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Credit(s) earned on completion of this course will be reported to 
AIA CES for AIA members. Certificates of Completion for both AIA 
members and non-AIA members are available upon request.

This course is registered with AIA CES for continuing professional 
education. As such, it does not include content that may be 
deemed or construed to be an approval or endorsement by the AIA 
of any material of construction or any method or manner of 
handling, using, distributing, or dealing in any material or product.
___________________________________________
Questions related to specific materials, methods, and services will be addressed at the 
conclusion of this presentation.
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Numerical simulation of the combined heat and water transfer in building 
enclosures has been an established practice for over 20 years. Besides other 
performance assessments like laboratory and field test measurements, 
numerical simulation is considered an essential tool in the toolbox for building 
enclosure design and forensic analysis. Most of the physical phenomena of 
heat and moisture transfer, such as heat conductivity, radiation, vapor, and 
capillary transport, are well understood. The majority of these physical 
phenomena can be fairly accurately simulated with hygrothermal analysis 
tools for practical application, although another phenomenon, convection, is 
still hard take into account for building practice. WJE is completing research 
using measured data from the instrumentation of a new facility as well as 
numerical simulation to acquire more knowledge about convection behind 
commercial building cladding systems, and to validate a finite element tool 
which simulates the combined conductive, radiative, and convective heat 
transfer on interior surfaces like windows and wall/roof surfaces. The 
presentation will show the basics and the importance of hygrothermal
performance assessments, especially in today's world of high performance 
buildings and buildings enclosures. Furthermore, up to date results of the 
recent research project will be demonstrated.

Course
Description
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Learning
Objectives

1. Identify several analysis tools used for 
building enclosure simulation.

2. Understand the limitations of various 
analysis tools used for building enclosure 
simulation.

3. Understand challenges associated with 
simulating complex high performance building 
enclosures.

4. Discuss current research and development 
of new analysis techniques for complex high 
performance building enclosures.

At the end of the this course, participants will be able to:
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Motivation
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Motivation
Ask the Enclosure!!”

© Wiss, Janney, Elstner Associates, Inc. 
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Motivation
Ask the Enclosure!!”

© Fraunhofer IBP 
IBP 

© Fraunhofer IBP 

© Wiss, Janney, Elstner Associates, Inc. 
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Impact of Thermal Insulation on Moisture

No Cavity Insulation

Fibre Glass Insulation

Higher Temperature Gradient has the result that cold spots are closer to warm spots 
 Higher condensation risk

Solutions for the Built World Page 9

Presenter
Presentation Notes
Why?, Proof #1:Thermal Profile, Typ. Residential Constr.As warm air typically has a higher moisture load



Impact of Air Tightness on Moisture
Moisture transport due to air infiltration into the enclosure
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Not Air Tight „Air Tight“ Air Tight

Energy leak
strong air flux 
 Only a little condensation

Moisture leak
slow and low speed air flux
Much more condensation



Impact of Cool Roofing on Moisture
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Location: San Francisco



Buildings Enclosures changed
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Building Science
A Composite of many Sciences
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Observation / Measurement Simulation / Modeling

Presenter
Presentation Notes
Measurement comes rarely to conclusions without add-on modeling



Building Science
A Composite of many Sciences
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Heat and Moisture are COUPLED!

Heat Moisture
Measurement Temperature

Solar, IR Radiation
Heat Flux
Air Pressure, Velocity

Rel. Humidity (Air)
Moisture Content (Material)
Moisture Flux
Air Pressure, Velocity

Material
Properties

R-Value
Heat Capacity
Solar Absorptivity
IR Emissivity

Perm
Liquid Transport Coefficients
Moisture Storage Function

Simulation Conduction
Radiation
Convection (CFD)

Fick Diffusion

Convection (CFD)



Vliet test building 
KULeuven

BEG hut Waterloo Canada

Field tests:

 Very time consuming
 Very expensive
 Search for alternative ways to investigate  

hygrothermal performance

Previous Assessment

Fraunhofer IBP, Germany

Offices and 
laboratories

Energy 
test 

houses 
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Laboratory tests: climate chambers                            
(hot box / cold box)

 realistic conditions , Temp., RH
 sky radiation and precipitation                     

difficult to simulate
 limited capacity
 Time consuming
 expensive

Previous Assessment
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Oak Ridge National Laboratory

Fraunhofer IBP

Fraunhofer IBP



Today, Modeling
as an Addition/Alternative
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climate 
conditions

construction assembly
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Presenter
Presentation Notes
IC: need to specify at which moisture our simulation start. That differ of course depending on task. Drying time after retrofit of a moisture damage (high initial moisture) or new design of a residential dry wall. (lower Initial Moisture)Contr.D, OI: As solar radiation on a wall or roof surface is an important factor, WUFI calculates the sun position at every single hour as well as the driving rain load. To do so WUFI needs location, orientation inclination.CA, MatProp.: WUFI needs a one-dimensional wall assembly and a set of hygrothermal properties for each material.�Clim: Last but not least WUFI needs to know the boundary conditions on the outside and inside of the building enclosure. For the outdoor you typically pick a climate file from the climate map, which contains Temperarure, RH, solar radiation, wind, etc. for one year on an hourly basis. For the indoor we typically use some models to come up with temperature and RHOutput: The WUFI outputs are then Temperature, RH, and Moisture Content in any position within you enclosure on an hourly basis. Top diagram temp, bottom diagram shows RH (green, right axis) and water content (blue, left axis).



Example Flat Roof

Transient Hygrothermal Processes in 
Building Enclosure
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Presenter
Presentation Notes
Keep in mind, we live in a transient world which means things change with time.You see here a day-time situation on an insulated wooden roof deck. Red arrows show heat flows, blue arrows show moisture flows.On the right, same situation at night time and if you take a closer look, most of the arrows have changed their direction.This is a typical night/day effect, and on top of this we of course have also seasonal effects, typically drying in summer and wetting in winter.Therefore a simulation tool must be transient which means it takes changes in time into account.



Moist. Dimensions Time Typ. Usage

Steady-State Plausibility Check

THERM Steady-State Surface Temperatures
Thermal Bridging

WUFI Hygrothermal
Performance

MAYA full CFD Surface Temperatures
Thermal Bridging

IESVE sort of Whole Building Energy 
Demand

WUFI Plus sort of Whole Building Energy 
Demand

Building Science Tools
and their Capabilities
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THERM:
What is it?
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 Computer tool developed by 

LBNL

 Simulates thermal 

characteristics of complex 2D 

assemblies
 Steady-state analysis

 Conduction

 Radiative exchange within 

components

 Complex two-dimensional 

geometries possible

Presenter
Presentation Notes
THERM uses the finite element method to simulate heat exchangeCannot explicitly simulate moistureCan simulate radiative exchange (view factors) within components/air spacesConduction is its “bread and butter”



THERM:
What is it good at?
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 Steady-state 2D analysis

 Complex geometry

 Conduction-dominated heat 

flow

 Extensive material database

 Free, fast, relatively easy to use

 Great for comparative analysis

Presenter
Presentation Notes
Excellent for steady-state analysisCapable of simulating “complex” geometry (read: non-rectangular elements)Conduction!!!Comparisons!!! (eye doctor test)



THERM:
What are its limitations?
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 No 3D geometry

 Cannot explicitly simulate 

airflow, convection, or external 

heat sources

 Cannot accept 1st order 

boundary conditions

 Single analysis may not 

accurately predict in-service 

behavior

Presenter
Presentation Notes
Can only accept 3rd order boundary conditions (“this is what’s happening next to the surface”), not 1st order (“this is the temperature AT my surface”)Struggles in situations where airflow dominatesNo real moisture capabilities



THERM Project Example #1
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 15-story medical laboratory 
building in Chicago, IL

 Large renovation project:
 New storefront windows
 Exterior metal panels
 Complete interior renovation, 

HVAC overhaul

 Thermal performance and 
condensation concerns

 Owner wants assistance in 
developing alternative detailing 
to address concerns

Presenter
Presentation Notes
South elevation had already been re-clad and had windows replaced under separate contractWindow sub for other elevations raised concerns regarding storefront’s ability to perform in as-designed configurationAlthough no condensation observed at South, interior had been gutted and unoccupied, so no clear indicationsGoal: work with window sub and GC to develop new detailing which will allow interior surface temperatures to remain above dew point



THERM Project Example #1
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Alternatives developed at sill, head, and jamb using an iterative process
(~20 simulations)

Presenter
Presentation Notes
South elevation had already been re-clad and had windows replaced under separate contractWindow sub for other elevations raised concerns regarding storefront’s ability to perform in as-designed configurationAlthough no condensation observed at South, interior had been gutted and unoccupied, so no clear indicationsGoal: work with window sub and GC to develop new detailing which will allow interior surface temperatures to remain above dew point



THERM Project Example #2
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 Garage/pavilion structure at 
private residence

 Steel framing with storefront 
windows

 Thermal bridging / very cold 
interior surface temperatures 
in winter

 Owner wants to warm 
framing while maintaining 
existing aesthetic

 Heat trace system?

Presenter
Presentation Notes
I came in when we were working with Pentair to analyze the best placement and performance of a heat trace system to warm the steel framing and storefront framing



THERM Project Example #2
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 Existing Condition  Heat Trace
 (Simulated Surface Temp.)

NOTE: THERM does not allow input of 1st order boundary conditions.

Presenter
Presentation Notes
I came in when we were working with Pentair to analyze the best placement and performance of a heat trace system to warm the steel framing and storefront framing



THERM Project Example #2
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NOTE: THERM does not allow input of 1st order boundary conditions.

Presenter
Presentation Notes
I came in when we were working with Pentair to analyze the best placement and performance of a heat trace system to warm the steel framing and storefront framing



Heat and moisture analysis is complex.
Material properties can be approximated with the following rel. 
simple and standardized material properties:

Hygrothermal Material Properties 
Measurement
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 Density

 Porosity

 Spec. Heat Capacity    ASTM (Calorimeter)

 Thermal Conductivity                          ASTM C518, C177

 Moisture Storage Function     ASTM C1498, C1699

 Water Vapor Permeability          ASTM E96

 Water Absorption Coefficient       ASTM C1794 
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Model Validation, WUFI®
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Oak Ridge National Laboratory

Presenter
Presentation Notes
Of course on some point we need to show that our modeling results do reflect what we see in reality, which means what we measure.WUFI has been validated dozen of time all over the world, just 2 examples.1: Natural stone specimen exposed to natural, weather, climate data and material properties are well known. So we can compare measured and calculated water content of the specimen, on the right, over a 80 day observation time.2: Similar results obtained in a test facility in Charleston, SC. Measured and simulated water content of the OSB board over a 3 year cycle. 
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The Physics behind Thermal Simulation

Indoor
70 oF

Outdoor
20 oF

Radiation: Stefan Boltzmann law

Conduction: Fourier’s law

Convection: Navier-Stokes equations

Natural Convection (Buoyancy)

Forced Convection
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Application for a Simple Room

Indoor
70 oF

Outdoor
32 oF

Airflow, 
500 cfm, 95 oF
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Simple Room, Result, Wall Temperature

Steady-State
 Plausibility Tests possible
 Hand Calculation
 Energy Conservation

 1D homogeneous Heat Flux
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Simple Room, Result, Air Flow






Natatorium

 Warm air thrown at the 
glass surface from the 
HVAC system to avoid 
condensation
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Natatorium
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Validation of Thermal Simulation
WJE In-House Project
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Validation of Thermal Simulation
WJE In-House Project
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Validation of Thermal Simulation
WJE In-House Project

 Solar Radiation 
Impact in the 
afternoon hours 
result in relatively 
high outside surface 
temperatures

 Early morning data 
look reasonable



 Education
 Technical research
 Validation of analytical tools

Remaining Challenges

Presenter
Presentation Notes
EducationUnderstanding the limitations of analysis toolsKnowing which analysis tool is appropriate for which applicationUsing available analysis tools correctlyTechnical researchUsing measured data to learn about convectionValidationUsing measured data to validate analysis tools



This concludes The American Institute of Architects 
Continuing Education Systems Course

Provider Name/Logo Contact Information
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