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Executive Summary:

Infrared thermography (IRT) has been in use for decades as a means of nondestructive testing.
However limited research has been conducted on applying this technology towards historic
preservation, particularly wood framed structures. Furthermore, hardware and information
relating to this technology and its preservation applications can be difficult to obtain and
interpret resulting in limited use by preservationists. Research conducted at the University of
Kentucky through a grant from the National Center for Preservation Technology and Training
(NCPTT) begins to address some of these issues.

Research primarily focused on wood and to what extent infrared thermography could assist in
interpreting this material within historic structures for conservation, restoration and
rehabilitation purposes. Because of woods anisotropic characteristics this proved to be a
difficult task. Therefore, primary research was conducted to determine whether woods thermal
characteristics varied enough among species that type could be distinguished within a wall
system. Coinciding with this was a brief look at subsurface deterioration within wood samples
and potential for identification within wall systems. This information is useful during work on
historic structures as load capacities vary among wood type and deterioration levels.
Determination of such characteristics can also prevent unnecessary destructive investigations
resulting in more accurate and preservation friendly cost estimates.

Due to the nature of such testing, mainly the need to obtain results in the field from in-situ
samples, traditional ASTM standards for laboratory testing of clear wood samples were not
applicable. ASTM standards for IRT testing using passive methods were likewise not
applicable as active thermography was employed. Therefore, new procedures and protocols
were developed relying primarily on previous studies as well as successes achieved throughout
the research process. The resulting protocols as well as results are therefore in need of further
refinement, however they have provided the proof of concept necessary to continue and expand
research into field testing and various wall configurations. Aiding in the interpretation of
results and methods used during research are sections outlining basic concepts associated with
infrared thermography, heat transfer and the thermal characteristics of wood.
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Introduction:

Advances in technology since the National Historic Preservation Act of 1966 have provided
new tools and techniques necessitating re-evaluation of how preservationists analyze and
interpret the historic built environment. These advances include the creation of hardware and
software enabling the preservationist to perform traditional tasks more accurately and
efficiently while also providing structural access unimaginable fifty-two years ago. State of the
art nondestructive evaluation (NDE) techniques are responsible for much of this unprecedented
improvement in structural assessments and in making previously concealed areas, such as walls,
accessible. The use of NDE techniques in conjunction with powerful analytical software has
made historical structural assessments more accurate, legible and efficient. Benefits of NDE
techniques are without question aligned with the tenets of the preservation field since they
promote much of the ideals set forth in the Secretary of Interiors Guidelines for restoration,
rehabilitation and preservation, most notably retention of historic material.' Therefore, it’s
logical that preservationists now look more favorably upon new nondestructive techniques and
technologies as well as the new perspectives they provide.

However, despite this acceptance, preservation as a discipline still lags behind in technological
application due in large part to financial concerns, mainly equipment cost. Financial issues
corresponding to the obtainment and implementation of new technologies is a perennial issue
within the field. This translates into untapped potential as certain technologies, while common
in fields like engineering, are as yet unutilized within the discipline. Infrared thermography
(IRT) is one technology that until recently had seen little use in the preservation field due to the
large cost of equipment. However, advancement and refinement of IRT technology has reduced
this cost, spurring research into heritage applications. Although current research is being
conducted in the field much is preliminary or has dealt primarily with the issues of moisture and
structural identification (fig. 1 & 2). This leaves research into potential materials identification
and deterioration, most notably wood, underdeveloped. Research presented here looks
primarily at this particular area while noting other technologies useful in the quantitative and
qualitative assessment of concealed deterioration or materials identification.
i I * & " Fig.1&2: Digital
; =N picture of an early
B 19" century frame
structure in Lexing-
ton, Ky. (top). The
red box indicates
where the infrared
| picture (bottom) was
taken. Note the iden-
= tification of an other-
®%  wise unsuspected
framing system.
: f-i'." (Photos by John Lie-
| bertz, 2007)

R

'W.Brown Morton, Gary L. Hume and Kay D. Weeks, The Secretary of Interiors Standards for Rehabilitation,
1990 edition, (Washington: U.S Government Printing Office, 1990), pg 6.



Infrared thermography (IRT), although understood since the discovery of infrared waves by Sir
William Herschel in 1800, has only been utilized on a large scale in the public sector since the
1960’s. Only as recently as 2004 has an IRT camera been developed specifically for structural
applications (FLIR’s, B1, B2 and B20 models).> However, application of IRT to structures is
not new as studies have been undertaken extensively in the areas of energy loss (heat loss) and
moisture. Notably these studies made little mention of the structural age or specific material
composition (wood species) under investigation, unless already known, and instead took a
much broader approach in formulating their predictive thermal models. This may be
appropriate for modern construction adhering to standards set forth by the ASTM and national
building codes; however historic structures present a spectacular variation from consistency, not
only structure to structure but also brick to brick. This inconsistency increases the unknown
parameters making predictive modeling difficult at best although not entirely useless. While
individual accuracy may be difficult to obtain, averages from multiple samples at various
locations within a structure provide a more reliable base from which to compare. However,
thermal modeling, although mentioned, is not a primary objective of this research. Rather this
research seeks to expand upon thermal wood species identification, deterioration and defects
establishing proof of concept and noting variations within wall systems with further research
into aged materials and finally intact historic structures.

In addition to the lack of IRT research conducted on wood and historic wood structures, there is
also limited information on proper protocol and condition parameters when dealing with
historic structures in general. Some general information is available as well as case study
examples but there is of yet no systematic process or set of guidelines in place to ensure
eventual compatibility, comparison and verification of IRT field test results between members
of the preservation community. Creation of such guidelines will allow for the compilation of
comparable data and formation of an IRT database. This database will potentially allow
investigators the opportunity to evaluate similar construction techniques, abnormalities and
materials without having to perform the multitude of tests needed upon initial investigation.
Such a tool also has the benefit of disseminating information to those new to the technique and
ensuring a high standard of analysis and evaluation.

Creation of such a database is by no means a quick process or without problems. Numerous
materials, material combinations, environmental conditions and abnormalities exist as would
need to be thermally modeled and verified both in the lab and through field tests. Such a
database would also need to recognize the various IR cameras used in testing, algorithms used
in modeling and software programs used for interpretation. Eventual expansion of the database
to include additional nondestructive and minimally invasive tools would also be advisable as
these tools, when used in conjunction with IRT, can provide additional accuracy and
confirmation of results.

Practical implications of research into this area are numerous not only for preservationists but
also for those in the construction industry. While the obvious advantage of material retention
and concealed feature identification exist there is also the added benefit of cost reduction

FLIR, FLIR Systems User’s Manual, ThermaCAM Researcher, Professional edition, (2006), pg 7.



associated with preservation, restoration and rehabilitation projects. This is accomplished
through accurate preliminary analysis of a structure that can generate data applicable to existing
load capacities, current deterioration/defect conditions and general structural assessments,
replacing the antiquated and often costly approach of “see as you go”. With the excuse of the
“unknown cost” dispelled, the hope is that more historic structures will be retained rather than
the current trend of demolition and rebuild, preserving both our cultural heritage as well as
environment.



Project Mission, Objectives and Overview:

Research at the University of Kentucky’s College of Design Department of Historic
Preservation, funded by the National Center for Preservation Technology and Training
(NCPTT) is looking at ways to maximize the benefits of nondestructive evaluation (NDE)
within the field of historic preservation. This includes the dissemination of data and knowledge
through new and traditional means as well as promoting the use of NDE technology through
easy to follow guidelines and interactive analysis databases. Initial research, as funded by the
NCPTT, has primarily focused on infrared thermography (IRT) with the following objectives;

I. Establishing preliminary IRT calibrations, parameters and protocol tailored
primarily to wood frame structural systems.

II. Providing background into woods physical and chemical characteristics that can
affect thermal conductivity.

1I. Identification of surface and subsurface abnormalities within wood and wall
systems.

1v. Proof of concept for practical and field applicable use of IRT to distinguish
variations of wood species within wall systems.

V. Establishment of a preliminary IRT and other NDE techniques database template for
eventual dissemination of knowledge.

Objective I:

The objective of establishing preliminary IRT protocol and parameters tailored to wood and
historic wood framed structures looks to build on previous research to adopt a more systematic
and straightforward approach. This includes providing information on investigation setups,
favorable environmental testing conditions and methods for analysis through IRT testing in the
lab and field.

Objective II:

Background into woods’ physical and chemical properties is essential to understanding how
heat propagates through the various species and therefore, directly correlates with IRT
assessment. These characteristics will be examined individually and as an entirety to determine
their potential impact on IRT investigations.

Objective III:

Understanding how certain physical characteristics affect the thermal conductivity of wood
enables better interpretation of abnormalities when testing individual samples, mock wall
sections and historic structures. This objective also seeks to examine the benefits of various
IRT approaches and their potential for abnormality detection both in terms of depth and size.

Objective 1V:

Perhaps the largest and most unpredictable objective of this research is the examination of
individual wood species within a wall system to determine the presence of any individual
identifying thermal characteristics. This is based on previous thermal conductivity studies that
have shown various rates within wood species, albeit not within a wall system. Proof of such
thermal variations would enable the identification of wood type assisting in the structural



assessment of historic structures as well as assisting in building technology and methodology
studies. Construction of mobile large and small wall sections with interchangeable wood studs
allowed for multiple species to be tested under the same conditions. Transportability also
meant that environmental conditions could be relegated for testing purposes, something difficult
to achieve in a real world application.

Objective V:

The last objective aims to provide information from this and previous research relating to IRT
and other NDE techniques within a user friendly web based format. Ideally, this will provide
the opportunity for dissemination of knowledge relating to NDE technologies as well as raw
and interpreted data that can be used for comparison and analysis purposes.

In an effort to realize these objectives over seventy hours of IRT tests were performed with
additional hours devoted to field testing and traditional research. Specifics relating to data
gathered are as follows;

e 4,200 + infrared images generated

e 76,800 data points generated from each image

e 4,608,000 data points generated from each 60 minute test
e 322,560,000 + total data points generated

Information gained from testing and research proved to be helpful in verifying and
accomplishing many of the objectives listed. While results from these tests will be discussed
and analyzed in subsequent chapters it is important to note that there is still much to accomplish
in the field or IRT as applied to historic structures.



History of Infrared Thermography:

Infrared thermography (IRT) is the measurement of surface temperature distribution through
non-contact methods.” This is possible due to the ability of IR wavelengths to travel through
the atmosphere as well as their correlation with temperature. Through an infrared camera these
IR wavelengths can be measured producing pseudo images of materials and their surface, and in
some cases subsurface, thermal characteristics. Infrared thermography’s relationship to the
study of heat measurement is undeniable and therefore its history is linked directly with that of
heat measurement and thermal dynamics.

Electromagnetic Spectrum

Cosmic E X uv Visih! Infrared i v Radio Electric Direct
Photons Rays Rays Power Current
3x10°? 3x10°* 310" 3x10* 04 08 300 3; 3x10° 3x10° 3x10% Infinity
Wavelength ()
7513
08 \ ThermaCAM $65 spectral range 300

Fig. 3: An illustration of the electromagnetic spectrum showing infrareds relationship to other spectral
ranges. The infrared camera used to conduct this research has a spectral range between 7.5-13 um’s as
noted by the light blue band and black arrow. (Illustration by author, 2007)

The field of thermal dynamics has existed for millennium but for our purposes the creation of
the first glass thermometer by Galileo in 1593 marks the beginning of its scientific
understanding. Over two centuries would pass after Galileo’s invention before Sir William
Herschel of England, in 1800, mistakenly discovered the infrared spectra. The discovery
occurred when Hershel used a prism to observe the sun, separating the visible spectra from blue
to red, and noted that temperatures were still elevated beyond the red band where no radiation
was visible. Sir Isaac Newton had also performed a similar experiment however, Herschel was
the first to notice that the distance where the heating is greatest has a specific location beyond
visual light establishing the basis for the electromagnetic spectrum.*

This realization led to the understanding that only a small portion of electromagnetic radiation
falls within the visible spectrum. Infrared radiation has longer wavelengths than visible light
and therefore falls outside the limits of detection of the human eye (fig. 3). Herschel also
derived a number of other findings from this research most notably that infrared radiation varies

*Xavier P. V. Maldague, Theory and Practice of Infrared Technology for Nondestructive Testing, (New York: John
Wiley & Sons, Inc., 2001), pg 1.
*FLIR, pg 111.



with material.” Further research into the area of infrared and temperature measurement resulted
in a number of discoveries between the early 19" century and today.

e 1829: Nobili invents the first thermocouple

o 1833: Melloni makes the first thermopile

e 1840: John Herschel produces first infrared image through differential
evaporation.

o 1880: A. Longley invents the bolometer

e 1900: Max Planck clarifies Herschel’s experiment

e 1917: Photoconductive detector invented, more sensitive

e 1960’s and 70’s: First commercial infrared cameras available

« 1980’s: Development of the focal plane array (FPA)°

Modern infrared cameras are vastly improved from the 60°s and 70’s combining portability and
durability with accuracy, improved resolution and efficiency. While the majority of IR
applications, about 80%, are still associated with the military, private sector applications have
continued to expand from the early 60’s.” Through the years various research, mostly
concentrated in the areas of defense, electrical engineering, aerospace and industrial
manufacturing has provided the guidelines to IRT’s capabilities; however the field still holds
potential for further developments and applications.

*Omega, “A Historical Perspective,” Transactions in Measurement and Control, vol. 1 3 edition, (2004), pg 10-
14.

*Maldague, pg 8-9.

7Maldague, pg 10-11.



Infrared Thermography Terminology and Basic Concepts:

Over 200 years of research in the field of thermal dynamics and infrared thermography has
produced a multitude of literature. While the theories and equations presented are important
aspects of this discipline, and indeed necessary, from a preservation perspective attention need
only be given to a very small portion of the larger body of research. Reasoning behind this
approach deals primarily with preservation’s application of the technology. Preservationists
will not be responsible for new developments concerning equations, hardware or software but
instead will seek to apply what has been developed in through alternative applications.
Eventually, if the market warrants, these applications will promote the development of
hardware and software specific for the disciplines needs. That said, some general
understanding of infrared, infrared thermography and thermal dynamics is necessary if sound
investigations and analysis are to be conducted.

Blackbody:

The observed definition of a blackbody is “an object which absorbs all radiation that impinges
on it at any wavelength”. This is further explained in Kirchhoff’s law which states that “a body
capable of absorbing all radiation at any wavelength is equally capable in the emission of

radiation”.® However, a more simplistic definition states that,

“a blackbody is a theoretical surface that absorbs all radiant energy that falls on
it, and radiates electromagnetic energy at all frequencies, from radio waves to
gamma rays, with an intensity distribution dependent on its temperature.
Because all visible light falling on such a surface is absorbed without reflection,
the surface will appear black as long as its temperature is such that its emission
peak is not in the visible portion of the spectrum.””

Building on this principal is a piece of equipment known as a cavity radiator. This piece of
equipment in its basic form is a heater placed within an enclosure containing a small opening
that allows small amounts of radiation to enter and exit. The exiting radiation approximates
that of a blackbody. This equipment is particularly useful when calibrating infrared cameras as
it radiates uncompromised electromagnetic energy that can be converted to provide accurate
thermal imaging. However, materials under investigation are rarely perfect blackbodies and
therefore variables such as reflection, absorption and transmission will affect readings.

Reflection, Absorption and Transmission:

The three variables of reflection, absorption and transmission will always account individually
for a percentage of the total sum of radiation being transferred to an object or material under
investigation. Further explained, this means that the radiation the object is subjected to will
either be absorbed (o), reflected (p) or transmitted (t). As each of these variables accounts for a
percentagle(:) of the total radiation the sum of the three will always equal one, providing the
equation:

FLIR, pg 116.
’Britannica Concise Encyclopedia, “Definition of a Blackbody,” http://www.britannica.com/, 18 March 2008.
FLIR, pg 121.



o tpptn=1

The subscript A is used to symbolize the relationship between the radiation and wavelength.
This equation can also be re-written as the flux incident (®;) equals the sum of flux reflected
(®,), flux absorbed (d,) and flux transmitted (P,);"’

CD,,+(DG+(Dt:CDi

While the above equation is applicable to most materials some opaque materials have a flux
transmitted value of zero (®, = 0). Perfect mirrors also have a value of zero for both ®, and @,
Within a perfect blackbody all the incident flux is absorbed: ®; = @,.'> While perfect mirrors
and blackbodies both have known variable percentages (mirrors reflect 100%, blackbodies
absorb 100%), most materials do not. One method of accounting for these varying radiation
emissions, and therefore accurately recording IRT temperature distributions, is through the
calculation of an objects emissivity.

Emissivity:

Emissivity is expressed as a ratio of the radiation emitted by the surface of a material to the
radiation emitted by a blackbody, both under the same parameters of temperature, direction and
spectral band."” Essentially what emissivity calculations accomplish are corrections in variable
radiation emissions from different materials allowing for accurate temperature measurement.
As might be expected almost every material has a different emissivity which is expressed on a
unit less scale of 0 tol, 0 being perfectly reflective (perfect mirror) and 1 being perfectly
absorbent (perfect blackbody). Unfortunately, emissivity values are not constant even for
individual materials and change based on factors such as temperature. This is especially true
for materials like metal whose emissivity increases considerably with temperature. Oxidized
iron and steel is a good example of this as the emissivity at 100°C is 0.74 while at 1227°C the
emissivity climbs to 0.89."* Tabular emissivity values do exist for various materials under
certain conditions (table 1); however these are general and determination of objects emissivity
should be undertaken before beginning any investigation if accurate temperature measurements
are required.

Additional Variables:

While absorption, reflection and transmission may be the three largest variables when trying to
accurately measure radiation emission from an object, environmental variables also need to be
assessed. This includes accounting for background radiation which can be reflected from other
objects or inherently present in the atmosphere. Other variables that can have an affect on
accurate thermal measurements include atmospheric temperature, object distance and relative
humidity. The infrared camera employed during this research accounted for and calibrated the
camera based on values specified for these variables enabling accurate measurements.

"Maldague, pg 31.
2Maldague, pg 31.
“Omega, pg 78.
“FLIR, pg 137.



Selected Emissivity Values:
(Materials used for this research are noted with an *)

Material Description Temperature Spectrum (SW: 2- Value
(C°) Spm, LW: 8-14pm,
LLW 6.5-20um)
Aluminum Foil 27 Lw 0.04
Aluminum Anodized black 70 Lw 0.95
dull
Asphalt paving 4 LLW 0.967
Brick Common 17 SW 0.86-0.81
Gypsum 20 all 0.8-0.9
Pine planed 70 Lw 0.81-0.89
Oak planed 70 Lw 0.88
Cedar* planed 21 LW 0.665
Table 1

FLIR, pg 131-146.



Types of IRT Testing Methods:

Infrared Thermography Testing
Procedures

Passive Thermography

Fig. 4. Various infrared thermography testing procedures exist, each with advantages and disadvan-
tages. The illustration above shows these procedures beginning with the two main methods, passive
and active thermography and ending with the two types of heating methods, reflection and transmission.
(Illustration by author, 2008)

Passive Thermography:

Passive thermography is the most frequent type of thermographic technique employed during
IRT building investigations as it requires little to no preparation. This procedure relies on the
ambient air temperature and environmental conditions to expose potential anomalies. These
anomalies, when viewed through an IRT image, can register as distinct thermal contrasts, or
differences, within similar materials (fig. 5). Temperature differences are typically noted as
delta-T (AT) values. Typically, areas with a AT value >5°C warrant further investigation as
there is a strong possibility of the presence of deterioration. '

However, it should be cautioned that there are many reasons why a AT value could be >5°C
when dealing with historic structures besides the presence of deterioration. One reason relates
to the thermal affect that subsurface materials can have on surface materials temperature.
Probably the best example deals with framed structures clad in wood or synthetic siding (fig. 6).
These structures can exhibit thermal contrasts >5°C; however, this relates to the presence of
underlying framing members and not to deterioration. Other reasons why AT can be >5°C
during a passive test involve false readings which can occur due to environmental conditions
and human error. With the possibility of false readings and with the introduction of potential
human error, it is important that common sense is exercised and that the structure under
investigation is surveyed visually as well as through the lens of an IRT camera.

"®Maldague, pg 1-2
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Although passive thermography typically
produces qualitative data the process has
proven extremely effective in detection of
moisture and the identification of
concealed structural elements within
historic buildings (fig. 5 & 6).
Furthermore, unlike active thermography,
large areas can be surveyed quickly with
no need for electricity to power the
heating apparatus, sometimes difficult to
find in vacated historic structures. This
particular type of thermography was used
throughout this research as a means to Fig. 5: IRT image of Ashland Estate, Lexington, Ken-

identify areas of potential interest in tucky (ca. 1854) indicating a thermal anomaly (dark area)

structures under investigation. on the brick facade. The thermal gradient between the
temperature of the center of the anomaly and the average

) temperature of sound brick directly below registered a AT

Active Thermography: value of 9°F. The area when checked with a moisture me-

Unlike passive thermography, active ter was well above comparative levels. Passive thermogra-

thermography uses the application of heat phy was used to detect this anomaly. (Photo by author,
to assist in the location of anomalies and 2007)

to provide quantitative data. This
quantitative data can be of great use when
utilizing thermal modeling for
comparative purposes as well as
indicating potential variations in
concealed wall materials. Another
advantage of active thermography is its
ability to enhance thermal contrasts
present in surface and subsurface
anomalies. These contrasts may not be
recognizable when utilizing passive
thermogrpahy as the thermal gradient
may not rise above noise levels.
However, active thermography increases

42.0°F

Fig. 6: This IRT image, taken on a cold night (28°F),
shows the wood frame structural system below %4” maso-

thermal contrast as well as promote nite siding on a ca 1958 rancher. Although no active
increased depth and size detection of measures were taken to heat this facade the interior of the
anomalies within surrounding sound structure was heated to 68°F creating a thermal gradient of
material. 40°F, thereby enhancing the contrast between the thermal

bridges, the studs, and the insulated wall cavities. The AT

. . value between the stud (34.8°F) and the wall cavity area
While benefits of active thermography are (33 .8°F) was 1°F. (Photo by author, 2007)

numerous there are disadvantages as well.

Heating is a primary concern as it is often

difficult to heat a portion of an historic structure uniformly, necessary when trying to obtain
quantitative data. Furthermore, the heating mechanisms are often small in size and therefore
regulated to observations within a small confined area. When using any heating device around
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historic materials there is also the risk of thermal degradation. Despite these drawbacks active
thermography is a useful method and is routinely employed in IRT research, including tests
conducted in obtaining this data.

As indicated by figure 4 there are four main types of active thermography, pulsed
thermography, step thermography, lock-in thermography and vibrothermography. Each method
has its uses with distinct advantages and disadvantages. However, because of their low learning
curve and applicable use with historic structural systems only pulse and step thermography will
be discussed in any detail.

Pulsed Thermography (active):

One of the most utilized methods of IRT investigation is pulsed thermography. This method
involves using short bursts of heat to send a thermal “pulse” propagating through an object.

The object is then analyzed by observing the thermal decay with anomalies exhibiting abnormal
characteristics due to thermal propagation interference. Depending upon the type of anomaly
the abnormal characteristics could be hotter or colder than surrounding material providing a
clear AT value. It is important to note at this time that 74 the temperature associated with the
abnormality, should always be measured from the abnormalities center.'” As might be expected
shallow subsurface defects take less time to manifest than deeper abnormalities due to the time
required for the thermal pulse to propagate entirely through the material. The size of the defect
can also be gleaned by evaluating the thermal contrast with larger contrasts typically denoting
larger defects however, this contrast decreases with depth.'®

Research has effectively utilized pulsed thermography to identify subsurface defects in real
world applications. One study, “Using Infrared Thermography to Analyze Substrate and
Adhesive Effects in Bonded Structures”, conducted in 2004, was able to identify cracks,
delaminations, impact damage and disbonding occurring in a variety of materials and
composites relating to the aeronautical industry. Defects were identified at depths of 2mm,
deeper than that the contrast was reduced to noise levels. Size of the defects ranged from 2 mm
— 8 mm."” Although not ideal for comparison with historic structures, this research does
illustrate the potential of pulse thermography for defect identification.

Another advantage of pulse thermography includes the relatively short exposure time of the
material to the heating mechanism, reducing the risk of thermal degradation, particularly
worrisome when investigating heat sensitive materials such as wood. However, to create an
effective “pulse” capable of deep propagation, the initial burst of heat needs to be intense. As
of yetzg,ffective depth penetration for this method has been relatively limited often only reaching
3 cm.

Step or Long Pulse Thermography (active):
During this heating procedure the surface temperature of an object is monitored for any

Carosena Meola, Giovanni Maria Carlomagno and Giuseppe Giorleo, “Using Infrared Thermography to Analyze
Substrate and Adhesive Effects in Bonded Structures,” J. Adhesion Sci. Technol., vol. 18 no. 6, (2004), pg 619.
"Meola, pg 619.

"Meola, pg 626.

2Elisabetta Rosina and Nicola Ludwig, Optimal Thermographic Procedures for Moisture Analysis in Building
Materials, pg 1. The test performed indicated that it made use of the pulsed reflection method.
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anomalies much the same as with the pulsed method. However, the difference between the two
is that the step method observes the object as it is continually heated. This method is
particularly effective when looking at structural systems as it provides a clear and complete
view of concealed materials whereas the pulsed method may not always affect deeper structural
elements therefore preventing their identification. This method, like the pulsed method, is also
limited by the heating mechanism as to the size of the space that can be investigated removing
one of IRT’s key advantages of coverage and efficiency.

Reflection and Transmission Modes (heating apparatus placement):

Reflection and transmission modes refer not to the type of thermography employed but to the
placement of the heating apparatus and IR recording equipment. The reflection mode (fig. 7)
has both the heating apparatus and IR detector on the same side of the sample whereas the
transmission mode (fig. 8) places the heating apparatus on the opposite side of the object under
investigation.”’ Most field research has utilized the reflective method as access to both sides of
a structure can sometimes be impossible. However, for the objectives of this research the
transmission mode worked well as it enabled the camera to be placed directly in front and the
heating source directly behind the mock wall section providing the most uniform heat as well as
minimal image distortion. During investigation of subsurface wood defects both methods were
utilized in an effort to see which performed better.

Reflection Method

Heat is introduced to the sample.
The wood siding then absorbs the
heat at different rates depending on

the thermal mass behind the siding. Pt eGie

"
x“

Heal is radiated from the
surface of the object (in this
case the 1'x1" mock wall
section) and picked up by
Mock wall section the camera where it forms
and image of the radiation.

IR Camera

Fig. 7: A schematic showing the arrangement of the heating apparatus, the IR camera and the mock wall section
during an active thermographic test that is using the refection mode. Note the off centered position of the heat-
ing apparatus, ideally another unit would be placed on the opposite side of the IR camera to promote even heat-
ing. (Illustration by author, 2008)

*'Maldague, pg 351
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Transmission Method

Heat source

Heat is radiated from the
surface of the object (in this
case the 1°x1* mock wall
section) and picked up by
the camera where it forms
and image of the radiation.

/
—

/

Heat is introduced to the
sample. The heat will
then be transferred from
the gypsum board to the
sample 2x4 and finally to
the cedar siding.

Mock wall section

Fig. 8: This schematic depicts the transmission mode also in conjunction with active thermography. Note the

placement of the heating apparatus on the opposite side from the IR camera. While this method can take longer
to produce results it provides the most consistent and even heating of the object. (Illustration by author, 2008)
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Basic Heat Transfer Concepts:

Heat transfer studies the flow of heat from a relatively warm material to a comparatively cooler
one. How well the material accomplishes this transfer is referred to as its conductivity. The
method of heat transfer can be one of two types; radiation or diffusion, with diffusion often
subdivided into conduction and convection.”” Day to day processes often combine these
transfer types creating various heat exchanges between solids, gases and liquids. Active
thermographic testing methods for IRT employ a combination of heat transfer types as well.
The attributes of these various types of heat transfer methods and the thermal conductivity rates
of individual materials are necessary to understand when analyzing IRT images or creating any
predictive thermal model.

Conductivity:

Thermal conductivity is often represented by the
symbol k and is expressed in units Wm°C™' (W/
m’-°C). The k of any material plays an integral
part in how heat is transferred during the
processes of conduction, radiation or convection.
Typically k values > 40 Wm°C™' promote heat
exchange while values < 10 Wm°C™ act as
insulators.” Values associated with k are often
unique even varying between wood species.
Previous research has established & values for a
wide breadth of materials, including numerous
wood species (table 2). With this information it
is possible to surmise that even within a wall
system, given similar parameters, various wood
species, materials and deterioration would

—

Fig. 9: A thermal bridge, such as the rafters in
this photograph, act as a better thermal conductor

than the surrounding materials, in this case fiber conduct heat differently providing different &
glass wool insulation. IRT can help make this values. This concept is seen in the wide k value
differences visible without the need for a cold ranges of Various Wall and roof Conﬁgurations

frosty morning. (Photo by author, 2007) due in part to their various composition and

configurations. These configurations include
frame walls (0.8-5.0 Wm°C™), finished masonry walls (0.5-6.0 Wm°C™"), un-insulated roofs
(1.2-4.0 Wm°C™") and insulated roofs (0.3-2.0 Wm°C™).** While & values differ with various
material types and compositions they can also vary within the same material as the value is
often temperature and moisture dependent. Furthermore, the same material, under the same
conditions, can also express different £ values. Wood is perhaps the best example of this as it is
considered to be an anisotropic material meaning that it conducts heat differently in different
directions. This is due to the fact that wood is comprised of cellular and fibrous structures that
configure to form the grain direction. This allows wood to conduct heat differently along the
grain than perpendicular to the grains axis. Materials that are more homogenous in nature, such

*Vedat S. Arpaci, Conduction Heat Transfer, (Reading, Mass.: Addison-Wesley Publishing Company, 1966), pg
9.

BJohn H. Lienhard, A Heat T ransfer Textbook, (Englewood Cliffs, New Jersey: Prentice-Hall Inc., 1981), pg 63.
*Lienhard, pg 62.
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as brick and metals, are considered to be isotropic, meaning that they conduct heat identically in
all directions.”

90°
85°
80°

75°

700
72.0°

1/2” Cedar Siding 1/2” Gypsum Board

Fig. 10: Tllustration showing the thermal transfer and decline as the heat pulse propagates through various
materials. Easily discernable is the difference in thermal conductivity (k values) between the gypsum board
and the wood materials. (Illustration by author, 2008)

Diffusion (Conduction and Convection):

Conduction and convection are in the truest sense methods of diffusion. Diffusion is defined as
the transfer of heat through a medium or from one object to another if a non-uniform
temperature distribution exists. On a molecular scale the method of diffusion relates to the
exchange of kinetic energy from warmer to cooler molecules.”® The method of convection is
distinguished from conduction because of the medium that is uses for the diffusion of heat.
Convection accomplishes diffusion through moving, deformable bodies, liquids and gases,
whereas conduction uses moving or statutory rigid bodies, solids.”’

Radiation:

Radiation makes use of electromagnetic energy transfer to convey heat. This happens when
moving particles, in a substance above zero degrees Kelvin, create energy in a similar manner
to diffusion. However, with radiation a portion of the internal energy is continuously converted

> Adrian Bejan and Allan D. Kraus, Heat Transfer Handbook. (John Wiley & Sons, 2003), pg 164.
2 Arpaci, pg 9
¥ Arpaci, pg 9.
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to electromagnetic waves. These waves travel through space at the speed of light until they hit
and are absorbed by another body and converted back into internal energy.*®

Thermal Conductivity Values for Selected Materials:
(Materials used for this research are noted with an *)

Material Temperature Tested k
(o) (Wm'°c’)
Asphalt 20-55 0.74-0.076
Brick (common) 20 0.69
Stone (limestone) 100-300 1.26-1.33
Cement (mortar) 23 1.16
Gypsum* 20 0.48
Wood (Spruce-Pine-Fir)* 23 0.11
Wood (Southern Yellow Pine)* 23 0.147
Glass Wool (1.51b/ft’) 23 0.038
Aluminum (pure) 20 204
Iron (wrought) 20 59
Table 2%

2 Arpaci, pg 9.
»Maldague, pg 632-638
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Thermal Characteristics of Wood:

Wood is and has been the most prevalent construction material in the United States.
Historically, everything from industrial structures to high style mansions like the Breakers in
Newport, RI has utilized this versatile building material. Due to this widespread use, its
physical characteristics and its use in frame construction, which as a heterogeneous wall system
provides excellent thermal contrasts, the material was ideal for IRT research. However, unlike
brick, wood exhibits numerous characteristics that have potential to affect thermal conductivity.
The effect of these characteristics is clear when tabulated & values (table 4) are compared
among species. Characteristics include grain direction, pore size and dispersion, tracheid size
and dispersion, fiber size, resin canal size and quantity, cellular structure, density (specific
gravity), moisture content and irregularities (knots). Understanding these physical
characteristics and their impact on thermal dispersion is essential to making IRT an effective
and accurate tool when investigating and analyzing wood materials.

Fig. 11: 7x magnification of wood indicating the distinct grain
direction (red arrow). (Photo by Liz Boyer, 2008)

Grain Orientation:

The most pertinent characteristic of wood in regards to thermal conductivity is the grain or
cellular orientation. Wood grain is comprised of longitudinal cells which run perpendicular to
the ground or parallel to the trees stem (trunk). These cells form outward from the trees pith, or
core, in concentric circles alternating between earlywood (light) and latewood (dark) and are
often referred to as the trees “growth rings”.

Because the orientation of the grain has such a profound affect on woods k& values, on average
1.8 times greater with the grain, the identification of the wood plane under investigation is
particularly important.®® The types of wood structural planes are radial (R), transverse (X), and

William Simpson and Anton TenWolde, Physical Properties and Moisture Relations of Wood, Chapter 3, pg 17.

19



tangential (T) (fig. 12) each with different k values.”' These planes are also associated with
different types and quality of lumber cuts, sometimes mentioned in archival research or historic
building specifications. Such documents can be of great assistance to an IRT investigator as
evidence of the lumber cut is often concealed behind a layer of plaster. Quarter sawn lumber,
which posses a low rate of expansion and warping, is created from the radial plane. The
transverse plane is the wood plane seen when counting growth rings or the butt end of a typical
piece of modern lumber. This modern lumber is created from the tangential plane and is often
referred to as “slab sawn” lumber. Transverse wood posses the lowest and most equal rate of
expansion whereas slab sawn or tangentially cut wood has a very high rate of expansion and
warping. Today’s market is comprised of roughly 90% slab sawn lumber due to the efficient
cutting process which also maximizes board feet produced from a single tree.

Sectional Cut of Tree

Trunk Indicating the s ;

Three Structural Planes; P Pith
Transverse, Radial and it /

Tangential y ; et 6‘ T _ =7 Growth Rings

Heartwood

R R =Radial Plane

Sapwood X = Transverse Plane

X : T = Tangential Plane

Fig. 12: Illustration showing the various wood planes within the context of a
tree trunk. Note how the growth rings create different visual patterns on the
wood depending on the cut. (Illustration by author, 2008)

Each type of wood plane also has a distinct visual appearance created from the visual contrast
between the light earlywood and darker latewood. This visual contrast is created by different
cell characteristics influenced by environmental conditions. This aesthetic effect is also
described as a woods “grain”, although this and the previous use should not be confused.
Distinct differences between earlywood and latewood are referred to as an uneven grain while a
more homogenous appearance denotes an even grain. Southern yellow pine or Longleaf pine
(Pinus palustris) is one example of a wood with an uneven grain whereas American Basswood
(Tilia americana) exhibits an even grain. Temperate climates, such as those found in the
United States and Europe, are ideal for ring formation due to the seasonal affects on a trees

3! Bruce Hoadley, Identifying Wood: Accurate Results with Simple Tools, (Newtown, Conn.: The Taunton Press,
1990), pg 12-13.
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cellular growth rate. However, where clear growing seasons do not exist, such as tropical
climates, woods often lack clear growth ring distinctions. This is not to say that clear ring
distinctions always exist in temperate climate wood, this is far from the truth. Ring distinction
is not a constant and varies based on environmental factors which can change year to year,
season to season and species to species.

Although the term “cell” has been used loosely to describe a trees grain and growth rings there
are in fact many types of cells and fibers that comprise latewood and earlywood. These types
can vary from species to species with distinct differences noted between angiosperms
(hardwoods) and gymnosperms (conifers or softwoods). Generally variations within a specie’s
cells include cell size, cellular wall thickness and distribution of cell types.™

Conifer Cell Types (Softwoods):
One of the primary cells in
coniferous tissue is the tracheid.
Parenchyma cells and epithelial
cells also can be found but are
too few in number to greatly
influence a woods thermal
conductivity. Tracheids come in
two forms, with the denser, and
therefore higher & value, of the
two found in latewood.
Latewood tracheids are
characterized by small cellular
diameters, a somewhat flattened
shape and slightly thicker
cellular walls whereas
earlywood tracheids have larger
cellular diameters, a rounder
shape and thinner cellular
walls.* Observing trachied
diameters can also be useful in
species identification as certain

Magnified View (x25) of a Piece of Conifer Wood.

Earlywood Tracheids

Resin Canal in Gymno-
sperms and Pore or Ves-
sel in Angiosperms

4 Latewood Tracheids

Ray

. R = Radial Plane
Growth ring

ok X = Transverse Plane

Elol ed Tracheid
gt T = Tangential Plane

Fig. 13: Illustration showing the magnified composition of a conifer-
ous wood. Visible under x25 magnification are tracheids, resin canals
and rays. Also note how the wood planes correspond to the cellular
orientations. (Illustration by author, 2008)

species have specific diameter sizes. This diameter size can also be used as an indication of the
woods potential k value, as there is a correlation with density. However, it is important that
only the diameters of the transverse plane (fig. 12 & 13) be examined when making

comparisons.’*

Resin canals, like tracheids, also have an influence on the thermal conductivity of wood in
certain species. These canals are not classified as cells, but are instead spaces between cells,
running parallel to the trees stem, that help to transport “pitch” or “resin” to seal wounds.

*Hoadley, pg 10.
Hoadley, pg 14-15.
*Hoadley, pg 16-17
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These resin canals are only found in softwood species.” Resin canals are mentioned due to
their rather large diameters compared to tracheids.

Hardwood Cell Types:

Angiosperm or hardwood cells tend to appear in greater variety and size than their gymnosperm
counterpart. Four basic cell types exist within hardwoods; they are vessels (or pores), fibers,
ray cells and longitudinal parenchyma (tracheids). Pores are the largest and therefore most
apparent features when looking at the transverse plane (fig. 12 and 14). While pores may be
large they only constitute a fraction of the total transverse plane and there is little correlation
between the overall density of a species and pore sizes. This is important as high density woods
typically have higher £ values. Most pores are visible with the naked eye but with x10
magnification almost all can be clearly seen. Diameter sizes can range from a minimum of 50-
60um to over 300um in some Oak species. Another characteristic of pores are their
arrangement and distribution on the transverse plane. When the pores are uniformly distributed
and similar in size they are classified as diffuse-porous. Ring-porous is another type of
distribution occurring when the pores are concentrated in earlywood and larger in diameter than
pores seen in latewood. Lastly, semi-ring porous or semi-diffuse porous occurs when there is
no clear delineation between pore size or apparent pore clustering in either the latewood or
earlywood.

Ray cells, like pores, can also be apparent to the naked eye on a transverse plane and vary in
thickness from one cell to many cells (fig. 14). Some rays can be as small as 10-15um or as
wide as 300um’s. Less recognizable than pores and ray cells are fibers. Fibers tend to run
parallel to the grain appearing denser than surrounding pores and ray cells due to their smaller
size and thicker cell walls. Longitudinal parenchyma and tracheids are the last two types of
cells found in hardwoods. Both of these cell types vary greatly depending on the species of
hardwood. Some species such as
black cherry have no parenchyma
while others have a few identified
by sections or areas of lighter-
colored lines. Tracheids are much
less apparent in hardwoods and
often undistinguishable from
parenchyma without significant
magnification.”’

Fig. 14: x90 magnification of the
Red Oak species used in testing.
The pores are clearly visible in this
picture as are rays indicated by the
arrow. (Photo by Liz Boyer, 2008)

Herbert L. Edlin, What Wood Is That?, New York: Viking Penguin Inc., 1969), pg 37.
3%Edlin, pg 38-39.
"Hoadley, pg 28-29.
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Softwoods

Longleaf Pine (SYP): x40 magnification showing
the resin canals (arrow) as well as the clear late-
wood and early wood distinction.

-

Western Red Cedar: Cedar sample under x40
magnification showing clear earlywood and late-
wood distinctions as well as tracheids (arrow).

W % X R Y

"

5, o o8 - 2
Spruce-Pine-Fir: Although noticeable earlywood
and latewood this particular sample exhibits little
color distinction. Tracheids are visible but small.

Hardwoods

fz BEpr L E. A
Yellow Poplar: x40 magnification, notice the
“even” grain of the sample. Pores are too small to
be clearly visible under this magnification.

Red Oak: x40 magnification with pores (red ar-
row) and rays (blue arrow) clearly visible. Oak is
known for its large pores.

The samples magnified are those used during IRT
experimentation. All pictures taken by Liz Boyer, a
research assistant in the Department of Historic
Preservation at the University of Kentucky. (2008)
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Density:

Density is another factor affecting woods thermal conductivity. The term, as it applies to wood,

is defined as the weight per unit of volume, expressed as pounds per cubic foot or grams per
cubic centimeter. Water is typically the substance that is used for density comparisons due in
large part because it can be expressed simply as 1 g. /em® (62.4 1b. / ft.*). This comparison or

relative density is termed specific gravity. When determining the specific gravity of wood it is
necessary to avoid the weight effects that water within the wood might have, therefore the wood

is dried to a moisture content of 12%. Woods with specific gravities >1 are denser than water
whereas woods with a number <1 are not.*® This also means that woods with higher specific

gravities are harder as well as retain less moisture than those with lower values. Perhaps most
importantly is the correlation between high specific gravities and high k& values.

Specific Gravities of Some Common Woods:
(Woods used for this research are noted with an *)

Scientific Name

Common Name

Average Specific Grav-
ity *see below

Softwoods

Thuja plicata* Western redcedar 33
Pinus palustris* Longleaf pine (SYP) .62
Standard Lumber (SPF)* Spruce-Pine-Fir

Abies balsamea Balsam Fir 37
Pinus banksiana Jack Pine 45
Pinus resinosa Red Pine 46
Pseudotsuga menziesii Douglass-fir 52
Picea sitchensis Sitka spruce 42
Pinus taeda Loblolly 54
Hardwoods

Liriodendron tulipifera* Yellow-poplar 46
Quercus falcate* Southern red oak .62
Castanea dentata American chestnut 45
Acer rubrum Red maple .56
Acer saccharum Sugar maple .66
Tilia americana American basswood .38

Table 3* *Specific gravity is based on 12% moisture content of the wood.

*Hoadley, pg 47.
3Simpson, pg 19-20.
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Specific Gravity and Thermal Conductivity of Selected Wood Species
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Specific Gravity Values

Chart 1: A chart showing the correlation between density (specific gravity) and thermal conductivity
of wood species used during testing. (Chart by author, 2007)*°

Moisture:

Moisture like grain direction and density can have a substantial effect on the thermal
conductivity of wood. The moisture content within wood is expressed in fraction or percentage
form and is the comparison of the weight of water within the wood to the weight of oven dried
(12% MC) wood. Standing trees can have moisture rates that range from 30% to over 200%.
Most often sapwood in softwoods has greater moisture content than heartwood whereas in
hardwoods the difference between the two varies depending on species.* Moisture levels for
species used in this research were relatively low, measuring in the vicinity of 6-6.4% making
this less of an issue than might be found in a field study. However, thermal conductivity tends
to increase as moisture content increases in wood.

Irregularities:

Irregularities are common within all wood species and are characteristics that have the potential
to alter thermal conductivity. Some typical irregularities that might be present in cut lumber
include reaction wood (called compression wood in softwoods and tension wood in
hardwoods), juvenile wood, pith wood, limbs (knots), pitch, pitch pockets and decay including
insect damage and rot.

Reaction or compression wood is found in stems or braches that are not parallel to the 