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“This report was prepared as an account of work sponsored by an agency of the United States
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employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
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Reference herein to any specific commercial product, process, or service by a trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United

States Government or any agency thereof.”
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Abstract

This report will discuss issues relevant to Insulating Glass (IG) durability performance by
presenting the observations and developed conclusions in a logical sequential format. This
concluding effort discusses Phase II activities and focuses on beginning to quantifying IG
durability issues while continuing the approach presented in the Phase I activities (Appendix 1)

which discuss a qualitative assessment of durability issues.

Phase II developed a focus around two specific IG design classes previously presented in Phase I
of this project. The typical box spacer and thermoplastic spacer design including their Failure
Modes and Effect Analysis (FMEA) and Fault Tree diagrams were chosen to address two
currently used IG design options with varying components and failure modes. The system
failures occur due to failures of components or their interfaces. Efforts to begin quantifying the
durability issues focused on the development and delivery of an included computer based 1G

durability simulation program.

The focus/effort to deliver the foundation for a comprehensive 1G durability simulation tool is
necessary to address advancements needed to meet current and future building envelope energy
performance goals. This need is based upon the current lack of IG field failure data and the
lengthy field observation time necessary for this data collection. Ultimately, the simulation
program is intended to be used by designers throughout the current and future industry supply
chain. Its use is intended to advance IG durability as expectations grow around energy
conservation and with the growth of embedded technologies as required to meet energy needs.
In addition the tool has the immediate benefit of providing insight for research and improvement

prioritization.

Included in the simulation model presentation are elements and / or methods to address 1IG
materials, design, process, quality, induced stress (environmental and other factors), validation,
etc. In addition, acquired data is presented in support of project and model assumptions. Finally,
current and suggested testing protocol and procedure for future model validation and IG physical

testing are discussed.
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Executive Summary
Michael L .Doll

The Window Industry Technology Roadmap, sponsored by the U.S. Department of Energy's
Office of Building, State, and Community Programs, identified durability of windows as being a
barrier to the advancement of this product. This subgroup identified three actions to overcome
this barrier. These are: (1) establishing a system for rating durability of products, (2) defining
appropriate durability and warranty periods for different window components, and (3)

developing products that encourage consumer upgrade as features advance.

This report addresses the first two of these issues by developing a public domain knowledge base
that can be used by standards organizations to create consensus standards that directly impact IG
unit durability. This effort encompassed technology maturation stages 2 and 3. The objectives
of the technology maturation stage 2 efforts are two-fold: quantifying durability of existing IG
unit subcomponents and understanding and quantifying the mechanisms of subsystem and
system failure. The objective of the technology maturation stage 3 efforts are also two-fold:
developing a predictive tool to assist designers in developing sufficiently durable IG units and
development of accelerated test protocols that correlate to field service lifetime. All of the
efforts within this project have been documented in this public domain Insulated Glass
Knowledge Base to support standardization of IG unit durability methods and rating measures

development.

This report is the culmination of work initiated by a team which included the Department of
Energy (DOE) and the Insulating Glass Industry with representation from their customers and
their supply chain. Insulating glass products play a pivotal role in meeting the DOE performance
goals for current and future building envelopes. Several developing technologies such as
Electrochromics, advanced coatings and dynamic thermal control have great potential for

meeting required energy goals, however current IG unit durability is questionable. Although
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data is lacking regarding IG unit durability, there is a growing perception of costly IG unit failure

rates that creates a barrier to new technology implementation and associated costs.

From those discussions and concerns, this project was defined and designated as An Insulating

Glass Knowledge Database to archive current and future durability information. Additionally,

analysis tools and methodologies would be presented in support of a continuous improvement

process of designing, manufacturing and application of quality IG units.

Initiation of the project recognized several major challenges which must be addressed for
creating and maintaining a successful knowledge base. Among these challenges are industrial
participation and knowledge contribution, varying definitions of “durable IG units” along with
“failed IG units” and the dissemination, communication and implementation to and in small and
large organizations. In consideration of these challenges, the following project tasks were
defined and are detailed in the remainder of this report. Each is also included as a solicitation to
the industry for continuing support and contribution of field and laboratory data. This supports
characterization of current IG unit failure rates and modes of failure through use of material
property data, laboratory and field IG unit testing data, design methodology and tools, business
and customer IG unit durability expectations, volumes and regions of sales, etc. In addition,
each task considers an element of further advancing IG unit design, materials, manufacturing,

quality and application.

Tasks
Task 1 Review of current literature
Task 2 Determine current system durability of representative 1G products
Task 3 Investigate and quantify failure mechanisms
Task 4 Develop predictive durability design tool
Task 5 Develop protocol for accelerated test correlated to service life

Task 6 Report preparation and submittal
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Although it is believed that IG product liability and differentiation continue to discourage
sharing knowledge, data contribution, and dissemination of information, several key
contributions of research, theoretical analysis, and hypothesis detailed in this report have led to a
deeper understanding of the current situation. This emphasizes the need to prioritize and address
continuing efforts to insure continued development and application of efficient and durable IG

units.

Insulating Glass — Proactive Failure Identification and Product Specification

Large IG manufactures generally support a comprehensive set of specifications for the IG
products they produce. The shear volume of product requires a need for efficient, repeatable
processes that require an understanding and documented expectation of raw materials, design,
process and quality. In addition, these larger organizations are continually improving their
designs, materials, etc. achieving cost advantages and product differentiation in the market. The
smaller IG assembly organizations generally work from a different business model. They
generally purchase an IG system. The supply chain (glass, sealants, desiccants, spacers, etc.)
recommends the materials and process for the I1G unit fabrication. There is little motivation for
the small IG assembler to have an in-house comprehensive understanding of the material
requirements, material interfaces, processing requirements, etc. as each follows the supply chain
recommendations and focuses more on cost efficiency in raw material purchasing and IG

assembly.

The choices of IG unit materials (sealants, spacer systems, etc.) and the combinations of these
choices are staggering. Yet, each combination represents a unique IG design and the possibility

of a unique set of failures which will define the unit’s durability over time.

General research efforts addressing IG unit durability have been and continue to be focused at
understanding IG unit seal systems and their materials. Although, as an example, permeation of
liquids, vapors, and gases of the sealant materials is an important aspect of IG unit durability,

this project was defined and brings focus to identifying and evaluating all modes of root cause IG
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unit failure. This process requires that each IG product be considered as a unique system of
design materials, process assembly, etc. As demonstrated, a Failure Modes and Effects Analysis
(FMEA) documents the possible root cause failure modes (not always recognizable through
observation or testing) of the system. The FMEA can then support a Fault or Event Tree
Diagram, FIG. A, which traces the root cause failure (top level) down to a defined symptomatic,

more easily recognizable level of failure such as surface condensation.

Event Tree Structure
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The level of detail required in the FMEA and a resulting fault tree is dependent on the system
being addressed. Figure A is an example and does not contain the level of detail expected to

comprehensively define all expected modes of failure which may exist in current IG products.
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For instance, the example in Figure A is more closely related to an IG unit design that does not
include glass coatings. Failure modes identified with coatings and their processes would be
addressed in the FMEA discussion and documented, possibly adding additional nodes or refining

the definition of an exiting node.

It is recommended that FMEA, or a similar tool, be used to begin to define and document a
specific IG product’s design, materials, process requirements, etc. and their relationship (possible
failure modes) to durability expectations. For many IG unit manufactures, initially this process
will lead to more questions than answers in defining and understanding the current product that
they produce. This is a good thing and highlights the need to understand and support the

following recommendations.

As referenced above, there is little or no data which explicitly defines current IG unit failure
rates. A current Insulating Glass Manufactures Alliance (IGMA) field study and contribution of
anonymous laboratory data at the very least suggests that IG units that are designed and
produced to withstand more rigorous laboratory testing have shown to be more durable in the
field. At the same time, laboratory data shows that IG units that will fail will most likely be
infant failures, lasting a year or two. And, many of these failures may not be observed for years
after initial material or component failure; when conditions allow for an observable symptomatic
response. The process of evaluating the root cause at these data points requires a clear
understanding of the units which were being tested and installed in the field. The lack of clear,
comprehensive specifications and identification on many of the units makes it difficult or

impossible to suggest or correlate root cause failure.

It is recommended that identification, product and process specifications be developed defining
IG products produced. These specifications should include all aspects of each material being
used in the system, down to, for example, the formulation of sealants and desiccant materials and
the expectations of the completed IG unit assembly and application and all added value in
between. This process should be lead by the IG manufacturers but should include the supply
chain and customers. This process can utilize tools such as FMEA (mentioned above), may

require testing, etc. The outcome of this process is documentation that will provide the
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definition of the intended product; the starting point. It is from this definition we can start to
define variation in materials, design and process and their effect on failure and overall IG unit
durability as well as quality processes designed to control, eliminate or detect variation. For the
small manufacturers assembling a purchased a system, much of the specification will come from
the supply chain and with it an understanding of the materials and their interactions and effects
on durability. Component quality assurance processes and validation testing should be provided
and documented; deepening understanding of the materials, accompanying recommendations for
application, handling and storage requirements. Some examples of items which should be

included in an IG specification are:

e Material specifications including required, relevant material properties and their
acceptable variances are required. This includes formulation requirements if material
properties are dependent on formulation variances and additive changes.

e Material handling and storage requirements are necessary and can be provided as part of
the material specification or general are presented in the process specifications. The
materials and the expected material interfaces in IG products are susceptible to many
types of contamination air born moisture (liquid and vapor), dust, etc., human body oils
from finger prints, safety and handling equipment such as gloves, hand lotions, etc.

e Design attributes such as geometries and position of the spacer systems and their
acceptable variances. Generally, this design and process information is efficiently
presented in component part and assembly drawings. These should include consideration
of process attributes such as burrs from cutting processes, which can interrupt sealing
interfaces.

e For each requirement a metric of success, definition of failure and an expected corrective
action should be documented. These lead to defining efficient quality assurance
processes.

e Performance based testing requirements which may range from the raw material level of
the IG components to the completed systems level testing including ASTM and other

industry, certification, energy and durability testing requirements.
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Quality Improvements

Beginning with a well defined 1G product and expectations of performance, IG unit durability
can be evaluated and the effects of variation and application considered. ~One of the major
challenges of evaluating root cause failure in IG unit systems has been working past detected
quality issues. Laboratory data supports that a large majority of failed IG units are due to quality
related issues. This is also a general attribute of infant product failures. The number one effort
for improving current IG unit durability lies in improving quality. This includes raw material
quality such as reducing variation in material properties, component processing quality such as
proper glass cutting and cleaning, spacer fabrication, etc. and final assembly and unit sealing.
There are several quality processes and tools offered through industrial and quality organizations
that support defining and implementing quality assurance processes. Many of these

organizations as well as supply partners and consulting firms offer on-sight support.

Just as the supply chain is an important partner in delivering to the manufacturing and
specification processes, they are also important in delivering to the quality process. The
communication flow up and down the supply chain, as presented in Supply Chain Management
(SCM) Methodology Tools, must carry requirements that any change, including change in
expected or planned variation, must be evaluated throughout the supply chain as to its possible

effect on all aspects of the final product expectation.
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Key SCM Concepts
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This requires that all partners in the chain participate in developing (specifying), understanding
and monitoring the requirements of their products as they relate to the completed, more complex
system. The complex system specifications (product specifications) will include the overall
statement of expected product durability; a statement that includes, for example, expectations of
energy and aesthetic performance throughout the IG unit’s expected life. The required and
designed response of each component and material, as documented in the specification, through
their respective properties and in consideration of expected variance, work together to meet those
expectations. Supply chain management and collaboration become an integral part in meeting

quality requirements and expectations of durability over time.

Together, a well defined and understood product / process specification and consistent quality IG
unit production will reduce current failure rates, support the development of new technologies

and reduce manufacturing, building and energy costs.

Durability Simulation Tool Development

Upon successfully addressing quality and diminishing the infant failure rates, we consider long

term IG unit durability. Whether a durable IG unit is defined to function for 10 years, 20 years
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or beyond, these time frames create a challenge in validating continued IG unit durability
improvements. With the introduction of new and innovative IG technologies, it has become
increasingly important to rely on current and developing computer modeling and analysis and
accelerated physical testing to evaluate IG unit durability. Yet, there are several aspects of
testing which the project has considered and has led to the following recommendations and

initial development of a state-of-the-art IG unit durability computer modeling tool.

While developing the Fault Tree Diagrams discussed above and analysis of root causes of
failure, the IG unit was considered a mechanical system. In essence, the materials and the
system are defined around their strengths represented by material properties, these are then are
compared to the stress inputs. Where the stress becomes larger than the ability of the material
strength to handle it, failure will occur. This methodology lends itself to the development of a set
of stress vs. strength mathematical models. The models are coupled through their common
variables. The material properties (strengths) and their variances are input distributions and are
compared to the stress distributions defined by the environment and application conditions of the
IG unit. As simple as an IG system may seem, when considering the IG materials and their
interaction while distributing a variety of stress and strain responses to a complex set of inputs,
modeling the system is not a trivial matter. Thus, the use of advancing computer technology
along with the Fault Tree Diagram's natural presentation of analysis and computational flow, led
to the development of a computer based durability model. The IG durability computer model,
SealSim, is the first model of its kind and promises a true advancement in not only supporting IG

unit development but also other building components.

The model is envisioned to ultimately be a predictive model, utilizing Monte Carlo methods to
statistically choose and compare the stress and strength distributions. The current release is the
foundation of that vision. The current release is a time based model which steps through the life
of an IG unit comparing a set of user defined strengths (the failure criteria) with the stress input
from environmental data files which can, depending on the user definitions, include temperature,
pressure, wind, etc. Cautions must be given to the model’s current usage. As is the case in many
developments of this type, the model needs further evaluation, has been simplified in many

areas, at many levels and has yet to be validated with laboratory or field data. Yet, using the
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documentation detailed in this report and the SealSim Users manual, the tool can give general
direction while comparing one IG unit to another. For example, IG design 1, with desiccant A
can be compared through a durability index number to IG design 1, with desiccant B. The
program outputs the durability index number for the first design (desiccant A) and a second
durability index for desiccant B, from the two separate analysis runs. This output will guide the
designer to the desiccant that outputs the higher index number, and theoretically the more
durable IG assembly based on the desiccant choices analyzed. The user must input specific and
accurate material properties, and ideally distributions representing property variance expected in
controlled manufacturing. This general scenario in comparative analysis can also be applied to
the development of the desiccant formulation itself. The current release should only be used by
experience individuals with a strong depth and breadth in materials, IG design and development,

mathematical modeling, program development, etc.

The durability tool also provides an opportunity to evaluate of current physical testing protocols
and procedures. Current accelerated physical testing is the most common tool used to validate
IG unit design and process assembly and is a requirement for industrial certifications along with
computer modeling of energy performance. Physical testing and current computer modeling has
helped create the current state of IG products. We expect the current testing procedures to model
the environment that an IG unit would see throughout its life. Stated another way, the tests
should perturb the root cause failure modes in the same way we would expect in the real life
application. Defining the stress distributions which model the test environment would be a first
step in evaluating the use of the durability tool for this comparative analysis. Thus the real
environmental stress inputs expected over the life of an IG unit were compared to the designed
conditions (laboratory stress inputs) of the testing environment and the energy modeling tools.
This evaluation identified opportunities in advancing assumptions and procedures used in current

IG modeling and test evaluations.

The current release of the durability tool program leverages current computer modeling tools
(WINDOW, THERM, etc.) widely used in the industry while supporting the energy certification
processes. Yet, to evaluate root case failure, the durability tool must extend analysis beyond the

current tools and include, for example, direct and indirect radiant heat absorption of the seal
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components. Thus, the tool must model all the components during all environmental cycles and
expected applications. For example, the current tools output validated temperature gradients
from a simulated winter night. The seal temperatures which might be extrapolated from these
simulations differ greatly from the seal temperatures which will be achieved during a sunny

winter day with similar exterior and interior temperatures.

Figure B, presents field temperatures of two glass surfaces along with the air gap temperature
for a two day interval. On a sunny day the glass surface temperatures and the air temperature
reach approximately 30° C. In Figure C, the temperatures of the bottom seal materials for the
same IG unit are presented. These materials reach temperatures of approximately 50° C. The
field data show that the temperatures experienced by the seal can be significantly higher when

the direct radiation components are considered.

Effect of Overcast vs. Clear Skies on Glass and Airspace Temperature
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Figure B, Glass and Air Space Temperature on a Cloudy and a Clear Day. Outdoor Temperature

1s included for reference.
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Effect of Overcast vs. Clear Skies on Lower Seal Temperature
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Figure C, The Influence of Solar Radiation on PIB Seal Temperature at the IG Unit Bottom

Edge. Outdoor temperature is added for reference.

In addition, the same data set indicates that significant variation in temperature can exist in an IG
unit at a given time as the temperature gradients cycle around the unit with the position of the
sun as presented in Figure D. Accurate estimation of temperatures is important in estimating the
service life of an IG unit because the permeation properties of the sealants change with

temperature and stresses that can be induced by thermal expansion of the IG unit components.
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Figure D, the Influence of Solar Radiation on Seal Temperature Exterior PIB Seal Temperatures

measured at the midpoint of each side

If the seal temperatures are assumed to be equal to the glass temperatures, an average of a set of
temperatures or without consideration of the heat absorption component, as shown above, these
types of assumptions can easily lead to 20°C temperature error on a sunny day. This will lead to
errors in calculation of thermal expansions and permeation. The permeation limitation can be
overcome by providing the Durability Design Tool with a file of seal temperature as a function
of time to use in the simulation.

Although high level correlation with current testing procedure continues to support validation
and quality processes, advancing test procedure to consider the cycling effects and ensure the
simulation of the dynamic heat gradients can only advance our understanding of durability and

root cause failure.

Data available from an extensive series of weather stations throughout the U.S. and in other

countries was compared with current testing procedures. The expected variation(s) between the
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sites and the amount of data led to the development and definition of factors that begin to reduce
the data such that comparisons to other weather stations and test environments can be made. As
the report details, one Stress Severity Factor, the Pressure Severity Factor, combines the pressure
effects from altitude, barometric pressure and temperature. The application of these combined
stressors over extended periods of time and in consideration of their dynamic cycling effect act
as dynamic stressors. The result sums the effect over time and assigns the Pressure Severity

Factor for, let’s say, applied pressure over time. Several types of severity factors can be defined.

Using the Pressure Severity Factor as the example, first, the following Figure E shows that
combining pressure effects gives a more realistic picture of how the separate pressure stressors
add and subtract from each other, creating maximums and minimums that would not be
identified if considered separately. Good IG unit designs and test procedures should not only
consider the typical variations of these stressors but also the stressor maxima as well as cycling

effects and safety factors as required.

Second, the pressure stress induced on an IG unit in test protocol can be defined by its Pressure
Severity Factor and compared to the real environmental factor. Figure F shows the relationship
between the expected severity of the applied pressure stressors in the ASTM E2188 test and one
year of service. This severity would be calculated to be .975. The severity for one year of
service for an IG unit in Mimi is 0.978. Thus, in terms of just the pressure severity the test will

perturb failure modes expected to be revealed during the first year of field service.
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Severity pressure in psi for high humidity and cycling portions of the test with the first high
humidity portion preceeding the cycling portion and the final high humidity portion following
the cycling test.

Consider then, each specific year represents a specific pressure severity factor and thus other
years may have higher or lower severity factors and that a severity factor, given the
computational power and time, can be calculated for 10, 20 year set. In this example, the current
testing would seem to provide a set of pressure stressors adequate to address, infant failures, and
current field results indicate that IG units build to successfully pass these tests standards are

capable of extended life, 10, 15 years. Each of the expected stressors (Heat, moisture, cyclic
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fatigue, etc.) would be considered in the same manner and applied to the computer model

development and the advancement of test protocol and procedure.

As detailed in the report, several test developments are suggested to advance both our
understanding of the modeling and IG unit development and testing. It is suggested that the
advancement of the testing and the simulation tool be completed in a concurrent fashion. The
computer simulation requires validation at several levels form the raw material level to the
systems level. Material data is a basic requirement for the simulation and builds a fundamental
understanding of the root cause failure modes which are expected to be perturbed in the test
procedure. Material testing supports both test advancement as well as the model development.
In the same way, system tests designed to document specific responses of the IG unit to
controlled stressors support the models validation at the systems level and the development of
test procedures that, when consolidated, can deliver the most efficient and value based testing in

support of quality and certification.

In summary, the following recommendations are made:

e IG units should carry identification explicitly referencing a compressive product and
process specification. Field data can then begin to be correlated to systematic and root
cause failure. In addition, industrial processes should be defined in a collaborative

manner to combine filed data with unit production and regional application.

e Disciplined quality processes which not only ensure manufacturing of consistent quality
products but also ensure collaboration with the supply chain to address monitoring of
material and component changes should be implemented. Change initiated through
technology, business, market, etc. would then be proactively evaluated throughout the

supply chain and monitored as to their effect on product and durability expectations.
e Development of comprehensive durability simulation tools should be continued,

supporting condensed time frames for technology implementation, cost savings and

general business opportunities for profitability.
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Consideration and evaluation of stress input and IG unit response should continue to be
addressed advancing the durability simulation models as well as advancing physical

testing to ensure quality and long term efficient product application.
Physical testing protocol and procedures should be advanced with a focus on IG response

and root cause failure consistent with long term fatigue cycling experienced in real life

applications.
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1. Introduction
Michael L. Doll

1.1 The Need for "An Insulating Glass Knowledge Base""

The objective of the Insulated Glass Durability Knowledge Base, an effort funded by the U.S.
Department of Energy (Cooperative Agreement DE-FC26-01NT41258), is to provide a
mechanism by which durability characteristics of current IG units can be captured in a useful and
practical manner. The effort was performed by Aspen Research Corporation in conjunction with

its partners in industry, academia, and government. [6]

To fulfill the goals of this project, the knowledge base consists of two primary structures: a
durability evaluation tool and an IG design data repository. The durability evaluation tool was
designed to support the following analyses: material sensitivity, design sensitivity, environmental
sensitivity, and durability performance predictions. The design knowledge repository contains
practical and useful design references: event tree diagrams for representative design classes,
relevant material properties, regional environmental exposure levels, mechanistic failure models,

and national and international standards relevant to IG product development and testing. [6]

The Phase I report (Appendix 1) discusses the structured methodology that was followed for
development of the durability evaluation tool. The methodology represents a structured
approach founded upon sound reliability and mechanistic modeling principles. This Phase II
report, concluding the project, discusses model development and current progress in quantifying
IG durability issues while working to prioritize and suggest on-going research. The proposed
research will use the model as well as acquired field data supporting project and modeling

(e

assumptions. For additional information concerning this project, refer to

http://www.IGDurability.org.
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1.2  Approach

As presented in the Phase I report, this project has been defined as a two-Phase project. The first
Phase discussed insulating glass durability issues at a qualitative level. That is, the relevant
issues were identified, and technical understanding was developed and communicated regarding
these issues. For the first Phase, the technical discussions were focused on first principles theory
and practical considerations. In most cases, numeric values were not quantified for these
statements, but the statements were intended to support this second Phase, the quantification of
the first principles derived theory. This section discusses the overall approach taken to fulfill the

requirements of this project. [6]

One of the principal challenges of this reliability effort is development of durability assessments
that are applicable to a wide variety of products. In addition to variations of material properties,

significant design variations for different classes of products must also be addressed. [6]

For example, two significantly different IG designs are shown below [1]. Figure 1-1 shows a
common IG design, which involves a structural spacer, a primary sealant material, and a
secondary sealant material. This schematic is a simplistic representation of this common IG
design. The implementation of the design typically involves metals or polymers for the spacer.
Another common IG design is shown in Figure 1-2. This design uses the sealants as the spacer.
In both designs, the primary and secondary sealants are typically some of the following organic
compounds: butyl (hot melt or not), polyurethane, polysulfide, or silicone [2]. In addition to
various classes of materials being used, there are also significant variations within the material
classes due to formulation differences. When comparing these two designs, it is obvious that
their durability response characteristic will not, in general, be identical. Rather, their failure

mechanisms may differ substantially. [6]

Failure Modes and Effects Analysis (FMEA) is the recommended approach that will be used to

capture understanding of how the failure mechanisms relate to system failure. The FMEA
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documents form the initial basis for considering the durability similarities and differences

between differing designs. [6]

?lazin< ;lazmg
d » ¢ »
Spacer
L] /f @
. A \
Primary Sealant Primary Sealant
Secondary Sealant Secondary Sealant

Figure 1-1 Common IG design with box spacer Figure 1-2. Alternative IG design

Event tree diagrams were used as a tool to translate the verbal FMEA descriptions into
mathematical constructs to describe system failure. The event tree approach is commonly used
to capture the interaction of failure mechanisms for complex systems [3]. The event tree begins
at the top level as a system that has not yet experienced failure. Paths from the initial state then
progress along tracks of sub-system failure events until the end system result of either failure or

success (non-failure) is achieved. [6]

As discussed in the Phase I report, the event tree diagram must be developed uniquely for each
identified class of design. An example event tree diagram, developed for the case of an IG with
spacer design (represented in Figure 1-1) is shown in Figurel-3. This event tree diagram is for
illustration purposes only, and is not, by any means, intended as an official finalized diagram for

describing this design’s potential failures. [6]
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The event tree shown in Figure 1-3 begins with the state of a non-failed IG unit that has just
begun its service life. Its durability performance over its expected service life is then modeled as
a chain of potential failure events. Each link in the chain of potential failure events can be
modeled as a flowchart decision block with the outcome of the event being either success or
failure with respect to the stated mechanism. If the block fails due to its stated failure
mechanism, the continuing failure chain is then evaluated to ascertain whether the chain of
events will continue until system failure is realized. If failure does not occur, other failure
mechanism chains are examined to see if they will result in failure. The flow continues until

either system success or failure is ultimately realized. [6]

The decision blocks in the event trees were intended to be developed such that they each capture
a unique failure mechanism, such as primary seal cohesive failure or primary seal adhesive
failure. At this point it is important to develop a methodology for consistently assessing the
individual decision blocks. To evaluate the decision blocks it is necessary to think of each
potential failure in terms of the competing nature of stress and strength. The completed event
trees will not only incorporate field induced stresses, but will also incorporate stresses and thus
failure events corresponding to processing issues. The general methodology originally intended
to treat each of the decision blocks is described in Figure 1-4, for the specific case of primary

seal cohesive failure. [6]

As is seen in the Figure, in order to evaluate the outcome of the decision block it is necessary to

have the following four primary elements:

Relevant environmental parameter values
Relevant material property values
A translating algorithm for converting environmental parameters to material stresses

An algorithm for comparing the material stress values to its strength properties

To be the most useful, the environmental stress and material property data should capture not

only the expected values of parameters, but also their probabilistically distributed nature. The
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translation step will involve mechanistic modeling of the failure mechanism in terms of the
environmental stress. The outcome of the decision block will be a result based on the

comparison of the translated stress and the defined material strength. [6]

The envisioned procedure for evaluating event tree diagram decision blocks would be
implemented in a consistent manner for each decision block, which is shown in Figure 1-5.
When applied in such a consistent manner, the result would be two algorithms that are defined
within each decision block: the environment to stress translation algorithm, and the stress to
strength comparator algorithm. The stress translation algorithms, each unique to a design block,
would draw data from the environmental database. Each translation algorithm would draw the
environmental parameters from the environmental databases, which are relevant to the
mechanistic model [4]. The comparator algorithms would also be unique within each decision
block. The comparators will draw material properties from the material property database,
which are relevant for the material and stress value under consideration [5]. The environmental
database will include information of all relevant environmental parameters and for all relevant
environmental regions. The material property database will include information on all relevant
material properties and parameters. The ideal environmental data and material property data will
be stored in terms of not only expected values, but also in terms of the probabilistic nature of the

parameter values. [6]

When the event tree diagrams are completed, with their embedded decision blocks and
mechanistic models, they will then be evaluated. The event tree is driven by probabilistic events,
due to variation in environmental stresses and due to variation in material property strengths.

The system would thus be assessed by treating it as a stochastic process. [6]

A variety of techniques can be used to develop durability statements from the resulting system
model relationships. In the Phase I effort, statements were made using a model with relatively
few system failure mode blocks. This more simplistic representation provides some initial

insight into perceived IG durability performance. [6]
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Figure 1-5. Generic Flow of Data for the Knowledge Base

The complete validated outcome of this effort would be a structured tool for IG durability

evaluation. The tool will be useful for the following activities. [6]

Material sensitivity analyses

Design sensitivity analyses

Environmental sensitivity analyses

Durability performance predictions for stated designs
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This structured approach will result in the development of unique event tree diagrams for each
class of IG design. The FMEA’s generated will provide useful templates for understanding and
guiding IG and spacer system design and production processes. Within each of these designs,
inherent material and environmental variations dictate that a probabilistic approach be utilized.
The necessity of converting environmental parameters into material stresses dictates that

mechanistic failure models be developed and implemented. [6]

The structured approach resulted in a practical and meaningful IG design data repository. The

following IG design knowledge was captured:

Failure Modes and Effects Analysis document for each IG design class

Event tree diagrams for each IG design class

Material properties for all relevant generic and specific IG material properties

Relevant environmental exposure values

Mechanistic models (translation algorithms) for defining material stress in terms of
environmental parameters

National and International standards for IG product development and testing (The current

project focused on North American and European standards documentation)

If one were to rigorously follow this methodology, it would be assured that all relevant failure
mechanisms, environmental parameters, and material properties are addressed. In addition,
interactions between the failure mechanisms would be captured and understood. In summary,
following this structured approach will ensure that a useful and practical durability evaluation

tool for the Insulated Glass Durability Knowledge Base is achieved. [6]

As the methodology described above was implemented, it became obvious that the final goal was
optimistic within the time and budget constraints defined within the project. As a first step,
work proceeded on a time-based approach model rather than a program flow developed around
following the probabilistic fault sequence of events. (Fault tree diagrams). Succeeding in this

scaled-back effort produced the foundation of the originally envisioned model. Future efforts
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can then build on this foundation for full implementation in modeling the fault tree diagrams.
The scaled-back model will not produce results which can directly advance system design
relative to probability of an identified root cause and subsequent chain of events leading to
failure. However, its immediate and important advantage is that it has successfully coupled
fundamental mathematical models of stress with permeation. Instead of the fault tree diagram as

the model for program flow, Figure 1.6 presents the program flow of the time step approach.
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As can be seen in the Figure 1-6, each of the sub models is addressed as each time step is
initiated with its unique set of initial conditions rather than a program flow that follows a path of
computation based on the outcome of the decision block before, Figure 1-3. This time-step-
simulation models the system as a whole through simultaneously solving the coupled differential
equations which represent the whole of the fundamental system response to the induced
stressors, as in real time, resulting in outputs which will provide direction and support for

prioritization and continuing research addressing:

Material sensitivity analyses to advance IG material selection and application including
required bulk properties and their appropriate specifications as they relate to IG durability

and the effects of process variation on IG durability

IG design analysis for current and future innovations leading to design choices that

enhance IG durability using design sensitivity analyses

The induced stress effects, including magnitudes, cyclic fatigue, gradients, etc., leading to

appropriate design specifications using environmental sensitivity analyses

Durability performance predictions for stated designs
In addition, in the hands of experienced researchers, engineers and designers, the simulation tool
will provide direction and insight to address issues which can have immediate impact on 1G
durability.
This Phase II presentation continues to leverage off the Phase I activity, which was primarily

involved with development of first principles qualitative understanding of IG durability. This

Phase II effort focuses on quantification.
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1.3 Content of the Phase Il Report

This report is a comprehensive presentation of the project from discussion around the original
proposal through the concluding tasks and will discuss the relevant issues by presenting the
developed Phase II conclusions in a logical format. This report is intended to disseminate
information, data, hypotheses, instruction, conclusion, suggestion etc. in a form and vocabulary
that is understood and usable for the general designer and / or engineer. A major portion of this
project deliverable is a computer based IG durability simulation program. The long term
implementation plan for this simulation program continues to be directed at the IG or
fenestration designer. However, as will be presented, the current version of the simulation
program is useful in the hands of a group or individual with a great deal of depth and breadth of
experience in all associated areas of science, engineering, computer code, mathematical
modeling, etc. This current program is the first simulation program of its kind and this version
will provide output that is and will be very beneficial in understanding IG durability and IG
durability opportunities.

Included in the report and its appendices are presentations of data that in some cases, in its
original presentation, was defined as sensitive to or by its contributors. These contributors have
provided this data in support of advancing the industry as well as support of the energy goals and
objectives of the United States Department of Energy. This data has been sanitized and when
requested, there will be no reference to those contributors except at a high level (i.e. provided by
the industry supply chain). In some cases permissions were granted identifying the specific

contributor. Contributors may not be listed based on their request.

Chapters 1 and 2 will present an overview of the project proposal, Phase I and Phase II project

plans and activities. In addition, acquired data will be discussed relative to project assumptions.
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Chapter 3 provides initial definition and statements of durability. From this discussion, the
development of the durability simulation tool is presented. The presentation addresses the
fundamental mathematical algorithms, coupling, the graphical user interface, database
construction and use, assumptions, etc. including a sample analysis discussion. As each element
of the IG system is addressed in the model discussion, consequences of process, quality and
design are addressed. Data suggesting validation as well as supporting continued development is
discussed. In addition, the simulation program’s compatibility and use with current energy /
fenestration modeling tools is discussed along with suggestions and direction for continuing

advancement of the tool’s capabilities and probable integration.

Chapter 4 presents material on increased understanding of IG performance derived from
available data and the simulation tool intended to support discussion and focus around evaluation
and suggested advancement of the current IG physical testing procedures. This discussion
considers development and theory of accelerated testing and how it is currently applied in IG
testing, consideration of the stress applied to the IG as supported by environmental data and
acquired field testing data and how these are currently addressed in test procedures. The

discussion continues with suggestions to improve the procedures.
Chapter 5 summarizes the project by way of discussing suggested future activity based on our
stated conclusions. The presentation is intended to address both short term opportunities such as

process and quality and longer term research such as needs for continuing development of the

simulation tool, test protocol, data collection and durability validation.
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2. Experimental - The Need, Proposal & Project Plan

“An Insulating Glass Knowledge Base”

Michael L. Doll

2.1  Original Proposal

There are several relevant and timely issues which were presented in the original project
proposal. A plan of action was developed by a team representing industry and headed by
the Department of Energy. This team identified the need and defined the overall approach
to create and maintain an insulating glass (IG) knowledge base or repository of IG
knowledge and information. The following is a paraphrased presentation of selected
sections of the original project proposal with the addition of supporting data around the

original assumptions which were used to begin quantifying the IG durability opportunity.

Need/Problem Definition

Recent results from studies on Insulating Glass panels indicate that the energy efficiency of
the United States’ population of aging windows is degrading. In addition, recently settled
lawsuits filed by homeowners over massive failures of IG units ranging from fogging to
loss of argon gas have brought the issue of IG durability to the forefront. A few
manufacturers stand behind their products with 20 year warranties, but most have either no
warranty or at best 5 years, and the homeowner usually doesn’t know what warranty they
have. These failures result in losses for the homeowner or the manufacturer depending on

the agreed upon warranty. In any case, society experiences loss in energy efficiency and
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from the time wasted and energy spent manufacturing replacement IG panels that are likely

to fail again.

The Window Industry Technology Roadmap, sponsored by the U.S. Department of
Energy’s Office of Building, State, and Community Programs, identified durability of
windows as being a barrier to the advancement of the product. The subgroup identified

three actions to overcome this barrier, they are:

Establish a system for rating products on the basis of durability.
Define appropriate durability and warranty periods for different window
components.

Develop products that encourage consumers to upgrade as features advance.

This project covers the first two of these issues developing a public domain knowledge
base, which could be used by standards organizations to create consensus standards that

directly affect IG unit durability.

Insulating Glass (IG) panels have been a part of residential housing for almost 35 years.
They now account for approximately 90% of all new construction windows sold in the

United States.

The first double glazed IG unit, featuring clear glass on both lites along with a thermal
break in the spacer, was first introduced in 1965. Its popularity increased largely because
of the energy crisis of the 1970’s. Dual lite glass units improve the performance by
creating a pocket of air through which heat needed to diffuse. Just by including the extra
lite of glass, the U-value of an aluminum framed window dropped from 1.25 Btu/hr ft* °F
to 0.79 (1) and the solar heat gain coefficient was reduced from 0.76 to 0.68. In this case,
the simple inclusion of an extra lite of glass reduced the energy drain due to windows by

approximately 37%.
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The next invention to significantly affect the energy performance of existing homes
occurred in single stack spectrally selective coated glass. Bronze-coated glass succeeded in
reducing the U-value to 0.49 and the solar heat gain coefficient to 0.46. Later, when silver
deposited in metal oxide “sandwich” coatings were used, these values were reduced even
further. Today an IG panel with double stack silver oxide coated glass has a typical U-
value of 0.35 and a solar heat gain coefficient of 0.31 (Window 4.1).

Upon the introduction of argon and krypton gas used to fill the insulated glass unit instead
of air, the U-value fell to 0.31 and the solar heat gain to 0.29 (Window 4.1). The
downward trend here was achieved largely because the reduced thermal conductivity of the
noble gases coupled with their higher viscosity led to a reduction in both normal

conduction and natural convection.

A recent update of an IG durability study by the Sealed Insulating Glass Manufacturers
Association (SG2000-90 — Results of SIGMA 10-Year Field Correlation Study), showed
that after 10 years in the field, 10% of the units had failed. The U-values of these units had
degraded from approximately 0.3 to 0.6 while solar heat gain coefficient changed from
about 0.3 to 0.7. This means that if the units were argon gas filled with spectrally selective
coatings on the glass (U-values / SHGC, 0.3 / 0.3), the IG panels have degraded to the point
where they are performing like clear glass, air filled IG panels (U-values / SHGC, 0.6 / 0.7)
effectively negating any gains that were made by argon gas filling or spectrally selective

coatings on the glass.

Recently, the window and glass industry has become aware of another problem associated
with the insulated glass units. Over time, the primary polyisobutylene (PIB) seal weakens
and breaks, allowing the argon fill to diffuse out. Since argon diffuses through silicone
three times faster than air diffuses inward, the IG panel collapses from the net molar loss of

gas. The scope of the problem is still not fully understood.

These issues have left the glass industry poised to retreat from its present design and

exclude argon or krypton from any new product offerings. This would lead to an increase
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in U-values, and a subsequent loss in energy efficiency. Moreover, the entire concept of a

double lite, dual seal insulated glass unit is in jeopardy of being discredited.

Description of the Technology

To understand IG unit durability, it will be necessary to combine knowledge of failure
mechanisms with observed failure statistics. Knowledge of either failure mechanisms or
failure statistics alone would be insufficient for our proposed goal. Knowledge of failure
statistics is insufficient alone because although it does capture the product's variability in
the field, it does not capture physical knowledge of how the failure mechanisms respond to
their environment. Knowledge of failure mechanisms alone is insufficient because it will
inadequately capture observed variation in the field. Knowledge of failure variability and
failure mechanisms thus must both be captured in our analysis in order for the goals to be
successfully achieved. Previous efforts using only statistical techniques (2) resulted in
statistical estimations for a particular type of product in a particular region with no
quantified understanding of the systems response to changes in either the environmental
factors or design factors. The insulating glass knowledge base, which is the subject of this
report, will overcome previous shortcomings by addressing the underlying failure
mechanisms while considering the failure statistics, thus allowing assessment of IG unit
durability for varying designs and environments. Reliability theory will provide the means

by which the failure mechanism physics will be combined with observed variability.

All of the efforts in this project include a consideration of a wide typical range of IG
product designs. The project has progressed in the following steps. First, a team of
industry experts was convened for the purpose of defining what an IG failure means in
quantifiable terms. The failure definitions took into account the amount of energy loss due
to both product performance degradations and loss of confidence of consumers in the
product. Second, a Failure Mode and Effects Analysis (FMEA) were performed to
determine the relevant modes by which the defined failure can occur. The resulting FMEA
will support construction of a system diagram which represents the relationships of

individual failure modes to overall IG unit performance (3). At this point, the durability of
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existing systems can be quantified by incorporating observed field failure statistical
distributions of the individual failure modes into the system model. The durability
assessment methodology developed as well as the quantified durability estimates of

representative products were input into the Knowledge Base.

The next step of the effort was a detailed evaluation of the failure modes identified in the
FMEA. The failure modes were evaluated quantitatively with the goal of developing
mechanistic models which express the failure modes as a function of their environment and
their inherent resistance to their environment. Analysis of the failure modes results in a
thorough understanding of the underlying failure mechanism. An example of an identified
failure mode would be an IG unit with the failure mode of the primary seal releasing at the
panel's corner. The failure mechanism for this failure mode would be the exact chain of
events leading up to the failure. The quantitative mechanistic-based failure model of this
failure mechanism would be a numerical relationship which would express time-to-failure
in terms of the quantifiable magnitude of its thermo-mechanical environment and its
inherent strength properties. The mechanistic models of the individual failure modes
would be evaluated either empirically or through direct mathematical development of
physics based failure model. Examples of such physics-based models used successfully in
the past are the Arrhenius model and the Eyring model (4). Both models provide a
mathematical representation of the time to failure of a system in terms of its strength and
the stresses it observes. The Arrhenius models micro-electronic failures in terms of its
stress temperature. The Eyring model is used for a more general class of components but
also uses temperature as its driving variable. Data can then be generated from system and
subsystem level testing which appropriately stresses the identified IG failure modes and
may be used to determine such quantitative mechanistic failure relationships for IG units.
The input to the Knowledge Base would be a verbal description of the failure modes and
their underlying mechanisms, as well as mechanistic models for describing the times-to-

failure of the failure modes in terms of the failure mechanisms.

With the failure mechanisms of the individual failure modes adequately understood, the

next step is incorporating the quantitative mechanistic failure mode models into an overall
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IG unit durability model. This is accomplished by including the mechanistic failure mode
models into an overall system model consistent with Failure Modes and Effects Analysis
derived relationships. The resulting quantitative mechanistic-based system model can then
be used for prediction of product performance. The output performance predicted would
include spacing and energy efficiency or other identified failure measure as a function of
time. By coupling the time responses of the performance outputs with the failure criteria,

we can then determine the IG unit durability over a given operation time.

The resulting prediction tool provides an estimation of IG unit durability given the inputs
of IG unit design defining parameters and environmental parameters. The IG unit design-
defining parameters would include material and design characteristics such as design
styles, length and width of the unit, and the glass thickness. The IG unit environmental
parameters would include measures of the units’ environment such as thermal conditions.
The resulting prediction tool could serve as a template for use by IG designers to allow
appropriate specification of future IG units given their intended environment for a stated
acceptable performance level. The prediction tool could also be an estimation tool for the
performance of existing products in various environmental conditions; it would also be
useful for design parameter and environmental factor sensitivity studies. The developed

design prediction tool will be an input to the Knowledge Base.

The quantitative mechanistic failure mode and system models developed in this effort can
be used for development of accelerated life tests which have a direct correlation to time
durations of service exposure (4). Current accelerated tests, P1 (5) and P2 (6), accelerate
the modes of failure, but they do not have direct measurable correlation to service life in
the field. Thus, they only provide a qualitative rather than a quantitative measure of 1G
unit durability in the field. An accelerated test which is correlated to service life would be
a great benefit as it would allow a timely evaluation of a system's quantitative durability
which could be used to establish a product rating and warranty period determination. The
design prediction could be used as a first screen to determine which prototypes to build and
the accelerated testing could be performed on the prototypes to quickly determine which

units to send for field trials and ultimately to production. This rigorous methodology will
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yield products that are durable. This test methodology has been captured in the Knowledge
Base. Public education and dissemination of this effort will support creation of effective

IG panel durability standards.

This research will support the creation of a system for rating products on the basis of
durability and performance and will allow determination of appropriate warranty periods
for new and existing IG units. The Knowledge Base developed in this effort, when coupled
with historical knowledge and experience of the IG industry, should lead to the definition
of an acceptable level of IG unit durability. The Knowledge Base output of this effort will

also provide means of quantifying, rating, and validating IG unit durability.

Performance Improvement and Energy Savings

We propose to show the improvement in long-term energy savings that can be realized by
improving the durability of IG panels. In order to make these predictions we will make
assumptions about the installed base of IG and the potential new installations of IG in the
United States. The basic assumption will be that after 10 years in the field, 10% of the
existing IG units have failed. These failures reduce the performance of these IG units to
that of uncoated, air-filled, double lite IG units. In the following analysis, we will compare

the present situation with the possible situation of a more durable IG unit.

Please Note: The following calculations are based on the population of currently
installed 1G units. This inventory of installed IG units represents about 25% of all
windows installed in the United States. For the purposes of these calculations we assume
that the inventory of installed IG units does not change. This will result in a conservative
estimation of energy savings since the percentage of installed IG is likely to increase over

time as single glazed windows are replaced with insulated glass panels.

Using present building stock, the nation consumes 7.52 quads of energy from heating and
1.5 quads of energy from cooling. Of this, thermal conduction through windows accounts

for 1.45 quads for heating and 0.01 quads for cooling. We assume that the energy load is
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caused by conduction through windows. Most insulated glass units are manufactured with
a U-value of 0.27 Btu/hr ft* °F and a solar heat gain coefficient of 0.44. (.5 inch gaps,
argon fill, double silver low-e coating, WINDOW 4.1) We assume that 10% of these 1G
units experience seal failure after 10 years of installation and that moisture and air will
diffuse into the insulated glass unit. Therefore, the failed insulated glass units will have the
U-value of non-argon filled IG units (0.49 Btu/hr ft* °F). Also, the presence of moisture
and air will cause the low emissivity coatings inside the insulated glass units to oxidize and
raise the solar heat gain coefficient to the value of clear glass, which is 0.58 (Window 4.1.).

In 10 years of time, today’s installed I1G units will therefore have an average U value of:

(0.9%0.27 + 0.1*0.49) = 0.292 Btu/hr ft* °F

And a solar heat gain coefficient of

(0.9%0.44 + 0.1%0.58) = 0.454

In other words, the insulated glass units must suffer a 3-8% penalty due to a lack of
durability. Our proposed work will insure that after 10 years, all insulated glass units will

meet the industry standards.

Energy Savings

Step 1: Estimating energy savings over typical products:

Improvements in durability will increase the energy savings of new building products over
a 10-year time period by preserving the original U value of 0.27 Btu/hr ft* °F. Hence we
will save 0.022 Btu/hr ft* °F or approximately 8% of the energy losses due to windows.
This estimate can be applied to both heating and cooling loads.

Improvements in insulated glass durability will improve the solar heat gain coefficient by

0.014 or improve the solar heat gain position by 3%.
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Step 2: Residential Space Conditioning Energy Consumption

The energy savings potentials would conservatively be:

Current residential heating loads from residential windows

Heating (Quads) Cooling (Quads)
Conduction 1.45 0.01
Solar -1.15 0.42
Total 0.3 Quads Heating 0.43 Quads Cooling

Assume:
25% penetration of durable insulated glass panels into present housing by replacement.
This estimate is conservative since it does not address the true replacement market which

primarily consists of single lite windows having U values in excess of 1.3 Btu/hr ft* °F.

Conduction
8% heating energy savings from conduction * 1.45Q * .25 =0.029Q
8% cooling energy savings from conduction * 0.01Q* .25 = 0.0002Q

Solar Heat Gain
3% heating energy savings from solar heat gain * -1.15Q * .25 =-0.00863Q
3% cooling energy savings from solar heat gain * 0.42Q* .25 = 0.00315Q

Total Residential Current..................... 0.024 Quads

Residential — New (i.e. next 10 years)

Heating (Q) Cooling (Q)
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Conduction  0.15 0.01
Solar -0.12 0.11
Total 0.03 Q Heating 0.12 Cooling

Assume 95% penetration of the market.

Conduction

8% heating energy savings from conduction * 0.15Q * .95 =0.0114Q

8% cooling energy savings from conduction * 0.01 * .95 =0.00076Q
Solar Heat Gain

3% heating energy savings from solar heat gain * -0.12Q * .95 =-0.0034Q
3% cooling energy savings from solar heat gain * 0.11 * .95 =0.00313Q

Total Residential New....................... 0.012 Quads

Residential Current  0.024 Quads
Residential New 0.012 Quads

TOTAL 0.036 Quads

Assuming the generic carbon emission factor for residential space heating of 15.35
Kg/MMBtu and that cooling is all operated by electricity with a carbon emission factor of
15.67 Kg/MMBtu, this amount of energy savings would translate into 0.547 million metric

tons of carbon.

Environmental Benefits

The previous calculations have demonstrated the amount of energy that is currently lost due
to lack of durability in IG units. This energy loss situation will not improve unless
measures are taken to provide the means and encouragement for the IG industry to improve

their product durability. With no ratings standards to guide them and with no quantitative
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knowledge of the underlying failure mechanisms, some manufacturers in the IG industry
will continue to make unreliable, performance-degrading product. The lack of product
durability will translate directly to carbon dioxide pollution which impacts global warming.

The purpose of this effort is to correct this unfortunate lack of durability situation.

The current IG product degradation results in significant loss of energy efficiency with
respect to what could be achieved with a more robust product. This results in increased

fossil fuel consumption and carbon dioxide generation that could be avoided.

An additional negative environmental effect results directly from the lack of product
durability. This additional loss to the environment occurs due to the required replacement
of performance degraded, non-durable IG product. When an IG unit fails and the consumer
becomes dissatisfied with the loss of either optical properties or energy efficiency
properties of the window, the consumer will tend to have the IG unit replaced. Although it
is good from a window energy efficiency standpoint that a failed IG unit is replaced by a
properly functioning one, there is a net energy loss to the environment due to the required
energy draining production of the replacement unit. The embodied energy of the initial
product is lost since it failed prematurely and required replacement. This loss of embodied

energy is significant and is more significant the more rapidly the product fails.

Market Potential

If this lack of performance maintains at the current 10% rate, certainly this will have a
negative affect on their perception of the product. As homeowners become aware of the
unreliability of IG units it is quite possible they will be less likely to put them in their
houses, either as initial windows or as replacement windows. The result will be a loss of

energy savings as single lite units are used in the place of IG units.

Conversely, if IG units are made more durable, and the consumers’ perception of the

product improves, it is quite possible more homeowners will choose IG units, rather than
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single lite units for both new and replacement units. This pool of potential new users is

immense, as approximately 75% of the market does not yet use IG units. With this large

potential market coupled with the great increase in energy efficiency of the IG units

compared to the single lite units, it is clear there will be significant energy savings resulting

from penetration into this market. The potential benefit of penetrating this market will

attempt to reach some state of quantification in the following.

By penetrating the current single glaze such that the total percentage of single glaze users

reduces from 75% to 65%, the effective U-factor and solar heat gain for the average of this

segment of the market will change as follows.

The new average U-factor across the previously non-IG market sector will become:

U-factor (new) = (0.87%1.25 + 0.13*0.27) = 1.123 Btw/hr f* °F

The new average SHGC across the previously non-IG market sector will become:

SHGC (new) = (0.87*0.76 + 0.13*0.44) = 0.718

The improvement of U-factor for current non-IG consumers will be 10.2%.

improvement of solar gain of current non-IG consumers will be 5.5%.

The energy savings potentials are calculated in the following.

Current residential heating loads from residential windows

Heating (Quads) Cooling (Quads)

Conduction 1.45 0.01
Solar -1.15 0.42
Total 0.3 Quads Heating  0.43 Quads Cooling

The
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Assume:

The total % of consumers using non-IG units will decrease from 75% to 65%.

Conduction
10.2% heating energy savings from conduction * 1.45Q * .75 =0.1109Q
10.2% cooling energy savings from conduction * 0.01Q* .75 = 0.0008Q

Solar Heat Gain
5.5% heating energy savings from solar heat gain * -1.15Q * .75 = -0.0474Q
5.5% cooling energy savings from solar heat gain * 0.42Q* .75 =0.0173Q

Total Residential Current..................... 0.0816 Quads

Therefore, it is apparent that there is significant energy savings benefit, which can result by
even slightly penetrating the current non-IG market sector with durable IG product. By
reducing the market share of non-IG unit from 75% to 65%, the energy savings will be
0.0816 Quads. This potential savings is significant. Even if only a few percent of the
market is penetrated the savings will be substantial. There is some market judgment
necessary to determine to what extent the non-IG market will be penetrated by durable 1G
product. Common sense dictates, however, that there will be some penetration of this
market as consumers appreciate the quality and energy benefits of increased durability
products. The continuing negative perception of IG unit performance will of course be
mitigated as the durability increases. With this effort, the tide of consumer perception will

be turned to a more favorable result.

Many of the assumptions that have been used in the previous analysis have been used in
similar energy calculations. There has been little or no conversation or questioning of these
assumptions except the assumptions made around current IG failure rates. As presented,

the basic assumption was that after 10 years in the field, 10% of the existing IG units will
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have failed and reference is given to the Results of SIGMA 10-Year Field Correlation

Study. This study continues and results of IG failure remain similar.

In addition to the SIGMA data, the industry supply chain provided laboratory data to the
project team (Appendix 4) generated as part of an IG certification screening process. The
process was intended to evaluate a subset of IG units that were assembled as part of an
industry certification procedure. The screening tests may have occurred before the
remaining IG units in the set were submitted for certification, but the majority of units were
received and tested after the certification process had been completed. Again, none of the
screening units had been previously tested, installed or assembled in a sash frame. The
total screening procedure is rigorous and time consuming involving a series of standardized
test procedures and custom test procedures as described by the contributor and verified by

the project team.

The first procedure was a simple procedure that was not intended to stress the unit but
rather to check for any initial holes in the system. This first procedure was initiated in an
effort to keep testing costs down. If the unit had a hole in the seal system immediately out

of the box, it was rejected for further testing.

The results on several common IG designs showed an infant mortality (units that failed the
initial leak test) rate of 6.7 % and an overall failure (units that passed the initial leak test
and failed at some point in the remaining procedure) rate of 22%. Thus, the assumed
failure rate of 10% in the first 10 years is not an unreasonably harsh assumption and, in

fact, may be low as new data is made available and analyzed.

Returning to the proposal; the following Tasks were defined, and initiated;

2.2 Phase |

e List and Description of Tasks (Tasks 1, 2, 3 were delivered, end of Phase I,
Appendix 1)
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2.2.1 Task 1 — Review of Current Literature

The first task of this effort was an in-depth survey of existing literature. The literature
reviewed included previous research regarding IG unit failure mechanisms, a survey of
product design information, current testing protocols, and review of relevant reliability and

durability literature.

2.2.2 Task 2 — Determine Current System Durability of Representative
IG Products

A quantified definition of IG unit failure must first be determined. This definition will
drive the meaning of the durability results derived. To ensure the results will receive broad
acceptance in the IG industry, a team of industry experts was convened to develop a
definition of failure. A Failure Mode and Effect Analysis (FMEA) was then performed for
representative IG units to determine the relevant modes by which the defined failure can
occur. The FMEA was defined a system diagram which represents the relationships of
individual failure modes to overall IG unit performance. The durability of existing systems
was then quantified by incorporating observed field failure statistical distributions of the

individual failure modes into the system model.

2.2.3 Task 3 — Investigate and Quantify Failure Mechanisms

This task involved detailed evaluation of the failure modes identified in the FMEA. The
failure modes were evaluated quantitatively towards the goal of developing mechanistic
models. Analysis of the failure modes resulted in an improved understanding of the
underlying failure mechanisms. The mechanistic models of the individual failure modes
were evaluated either empirically or through direct mathematical development of physics-
based failure model. The relationships of failure modes to the entire system as well and the

interrelationships among the failure modes were evaluated and quantified. In evaluation of
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the failure modes consideration was made as to whether they are typically produced by
faults in manufacturing methods or in design flaws. Evaluation of flaws in either of these
regimes provided useful information for manufacturers of IG units. Task 3 was designed as

a transition phase into Phase II and Task 4 of the project.
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3. Phase Il Proposal and Approach Summary
Michael L. Doll

3.1 Task 4 - Develop Predictive Durability Design Tool

The mechanism-based IG unit durability was developed by incorporating the individual
mechanistic failure mode models into an appropriate system model. The system model’s
relationship to the failure modes was the quantitative expression of the FMEA. The
resulting quantitative mechanistic-based system model could then be used for prediction of
product performance. The predicted output performance would include spacing and energy
efficiency or other identified failure measure as a function of time. Using the definition of
what level of product degradation constitutes failure, the system durability over time could
then be determined. The model was then used for performing sensitivity studies with
respect to system designs and their environment. Template charts were developed for use
by designers in sizing, for example, IG systems for acceptable durability in their intended

environment.

3.2 Task 5 — Develop Protocol for Accelerated Test Correlated to

Service Life

The quantitative mechanistic failure mode and system models developed can be used for
development of accelerated life tests which have a direct correlation to time durations of
service exposure. The first portion of this effort requires theoretical methodology
development. This involves developing a test from the defined mechanistic system and
failure mode models. The test can be performed by either increasing the stress variables on

the system, decreasing the strength of the system, or a combination of both in order to get a
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useful accelerated life test. Once the methodology is defined, the necessary test fixtures
can be developed and implemented. The test could then be validated by correlating the
results with the observed field data to ensure the expected correlation is obtained. This

work remains to be done by the next generation of users.

3.3 Approach, Phase Il

At the transition from the Phase I to Phase II, several activities outside the direct influence
of the project team took place. These changes provided for both challenges and
opportunities in meeting the project goals. In addition, the objectives (focused on
validation of created models and envisioned test method developments) were heavily
dependent on data representing the current field satiation. The very limited field data
which has been available has been at such a low level of resolution that validation of root
case failure modeling was unachievable. As a result, defining direction and prioritizing

current and future test methods development was severely limited.

The overall team response to these challenges was based on building contingency plans
around a clear vision that would still meet project goals and expectations. The originally
defined tasks that were affected by these new constraints were Task 4 and 5; Task 5 to a

much larger degree.

The new plans were implemented and included an opportunity to take the assembled
systems model (described in Task 4) to a higher level of usability as a computer based 1G
durability simulation program. Focus and effort shifted toward completing this task as a

major deliverable and major support for Task 5 as a prioritization tool.

Following previous successes in computer based simulation model development, the initial
design had a main module to include IG durability code and graphical interface. The intent

was to control input and output from modules that were either to be developed or currently
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in use as represented in Figure 3.1. Some of these modules were to be addressed as
dynamically linked libraries (dlls) and contain the fundamental mathematical models;
others contained the databases necessary to carry material properties, environmental data,

etc.
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Figure 3.1 Initial Durability Program Design
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Several months into the revised effort it become obvious that, in consideration of the
project timeframe, budget, and unrealized complications embedded in the original FMEA
analysis methodology, the team was overly optimistic in what could be accomplished and
to what level of resolution. Focus and priority was given to the development of the
physical models, database definition and development, model coupling, etc. building the
foundation of the simulation program. The new focus produced the program flow of a
time-step based simulation presented in Figure 1.6. The delivery of a workable durability

model would set the stage for moving to full FEMA implementation in the future.
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4. Development of a Predictive Durability Design Tool

Michael L. Doll, Dr. Russell Pylkki,

Gerry Hendrickson, Dr. Charlie C. Curcija
TNO Development Team

4.1  Scope and Goal

The following discusses the general scope of the first iteration of the insulating glass
durability simulation program. This discussion begins with general statements of durability
definition and application as applied to the development of the simulation tool as well as
the project as a whole. The intent is to present the relationship, similarities and differences,
between reliability and durability, focusing on the stress cycling which an IG experiences
throughout its life, similar to the cycling of a mechanical device. The durability analysis

can be applied in the same way.

The development of the simulation tool and an example of its use and application will be
presented. This discussion will present opportunities and challenges in using and applying
this first iteration design support tool and its value to the IG design process. The
supporting databases will be discussed. The similarities and differences between the
original FEMA methodology and this first iteration will be presented. Compatibility with
current simulation tools and requirements for validation will be discussed. In addition,
periodically, opportunities addressing IG component and assembly quality and process

considerations will be presented.
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4.2  Durability and Reliability

Durability is a term applied to devices that have a longer life than one-time use. Building
materials, automobiles, and most tools are considered durable since their proper operation
must continue over many uses and for a (long) period of time. At the other extreme, a paper
plate and a hot dog are not considered durable since they are consumed during their first
use. Being durable is typical of those items which have a high cost that must be amortized

over many uses (or a long time period) to reduce the cost per use to an acceptable value.

Reliability is sometimes confused with durability. Reliability is the expectation that an item
or object will work properly the next time it is used. For a one-time use item, such as
ammunition and hot dogs, high reliability means that the user expects the item to function
as expected when it is used. For an object such as an automobile, the user expects the item
to work properly the next time it is used. For a window or other building component, the
expectation is that the item will work properly during the entire time that the building
exists. When a building component fails to be reliable, either that component or the entire

building needs to be repaired or replaced.

Reliability may be expressed statistically by a number which represents the expectation that
the units in a group have an expected successful operation rate for a specified period of
time. When expressed as a reliability index, a value of 1.00 implies that no failures will be
found in the group of objects exposed to some specified exposure conditions for a specified
period of time or a specified number of operation cycles. A reliability index of 0.40 implies
that 40% of the objects are expected to survive the specified exposure or number of cycles.
When objects are subjected to varying conditions or to various types of loading, the
reliability for each condition may be measured separately, and the combined reliability is
found by computing the product of the reliability indexes from the individual reliability
tests. For example, a relay may have a rating of 200,000 cycles at full rated load and a
rating of 1,000,000 cycles at zero loads. For testing purposes a group of relays would be
cycled at the rated load and a different group of relays cycled at no load. The overall
reliability would be the product of the reliability index found for each group. When cycling
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a group of objects, some failures are considered random in nature where the occurrence of
a failure can come at any point during the cycling, and other failures are considered wear-
out failures when the expectation of failure increases with time or number of cycles of use.
Statistically, these two types of failures have their reliability calculated with different
statistical formulas and then the combined reliability is the product of the individual

reliability values.

The generally accepted durability definition based on the mathematical models presented in
Phase I of this project is not easily determined with the presently used testing methods
described in U.S. and European test standards and in the IG certification tests. Further
development and new test methods are required to properly assess the life of an IG when
subjected to the loads and stresses found in typical building constructions and

environmental exposures.

4.2.1 Durability as Applied to the Insulating Glass Unit

Durability, as applied to an IG unit, is the expectation that a certain percentage of IG units
installed in typical building constructions will function as expected after a total installation
time of some specified number of years. The window containing the IG unit (as well as the
IG unit) has a cost higher than a consumable one-time use object would have. The cost of
replacing an IG unit is also not trivial. The embedded cost in terms of energy and materials
to manufacturer an IG unit must be amortized over the life of the unit. Typical
manufacturers at the present time have warranties that vary from 5 years to 20 years, while

the expected service life of the building is far longer.

Durability of an IG unit is affected by the applied loads and stresses from the environment
as well as applied loads from the building structure and the building occupants. Normal
environmental stresses are caused by wind loading, temperature and humidity changes,
barometric pressure changes, and solar radiation. Environmental stresses are also related to

the position of an IG unit in the building, such as south facing, north facing, elevation
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above ground, and reflectance of radiation and heat from surrounding walls and

construction elements.

Building conditions that affect IG unit stresses may be caused by settlement of the building
and by walls that shift due to sagging and warping as well as other conditions. Building
occupants also have an effect on IG unit durability from operation of a window and various

loads applied to the window and to the IG unit.

Some of the stresses applied to an IG unit are considered random, such as occupant loading
of the glass and glass breakage. Other stresses are in the wear-out arena such as cyclical
loading from temperature, humidity, barometric pressure changes, and occupant cycling.
There are two major cycling events at work on building construction materials; daily

changes in weather and seasonal changes in weather (climate).

Calculation of usable reliability indexes requires that the effect of each of these stresses be
categorized into random or wear-out type so the statistical values can be correctly

calculated.

Accelerated testing to determine reliability must recognize the type of failure. A further
requirement of fully defining reliability from testing is that each of the perceived stresses
be appropriately applied during testing of IG units. The present ASTM, SIGMA, and EN
standard tests do not fully examine all of the conditions to which an IG unit is exposed.

New tests will be required to enable the correct calculation of overall reliability.

Higher reliability will result in a more durable IG unit. The same IG unit design can also
have reliability tested for, and calculated for, differing application conditions. When
application conditions are more severe, reliability and durability will be lower. An
individual IG unit design may have an adequate life and durability in certain types of

construction in certain geographical areas and inadequate durability in other areas.
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Stationary building materials are exposed to the same stresses and loading as IG units.
Most stationary building materials are assembled into units with a high degree of stiffness.
Materials such as brick and masonry have high intrinsic stiffness due to their high modulus.
In window assemblies, only the diagonal direction is stiff due to the plate effect of the glass

sheet. Windows are not stiff in bending and torsion.

Stresses that are applied to the IG in a building are caused by three main aspects. The first
is the environmental conditions at the window location. Air temperature both inside and
outside may cause the glass lites to deflect due to the change in internal pressure resulting
from the interior gas reacting to the gas laws. Barometric pressure changes from weather
patterns also cause changes in glass lite deflection, again due to the gas laws. Wind
pressure and building envelope interior pressure causes the glass lites to bow outward or
inward from applied air pressure differentials. Solar heat can warm the interior air space
resulting in expansion of the internal gas and thus deflection of the glass lites. A further
effect of interior and exterior temperature changes is the thermal expansion of the glass and
spacer elements which results in shear forces on the sealant system. All of these stresses are
cyclical in nature with hourly, daily, and seasonal weather changes. These stresses may

cause a build-up of response in the IG materials and will induce wear-out failures.

The elevation of the IG installation in relationship to the elevation when the IG was sealed
may result in a permanent stress that is then added to the other stresses that the IG is
exposed to. Building an IG unit or final sealing of the IG cavity, at the same average

conditions as the installation condition will reduce this initial stress offset in the 1G.

4.2.2 Insulating Glass Stress Cycling

Cycling of basic building materials, other than IG units, from environmental conditions
such as weather is normally limited to thermal and moisture expansion and contraction.
Basic building materials do not contain sealed volumes that are subject to stress from

expansion of trapped gases. Materials such as masonry and other inorganic materials have
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proven, long-term life expectancy when properly designed and installed. Materials such as
wood and other organic materials must be protected from moisture that can adversely affect
the long-term life. Moisture absorption by wood and some organic materials may promote
mold growth. Durability of materials other than IG units varies widely and is dependent on
proper installation and maintenance. The range of built structures has a proven record of
acceptable durability when properly maintained and thus is the standard that IG units are
compared to. Presently, IG units do not have as long a predicted service life as the

structures they are installed in.

4.3  Development of the Computer Based Durability Simulation Tool

Environmental stressors acting on the IG unit include temperature, pressure (barometric
and wind), solar radiation, and differing rates of thermal expansion (Figure 4.3.1). As a
function of time, the durability design tool simulates the behavior of an IG unit exposed to
realistic climate conditions. As the environment acts upon the IG unit, stresses and strains
in the IG unit are calculated together with temperature distributions, gas permeation effects
(gas loss, desiccant moisture loading), dew point temperature in the IG unit air space, and
changes in the heat transfer through the IG unit. The effects of the environmental exposure
on the IG unit are compared against the strength of the window assembly to determine the

durability of the design.

In order to carry out the simulation, the IG unit’s response to environmental stressors is

separated into three different models:

Thermal Model
Permeation Model

Stress Model

The following sections will describe in detail the development of the sub-models and the

manner in which they are coupled.

75/780



Of the five IG unit design classes described in the Phase I Report, two were developed into

the simulation:

Box Spacer System

Thermoplastic Spacer System

These were chosen because they represent fundamentally different designs and would
require the development of a more sophisticated permeation model that could deal with the
diffusion of gases and moisture through a seal as they are simultaneously adsorbed by the

desiccant in the sealant.
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Figure 4.3.1 Impression of the representation in SealSim of an IG 7unit (Box Spacer)
and indication of the physical effects modeled (T is temperature, P is pressure, X; is

composition, v is velocity)
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4.3.1 Design and Development of the Sub Models

The simulation contains three models; the thermal calculations, the permeation of gases
(including water) through the sealants and the structural model to determine the stresses
and strains on the system. These models are presented below. Additionally the models are
coupled in an iterative fashion, such that the calculations for properties at each time
increment converges before the next time step is taken and new climate data is input into

the model.

Thermal Model

In the thermal model, for each time step:

0 The sun incident angle on the IG unit is determined

0 The long wave optical properties of the individual coated or uncoated lites of the
double glazing unit are extrapolated from values available at normal incidence from

the glazing database.

0 The long wave optical properties of the double glazing unit are calculated at the sun

incident angle.

0 A “center of glass” calculation is performed; conforming to (ISO 15099), where the
gap width of the IG unit is taken equal to the average gap width at that moment,
given the temperatures of the gas space and the glass lite surfaces. For the current
gas composition, the composition at the specific time step is used. Note that non-
standard climate data is used to calculate the temperatures and U-factor, based on

climate conditions varying in time as selected by the user.
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0 The one-dimensional temperature distribution in the sash is calculated, in a way
similar to the procedures ISO 15099, where the frontal surface area of the frame is

taken as the effective surface area for heat transfer.

0 Note: Heat transfer to other elements of the system via the wet seal is not modeled.

For a box-spacer:

0 The spacer bar temperature is taken equal to the gas space temperature

0 The seal temperature towards the indoors is taken equal to the average of the gas

space temperature and indoor glass lite surface temperature (surface #3).

O The seal temperature towards the outdoors is taken equal to the average of the gas

space temperature and outdoor glass lite surface temperature (surface #2)

0 For a TPS spacer, the seal temperature is taken equal to the average outdoor glass

lite temperature (surface #2) and the indoor glass lite surface temperature (surface
#3).

0 Note: The seal and spacer temperatures are set equal to the average of the
adjacent lite and gas-fill temperatures. Heat balance is performed to
determine lite and gas-fill temperatures and seal temperatures are set equal

to average values among these as described above.
0 The wet seal towards the outdoors is taken equal to the outdoor glass lite

temperature (surface #1) and the wet seal towards the indoors is taken equal to the

indoor glass lite temperature (surface #4).
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Procedure for Calculating Sun Incident Angle on IG Unit

The incident angle of sun radiation on the window as a function of time and IG unit
location is calculated according to the procedure described in the ASHRAE Fundamentals
Handbook 2001, SI Edition, and Chapter 30. Normal incidence corresponds to 0°. The IG
unit does not receive any direct sun radiation when the incident angle is outside the range —

90° to 90° or when the sky is completely covered.

The total solar radiation incident on an inclined surface is the sum of the direct beam
radiation, the sky diffuse solar radiation (e.g. reflected from clouds, and scattered radiation)
and the ground-reflected radiation, also assumed to be diffuse. Note: Only the direct beam
contribution to total solar radiation is calculated in this initial simulation. All calculations

involving solar radiation are based on solar time.

Solar Time is based on the apparent angular motion of the sun across the sky with solar
noon defined as the time that the sun crosses the meridian of the observer. Local standard
time (LST) is converted to solar time by first correcting for the difference in longitude
between the location and the meridian on which the local time is based (Eastern, 75 Deg
W; Central 90 Deg W; Mountain 105 Deg W; Pacific 120 Deg W; Hawaii-Alaska 150 Deg
W). Note that one degree in longitude is equivalent to 4 minutes in time (since 360 degrees
is one day). An additional correction is the equation of time (ET), which takes into account
changes in the earth's velocity as it orbits the sun. Due to the cyclic change in orbital
velocity as the earth passes from its closest approach to the sun (aphelion) to its furthest
separation (perihelion), there is a cyclic difference between the apparent solar time, as

indicated by a sundial, and the time indicated by a clock, which runs at a uniform rate:
The apparent solar time (AST), calculated from the local standard time, is given by
AST=LST + ET + 4 (LSM - LON)

Where

AST = apparent solar time, minutes
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LST = local standard time

LSM = local standard time meridian, degrees

LON = local longitude, degree

4 = minutes of time required for a 1 degree rotation of the earth

ET = equation of time, minutes

ET(n)=|9.87sin 42 78 7 13008 22 8 11 s sinf 22 773 % min
364 364 364

Where n = day of year (1 - 365)

Solar Geometry: The position of the sun and the geometric relationships between a plane

and the direct beam solar radiation incident upon it (see

Figure ) may be described in terms of the following angles:

L, latitude, is equal to the angle of the location relative to the equator; North is

positive.

0, declination, is equal to the angular position of the sun at solar noon with respect

to the equatorial plane (varies from -23.45 to 23.45 degrees).

a, solar altitude, is equal to the angle between the sun's rays and the horizontal

(between 0 and 90 degrees).
z, zenith angle, is equal to the angle between the sun's rays and the vertical.

¢, solar azimuth, is equal to the angle between the horizontal projection of the sun's

rays from due south (positive in the afternoon).
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Y, surface solar azimuth, is equal to the angle between the projections of the sun's

rays and of the normal to the surface on the horizontal plane.

v, surface azimuth, is equal to the angle between the projection of the normal to the

surface on a horizontal plane and due south (east is negative).

B, tilt (slope), is equal to the angle between the surface and the horizontal (0 - 180
degrees).

0, the angle of incidence, is the angle between the solar rays and a line normal to

the surface.

The position of the sun may be expressed as a function of solar altitude and the solar
azimuth as shown in

Figure 4.3.2 below. These angles are a function of the local latitude L and the solar
declination o , which is a function of the date and the apparent solar time (AST) expressed

as the hour angle h:

h =0.25 (number of minutes from local solar noon) given in degrees.

(Note: h is positive in the afternoon.)

The declination angle is given by:

S = 23.45 * deg* sin(360 . 28346; " degj
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Sun-Earth line

Figure 4.3.2 Definition of Solar Position

z = Zenith angle 0 = Incident angle
a = Solar altitude ¢ = Solar azimuth
B = Tilt angle y = Surface azimuth angle

v = Surface solar azimuth

a = arcsin(cos(L )cos(5)cos(i) + sin(L )sin(5))

_ arccos sin(a )sin(L) - sin(&) h
?= ( cos(a)cos(L) J|h|

As can be seen from the diagram:
z=90°-«
y=9-y

(Note that y is negative and ¢ positive in the sketch)
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0= arccos(cos(a)cosﬂy|)sin(,ﬁ)+ sin(a)cos(ﬂ ))

angle of incidence (if y is greater than 90° or less than 270°, then y=0)

Angular Dependence of Glazing Optical Properties

The angular dependence of a single lite of coated or uncoated glass is extrapolated from its
normal properties by the procedure described in ASHRAE Fundamentals Handbook 2001,
SI Edition, Chapter 30: “Determining the properties of uncoated glazing layers from
normal incidence measurements”. This extrapolation uses angular data for CLEAR and

BRONZE glass as found in ASHRAE 30.22, Table 12.

Optical Properties of the Double-Layer Glazing System

For the determination of the optical properties of a double-glazing system, follow the
procedure described in ASHRAE Fundamentals Handbook 2001, SI Edition, Chapter 30
“Optical Properties of Multi-Layer Glazing Systems”.

Permeation Model

The permeation model calculates the movement of gases (including water) with time
though the IG unit polymer sealants. Though the movement of an individual gas molecule
at a given moment is completely random, in general, a net flow of a gas through the
sealants occurs when the concentrations of the gas on either side of the seal are not equal.
For the TPS system, the inner sealant is formulated with a desiccant to adsorb the water
vapor as it diffuses into the IG unit. The simulation takes into account the presence of the

desiccant while calculating permeation. The permeation model is also used to calculate the

84/780



moisture and gas loading of the desiccant present in the box spacer system. A detailed

description of the permeation model is given below.

Diffusion Equation for Multiple Gases in a Polymer Matrix Mixed

with Desiccant

The diffusion of gases through polymer material is assumed to be governed by the
absorption-desorption mechanism shown below in Figure In the first step, the gas is
adsorbed onto and dissolves into the polymer sealant. In the second step of the permeation
process, the dissolved gas diffuses through the sealant. In the final step, the gas comes out

of the polymer and desorbs from the surface.

O Polymer 8 = O Atmosphera
Vapor % 0 w
ar ]
Gas O - @DD R § of—“’% ol
0 e e
1. Absorption - 2. Diffusion - 3. Desorption -
solution transport evaporation
into polymer through from polymer
polymer

Figure 4.3.3 Permeation of Gas through Polymer via Absorption-Desorption

Mechanism

The general equation for one-dimensional spatial, time dependent gas diffusion through a

polymer slab, mixed with desiccant is given by:

Desiccant is assumed to be an immobilizing agent for permeation. If no desiccant is

present, the diffusion equation simplifies to:

85/780



Where ‘t” denotes time, and ‘x’ the distance through the seal in direction of diffusion, the
index ‘i’ denotes the specific gas involved. When ‘n’ gases are involved, ‘n’ similar
differential equations have to be solved. The volume fraction of polymer in a mixture of

polymer and desiccant is defined as:
3 3 .
v, [m” polymer/m” mixture]

The polymer - desiccant mixture is assumed to be homogeneously mixed. The desiccant

fraction is given by:
v, =(1-v,)

The concentration of gas ‘i’ dissolved in the polymer material is assumed to be

proportional to the (partial) gas pressure ‘pi’ of gas ‘i’ [Pa] according to Henry’s law:
¢, =S;'p, [kg gas,/m’ polymer]

Where ‘S;’ is the solubility of gas ‘1’ in the polymer material according to:

S, [kg gas,/m’ polymer/Pa]

The permeation coefficient ‘P;’ of gas ‘1’ in the polymer is defined by:

m® kg gas, 1

P.=D;-S, [——; —
s m” polymer Pa

Where Dy’ is the diffusion coefficient of gas ‘i’ in the polymer
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D. [m®/s]

For simplicity it is assumed that the solubility, diffusion coefficients and permeation
constants of the gases are independent of each other. The concentration of gas absorbed by

the desiccant is given by a Langmuir sorption isotherm, in the case of a single gas:

b-
Cy = Com P [kg gas,/m’ desiccant]
1+b-p

The factor ‘b’ [1/Pa] determines the shape of the Langmuir sorption isotherm. Note that if
‘b’ 1s small the concentration becomes proportional to pressure. In this case the

concentration is given in somewhat different units:
c, = [kg gas,/kg desiccant]
The definitions of the concentrations can be expressed as follows:

_ '
Cqg= PqgCy

Where the desiccant density is given by:
p, = [kg desiccant / m* desiccant]

The absorption of multiple gases by the desiccant is assumed to be governed by the (LRC)
Loading Ratio Correlation, an extension of the Langmuir isotherm for a single gas

according to:

¢ —c b; - p,
ai max,i1+ zblpl

all gases

[kg gas,/m’ desiccant]
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Solubility, diffusivity and Langmuir shape factor are assumed to be exponential functions

of temperature [K] according to:

S./T
§=§,-¢e>

_ D,/T
D=D,-e
b./T
b=b,-e™

From the definition of permeability, it follows that the permeability is also an exponential

function of temperature:

P=P,-¢"" where P,=D,-S, and P.=D,+S,

The desiccant in the polymer matrix acts in general as an immobilizing agent, increasing
the distance over which diffusion takes place in the polymer. This increase in length is
assumed to be a linear function of the amount of desiccants in the polymer matrix,
according to:

t=1+7,-v, [m/m]

Resulting diffusion equation in terms of pressure

Inserting the definitions in the diffusion equation, gives a diffusion equation in terms of

partial pressure. For gas ‘i’ the expression reads:

bi'pi
d cmax[—
Sl Zbi'pi
dS : all gases v dS :
v i pz +(1_V ) Il g — P i D i pl
Podt g dt 1+, -(1-v,) dx dx
Where:

88/780



S, =8, e

Dl- :DOJ .eDm/T

b, =b,, b

P =P, ™" where Py, =D,;-S,, and P, =D_ +S_,

So when, for example, ‘10’ gases are involved in permeation, ‘10’ similar differential
equations have to be solved in terms of partial pressures of the gases. A complicating

factor that the equations are interdependent (coupled) via the summation term over all

gases in the expression for the LRC Langmuir sorption isotherm.
Initial Conditions and Boundary Conditions

When solving the differential equations, the partial pressures of the gases, on either side of
the polymer slab, are assumed to be given. These boundary conditions may vary in time.
The initial partial pressures at time zero (simulation start) of gases dissolved in the polymer
and absorbed by the desiccant, are assumed to be given by the user. Either the partial gas
pressures have to be entered or the total gas pressure in combination with the gas

composition has to be entered by the user.

Numerics

The equations are discretised spatially using a finite volume formulation in conserved form.
The equations are discretised backward in time, avoiding restrictions for the numerical time
step in order to enhance numerical stability. The discretised coupled equations are solved
by a gauss iteration process.

Example discretisation of the diffusion equation

Now we replace the diffusion equation, for simplicity we use the equation for a single gas:
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dc, de, Vv, d dc
v +(1-v ) —2=-L.—| D.—¢
Poodt (1=v,) dt t dx( dxj

by its discretised counterpart, We take for example a small section ‘Ax’ of the polymer
slab, having dimensions ‘Ay’ and ‘Az’ in the other dimension directions, according to

Figure 4.3.4.

i-%2

AXiy,  AXivy,

Figure 4.3.4 Discretisation of the Diffusion Equation, Control Volume with Nodes

The index ‘1’ now refers to the location of the grid node or interface position between
control volumes. The index ‘0’ denotes a value the previous time ty, the index ‘1’ denotes a
variable at the current time t;. The discrete time step is denoted by ‘At’. Filling in the

discretisation gives:

Cl. —Cl. C1 —C

At Ax, ),

0
) . c,.—C, . 1% . )
pii P d,i dp,i _p pii-l D piitl ,
v —+(l—vp)-—]Ay-Ay-Az—7-£Di_1/2-——DM/Z-— :

So for every grid node ‘i’, a discretised equation is obtained. The permeation flux over a

volume interface ‘i-%’ is given by:
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Conversion expressions from volume fractions to mass fractions and vice versa:
Assume we have mass polymer M, [kg] and volume polymer V, [m3].
Assume we have mass desiccant My [kg] and volume desiccant V4 [m3].

The density of the polymer and of the desiccant is:

M

_ p

P, Vp
M,

Pai = v,

"y
_ VP Pp
”_Vp+Vd_mp l-m,
Py Pa

Diffusions in Zeolite Beads (Box-Spacer)

Zeolite is present in pellets (beads) in the gas space (spacer bar). Zeolite does have micro
pores (typical size of Zeolite cages is in the order of a molecule diameter that is a few A).
It is assumed that the pellets do have (macroscopic) tortuous pores, with a typical pore
diameter of 1 p. In general, the mass transport of gases in the pellets occurs by two
mechanisms (1) ordinary diffusion and (2) Knudsen diffusion. Ordinary diffusion, as
described by Fick’s law, dominates when the pores are large and the gas relatively dense.

However, when the pores are small and/or the gas density low, the molecules collide with
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the pore walls more frequently than with each other, and diffusion of molecules along the
pore wall is described by the equations of free molecules or Knudsen flow. We assume that
predominantly Knudsen diffusion takes place. The effective diffusion coefficient thus is

written as:

eff Kn

Where YW is the porosity or volume void fraction of the pellet and t the tortuosity factor that
accounts for the increased diffusion length due to the tortuous path of real pores and for the

effect of constrictions and dead pores. The Knudsen diffusion coefficient for species ‘i’ is

given by
DKn - g eﬁ"cav

Where d.s is the effective pore diameter; the factor c,y is the average molecular speed of

species ‘1’

8RT
Cav =i,
M,

Where ‘R’ is the universal gas constant, *T’ absolute temperature in Kelvin, and ‘Mi° is
the molecular weight of species ‘i’. We assume that mass transfer in the pellet is the
limiting factor. The mass balance for a bead can be shown, using a lumped approach,

neglecting accumulation effects in the void relative to Zeolite adsorption:

d cui M i,gas space  Li
gy )y M P =)
dt l ERT dbead
2 [kg species i/s]
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Where “V’ is the bead volume (assumed to be spherical), pq is the desiccant bead density,
and A. is the effective area for diffusion (the average bead surface area is taken 4/37r?).
The characteristic diffusion length has been taken as half the bead diameter dpe,q. The right
hand side of this expression denotes the flux of species ‘i’ form from the gas space to the
desiccant. Desiccant absorption is again described by the Langmuir Loading Ratio

Correlation sorption isotherm for multiple species (Einstein notation), described before:

-b

ci,max i

Ca g Zbi ‘P,

all gases
Note: Entering tortuosity in SealSim 1.0

In SealSim 1.0 the tortuosity factor T cannot be entered, however this can be compensated
for by entering for the porosity V¥ of the pellet not the actual value for the porosity, but the
porosity divided by the tortuosity.

Expression for gas space pressure (mass balance gas space)

The gas space is assumed to be well mixed, and of homogeneous composition, which may

vary in time. A mass balance of the gas space now is depicted as, for gas ‘i’:

d(pg:V)
dt

=¢, [kg gas'i'/s]

Where a positive value for ‘®;’, denotes the net flux of gas ‘i’ moving towards the gas
space, from the seals and/or desiccant beads in the spacer. So if ’10” gases are present ‘10’
mass balance equations apply. We assume that the partial density of gas ‘i’ is given by the

ideal gas law:

p, M,
R-T

pg,i =
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The expression for the mass balance now can be written as:

pl I.V)

d(——1
=¢, [kg gas'i'/ s]

R-T
dt

The gas space volume and temperature can be functions of time, as well as the flux of gas

‘1’. Backwards discretising in time gives:

Where the index ‘0’ denotes a value at the previous time to, the index ‘1’ denotes a variable

2

at the current time t;. The discrete time step is denoted by ‘At’. The gas flux towards the
gas space is considered to be given by the permeation model, the temperatures at the
current and previous time step by the thermal model, and the gas space volume at the
current and previous time step by the structural model. The mass balance now results in an

expression for the evolvement of the gas space pressure in time.

The total pressure in the gas space at any time is given by the sum of the partial gas

pressures:

Pt = zpi

all gases

The gas composition of the gas space in terms of mole fractions (equivalent to volume

fraction) is given by:

P P
YYD P

all gases
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The average molecular weight of gases in the gas space is given by:

Zpi M,
M _ all gases

P

all gases

The initial partial pressures of gases at time zero (simulation start) in the gas space, are
assumed to be given by the user. Either the partial gas pressures have to be entered or the

total gas pressure in combination with the gas composition has to be entered by the user.

Stress Model

The stress model calculates the physical stresses that act upon the IG unit with time. These
stresses include the movement of IG unit components relative to each other that can take
place due to the effects of thermal expansion or contraction, bending of the glass lites due
to differences in pressure between the atmosphere and the IG unit gas space and wind

loads. A detailed description of the stress model is given below.

Introduction

In the structural model for each time step:

The glass lite deformation is determined
The deformation of the inner, outer and wet seals is determined, where thermal

deformation of the sash and spacer bar is taken into account. The seals behave

visco- elastically (time-history effect).
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Loads on the system (of glass lites and seals) taking into account the deformation
calculations are:

e Pressure differences over the gas space,

e Wind loads (See ASHRAE Fundamentals Handbook 2001, Chapter 16) (see earlier

note on wind load standards)

e Thermal expansion/contraction of the spacer bar

e Thermal expansion/contraction of the sash

e Thermal expansion/contraction of the glass lite

e QGravity

The structural response of an IG unit is assumed to be the (coupled) response of the
insulating gas, the two glass lites, the seals and (if present) the metal spacer, to external
loads and material degradation. The external loading is due to barometric changes,
temperature and wind loads as examples, whereas material degradation includes
degradation due to aging, chemical degradation and temperature changes. Hence, the
structural response of the unit is dependent on the thermal behavior and on the composition
of the insulating gas. Therefore, the model for the structural response of the IG unit is
coupled with the thermal model for the unit and with the model for the gas permeation of
the unit. These latter two models are described above and are not considered in this section.
However, the chain of calculations to solve for the coupled models for structural response,
thermal response and gas permeation will be discussed. To increase the computation
speed, some mass balance calculations for the gas composition are considered in the model

of the structural response as is explained below.

In the next section the chain of model calculations for a time step is described, followed by

a discussion of the way the response of the two glass lites is determined. The coupling of
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this response with a lumped mass balance equation for the filling gas is then explained. The
last section discusses how the response of the seals (and the metal spacer) is determined

using a set of springs and dashpots.

Coupled Model Calculations

The coupling of the structural model with the thermal model and the model for the
penetration of water vapor in the overall program is reflected in the calculation sequence

depicted in Figure 4.3 .4.

D in cavity

Gas composition

—* t > thdt

Effective distance
between plates

:

Mo

> . L. P in cavity
‘ Update material parameters ‘

- Temperature

{diffusion coefficient 15
temperature dependent)

Convergence?

Temperature model

¥ ¥
‘ Tpdate material parameters ‘

¥

Temperature

Permeation model L
P in cavity
3 ¥

‘ Tpdate material parameters ‘

k4

Structural model

Figure 4.3.4 SealSim coupled model calculations
After each time increment (with time step, dt, box in the left-up corner), first the

temperature model is solved, which is based on the most recently determined solutions for

the permeation and structural models. In figure 4.3.4, the second model considered is the
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one for water vapor permeation, in which the most recently determined temperature and
structural data is used. The last model is for structural response, where the most recent
solutions for the temperature and the permeation models are used. This is reflected in
Figure 4.3.4 by the blue boxes and connection arrows with both the model boxes and the

boxes that indicate the actions to update the relevant material parameters.

As one such sequence of calculations may still result in solutions for the three (coupled)
models that do not reflect a good balance, the solution procedure for the structural model is
followed by a (convergence) check for balance. If one has obtained balance, the
calculation procedure for this time step is terminated and the program proceeds with the
next time step. When the balance is still not sufficient another sequence of model
calculations is performed. This convergence check is based on the residuals for the model
equations based on the most recently determined set of model solutions. These residuals
have physical significance: For the temperature model this residual indicates a balance in

heat exchange and for the permeation model it concerns a (molecular) mass balance.

For the structural model, two residuals are required for a convergence check, where one
also equates to a check for mass balance. This is due to the fact that in the structural model
there is already provision for a part of the coupling with the permeation model as is
reflected in Figure 4.3.4 by means of the red box that covers the structural model and part
of the permeation model. In the next section the bending of the glass lites is described,
which will enable us to elaborate on this coupling. The other convergence check for the
structural model concerns a balance of forces per unit length as will be pointed out later in

this document.

Deformation of Lites under Loading

For the deformation of the two glass lites of the IG unit, it is assumed that such lites have a
small length in the direction perpendicular to the lites (i.e. the thickness) in comparison

with the two (horizontal and vertical) dimensions along the plate. Furthermore, it is
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assumed that the loads are such that the lite deflections in the perpendicular direction are
much larger than the ones in the planes of the lites. Hence, only deflections in the
perpendicular direction are taken into account, where it is assumed that these deflections
are relatively small such that the classical elastic plate theory as described in Theory of

Plates and Shells, Timoshenko and Woinowsky-Krieger (1959) may be assumed.

It should be noted that alternative models are available for deformation calculations for the
two glass lites (e.g. Reissner, Kirchhof and Von Karmann non-linear plate equation).
However, the current modeling approach does allow for fast (and relatively accurate)
calculations. This aspect is quite important as the deformation model has to be applied

many times during simulation runs with SealSim.

Let us consider now one lite with:

a Horizontal length [m] of the lite

b Vertical length [m] of the lite

h Half the thickness [m] of the lite

X Horizontal coordinate [m] with 0 <x <a
y Vertical coordinate [m] with -b/2 <y <b/2
E Young's modulus [Pa]

1% Poisson's ratio [-]

q (Constant) load [Pa] applied in thickness direction

If one assumes the lite is simply supported, chapter 30 of Timoshenko and Woinowsky-
Krieger (1959) gives us the following solution forw [m], the deviation in perpendicular

direction,

4

w(x,y) = %(x4 —2ax’ +a’x)+ qg Z:(cl cosh(mzy) +c, (m;y)sinh( mZy)) sin(m;x)

Where in the summation m is only taken to be odd and,
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31-v?)

¢ =

c

And,

5 % tanh(a, )+ 2

7°m’ cosh(a,)

m

2

> 2°m’ cosh(a,)

_ mnb

m

2a

In order to determine the lite deflections accurately in the structural model, the summation

is limited to a finite number of terms in such a way that the remaining (infinite number of)

terms that are left out are (relatively) small.

In a similar way derived data can be determined out of the expression for the deviationw,

such as:

Yy

© X X KX

L

Momentum per unit length [N]
Momentum per unit length [N]
Momentum per unit length [N]
Horizontal force per unit length [N/m]

Vertical force per unit length [N/m]

As can be found in the same chapter of the aforementioned book of Timoshenko and

Woinowsky-Krieger

Three mean (integrated) quantities are determined for both lites and used by the structural

model:
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b/2
w(x, y)dxdy Volume [m’] connected to lite deviation (i.e. w integrated

-b/2

Wvol =

O e

over x and y),

b/2

QY = % IQX (0,y)dy Force per unit of length [N/m] in the deflection direction on a

-b/2

vertical boundary,

0y = lJ.Qy (x,—%)dx Force per unit of length [N/m] in the deflection direction on a
a 0
horizontal boundary,

Which expressions are given by:

g ba’ gqa' . .
= + ¢,b sinh(a )+c,(bcosh(a_ )—b_ sinh(a b
Wvol 24D 5 D ;( 1%m ( m) 2( ( m) m ( m))) m

. 2 3 e .
oY = _% + ﬂb(]a Zm3czbm sinh(a,,)

O =-=27q) m’c,b, sinh(a,,)

Where in the summation m is only taken to be odd and

Pl

" mr
In the structural model, the expressionsw,w,,,, Q) and Q) are determined for both glass

lites based on the (constant) load ¢ . In these calculations there is already a provision for a

coupling with the model for water vapor permeation as is discussed in the next section.
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The (constant) load ¢ for both lites is composed of the structural model based on the weight

load,q,,,,, , the barometric pressure, p,, ..., the wind load, ¢,,,and the filling gas

pressure p,, (all in [Pa]) according to

9 = Prarometric — pg D vina + qweight

In the calculation of the weight load there is provision for the azimuth and tilt angle of the

IG unit. Furthermore, the wind load is determined from

2

qwind = O‘SCWI pairvwmd

Where p,, is the surrounding air density [kg/(m’], v ,1s the wind speed [m/s] and the

win,

value of the constant, C , [-], depends on whether the wind direction is leeward or

windward.

Coupling with Lumped Mass Balance for Gas

The applied loads in the thickness direction on both glass lites of the IG unit are linearly

dependent on the total filling gas pressure p”*' for the new time step as pointed out in the

previous section. This pressure must fulfill the lumped mass balance equation for the filling

gas, i.e.
n+l n+l n+l n n n
Wvol,gpg Mg Wvol,gngg
RTI’!+1 - RTn = At*ﬂuxg
g g

Where the superscript » and n +1 indicate the old and new time level, respectively, and
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M, is total molecular weight (in [kg/mole]) of filling gas

R is gas constant (in [J/{mole*K)]

T is temperature (in [K]) of filling gas
Slux, is flux (in [kg/s]) of filling gas out of cavity

wig 18 cavity volume (and filling gas volume) (in [m*m*m],

(Cavity volume (and filling gas volume) can be easily determined from a difference
of the volumes connected to the deflections of the two lites (see previous section)

and the addition of a volume that corresponds to the distance between the two lites.)

With the loads of the two glass lites linearly dependent on the filling gas pressure, it is seen
from the previous section that (assuming the distance between the boundaries of the two

plates to be constant per time step), among others, w,,, , is also linearly dependent on the

filling gas pressure and hence the lumped mass balance equation reduces to a quadratic

: 1
expression for p"* .
g

Therefore, the structural model can easily account for a coupling with the permeation

n+l

model by calculating the coefficients of this quadratic expression in order to solve for P«

With this new filling gas pressure then the values for deflection W and (mean) forces per

unit length o; and Q, can be determined. This data serves then as input for a set of
spring-dashpot systems that models a typical cross section of the unit with several seals
(and a metal spacer). From this set of spring-dashpot systems the typical structural response
of the seals (and a metal spacer) is calculated. For example, stresses and deformations in
the seals and the new distance between the glass lite boundaries are obtained from this

model. These parameters are then used in a next iteration of the chain of model calculations
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for a time step as described above. The description of this set of spring-dashpot systems is
found in Section 4.3.1.6.2.

The typical cross-section considered with the set of spring-dashpot systems cannot be
really connected to a specific position in the IG unit. It should be seen as a model for the

mean/maximum structural response of the seal system as only the maximum of the (mean)

: iy ix s e . .
forces per unit length O and Q7 serves as main input to the deformation calculations by

means of the spring-dashpot systems.

The coupling between the structural model and the permeation model discussed in this
section is schematically given in Figure 4.3.5. In the Figure it is seen that first there is
provision for an equilibrium between the deflections of the glass lites, resulting from filling
gas pressure, after which the structural response of the seals (and metal spacer) are brought

in equilibrium with the lite deformations.
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+ Springldashpot model

Figure 4.3.5 Structural Model Calculations (Brown box above is not complete)

Note that one of the convergence checks for the structural model is based on the residuals
of the above equation of this section; i.e. a mass balance.
In the next section, a general explanation is given of the space behavior of the seal

materials.

Visco-elastic Behavior of Polymers, General

Amorphous polymers can show a range of mechanical properties from viscous fluids to
elastic solids depending on time scale, ambient temperature and diluents concentration, as

can be seen in Figure 4.3.6.
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The polymer changes from a “glassy Phase”, characterized by a high modulus, to a
“rubbery Phase” with significantly lower modulus, as time advances, temperature and
moisture content increase. Between these two is a transition “leathery Phase”; the transition
is defined by the glass transition temperature. The magnitude of the glass transition
temperature has been attributed to the free volume of the polymer, defined as the difference
between occupied and specific volume of the polymer. The free volume increases with the

diluent concentration (moisture content). An expression for the glass transition temperature

proposed by Kwei providing for secondary interactions is:

_ T+ KT,
¢ W, + kW,

+qW\Ww,.

Where T, (in [K]) is the glass transition temperature of the polymer diluent mixture, W is a
weight fraction, k is an adjustable parameter for free volume effects, q is an adjustable

parameter for secondary interactions, 1, 2 denote polymer and diluent, and T, and Ty

denote reference temperatures.

=
UNSHIFTED O TEMPERATURE
DATA E’E SHIFT FACTOR
ks [ ]
o) -
- or 4 1
— i
10> o ol |
" - : Eniel
= 9.—\ g g : ng_l 1 I
W 22 ! TEMPERATURE
8- Wl Wil GLASSY '
g N g :
o 70 S| = | MASTER
- = ' CURVE
6 TRANSITION
]
51 E RUBBERY
i'g
4 1 1 1 L1 1 1 | | L ] |
2 Q 2 -14 -12 -10 -8 -6 -4 -2 0 2
LOG TIME

106/780



Figure 4.3.6 Typical change of relaxation modulus E(t) of an amorphous polymer with

time and temperature.

In this simulation, we assume that the material is above the glass transition temperature,
where the glass transition temperature is constant. The visco-elastic properties can be

represented by the creep:
D(t) (e=cD(T)), D(t)s = oD(T))
or relaxation modulus

o=¢E(T)

Time-Temperature Equivalence of Visco-elastic Properties

In general, a time-temperature equivalence of the visco-elastic properties is observed
[Williams-Ferry]. The basis of this principle is that temperature accelerates the time-
dependent response of the material. Accelerated testing methods are based on this
equivalence principle. The time-dependent material properties are determined at different
temperature levels and shifted horizontally along the log time axis through a time multiplier
(shift factor), until a smooth curve is obtained. This is the so-called “master curve”. The
“master curve” describes the time dependence of the investigated property at a reference
temperature. The property at other temperatures is calculated from the “master curve” with
the reduced time principle, or shift factor. The observation of the time-temperature
superposition was in the first instance empirically observed. Later a theoretical basis was
developed where the temperature shift factors can be calculated on the free volume
concept. When the glass transition temperature of the polymer is chosen as the reference
temperature, the temperature shift factor can be determined above T, by the Williams-

Landell Ferry (WLF) equation (below T, an Arrhenius type equation is appropriate).
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B Cl (r-T1,)
log(a(t)) = ———=-
Hat) =77
Where the constants C; (in [-]) and C; (in [K]) of the WLF equation, after being determined
experimentally for several polymers, were defined as “universal” constants for cases where

experimental validation is not feasible (C;=17.44, C,=52.1).

Mathematical Representation of Visco-elastic Behavior

According to linear visco-elastic theory, the time dependent response of a visco-elastic
material, for an arbitrary loading history, can be expressed either in an integral or
differential form, if a single creep (or relaxation) curve is available for a prolonged time
period (e.g. experimentally collected). The (convolution) integral representation is based
on the superposition principle, where the effect of a complex loading history can be
equated to the sum of independent contributions of smaller load steps, the so called

Boltzmann Superposition Integral. For creep this reads (similar for stress relaxation) as
t do

e(t) = D(t)o(0) + j D(t - &)—(¢)de
0 de

The differential form is based on mechanical analogies, such as combined spring and
dashpot systems. Creep behavior in its simplest form is described by a spring and dashpot

in parallel, a Kelvin element,

de D, 1
—=—0-—¢
da 7,

Where 10=m/E retardation or relaxation time, Dy the compliance of the spring, E the

modulus of the spring, 1 the viscosity of the dashpot, D the compliance of the spring, ‘0’
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denotes a specific reference temperature. The time dependent response of a Kelvin element

for a step load reads as

(1) =0(0)D()
Where
D(t)=D,(1-e"'™)

D(t, 1)
DO

Figure 4.3.7 Time Dependent Response of a Kelvin Element for a Step Load

Relaxation behavior is described by a Maxwell element, a spring and dashpot in series.
Description of more complex material behavior can be obtained by combinations of Kelvin
and Maxwell elements. In the next section, the system of springs and dashpots is described

that was used to model the material behavior and deformations of the seals and metal

spacer of the IG unit.

Spring - Dashpot Systems for Seals and Metal Spacers

Geometry
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The configuration of the sash-seals-spacer-lites system is depicted below for two classes of

IG units: TPS systems (without spacer) and Box-Spacer systems.

ys
Ya
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Y2
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Figure 4.3.8 Thermal Plastic Spacer (TPS) System

Lwetl

vy

Lseal

A

#2

\4

#3

#4

Hinner seal

\ 4 i
A——f Hoverlapz

Houter seal

T

H overlapl

Hwet2

»

A

»

Lglassl

0

LglassZ

1

Hglass

110/780



Lseal

A
\4

L
#1 # spacer
L
spacer ddessicantbea
y7
Ye
Hspacer
Hinner seal
Ys : A
Y4 Hspacer I
A Houter seal
y
y3 I
Tspacer g -
Y2 ; T ; v I Hoverlap ¢
T vspacer PFFFF
) t
< > > Hg
glass
Lglassl L. LglassZ
inherse
—» <
0 X1 X2 X3 X4 Xjs

Figure 4 3.9 Box Spacer System

Model Description

To describe the mechanical behavior of the TPS-system and Box-Spacer system, the
components are represented by mechanical elements built up from springs (representing
elastic behavior) and dashpots (representing viscous/damping behavior). The metal spacer
in the box-spacer system is treated as a purely elastic component, whereas the seals are, in
principle, visco-elastic components. Each visco-elastic component is modeled by a single-
mode Kelvin-Voigt element, which is suited for describing the effects of creep, i.e., the
time-dependent change in strain due to the application of a stress (caused by the load forces
exerted by the glass window lites on the system). This is all reflected in the two figures
below for both normal and shear loading for the Box-Spacer System. As the stiffness of the

glass window lites are considered infinitely large compared to the stiffness of the other

elements, the lites are not represented by mechanical elements.
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Concerning the loading of the system, a distinction is made between normal loading (i.e.,
normal to the glass window lites) and shear loading (i.e., in the direction parallel to the

glass window lites).

N

Figure 4.3.10 Spring-Dashpot System for Normal Loading of Box-Spacer System

0 Normal loading originates from three sources:

0 Normal loads exerted by the glass window lites on the system which are due to the

lite deflections in the lite thickness direction, i.e. the maximum of Q” and Q;f“

0 Thermal expansion of the sash in the normal direction

0 Thermal expansions of the seals and spacer in the normal direction
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Figure 4.3.11 Spring-Dashpot System for Shear Loading of Box-Spacer System

0 Shear loading can be attributed to three sources as well:

0 Shearing loads exerted by the glass lites on the system due to their weight

0 Shearing load exerted by the difference between filling gas pressure and ambient air

pressure

0 Differences in thermal expansion in shear direction of glass lites, sash, and spacer.

Because of the shearing load caused by the spacer, the structural seal in a Box-Spacer
System 1is split into three parts, of which the two outer parts have a ‘length’ (measured

perpendicular to the glass window lite) that is equal to the length of the MVTR seal.

All spring and dashpot constants are calculated from Young’s moduli, Poisson’s ratios and
dynamic viscosity of the seal materials as well from the seal dimensions. Note that the
spring and dashpot constants k£ (and b) for normal loading differ form the constants £ (and
b") for shear loading, as the constants for normal loading are determined from Young’s

modulus and the constants for shear loading are determined from the shear modulus (in

[Pa])
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Whereas most material parameters can be prescribed by the user as linear functions of time
and temperature, the temperature dependence of relaxation times for the seals (defined as
the ratio of dynamic viscosity and Young’s modulus) is described by the established WLF-
equation, which is generally valid for the temperature range from Tg (the glass transition

temperature) up to T, + 100°C.

The systems that are ultimately calculated for each time step and for each loading type can

be represented as

Bu+Ku=f,

In which u is the vector of displacements, B and K are the damping and stiffness matrix,

and f'is the load vector.

Influence of Bending of Glass Window L.ites on Seals

Due to the external loads, the glass lites may be subject to bending (either inward or
outward), thereby causing a difference in the extensions of the innermost and outermost
seals between the two lites. It is assumed here that the bending of the lites is a result of the
external loads only, and is not caused by the difference in stiffness between the innermost

and outermost seal. The bending of a lite is given by its angle ¢, with respect to the axis

along the un-deformed lite length

_ 1
P pane = arctan(w pane ),
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Where w',,, is the derivative of the glass lite deflection w,,, that can be easily determined

pane

from the expression for the deflection given above.

The bending of the lites can be taken into accounted by a modification of the force balance
in the set of springs and dashpots as explained for the TPS design and shown in Figure

4.3.12.

The bending of the lite causes extra displacements uyy7g exira ANd Uspyc, exna at nodes 2 and 3

in the set of spring dashpots given by

Upyrr exira = Cuvrr Sin((ppane)
ustruc,extra = astmc Sin((opane)

The amyrr and agye terms are offset distances of the points of action for the forces on the
seals relative to the point of action of the force on the wet seals. Note that ay,.,. has a

negative value, as it is applied in the downward direction.

The net result of the bending of the lite on the reaction forces should be zero. To
accomplish this, the displacement u, and u; (and their time derivatives) in the original

system of equations should be replaced by ‘new’ displacements u', and u'; that are given
by

* .
ui = ui + ai Sln(¢pane)
*

u, = ui + ai Cos(wpane)(ppane’

With ‘i’ = [struc, MVTR, wet], a,,.; = 0 and P pane the bending angle of the lite at node 2 or

3. This means that the system of equations has to be modified to

Bi+Ku=f—Ba"u'—Ka'u'
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Where ‘a’ is an array with point of action offsets,
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Figure 4.3.12 Bending in set of Spring-Dashpot Systems for TPS Design

Input and Output Data

Apart from the material data and component dimensions that have been defined through the

input file, the following data serves as the main input for the spring-dashpot calculations
0 The type of IG unit (TPS or box-spacer)

0 The time at the current time step, at the previous time step and at the start
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O Mean values for the loads in normal and shear directions exerted by the glass
window lites on the seal systems, including the load due to the weight of the glass
lites.

0 The temperatures of the system components at current and previous time step.

0 The calculated displacements at the previous time step and previous iteration

0 The derivatives of the glass lite displacements (representing the bending of the lites)

Among the results that are determined are:

0 The effective (Hubert-Hanky) stresses in the seal components (in [Pa])

0 The displacements (in [m]) in the set of spring-dashpot systems, from which, for

example, the distance between the lites can be updated
O The strains and shears of the system components (dimensionless)
0 The residuals of the solved systems (in [N/m])

This effective stresses in the seal components given by:
Oy = Jo? +377

And is determined from the normal stress o and shear stress 7 for the component.
Residuals indicate convergence of the solution within an iteration loop and are calculated

as

f;:urrent - Bcurrent(u _AL;OM j - K(u - uold )
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With u the most recent solution obtained for the current time step. This residual has the

dimension of load per unit length as all (external) forces in the system are per unit length.

Chain of Structural Model Calculations

For a specific time-step and sub-iteration, the following chain of structural model

calculations is performed:

)

2)

3)

4)

5)

6)

7)

Based on a unity load and updated material parameters for the glass lites, their

deflection and derived data is determined

With some of this data, and the actual loads for the lites, the coefficients for the

quadratic equation for the new gas filling pressure are determined

From these coefficients the pressure is calculated, from which the total loads for the
lites can be determined such that the actual deflection and its derived data are

determined

Subsequently the external normal and shear loads for the system of seals can be

found

Based on actual time, actual temperature, etc., all visco-elastic (spring-dashpot)

constants are updated

Based on the new temperatures, the thermal expansion of the components is

determined and transferred to equivalent loads

Seal deformations (i.e., displacements) for the normal loading situation are

determined and the residuals (for the previous displacements found) are updated
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8) Seal deformations (i.e., displacements) for the shear loading situation are

determined and the residuals (for the previous displacements found) are updated

9) From the seal deformations found, seal strains and stresses are calculated.

Coupling of the Physical Models, Iterative Procedure

A flow chart of the simulation is shown below in Figure 4.3.13. The sub-models are
coupled, i.e., a change in gap width results in the heat flow, causing a change in glass
surface temperatures, the gas in the gas space contracts or expands, resulting in change in
pressure difference over the glass lites, affecting the gap width, etc. An iterative procedure
is used to solve the various equations of the sub models. Within a time step, the sub-
models are repeatedly called one by one, and when new information becomes available
about temperatures, pressures, deflections, material properties, etc., the old values are
replaced with the new values, and the process continues until the values no longer change
significantly per sub-iteration. In this case, the sub-models are considered converged, after

which the simulation will proceed to the next time step.
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Figure 4.3.13 Flow Chart for Simulation
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Calculation Procedure ‘SealSim’

A complete description of the calculation procedure shown in Figure 4.3.13 follows:

e STEP 1. Problem Definition
0 Define glazing system
* Define dimensions of glass and seal
*  Window orientation (tilt, azimuth)
» Characteristics building/terrain (to calculate wind force)

» Define permeation shortcuts due to corner keys etc.

0 Select materials
= Select glass lites numbers 1 and 2
= Select outer seal polymer material

= Select inner seal polymer material

Select desiccant present in inner seal (TPS System)
* Select desiccant present in spacer (Box Spacer System)
* Define which fill gases are present and are involved in permeation

= Select frame material

0 Define material properties
» Define solid material properties
= Define polymer material properties

= Define desiccant material properties

Define fill gases and gases involved in permeation
* Material properties are defined in the materials database
(sealsim.mdb).

e Note: This file can be edited with the program Microsoft

Access
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0 Define solar properties

Read solar properties individual glass lites number 1 and 2 at normal
incidence

Emissivities of the glass lites (long wave)

Extrapolation of solar properties to any angle of incidence

Properties are defined in glazing-database (GlazingTPD.mdb).

e Note: This file is protected and cannot be edited).

0 Define initial conditions (filling conditions)

Temperature (uniform)

Total pressure gas space

Barometric pressure outside and inside (no wind load assumed)
Volume fraction (mole fraction) or partial pressure of gases
Amount of desiccant present

Initial concentration of adsorbent in the desiccant

Initial concentration of adsorbent in the polymer

Initial seal length at filling, stress free

0 Define climate conditions

Select weather station and climate period. The data in the TMY?2 file
contain station location and elevation. Note: IG unit elevation
assumed to the station elevation unless explicitly defined in extended
TMY?2 format

Terrain characteristics at the weather station, anemometer height
Note that during transport from production location to final location,
the climate conditions (including barometric pressure etc) in general
will change. It is assumed that this is accounted for in the weather
file. This means that if existing weather data of a station are used,

weather data during transport has to be inserted in this data file.
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Climate next to seal is the same as weather station climate, unless

explicitly defined as a function of time in a separate data file

0 Define simulation time

Simulation start date and time
Simulation end date and time

Define (numerical) time step

0 Define failure criteria

Define threshold levels at which IG unit fails, e.g. the IG unit fails
when internal condensation occurs.
Cohesive failure properties come from the database (can have a

probability distribution)

0 Define numerical settings

Iterative loop through individual balance equations

Define convergence criteria and relaxation factors.

0 Define probability distribution and number of Monte-Carlo runs “N”

The material-parameters-failure criteria can have (1) “fixed” values
or (2) a probability distribution (in case of a normal distribution:
mean value and standard deviation). It is up to the user to decide
this.

A simulation run, however, takes only fixed values as input. Before
simulation starts, therefore, a random generator determines a fixed
set of values, and then runs a simulation. By repeating this procedure
several times, the results of these simulation runs can be statistically
evaluated. The user specifies the total number of simulation runs,
and it is up to the user to judge if this gives a statistically relevant

output (only for a linear model can it be decided how many runs are
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required beforehand to give certain output accuracies, see

documentation elsewhere).

e STEP 2. Prepare ‘N’ sets of input data with random generator

e STEP 3. Perform Monte Carlo Simulation Run for each set of input data

(n=1,2..N)

0 Set initial conditions IG unit (filling conditions)

Specify initial conditions of IG UNIT at time zero to=0
For a given barometric pressure, initial gas composition and gas
space pressure & temperature, calculate initial glass lite deflection

and seal deflection (hence effective volume of the gas space)

0 Time loop

Determine current time ti ;= ti+At (i=1,2..nt)

Read weather data TMY2 at current time step, calculate angle of

incidence of the sun on the window, correct pressure for window

elevation differing from station elevation and correct wind speed for

meteorological conditions and building conditions (terrain etc)

Determine environmental conditions near seal, equal to

environmental weather conditions or read from file

Set values of variables at last time step as estimation values for

variables at current time step

e Note about variables: Two types of variables are discerned,

primary and secondary variables. Primary variables are
temperature (heat balance equation), gas pressure and
composition (mass balance equation components extended
with Equation Of State EOS, in this case the ‘ideal gas’ law),
and stresses and strains (deflections). Secondary variables are
variables that are direct functions of the primary variables,

for example gas conductivity is a (known) function of
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pressure, temperature and gas composition, the characteristic
heat transfer coefficient is a function of length scale,
temperature, pressure, etc. During the numerical resolution
process a relaxation factor can be introduced for primary and
secondary variables. A relaxation factor for primary variables

is preferred.

0 Iteration loop

Internal iterations loop through individual balance equations to update

estimated values:

= Solve heat balance equation

e (alculate new estimated temperatures in the IG unit (using

old estimates for temperature, average gas gap width between
glass lites for heat transfer, material properties, etc), essential
center of glass calculation 1D

e C(Calculate seal temperature or read data from file (time data)

»= Solve mass balance equation for gas components, subdivided into
three parts
e Permeation inner & outer seal

0 Calculate amount and composition of gas
entering/leaving the gas space through inner & outer
seal (using old estimates for volume gas space, gas
composition, gas pressures etc)

0 Last item is area-weighted summation of two one
dimensional paths (1) inner & outer seal present (2)
inner seal missing.

0 Calculate how much gas is absorbed in desiccant
(using old estimates for composition and pressure gas

space)
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e Mass balance in the gas space
0 Calculate new value for gas space pressure and gas

composition.

e Stress model, solve force balance
0 Calculate new stresses and deflections of the glass
lites and seals, based on
* Boundary conditions: prescribed sash
displacement, thermal expansion of the
spacer bar
* Most recent estimates for gas space pressure,

temperature, etc.

e Update estimate for variables using under-relaxation.

e Update material properties (according to new estimate
temperatures, etc.)

e Loop through individual balance equations and update
variable values until convergence of all balance equations is
obtained (within preset error limit). If divergence is
detected, restart iteration loop with more conservative

relaxation factors.

* Go to the next time step and repeat the procedure until the IG unit
failure criteria is encountered or user indicated simulation time
period is exceeded

= Store data

0 End time loop

* Stop simulation if simulation time period is exceeded or an IG unit

failure criterion is encountered.
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At interrupt, store data about current simulation run ‘n’.

Present statistical information for run 1 to ‘n: how runs met criteria,
how many runs were encountered for which a failure criterion
occurred and the average lifetime, with standard deviation, of each

failure criterion.

O Start another durability simulation until ‘N’ sets of input data are simulated

(or break simulation on user interrupt).

Example, simulation time 10 years, 16 runs, results:

Run 1: no failure, hence service life of 10 years or more
Run 2: failure after 5 years, due to failure criterion no 2
Run 3: failure after 4 years, due to failure criterion no 1
Run 4: failure after 6 years, due to failure criterion no 2
Run 5: failure after 7 years, due to failure criterion no 2

Run 6-16: no failure, hence service life of 10 years or more

O Statistical interpretation

The average service life is (12x10yr+5yr+4yr+6yr+7yr)/16 = 8.875
years or more

75% of IG unit’s do have a service life expectancy of 10 years or
more

25% of the IG unit’s fail within 10 years

The IG unit’s that fail, fail after on average 5.5 years (sigma=1.29)

O OfIG unit’s that fail:

75% fail due to criterion no 2, on average after 6 years (standard
deviation=1)
25% fail due to criterion no 1, on average after 4 years (standard

deviation=0)

STEP 4. End simulation
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O 4.1. Process data
» Process the data of all simulation runs (# passed, # failures +
mean/standard deviation lifetime)
* Present information
* Depending on outcome, decide not to end simulation, but do perform

additional Monte-Carlo runs, go to step (2) again.

0 4.2. End simulation
* End simulation, if it is decided not to perform additional Monte-

Carlo runs.

4.4 Materials Databases

4.4.1 Introduction

The properties for the materials used by the simulation are kept in two databases:
“sealsim.mdb,” and “GlazingTPD.mdb.” The “sealsim.mdb” is a database developed
for the project containing the physical properties of the sealants, spacer, sash glass, gases
and desiccants. “GlazingTPD.mdb” is a modified version of the International Glazing
Database (IGDB), and provides the optical properties for the glass used in the simulation.

The “sealsim.mdb” materials database was created in a Microsoft® Access' format and
contains the material properties necessary to carryout the calculations used in the

simulation. The tables created in the database are:

“Desiccant Materials™
“Gases Table”

“Gas Through Desiccant Props”

! Microsoft® Access is a registered trademark of Microsoft.
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“Gas Through Seal Props”
“Polymer Materials”
“Solid Materials”

A description of the tables in the database is given below:

Desiccant Materials

The “Desiccant Materials” table contains data on properties of the desiccants. These
materials would include molecular sieves (bead and powder) and silica gel. Desiccant
beads used with box spacers and desiccant powders used with the thermal plastic spacer
system are selected from this database using the GUI. The material properties of the
desiccants are used by the permeation model to determine the amount of desiccant present
in the simulated IG UNIT and to determine some of the permeation parameters. Material

properties in the “Desiccant Materials” table are:

Bulk Density
True Density
Tortuosity Factor
Bead Size

Pore Size

Porosity

Gases Table

The “Gases Table” contains gas properties used by the thermal model. These properties are
for the ten gases (H,0, N, O, Ar, Kr, Xe, SFs, Gas8, Gas9 and Gas10) that can be used by

the simulation. Material properties in the “Gases Table” are:

Molecular Weight
Thermal Conductivity
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Dynamic Viscosity

Heat Capacity

The values of thermal conductivity, dynamic viscosity and heat capacity are dependent on
the temperature of the gas. The “Gases Table” contains the appropriate coefficients (a, b
and c) for thermal conductivity, dynamic viscosity and heat capacity, allowing the

simulation to calculate their value as a function of temperature using the general equation:
Property(7) = a+bT+cT?

Gas Through Desiccant Props

The “Gas Through Desiccant Props™ table contains the gas adsorption properties (including

water vapor) on the desiccants and is used by the permeation model. Properties in the “Gas

Through Desiccant Props” table are:

Adsorption Coefficients (at two reference temperatures)
Maximum Loading
The adsorption coefficient and maximum loading are needed for each individual gas for

each desiccant used in the simulation.

Gas Through Seal Props

The “Gas Through Seal Props” table contains the properties used by the permeation model
to determine the mass transport of gases (including water vapor) through the inner and

outer sealants. Material properties in the “Gas Through Seal Props” table are:

Solubility (at two reference temperatures)

Permeability (at two reference temperatures)
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The solubility and permeability are needed for each individual gas in each sealant material

used in the simulation.

“Polymer Materials”

The Polymer Materials table contains the structural properties of the IG UNIT sealants
(inner and outer) as well as the glazing sealant (wet seal) used to mount the IG UNIT to the
window sash. Such materials would include sealants based on polysulfide, polyurethane,
silicone or polyisobutlyene (PIB). Each material in the table is identified by “TRUE” or
“FALSE” statement in appropriate column as to whether it is available to the simulation as

an inner, an outer or a wet seal. Material properties in the “Polymer Materials™ table are:

Thermal Conductivity

Heat Capacity

Density

Emissivity

Cohesive Yield Stress
Minimum Strain

Maximum Strain

Maximum Shear

Young’s Modulus

Poisson Modulus

Coefficient of Thermal Expansion
Dynamic Viscosity

Glass Transition Temperature

WLF constants ¢;® and c¢,®

The model allows several of the properties (yield stress, minimum and maximum strain,
maximum shear, Young’s and Poisson moduli and the coefficient of thermal expansion) to
vary as a function of temperature (T) and time (t), allowing the simulation to calculate their

value using the general equation:
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X(T,t)= X, + XTempCoef - (I — X RefTemp) + XTimeCoef -t

Solid Materials

The “Solid Materials” table contains the properties of the glass, spacer and sash materials.
Each material in the table is identified by “TRUE” or “FALSE” statement in appropriate
column as to whether it is available to the simulation as a glass, a spacer or a sash material.

Material properties in the “Solid Materials” table are:

Thermal Conductivity
Heat Capacity
Density

Emissivity

Cohesive Yield Stress
Minimum Strain
Maximum Strain
Maximum Shear
Young’s Modulus
Poisson Modulus
Coefficient of Thermal Expansion

Solar Absorption Coefficient

The model allows several of the properties (yield stress, minimum and maximum strain,
maximum shear, Young’s and Poisson moduli and the coefficient of thermal expansion) to
vary as a function of temperature (T) and time (t), allowing the simulation to calculate their

value using the general equation:

X(T,t) =X, + XTempCoef - (T — XRefTemp) + XTimeCoef -t
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4.4.2 Database Modification

The materials database, “sealsim.mdb”, is not protected. Using the program “Microsoft
Access” data in the database can be edited by the user and new materials can be added to
any of the tables. The only restriction is that the simulation is limited to ten gases. The
first seven of these gases have been assigned to water vapor (H,O), nitrogen (N,), oxygen
(Oy), argon (Ar), krypton (Kr), xenon (Xe) and sulfur hexafluoride (SF¢). Three additional
gases, identified in the GUI as Gas8, Gas9 and Gas10 are available for the user to define.

When modifying the database, it is important to enter new data that is calculated in the
appropriate units. A complete listing of the units associated with each of the material

properties can be found in the Appendix 3.

4.4.3 Interfacial Properties

The interfacial properties used by the simulation, such as the adhesive strength of the outer
sealant to the glass, are a function of the two materials involved (e.g. glass and sealant) and
are not included in the materials database. These values are entered via the GUI and

include:

Inner Seal — Glass Adhesion

Outer Seal - Glass Adhesion

Inner Seal — Spacer Adhesion (Box Spacer)

Outer Seal — Spacer Adhesion (Box Spacer)

In addition to entering the value for the adhesive strength of these bonds, terms can be

input to account for the effect of temperature and time on the adhesive strength.

4.4.4 Glazing Database GlazingTPD.mdb

133/780



GlazingTPD.mdb is a modified version of the International Glazing Database (IGDB),
which is maintained by the Lawrence Berkeley National Laboratory (LBNL)®. The IGDB
contains the optical properties of over 1400 glazing products that can be selected for use in
the simulation. For use in the simulation, the IGDB was modified by LBNL with the
addition of a query used to extract the data needed for the calculations in the thermal

model, including:

Glass Thickness

Solar Transmittance

Solar Reflectance of glass, sides 1 and 2

Infrared Emittance (long wave) of glass, sides 1 and 2

Thermal Conductivity

4.4.5 Material and Quality Considerations and I1G Durability

As referenced in the program users’ manual and the preceding sections, although not
widely implemented in the program at this time, the program has the capability and
flexibility to accept defined distributions representing the variance of induced stresses on
the IG system and IG system strengths. As this opportunity is implemented a much more

realistic response of IG life will be achieved.

Truly understanding the durability attributes of an IG system or any system requires that
material and process variances be considered. In many cases, although the existence of
variances are recognized, this task was simplified as representative mathematical
distributions are extremely cumbersome. The simplification is done by including a worst
case or average, strength and engineering or design calculations. This is currently being
done with the sensitivity and debugging activities as the durability code continues to

develop.

2 Information on the International Glazing Database can be found at http://windows.lbl.qov/materials/IGDB/default.htm
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The IG system strengths are represented by the component or material strengths which are
input as material properties in the databases presented above. As is well known and
discussed in the Phase I report, there are variances in natural or raw materials, in processing
of these materials, in the application (assembly) of materials, etc. Thus, we can expect
these material and process variances to create variances in the material-strength properties,
material-interface properties and the response of the system. These variances can, and
usually are, then understood experimentally until a mathematical distribution closely
approximating the variances can be developed. These distributions (mathematical
equations) represent a more realistic expectation of the material’s strength properties. Even

under the tightest of processing controls, variance will exist.

In addition, as consideration was given to the initial database population process, it was
discovered that much less material property data was available, or would be made
available, specific to common IG materials. In addition, much of the insulation glass
supply chain described (through published material-specifications) their products using
different material attributes and units making even a high level material comparison
difficult. Listing the possible material attributes, both static and dynamic that could play a
part in I1G durability also produced concern that the material properties commonly used for
design, purchasing, quality control, etc. may not be complete. Currently, the durability tool
and the general design and application of IG materials contains a fairly large set of
assumptions that could have an effect on IG durability with no specific published data

supporting the assumptions one way or the other.

While most of the examples presented in the Phase 1 report and discussed here are related
to material strength vs. input stress, IG assembly processes can be represented in the same
way. The IG design and engineering specification for the processing of incoming glass
(cutting, handling, heat treating, coating, etc.) through the final gas fill and press have
variance. Each IG manufacturer will have a unique set of process variances dependent on
chosen IG design, materials and process method. A highly automated process will have a

different set of variances than that of a highly labor intensive process of assembly.
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In the current version of the simulation program, material and process variance can be
simulated by adjusting material properties presented in the material database. Thus,
investigating a process variance will require a thorough knowledge of the process,
associated materials, interfaces, etc. For example, the glass cutting process can leave
undesirable glass edge chipping, creating stress concentrators which will cause premature
glass fracturing. This process or quality characteristic can be crudely modeled in the
current simulation by adjusting a glass strength property making a possible edge fracture
and crack propagation more likely to occur under stress. Thus, a material property
adjustment represents a process procedure with less than desirable quality control. Or, in
the case of sealant or adhesive application, adjusting one or more material properties can
represent the application of the material to dirty glass caused by an undesirable washing or
handling process. If a single property value is being used in the calculation or a
distribution representing material property variation, property adjustments can be made to
represent process or quality variance. In this manner, the program can provide a feel for
the sensitivity of these types of process and quality variances. It must be noted that the
current program output will only provide a general trend of increasing or decreasing 1G

failure rates based on the process or quality attribute being investigated.

As the simulation continues to develop, process variation can be implemented. This, of
course, will be a set of unique distributions dependent on the particular manufacturing
methods for IG assembly. Each process will need to be investigated, variances discovered
and mathematical algorithms developed to relate these manufacturing inconsistencies to the

strengths of the system.

The large volume of current IG units are manufactured with a fairly limited set of designs
and use a fairly limited set of material groups, many of these materials were originally
developed for products completely unrelated to IG application. As IG designs and
technologies advance, the set of materials and subsystems will continue to grow and will be
specifically developed for IG applications. This process will insure at least two things.
First, with each newly integrated technology an additional set of variances must be

considered; and second, materials and their specification will be developed specifically to
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meet IG requirements and expectations, including durability. In fact this process has been
well underway as plastics have been used for spacer bars, thermoplastic spacer systems are
extruded directly on the glass lites, etc. Although the current designs represent limited
groups of materials, the variation in materials offered in these groups is extensive. Sealant
suppliers offer and recommend many sealants with varying compounds for IG assembly;
spacer-bar systems span a wide variety of designs and materials. Along with these varying
material choices, many of these component manufacturers continue to change many of the
raw material inputs in their products as they develop low-cost alternatives, address specific

customer requests, etc.

Each set of IG design, material and process alternatives creates unique variances. Assuring
that the variances are reduced to a minimum increases the chance of producing acceptable,
durable product. As part of the ongoing research, the team was invited to several window
and door manufacturers, IG manufacturers and sealant manufacturers. Focus of these
activities included investigating quality and specification processes intended to define,
communicate and validate IG design and processing. Creating and implementing a quality
assurance policy and procedure requires a set of metrics to be developed as the standard or
goal of each manufacturing sub-process. This assures that all incoming material meets
requirements through to the shipping of the final product. This set of metrics is the product
specification, the recipe for an IG unit. IG specifications will be discussed in the next
section, currently it is assumed that each IG manufacturing process has a recipe
(specification) which includes the incoming materials; procedures for receipt, handling, and
preparation of materials; procedures for mixing (assembling) materials, etc. The required

and expected outcomes will then be well defined and based on customer expectations.

Based on the invited investigation which included observation, discussion, document and
process review of the IG assembly operation, the following suggestions are made that can

reduce 1G failure rates and provide for continuing improvements.
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Require material certifications, testing or acceptable documentation according to the
materials specifications on all incoming raw materials to insure compliance to the 1G

engineering specifications.

As discussed above, the outcome of the IG design and engineering process produced the
specifications describing the material properties, geometries, etc. necessary for the IG
application. These specifications also include the acceptable variance of each of those
properties. If the compiled list of material properties presented above is used for reference,

keep in mind that:

1) The list includes properties which are not commonly found in published material

specification sheets nor listed in common certification sheets.

2) The list was developed around the current set of assumptions tied to the program
development. In consideration of IG durability, some properties may not be of
consequence to long term durability and additional properties may be added based on
their consequence to long term durability. For example, the current materials database
recognizes the gas permeation rate changes due to the temperature of the material. At
this time the program assumes there is no permeation rate change of consequence
when the material is stressed, with resulting strain in a continuing cyclic manner. This

assumption is under considerable review at this time.

3) Many of the material suppliers do not and are not required to measure these properties.
Other raw material components such as spacer bars, corner keys, glass, etc. must meet
a similar specification and should arrive with a material certification (confirmation)

document assuring product acceptability and conformance.

In addition, agreements should be reached with each supplier assuring notification of any
change in the incoming material processing. These changes would include requests for a
temporary deviation of incoming materials. Working with the supplier, the changes can

then be evaluated against the design and engineering specifications to ensure acceptability.
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Follow all suppler recommendations for material handling, storage, etc.

Sealant, desiccants and other materials used in IG manufacturing often are delivered with
detailed recommendations for handling and storage, even if for a relatively short period of
time. This is due to the possibility of contamination. This could be surface or chemical
contamination. These recommendations should be followed and become part of the work
instructions associated with the manufacturing processes involved. Contamination can
change the expected performance of the material in the short and long term thus causing

immediate process challenges and premature product failures.

Extend the supplier recommendations for handling and storage to all remaining

processing.

Recognize the intent or have the supplier explain the necessity and reasoning for the
material handling recommendations. This will provide a clear understanding of how and
what can affect the material in properties. Then, extend that thinking to all remaining

processes. For example:

It is normally recommended that desiccant materials and adhesives be maintained in a
sealed environment with no exposure to air. These materials become contaminated quickly
with moisture and their performance will be negatively affected with premature exposure.
Many of the manufacturing operations that were audited were designed with process hold
times for spacer assembles waiting to be applied to the glass lites. Thus, desiccants and
primary spacer materials that had been protected in sealed containers before application
were exposed for varying periods of time in dusty and humid conditions as they waited for
final assembly. Minimum exposure after desiccant application will insure a better
performing IG over time. One solution would be to cut these hold times to a minimum or

design the process for immediate assembly after desiccant and sealant application.
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Cleaning recommendations are prevalent in the IG manufacturing processes.

As described above, contamination of surfaces must be addressed. Components should be
assembled immediately after cleaning. Dust and other airborne contaminates can
contaminate the material interfaces and reduce the expected performance of those
interfaces. In addition, material handling of components after cleaning must be designed
not to re-contaminate the surfaces; supporting the common recommendation of wearing the
right gloves during the assembly process. Wearing no gloves will leave dirt and oils on the
surfaces and some gloves (cotton) will leave the surface in a more contaminated condition

as cotton fibers commonly are distributed on the surfaces.

Identify points in the processes to validate, control and improve the processing.

As described in the design and engineering specifications, each of the process steps
involved in the manufacturing of IG units has an expected outcome described with an
acceptable variance. The outcome of each process can be validated relative to its
acceptable variance. A variety of efficient and effective quality tools and technologies can
be implemented in the process to validate the outcome of one or more processes. These
tools range from the simplicity of inspection with trained operator observation to
implementation of sophisticated electronic equipment. A process for capturing the
inspection data should be designed and implemented. The information can then be used to
monitor the process in real time and make adjustments if necessary to assure the process
step remains in compliance; controlling the process. In addition, the information can be
used to evaluate the process over a longer period of time to support a number of design,

material, process and cost opportunities.

Develop and implement an operator training process.

Along with common training requirements such as work procedures, machine operation,

safety, etc. the items listed above are obvious candidates to be included in a training

discussion. In addition, benefits can be gained in discussing the fundamental expectations
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of an IG unit. For example, a training program should include discussion addressing
necessary IG product characteristics such as what IG units are designed to do (insulate,
block and trap energy) and how they do it (sealed volume, thus it can have no holes, glass
coatings refract and reflect energy, etc.). Include the efficient design and engineering
characteristics such as the specification and application of the seal material as it relates to

the handling, work instructions and quality requirements.

Currently, many industrial organizations and companies in the IG supply chain use
comprehensive quality assurance programs and recommendations to include application of
materials, quality process and procedure recommendations, etc. This includes the
Insulating Glass Manufacturers Alliance (IGMA), the American Architectural
Manufacturers Association (AAMA), and the Glass Association of North America
(GANA). These efforts are in recognition of the need for improved and continuing quality
in IG manufacturing. The documents available through these organizations and supply
chain partners will provide more detailed recommendations and examples that can be

customized to the specific needs of a chosen IG design and process operation.

Consistent quality of materials and quality assembly of IG units will have the most
immediate impact for improved IG durability. As referenced earlier, Appendix 4 presents
data from several years of testing on several common IG designs and suggests an initial
mortality (units that failed the initial leak test) rate of 6.7 %. This mortality rate was
directly attributed to manufacturing quality issues. Although there are several areas of
materials research and design considerations which are anticipated to advance IG

durability, consistent material and assembly procedures can currently reduce failure rates.

4.4.6 Product Specifications and 1G Durability

The proceeding discussions and recommendations assumed that IG units were being
manufactured to a set of IG product specifications. These specifications present variances

or acceptable distributions of each material, component, and process attribute that then sets
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the metrics for controlling the manufacturing process through disciplined quality

procedures.

It is recommended that the product specifications be developed during the product design
processes.  Thus, understanding the induced stress, both static and dynamic, and
engineering the system to response as desired to those stresses must be done at the 1G
design level. The stresses that an IG experiences throughout its expected service life are
notably transferred to a mounting system, a sash frame, window frame, door frame etc.
These mounting systems also must be considered, pushing the need for specifications to be
developed in collaboration with or distributed by window and door manufacturers and so
on. Creating a specification for a durable IG with a 20 year service life requires the
designer understand the IG as it relates to the building envelope and its environment, all
customer (architect, builder, fenestration manufacturer) expectations and the supply chain
expectations. Each of these can be considered to impart or impact a mechanical stress on
the system creating the need to define requirements for the materials, processed
components, sub-assembles, etc. Those requirements must be engineered into the product,

creating the product specification.

In general, research activities to collect and document the IG design and engineering
specifications produced very little. Due to intellectual property or trade secret concerns,
this response is not totally unexpected. Many of the IG manufacturers have the ability to
support the design and engineering processes in house while smaller manufacturers likely
resort to outside contractors if the process is supported at all. Documentation addressing
IG design and specification presented to the project generally took the form of material
specification sheets distributed by the IG manufacturer’s supply chain partners. The
documents were assembled to represent the IG being manufactured with additional
documents describing size and shape variation representing customer requirements. Most
often, there were no documents which described the environmental application, material

and other requirements or associated engineering calculations.
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Many of these manufacturers assumed that additional engineering specifications
responsibilities would be provided by their customers. While posing the same questions to
the window manufacturers, many responded with a similar assumption that the builder or
architect would provide them with additional specifications if required. From the builder
and architect’s perspective, the IG is one of a number of components in a window that is
addressed while specifying the window unit itself. This specification is based on a specific
building envelope application that is expected and specified to meet certain building code
requirements. From their point of view, the IG specification occurs with the window
design. The window subassemblies or component requirements are assumed to be
engineered by the supplier to consistently meet all the specified code requirements. Yet,
few if any building codes specify durability in a quantitative manner or service life for
components of buildings. Thus, the IG product specification seems, at best to be

distributed among a series of window supply chain participants.

Although many IG and window manufacturers have implemented and gained value from
quality assurance activities, generally the quality assurance information is collected as
required for a chosen certification program. Occasionally the data was demonstrated as a
tool for process improvement and was rarely related to an engineering or product
expectation. For many, it was not clear how the metrics they were using to define success
on the manufacturing floor related to the requirements of a durable IG product. The
validation for their success was passing the certification testing. The audit participants
continually referred to the testing (e.g. ASTM E774 — E774, E2190, CEN EN 1279, ISO
standards etc.) and the certification processes to support statements of quality in design,

materials, process and durability.

This raises the questions around whether an IG specification designed, explicitly or
implicitly, to meet all certification requirements correlates to IG durability expectations. If
the specification considers only laboratory testing, the testing must be designed to impart
expected stresses. Static, dynamic, or the equivalency of those stresses is expected to be
incurred in the real world application over the life of the product. Further consideration

will be given to this question in a later discussion.
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Meeting code requirements, ASTM or CEN standards, and passing or periodically failing
laboratory tests provides a great deal of value to the development process. This also
provides a set of conditions which can be used to create and support an initial
product/engineering specification. The stresses induced during the tests can be calculated
and the product can be engineered to successfully respond, thus validating the design’s
capability to meet the certification requirements. The assembly of a performance based 1G
specification will consider these laboratory applied stresses along with consideration of the
real environmental stresses that are expected to be applied to the IG over its service life.
Appendix 9 presents a suggested list of expected elements to be covered in an IG product /
engineering specification. The development of the performance based specification is one
of the first steps in the processes. Whether completed at a window design level, IG design
level, or an IG component and material level, performance based specification becomes a

prescriptive recipe for successful IG assembly during manufacturing.

4.5 Stressors, Environmental Conditions and Severity Factor

Environmental conditions that affect an IG in a window installed on a building are
influenced by weather conditions at the building site. Changing weather conditions affect
the pressure differential across the sealant system and this causes stresses in the sealants
and other materials in the IG assembly. Changing barometric pressure and wind conditions
apply forces to the exterior of the IG. Internal forces are caused by the reaction of the
internal gas to changes in temperature. Daily weather cycles also cause thermal expansion
and contraction of the IG components, as well as varying vapor pressure stress across the
sealant. These forces cause deflection of the glass lites and resultant stress in the sealant

system.

Other weather cycles occur from warm and cold fronts moving across the building site.
Seasonal weather changes bring the most variation in temperature. These weather changes

result in a complex series of cycles that cause stress to the IG.
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The cyclical nature of the environmental conditions is very evident in the data files. An
expectation exists that IG units kept at constant conditions would have maximum
durability. A reduced humidity environment reduces the vapor pressure stress across the
sealant and would enhance durability. In general, the further the local environment varies
from the ideal environment, the more severe the effect on reducing durability. The field

data available during this project is not sufficient to determine the shape of this function.

The ideal gas law can be used to describe the internal IG conditions at an environmental
temperature greater or lower than the initial IG build (final assembly) temperature. The
calculated result is the pressure difference in pounds per square inch (psi) applied to the IG
and caused by the exterior environment temperature and the calculated interior IG
temperature. This pressure on an ideal IG with rigid walls is called the severity factor due
to temperature, Sevt, and is expressed in psi difference between the interior of the IG and
the external environment. The difference in barometric pressure in the environment to the
barometric pressure at which the IG was sealed during assembly is called the severity due
to barometric pressure, Sevp, and is expressed in psi difference between the interior of the
IG and the external environment. These two values are summed to determine the total
severity, sevtotal, which also is expressed as the difference between the interior pressure of
the IG and the external environment. At times the sevt and sevp are additive and at other

times they are opposing.

To clarify the conditions that an IG is exposed to, the weather conditions described above
were used to calculate a "Severity Factor" caused by the environment. This numerical
approach allows conditions in various locations to be compared. The Severity Factor in
this Phase of the study was limited to temperature, barometric pressure, and humidity as
they influence forces and stress in the IG. Future work is needed to factor in ultra violet
(UV) energy, other solar radiation, and additional items which affect life of materials in an
IG unit. The Severity Factor is the quantified value of the environmental induced forces
that are applied to an IG at the given location and not the response of the IG to those

forces.

145/780



The response of an IG is dependant upon glass thickness, glass coatings, spacer thickness,
unit width, unit height, sealant type, spacer type, and other items. By separating the
applied conditions from the response characteristics, a clearer picture of the IG conditions
can be found. Each variation in specific IG construction can then be tested to the Severity

Factor conditions, and the results compared to help determine IG durability.

The approach used was to first examine the stresses that would be placed on a sealed rigid
chamber with the same dimensions as a typical IG unit. Temperature effects were
calculated using the ideal gas laws. Barometric pressure changes result in direct pressure
differentials across the rigid chamber boundaries. The computer program utilized data
from the hourly records of 262 weather stations in the United States for the years of 1990 to
1995 to calculate a Severity Factor that would simulate environmental conditions applied to

1G units.

A study of the Severity Factor using weather data for the US shows significant variations

across the country.

The program starts with an assumed temperature, the barometric pressure, and the altitude
that the chamber (or IG) is sealed. All of these values can be varied and the analysis rerun.
For the analysis run, average IG temperature was assumed to be a function of the difference
in a typical building interior temperature and the outdoor temperature. The data enclosed
with this report gives the severity data based on building the IG at 70 F, 1013 mbars
pressure (sea level at 14.7 PSI atmospheric pressure). Average IG temperature is the
average of indoor and outdoor temperatures with a 15% bias for outdoor wind conditions.

The calculated severity data is expressed in PSI applied to the sealed IG unit.

The response of an individual IG is dependent on the width and height of the unit as well as
glass thickness and airspace thickness. Due to deflection of the glass lites, the interior
pressure differential of an IG is less than the Severity Factor calculation. The deflection of
the glass lites causes a peel type stress in the sealant system with actual localized stresses

difficult to calculate. The Severity Factors calculated can be easily applied to an IG placed
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in a pressure chamber where the actual response of the individual IG can be measured. This
separation of severity conditions from IG response conditions gives a clear view of the
differences in IG stress exposure with changes in geographical locations. A plot of severity
values for the US is given in a Postscript map file. Summaries of the data as well as the
total data calculations are given in Excel files on the CD enclosed with this report. The
resulting map presentation, Figure 4.5.1, of severity factors shows the wide distribution

across the U.S.
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The severity calculations were expanded to include humidity conditions. Each hour of
weather data was checked for the partial pressure of water vapor in the atmosphere at the
IG location. As the temperature and humidity change, throughout each day, the partial
pressure water vapor stresses change. This water vapor partial pressure exerts a stress on
the sealants which drives moisture permeation through the sealant. The severity output
files “.TX2” contain the hourly data on water vapor pressure. For each hour of humidity
exposure, the water vapor partial pressure was summed into a term “psi-hrs” which
expresses the cumulative effect of humidity exposure. Files “.TX3” and “.TX5” contain

this total cumulative humidity vapor pressure data.

Figure 4.5.2 presents the Vapor Pressure Severity for the U.S., again, note the large

variation across the country.
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Included in the files on the disk is a data file for a very tropical climate on Barro Colorado
Island in Panama. Higher total cumulative vapor pressure will increase moisture
permeation through the sealant and reduce IG life. A properly desiccated IG with an
internal dew point below -40 F has an internal partial pressure of water vapor below 0.003

psi (Ref.: File #11).

Figures 4.5.3 through 4.5.6 present the severity pressures from barometric and temperature
data for the times and locations noted. In addition each contains the total severity from the
addition of temperature and barometric severity pressures. While a chart is not shown for

Barro Colorado, its inclusion would show the effects of extreme relative humidity.
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Figure 4.5.3 Graph of the severity pressures from temperature and barometric
pressure for the year 1990 for San Antonio, Texas. Total severity pressure is also

shown.
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Figure 45.4 Graph of the severity pressures from temperature and barometric
pressure for the year 1990 for Miami, Florida. Total severity pressure is also shown.
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Figure 45.5 Graph of the severity pressures from temperature and barometric
pressure for the year 1990 for Boston, Massachusetts. Total severity pressure is also

shown.
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Figure 4.5.6 Graph of the severity pressures from temperature and barometric
pressure for the year 1990 for Minneapolis, Minnesota. Total severity pressure is also

shown.
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There is a marked variation in severity conditions for the same weather station location for
various years. Some years have more severe conditions than other years. While it is not
possible to accurately predict future weather conditions, examining the data for a period of
past years gives an ability to see the past effect of IG exposure. Sufficient data on IG

failures is not available to correlate specific IG failures with specific weather patterns.

4.5.1. Format (TMY?2)

Other window and IG reports have used the concept of a Typical Meteorological Year to
show environmental conditions for different locations. Repeating the severity analysis runs
on TMY and TMY?2 files show less severe IG exposure conditions than are found using
actual chronological weather conditions. The TMY and TMY?2 files were developed for
use with energy estimates and to simplify calculations. In the TMY2 format, each month is
selected as most average over a number of years. Months with extreme conditions (high or
low) are not used. IG units actually see the extreme conditions at the site where they are
installed. These maximum stress conditions may significantly reduce the service life of the
units. Where an accurate life prediction for IG units is required, actual weather station data
with more severe conditions will result in more accurate results. An Excel file
"realtmy2.xls" gives the comparison of the 1990 to 1995 weather station severity

calculations with the same severity calculations for TMY?2 files.

4.5.2. Weather Data Sources

Weather data for US weather stations is available from NOAA for the years 1960 through
2003. The calculation methods used here can be applied to this entire range of data for a
more comprehensive picture of IG severity conditions. The calculation methods can be
used with weather files for other countries to give a comparison of environmental exposure

conditions.
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4.5.3 Using the Environmental Data, Our Assumptions

The environmental data discussed above is widely used in building envelope analysis. In
general the amount of data is such that averages or typical (TMY?2) sets of data are used.
The data is available and its acquisition, measurement, etc. is well known and there is a
high level of comfort in its use. In much of the IG analysis work, air temperatures,
barometric pressures, wind speeds, etc. are used in known and accepted mathematical
models to understand energy related phenomena. Thus, knowledge of the effects of the
environmental conditions on the surface and bulk material temperatures is of interest. The
direct measurement of these dynamic temperatures can be prohibitively expensive and time
consuming, thus assumptions based on proven and experienced heat transfer, absorption,

etc. are made to reduce the expense and needed time for direct measurement.

In general these assumptions provide solutions which are precise and accurate for the
purposes intended. This is especially true with most common building materials. The
designs that use these materials consider very well known, relatively minor changes in
material properties due to temperature. On the other hand, the sealant materials used in IG

designs can have significant property changes due to temperature as discussed earlier.

4.5.4 1G Unit Temperatures - Primary and Secondary Seals

The window assembly, including the IG unit seal system, is at the interface of the building
and the outdoor environment. The seal temperatures are not only dependent on the

temperatures surrounding the window but are strongly affected by incidental sunlight.
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Properties of sealants are known to change with the material’s temperature. Wolf® has
shown that properties of sealants such as moisture permeability and Young’s modulus have
a strong dependence on temperature. In order to estimate the performance of sealants it is
therefore important to know what temperatures a sealant is likely to experience during the

life of the window.

Limited data have been published indicating the seal temperatures experienced by an IG
unit. Feldmeier, et al*, have reported on the temperatures at the edge of an insulated glass
unit. Their paper provides a histogram of edge temperatures over the observation period,
ranging from below 0°C to greater than 60°C. Garvin and Wilson® have published interim
results of a five year study in which they monitored the temperature and humidity in the
glazing cavity for a variety of windows. They report that daily temperature ranges could be

up to 20°C on summer days.

Nystrom and Backman® determined the amount of UV light that could reach the sealant is a

function of distance from the sightline.

Cardinal IG has conducted an experiment to determine the seal temperatures experienced
by IG units installed in a residential environment. The 99% argon filled IG units were
made using a box spacer with a dual seal construction (PIB/silicone). Multiple
thermocouples were mounted in the PIB sealant on both sides (indoor/outdoor) of the
spacer. Each corner of the IG unit was monitored (8 thermocouples) as well as the
midpoint of each side (8 thermocouples). In addition, thermocouples were mounted in the
air space and on glass surfaces 2 and 3, for a total of 19 thermocouples per IG unit. The IG
units were put into sash and installed with a southern exposure in an occupied home near

Saint Paul, MN. Additional thermocouples were used at the site to record the indoor and

* Wolf, Andreas T. and Waters, Leslie J., Construction and Building materials, “Factors Governing the Life Expectancy of Dual-Sealed
Insulating Glass Units”, 1993, Volume 7 Number 2

* Feldmeier, F.; Heinrich, R.; Hepp, B.; Schmid, J.; Stiell, W., ,, Alterungverhalten von Mehrscheiben-Isolierglas,“ Fenster und Fassade,
85, (1-2), 198X, 3-7

* Garvin, S. L. and Wilson, J, “Environmental conditions in window frames with double-glazing units,” Construction and Building
Materials, 12 (1998), 289-302.

¢ Nystrém, B. and Backman, Report of the Lund Laboratory of Glass Control AB, 1979.

’ Cardinal I1G, Minneapolis, MN
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outdoor temperatures near the windows. Temperature data were collected every five

minutes and the study was carried out for 14 months.

Figure 4.5.7 is an example of the indoor and outdoor temperatures recorded on two
consecutive days in March. The first day was cloudy and the outdoor temperature varied
less than 4°C during the day ranging from -2.1 to 1.4°C. The second day was sunny giving
a slightly larger range of temperatures during the day, from -4.1 to 8.6°C. The daily
minimum and maximum temperatures at the nearest weather station are -3.3°C and 3.9°C

for March 18" and -2.8°C and 0.6°C for March 19™.

Temp (°C)
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»10 L L L L L L L L L L L L L L L L L L L |
Mar/18 Mar/18 Mar/19 Mar/19 Mar/20

Figure 4.5.7 Interior and exterior temperatures near the casement window. Nearest

weather station minimum and maximum are included for reference

The interior temperature data shows the influence of the furnace. During the night, the

period of the furnace cycles is about 35 minutes and changes the air temperature near the
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IG by about 1.5°C. 1t is interesting to note that the furnace cycled several times during
daylight hours of the cloudy day, while heating was not required on the sunny day. The
interior temperature varied by 2°C the first day and 2.5°C the second day.

Figure 4.5.8 shows the temperatures of the glass lites and airspace during the same period.
The temperature of the exterior glass lite (side #2) ranges about 6 °C during the cloudy day
while the interior glass lite (side #3) varies by about 3°C. A modulation of the
temperatures of the interior glass and of the air space due to the cycling of the furnace can
be seen. That the temperature of the air space is closer to the temperature of the interior lite
as compared to the temperature of the exterior lite is consistent with the presence of a low-
emissivity coating (¢ = 0.4) on the exterior glass lite (side #2). At night, the exterior glass
is about 6°C warmer than the outdoor temperature, increasing to about 10°C during the
overcast day. On the sunny day the change in glass temperature is more dramatic. The
exterior glass temperature warms to 20°C above the exterior temperature, reaching nearly

30°C, while the interior glass lite and air space reach a temperature of 31°C.
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Effect of Overcast vs. Clear Skies on Glass and Airspace Temperature
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Figure 4.5.8 Glass and Air Space Temperature on a Cloudy and a Clear Day.

Outdoor Temperature is included for reference.

The effect of the sun on the temperature of the PIB seal on the lower edge of the window is
shown in Figure 4.5.9. On the overcast day, the inner and outer seal temperatures remain
between the temperatures of the inner and outer lites of glass (Figure 4.5.8). On the sunny
day, the seal temperature of the seals increases dramatically, reaching 50°C. This is 20°C
warmer than the glass temperature, 30°C warmer than the indoor temperature and over

40°C warmer than the outdoor temperature.
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Effect of Overcast vs. Clear Skies on Lower Seal Temperature
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Figure 4.5.9 The Influence of Solar Radiation on PIB Seal Temperature at the 1G unit

Bottom Edge (brown sash). Outdoor temperature is added for reference.

The impact of direct beam solar radiation on seal temperatures around the window is seen
in Figure 4.5.10. Prior to sunrise, the distribution of the seal temperatures are consistent
with a top-to-bottom temperature gradient within the window®. The seal at the top of the
window is the warmest, the seal temperature on the sides of the window are cooler, while
the seal temperature on the bottom of the window is the coldest. The seal at the bottom of
the window receives the most sun at the middle of the day, reaching 50°C. At the top of the
window, the sealant remains shaded by the sash throughout the day, reaching a peak

temperature 28°C, 20°C cooler than the bottom seal.

8 carmody, J., Selkowitz, S. and Herschong, L. “Residential Windows: A guide to new technologies and energy

performance,” W.W. Norton & Company, New York, 1996.
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Due to the orientation of the window on the house (southern exposure), the right side (as

viewed from the interior) is exposed to the morning sun and is shaded by the window sash

in the afternoon. As can be seen below, the seal temperature on the right side has the most

rapid rise in the morning and its temperature peaks before noon. The left side of the

window experiences the opposite effect, being shaded by the window sash in the morning

and exposed to the sun in the afternoon, achieving its highest temperature about three hours

after the right seal. We cannot determine at this point how much of the heating is due to

adsorption of solar radiation by the sealant/glass within the glazing rebate or what other

sources of shading (overhangs, setbacks, mulling strips, etc.) could be influencing the

temperature profiles.
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Figure 4.5.10 The Influence of Solar Radiation on Seal Temperature Exterior PIB

Seal temperatures in the midpoint of each side
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The temperature of the seals is also impacted by the color of the sash that surrounds it.
Colors that absorb more of the solar spectrum are warmed more by the sun and transfer the
heat to the seal. The bottom seal temperatures for an IG unit in white and brown sash are
shown below in Figure 4.5.11. Overnight the seals have the same temperature. When in

the sun, the seal temperature of the darker sash is 10°C higher.

50
1120
40 ]
1 100
30
: 180
f £
20 ? g
—~ H (5]
O : =
~ ;
=% ; ] 60
€ :
o :
= :
10 ;
: 140
0 :
| 720
10 . . . . | . . i . | i
Mar/18 Mar/18 Mar/19 Mar/19 Mar/20
0:00 12:00 0:00 12:00 0:00

Figure 4.5.11 The Influence of Solar Radiation on Temperature of the exterior bottom

PIB Seal temperatures for brown and white sash

As with the brown sash, the white sash seal temperatures around the window are affected
by shading from the sash. The largest seal temperature differential on this day reaches

about 15°C, about 5°C cooler than the temperature differential recorded for the brown sash.
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Figure 4.5.12 The Influence of Solar Radiation on Seal Temperature

Seal temperatures in the midpoint of each side — White Sash

Conclusion

The field data show that the temperatures experienced by the seal can be significantly

Exterior PIB

higher than is indicated by the glass temperatures and that significant variation in

temperature can exist in an IG unit at a given time. It is unclear how suc

h temperature

differences might impact the service life of an IG unit and current IG unit testing protocols

do not subject the IG unit to such asymmetric stressors.

Accurate estimation of temperatures is important in estimating the service life of an IG unit

because the permeation properties of the sealants depend on temperature and stresses that

can be induced by thermal expansion of the IG unit components. The Durability Design
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Tool has limitations in this regard. First, the seal temperatures are assumed to be equal to
the glass temperatures which, as shown above, can easily lead to 20°C temperature error on
a sunny day. This will lead to errors in calculation of thermal expansions and permeation.
The permeation limitation can be overcome by providing the Durability Design Tool with a
file of seal temperature as a function of time to use in the simulation. An additional
limitation is the simulation assumption that the temperature of the seal is uniform at any

given time.

4.5.5 Seal - Humidity (absorption)

The severity calculations were expanded to include humidity conditions. Each hour of
weather data was checked for the partial pressure of water vapor in the atmosphere at the
IG location. The temperature and humidity change throughout each day; the partial
pressure stress changes also. This water vapor partial pressure exerts a stress on the
sealants which drives moisture permeation through the sealant. The severity output files
“.TX2” contain the hourly data on water vapor pressure. For each hour of humidity
exposure, the water vapor partial pressure was summed into a term “psi-hrs” which then
expresses the cumulative effect of humidity exposure. Files “.TX3” and “. TX5” contain
this total cumulative humidity vapor pressure data. On the disk is a data file for a very
tropical climate on Barro Colorado Island in Panama. Higher total cumulative vapor

pressure will increase moisture penetration through the sealant and reduce IG life.

4.6 Failure Metrics

As discussed in the previous section, the application of accurate temperatures will have an
impact on understanding 1G durability. In addition, as discussed below temperature is a

factor in most of the identified failure metrics.
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4.6.1 FMEA Target

IG unit failure is considered from the perspective of the consumer: if the IG unit would be
perceived by the homeowner as not meeting the window’s structural requirements and
visual aesthetics, it is considered to have failed. These conditions include glass breakage
and condensation within the IG unit. The fault tree diagrams developed using FMEA for a
given IG unit design (see Phase I Report) were used to define which of the failure modes
lead to the product failure. Such failure modes include the loss of adhesion between a
sealant and the glass or poor moisture vapor permeation resistance of a sealant. A

complete listing of the failure criteria that can be used in the simulation is given below.

4.6.2 Energy Efficiency

The energy performance of the IG unit during the simulation is followed by calculating its
heat transfer coefficient. Although the heat transfer coefficient is calculated with the same
method as the U-Factor used to determine the energy performance for NFRC and Energy
Star™ certifications, an important distinction must be understood. The calculation of U-
Factor used for the NFRC and Energy Star™'* certifications is made using a static set of
environmental conditions. For example, the NFRC!" winter U-Factor calculation,
specifies the outdoor temperature is -18°C, the indoor temperature is 21°C, the outdoor
wind speed is 5.5 m/s, the glass lites are always parallel and the contribution of solar
radiation to heat transfer will be ignored. As part of the durability simulation, a calculation
of the heat transfer coefficient is made using environmental conditions (temperature and
wind speed) at that point in the simulation, thus the heat transfer coefficient at that point in
the simulation is dependent on the temperature, which is continually changing. As with the
NFRC U-factor, the solar contribution is not included in the heat transfer coefficient

calculation in the durability simulation. Changes in the IG unit geometry (glass separation)

° Energy Star® is a registered trademark of the United States Environmental Protection Agency

10 Energy Star® is a registered trademark of the United States Environmental Protection Agency

' NFRC 100-2004 “Procedure for Determining Fenestration Product U-Factors, National Fenestration Rating Council,
Inc.2004 (http://www.nfrc.org)

167/780



are taken into account by the simulation in the calculation of the heat transfer coefficient.
In general, an IG unit’s heat transfer coefficient, as calculated by the simulation, will differ
from the unit’s U-Factor as determined using NFRC conditions due to differences in the
environment (temperatures and wind speed) and deviations from a parallel glass geometry

assumed for NFRC calculations.

Moisture condensation within the IG unit can be more than an aesthetic problem when low
emissivity coatings are involved. If moisture condenses onto a low emissivity coating, the
energy performance of the window will suffer. The emissivity of that surface changes from
the emissivity of the coating (as low as 0.04) to the emissivity of the water film (0.95),
significantly increasing the rate of radiant heat transfer. These changes or failures of the

coatings are not considered in the current version of the durability tool.

Failure Criteria

Available for inclusion or exclusion in any specific simulation run.

General:

e Heat transfer coefficient exceeds the user set limit (calculation assumes no solar
radiation)

e Desiccant water load exceeds the user set fraction of theoretical maximum

Condensation Related:

e Dew point in the gas space exceeds the user set limit

e Condensation on glass surface #1 (outdoor surface of outer glass lite)

e Condensation on glass surface #2 (gas-space surface of outer glass lite)
e Condensation on surface #3 (gas-space surface of inner glass lite)

e (Condensation on surface #4 (indoor surface of inner glass lite)
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Gas Loss from the I1G:

e (Qas loss exceeds the user set limit (10 gases possible)

Glass Lites:

e Stress of the outdoor glass lite exceeds limit

e Stress of the indoor glass lite exceeds limit

e Average distance between glass lites drops below the user set limit
e Deflection of the outdoor glass lite exceeds the user set limit

e Deflection of the indoor glass lite exceeds the user set limit

e Distance between glass lites at the center points drops below the user set limit

Inner Seal Failure:

e [Effective cohesive stress of the inner seal exceeds the user set limit
e Tensile strain of the inner seal exceeds the user set limit
e Shear of the inner seal exceeds the user set limit

e Compressive strain of the inner seal exceeds the user set limit

Outer Seal:

e [Effective cohesive stress of the outer seal exceeds limit
e Tensile strain of the outer seal exceeds limit
e Shear of the outer seal exceeds limit

e Compressive strain of the outer seal exceeds limit

Wet Seal:
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e Tensile strain of the wet seal (outdoor) exceeds limit
e Tensile strain of the wet seal (indoor) exceeds limit
e Compressive strain of the wet seal (outdoor) exceeds limit

e Compressive strain of the wet seal (indoor) exceeds limit

Adhesive Stresses:

e Adhesive stress of the inner seal/glass interface exceeds the user set limit
e Adhesive stress of the inner seal/spacer interface exceeds the user set limit
e Adhesive stress of the outer seal/glass interface exceeds the user set limit

e Adhesive stress of the outer seal/spacer interface exceeds the user set limit

The failure criteria, designated above as “user set,” are defined by the user using the GUI.
The remaining failure criteria are determined by the data contained in the Materials

Database.

4.7  Final Design Tool Development

With consideration for the preceding sections, the following will progressively analyze the
inputs required in the current version of the durability tool. The continuing discussion
explores the current tool while presenting relationships to existing analysis tools and future

enhancement opportunities.
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4.7.1 Graphical User Interface (GUI), Step by Step

This section discusses the design of the Graphical User Interface (GUI), which is used to
control the simulation. With the GUI, the user can ‘assemble’ the IG unit to be tested,
define the environmental conditions of the simulation, decide which of the 44 failure
criteria will be evaluated, set the simulation parameters, launch the simulation and review
the results of the test. The GUI is organized in a tree structure under which nodes and sub

nodes are nested. The main nodes are (also shown in the left column in the Figure 4.7.1.1):

Case Name

IG unit Definition
Physical Models
Initial Conditions
Climate Data
Failure Criteria
Time Settings

Simulation Control

Every node in the simulation is associated with a data input window, which will be
displayed in the gray box on the right when the node is selected. The GUI reviews the data
tree to ensure that all data needed for a simulation are entered before a simulation can be
run. The GUI alerts the user to nodes with missing data by shading the appropriate node in
data tree red (see Figure 4.7.1.1).
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Figure 4.7.1.1 Initial screen for the SealSim GUI
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Figure 4.7.1.2

The Case Name (Figure 4.7.1.2) node is used to provide a name, the date and creator for
the simulation. The name field can be used to provide a description of the simulation and

is limited to 100 characters. The case name will be included in the simulations output file.

Case Name input screen
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Figure 4.7.1.3

IG unit definition screen

The IG unit Definition node is used to construct the IG unit that will be simulated (Figure

4.7.1.3). Inputs in this node include glass dimension (Figure 4.7.1.4) and the installation

orientation for the window (Figure 4.7.1.5) Orientation is included since the simulation

takes into account the heating by the sun and wind loading for some model and material

calculations.
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Figure4.7.1.4 IG unit Dimension input screen
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Figure 4.7.1.5 Orientation input screen
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Figure 4.7.1.6

Details of the glass used for the IG unit are selected in the “Glass Panes — Properties”
screen (Figure 4.7.1.6). Glass is selected from over a thousand entries in the International
Glazing Database, providing the optical properties of the glass. The physical properties of
the glass are in the simulation’s material database. Properties of a database selection can
be viewed by clicking on the “Details” icon, revealing a table of the selection’s properties
(Figure 4.7.1.7). Selections from the databases are made using the “Select” icon, which

displays a table of the materials and their properties in the database (Figure 4.7.1.8). The

Glass lites/properties input screen

properties can be reviewed to guide the selection.
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Figure 4.7.1.9

The spacer and seals are defined in the “Spacer System” node (Figure 4.7.1.9).

selection of a box or TPS type spacer is made in this window as well as the selection of the

Spacer System input screen

inner and outer sealant materials from the database.

glass lites is specified and the amount of missing inner sealant (due to corner keys, etc.) is

defined.

In addition, the width between the
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Figure 4.7.1.10 Seal dimension input screen — box spacer

The heights of the inner and outer sealants are defined under the “Seal Type” sub node.
The box spacer system is shown in Figure 4.7.1.10. The thickness of the sealant for the
box spacer system is defined using the distance between the glass along with the spacer
dimensions and spacer placement (Figure 4.7.1.11). Once entries are made in this node, a

graphic of the IG unit being assembled is shown.
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Figure 4.7.1.12 Seal dimension input screen — TPS spacer system

The appearance of the ‘Seal Type’ sub node for the TPS spacer system is shown above in
Figure 4.7.1.12. The width of the TPS spacer system is determined by the distance

between the glass lites.
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Figure 4.7.1.13 Desiccant input screen

The Desiccant node (Figure 4.7.1.13) is used to define the loading and type of desiccant

used in the simulation.

For the box spacer system, the desiccant loading is made on a volumetric basis taking
into account the desiccant bead size and bulk density along with the internal dimensions of

the spacer.

The desiccant loading of the TPS spacer system is made on a weight fraction basis of the

desiccant in the inner sealant material along with the inner sealant dimensions.
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For both spacer systems, the type of desiccant is

database.
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Figure 4.7.1.14

Wet Seal input screen

The Wet Seal node (Figure 4.7.1.14) is used to define the dimensions and properties of the

material used to glaze the IG unit in the window sash. This field is not limited to wet

glazing materials. The user could add other glazing materials, such as tapes or gaskets, to

the materials database and define and use this node to define their dimensions.
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Figure 4.7.1.15

The Gas Composition node (Figure 4.7.1.15) is used to define the gases used in the
simulation. The user can choose up to ten gases to be used in the simulation. For gases

chosen, the initial gas make-up in IG unit air space, dissolved in the sealants, absorbed by

Gas Composition input screen

the desiccant and surrounding the IG unit are defined.
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Figure 4.7.1.16

The Sash node (Figure 4.7.1.16) is used to define the dimensions of the sash surrounding
the IG unit and select the sash material from the database. The ‘select’ icon is used to view

and select from the entries in the database and the ‘Details’ icon can be used to view the

Sash input screen

properties of the selected material.
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Figure 4.7.1.17

The Interface Properties node (Figure 4.7.1.17) is used to define the adhesion strength
between the inner and outer sealants to the glass and for a box spacer, the adhesion of the

sealants to the spacer.

Interface properties input screen
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Figure 4.9.1.18

The Physical Models screen (Figure 4.7.1.18) is used to select which of the physical
models will be run during the simulation. The permeation, thermal and structural models

can be run either alone or together, in any combination.

Physical Models selection screen
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Figure 4.7.1.19 Thermal Model Specifics screen

In the Thermal Model Specifics node (Figure 4.7.1.19) options are given and the choice of
the thermal model is made. A file can be designated for use by the simulation for the seal
temperature rather than using the simulation’s calculated seal temperature. The method for

determining the outdoor film coefficient can be made from four choices.

0=1S0O 15099
-1 =0Ild ASRAE SPC 142 correlation
-2 = Yazhanian-Klems correlation

-3 = Kimura correlation
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Figure 4.7.1.20 Structural Model Wind Loads Screen

The Structural Model Specifics node (Figure 4.7.1.20) provides the inputs for the
simulation to determine the wind loading on the IG unit as a function of the wind speed and
direction (from the climate file) and the orientation of the window. Details on these inputs
can be found in the ASHRAE Fundamentals Handbook. Future versions of the simulation
software will allow the use of other wind load data such as that derived from ASCE 7. It is

required that the wind data be presented in the TMY2 format as described.
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Figure 4.7.1.21

The Initial Conditions node (Figure 4.7.1.21) defines
pressures at the beginning of the simulation. This includes the pressure within the air space
of the IG unit as well as the pressure within the sealants and on the desiccant. An IG unit
tilt angle other than the installation angle can be used as an initial value and the simulation

can be started with or without gravitational stresses acting on the system during the initial

time step.

Initial Conditions Input Screen

the initial temperature and gas
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Figure 4.7.1.22 Climate Data Node Overview
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Figure 4.7.1.23 Outdoor Climate Data Input Screen

The Outdoor Climate Data sub node (Figure 4.7.1.23) is used to select the data file the
simulation will use to apply the environmental stressors to the IG unit. These climate data
files must be in the format used for Typical Meteorological Year (TMY?2) data files. The
simulation uses the TMY2 format climate file to define the longitude, latitude, time zone
and elevation of the IG unit. In addition hourly data for the dry bulb temperature, relative
humidity, barometric pressure, wind speed and direction, direct normal radiation and total

sky cover are used.

Additional information on the TMY?2 format and creation or modification of the climate

files can be found in the Section 4.5.1 of the User Manual Appendix 3.
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Figure 4.7.1.24

The Indoor Climate node (Figure 4.7.1.24) is used to select the data file which will define
the indoor climate during the simulation.
temperature, relative humidity, radiative surface temperature and wind speed. An example

of the indoor data file format (included with the simulation) is shown in Section 4.5.7 of

the User Manual, Appendix 3.

Indoor Climate Data Input Screen

This file includes data on the indoor air
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Figure 4.7.1.25 Climate, Near Seal Input Screen

The Climate “Near” Seal node (Figure 4.7.1.25) provides the option of defining an
alternative temperature and relative humidity in the area near the seal. The simulation
normally defines the humidity near the seals as a function of the outdoor humidity. An
alternative humidity near the seal can be defined using this option. For example, this
option could be used to evaluate the impact of high humidity due to water trapped in the

glazing rebate.
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Figure 4.7.1.26 Climate Repetition Input Screen

The Climate Repetition node (Figure 4.7.1.26) is used to help define how much of the
outdoor climate data file will be used during the simulation. Using this option, a one year
simulation could read the TMY2 format climate data file once in total or repeat any length

portion of the climate file for the one year simulation.
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Figure 4.7.1.27 Failure Criteria Node Overview Screen

The Failure Criteria node (Figure 4.7.1.27) is used to set the failure criteria that the
simulation will be monitoring. The IG unit failure criteria used by the simulation are
broken down into seven sub nodes. The threshold level needed for a failure to be declared
is either entered directly by the user or calculated from the properties of the materials
selected for the simulation. During a simulation, when any of the selected failure criteria is
met, the simulation will stop the current Monte Carlo run, record the type of failure and
time to failure and begin the next Monte Carlo run. The failure criteria sub nodes are

shown below.
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Figure 4.7.1.28 Failure Criteria - General Screen

The General Failure Criteria Sub node contains the heat transfer coefficient and the
desiccant loading. For all failure criteria, the sub node is activated by ‘left clicking’ in the
check box. The heat transfer coefficient is an instantaneous value which is calculated using
the average glass separation and the simulation’s interior and exterior temperatures and
wind speeds at the current time step in the simulation. Similarly, the desiccant loading is

based on the weight fraction of water adsorbed on the material at the current time step in

the simulation.
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Figure 4.7.1.29 Failure Criteria - Dew Point and Condensation Screen

The Dew Point and Condensation Sub node is shown in Figure 4.7.1.29. The failure
criterion for the gas space dew point is entered by the user. Condensation on all four
surfaces of the IG unit can be selected. User input is not needed for the condensation
failure criteria as they are determined based upon the temperature of the glass surface and
the amount of water vapor in the gas surrounding the glass surface. Please note that the
indoor glass lite condensation is not meant to simulate the onset of condensation at the edge
of an IG unit. Such phenomena are driven by variables that are not modeled by the
simulation (thermal bridge of the spacer, the temperature distribution within the IG unit and

the cooling of the interior room air convectively flowing down the glass lite surface, etc.).
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Figure 4.7.1.30 Failure Criteria - Gas Loss Screen

The Gas Loss sub node is shown in Figure 4.7.1.30. The gases are selected by checking the
appropriate box and entering the desired value for the gas of interest. The failure criterion

is the percentage of gas lost, based on the initial gas concentration, entered in the Gas

Composition sub node.
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Figure 4.7.1.31 Failure Criteria - Glass Deflection and Stress Screen

The Glass Panes sub node is shown in Figure 4.7.1.31. This failure sub node monitors the
deflection of the glass lites, the center of glass separation, and the average separation as
well as the stress in the indoor and outdoor lites. The user enters the values for deflection

and separation, while the stress threshold comes from the materials database.
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Figure 4.7.1.32

The Inner and Outer Seal Failure sub node is shown in Figure 4.7.1.32. The user does not
need to enter failure threshold values for these criteria as they are defined by the properties

of the seal materials and the dimensions of the IG unit construction.

Failure Criteria - Inner and Outer Seal Selection Screen
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Figure 4.7.1.33 Failure Criteria - Wet Seal Selection Screen

The Wet Seal Failure sub node is shown in Figure 4.7.1.33. The user does not need to
enter failure threshold values for these criteria as they are defined by the properties of the

wet seal materials and the dimensions of the IG unit construction.
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Figure 4.7.1.34

The Adhesion Stress Failure sub node is shown in Figure 4.7.1.34. The user does not need
to enter failure threshold values for these criteria as they are defined by the properties of

the seal interface properties entered in the Interface Properties sub node and the dimensions

of the IG unit construction.

Failure Criteria - Adhesion Stress Selection Screen
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Figure 4.7.1.35 Obsolete Failure Mode Screen

The failure modes listed in the Obsolete sub node (Figure 4.7.1.35) were used for

debugging the software during model development and are not used as part of a simulation

run.
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Figure 4.7.1.36 Simulation Time Settings

The Simulation Time Settings Node is shown in Figure 4.7.1.36. The length of each Monte
Carlo run in the simulation is entered in this sub node. The length of the time step used for
the simulation is entered here as well. The initial simulation step, taking the IG unit from
its conditions at manufacturer to the modeled environmental conditions can be so abrupt as
to not allow the model to quickly converge. If this occurs, additional time steps can be
added with the “refine time steps at startup” field, dividing the transition from the
manufactured condition to the simulation conditions into smaller temperature/pressure

steps.

The print interval defines the time interval at which the simulation will write information
about the simulation to the output files. If a negative number is used, it is interpreted as the
total number of times that output will be written during the simulation time period in equal

intervals throughout the simulation.
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Figure 4.7.1.37

An overview of the Simulation Control Node is shown in Figure 4.7.1.37. This node
contains the modeling parameters used in the simulation including the number of Monte

Carlo runs and the number of iterations allowed for the sub-models.

Simulation Control Node — Overview
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Figure 4.7.1.38 Monte Carlo Runs

The number of Monte Carlo sub node (Figure 4.7.1.38) controls the number of Monte
Carlo runs that make-up a simulation. For each Monte Carlo run, the input parameters
having probability distributions will be varied. If all of the parameters have fixed values,
every Monte Carlo run would give the same result. The simulation checks for such a

situation and, if detected, will perform just one Monte Carlo run.
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Figure 4.7.1.39

The Sub-Iteration sub node is shown in Figure 4.7.1.39. In this sub node the minimum and

maximum number of iterations made per time step is set.

models are called sequentially.

Sub iterations per Time Step Sub node

Within each time step, the
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Figure 4.7.1.40

The sub model settings for the gas space pressure are shown in Figure 4.7.1.40. A
relaxation factor applied during each of the model iterations of the gas-space-pressure

model is entered here. And, the residual (error norm) used to determine convergence of the

model is entered here.

Gas Space Pressure Sub model Settings Screen
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Figure 4.7.1.41 Simulation Control - Gas Permeation Sub model Settings

The Gas Permeation Sub-Model settings are shown in Figure 4.7.1.41. The number of grid
nodes used when modeling the inner and outer sealants is entered here. Relaxation factors,
maximum number of iterations and “Error norm,” the residual value used to determine

convergence, for each of the three permeation equations are set here.
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Figure 4.7.1.42 Thermal Sub model Settings Screen

The Thermal Sub model settings are shown in Figure 4.7.1.42. The maximum number of
iterations and “Error norm,” the residual value used to determine convergence, are entered

here.
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Figure 4.7.1.43

The Thermal sub model settings are shown in Figure 4.7.1.43. The “Error norm,” the

Structural Sub model Settings Screen

residual value used to determine convergence, is entered here.
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Figure 4.7.1.44 Simulation Control - Output Selection

The Output sub node (Figure 4.7.1.44) determines the number of failure criteria which will
be written to the output file. Checking the box will cause the simulation to only write the
values of the active criteria to the output file, creating a shorter file. If the box is

unchecked, the simulation results for all of the failure criteria will be recorded.
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Figure 4.7.1.45 Results Summary Screen

The Results Summary node is shown in Figure 4.7.1.45. In this example, a simulation
consisting of 50 Monte Carlo runs was made using the “obsolete” failure modes (created to
debug the simulation software). A summary of the simulation results showing the
proportion of each of the failure modes encountered during the simulation is presented as a

pie chart. The numbers in each section of the pie chart refer to the number code for the

failure mode.

Details of the simulation are displayed at the bottom of the Results screen. The left axis
indicates the number of Monte Carlo runs that were performed in the simulation. The time

to failure is shown on the right axis. The frequency of failure modes are shown in a
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histogram format. While there is only space available to identify the failure modes in the
plot by number (x-axis), a window (such as the “passed, no failure” seen in Figure
4.7.1.45), identifying the failure mode by name appears when holding the cursor in each
column in the histogram. The average time to failure for each failure modes is presented as
a whisker plot. The mean time to failure for the failure mode is shown with a dash while

the standard deviation is used to define the error bars.

In this example, 23 Monte Carlo runs were completed without encountering a failure,
Failure Mode 23 occurred 7 times; Failure Mode 24 occurred 4 times; Failure Mode 26
occurred 7 times; Failure Mode 27 occurred 5 times and Failure Mode 28 occurred 4 times.
Details of each of the Monte Carlo runs and a tabulation of the frequency of failure and

associated standard deviations are found in the simulation’s output file (*.out).

The Results window also shows a “Durability Index” for the simulation. The Durability
Index is the mean time to failure for the Monte Carlo runs, based on the simulation of the
IG unit behavior over the user defined simulation time period. An IG unit with higher
Durability Index is considered to have a longer service life than a unit with a lower
Durability Index. If IG units do not fail within the timeframe of the simulation, the
Durability Index becomes a conservative estimate of the simulated service life. Since it is
unknown to the simulation when the IG units passing the simulation will fail, for the
purposes of the Durability Index calculation, the simulation time is used for their service
life. The Durability Index can therefore be improved by running the simulation over a

longer time period until all of the units fail.

It is important to remember that the Durability Index is based on simulations and is not
validated against real life data. At best, the Durability Index can be used to compare
different IG unit designs, taking into account the limitations of the physical models, though
no guarantee can be given that this is correct. When comparing IG unit designs based on
the Durability Index, the comparison is only valid if the simulation time period and all

conditions applied are the same for all designs.
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To demonstrate the effect of the environment on the permeation of moisture into an 1G
unit, a simulation using the TPS system was performed. The failure criterion for this
simulation was an -18°C (0°F) dew point in the IG unit air space. For this demonstration,
the material properties of the IG unit were manipulated in such a manner as to allow the 1G
unit to pass ten years of exposure to one climate and fail in a more humid environment.

The results of a single Monte Carlo run in each environment are shown below.
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0s-— Gl =

07 - =

06— [

05— 5 -

04— 4 -

03- =

nz2- 2

0= 1 -

Freq. D01 23 456 7 08 9 101 121314151617 1019 20 21 22 23 24 25 26 2F 20 29 30 31 22 33 4 35 36 97 36 39 40 41 42 43 44 D

time:
Failure 1D (ID = 0 means: Passed, No Failure)

Figure 4.7.1.46 Simulation results with no failures

Figure 4.7.1.46 shows the results for the Monte Carlo run using the Typical Meteorological
Year data (TMY?2) for Central Park in New York City. In this case, since the unit did not
fail within the 10 year run the Durability Index is 10. When this simulation was continued

to failure, a Durability Index of at 14.05 was achieved.
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Figure 4.7.1.47 Simulation results with dew point failure

Figure 4.7.1.47 shows the results for the Monte Carlo run using the Typical Meteorological
Year data (TMY2) for Miami, Florida. Miami is a higher humidity environment than New
York City (severity of 2800 vs. 1300 psi-hours). As would be expected in this
environment, the IG unit fails sooner during the Monte Carlo run, yielding a Durability

Index of 9.57.

4.7.2 Advancement — Future Considerations and Compliance with

Current Tools

Background

Phase I of the IG unit durability knowledge base project was expanded to include computer
tool development that can be used by the fenestration industry to predict the durability of

IG unit products in a user friendly and consistent manner. The development of this tool is a
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critical component of the project, because it introduces, for the first time, an industry
standard for the prediction of service life and durability. This is the kind of tool that has

long been sought by the industry and professionals in the fenestration related field.

The intent of the durability simulation tool is first, to support the IG design activity with
several secondary applications identified such as helping to define and support industry
guidelines or rating systems which consider the importance of durable IG units. The
FMEA was suggested and chosen for development as a design support methodology
because fenestration designers can trace defined IG system failures directly to a root-cause
failure. As described in the Phase I report, the system failures (failed IG units) have been
defined and are generally documented in the field as failures that are recognized and
initiate service activity by the user (home or building owner). For example, the owner
recognizes moisture or frost on the glass surfaces. This is recognized as a failure and a
service call is a likely outcome. During the service or repair activity, the failure will
normally be documented at the level it was reported (moisture or condensation on the
glass) and possibly the best guess as to why. Further analysis of the unit to absolutely
discover the root cause of the failure (cohesive failure for example) is expensive and only
rarely undertaken. In the example of a condensation failure (as is true of most failures
defined at the customer level of resolution), there are several root cause failures that can

initiate a path of failure activity resulting in the recognized condensation failure.

The FMEA analysis and associated event trees will, in a statistical manner as described
here, develop the possible failure paths that lead to these overall system failures. In each of
the failure nodes represented in the event tree, a failure is defined as stresses exceeding
strengths. In the case of a material fracturing or breaking, the stress exceeding the material
strength is easily envisioned and understood. A stress exceeding strength in association
with permeation can be viewed and modeled in a similar fashion. The property(s) of a
sealant designed to stop or control permeation are the strengths of the material in its ability
to achieve the designed result. This sealant property, with its variance can be represented
by minimums, averages, maximums or a known distribution; the distribution of the

material’s ability to stop or control permeation, its permeation-rate strength. The force or
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stress distribution acting against the permeation-rate strength contains the resolved stresses

(thermal, mechanical, chemical, etc.) as presented in the first Phase of the project.

The resolved stress distribution is continually changing based on the environmental inputs.
In addition, the distributions that represent the material strength properties of interest may
also be changing as the material reacts to particular stress inputs. When a degrading
material strength eventually interacts with an instance of high stress input, the chances of
failure are increased. On the other hand a degrading material stress continually exposed to
a set of lower magnitude stress distributions, may not contribute to a detectable failure for
some time; until the stress increases, for example. It is obvious that what seems to be a
simple comparison of two distributions requires a great deal of continuous supporting

calculation and input data.

As the stresses and strengths are compared at the root level, a detected failure distributes an
additional set of conditions to the next level of consequence. (In a two seal design, if the
outermost seal, the secondary seal, fails, the inner seal or primary seal is exposed to
additional moisture. Or if the primary seal fails, the secondary seal may be exposed to
argon molecules.) As presented, there are several paths or buckets at the next level in
which the root failure will travel. The additional input (stress) from the root failure may or
may not accelerate the next level of failure as the stress distribution is adjusted with the
new information. This process will continue as the root-cause failure works its way
through each level eventually contributing to one of the defined system failures at the target
or customer level. In this way, failure data collected in the field can be statistically traced
to the most likely (then the second most likely etc.) root cause. A designer can then
address the fundamental cause(s) of failure eventually resulting in a more robust, durable

product.

As will be explained, the chosen direction for the initial simulation code focuses on the
fundamental models and the set(s) of differential equations, coupled and solved
simultaneously in a real-time analysis. The relationships and supporting modeling

representing the interactions of the failure modes was not included. A set of simplifying
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assumptions are made and failure criteria are defined at the material or root cause level and
up through the system level where the customer detection of failure is also defined as
described above. As discussed earlier, each failure can be turned on and off giving some
functionality to exposing failures at the root cause level. However, in the current
simulation once a failure of interest has been has been detected and is turned on, the
simulation ends, the unit failing at that time. This evaluation of root causes is different. As
explained above, a root cause failure may not immediately lead to a system or unit failure.
Depending on input stresses and material strengths, it may take a lengthy period of time for

the root failure to contribute to the full unit failure.

At the system level of failure, condensation on interior surfaces is identified as a failure and
can be switched on and root cause failures (say, bulk material property failures) are turned
off. In this run, the simulation will continue until all conditions are met for condensation,
thus the simulation will calculate through the root cause failure and continue until the
conditions for condensation are detected. Examination of intermediate calculations
collected throughout the simulation run could reveal several root-cause failures had

occurred. The possible dependencies of the failures (the failure path) will not be identified.

The time based simulation models the behavior of the system, detecting failure, as if in real
time as opposed to the statistical probability of failure occurrence. With a significant
number of well defined runs and analysis of intermediate calculations, possible root cause
failures can be identified and direction for improving IG durability can be defined. This
first iteration of the simulation code is a strong and immediately useful foundation on
which to build. The outcome of this project will result in the development of the first tool
of its kind in the service life prediction and durability field. It is also expected that the
experience and results from this project that deal primarily with IG durability, will be

expanded to the entire field of fenestration products, including frame components.

DELIVERABLES
(Important highlights)
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= Computer tool development resulted in the following

compatibilities:
e WINDOW optical and thermal calculations
e IGDB compatible
e Standard weather data
e Database foundation
e Xml interface
e Fortran 90 source code

e Seamless future updates

= SealSim fulfills the promise of being the first usable durability tool

for insulating glass products and their application

* The GUI provides an industry standard interface that can be easily

expanded

=  Weather data modified to include Monte Carlo parameters for
random variations and provisions for extending the data sets beyond

the one year provided

* New method of real-time simulation was developed during the

project

» Devised novel approach of combining real-time simulations with
Failure Mode and Effects Analysis (FMEA) and event tree analysis

while proposing a future path
= Technical paper written on the novel approach

* Proposed novel approach of simulating accelerated testing conditions
and developing durability predictions, suggesting new standards can

be developed on this premise
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NFRC, IGMA and AAMA fully engaged in the approach and a

consortium of manufacturers and government entities was formed to

continue the project

Developed proposal and submitted to DOE for continued funding
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Figure 4.7.2.1 Flow Chart of the Proposed Durability Tool
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Discussion and Possible Directions for Preparing the Translation of

2-D and 3-D Programs into 1-D and 1% D Programs

Current work on 1 D and 1% D heat transfer and mass transfer models involves mostly 1-D
physical model results (center of glass for thermal and 1-D mass transfer through
homogenous slabs, corrected by area weighting — that is face area for mass transfer through
the spacer assembly). This approach has been deemed appropriate for this Phase of the
project due to a large number of possible configurations and prohibitively expensive

running times if full 2-D and 3-D models were incorporated.

It is also a sensible approach to such problems for which almost nothing has existed before
and where there are so many possible interactions and unresolved consequences. The

following describes;

a) Some suggestions for immediate improvements in this approach, which can

easily be implemented in this stage of the project, and

b) Recommendations and directions for future work, which can be either
incorporated into a new proposal to DOE or can serve as a general guideline for

future work.

Possible Improvements to current models:

In the area of thermal modeling, 1-D heat transfer prediction through the center of the glass
is a reasonable estimate of the average temperature that exists on each side of the glazing.
This prediction can be successfully used for predicting bulk gas properties in the cavity and

are somewhat less reliable for predicting the temperature of the sealant and spacer.
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This prediction could be improved by considering effective conductivity of the spacer
assembly (see procedure in Example A below) and correlating this value to the center of
glass temperature distribution in developing a simple correlation for sealant and spacer
assembly temperatures. Absence or presence of solar radiation on the whole exterior
surface or certain sections of the IG unit can also be included in a correlation for predicting

temperature distribution in a sealant.

In the area of mass diffusion modeling, the effects of the interface between sealant and
spacer and the measure of their adhesion can be also correlated to provide correction
factors to simple area weighting of surface areas in predicting mass transfer through the

spacer assembly.

In the area of stress and strain modeling it is not yet clear how the 12 D model works, so

further comments will be left for after the model has been disseminated.

Future Directions for translations of 2-D and 3-D Models to 1¥%»-D
Models

The translation from multi-dimensional models into their reduced form (i.e. 2-D into 1%2 D

and 3-D into or 22 D) can be accomplished using two basic approaches;

1) Utilization of numerical methods (brute force approach) to solve a full set of

governing equations without simplifications; and

2) Introduction of simplifying assumptions into the governing equations in order to

accomplish an analytical solution in a closed form.

A combination of the two approaches may also be appropriate. Depending on the
approach, the problem can either be directly incorporated into the durability tool (more

appropriate for simplified analytical models) or the results of physical models are mapped
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(translated) into the analytical model built into the durability tool (appropriate for
numerical solution). In its extreme cases, full multi-dimensional numerical models could
be incorporated into the durability tool, and while this option would provide almost
absolute accuracy, the hurdles to implementation of such a method are so huge that it will
take many years for this approach to be viable. However, implementation of numerical
simulations in some limited form prepares the model for future full implementation, where

the translator is simply replaced by the full numerical model.

Analytical Approach

A general method of 2D to 1D translation of governing equations is obtained by integration
in one dimension of the 2D model. If the modeled system is homogeneous in the integrated
dimension (i.e. all of the slabs are the same) the translation comes down to simple area
weighting. An example of such system is the IG unit, incorporating the TPS spacer. In this
case area weighting will give the exact translation for the diffusion equation. In the case of
a non-homogeneous system (Box-Spacer System, Example B) simple area weighting
translation may be more or less an oversimplification. In the case of a box-spacer system,
the area through which the vapor enters the interior of the unit (the area between the box
spacer and the glass lites) is much smaller (10-20%) than the total area of the seal.
Translation by weighting with the total seal area will clearly overestimate the effects of
diffusion in this case. Weighting by the area between the box spacer and the glass lites
will, however, underestimate the diffusion effects. The vapor diffuses in the region under
the Box-spacer too. In this case the diffusion paths through slabs are not the same, and

more importantly, they are not parallel.

The disadvantage of this approach is that there may be some oversimplifying assumptions
and sometimes we may not be able to determine if they are oversimplifying or not. The
advantage of course is a very fast calculation time, which sometimes may be critical. It
may be that the final choice includes a mixture of different approaches as the model

develops, so this alternative is presented.
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Numerical Approach:

This approach consists of reading results from numerical simulations of 2-D and 3-D
models and then interpreting those results and incorporating them into 1-D models in order
to create thel’2 D model. The most practical way of incorporating a numerical approach is
to use existing 2-D numerical tools, which incorporate some limited 3-D effects (i.e.,
THERM, WINDOW, etc.), then solve the physical models for a number of boundary
conditions. Continuing development would include an interface which interprets these

results and prepares input data for use in the durability tool.

For example, the THERM program could be run for a variety of input and boundary
conditions and data at strategic locations can be extracted to construct input data for the
thermal stress model in the durability tool. These strategic points could be the center of
glass, beginning and end of the spacer assembly interface with the glass, interface of IG

unit and frame, average temperature of frame components, etc.

Another example, involving diffusion, would be to take sample points in the middle of the
sealant, diffusion distribution at the interface with glass and sealant, as well as sealant and
spacer, which then can be used together to construct 1-D data for input into the durability
tool. In this scenario, the durability tool is largely left intact, with its existing 1-D
treatment of physical phenomena and with the improved estimation of 2-D effects for the

better definition of thel'2 D model.

An alternative path would be to incorporate full 2-D and 2'2 D physical models into the
durability tool scheme, which would provide less simplifying assumptions. This would
require significantly more execution time that could be prohibitively expensive for several
years. This approach, however, is the right way to go into the future when the expense of
computer running time and resources will not play the same significant role. Some sensible

mix of these two approaches seems to be the most effective path.
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Example A:

The calculation of k. (effective conductivity) of the spacer assembly was done according

to the following procedure:

Overall U—factor of the individual spacer assembly, shown on Example Figure A-1,
was calculated using THERM 5, using the following boundary conditions on the

side (i.e., left and right) boundaries:

Exterior surface

NFRC Exterior combined (t = - 0.4 °F, h, = 5.283 Btu/h*{t**F)

Interior surface

NFRC Default Interior combined (t = 69.8 °F, h;= 1.408 Btu/h*ft**F)

From the electrical analogy of heat transfer mechanism:

1 1 L
=—+

tot =U_h0 keff

1
+— Al
I (AD)

ke can be determined as:

~ L
eff 1 1

tot _E_;i

k (A2)

Where:
L = spacer width,
Ryt = overall thermal resistance of considered spacer,
ho= outdoor heat transfer coefficient,

h; = indoor heat transfer coefficient.
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Adiabatic

Interior Surface
NFRC Default
Interior combined

Exterior Surface
NFRC Exterior
combined

Adiabatic
Example Figure A-1

Boundary Conditions and Spacer Configuration Used for ke Calculation
Example B:
Example of Analytical Solution of Diffusion Equation with a Point Source
In the following derivation an extreme case consisting of non-parallel slabs is solved. The
diffusion through the slabs in the following example radiate from a single point. The final
result however is surprisingly simple.

Diffusion equation in 2D and 1D

3-D case

Diffusion equation in general 3D case:

2 2 2
% D(af+af+a'f)
ot ox~ oy~ oz
Where pis mass density; D is the diffusion constant. A special case is the

steady state (generally established after a certain characteristic relaxation

time):
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0* o’ 0?
0=D( ’20+ ’20+ f)
ox oy oz

2-D case

In 2D the equation becomes:

o’p O'p

0=D +
(8x2 oy’

)

The solution of the equation depends on the boundary conditions. In the case

of single point mass source, the boundary condition can be taken as:

,O(x:()ay:_d):po

And

plx,y=0)=0.

The solution in this case is:

p(x, y) = po(Inyfx* +(d = y)* ~InyJx> +(d +)*)

It is clear that:

plx,y=0)=0

There is a problem with the point x=0 y=-d but it can be solved by assuming boundary

conditions on a cylinder instead of a point.

1D case;

In 1D case the solution under the given boundary conditions is:
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—_, Y
o) Po J

2D to 1D translation;

In order to translate the 2D to 1D solution we can perform integration over the x

coordinate:

p(»)= [ plx,y)dx
Knowing that:

Jlln(x2 +a’)dx=-2x+2a- arctg(z) +xIn(x* +a?)
a

We get:

X
d+y

de(ln\/xz +(d-y)’ —Inyx’ +(d+y)*)=—x+x+(d - y)amg(d—fy) —(d + y)arctg(——)

+00
—00

# X+ (@ =)~ I +(d + )

. T
Since the first two and the last two factors cancel out and arctg (o) = iE we get:

iiioabc(lnq/x2 +(d-y) —Inyx* +(d+y))=2yx

The fact that we can obtain the form of the stationary solution of the 1D diffusion equation
(linear function) just by integrating the stationary solution of the 2D diffusion equation for
the given boundary conditions suggests that the translation of the problem from 2D to 1D

in a non-homogeneous geometry can be as simple as integrating over one of the
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coordinates. The solution may be as simple as the following relation between the outside

density for the 1D and 2D case:

po’ = Qr-d)p;”

Clearly, a case of more complex geometry will result in a different factor. However it is
important to note, that for each geometry, we can define a constant factor for translation, no
matter how complex the geometry. This factor can be obtained either by analytical or

numerical integration of the 2D diffusion equation.

Future Directions in Improving the Prediction of Failure Modes

In the Insulating Glass Knowledge Base project, two general concepts of systems

simulations have been considered so far:

1. Simulation model based on event tree diagrams (FEMA)

2. Real-time calculation procedures

Event Tree Diagrams

The Event Tree (FEMA) diagrams method was outlined in the Phase I Final Report
(Appendix 1). In the Event Tree approach, the problem is divided into many independent
failure modes connected through the mechanistic models. Examples of failure modes are:
sealant adhesive failure, desiccant saturation, etc. The failure modes of the IG unit systems
were identified and defined by the Failure Modes and Effects Analysis (FMEA) as
explained in sections 3 and 4 of the Phase I Final Report.

By considering different failure modes, the system is divided into less complex units. Each
unit can be modeled by a physical model. The environmental stress is given by a stochastic

model based on a climate database. In each failure mode the environmental stress is
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translated into material stress according to a physical model. On the other hand, the
material properties are given by a statistical model based on a materials properties
database. After the solution of the physical model, a probability distribution for failure to
occur in a given mode is obtained. The modes of failure are organized into event tree
diagrams. Relationships of cause and consequence are defined between the different
modes. These relationships form a network of connected failure modes. This network of
modes is the event tree diagram. In the Phase I Final Report, example event tree diagrams
were outlined for each class of IG unit. An example of an event tree diagram is given in

Figures Example C 1 and 2 below.

The objective of the event tree simulation is to calculate the probability of failure of the
entire system. Also, other stochastic characteristics can be calculated, such as mean first

passage time (the average service life of the system), etc (Singh and Billington, 1977).

If the event tree is simple and linear as in Figure Example C 1, the probability for failure
can be easily calculated (P=P1*P2*P3). Complex networks (see Figure Example C 2)
however cannot be solved exactly (i.e., closed form solution). The only way to calculate

the probability of failure for complex systems is to perform Monte Carlo simulations.

In a typical Monte Carlo simulation, a single path of events will occur. At each failure
mode-block a random event will occur according to a probability distribution. Depending
on the outcome at a given block, the flow of events can take several directions to several
following failure mode blocks. For each Monte Carlo run only one path will be taken.
After a large number of repeated Monte Carlo runs (for the same initial conditions) a set of
paths will be sampled. Given the set of paths, it is easy to determine the most probable path
of events, mean first passage time, etc. It is clear that in this case the entire system is not

simulated in real time. The average lifetime is determined from the probability of failure.

The differential equations of the physical models are solved in a defined order to obtain the

probability distribution for failure for each mode. In this way, the simultaneous solving of
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the differential equations is avoided. The system is separated into simple units connected

into a complex network of events.

P=P1 xP2 x P3

Figure Example C 1 Simple system that can be solved exactly

P3

\A P4

P2

A 4

P5

Pl

Figure Example C 2 Complex system that can not be solved exactly

This method has advantages of being less resource consuming, and therefore faster. It also
has an elegant structure and a simple appearance. The disadvantage of this methodology is
that the interactions between different models and failure modes need to be precisely

defined and failure paths clearly identified. This is not a trivial task and for complex
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systems like a window, it would require a significant research effort to develop these
relationships and interactions. Also, precise event trees would need to be developed so that
coding of the simulation tool can be accomplished. This effort was not conducted as a part
of the Phase I project, and instead only the concept and outline of the methodology was

developed.

Real-Time Calculations

In this approach the complexity of the system is captured by a model involving
simultaneous solving of many differential equations or sets of differential equations, acting
simultaneously on the system. (i.e., one physical phenomenon that may cause failure and
has an associated failure mode will affect or will be affected by other physical phenomena

to a larger or smaller degree, depending on their coupling).

Each equation is given by a physical model (transport of heat, transport of mass, etc.) and
their coupling is established through the independent variables present in more than one set
of equations (e.g., temperature, pressure, etc.). The system of differential equations is
solved in real time. This is a realistic simulation of the actual physical behavior of the

system in real time.

After a certain time, the system may fail (according to a definition of failure) and the
simulation will be stopped. This simulation procedure will be repeated for many, randomly
chosen initial conditions and material properties, both given by stochastic models. Initial
conditions and material properties are not fixed and they will vary based on the prescribed
set of mean values and possible departures from those mean values — (e.g., tolerances
(variances) of material properties). After many simulations are performed for a sufficiently
long time period (e.g., 30, or 50 years) a set of times to failure will be generated. In these
simulations it is necessary to consider a long enough time to be able to capture failure (e.g.,
if the unit is going to fail after 22 years, running the simulation for 20 years, or for 10 years
will not tell us when the unit is going to fail, therefore we would not have enough

information to make any conclusions about the durability and service life of the unit.)
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Based on all of the times-to-failure that we calculate in this way, mean service life of the

product could be obtained.

Solving simultaneously a full set of differential equations in 2-D or 3-D for a system as
complex as an IG unit can be difficult to perform and it is highly demanding in terms of

computer resources.

It should be noted that the simultaneous set of equations would need to be solved for N sets
of random material properties that are determined from the mean and tolerances set through

input data and:

Some statistical distribution of these properties within those tolerances,

Performed for a sufficiently long period of time,

Together, this then would enable a determination of time to failure of the IG unit.

In order to reduce running time and overall complexity, which is likely to be prohibitively
expensive at this point in time, a complex system case is described by a simplified model
(e.g. 1-D and 1-%2D model instead of full 2-D or 3-D simulation). The complexity of the

system is therefore reduced and run times for the simulation will likely now be acceptable.

The service life of the system is obtained after averaging over a large enough number of
simulation runs. Each simulation run is started with different, random initial conditions.
The run lasts until the system fails. The time until failure (service life) is recorded for each
run. A measure of durability in this case can be obtained by taking the average of the

recorded service lives.

The advantage of real-time simulations is in the fact that coupling and interactions between
different physical models falls out naturally from the interactions between equations
describing different physical models. No special relationships need to be defined. The

disadvantage of real-time simulations approach is in the need to solve simultaneous sets of
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equations for the entire system and for a large number of initial conditions each time. This

1s very resource intensive and not very efficient.

In this project, real-time simulations were selected as a method of choice because the
amount of work and effort needed in defining relationships between each mode of failure in
event tree and development of specific and complete event tree far exceeds allocated
budget and available resources. It is, however, feasible to extend the existing real-time
approach and to develop event-tree methodology in the future continuation of this project,
which would also allow for the utilization of more sophisticated physical models as well

(i.e., use of 2-D numerical tools instead of 1'2-D models.)

Future Integration of the Two Methods

Both methods described above can deliver the same measure of product durability; the
average service life of a system. There is a crucial difference, though, in the method of
obtaining the average service life. In the event tree diagram, the time measure is obtained
from a probabilistic method. The system is not simulated in real time. Instead each of the
failure modes is solved and a probability of failure for each mode is defined. The system is
modeled by a network of interconnected failure modes that can be solved by Monte Carlo
sampling. The service life of the system is derived from the calculated probability of

failure of the system.

A way to integrate these two methods is to perform real-time simulations for each of the
failure modes. The interaction between the individual failure modes will need to be
defined externally through the use of mechanistic models, which would be based on both
measurement and simulation of the complete systems. These real-time simulations will
provide the probability of failure in each mode. After the real-time simulations are finished
for all failure modes, those failure modes can be organized into an event tree diagram,
which can be solved by a Monte Carlo method. This approach was outlined in a flow chart
“Durability Flow Chart .pdf” from July 2003 by Charlie Curcija and presented above,
Figure 4.7.2.1.
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It is clear that in each block of the event tree diagram a probability distribution for failure
must be defined. This probability distribution is obtained by multiplication of the
probability distribution of the environmental stress and the probability distribution of the
maximum allowable material stress. The probability distribution of the environmental
stress will be obtained by a time series (real time) simulation of the system. This real time
simulation will incorporate all of the elements of the system (in the way currently

considered as the simulation of the entire system).

The material properties in this stage however will be fixed and no failure will be
considered. In this way we can construct a model to translate the environmental conditions
(given by a time series of a typical climate year) into a stress probability distribution. This
real time simulation could be done by any component IG unit manufacturer, or some other
chosen simulator. The advantage of this approach is that this real time simulation needs to
be done only once. The translation function would be part of the final program. The
probability distribution of the maximum allowable stress will also be obtained by the
manufacturer of the material, either by a single set of simulations or determined by
measurements. It seems feasible for a manufacturer to supply, for example, the probability
distributions of a sealant cohesive failure for several IG unit classes at different climate

conditions.

The advantage of the methodology described above is in the separation of the two methods

of simulations:

The computationally expensive real time simulations are performed by either the
authors of the program or a manufacturer of an IG unit, component or material.
These real-time simulations are performed only once and the resulting probability

distributions are incorporated into the failure modes of the event tree diagram.
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The relatively computationally inexpensive Monte Carlo simulations of the event
tree diagram representing the entire system are performed by the end user of the
program. In this way the user will have more flexibility in designing the system,
component or material; comparing the durability of two or more designs and

deciding to use an optimal IG design, component and material.

In is important to notice that the real time simulations done by many of the manufacturers
will concentrate on a single aspect/component of the system. It is important therefore that
the real time simulations tools are designed with this fact in mind. The manufacturer
should be able to include only the targeted component and exclude all other possibilities of
failure. The real time simulation therefore should have the option of switching on and off
different failure criteria. Also, the real time simulation tool should provide a translation
function from the environmental conditions to materials stress. Constructing the
translation function is done by running the case with all failure criteria switched off. The
real time simulation should run until a sufficient amount of stress data from the systems

regular (non-failed) behavior is collected.

Summary of the Extension of the Current Methodology:

The current method of simulation in the durability tool simulates the entire system at once
in a real time simulation by solving a simplified 1D (or 172 D) model of the IG unit. Future
development in the area of physical models should be focused on a more realistic 2-D or 3-
D model. The system however is so complex that simulating the entire system at once by

solving the 3-D equations or even 2-D equation seems unreasonable.

e Future development should concentrate on the Failure Modes and Effects Analysis,

as outlined in the Phase I Final Report.

e Event tree diagrams should be defined in a precise way, following the outlines

given in the Phase I Final Report.
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e The simulation methods could be separated into parts to be done by manufacturers
(real-time simulations) and parts to be done by the user (Monte Carlo event tree

simulations).

e Thermal Model Advancements

Estimation of seal temperatures

Conduction through the sash

Solar absorption

O O O O

Inclusion of diffuse radiation

Other Considerations:

Process and Quality Related Factors like cleanliness of the glass and other surfaces, dust
in the production area, use of gloves in handling glass, storage temperature, etc. can affect

IG durability.

Process and Assembly

(Inclusion of process and assembly variability into the model)

Processes that are used in the assembly of an IG unit have a tolerance within which
they successfully operate. For parameters critical to the service life performance of
an IG unit, variations of such a parameter will change the service life of the IG unit.
Consider a polyisobutlyene sealant (PIB), commonly used as a primary sealant of
the IG unit, because of the low rate at which gases (including water vapor) move
through PIB. The amount of material diffusing in and out of the sealant depends on
the properties of the sealant as well as the dimensions of the diffusion path. For an
IG unit this will be the length of the pathway as well as the width (IG unit
circumference) and height (sealant thickness). Thus, a controlled process

application of a sealant onto a spacer is an important factor for robust IG durability.
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Recommended variable-process considerations for inclusion in the durability
simulation are:
= Sealant Adhesion affected
e (lass cleanliness (residual detergent, fingerprints)
e Qils on spacer
e Handling of sealant after application onto spacer
» Temperature of sealant during pressing

* Primary sealant pressing pressure

Process Characterization

The IG unit assembly process establishes many of the factors that will determine the
service life of the IG unit. In order to understand how the process would affect that
service life, the process must be characterized. This information can then be used
by the user in the Durability Design Tool to develop the IG unit system that will be
tested. There are a number of variables used by the simulation that are allowed to
vary within prescribed limits, describing the tolerances that are inherent to the

manufacturing process.

Define Durability and Universally Accepted Measures of Durability

Two IG units should be discriminated as more or less durable for a given geographic area
by a universal parameter/measure of durability. A measure of average service life of the
system seems like a reasonable unit. The problem is that one can define averages in several
different ways. In the case of real time simulations the average can be taken over several
runs. In the Monte Carlo method the service life can be defined as the inverse of the

probability of failure. These two measures are not necessarily the same.

Simulate Accelerated Testing Conditions and use these results in predicting the service

life of products. Validate the simulation results using testing and develop reasonable
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validation criteria. This could dramatically reduce run time, since service life of the system
is predicted from the behavior of the product under the extreme environmental conditions,

including rapid cycling, for a much shorter period of time than under real conditions.

As a first step, using the same accelerated testing criteria, the service life of the product can
be determined from a few months worth of “exposure” to extreme environmental
conditions. This approach will support the development of a rating procedure of durability
of fenestration products. Also, it would provide a relatively inexpensive means of

performance evaluation under accelerated aging conditions.

Continue to Advance and Implement Model Satisfaction, by developing 2-D physical
models and providing extension for the 2%2-D models. Utilizing and leveraging existing 2-
D tools and 3-D corrections developed for fenestration performance assessment over the
last 20 years (i.e., THERM, SPACER, WINDOW, etc.) as well as the tools under the
development (i.e., FENSIZE, UNIFEN, etc.). Develop the next generation of computer
models that would be utilized in the development of the extended durability approach as

described in first three points.
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Figures 4.7.2.2 and 4.7.2.3 Proposed Flow Charts, Future Development
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4.8 The Durability Simulation as a Design Guide Tool

As discussed earlier, a primary use of the IG unit durability simulation tool is to help guide
the IG design process. The simulation will not provide all the necessary information for a
designer to succeed in designing a successful IG unit. The envisioned, developed tool will
provide guidance in making decisions that will meet the existing and changing expectations
of IG system durability. As is well known, the successful design and implementation of
any product is more than its durability, reliability, materials, etc. Thus, the IG designer
must consider many requirements which must meet supply chain needs, customer needs,
business needs, etc. A successful design process will continue to break all the requirements
down to a level in which each requirement is considered in each design decision. Much of
the process is based in intuitiveness and experience and with the speed of change in
technology, business, information, etc., there is no replacement for intuitiveness and

experience.

Yet, more and more information is being collected and used to guide the product
development process. Each designer requires as much input information as possible to hit
the bulls-eye; creating, engineering and developing a successful product. If required
information is missing, the designer must fill in the blanks as best they can and move
ahead. With the application of today’s business tools, designers can get a great deal of
information describing a product’s requirements from the customer’s perspective (usage,
size, color, price, availability, etc.), the business perspective (cost, supply, manufacturing,
distribution, liability, etc.) and the list goes on. Whether done in an intuitive manner or a
formal process, this information is prioritized and positioned for the first, and possibly the
most important task of the process. This is the task of describing all the requirements in
terms which are tangible, workable, measurable, etc. things or activities which must occur
at some point to succeed. This means describing color, for example, in terms of the actual
material and process that will be used to achieve the desired result and the metrics that will
be used to verify the result. Or, describing a seal expectation (like an IG seal) with the

material, process and metrics to verify success. This new, technical description of the
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product is the product and engineering specification. It is the recipe, including all the
ingredients, processes and expected outcome, for producing the product. These
specifications are living documents that should be continually revised throughout a
product’s life cycle to reflect new opportunities in design, materials, application, process,

etc. which advance any element of the product or business.

Armed with the information on customer or business expectations, etc., the designing and
engineering process must build the specifications by applying the environmental
constraints to the expectations. For an IG unit, this involves considering all the possible
issues that can affect, say, a clarity expectation, from the raw material through the
manufacturing processes and the period of time the IG is in service. Each and every
decision must keep the clarity expectation in mind. Elements (materials, processes, etc.)
that enhance or assure good clarity will be embraced; elements that negatively effect clarity
will be designed or engineered out of the product or process. This is true of all
expectations being considered in the design process, and this becomes a balancing act as
each of the product expectations are combined with the business expectations and

additional considerations.

The current IG design tool focuses on the durability aspects of the IG system. From the
design point of view the process of using the tool effectively results in supporting
information that is combined with additional constraints so that together the best choices
are made to achieve an expected IG durability. The input into the simulation tool is the
first, best guess representing the product. In other words, the designer enters the IG product
and engineering specifications into the simulation program. The designer also enters the
expected environmental constraints in the program. The environmental constraints are all
the elements the product, from raw material and manufacturing variance to the forces
acting on the IG throughout its intended life, must successfully endure. It is obvious that

this is a great deal of information and data to consider.

The result of the simulation may point in a direction of a new material development or

change in overall design or a process design issue as examples of required change. The IG
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designer considers the new input, adjusts the IG specification if required and runs another
simulation. Thus, the tool is part of an iterating process to guide decisions which affect the

durability aspect of the product.

The current version of the tool uses simplifying assumptions at several different levels and
requires validation. The output can be useful in making design comparisons at a high level
and getting a feel for variance in manufacturing, material properties, etc. In addition, the
program can be useful in beginning to understand the type and magnitude of stress which

the IG system designer must consider in the design process.

4.9 The Need for Data Collection, Model Validation

The modeling effort undertaken for this project has been state of the art and effective in
demonstrating the potential use of engineering tools to understand the durability of IG units
and building envelopes in general. As techniques for modeling durability of IG units in
actual window applications improve, there is a need for understanding what the models
mean in the real world. In other words, we must understand if the models accurately
represent what is going on in the real world. This process validates the model or program
and it becomes useful and trusted as a tool. For the current simulation and future durability
models to be useful, data collection and statistical validation is necessary. Although there
are several different levels of validation required, the validation of field failures and causes
is of most importance. This validation will require the combination of manufacturing data
together with the actual field exposure data. There are two obvious ways to collect the

data:

1) Set up a ten, twenty, or more year study designed to collect the data for
validation.

2) Through a designed process, request contributing data from the industry to be
used for model validation. (This continues to be the recommendation and

direction of the project.)
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4.9.1 The Initial Condition Data, |G Manufacturing - Design,

Processes and Quality

Throughout the project, the team has recognized the need for the fundamental
understanding of individual manufacturer’s process and materials variability. In today’s
manufacturing world it is generally recognized that reduced variability will lead to fewer

field failures.

There are many available references for creating data and knowledge around variability in
the manufacturing process laid out in quality control books. Many quality oriented systems
recognize a quality management system such as ISO 9000 as a method for documenting

critical inputs and outputs to achieve a final product manufactured to specification.

4.9.2 Field Service Data

The key to correlating the current durability model to “real” product durability lies in the
historical product data (field data) documented in terms of actionable service failures in the
eyes of the consumer. In addition, the field data will help in our understanding of the effect
of new and different failure causes as designs change in the future. The power of the
engineering design tool under development is that new designs that push the limits can
more easily be introduced with a basic understanding of the fundamentals and how they

relate to durability expectations.

The design and engineering tool must first be correlated to historical field service data.
This historical IG durability or failure data seems to be somewhat elusive as the industry
recognizes its sensitivity in the market place. It must also be recognized that the many
manufacturers may not hear about their product failures. There are of course a variety of

reasons for this. Studies in fact have shown as little as 10% of true failures are reported.
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“It is generally accepted that failure rates are higher than actual reported failures. It
might be expected, in the building industry warranty claims make up 10-30% of
actual failures. While it would be hard to differentiate between customers not
finding/noticing the failure and bothered customers not complaining about the

failure, the studies have shown these phenomena to be true.'

“One study found that 70 percent of unsatisfied customers do not bother to
complain because they don't know whom or how to call, or they don't think the
company will respond... Another study found even grimmer numbers. The authors
concluded that the average business does not hear from 95 percent of customers that

. . 1
are dissatisfied.

'Source: Management Review, 03/01/1997, Thank heavens for complainers, (good for

business), Oren Harari

4.9.3 Insulating Glass Industry Quality Management System and

Field Service Data Request

Attached is a draft of, or suggested form of, a request which was presented to the Insulating
Glass Manufacturer Alliance (IGMA) to solicit useful estimates of variability in the
manufacturing systems from the IG industry (the total value chain). This survey is
intended to be a quality baseline. In addition to this request, data from certification testing
could be extremely useful in understanding variability in product and validating the

simulation model.

A draft form requesting data for populating a database representing how IG products are

used is also included.
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The requests below are in the form of a survey. The survey format was chosen over a
database format to recognize the industry’s opportunity to create a standard database
format. The database should characterize sales numbers, design and manufacturer, service
orientation and geography, and failure data which are all pieces of the durability puzzle and
model validation. The project recommends selected pieces of this data be passed along to
the industry in a sanitized form allowing companies to benchmark quality performance and
increase industry knowledge. One location for the sanitization process and management of
the data is IGMA, or a public but secure web site, such as the IG durability site. It is
important to realize this is just baseline quality data for general use in and validation of the

simulation tool.

Although the following request was originally submitted in support of the development of
an insulating glass knowledge base, the project recommends a process developed by the
industry and implemented to collect and utilize field failure data in a standard format. The
gathering and use of data related to product performance is paramount for understanding

the factors that contribute to insulating glass performance and durability.
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The Data Requests

If you have received this survey it is because you are part of the value chain
connected to the insulating glass industry. This could be through providing
insulating glass (IG), components, manufacturing equipment, technology, insulating
glass units or windows. This survey is intended to gather information on quality

practices as they relate to product durability or service life in the IG industry.

At a high level, the first part of this survey is an attempt to understand what role the
collection of field service data has in the assessment and improvement of product
quality and durability. The second and more detailed part of the survey asks what
specific data is being collected on actual product performance as it relates to service

life.

Part I: Quality Management System

Part one of this survey centers on quality management practices that are in place in
the insulating glass industry today. This data is a first step in providing a “state of

the industry” report on quality management practices in the IG industry.

Each and every product has a set of requirements, explicit or implicit which define
whether or not a product is acceptable. Ideally, these requirements are tied to the
performance of the product in the hands of the customer. This is done by the
development of some level of a product performance model, hopefully with respect
to component and sub system requirements. Ideally these models are verified,
through methods such as accelerated testing and comparative testing. Analytical
product models developed to guild accelerated product development are finally
validated when the product has fulfilled its intended purpose, which in many cases

can be 20+ years in the field.
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The first part of this survey asks about what standards are, or may be, in place at

your corporation that allow you to leverage field service data towards understanding

what variables contribute to product performance.

Please answer the following questions as they relate to the product(s) that your

company produces/sells.

What products used in the Insulating Glass Industry does your company
produce (circle all that apply and identify quantities of different

designs/formulations in the boxes)?

Desiccant | Sealant Spacer | Glass IG unit’s Windows | Adhesive | Other

(please explain)

Does your company collect any data on the performance of your product in

the field?

If you do not collect field performance measurements, are you aware of
information from your customers that contains data on the performance of
product or components you produce? (E.g. is performance data from an IG

or window manufacturer made available to a desiccant manufacturer?)

What quality program does your company follow? This could be an
internally developed program unique to your corporation, a recognized
quality initiative (e.g. Six Sigma, TM-4000-02 Insulating Glass
Manufacturing Quality Procedure Manual) or a 3™ party audited quality
system (e.g. ISO 9001). Please explain the areas to which the quality

program applies
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What sources of information and systems do you have in place to collect

field performance data (circle all that apply)?

Customer support data (data obtained over the phone from a

customer that has a product performance

issue)
Warranty data (time to failure and supporting data)
Field service data (data on specifics of product features,

location of install, etc)

Field return analysis (analysis of failed product)

Regardless of whether you collect field performance data, how does

your quality program validate product performance?
How is this data used in relation to other data you collect on your product?

(Some examples might be manufacturing process data, accelerated test data,

material specification data.)
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Part I1: Field Service Data Information Request

Part two of the survey is a request for information collected by IG or window
manufacturers. However, data through other avenues that relate to IG performance

are applicable.

Although it is the method that takes resources and effort, the best measure of
insulating glass durability is the performance of product in the field. The collection
and evaluation of this data can have significant impact on costs. This data can be
collected actively (e.g. sampling of product in the field) or passively (e.g. waiting
for a customer complaint). Although each has its distinct advantages, both are
valuable measures of product performance. It is the intent of part two of this
request to find out what data is collected on the performance of insulating glass

units in the field.

In most cases field service data in the insulating glass industry will be collected by
IG or Window manufacturers, this is especially the case for warranty data. If you
are not a producer or seller of insulating glass units or windows but have
information on the performance of your product in the field, your data is important
and will add value to the results of this survey. Please answer the following
questions to the best of your ability. This is not a request for the actual field data, it

is an attempt to ascertain the state of the state of the industry.
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SECTION 1: Window and Insulating Glass Unit Attributes
Please answer all that apply

Components

Insulating Glass units

l.

Do you collect or have access to IG information as it pertains to your

product?

If so, what information do you collect or have access to?

Dimensional (length, width, thickness)

Glass thickness

2.What desiccant(s) do you produce or are used in the product(s) you

sell?

What sealant(s) do you produce or are used in the product(s) you

sell?

What spacer system(s) do you produce or are used in the product(s)

you sell?

Box

U Channel | Corrugated Metal | Non-rigid | Barrier | Thermoplastic
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5. What types of coatings or treatments are used in the glass you

produce or product(s) you sell?

Low E Coatings Clear/Clear Tempered | Other

Windows
6. Do you collect or have access to Window information as it pertains
to your product?
7. If so, what information do you collect or have access to?
Unit color
Unit size (sash size if applicable)
Unit application (where, how, when installed)
Other
8. What style(s) of windows do you produce or contain in the
product(s) you sell?
Double | Casement Glider Picture Roof | Awning
Hung

258/780



9. What adhesives do you produce or are used in the product(s) you

sell?

10. What other components or finished products do you produce that are

used in the manufacturing of insulating glass units?

SECTION 2: Failure Data

Please indicate which of the following information you collect about your product.
This data pertains to the final product (window or IG unit). If you are not a
producer of a final product but have access to the information as it pertains to the
product you supply to the IG or window manufacturers, please answer the questions

in this section.

l. Which of the following failure information is available for
reliability\durability analysis?
Manufactured Year
Service Data
Sales Data
Size
Type of IG application / Window style (e.g. Casement, Double
Hung)

Detailed window and glass information

Service Data

Sales Data

Location of installed unit (region, state, city, zip)

Service Data
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Sales Data

Date of failure

Type of failure (e.g. internal condensation, weather strip)

Failed component (e.g. primary sealant)

Window condition at failure (e.g. wood deterioration, water in sash)

What other field performance data do you collect (e.g. direction unit is

facing in home)?
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5.0 Durability Testing
Michael Doll, Gerry Hendrickson

5.1 Introduction

Current metrics used in the IG industry to validate IG design, process and materials most
commonly, if not entirely, center on physical testing. It has been known for some time that
good IG design with bad materials or processes, or bad designs with good material, etc.
create inferior IG units. From a consumer’s point of view, one IG is pretty much the same
as another and the failure of an IG is not generally associated with an IG manufacturer; the
window manufacturer or builder gets the service call. The IG industry has proactively and
cooperatively engaged in the certification of IG units in an attempt to assure that their
customers (window manufacturers, builders, etc.) have a form of verification that the IG
units will meet their expectations. Each IG producer (IG units are delivered as a
component to window and door manufacturers and / or are assembled by window and door
manufacturers in the window / door assembly factory) has the opportunity to achieve the

level of performance necessary for certification and display the certification mark.

As discussed earlier, many IG producers use the designs, materials and process
recommendations given from component suppliers. And, many IG production facilities
have implemented suggested quality assurance processes across their IG production. Yet
the certification testing was the activity that provided validation and assurance that the

product would meet customer expectations, in the short and long term.

Several industrial organizations such as the Insulating Glass Manufacturers Alliance

(IGMA), the American Architectural Manufacturers Association (AAMA) and the Glass
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Association of North America (GANA), Insulating Glass Certification Council (IGCC) to
name a few, offer processes and programs supporting quality IG manufacturing and
certification. There are many testing laboratories that provide the specific certification
testing services which are based on and supported by ASTM standards, protocols and
procedures. The following discussion explores the methodology of accelerated durability
testing, the current tests, the perturbation of failure modes (magnitudes, durations,
frequencies, etc.). It also suggests comparison to environmental data and field/laboratory
measurements, as tests are considered for the durability simulation validation and
advancement of IG testing methodology, protocol, and procedure with a focus on IG

durability.

5.2 Development of Accelerated Tests Correlated to Service Life

Development of accelerated tests that have comparable results to actual field experience is
not a trivial matter. To properly evaluate the IG requires that each of the materials and
their interfaces to adjacent materials be examined in a manner that allows each type of
failure to be clearly identified. Only by this rigorous methodology does a clear picture
emerge that enables assessment of the particular material and process details. The FMEA
work done in this project begins a comprehensive list of potential failure points and areas
of concern. The existing test protocols by ASTM, SIGMA, and the European standards
group is a start at evaluating IG life. As expressed in the section on environmental
exposure, these existing tests are not as severe as actual exposure conditions in all parts of
the country. These existing tests also are a composite of multiple stresses and do not give a

clear picture of the exact cause of a failure.

5.2.1 Definition of Accelerated Testing

Accelerated testing is testing designed and implemented in a manner that allows the
determination of product service life in a shorter period of time than actual field exposure

and use. Actual field service life prediction determined from units installed in the field is
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the true life; given the exposure conditions they actually experience. There is an
expectation that the “average” unit sees a milder exposure than the most severe exposure.
At this time there is no generally accepted correlation of minimum, average, and extreme
exposure. There also is an expectation that singular or seldom experienced field conditions
cause stress that initiates more failures than the average stress condition. For example, the
sudden brief drop in barometric pressure from a thunderstorm or hurricane may shorten the
service life of an IG unit far more then a longer time of moderate barometric pressure. This
is another way of stating that the reduction in service life is not linear with the differential

in stress from average.

While actual field experience is the ultimate basis of product reliability, there is a need for
more immediate knowledge of product performance to avoid future product failures. Test
methods for accelerating results must be soundly based on a high degree of correlation with
actual field experience. To achieve this correlation, detailed data of a large number of units

correlated with their field life will give the assurance that the test methods are appropriate.

Accelerated Testing Methodology

Acceleration of product service life exposure can be achieved by testing units at increased
stress levels, increased number of cycles, and increased strain levels. The relationship of
changes to these factors to actual service life needs to be determined to a higher level than
at present. Producing test units with variation in design and process to vary the strength
level will help in gathering this data. Comparison testing of these test units in any

proposed test procedures as well as in field exposure is needed.

Comparison results for proposed and actual IG designs can be produced by acceleration
factors such as increasing the number of cycles run and modifying the strength of some

sample components.
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5.3 1G Durability and Current Accelerated Testing

Appendix 5 presents an expanding list of current IG related tests representing US,
European and Canadian Standards. The list represents published, commonly distributed
test procedures, many of which have already been referenced in this report. In addition to
the protocols and procedures presented, many private companies in the 1G value chain have
developed tests which provide a specific set of validating data relative to their chosen

business model.

The tests listed in the appendices are discussed here and recommendations made in

consideration of:

e Comparing the overall severity factor to the calculated environmental severity
factor in psi- hrs

e The resolution and type of test data and the opportunity to identify root cause
failure

e The ability of the test to induce stress to one or more identified failure modes

5.3.1 Current Testing and Expected Environmental Stress

As can be seen from the severity values computed from actual weather data and from the
severity values found in the current ASTM and EN test standards, there is a considerable
gap which can be filled in with revised tests to give realistic durability test results.
Development of dependable IG unit service life predictions will be well served by test
methods which exercise the IG through the full range of expected stresses in actual
building installations. Sufficient units exposed to testing also will enable statistically valid
computation of service life expectancy. Test loads and severity related to each aspect of IG
materials and construction will enable improvements in manufacturing methods and
materials to produce units with reduced failures. Development of these new tests is not

overly difficult. Validation of the test methods with actual field experiences is more
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difficult. What is needed to verify the tests is corresponding field testing of units with well
documented construction similar to the units placed in accelerated testing. The failure
analysis of both the field tested units as well as the accelerated test units will give the

specific data for analyzing the cause of failure and improve 1G design.

ASTM E 773, E 774, E 2188 and EN-1279-2, EN-1279-3 were analyzed for severity as a
comparison to actual weather files. File “Durability comparison.xls” contains the

calculations. The comparisons are presented below.
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Graph of ASTM E 773/E 774 test plotted on scale of 1 year total time (8760 hours).

Severity pressure in psi for high humidity and cycling portions of the test with the first

cycling portion ending in a C rating, the second cycling portion ending in CB rating, and

the final cycling portion ending in CBA rating.
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This graph shows one cycle of the cycling portion of E773 in terms of psi severity pressure.
The cycling portion of this standard has one surface of the test sample exposed to a varying
temperature and the other surface is exposed to room air. The high humidity portion of the
test has the entire sample in an immersion type chamber where the internal 1G temperature

is the temperature in the humidity chamber.
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Graph of ASTM E 2188 test plotted on scale of 1 year total time (8760 hours).

Severity pressure in psi for high humidity and cycling portions of the test with the first high

humidity portion preceeding the cycling portion and the final high humidity portion

following the cycling test.
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This graph shows one cycle of the cycling portion of E 2188 in terms of psi severity
pressure. The cycling portion of this standard has one surface of the test sample exposed to
a varying temperature and the other surface is exposed to room air. The high humidity
portion of the test has the entire sample in an immersion type chamber where the internal

IG temperature is the temperature in the humidity chamber.
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Graph of EN 1279-2 test plotted on scale of 1 year total time (8760 hours).

Severity pressure in psi for high humidity and cycling portions of the test with the high

humidity portion following the cycling test.
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This graph shows one cycle of the cycling portion of EN1279-2 in terms of psi severity
pressure. The cycling portion of this standard has the entire IG immersed in a temperatuer
chamber where the internal IG temperature is the same as the chamber temperature. This
method results in a higher severiuty pressure than the ASTM test methods. The high
humidity portion of the test has the entire sample in an immersion type chamber where the

internal IG temperature is the temperature in the humidity chamber.
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The ASTM tests have temperature-pressure severity ratings of 0.906 to -1.244 psi for
E773/E774 and 0.975 to -1.244 psi for E2188.

The EN1279 tests have 0.800 to -0.972 psi.
Hours of exposure to the severity temperature ranges expressed in degree F-hours from
78275 for E773 CBA rating, 80795 for E2188, 25361 for EN1279-2, and 12681 for

EN1270-1279-3.

Vapor pressure cumulative severity is 2767 psi-hrs for E773/E774 and E2188, 3095 for
EN1279-2, and 1768 for EN1279-3.
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Test Comparison Summary ASTM E773 E774 ASTM E2188 EN 1279-2 EN 1279-3
C CB CBA durability durability gas loss
Weather test F F F C F C F C F C
Temperature (max) 735 135 135 57 | 140 60 | 1274 | 53 | 1274 | 53
Temperature (min) =7 20 20 29 | 20 29 | 04 18 | 04 18
Cycling (days)
No. of cycles (N) 140 196 252 252 56 28
cycle length (hrs) 6 6 6 6 12 12
total cycling (days) 35 49 63 63 28 14
Severity — temperature pressure
maximum (psi) 0.906 0.906 0.906 0.975 0.800 0.800
minimum (ps1) |y 54y | 1244 | -1244 -1.244 -0.972 -0.972
Severity — temperature pressure in
units of psi-hours (entire cycling
test) )
above 0 psi (psi-hrs) | 264.6 370.4 476.28 2 113.6 56.8
below 0psi (psi-hrs) | 3356 | 4741 | 609.5 609.5 135.4 67.72
Time at temperature per cycle in
(degree F-hours)
1354 1354 1354 145.4 181.4 181.4
above 70 F
below 70F 11753 | 1753 | 1753 175.3 271.5 271.5
Time at temperature entire cycling
test in (degree F-hours)
18949 26529 34108 36628 10159 5080
above 70 F
below 70F | 54537 | 34350 | 44167 44167 15202 7601
High humidity
F F F C F C F C F C
Temperature
140 140 140 60 140 60 136.4 58 136.4 58
% RH
95 95 95 95 100 100
duration (days)
14
14 28 42 42 +28 49 28
severity (psi-hrs)
922.3 1845 2767 2767 3095 1769
no. of units 6 6 6 6 6 6
end dew pt
30 F 20 F 20 F -40 F
moisture penetration index | x X X X 20% X
gas leakage %/
X X X X X 1 yr
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The existing ASTM and EN test standards serve as a basic screening procedure which
helps catch some production errors. The sample sizes are too small for meaningful
statistical life predictions. The test duration and severity are very mild compared with a ten
or twenty year expected service life. The combination of loading conditions makes cause
of failure data difficult to produce. The ASTM test standards allow new sets of units to be
tested in the event of a test failure. As long as a set of units passes the test, the
manufacturer is certified for a period of time. The EN tests also include materials testing to
assist in the consistency of production and materials. Both the ASTM and EN standards
call for testing of specific unit sizes and construction. There is no quantifiable data on the
relationship of these test units with the full range of sizes and shapes actually produced.

New test methods and procedures will help to develop this correlation.

If no new test methods are developed and implemented, no further progress in IG unit
durability is foreseen except that undertaken by a few IG component manufacturers in
support of their own products. Captive testing by manufacturers leads to proprietary data
which is not readily shared by the industry. An example of past testing is the SIGMA field
test where units built by various companies were placed on test in various parts of the
country. The exact unit construction details were disguised to protect the manufacturers

and failure data can not be related to construction details for meaningful analysis.

5.3.2 ldentified Testing Opportunities

To clearly show the true durability aspects of each segment of an IG detailed construction,
tests that exercise that segment are needed. Only by knowing the exact failure and the
stresses that caused the failure can advances be made in the materials used and in the

processes used in building an IG.

A list of these segments follows:

Adhesion of sealants to the glass
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Adhesion of sealants to the spacer

Water absorption of the desiccant

Glass cleanliness

Thermal expansion of the glass and other materials
Torsion loading on the IG unit and sealant system
Gravity loading of one lite of glass

UV exposure of the sealants

Humidity exposure of the sealants

Impact loading of a unit by the operator

Pressure cycling of the complete IG unit

Wind loading test of the IG unit

Thermal cycling

Desiccant desorption with thermal cycling

Suggested Tests for Development

1. Pressure Characterization Test (validation of strength)

This test would place IG units in a pressure test vessel and cycle the units
from room ambient conditions to plus and minus 2.5 psi, at a 70 F constant
temperature. Center of glass thickness would be measured. When the
center of glass thickness equals the edge thickness, the equivalent
manufacturing conditions would be met under controlled conditions. This
would quantify the varying barometric pressure and plant temperatures at
which the IG unit was sealed. Center of glass thickness at some specified

conditions above and below the sealing value would give data on the rigidity

of the sealant and spacer assembly.

2. Pressure Cycling Test
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IG units would be placed in a pressure chamber and pressure cycled. The
pressure limits may be based on the geographical location of typical
installations as determined by the severity calculations previously described.
Number of cycles would be representative of the desired service life of the
unit. Temperature conditions could be varied from low to high, keeping in

mind the total severity condition being applied to the unit.

Temperature Differential Test

For this test, IG units would be placed in a fixture that allows a hot and cold
water spray to be applied to each side of the assembly. After a period of
time to stabilize, the hot and cold sprays would be reversed. This test is to
stress the glass and adjacent seal in shear due to the thermal coefficient of
expansion of the glass. The number of cycles should be appropriate for the
installation location, as would be the temperature settings. Acceleration of
the test results would be from a high number of short term cycles (each
cycle would be approximately 3X the thermal time constant of the IG unit).

For a 9.75 inch sample length, the change in length for a temperature range
of O F to 140 F is: 0.0107 inch for glass; 0.0277 inch for aluminum; 0.0198
inch for stainless steel; and 0.0136 inch for steel. These values place a

substantial shear stress and elongation on the sealants.

Twist (Torsion) Cycling Test

This test would subject IG units to a twisting force similar to that seen in
casement style windows during operation. A torsional force may also be
applied to some units from their installation in a building when the window
unit is forced into alignment with a wall surface. The torsional stress causes
a high shear stress in the sealant. A measurement on the torsional stiffness
of an IG will give data on the sealant system rigidity. The test parameters

would be based on the shear stress allowed in the sealant material
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specification. Test rate and number of cycles, temperature, etc. needs to be

determined.

Static Shear and Creep Test

In this test one lite of the IG unit would be supported and the other lite
unsupported. A load would be applied to the unsupported lite sufficient to
place the sealant materials near the shear stress allowed in the sealant
material specification. Measurement of the amount of movement of the
unsupported lite gives the creep of the sealant after a period of time. The

temperature at which the test is run needs to be determined.

Temperature Cycling Test

In this test the entire IG would be placed in an immersion type chamber and
the temperature cycled. Number of cycles and temperature extremes needs

to be determined.

Sealant UV Exposure

Sealant applied to test strips of glass 1 x 3 inches would be exposed to UV
light and moisture for a period of time. The force needed to pull the glass
test strips from the sealant would be measured. The modulus of the sealant

also would be checked for changes during the test.

Interior 1G Dew Point

An improved method of measuring the interior dew point is needed. The
existing method uses a fixed temperature cup and takes a significant amount
of time to equalize and determine whether moisture is present on the inside

of the glass. If the reading needs to be repeated for another temperature, the
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10.

total test time is very long. A new method of using a test probe with a
decreasing temperature ramp would speed up accurate dew point readings.

Another method worth further development would be a dew point sensor
sealed inside the IG unit. An internal battery powered readout placed inside
the test units would give a continuous reading of actual dew point. For more
power a solar cell powered device may work with light applied briefly when

a reading is required.

Material Tests

Tests of the IG components and materials are required to give data on the
characteristics of importance to longevity of the IG.
a. Glass cleanliness
b. Edge deletion quality
c. Spacer leak rate. (Roll formed spacers may contain microscopic
fractures at sharp longitudinal bends.)
d. Sealant viscosity, modulus, adhesion, elongation, shear strength,
tensile strength, composition, permeation rate under stress, and other
characteristics
e. Desiccant absorption, desorption, capacity,
f. Spacer surface finish, contamination, and sealant adhesion test.

g. Other tests.

High Humidity Soak Test

The present ASTM standards call for a humidity soak test at 140 F for a
total of 42 days. EN-1279-2 calls for high humidity testing at 136.4 degrees
F (58 degrees C) for 49 days. This corresponds to 2767 and 3095 vapor
pressure psi-hrs duration respectively. Weather data for the US for 1990 to

1995 gives average annual vapor pressure psi-hrs values from 362 to 3357.

Ten (10) years of actual exposure would then have the equivalent range of
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3620 — 33570 psi-hrs. To produce a high temperature/high humidity
exposure equivalent to 10 years actual service life would require either a
longer test exposure time or a further accelerated test procedure. To
accelerate this procedure, just raising the temperature would produce an
unrealistically high stress on the sealant system. Placing units in a heated
pressure chamber would enable a more severe high humidity test without
otherwise affecting the test unit. The vapor pressure is raised to counter-act
the deflection of the glass caused by the test temperature. When the
temperature is raised to 180 degrees F @ 95% RH, the vapor pressure raises
to 7.298 psi. With an increase in pressure of 1.525 psi, the deflection of the
glass will be near zero and the sealant unstressed mechanically. This will
develop 184.4 vapor pressure psi- hrs per day of test exposure. For a 10
year equivalent, 182 days exposure will be required for the most severe
actual exposures. A realistic 10 year test of a moderate climate humidity

exposure such as Minneapolis could be run in as little as 61 days.

11. Impact Test

One lite of an IG would be mounted vertically in a rigid frame which moves
in a vertical direction. The other lite would be unsupported. The frame
would be raised and allowed to drop vertically onto a heavy base. The
resulting shock would be similar to that experienced by a double hung
window sash which drops or is slammed closed. Number of cycles and

temperature will be determined.

In development of these and other new test procedures, it will be imperative that each and
every test be quantified with actual field experience. During this development process,
new and additional test procedures will become evident. Refinement of test details will
enable the new tests to more closely correlate with field exposure. An important aspect of

this testing will be the failures produced. Failures during testing enable accurate
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identification of failure causes and the knowledge to improve the quality of IG units.

Failures are also required to produce statistically valid results.

Further testing and evaluation methods have been documented in the 1G industry or by test
agencies and are not further described here. The field of reliability engineering has a great

deal to offer in this endeavor.

All of the above tests and evaluations need to produce results capable of being evaluated by
statistical methods appropriate to the expected service life of the IG units under test, for
example, an expected service life of 20 years with 20 % total accumulative failures.

Sufficient sample quantities and test duration are required to produce meaningful results.

The existing ASTM and EN standards are a start in this direction, but do not presently have
the capability required for success. Ref: ASTM standard: E 632-82(1996) Standard
Practice for Developing Accelerated Tests to Aid Prediction of the Service Life of Building
Components and Materials. This standard contains information of value in determining
whether a proposed new test may help in proper prediction of service life. Other aspects of

accelerated testing are well known in the testing of commercial and industrial products.

It is important that any proposed IG tests be evaluated in terms of the stresses and strains
that IG units see in actual building applications. The final suite of IG tests needs to address
all of the stresses and conditions to which an IG is exposed. Advancement in materials and

workmanship will require close attention to all of the details.

Total IG durability or reliability is the product of all of the separate test reliability Figures:
R (ig) = R(t1) x R(t2) x R(t3) x R(t4) x R(tS) x R(t6) . ... .. ..

Each separate test reliability (Rtl, Rt2 ... ) would be calculated by the appropriate method

based on whether the test results are random or wear-out failures. It is imperative that each

test is given the proper weight and life expectancy conditions so the overall reliability

(durability) calculation is based on the same total over-all service life expectancy. Once
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the reliability is known for a period of service life expectancy (for example 1 year) then the

reliability at any other service life can be calculated with:

R(x yrs) =R (1 yr) " x.

One caution with this calculation is end-of-service life wear-out failure. If the test is not
run for a time sufficient to detect end of service life failures, the calculated reliability will

be higher than the actual reliability.

The following chart shows the relationship of reliability with service life when the failure
rate is constant. A 1 year reliability of 0.98 is equivalent to a five year reliability of 0.90
and a ten year reliability of 0.82. The reliability value is the expected number of units to
survive the period of time that the reliability is based on. (A reliability of 0.82 would mean
that 18% of the initial units have failed.) If a 20 year reliability of 10 percent total
accumulated failures is desired, the equivalent 1 year reliability is 0.995. Using the chart
will give an appreciation of the 1 year reliabilities required to achieve durable IG units for a
given total service life time. The statistical basis for calculation of random failure
reliability and wear-out failure reliability is available and will not be further discussed
here. From the expected reliability values required for adequate IG unit life, the number of
units tested can be calculated assuming no failures. Random failure testing must be run to
the minimum number of cycles required for the desired service life. Wear-out failure
testing must be run until at least two units have failed to properly calculate the reliability.

When four factors of service life are present and each factor is tested independently,
the total reliability is the product of the reliability calculated from each test. If all four
factors are equivalent, to achieve a total reliability of 0.90 requires that each factor have a
reliability of 0.9745 or greater. As can be seen from the durability tool portion of this

project, the number of factors far exceeds four.
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Lifeyears 1 2 5 10 20
Reliability 0.80000 0.64000 0.32768 0.10737 0.01153
Reliability 0.90000 0.81000 0.59049 0.34868 0.12158
Reliability 0.95000 0.90250 0.77378 0.59874 0.35849
Reliability g 0.97500 0.95063 0.88110 0.77633 0.60269
Reliability g 0.98000 0.96040 0.90392 0.81707 0.66761
Reliability g 0.98890 0.97793 0.94574 0.89443 0.80000
Reliability @ 0.99191 0.98388 0.96018 0.92195 0.85000
Reliability @ 0.99475 0.98952 0.97400 0.94868 0.90000
Reliability @ 0.99744 0.99488 0.98726 0.97468 0.95000
Reliability §§ 0.99873 0.99747 0.99369 0.98742 0.97500
Reliability 0.97793 0.95635 0.89443 0.80000 0.64000
Reliability 0.98388 0.96802 0.92195 0.85000 0.72250
Reliability g 0.98952 0.97915 0.94868 0.90000 0.81000
Reliability @ 0.99488 0.98979 0.97468 0.95000 0.90250
Reliability 0.99747 0.99495 0.98742 0.97500 0.95063
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5.3.3 The Role of Documented Product and Testing

An essential element in producing products with firm expectations of durability is the
engineering documentation of the product. Without the documentation, changes in
materials and process can creep into the production line and produce deviant units whose

tendency to fail early may not be noticed until years of field exposure have occurred.

Documentation starts with engineering specifications which clearly show the design goals,
the durability expectation, the nature of the design, and the exact details of each part and
aspect of producing the IG units. The specifications must include all aspects of the
manufacturing process to avoid inadvertent changes. Part drawings must show dimensions

and tolerances that are of significance.

Another part of the documentation is the set of material specifications for each of the
materials that are incorporated in the IG as well as detailed information of all materials that
may come in contact with the IG during its assembly. The quality of an IG may be
significantly decreased by such auxiliary items as the type of hand cream used by
production employees. Building units for the rigorous durability desired requires much

more attention to detail than nearly any other part of the building construction process.

Verification of durability by testing depends on building the test samples in exactly the
same way and with the same materials and process as will be used in production. The
verification is not so much testing the sample 1G units as it is testing the specifications and

process capability to produce durable units.
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6.0 Results and Discussion
Michael Doll

The United States Department of Energy and the IG industry continue to coordinate an
interest in understanding and addressing IG durability opportunities. Business objectives in
a competitive market make the task of coordination and dissemination of related IG
durability information tenuous at best and must be addressed with all consideration. The
support for creating a knowledge base to evaluate the current understandings was
envisioned to provide an opportunity to consolidate provided information and data to
document what is known and what is unknown about IG durability. In addition, a
methodology was presented to document and direct continuing research to identify and
address the root causes of IG failure. As can be expected, discoveries will suggest short
and longer term improvements in IG design, materials, process and the quality

implementation of each.

Although there may be continuing debate around the actual number of 1G failures, current
data collected by industrial organizations and private companies support the original
assumption that about 10% of IG fail at a level recognizable to the user within the first 10
years of application. In fact, this may be a conservative failure rate with infant failures
possibly making up the majority of the assumed 10%. Energy loss implications and
degrading consumer confidence continue to facilitate concern in understanding and
addressing the issues. Meeting future energy requirements will require that new, initially
costly, technologies be integrated in IG products and these advancements must be
supported by consumers and businesses achieving expected durability goals with

confidence. Long term development and improvements will only be implemented and
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expanded, reducing cost and expanding availability and use if an unquestionable advantage

is demonstrated.

The current expectation for the service life expectancy of a window many times is
communicated in terms of the service life of the building in which the unit is installed.
Generally, windows are considered a part of the wall and thus command the same
expectation for dependable and efficient use over time. Although building service life
expectations are commonly viewed in terms of generations, the durability expectations of
the components generally are defined by related warranty periods. In the window industry,
acceptable product warranties are delivered spanning 20 years, and some much less. At the
present time, it seems as though describing IG durability in terms of a twenty year service

life is an acceptable description of expected IG durability.

Assuring 20 year IG durability is not a trivial matter in consideration of the expected
stresses (magnitude, frequency and variability) imparted on an IG system over a 20 year
service life and the response of the IG system to those stresses. As has been demonstrated,
the environment induces a complicated, ever changing set of stressors on the system.
These stresses involve a range of stressors from the chemical UV and water considerations
to the obvious barometric pressure and wind changes. For the most part, it is difficult to
predict these stress magnitudes and frequencies of application acting on the system and
how they may be interacting with each other. Historical weather data provides an excellent
statistical foundation for developing reasonable expectations for IG performance. The
development and presentation of severity factors as a way of viewing many
meteorologically varying geographical locations from the same perspective simplifies the
opportunity to compare expected IG applications. Continuing severity factor development

can integrate additional environmental stressors such as UV and wind load.

As the ever changing set of stresses acts upon the IG, the IG system is continually
responding. The system seems to be simple in design, with most IG designs containing
only four to five material components. Yet, the material and system response is as

complicated as the stresses acting upon it. Easily envisioned wind force or pressure
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changes act against the designed material properties. Not so easily envisioned forces such
as UV act against the molecular bonds of the material. The commonly chosen sets of 1G
materials are inherently sensitive to many of the environmental inputs. A portion of the IG
durability response must consider the changing material properties over time. Each of the
materials has been chosen to provide strength to the system and each material has some
dependency on adjacent materials to provide that expected strength over time. Thus, the
interaction at the material interfaces, the interaction of changing material properties and the
overall stress inputs all combine to create a possible system of failure modes which must be
identified and their relationships defined. The Failure Mode and Effects Analysis (FMEA)
tool has been presented as an innovative approach to identifying and documenting
recognizable IG system failures and the paths (or maps) that lead from root cause failures

to the system failures.

As has been discussed, improved IG durability must be addressed through each of the
design, material and process activities. Understanding expected product usage, the
environment in which the product is intended to survive, the material choices available to
meet those design requirements, along with addition information, are necessary for a
successful design. From the designer’s point of view, capturing and resolving the varying
environmental data, the varying stresses imparted on the system, the material and system
response and the entanglement of interactions is required to engineer a durable IG system.
In consideration of the obvious amount of data to consider, one way to approach the design
activity is to develop a set of simplifying assumptions which are hoped to provide a
conservative solution to the durability challenge. Presented here is the suggested solution,
the development of a computer based IG durability design modeling tool. Using the power
of existing computer technology, the data can be addressed, analyzed and produce results

which support definition and direction for improved IG durability.

Challenges with creating a computer based durability model are no less intimidating than
trying to apply the data to a single design. The process required an initial set of simplifying
assumptions and compromises to give focus to the basic material modeling. The results of

the materials modeling include a series of differential equations, solved simultaneously and
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coupled through their common variables. This time-step based approach provided for a
system simulation as if in real time but lacks the direct ability through probabilistic
calculation to follow complete systems failure to probable root cause in an efficient
manner. In consideration of this initial development, the durability model provides a
valuable foundation for final development of the Fault Tree Diagrams as presented in the

referenced Phase I report.

This is the first simulation of its kind developed for the fenestration industry with possible
extension to many areas of the building envelope. The tool remains very flexible as
continued development is anticipated in the areas discussed in this report. In addition to
implementing a simulation tool to handle the required input data, calculation and output,
this tool provides the opportunity to simulate the expected service life cycle in hours
relative to days or years. This is an important and needed development in the ever

accelerating material and product development environment.

The initial stages of program debugging, sensitivity analysis and advancement has begun
and substantial work remains to be completed to meet the original goals. Yet, the current
model holds the capability of assisting in prioritization and direction of IG durability
research and advancement. In addition, a designed iterative process can utilize the
simulation to advance current and new durability testing protocols and procedures while
advancing the simulation response. This process will include designing the simulation input
to model the laboratory test environments and building a direct correlation to measured and

observed laboratory IG failures.

Input into the simulation tool is based on the IG design and application; whether the
application is defined as a laboratory installation or customer installation. In its current
version or future advancements, the simulation requires input that is representative of a
comprehensive understanding of the IG design, materials, processing and its anticipated
application. This requires a comprehensive product and engineering specification be
developed. In fact, the required understanding of the IG system must have the depth to

include clear expectations of the material behaviors throughout their expected service life.
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The need for a product and engineering specification activity can not be stressed enough in
this, or any, development and manufacturing process. These specifications or product
requirements establish the baseline for the comparative analysis and development
processes. As more is learned, the requirements are updated and the documents revised.
For example, with a comprehensive set of inputs, IG durability of a specific design can be
compared in different locations of usage as demonstrated in this report. Or, a material or
property can be compared to each other and their expected or improved durability. Another
example would be comparing a material property at one end of its processing variance to

the other end on its variance.

The durability tool as developed by Aspen Research Corporation and TNO, in its present
form, is limited to the theoretical concepts, as previously discussed. There is a need to
validate the tool with actual field installed IG units in a variety of geographical locations
and building construction types. Attempts were made during this Phase of the project to
obtain field failure and failure cause data from manufacturers with very limited success.
No hard published data is available in the IG industry. The IGMA long term study has not
released manufacturer’s identities and specific IG constructions details with the results data

for proprietary reasons.

The previous sections have shown that actual IG environmental stresses vary with location
and installations. Testing standards now used are limited in how well the tests stress 1G
units for determining durability values. Development of additional IG testing methods and
tests to allow realistic determination of failure modes and causes and calculation of
reliability values will allow the details of materials, process, and design to be specified in

sufficient detail to allow the accurate prediction of IG life.

Currently the IG industry tests IG units to IGMA and ASTM standards as well as European
standards as required for validation and certification. This level of testing and certification
has had many benefits to the industry in terms of preventing massive 1G failure rates in the
first several years of exposure. As has been documented, certified units displaying the

certification markings have been involved in large and small scale IG failures found on
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certain building projects. The most notable has been the common problem with excessive
deflection found in Argon filled IG units from many manufacturers in many areas of the
country. The overall success rate of IG manufacturing is good. However, the cost of
replacing failed units in terms of actual expense and in terms of total energy and
environmental cost leaves a lot of room for improvement. A decrease of 50% in IG failure
rate will have a very significant financial effect on the industry. The goal of improving IG
durability by means of better testing and analysis is to reduce total costs through better

control of the appropriate details of design, materials, and process.

The output of the simulation should be considered a guild to understanding IG durability in
a comparative manner. The output is not an absolute statement of expected durability
based on the input. As mentioned above, work remains to be done to advance the
simulation. One area that commands a great deal of effort will be the task of validating the
simulation tool. This process will occur at several different levels, from the material
models up through correlating field failure data. This process will include response of the
sub-models, testing current and developing assumptions, forcing root cause material and
system failures as examples. The simulation responses must be collated to results from
appropriately designed tests. Much of the testing that must be considered will be new
protocols and associated procedures, for testing an assumption for example. In addition
current durability and related protocols can be used for validation as they are correlated

with the simulation response.

Although the current IG durability protocols and procedures provide an excellent base line
for evaluating initial system integrity, when comparing the overall severity factors and
material temperature data, the tests do not induce forces on the IG system in the same way
or at the same level as would be expected over the required service life. Two areas of

concern include:

Capturing fatigue failure which could result in catastrophic failure of the materials

or their interfaces as well as gas loss,
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Capturing failures associated with the temperature and stress gradients revealed in
the Cardinal experiment which could result in catastrophic failure of the materials

or their interfaces as well as gas loss.

Adding to the systems based tests, sub system and materials test development must address

current and future modeling assumptions.

In summary, the project has produced the first durability simulation tool of its kind and will
provide an unquestionable advantage in supporting current and future IG design with its
continued development. The tools can be utilized not only to guide the design processes
but can also support physical test development and prioritization of research activities.
Information, data and analysis contributed or generated in the insulating glass knowledge

base has already provided insight supporting recommendations for actions that can:

e Have an immediate impact on IG duality through continued and expanded process
quality and documentation

e Support review and validation of current modeling and IG design assumptions

e Support review and advancement of applied stress, stress gradients and fatigue
application

e Support review and advancement of durability test protocol and procedure
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7.0 Conclusions and Recommendations
Michael L. Doll, Dr. Russell Pylkki, Gerald Hendrickson

Based on learning experiences and developments in the project, the following conclusions

and recommendations are made.

7.1 1G Durability Improvements, Current Production

The insulating glass manufacturer should insure, working up and down the fenestration
value chain in a collaborative fashion, development of an IG product and engineering
specification for the products they produce. (An example specification format is presented
in Appendix 9) The more comprehensive, the more beneficial the documents are in
supporting all aspects of the manufacturing process, including its control. These
documents include metrics which can be chosen for monitoring and measuring; creating
process validation nodes throughout the manufacturing processes as appropriate. Material
specifications, engineering specifications, and process specifications are some of the keys
to consistent quality in a product. During initial design of an IG unit, testing of the product
is conducted to verify that the specifications are correct and that the specifications describe
the product that is desired. The specifications are the tool used by a manufacturer to
technically describe the product and to show that the product is intended to be of the
described quality.

Quality processes should be implemented at all appropriate levels of all IG unit design and
processing, supported by appropriate documentation defining successful implementation
and its tolerance. Initially, each activity from incoming material to shipment should be
characterized. This process will help define what activities are less than robust and need

more attention for error detection, training, etc. More robust processes will take less
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attention. The robustness of a process is an attribute of the product design, the materials in
the processes and the process design itself. Thus, less robust processes that are deemed out
of control, uncontrollable or require expensive detection monitoring can be addressed
through design and / or material change as well as process improvements. Consider that a
sound, comprehensive quality process implementation insures a successful, consistent
execution of design, material and process, thus, successful “certification” is the validation

of that quality process.

There are several industrial organizations including IGMA, AAMA and GANA which can
be leveraged to assist in defining and implementing quality assurance processes. These
organizations have assembled quality manuals which provide guidance as well as training
programs. In addition, the supply chain and customer base can contribute to a successful
quality plan with similar documentation and training. The quality process which is
implemented in any one manufacturing process is unique to that process; based on the

choices of product and business requirements.

Most quality processes suggest training of manufacturing associates in quality activities.
An important aspect of that training should include discussions which give the associates a
clear understanding of the need to adhere to supplier recommendations for material
handling. In addition to human safety considerations, an understanding of “protecting” the
materials from contamination and why can be integrated throughout the assembly process.
All materials in the IG, or that come in contact with materials in the IG, must have
specifications that describe all aspects of the materials that may affect the product service
life. Contamination of materials, either through their internal structure, or by surface
contact may have severe consequences on IG life. One example of often overlooked
contamination is the use of silicone hand creams or lotions by employees. The silicone
may contaminate surfaces where adhesion of sealants is required. These surface
contaminations, just as any raw material contamination of sealants during manufacturer,

can have adverse effects on product service life.
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The most current field studies as well as laboratory data suggests approximately 10% of IG
assemblies fail within the first 10 years of service and that these failures are most
commonly attributed to process failures. With documented product, engineering and
process specifications and assuring consistent design and manufacturing execution, field

failure rates will be improved.

7.2 1G Durability Simulation Design Tool, Validation

Validating the simulation tool will be an important aspect of continuing the tool
development process. Facilitating the use of the tool and its acceptance requires that the
validation process be an immediate priority. The importance of tool validation cannot be
understated. We know that the model is built upon an understanding of the physical forces
that are acting upon an IG unit and the IG unit’s response to those stressors. Assumptions
were made with respect to the boundary conditions for the model. Changes in these
parameters could change the outcome of a simulation; therefore the output of model must

be validated.

Validation will occur at several levels of the program and a well designed process will
advance current understanding of IG durability in the near future. The new understanding

can then be implemented in current and new IG designs, improving durability.

At the materials level, validation will be supported by tests designed to address material
properties as they relate to long term exposure to the environmental stress as well as all
levels of process variability. The test development and results along with continually
advancing field data can then begin the model correlation process. Considering the current
version of the simulation program, prioritization and planning should be given to validate,

advance and build confidence in the:

e thermal, stress and permeation models

» individually and coupled performance
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* boundary conditions
= application of current assumptions
= revise users manual as required to reflect needed understandings and
model advancement
e current designs input and configurations
» finalize execution and output on current (two) designs
* revise users manual as required to reflect needed understandings and
model advancement
e materials database
= continue population of the database
= execute material testing as required
e [G systems testing
» develop model input representative of current durability testing
stressors, execute for correlation using existing response data and
forced failure data (if required)
e Field Data Collection,
» develop a cooperative process for collection of contributed field
service life data and field failure data
= develop a cooperative process for collection of contributed

certification (laboratory) results data

Model validation will continue as the model continues to advance.

7.3 1G Durability Simulation Design Tool, Current Implementation

In coordination with validation activities, the current simulation tool should be used to

support understanding and prioritization of IG research.

Sensitivity Analysis
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The current output options of the simulation let the user extract data at
several levels. Varying input variables such as material properties and their
variance or inputting “virtual” material properties will provide insight and
direction for priority characteristics affecting IG durability. Sensitivity can
also be run around application conditions, design parameters, etc. In
addition, purposeful manipulation of input variables will provide similar

insights to quality or process variance effects on durability.

Testing Protocol Analysis
Development and input data representing laboratory induced stressors with
correlation to IG results can be leveraged for both simulation tool validation

as well as advancement of the physical testing protocols and procedures.

7.4  Durability Simulation Design Tool, Continued Development

As has been discussed, the current version of the durability tool provides a solid foundation
for the continuing development and completion of a comprehensive computer based 1G
design support tool. The completed tool will give the IG designer insight to 10, 20 or more
years of their product service life in a matter of a few hours or less. Many
recommendations for continuing development of the simulation tool have already be
presented and discussed in preceding sections. Section 4.9.2 provides additional
recommendations to advance the current version and discusses recommendations to
advance simulation through the current time-step based methods to include predictive
analysis that results in identification of the most likely system failure root cause. The
importance of these recommendations centers on the result of the advancements, realizing
there may be several methodologies and paths to consider in the process. As the

development process continues, it is recommended that the following items be considered:

As presented here, the durability tool includes only two currently manufactured I1G design

configurations. The tool will accept dimensional changes, material changes, etc., but the
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relative positions or configuration of the IG systems can not be changed. The fundamental
models used for the thermal, stress and permeation models are acceptable with
consideration given to the simplifications and assumptions employed in the methodology.
With the implementation of the additional IG designs, the fundamental models, their
coupling and assumptions should be reconsidered for appropriate application. For
example, the most commonly manufactured designs all include a gas filled air space
between the glass lites. If the space was filled with an innovative insulating material there
are several heat transfer and temperature issues which would need modification, the current
models and assumptions would not be valid. An additional example would be the
implementation of the three-glass lite designs, creating two gas filled volumes which are

being sold for far northern applications.

Defined as an IG design and development tool, the program will inherently need flexibility
in accepting input representing novel designs. Each novel application requiring a durability
response will need to consider the validity in applying the algorithms as they exist at that
time. Any inadequacy can be addressed with modification. The mathematical algorithms
must be checked against the new system and adjustments, replacement or additions in the
algorithms might be necessary to accurately describe and model the new system. It is
envisioned, that at some point in its development, a library of algorithms, descriptions of
usage and application will be made available. The algorithms chosen for a new or specific
design analysis would then automatically develop their coupling attributes at the time of

selection. Thus, more design iterations can be explored more quickly.

In addition to the specific IG geometry updates, sash applications need to be addressed.
The current version provides a sash and sash interface geometry that is simple and straight
forward providing the ability for material changes. The assembly interface is the “wet”
seal glazing design with no options. The current version calculates expected temperatures
of the sash material, its 1D expansion response and applies the expected force of the
thermal deformation to the IG assembly through the glazing material. As presented in the
preceding discussions, the following issues must be reconsidered in the future while

applying the IG to existing and new sash designs.
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The majority of current IG manufacturing is not well represented by an assembly in
which wet seal glazing is applied to both the inside and outside as the primary seal
and structural support elements. More common constructions / designs need to be

implemented.

Window and IG manufacturers almost universally require “setting” blocks be used
in the 1G / sash assembly. Generally these blocks are intended to support all glass
lites of the IG, removing the stress that would be associated with one supported lite
and gravity continually acting on the other; creating a constant and continuing shear

on the IG sealant.

Data has been presented that requires rethinking the assumptions associated with
the thermal model. Considering the sash contribution to the system, the
temperature of IG components is dependent on the sash material including its
surface absorption characteristics, as the field data shows. Thus, as the model
advances the recommendation for revision of the thermal model must include its
extension to capture conduction, thus recognizing the sash’s thermal effects on the

system.

In the sections referenced above, recommendations are made directing advancement of the
program including the current thermal model. In addition to those previously presented
and the thermal model consideration of the sash as a thermal and mechanical stress input to
the IG system, the following additional model recommendations are made for future

revisions.

The current simulation does not consider diffuse radiation as an element in
temperature calculation. The model needs to be revised to consider the daytime

diffuse radiation component as well as the current direct component.
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Field data presented in section 4.5.4 provides insight into the daily IG temperature
cycling. The data clearly displays the gradients and their dynamic characteristic as
the sun moves across the sky. The data also shows the magnitude of the
temperature differences recorded throughout the system at moments in time.
Advancement of the durability simulation must consider the material temperatures
in a more realistic way. Many of the material properties which can affect 1G
durability are dependent on material temperature. The current assumptions
(estimation of seal temperatures) are not adequate to cover the seal temperatures the
data clearly demonstrates are possible in the continually cycling system (as an
example). It is also recommended that existence of the temperature gradients and
their attributes be explored relative to any possible contribution to an identified
failure mode or an additional failure mode of the system. The simulation
assumption (either IG cavity air temperature or the average of the temperatures of
surfaces 2 and 3) of the seal temperature can be 20 degrees C below the actual
measured temperature of the seal. This would translate into a difference in
permeation rate change error of as much as 100% or more with a specific and

possible set of conditions.

The process of capturing these temperature attributes in the thermal model will
require advancing the model to 2D / 3D sophistication. These material
temperatures provide the input to then capture and appropriately apply the thermal

stress and strains exhibited in the system.

Recommendations for advancing the structural model are presented in 4.9.2. Those
recommendations previously presented are focused on advancing the model capability to
the more realistic 2D and 3D response. The following recommendations are examples
intended to more specifically describe areas of the system that will be better represented
with the more sophisticated models providing insight to their possible contribution to 1G

failure.
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It is well known that the glass lites cycle through deformation from parallel based
on temperature and pressure changes throughout their expected life. The current 1D
and 1 2 D models are not adequate to describe the full deformation of the center of
the glass or the physical response of the corner sections of the IG panels.
Implementation of 2 D, 2 %2 D and 3D models will provide the needed level of
resolution to related these responses to failure modes and add to the overall

understanding of IG durability.

The importance of describing, documenting and controlling the processing of material,
material application , IG assembly, etc. as they relate to IG durability has been discussed in
several areas. The current version of the simulation contains only limited abilities to
explore expected assembly process variance. Additional insights can be obtained around
process and quality issues through a purposeful manipulation of material properties. For,
example, in a very known and controlled way, the adhesive strength (property) of a sealant
can be manipulated as part of the simulation input to model the affect of dirty glass. The
expected simulation output of such a process will only give a general trend of increasing or
decreasing failure rates. The magnitude of the change in failure rates would be tenuously
acceptable at best. It is recommended that the simulation be advanced to include the

processes and their variances.

Considering that modeling the assembly processes is dependent on choices made in
support of a set of product and business opportunities, as discussed earlier, the inclusion of
process and quality modeling will be unique if very accurate results are required. The
implementation of process and quality can be done at several levels of resolution, each
delivering a parallel level of resolution in the results. The first Phase of implementation is
recommended to leverage commonly used and known mathematical distributions
representing the composite of the manufacturing processes. Ultimately, each step in the
assembly process is characterized and implemented as individual distributions, or each
individual distribution is used to create a compost distribution; then these factors are input

to the simulation program.
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In consideration of variance, just as acceptable tolerance (designed variance) is expected
and documented on a part drawing, there is expected variance in each manufacturing
process. The design of product and manufacturing processes understands and includes
acceptable, validated variance in the design process. The final implementation of material
variance and process variance will give the designer the ability to investigate effects of
producing product on the low and high end of those variances on the overall durability of
the product. This investigation assumes that all the processes (material processing,
assembly processing, etc.) are under control just as is done in the current simulation. In
other words, a consistent, quality product is being produced. If interested, the IG designer
then could explore IG durability relative to processing that violates the designed variance.
This can be defined as the effect of IG durability due to unacceptable quality or producing

IG outside the documented product, engineering and / or process specifications.

7.5 Test Protocols and Procedures

The following recommendations for physical testing encompass both advancement of IG
system and IG component durability testing. This testing should address validation of the
simulation model, material property testing, investigation of current modeling assumptions
and general understanding of root cause failure modes. Throughout the report, physical
testing has been discussed in support of all of these tasks as well as advancement of current
and future certification and building code programs. In general, the following discussion

extends the presentation in section 5.3.2.

1. Pressure Characterization Test

The test would place IG units in a pressure test vessel and cycle the units from room
ambient conditions to plus and minus 2.5 psi, at 70 F constant temperatures. Center of
glass thickness would be measured. When the center of glass thickness equals the
edge thickness, the equivalent manufacturing conditions would be met under
controlled conditions. This would quantify the varying barometric pressure and plant

temperatures at which the IG unit was sealed. Center of glass thickness at some
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specified conditions above and below the sealing value would give data on the rigidity

of the sealant and spacer assembly.

Failure Modes Addressed

O Sealant stress derived as a function of glass deflection
0 Deflection of glass in the IG assembly

O Built in stress as a function of temperature, humidity, and altitude at the

time the IG was assembled
e What the test will specifically reveal in terms of strength or a stress.
0 Strain in sealant and spacer section
O Stress in glass lites

e Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
0 Pressure range equivalent to change in altitude of +/- 2000 feet

O Pressure range equivalent to temperature range of -30 degrees F to 140

degrees F

e How the procedures should be run to best model the "real" inputs and the responses

to those inputs
O This is a limited cycle test to characterize the unit exposure to pressure
0 Repeated test conditions should produce the same results.
0 Changed results indicate overstress of components and potential failure
e What modes should be perturbed?
0 Pressure changes at constant temperature
0 Varying fixed temperatures with repeated pressure changes

e Recommendations that will validate the stress inputs
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0 Units now installed at elevation ranges over 1000-ft difference from the

assembly manufacturing location
0 No control on temperature and barometric pressure at IG unit assembly
e Required strengths (responses)
0 Component level
* No sealant fracture or separation
0 IGlevel
* No failure of seal integrity
» Change in response indicates IG process variation or material change
0 Certification level.

= Failure here will also indicate a failure to achieve certification

Purpose:

To give a valid picture of the stiffness and deflection properties of the IG design.
Various sealant and spacer designs would be expected to give different results. When a
given IG design is characterized, repeating this test may give confirmation that the IG
assembly process results in the same IG characteristics over a period of time and

process variation has not occurred.

2. Pressure Cycling test

IG units would be placed in a pressure chamber and pressure cycled. The pressure
limits may be based on the geographical location of typical installation locations as
determined by the severity calculations previously described. Number of cycles would
be representative of the desired lifetime of the unit. Temperature conditions could be
varied from low to high, keeping in mind the total severity condition being applied to

the unit.
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Failure modes addressed

0 Sealant fatigue failure during service life

0 Wear-out failure from normal service life internal pressure changes
What the test will be specifically revealing in terms of a strength or stress.

0 Failed unit will leak moisture into the cavity and experience abnormal

pressure changes

Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
0 Magnitude based on environmental conditions at the installation site

0 Number of cycles based on desired service life (20 years equals about 7300

daily cycles)
0 Cycle frequency based on acceleration factor desired

How the procedures should be run to best model the "real" inputs and the responses

to those inputs

0 Pressure cycling equal deviation above and below ambient pressure

0 Compensation for bias due to manufacturing temperature and altitude
What modes should be perturbed?

0 Pressure; moderate temperature control to control test bias
Recommendations that will validate the stress inputs

0 Observation of environmental conditions

0 Relationship to other accelerated testing where speed of pressure changes is

less than 3 time constants of the unit response to applied stress change
Required strengths (responses)
0 Component level

= Must pass cycle test
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0 IGlevel

= Must pass cycle test for verification of acceptable reliability and
liability
0 Certification level.

» This test is far above the current requirements for certification

= New certification tests for durable and predictable service life are

expected

Purpose:

This is a dynamic cycling test to simulate changing internal/external pressure ratios
caused by changes in temperature and barometric pressure. This would be designed as
an accelerated wear-out type of test where the cycling rate is much faster than actual
field temperature changes. This protocol will stress the adhesive through the same
dimensional range that actual field units can see. This test can also be conducted at
various temperatures to determine the effect of temperature on the sealant

characteristics. Care must be taken to avoid overstressing the sealant. (Note 1 applies)

3. Temperature Differential Test

IG units would be placed in a fixture that allows a hot and cold water spray to be
applied to each side of the assembly. After a period of time to stabilize, the hot and
cold sprays would be reversed. This test is to stress the glass and adjacent seal in shear
due to the thermal coefficient of expansion of the glass. Number of cycles should be
appropriate for the installation location, as would be the temperature settings.
Acceleration of the test results would be from a high number of short-term cycles (each
cycle would be approximately 3X the thermal time constant of the IG unit). For a 9.75
inch sample length, the change in length for a temperature range of O F to 140 F is:
0.0107 inch for glass; 0.0277 inch for aluminum; 0.0198 inch for stainless steel; and
0.0136 inch for steel. These values place a substantial shear stress and elongation on

the sealant.
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Failure modes addressed
O Shear failure of sealant
What the test will be specifically revealing in terms of strength or a stress

0 Ability of IG system to withstand differential temperature cycling, indoor

vs. outdoor

Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)

0 Temperature range from above freezing (for water spray) to about 110 F for

maximum temperature

= Thermal time constant needs to be determined for the IG in the water
spray at temperature T2 (T1 = starting temperature, T 2 = ending

temperature)

How the procedures should be run to best model the "real" inputs and the responses

to those inputs
0 Cycling rate 3 thermal time constants for each change in temperature
0 Number of cycles per weather/environment conditions for location
O Test duration limited to 2 months with periodic checks of seal integrity
What modes should be perturbed?
O Min and max temperature

=  Water coverage and rate (will change thermal time constant of 1G

test)

Recommendations that will validate the stress inputs
0 Measurement of dimensional changes during cycling
O Measurement of average cavity temperature

0 Correlation to field service life. (See note 1)
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e Required strengths (responses)
0 Component level
* Durability of sealant adhesion and cohesive strengths
o IG level

= Must pass the final test procedure to qualify as meeting expected

durability/liability
0 Certification level.
* No correlation to present IG certification level

»  Future IG durability certification will include this test

4. Twist (torsion) Cycling Test

This test would subject IG units to a twisting force similar to that seen in casement
style windows during operation. A torsional force may also be applied to some units
from their installation in a building when the window unit is forced into alignment
with a wall surface. The torsional stress causes a high shear stress in the sealant. A
measurement on the torsional stiffness of an IG will give data on the sealant system
rigidity. The test parameters would be based on the shear stress allowed in the sealant

material specification. Test rate and number of cycles is to be determined.

e Failure modes addressed
O Shear stress in sealant
0 Durability in casement window applications where twisting of sash occurs
0 Torsional stiffness will be a measure of IG design parameters
e What the test will be specifically revealing in terms of a strength or a stress
0 Change in torsional stiffness indicates a change in materials or process

e Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
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0 Torsional deflection limited to maximum shear stress of sealant in the

material specification

0 Torsional deflection limited to the angular deflection found in specified sash

(this will vary by window manufacturer)
0 Number of cycles related to specified service life operational cycles.

0 Magnitude of severity overstress (safety factor) to be determined (See note
1)

How the procedures should be run to best model the "real" inputs and the responses

to those inputs
O Angular deflection controlled to the stress levels specified

0 Cycling rate of 1 minute per full cycle (equal deviation from flat surface

condition).
What modes should be perturbed?
O Angular deflection, cycling rate, ambient temperature
Recommendations that will validate the stress inputs
O Seenote 1
Required strengths (responses)
0 Component level
* No sealant failure of IG leakage failure
o IGlevel
* Must pass engineering specification ratings for windows

= Must pass engineering specification for IG handling at window

assembly and building installation.
0 Certification level.

= Not covered in present certification programs
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* Needs to be addressed in durability certification for casement

window applications and other operator types, i.e., awning windows

5. Static Shear and Creep Test

In this test one of the lites in the IG unit would be supported and the other lite
unsupported. A load would be applied to the unsupported lite sufficient to place the
sealant materials near the shear stress allowed in the sealant material specification.
Measurement of the amount of movement of the unsupported lite gives the creep of the
sealant after a period of time. In this test, as well as in the other tests described in this

section, the temperature at which the test is run needs to be determined.

e Failure modes addressed

0 Long term shear loading and stress when both lites may not be properly

supported
e What the test will be specifically revealing in terms of strength or a stress.
0 Movement of unsupported lite and resultant failure of sealant system

0 Will clarify need for and specification limits regarding equal support of

glass lites

e Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
0 Force on unsupported lite equal to 2 times glass weight
0 Time duration 1 month
O Ambient temperature
0 Measurement of glass movement

e How the procedures should be run to best model the "real" inputs and the responses

to those inputs
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0 One edge of one lite supported on firm, fixed stable base, other lite subject
to applied weight equal to glass weight evenly distributed along entire top
edge. 1G held in upright vertical position, Initial and periodic measurement

of unsupported lite movement
e What modes should be perturbed?
0 Magnitude of applied force
0 Ambient temperature
e Recommendations that will validate the stress inputs

0 Observation of present glazing practices and support of both lites by the

sash frame

0 Present alignment measurements of both lites in current IG manufacturing

Required strengths (responses)
0 Component level
» Shear strength of sealant in relation to glass weight
0 IGlevel
»  Proper alignment of bottom edge of both lites of glass
0 Certification level

* Present certification does not address glass lite alignment, setting

blocks are assumed to cure misalignment

6. Temperature Cycling Test

In this test the entire IG would be placed in an immersion type chamber and the
temperature cycled. Number of cycles and temperature extremes needs to be

determined.

e Failure modes addressed
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0 Sealant adhesion and cohesive strength
0 Environmental cycling stress on sealant due to temperature and deflection
What the test will be specifically revealing in terms of a strength or stress.

0 Properly specified and processed 1G will withstand the environmental stress

with an adequate durability and reliability index.

Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
0 Certain manufacturers use this test method for internal testing
0 Temperatures and cycling rates need to be determined.

How the procedures should be run to best model the "real" inputs and the responses

to those inputs
0 Units to be checked for seal integrity before, during, and after cycling.

0 Cycling rate to be less than 3 times the thermal time constant of the IG units

tested.

What modes should be perturbed?

0 Temperature min and max

0 Cycling rate
Recommendations that will validate the stress inputs

0 Confirmation by present users of this test procedure

0 Environmental conditions during the expected life of an IG unit
Required strengths (responses)

0 Component level

= Must pass this test
o IGlevel

» Must pass this test to demonstrate required durability
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0 Certification level
= Not present in current certification procedures

= Recommended to be included in durability certification procedure

7. Sealant UV Exposure

Sealant applied to test strips of glass 1 x 3 inches would be exposed to UV light and
moisture for a period of time. The force needed to pull the glass test strips from the
sealant would be measured. The modulus of the sealant also would be checked for

changes during the test.

Failure modes addressed

0 Adhesive failure of sealant to glass and to spacer
0 Degradation of sealant material with exposure to UV in sunlight
o What the test will be specifically revealing in terms of a strength or stress.
0 Loss of adhesion with UV and/or moisture
0 Change in sealant properties with UV and/or moisture

e Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)

0 UV intensity to be determined, samples will be exposed to UV both directly
and through the glass

0 Duration expected to be 30 days with visual observations more frequently

e How the procedures should be run to best model the "real" inputs and the responses

to those inputs

0 Sample pieces randomly piled in pan of water 6 to 12 inches below UV

lamps

0 Sample pieces to have random orientation so all types of exposure exist.
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0 Test to be at ambient room temperature
e What modes should be perturbed?
o0 UV light intensity
0 Cleanliness of glass surfaces
0 Process values in attaching sealant to glass
e Recommendations that will validate the stress inputs
0 This test has been observed in labs of sealant manufacturers
e Required strengths (responses)
0 Component level
* Sample to retain adhesion throughout test
= Sealant to maintain material specification properties
o0 IGlevel
* Failure during this test indicates future failures in IG units
0 Certification level
* Not in present certification programs.

e (Test is in the realm of material testing)

8. Interior IG Dew Point

An improved method of measuring the interior dew point is needed. The existing
method uses a fixed temperature cup and takes a significant amount of time to equalize
and determine whether moisture is present on the inside of the glass. If the reading
needs to be repeated for another temperature, the total test time is very long. A new
method of using a test probe with a decreasing temperature ramp would speed up
accurate dew point readings. Another method worth further development would be a

dew point sensor sealed inside the IG unit.
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Failure modes addressed
0 Increase in interior dew point during IG life

What the test will be specifically revealing in terms of a strength or a stress
0 Rapid response during test and real value of dew point

0 Presently is a pass/fail test and takes a long time to retry at different dew

points

Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
0 Correlation of test method with present ASTM and European methods

How the procedures should be run to best model the "real" inputs and the responses

to those inputs

0 Test method to be developed. Lab in Canada has worked on this with good

results in field testing

What modes should be perturbed?

O None

0 Development of test method is to result in a consistent procedure.
Recommendations that will validate the stress inputs

0 Correlation of test method with present ASTM and European methods
Required strengths (responses)

0 Component level

o IGlevel

= Rapid exact results
0 Certification level

=  Will speed up certification testing
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9. Material Tests

These tests will be specifically designed to provide insight to if and to what magnitude

process variance has on IG durability. The tests will span processes from the basic

materials level through the processes of 1G assembly where variance can occur. The

tests would include the following as examples.

0]

0]

Glass cleanliness
Edge deletion quality

Spacer leak rate, dependent on spacer design (Roll formed spacers may

contain microscopic fractures at sharp longitudinal bends.)

Sealant viscosity, modulus, adhesion, elongation, shear strength, tensile

strength, composition, permeation rate under stress, and other characteristics
Desiccant absorption, desorption, capacity
Spacer surface finish, contamination, and sealant adhesion test

Other tests

e Failure modes addressed (See detail above)

0]

0]

o

0]

0]

Sealant adhesion

Moisture penetration of sealant

Desiccant properties and capacity

Spacer adhesion, breathing, and barrier properties

(etc)

e What the test will be specifically revealing in terms of a strength or a stress

0]

0]

o

Adhesion of sealant to glass and spacer
Desiccant capacity

(etc)
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Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)

0 Details to be covered by values in the material specification and piece part

prints

How the procedures should be run to best model the "real" inputs and the responses

to those inputs

0 Details to be covered by values in the material specification and piece part

prints
What modes should be perturbed?

0 Test methods should follow ASTM and other standards to give consistent

results
Recommendations that will validate the stress inputs
0 ASTM and European material standards with emphasis on IG application
Required strengths (responses)
0 Component level
= Must meet engineering specifications
* Failure or variance will hinder durability of IG units
o IGlevel

= Out of specification values unacceptable for certified and warranted

units
0 Certification level

= Present certification does not address this situation except in Europe

(EN-1279)
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10. High Humidity Soak Test

Placing units in a heated pressure chamber where the vapor pressure can be raised and
the pressure counteracts the deflection of the glass caused by the test temperature
would enable a more severe high humidity test without otherwise affecting the test
unit. When the temperature is raised to 180 F @ 95% RH the vapor pressure raises to
7.298 psi. With an increase in pressure of 1.525 psi., the deflection of the glass will be
near zero and the sealant unstressed mechanically. This will allow 184.4 vapor
pressure psi- hrs per day test exposure for a 10-year equivalent of 182 days for the
most severe actual exposure. A realistic 10-year test of a moderate climate humidity

exposure such as Minneapolis could be run in as little as 61 days.

» Failure modes addressed
0 Moisture penetration of sealant system
0 Fogging of IG
0 Internal IG condensation
* What the test will be specifically revealing in terms of strength or a stress
0 Ability of the IG to withstand environmental humidity exposure

= Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)
0 Weather data for installation locations gives the practical values for testing
0 Extended humidity exposure increases failure rate of IG units

= How the procedures should be run to best model the "real" inputs and the responses

to those inputs
0 High humidity test chambers

0 Testing under increased pressure to increase moisture severity and decrease

test time.

»  What modes should be perturbed?



0 Test duration
0 Temperature

O Pressure to increase permeation stress without increasing mechanical sealant

stress
= Recommendations that will validate the stress inputs
0 Study of weather data for various locations
» Required strengths (responses)
0 Component level
* Not directly applicable
0 IGlevel
* Durable and reliable IG units must meet this test
0 Certification level

» Present certification does cover humidity testing at a lesser level than
actual exposure. Different locations have differing humidity severity

exposures.

11. Impact Test

One lite of an IG would be mounted vertically in a rigid frame which moves in a
vertical direction. The other lite is unsupported. The frame is raised and allowed to
drop vertically onto a heavy base. The resulting shock would be similar to that
experienced by a double hung window sash which drops or is slammed closed.

Number of cycles and the test temperature needs to be determined.

» Failure modes addressed
O Shear failure of sealant, adhesive and cohesive
* What the test will be specifically revealing in terms of strength or a stress.

O Ability of IG to meet operating conditions in operable hung sash
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0 Ability of IG to meet long term durability when both lites are not equally
supported

Agreement on what the inputs (magnitude, duration, frequency, etc.) that should be

imparted on the sample (IG / component)

0 Some IG manufacturers have conducted a similar test for their materials and

design.
0 Details of previous tests not well documented in public literature

How the procedures should be run to best model the "real" inputs and the responses

to those inputs

0 Force levels and drop distances to be modeled after weights and other

details of actual windows.

0 Cycling rate on number of cycles to be representative of actual field usage

expectation
What modes should be perturbed?
0 Drop distance

0 Drop surface stiffness and shock absorbing characteristics.

Recommendations that will validate the stress inputs

0 Possible confirmation of testing by manufacturers that have conducted these

tests
Required strengths (responses)
0 Component level
=  Will verify adhesive and cohesive strength levels of sealant
o0 IGlevel
* Must pass dew point testing after this test

* Must pass long term exposure after this test
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0 Certification level

= Not covered in present certification test programs

In development of these and other new test procedures, it will be imperative that each and
every test be quantified with actual field experience. During this development process,
new and additional test procedures will become evident. Refinement of test details will
enable the new tests to more closely correlate with field exposure. An important aspect of
this testing will be the failures produced. Failures during testing enable accurate
identification of failure causes and the knowledge to improve the quality of IG units.

Failures are also required to produce statistically valid results.

Note 1 It is very important that new test standards be correlated with actual field
experience. Details of field experience and clear data on field failures is not
readily available. An important part of test development to improve IG
durability is to conduct field studies that give clear detail of IG construction
details and processing and also give clear details of the field installation
conditions. Weather records during the field exposure give credence to the

conditions experienced by the IG units.

Failures are expected during IG service lives. The failure rate is the critical value which
increased durability is attempting to reduce. A good goal for development of new test

standards is to reduce the failure rate to 1/2 that of the present rate.

Testing results are not very useful until failures occur. Improvements can only be made in
IG materials and processing when problem areas are fixed or improved. Test methods are
intended to produce failures at some point during the test. By studying the failures,
changes in IG design and process can be made. Re-testing that reduces the failure rate
demonstrates an improvement in reliability. Reliability calculations require failures to

clearly show the true expected reliability and durability.
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Synopsis

This report will discuss issues relevant to Insulating Glass (IG) durability performance by
presenting the observations and developed conclusions in a logical sequential format. This
effort, covering Phase I activities, discusses a qualitative assessment of durability issues. The
subsequent, Phase II, activities will be discussed in a future document which will focus on

quantifying these durability issues.

An overview of typical IG constructions is provided. This overview includes identifications of
representative design classes as well as descriptions of typical component characteristics.
Potential system failures are captured for the identified constructions. The system failures occur
due to failures of components or their interfaces. Failure Modes and Effect Analysis and Event
Tree techniques are used to describe the potential system failures with respect to failure of the
components and subsystems. A detailed qualitative discussion of component and interface
failure modes is presented. Design and process issues which drive the failures are discussed.

The underlying failure theory is also discussed.

The effect of environment on IG performance is discussed. Environmental parameters which
directly correlate to system failure are discussed qualitatively. An example of how
environmental parameters may be analytically captured is presented. A methodology for
estimating the composite severity effects on an IG product, given a multitude of environmental

factors is discussed.

Theoretical constructs for describing how environmental factors result in physical stress and
failure of a system are presented. The constructs include analytical models describing the IG

pressure-volume relationship, moisture vapor transmission, and gas permeability.

A reliability estimate of specific existing IG products is presented. The reliability predictions are
derived from existing field service data. The results of the assessment are presented as well as
the methodology followed. The methodology presented can be used as a template for future such

analyses.
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1. Introduction

Richard Hage

1.1 The Need for An Insulating Glass Knowledge Base

The objective of the Insulated Glass Durability Knowledge Base, an effort funded by the U.S.
Department of Energy (Cooperative Agreement DE-FC26-01NT41258), is to provide a
mechanism by which durability characteristics of current IG units can be captured in a useful and
practical manner. The effort will be performed by Aspen Research Corporation in conjunction

with its partners in industry, academia, and government.

To fulfill the goals of this project, the knowledge base will consist of two primary structures: a
durability evaluation tool and an IG design data repository. The durability evaluation tool will
support the following analyses: material sensitivity, design sensitivity, environmental sensitivity,
and durability performance predictions. The design knowledge repository will contain practical
and useful design references: event tree diagrams for representative design classes, relevant
material properties, regional environmental exposure levels, mechanistic failure models, and

national and international standards relevant to IG product development and testing.
This paper discusses the structured methodology that will be followed for development of the

durability evaluation tool. The methodology represents a structured approach founded upon

sound reliability and mechanistic modeling principles.
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1.2 Philosophical Approach

This project has been defined as a two-phase project. The first phase is intended to discuss
Insulating Glass durability issues at a qualitative level. That is, the relevant issues will be
identified, and technical understanding will be developed and communicated regarding these
issues. For the first phase, the technical discussions will be focus on first principles theory and
practical considerations. In most cases, numeric values will not be quantified for these
statements, but the statements will support future, phase two, quantification of the first principles
derived theory. This section discussed the overall approach taken to fulfill the requirements of

this project.

One of the principal challenges of this reliability effort is development of durability assessments
that are applicable to a wide variety of products. In addition to variations of material properties,

significant design variations for different classes of products must also be addressed.

For example, two significantly different IG designs are shown below [1]. Figure 1-1 shows a
common IG design, which involves a structural spacer, a primary sealant material, and a
secondary sealant material. This schematic is a simplistic representation of this common IG
design. The implementation of the design typically involves metals or polymers for the spacer.
Another common IG design is shown in Figure 1-2. This design uses the sealants as the spacer.
In both designs, the primary and secondary sealants are typically some of the following organic
compounds: butyl (hot melt or not), polyurethanes, polysulfides, or silicone [2]. In addition to
various classes of materials being used, there are also significant variations within the material
classes due to formulation differences. When comparing these two designs, it is obvious that
their durability response characteristic will not in general be identical. Rather, their failure

mechanisms may differ substantially.

Failure Modes and Effects Analysis (FMEA) is the approach that will be used to capture
understanding of how the failure mechanisms relate to system failure. The FMEA documents
will form the initial basis for considering the durability similarities and differences between

differing designs.
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Figure 1-1. Common IG design with box spacer Figure 1-2. Alternative IG design

Event tree diagrams will be used as a tool to translate the verbal FMEA descriptions into
mathematical constructs to describe system failure. The event tree approach is commonly used
to capture the interaction of failure mechanisms for complex systems [3]. The event tree begins
at the top level as a system that has not yet experienced failure. Paths from the initial unfailed
state then progress along tracks of subsystem failure events until the end system result of either

failure or success is achieved.

The event tree diagram must be developed uniquely for each identified class of design. An
example event tree diagram, developed for the case of an IG with spacer design (represented in
Figure 1-1) is shown in Figure 1-3. This event tree diagram is for illustration purposes only, and
is not by any means intended as an official finalized diagram for describing this design’s
potential failures. When this effort is completed, however, there will be event tree diagrams
developed for each relevant class of designs. The finalized event tree diagrams will be

developed with input from industry, academia and government.

The event tree shown in Figure 1-3 begins with the state of an unfailed IG unit that has just

begun its service life. Its durability performance over its lifetime is then modeled as a chain of
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potential failure events. Each link in the chain of potential failure events can be modeled as a
flowchart decision block with the outcome of the event being either success or failure with
respect to the stated mechanism. If the block fails due to its stated failure mechanism, the
continuing failure chain is then evaluated to ascertain whether the chain of events will continue
until system failure is realized. If failure does not occur, other failure mechanism chains are
examined to see if they will result in failure. The flow continues until either system success or

failure is ultimately realized.

The decision blocks in the event tree will be developed such that they each capture a unique
failure mechanism, for example primary seal cohesive failure or primary seal adhesive failure.
At this point it is important to develop a methodology for consistently assessing the individual
decision blocks. To evaluate the decision blocks it is necessary to think of each potential failure
in terms of the competing nature of stress and strength. The completed event trees will not only
incorporate field induced stresses, but will also incorporate stresses and thus failure events
corresponding to processing issues. The general methodology to treat each of the decision

blocks is described in Figure 1-4, for the specific case of primary seal cohesive failure.

As is seen in the Figure, in order to evaluate the outcome of the decision block it is necessary to

have the following four primary elements:

e relevant environmental parameter values
e relevant material property values
e atranslating algorithm for converting environmental parameters to material stresses

e an algorithm for comparing the material stress values to its strength properties

To be the most useful, the environmental stress and material property data should capture not
only the expected values of parameters, but also their probabilistically distributed nature. The
translation step will involve mechanistic modeling of the failure mechanism in terms of the
environmental stress. The outcome of the decision block will be a result based on the

comparison of the translated stress and the defined material strength.
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The procedure for evaluating event tree diagram decision blocks will be implemented in a
consistent manner for each decision block, which is shown in Figure 1-5. When applied in such
a consistent manner, the result will be two algorithms that are defined within each decision
block: the environment to stress translation algorithm, and the stress to strength comparator
algorithm. The stress translation algorithms, each unique to a design block, will draw data from
the environmental database. Each translation algorithm will draw the environmental parameters
from the environmental database, which are relevant to the mechanistic model [4]. The
comparator algorithms will also be unique within each decision block. The comparators will
draw material properties from the material property database, which are relevant for the material
and stress value under consideration [5]. The environmental database will include information of
all relevant environmental parameters and for all relevant environmental regions. The material
property database will include information of all relevant material properties and parameters.
The environmental data and material property data will be stored in terms of not only expected

values, but also in terms of the probabilistic nature of the parameter values.

Once the event tree diagrams have been completed, with their embedded decision blocks and
mechanistic models, they will then be evaluated. The event tree is driven by probabilistic events,
due to variation in environmental stresses and due to variation in material property strengths.

The system will thus be assessed by treating it as a stochastic process.

A variety of techniques can be used to develop durability statements from the resulting system
model relationships. In the phase I effort, statements will be made using a model with relatively
few system failure mode blocks. This more simplistic representation will provide some initial
insight into perceived 1G durability performance. In the phase II effort, more sophisticated
analysis techniques will be used to make refined statements. The phase II quantified model
inputs, with the validated mechanistic models, will allow Monte Carlo simulation techniques to

be used to evaluate predicted durability performance.
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Figure 1-5. Generic Flow of Data for the Knowledge Base

The complete validated outcome of this effort will be a structured tool for IG durability

evaluation. The tool will be useful for the following activities.

e Material sensitivity analyses

e Design sensitivity analyses

¢ Environmental sensitivity analyses

e Durability performance predictions for stated designs

This structured approach will result in the development of unique event tree diagrams for each

class of IG design. The FMEAs generated will provide useful templates for understanding and

guiding IG and spacer system design and production processes. Within each of these designs,

inherent material and environmental variations dictate that a probabilistic approach be utilized.

The necessity of converting environmental parameters into material stresses dictates that

mechanistic failure models be developed and implemented.
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The structured approach will result in a practical and meaningful IG design data repository. The

following IG design knowledge will be captured:

e Failure Modes and Effects Analysis document for each IG design class

e Event tree diagrams for each IG design class

e Material properties for all relevant generic and specific IG material properties

e Relevant environmental exposure values

e Mechanistic models (translation algorithms) for defining material stress in terms of
environmental parameters

¢ National and International standards for IG product development and testing

By rigorously following this methodology, it will be assured that all relevant failure mechanisms,
environmental parameters, and material properties are addressed. In addition, interactions
between the failure mechanisms will be captured and understood. In summary, following this
structured approach will ensure that a useful and practical durability evaluation tool for the

Insulated Glass Durability Knowledge Base is achieved.
Again, this report summarizes phase I of this activity, which was primarily involved with

development of first principles qualitative understanding of IG durability. The phase II effort,

which will focus on quantification is proposed for a following report.
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1.3 Content of the Phase 1 Final Report

This report will attempt to discuss the relevant issues by presenting the developed phase I

conclusions and observations in a logical sequential format.

Chapter 2 provides an overview of typical IG constructions. This overview includes
identifications of representative design classes as well as descriptions of typical component

characteristics.

Chapter 3 provides an overview of potential system failures. The system failures occur due to
failures of components or their interfaces. Failure Modes and Effect Analysis and Event Tree
techniques are used to describe the potential system failures with respect to failure of the

components and subsystems.

Chapter 4 provides a detailed qualitative discussion of component and interface failure modes.
Design and process issues which drive the failures are discussed. The underlying failure theory

1s also discussed.

Chapter 5 discusses the effect of environment on IG performance. Environmental parameters
which directly correlate to system failure are discussed qualitatively. An example of how
environmental parameters may be analytically captured is presented. A methodology for
estimating the composite severity effects on an IG product, given a multitude of environmental

factors is discussed.

Chapter 6 presents theoretical constructs for describing how environmental factors result in
physical stress and failure of a system. The pressure-volume relationship, which directly
correlates to sealant stress, is captured within a proposed model, which when validated may be
useful for proactively estimating the flexure and sealant stresses of IG units. A model is
presented for describing moisture vapor transmission through sealants. A model is also

discussed for describing Argon loss due to sealant gas permeability.
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Chapter 7 provides a reliability estimate of specific existing IG products. The reliability
predictions are derived from existing field service data. The results of the assessment are
presented as well as the methodology followed. The methodology presented can be used as a

template for future such analyses.

The appendices contain a variety of useful relevant information. A summary of relevant ASTM
test methods is presented. The complete technical monthly reports to the DOE are presented.
Published reports presented to during the duration of the phase 1 activity are also presented in

their entirety.
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2. Overview of Typical IG Constructions

Bo