant s¥ips. iestal insulalion wil the Rbers waning
paralil in ha edge of concrete Aocr apsambly (|lem 1) and carain wall assemily (llem 28], Tignty comprass tngether spless (BUR fnts) in
the lergites of pedking manenal by esing min. /¢ in. compression per piece of pading matenal. Use only Interies cerified preducts —esting
thié aborss i, reguirements. Locals the op surface of (ha pasking salerial fush wilh the op sufacs of the conoele Roer mstembl (Bam 1]

B. CERTIFIED MANUFACTURER: HE Comoreion
CERTIFIED PROCUCT; Firestp Joint Spray CF5-5P W or Slicone Joint Spray CF5-8P SIL
Fill Vioid, or Cavity Maleral Apply moer B packing matenal (lem 38) & discusted beliw.

Appty o the thicknaes spacifad in Tabi 1 and oeedap he melsdal 12 in. onlo the adacent cuain wall eseamily and coronats Spor sla
assamoly, Wihan Fa spriyng procass is smppad and the appied iquid cures o an elasio=anc §im bafors applcation is rasaned, cedap
the edge of the oored Falenial ot bt 105 in wilh the speay. Reference Product Section of the Interiek Direchery for mene delaks on the Lisied

Pk
H 1
A d by HILTY, bnc.
m Cowel vk G Intertek IIANIflﬁﬁ
Hilti Firestop Systems ot 24, [Fage: 2012
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Parametric Data: Wind loads

1%t Floor(old):
1500.
0.35118
0.3 —
0.25 —
'E‘ 0.z
= a5 -
0.1 —
S.e-2 —
o, % T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500.
0.,35118
03¢ —
—_ 033 —"_‘/
.'E. 0.32
0.31 —
0.3
0.28831 T T T T T
0. 250, 500, 750, 1000, 1250, 1500,
[s]
Time [51 | [ Minirura [in] | [ Maimum in]
1, o, 0,31541
60,5 o, 0,31953
120, o, 0,31947
240, o, 0,33496
360, o, 0,33491
540, o, 0.,35113
e, o, 0,.25931
1180, o, 0.255847
1500, 0. 0.28831
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2" Floor:

0

[in]

62

0.23955
0.19963
0.1597
0.11975
0.073551
0.039926
0 Min
1500,
42296 T
03—
oz -
o1 -
o, -t T T T T T
250, 50a. 750, 1000, 1250, 1500,
[s]
1500.
0.42296
0.41 —
0.4 —
039 =
0.38 —
0.37 —
0,35933 T T T T T
o, 250, S00, 750, 1000, 1250, 1504,
[s]
Tirne [5] | [v Minirum [in] | [v Mazximum [in] |
1. 0. 0.39045
60.5 0. 0.3917
120, 0. 0.39157
240, 0. 0.40735
360, 0. 0.4073
=40, 0. 0.42296
a6, 0. 0.36046
11580, 0. 0,35952
1500, 0. 0.35933




3" Floor:

[in]

[in]

0.091043
0.045521
0 Min

0.4729

04—

03—

0z~

01—

1500,

T
250, s00, 750, 1000, 1250,

[s]

1500,

1500.

0.4729

045 —
0.45 —
0.44
0.43 —
0.4z —

0,40959 —
0.

T T T T T
250, S00. a0, 1000, 1250,

[s]

Time [5] ||7 Minirnurmn [in] ||7 Maxirmum [in] |

1, a. 0.44013
60.5 a, 044144
120, a. 044123
240, a. 0, 45739
360, a. 0.45733
240, a. 0.4729

ge0. a. 0.41091
1180, 0. 0,409

1500, 0, 0,40969
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1500,




4t Floor:

0.10003
0.050017
0 Min

1500,
0.51251 T—
0.4 —
'E‘ 0.3 —
= 0.2 —
o1 -
o r T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500,
0.51251
0.5 —
— 049 ;_"/
,-E, 0,43
0.47 —
0.46 —
0.45015 T T T T T
0. 250, 5o0. 750, 1000, 1250, 15800,
[s]
Time [s] |[v Mirirurn [in] | [v Mazimomm [in] |
1. 0. 0.479354
60.5 0. 0.45069
120, 0. 0.45055
240, Q. 0.49694
360, 0. 0.49657
=40, 0. 0.51251
aal, 0. 0.45144
11580, 0. 0.450355
1500, 0. 0.45015
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5th Floor:

0.10769
0.053347
0Min

1500.
0.54593 T—
04—
T na-
= oz -
o1 —
o, -t T T T T
250, 750, 1000, 1250, 1500,
[s]
1500.
0,54593
053 —
'E‘ 0.5z —
= g
0.5 —
0.48462 T T T T
0. 250, 750, 1000, 1250, 1500.
[s]
Tirme [s1 | [v Minirnurn [in] | [+ Macimum [ind |
1, o, 0.51233
B0.5 o, 0.51372
120, o, 0.51354
240, o, 0.53023
360, o, 0.53016
=240, o, 0.54593
anld, o, 0.458597
1150, o, 0.45457
1500, o, 0.458462
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6t Floor:

0.11433
0.057164
0 Min

1500.
0.57465
0.4 —
E 0.3 —
- 02—
01—
a. -t T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500.
0,57465
0.56 —
'E‘ 0.55 —
N
0.53 —
0.51447 — T T T T T
0. 250, 500, 750, 1000, 1250, 1500,
s1
Tirne [s] | [ Minimurn [in] | [v Mazximurn [in]
1. o, 0.54061
60,5 o, 0.54:204
120, o, 0.54135
240, o, 0.5583
360, o, 0.555872
S40, . 057465
ae0, a. 0.51533
1130, a. 0.51474
1500, . 0.51447
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7t Floor:

0.12037
0.0680185
0 Min

1500.
0.60065
0.5 —
—_ 04—
E 03
02—
01—
o, - T T T T T
250, 500, a0, 1000, 1250, 1500,
[s]
1500.
0.60065
0.59 —
—, 0.5
,-E, 0.57 —
0.56 —
0.55 —
0.54166 T T T T T
0. 250, S0a, 750, 1000, 1250, 1500,
[s]
Time [5] ||7 Minirurn [in] ||7 Maxirmurm [in]
1. Q. 056617
60,5 0. 0.56763
120, 0. 0.56743
240, 0. 0.58462
360, 0. 0.55454
540, Q. 0. 60065
anld, 0. 0.54313
1150, 0. 0.54195
1500, 0. 0.54166
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8t Flo

[in]

[in]

or:

0.12589
0.062947
0 Min

1500.
062428
0s -~
0.4 —
03—
0.z -
01—
0. - T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500.
0.62425
0.61 —
06—
0.59
0.55 —
0.56652 T T T T T
0. 250, S00, 7a0. 1000, 1250, 1500,
[s]
Timne [5] | [v Minimurn [in] | [v Maximum [in]
1. 0. 0.58935
60.5 0. 0.59056
120, . 0.59085
240, 0. 0.6e0307
360, 0. 0.60799
=410, . 0.62428
ael, 0. 0.56504
1150, 0. 0.56653
1500, . 0.56652
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9th Floor:

0.06544
OMin

1500.
064552
0.5 —
= 0.4 —
=
fril} 0.3 —
0.2 —
0.1 —
o, -t T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500.
0.64552
063 —
'_E' 0.62 —
= 061
06—
058896 | T T T T T
Q. 250, 500, 750, 1000, 1250, 1800,
[s]
Tirme [s1 | [+ Minirourn [in] | [+ Macimum [in] |
1, o, 061021
60,5 o, 061172
120, o, 06115
240, o, 062913
a0, o, 0. 62904
540, o, 0.64552
aal, o, 0.59053
1130, o, 0.553929
1500, o, 0.5533%:
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10" Floor:

1500.
0.66559 ——
05—
'E 0.4 —
—_ 0.3 —
0.z~
01
o, T T T T T
a. 250, 500, 750. 1000, 1250, 1500,
[s]
1500.
0.66559
0.65 —
E 0.64 —
= 0.63
0.62 —
0.61025 | | I T T
a. 250, 500, 750, 1000, 1250, 1500,
[s]
Time [51 | [ Minimurn [in] |[w Masdimum [in]
1, 0 0.62957
B0.5 0 0.6314
120. ] 063115
240, o, 0.64901
a6, o, 0.64892
sS40, 0 0.66559
anl, ] 061157
1130, 0 0.6106
1500, ] 061025

0.067806
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Parametric Data: Fire Movement
0 Feet Away from Curtain Wall

0.015742
0 Min

1500,
0.14168
0.1 —
'S 7ser
- Se2
2.5e-2 —
0. T T T T T T
0. 250, 500, 750, 1000, 1250, 1500,
[s]
1500,
0.14168
01—
T 7Eez-
- Sz
2,582 —
2,3097e-4 -7 T T T T T
0. 250. 500, 750, 1000, 1250, 1500.
[s]
Time [51 |[v Minirmumm [ind |[v Mawximum [ind |
1. ] 2.3097e-004
60.5 ] 1.3864e-002
120, ] 1,3864e-002
240, O, 3.8863e-002
60, O, 3.8863e-002
540, ] 5.6497e-002
S0, ] 0.14165
1180, ] 0.14165
1500, ] 0.14165




1 Foot Away from Curtain Wall:

[in]

[in]

026797
0.22969
0.19141
0.15513
0.114384
0.076563
0038252
0 Min

1500,

0344535

025 —
0z -
015 —
01—
Se-2

o, -f
0

250,

S00, a0, 1000,

[s]

1250,

1500,

1500,

0.34453

025 —
0z -
0,15 —
o1 -
Se-Z

1.67332-3 %

0.

250,

S00. a0, 100a,

Time 51 |[v Minimum [in] |[w Mazimom [ind |

1. a, 1.6733e-003
a0.5 a, 1.9796e-003
120, a, 1,9797e-003
2400, a, 4.577e-002
3e0, a, 4.577e-002
240, a, 4.5207e-002
ge0, a, 034409
1150, 0, 034452
1500, 0, 0.344535
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1250,

1500,




3 Feet Away from Curtain Wall

—_
k=
]

[in]

0.0685035
0.032517
0 Min

1500.
0. 29266
0.24 —
0.z —
0,16 —
0.1z —
g.ez —
422 —
o, -t T T T
0. 250, 750, 1000, 1250, 1500,
[s]
1500.
0.29266
0.z -
.16 —
Ge2 —
1.5266e-3 T '
a. 250, 750, 1250, 1500,
[s]
Time [=] | [v Minirmurn [in] | [v Mazximum [in]
1, ] 1.6733e-003
60.5 0 1.5266e-003
120, ] 1.52660e-003
240, 0. 2,301 1e-002
360, 0. 2,301 1e-002
=40, 0 4.1954e-002
a6, 0 0.2922
1150, 0 0.29255
1500, 0 0.29266
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4 Feet Away from Curtain Wall

0.059957
0.029978
0 Min

1500.
0.26938
0.z —
'E‘ 0.16 —
= iz
G2 —
4.8-2 —
o, -t T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500.
0.26955
0.z —
'E‘ 0.16 —
= 0.1z —
Ge-2 —
482 —
1.5663e-3 1 T T T T T
0. 250, coo. 750, 1000, 1250, 1500,
[s]
Time [5] | [v Minirmum [in] | [v Mazimurm fin]
1, o, 1.6733e-003
B0.5 o, 1.5663e-003
120, o, 1.5663e-003
240, o, 1.55877e-002
a6, . 1.5577e-00z
=240, o, 3. 732e-00z
anld, o, 0. 2695
1130, a. 0,76955
1500, o, 0. 2695
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5 Feet Away from Curtain Wall

0,055554
0.027777
0 Min

1500.
0,25004
0.2 —
—_ 06—
,-E, 012 —
G.e-2 —
4.e-2 —
o, -t T T T T T
250, 500, 750, 1000, 1250, 1500,
[s]
1500,
0.25004
0.2 —
—_ 016
,-E, 012 -
g.e-z —
482 —
1.60138-3 ¢ T T T T T
0. 250, 500, 750, 1000, 1250, 1500,
[s]
Time [=] | [v Minirmurn [in] | [v Mazximum [in]
1. o, 1.6733e-003
60.5 0. 1.6013e-003
120, 0. 1.6013e-003
240, 0. 1.2105e-002
360, 0. 1.2105e-002
=40, o, 3.3483e-002
a6, 0. 0.24969
1150, 0. 0.25004
1500, 0. 0.24999
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6 Feet Away from Curtain Wall

0.051903
0.025952
0 Min

1500.
0.2336
02—
0.16 —
E 0.12 -
Sl —
4e-2
L T T T T T
0, 250, 500, 750, 1000. 1250. 1500,
[s]
1500.
0.2336
02—
e
E vz
de-2 —
42—
1.6307e-3 ¢ T T T T T
o, 250, s00, 750, 1000, 1250, 1500.
[s]
Time [s] | [+ Minimurn [in] |[w Mazimom ind |
1. 0 1.673353e-003
60,5 0 1.6305e-003
120, 0 1.6307e-003
240, 0. 1.106%9e-002
360, 0. 1.1069e-002
=40, 0 3.0414e-002
a6d, 0 0.235326
1180, 0 0.2336
1500, 0 0.2335356
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Appendix B: User’s Guide

To create this simulation ANSYS 17.0 Workbench was used, other versions of ANSYS can be used
however, the button/command tabs might be different. Nevertheless, the same results should
be given if the following steps are followed.

First, open the ANSYS software tab on your computer. The image below is what you should see

when ANSYS finishes loading and opens.

Vew Tods nts Gaerdos ks heb

WP

Once open on the left-hand side “Toolbox” tab click the tab “Custom Systems” selecting
“Thermal-Stress”, the following two tables should appear on your project page. You then want
to change the tables property from “Steady-State” to “Transient”. To do this you right-click the
tab “Steady-State Thermal” or the “Steady State Structural” highlighted in blue, in the image
below. A list of options will be given to you and you want to select the option “Replace with” and

select the “transient”. You do the same procedure with the table that was not chosen.
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Proper
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oo ixbverto.. | Sourogen [+ ovessaes | i o £-C1

When those changes are made, you will then go down the list of properties in the table making
the necessary alterations to each. Double click the “Engineering Data” tab, in this section you will

be choosing the materials that will be used for your model.

e Iatmantar.. |~ Showrogess | ¢ dhow o messases |

All materials used for curtain wall system can be found in the Engineering database of ANYS. To
gather those materials, click the tab “Engineering Data Sources” and choose the necessary
materials. For instance, when the “Engineering Data Source” is open click on “General Material”

tab which will then open a table of all materials filed under that category, scroll through and click
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the material you are looking for i.e. stainless steel, then click the “+” to add to your Engineering

Data list.

Fle Edt Vew Took Unts Exersons Jobs  Hep

¥ Fiter Enginesring Data [l Engineering Data Sources
CRERER cveerng Deta Seurces
@ Physcal ropertes
@ L Hasic
8 Hyperelastic Expormental Data
@ Myperslastic
@ Chabochs Test Data
@ Plastioty
@ Croop
@ e
@ Srength
@ Gashat
8 Viscosasti Tost Dika

Wiscosiasti
Shape Memary Aloy
@ Goomacharical

Fatigus Dats at 20
From 1996 ASME BFY C
2, Table §-110.1

) Unsar "Soft” Magnatic Material
B Lnear Hard Mognetic Material
8 Nownear “Soft” Magnatic Matensd

@ Nobnes "Hard” Magretic Materisl
Blectric
8 Custom Materlal Models

& Resty 13cb thonkor... | ShomProgress | 9 show 0 tessages |

e Materials Used for 2D Model:

o Structural Steel — Given Material

o Stainless Steel — Found in General Materials

o Concrete — Found in General Materials

o Resin Polyester — Composite Materials

o Silicone Anisotropic — Found in General Material
e Materials Used for 3D Model:

o Structural Steel — Given Material

o Stainless Steel — Found in General Materials

o Concrete — Found in General Materials

o Glass — Found in Thermal Material

o Rubber Hard — Found in Thermal Material

o Resin Polyester — Found in Composite Materials

o Silicone Anisotropic — Found in General Material

o Aluminum Alloy — Found in
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For manually defined material you have to define the properties, for Aluminum
Alloy, Density, Isotropic Conductivity, and Specific Heat should be identified. To
do so you first have name the material in the “Contents of Engineering” table.
Once named the properties can be selected from the “Toolbox” tab on the left-
hand side. Density can be found in “physical properties”, while isotropic thermal
conductivity and enthalpy can be found in “thermal”.

jons  Jobs  Help

BLIEA) Toble: No da - ax
7 EEE] :
E ource escription

W structural Steel

4 2% ool Insulation

Click here to add a new
makerisl

. Foperty [eo | @& [WE

[ 20b Monitor.... | moiShow Progress || 4 Show 1 Messages | -

o Defining Materials:
= Density — 2770 kgm3
» Specific Heat — 875 Jkg 'K

= |sotropic Thermal Conductivity — Tabular Data

Temperature | Thermal Conductivity
(C) (Wmtc?)

-100 114

0 144

100 165

200 175

e Materials Used for 2D Model:
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o Structural Steel — Given material

o Stainless Steel — Found in General Materials

o Concrete — Found in General Materials

o Resin Polyester — Composite Materials

o Silicone Anisotropic — Found in General Materials

When all the materials have been added click “A2:B2 Engineering Data” to check your completed

list. You table should look like the image below.

17120 (no fere) - Workbench

et 1o

B Custom Material Models

Lo e lejje e ile

Temperature |

5 . | o s | i vt

When you finish choosing the materials you can move to the next item on the list in the “Transient

IH

Thermal” table. To get back to the tables click on the “project” tab in the upper left hand corner.
Next, on the list is “Geometry”. For this section, you will be importing the model of the curtain
wall from AutoCAD into ANSYS. Right click on “Geometry” and a list of options will appear, click
on the “import” and browse your computer for your AutoCAD file. Note: When in AutoCAD make
sure to save your file as an “.std” for easy import into ANSYS. After the file, has been imported

double click “Geometry” and it will open a second ANSYS window labeled as “DM — Design

Modeler”. Once that window is up click the “generate” button to load in the model.
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Subsequently, when the geometry is loaded the edits to the model can then be made. Double
click “model” on the list under the transient thermal and it will load an additional window labeled
“M: Multiple System —Mechanical”. In this section, you will define the materials of each element
in the model, the connections between elements as well as, and meshing for better numeric
results when analyzing.

For geometry, you will first rename bodies and assign materials to corresponding bodies. In the
“outline” tab on the left-hand side you will click “Geometry” and it will open a list of parts in the

model. Right click on the individual parts and then click on the “Rename” tab. Once clicked the
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individual parts will open a “Details” table in which you can then select the material you want to

use. The materials will be shown in a drop-down list.

|
S Cotomry (B ¥.1 . &) Dopees radls Fobverbe

Table: 2D Model Materials of Elements

Elements of Curtain Wall Material
Mullion Stainless Steel
Floor Slab Concrete
Ceiling Slab
Brackets Structural Steel
Wool Insulation .

. Silicon
Air Space

Table: 3D Model Materials of Elements

Elements of Curtain Wall Material
Mullion

Transoms Stainless Steel
Caps
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Floor Slab Concrete
Ceiling Slab

Vision Glass Glass
Rubbers Rubber Hard
Spacers

Firestop Spray Silicon
Sheet Metal Pans

T-Shape Steel Plates Structural Steel
Brackets

In-Concrete Steel Angles

Curtain Wall Insulation Wool Insulation

Continuing in the modeling portion of ANSYS you will then start determining the connections
between bodies. When you place the model into ANYS the software automatically defines
connections that it sees between elements in the model, however, some of the connections
defined are not necessary or need to be specified. For this curtain wall model the connections
were defined as either bonded or no separate. The table below details the bodies that were

connected and the type of connection the pair fell under. Defining the connections between the

elements in the system will help with the meshing of the model.

Table: 2D Model Connection of Elements

Bonded

Bracket In-Concrete Steel Angle
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Mullion

In-Concrete Steel Wool Insulation
Angle Concrete Floor Slab
Silicone Firestop Spray

Concrete Floor Slab

Wool Insulation -
Mullion

Bracket
Mullion

Silicone Firestop Spray

Concrete Floor Slab

Table: 3D Model Connection of Elements

Bonded No Separate
Glass Sheet Metal Pan
Rubber Mullion Brackets
Transom . Transoms
Curtain Wall -
Caps Mullions
In-concrete steel Wool Insulation
T-Shape Steel Plate | angle
Mullion Sheet Metal Pans
In-Concrete Steel Brackets
Sheet Metal Pans angle
Transoms Wool Insulation Concrete floor slab
In-concrete steel Silicone Firestop
Brackets angle spray
Mullion Mullion
In-concrete Steel Concrete Floor Slab Sheet Metal Pan
angle Wool Insulation . ] Concrete Floor Slab
- Silicone Firestop -
Mullions Transoms Spray Mullion
Vertical Caps Horizontal Caps
Glass Spacers

Keeping still in the Modeler window of ANYSY you will go down the list of commands in the
Outline table and click on “Meshing”. You will individually mesh some smaller components
defined in the 2D and 3D curtain wall.

The smaller elements that need to individually meshed for 2D are:
o In Concrete Steel Angle

o Bracket
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o Silicone
The smaller elements that need to individually meshed for 3D are:
o Rubber
o T-Shape
o Wool Insulation

o Cap

To do this right click meshing and in the table provided select insert sizing. Choosing this
option will allow for ANSYS to create mesh that will fit the smaller elements. In indicating
sizing in ANSYS there is the option of either face or body. For example, for the 3D model for
Rubber and the T-shape select body, for wool insulation and cap select faces. In the body
option ANSYS selects the whole object needing to be meshed. In the face option, you

manually click each face of the object to receive proper meshing

J Filter:  Mame =

|3 2= B &

Project
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For the 2D geometry select the option of face sizing for the meshing. In the table below are
the the elements and its defined sizing for the definition of element sizing in the meshing

table.
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Table: 2D Mesh Type and Sizing

Elements # of Faces | Size (in.)
In Concrete Steel Angel
Bracket 6 0.0625
Silicone
Mulion
Concrete slab 5 0.5
Wool Insulation

For the 3D geometery you will define elements as either being Face sizing or Body sizing. The
table below is what should be defined in the property table thar pops up for each element of the

curtain wall that is chosen to individually meshed.

Table: 3D Mesh Type and Sizing

Faces Bodies
Elements | # of Faces Size (in.) | Elements | # of Bodies | Size (in.)
Rubber 12 0.0625 Cap 6 0.0625
T-Shape 2 0.0625 Wool 4 0.5

Using the parameters listed above fill out the details table. Using the connections defined in the

tables of connections for either the 2D or 3D model generate a meshing for the curtain wall by

clicking “generate mesh” at the top of the page.

3D meshing of geometry

Zoomed in 2D meshing of geometry
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The set-up for the analysis of the curtain wall depend on the type of test you want to conduct.
For the individual thermal and structural analysis use the 3D model. For the combination of
thermal and structural, as well as parametric testing the 2D model is used.

Structural Analysis:

For structural analysis assure that you use static structural when defining the project type in
ANSYS. Follow what is stated at the beginning of the user’s guide to assure that you select the
proper The Geometry and Model steps should follow those that are mentioned in the above

steps for the 3D model.

v A
i 7 Static Stroctural

2 @ Engineering Data "
3 ) Geometry v 4
4 @ Model v
5 ﬁ Setup v 4
& L‘H;j Solution ¥ 4
7 |@ Results v

Skatic Skructural

The set-up for structural analysis there are conditions that need to be defined in the model. You
want to take into consideration the boundary conditions for instance, the loading being applied

to the system both laterally and longitudinally, as well as fixed supports.

Geometry | Boundary Value Applied by
11 faces Pressure 0.11 psi Surface Effect
All Bodies | Gravity -386.09 in/s?

(z-direction)

"To apply these specific boundary conditions right click “Static Structural” in the outline

table. A drop-down list will appear and you will click “insert” and select the conditions

88



you want to add under the static structural umbrella. You will again be selecting gravity,
pressure, and fixed support. For the fixed support, you want to be sure to select what
elements of the curtain wall will be treated as such. In this simulation, the floor and
ceiling, as well as the glasses are fixed. Make sure that when you are selecting the
geometry that you click on “faces”, circled in red in the image below, on the top tool bar
so that you are not selecting the whole system or the wrong element. The umbrella under
static structural should look like the one in the image below. The elements that are either
colored blue, yellow, or red and have a tag with a letter have structural boundaries

applied to them.
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Once the setup is complete you can move on to the solution portion in the outline table. To
perform the necessary analysis right click the “solution” tab and insert solutions for Total
Deformation, Equivalent Elastic Strain, and Equivalent Stress. When those are placed under the
solution umbrella click “generate” at the top tool bar, to run the simulation. Note that it might
take a while for ANSYS to run the simulation. When the simulation is complete you should be

able to click each solution type defined to view the results.
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Results for Equivalent Stress
Thermal Analysis:
For Thermal Analysis assure that you choose “Transient Thermal” in your initial set of
ANSYS and you insert your 3D Auto CAD drawing for your geometry. Similar to structural analysis
the steps you will take for geometry and model will be the same and are mentioned in the initial

portion of the user’s guide.
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T; Transient Thermal

@ Engineering Daka
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3| Geometry v 4
4 @@ Model v 4
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7 @ Results v 4

Madel, Transient Thermal

The setup for Thermal Analysis there are conditions that need to be defined. The boundary
conditions for thermal analysis include: radiation of the fire, interior, outside and inside glass.
You also want to apply temperature to the fire. To insert these conditions you right click on
“Transient Thermal” and insert the four radiations and the temperature, renaming the conditions
to make it easier to distinguish. You will select each component of the curtain wall that you want
to apply the condition of radiation to separately make sure that the number of faces selected for

each component meets that of the table below.

Radiation # of Faces
Fire 6
Interior Glass 6
Exterior Glass 6
Interior 36

For radiation you want to manually define properties like ambient temperature and emissivity
once the geometry for fire, inside glass, outside glass, and interior are distinguished. For ambient
temperature and emissivity for inside glass, outside glass, and fire will be tabular data. To select
that option in ANSYS you will go to the details table of the chosen element and click on emissivity
an arrow will appear, click the arrow, and a drop down table will appear and select “tabular data”.

You will do the same for ambient temperature.
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Once tabular data is click a table will appear and you will manual input the values. For inside

glass, outside glass, interior and fire the data below is what should be used.

Steps | Time(s) | Emissivity | Ambient Temp (F)
1 1 0.8 71.6
2 120 0.8 71.6
3 360 0.8 71.6
4 540 0.8 71.6
5 1500 0.8 71.6
6 7200 0.8 71.6

For the temperature of fire you will select the “body” and not the faces of the rectangular prism.
Then you will define the details for temperature which again, will be tabular data increasing in

steps over a period of time.

Steps | Time (s) | Temperature (F)
1 1 71.6
2 120 450
3 360 1050
4 540 1220
5 1500 1510
6 7200 1800
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When the boundary conditions are defined you can move on to the solution portion of ANSYS.

For the Thermal you want to analyze temperature and total heat flux.

Similar to the solutions in structural analysis, you will right click on “Transient Thermal” and in
the drop down table you will select temperature and total heat flux. You will then click “generate”

to run the simulation and the results for each temperature and total heat flux will be computed.
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Results of Thermal Temperature
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Results from Total Heat Flux

Thermal and Structural:

For the combined thermal and structural follow the set up for a custom system in ANSYS.
The geometry you will use for this analysis is the 2D auto CAD. You will follow the steps provide
for modeling the 2D geometry that is mention in the beginning of the users guide. For the set up
of this analysis you will first start in Thermal and then go into the Structural set up.

The setup for Thermal will be similar to that of the 3D model thermal analysis. However,
glass will not be analyzed and the solution you are looking for is only temperature. You will still
have boundary condition of radiation on the interior of the curtain wall and fire. The tablular data
detailed in the thermal analysis for radiation will remain the same. The temperature data for fire

will also remain the same.
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For the solution again, you will follow the same steps only selecting “temperature” as a

solution. Click “generate” and run the simulation to get the results for thermal analysis.

For structural set up you will follow the same procedure defined in the 3D structural analysis. The
boundary conditions will be pressure, gravity loads, and the curtain wall will all be defined as

fixed support.

For the solution for structural analysis only total deformation will be taken into consideration.
Also because the thermal and structural are a combined analysis the temperature defined in the
thermal analysis will be automatically imported into the transient umbrella in the outline table.
You will click “generate” and ANSYS should run the simulation for both thermal and structural
giving you the deflection of the mullion as a result of the loading, wind pressure and the

temperature of the fire.
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