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Samples were attempted to be analyzed for Thermal Conductivity/R-
Test description Value using a Hot Box Apparatus (ASTM C518).
Results

A thin piece of Air Krete's insulation sample was cut for testing according to ASTM C518 Steady
State Thermal Transmission Properties by Means of Heat Flow Meter Apparatus. The sample
was placed in the Heat Flow Meter Apparatus and an attempt was made to start testing the
sample. When the top plate was lowered into place in order to start the testing, the “friability” of
the sample became more evident. The sample began to crack almost immediately. When the
plate was raised to investigate further, the sample had cracked the whole way through into

multiple pieces. Bas

ed on the friable nature of the sample, it is not compatible with the

conventional ASTM C518 testing for R-Value.
Pictures below show the sample during this attempt.
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One sample of insulation material was received by Lab Services on 05/17/13. The sample
was analyzed with the KD2 Pro Thermal Properties Analyzer for Thermal Conductivity. The sample
was analyzed with the TR-1 100mm long sensor, with a read time of 10 minutes and power setting
on high, as recommended for dry granular materials. The R-Value for 3 inches of the thickness of

. each material was calculated from the thermal conductivity result. The results of the test are

shown below.

Air Krete Sample Feb 27, 2013

Dynalene ID

R-Value

LS1939

18

(@ 3 inches _thick)

] N
Report Verified by : Becky Klimas M"fj— ﬁj’b% (Q// 5}/&

THANK YOU FOR YOUR BUSINESS!
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Sample Receipt August 23, 2013

 Analysis performed by | George Giannaras

Name: Becky Klimas

 Analysis verified by Signature: ﬁgﬁﬂﬁ )'/\_,L.AM 10 /3&/13

Samples were analyzed for Thermal Conductivity using transient line
heat source methodology. R-Value was calculated based on the

{ thermal conductivity value obtained and a specified sample thickness.
- Test description The samples were analyzed with the TR-1 100mm long sensor, with a
read time of 10 minutes and power setting on high, as recommended
for dry granular materials. Sample has been allowed to sit at ambient

_| conditions for 6 weeks.

Results
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Finding the R value of insulation using the
KD2 Pro

The R value of a material is a measure of its resistance to heat flow. The higher the R value,
the lower the heat flow for a given temperature difference. In winter, a house with an
average R value of 10 will lose heat twice as fast as a house with an average R value of 20.
The R value is therefore critical for determining energy requirements associated with
heating and cooling of homes and other buildings.

The KD2 Pro can’t measure the average R value of a building, but it can measure the thermal
resistivity of the materials that make up the building. The most important and most variable
of these is the insulating material. This note describes how to measure the resistivity of the
material and how to compute the R value from that measurement.

Defining terms

Thermal conductivity, A, is the amount of heat (Watts or BTU) that flows across a plane of
unitarea (1 mZor 1 ftk} in unit time (1 s or 1 hr) when there is unit temperature gradient (1
C/m or 1 F/in). Units are W/(m C) or BTU in/(ftZ hr F). Thermal resistivity is the reciprocal of
thermal conductivity (1//), so units are m C/W or ft2 hr F/(BTU in). Thermal resistivity is the
resistance per unit thickness of the material (per meter or inch). Thermal resistance is the
product of the resistivity and the thickness of the material, so its value is specific, not only
to the material, but also to its physical configuration. The Rvalue, as used in U. S. building
trades, is the thermal resistance in units of ft2 hr F/BTU.

Determining an R value with the KD2 Pro consists of measuring the thermal resistivity of the
material, converting it to English units (the KD2 Pro shows m C/W), and multiplying by the
insulation thickness in inches. The multiplier is 0.144.

Taking a measurement with the KD2 Pro is simple. Just insert the needle into a
representative sample of the material to test, wait 90 seconds for the measurement to
complete, and record the reading. As an example, assume we made a measurement with the
KD2 Pro and found that the thermal resistivity of an insulating material was 20 m C/W.
Converting this to English units gives

mC ft2hrF
2" % 0.144 + 2.88
<ol S e

If the thickness of this insulation were 6 inches, the thermal resistance would be




ft2hrF ft2hrF
6 — 17.98
BTUin BTU

The R value of this insulation would therefore be approximately 17. Doubling the thickness
would, of course, double the R value.
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KD2 Pro compliance to ASTM and IEEE
standards

The KD2 Pro complies fully with ASTM D5334-14. A certificate of compliance can be
requested directly from METER.

ASTM standard revised in 2014

ASTM D5334-14 is a significantly updated version of the Standard Test Method for
Determination of Thermal Conductivity of Soils and Rock by Thermal Needle Probe
Procedure. It represents the best practices in accordance with current research in heat and
mass transfer. For accurate measurements, it is important to specify and use the most
current version of this standard.

Elements of compliance to ASTM D5334-14

Both KD2 Pro single thermal needles (the TR-1 and the KS-1) have sufficient length-to-
diameter ratio to simulate conditions for an infinitely long, infinitely thin heating source. The
KD2 Pro includes a linear heat source and a temperature-measuring element, Temperatures
are measured with a resolution of 0.001 °C.

The KD2 Pro produces a constant current, reads voltage and current to better than the
nearest 0.01 V and 0.01 ampere, and measures time to better than the nearest 0.1 second.

Temperature decay with time is included in the analysis to minimize the effects of
temperature drift. Microprocessor-based analytical methods comply with all specifications
of ASTM D5334-14. METER calibrates the KD2 Pro to ensure accurate measurements.
Accuracy verification standard material is included. Accessories included are capable of
drilling a pilot hole with a diameter and depth equal to the dimensions of the needle.

IEEE 442-03

The IEEE is considering updates to IEEE 442-03 (which was last subject to thorough
consideration and revision in 1981). The KD2 complies with all theoretical assumptions upon
which |EEE 442-03 is based (see Appendix A, theory and analysis) but makes full use of
technologically-superior sensors and microprocessor-based analysis, rather than the
homemade probes and pencil-and-paper analysis methods which were in common use when
the |IEEE was first drafted.

The IEEE states in the introduction to this standard, “Every IEEE Standard is subjected to
review at least once every five years for revision or reaffirmation. When a document is more
than five years old and has not been reaffirmed, it is reasonable to conclude that its
contents, although still of some value, do not wholly reflect the present state of the art.”
|EEE 442- 03 was last reaffirmed in 2003.

As the IEEE works to update this standard, it may be advisable to specify and follow ASTM
5334-14 which, due to its significant recent revision, better represents current state-of-the-
art theory and practice in heat and mass transfer. Inaccuracies that may occur when
explicitly following the field probe dimensions and probe heating times outlined in IEEE 442~
03 are shown in Appendix A.




Soil Science Society of America (SSSA), Methods of
Analysis part 4 Physical Methods 5.3 (Thermal
Conductivity pp 1209-1226)

The KD2 Pro probe needle sizes, heating times, accuracy specifications, and internal data
analysis follow recommendations outlined in the SSSA methods. A certificate of compliance
is available from METER on request.

Appendix A: theory and analysis

Transient line heat source theory

The method used in the ASTM and IEEE thermal conductivity/resistivity measurement
standards (IEEE 442 and ASTM 5334) is generally called the transient line heat source or
transient heated needle method. If heat at a constant rate, gis applied to an infinitely long
and infinitely small “line” source, the temperature response of the source over time can be
described by the equation

Equation 1

where kis the thermal conductivity of the medium in which the line is buried, Dis the
thermal diffusivity of the medium, ris the distance from the line at which temperature is
measured, and £7is the exponential integral. £/is defined in the following equation and can
be approximated by the series shown

» (1
-Ei (-a) = o exp(-u)du

o

-gamma -Ina + a-a’

4 + ...




Equation 2

in whichy = 0.5772 is Euler’s constant and a= /4Dt The terms beyond ln a in the series
expansion of E/become negligibly small for long times when ris small and Dis large, so
Equation 2 can be approximated as

AT = Intr +C

4rk

Equation 3

where Cis a constant. Thus, if early time data are ignored, a graph of AT vs. In fbecomes a
straight line with slope equal to g/4m k. Since two points define a straight line, 4can be
computed from Equation 4.

g(Int,-1nt)
4r (AT, - AT))

k=

Equation 4

The resistivity, p, is the reciprocal of 4. IEEE 442-03 uses this simplified method to obtain 4.

Assumptions of Equation 4

This simplified equation rests on three assumptions:

1. That the exponential integral can be approximated by the logarithm
2. That the probe is infinitely long and infinitely small

3. That the ambient temperature is constant during measurement

In reality, probes are neither infinitely long nor infinitely small. The ambient temperature of

the sample is also never constant during a measurement; there is always some temperature
drift.




A better solution

A better solution to the differential equation for finite length and radius probes can be
obtained. For a heated cylindrical source of radius a (m) and length 2b (m), with temperature
measured at its center, the temperature rise during heating is found through Equation 5

oo ul exp [-(5-)u]

AT = g4Ank

’,.2
AD7 I, Qau/r) erf (-%'\/u_ ) du

Equation 5

Here, /,(X) represents a modified Bessel function of order zero, erf{)is the error function, and
vis an integration variable. The quantity

.
exp [ -(4) ul [, (24%

Equation 6

approaches unity as a/rapproaches 0, and




erf m%—-—\/u—

Equation 7

approaches unity as b/rapproaches infinity. In these limits, Equation 5 becomes Equation 1.

Simplified approximation: How does it work?

Use Equation 5 to assess the errors which can arise by using Equation 1 or Equation 4 to
obtain values for kor when finite length and diameter probes are used. The construction of
the KD2 and both the KS-1 and the TR-1 thermal needles are consistent with an assumption
that the source radius, &, and the measurement radius, r are the same. The probe lengths
and diameters suggested by IEEE 442-03 and the dimensions of METER’s small single
needle probes are given in Table 1. ASTM 5334-14 does not specify a needle size.

Show 10 entries Search:
2 |EEEfield & IEEElab £ KS-1 -
Length (mm) 2000 100 60
Diameter (mm) 8 2.4 1.27
Showing 1 to 2 of 2 entries Previous MNext

Table 1. Needle dimension suggested by IEEE 442-03 and METER KS-1 and TR-1 needle
dimensions. The KS-1 best matches the assumptions of the infinite line heat source theory
and measures with good accuracy without calibration.

Simulated temperature rise data were generated using Equation 5 and then used in
Equation 4 to compute an apparent value for & The difference between conductivity
predicted from Equation 4 and Figure 1 shows the true conductivity (used to generate the
temperature data) for the three probe diameters. Since the slope of the In plot changes
somewhat with time, the error also changes with time. The time scale shows the center time
at which the slope in Equation 4 was computed. Values for three probe sizes and two
thermal conductivities are shown.
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Figure 1. Error in the kvalue computed using Equation 4 as a function of the time at which
the slope is computed for the probes shown in Table 1. This information is for uncalibrated
probes. Properties for the simulation are moist soil and saturated quartz sand.

Conclusions from Figure 1

Three things are readily apparent from the figure. First, probe size strongly affects error. The
larger the probe, the larger the error at a particular time. Second, errors decrease with time,
so that even large probes have acceptably small error after a sufficiently-long time. The
third observation is that error starts to increase after sufficient heating time. This is due to
the finite probe length. For an infinitely long probe, the error continues to decrease with
time. All of the probes in Table 1 are sufficiently long to give negligible error from finite probe
length if the reading is taken at the proper time. The absolute error appears to be
independent of the conductivity of the medium, so fractional error will be larger in low
conductivity samples than in high. It is important to remember that the errors shown in
Figure 1 only occur if these probes are not calibrated (raw response used to compute A).
Calibration of the probes with thermal conductivity standards eliminates this type of error.

The effect of finite probe diameter on measurement error is always an overestimation of
conductivity or an underestimation of thermal resistivity. All of the errors shown in Figure 1
are easily eliminated by calibrating against standards of known thermal conductivity, but
probes are often used without calibration. By using the large probe specified by IEEE 442-03
without calibration, thermal conductivities and resistivities can be in error by 30 to 50% in
some cases.

Limitations of long heating times

Except for the field probe, acceptable error values appear to be obtained after 30 to 200 s
heating. However, long heating times are detrimental in at least two ways. In moist soil,
water moves from regions of high temperature to regions of low temperature. The heating of
the needle, therefore, drives moisture from around the needle. This reduces the thermal
conductivity in exactly the region where conductivity is being measured. Minimizing heating
time reduces the magnitude of this error.

The second effect of long heating times on error is through the effect of sample temperature
drift on the results of the measurement. The method proposed in the IEEE standard is
extremely susceptible to sample temperature drift during the measurement time. Figure 2




shows the effect on error of an extremely small sample temperature drift of 0.001 °C/s.
Error, in this case, is the difference between the probe reading with temperature drift and
the reading without, divided by the reading without. Error is minimized by using short heat
times, since the probe heats very little at long times and the effect of drift is relatively larger
then. The conductivity of the material affects the error because the temperature rise of the
needle is smaller in the higher conductivity material than in the low, so the relative effect of
the drift is larger. This temperature drift error is a result of analyzing just the heating phase
during the probe measurement. The KD2 Pro analyzes both the heating and the cooling
phases. The analysis then eliminates this source of error.
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Figure 2. Error in computing kas a function of time of slope measurement for the probes in
Table 1 when the temperature drift in the material under test is 0.001 °C/s for two thermal
conductivities.

With that background, we can now compare details of the KD2-Pro measurement and
analysis to those of the standards. The smaller KS-1 needle best matches assumptions of
the infinite line heat source theory. The larger TR-1 needle conforms to specifications for the
IEEE 442-03 lab needle. Figures 1 and 2 indicate that the smaller needle gives better results
if Equation 4 is used for the analysis. In fact, if calibrations are done against standards of
known conductivity, both of the smaller needle sizes will give accurate results.

Limitations of IEEE “field needle”

IEEE 442-03 calls its large needle a “field needle” but never indicates why or where one
would use such a probe. The so-called laboratory needle is not only much more accurate, it
is much easier to use in the field. Apparently the authors envisioned a hole for the probe
being prepared using a steel pilot rod with a slide hammer. Such an insertion method would
severely compact the soil around the probe, thus rendering the measurements invalid. In
addition to problems with the installation, there are problems with the construction and
analysis. The heater inside the probe consists of a single wire buried in epoxy. The epoxy,
temperature configuration inside the probe, and stainless steel making up the probe all
influence the measurement. Such a device might be susceptible to analysis using numerical
models and suitable numerical inversions, but it certainly is not suitable for analysis using
Equation 4 and possibly not even Equation 5. If measurements are desired at depth, one can




easily auger a hole and place the “laboratory” probe in the soil at the bottom of the hole.
This avoids compacting the soil and gives an accurate measurement at the location desired.
There is no reason to ever use the field needle.

Analysis: by hand or by computer?

The IEEE standard suggests collecting data with pencil and paper over a 1000 or 600 s heat
time, plotting the data on semi-log graph paper, selecting a segment of the data by eye that
appears to fit a straight line, selecting two points on that line to enter into Equation 4, and
computing p from the reciprocal of Equation 4. The KD2 Pro collects data at 1 s intervals
during a 30 s heating time and a 30 s cooling time. Temperature is measured by a 24 bit
A-to-D converter, The exponential integral solution is fit to all of the data for both heating
and cooling by nonlinear least squares, while removing effects of temperature drift during
the measurement. All of the computations are done by an internal 16 bit microcontroller,
and the result is displayed. Because all the computations are done internally, there is no
need to record individual temperature values. Forty data points are used to determine the
value of &, rather than just 2. Linear temperature drift effects are removed, and the
subjectivity inherent in manual or eye-fitting of data is removed. The accuracy of the
measurement is verified using thermal conductivity standards such as glycerol and agar-
stabilized water, whose conductivity is known.

KD2 Compliance to IEEE 442-03

METER's claim that the KD2-Pro conforms to IEEE 442-03 is based on the fact that the KD2
Pro uses a transient line heat source or transient heated needle method and finds thermal
resistivity using an approximation to the solution to the differential equation for an infinite
line heat source. The TR-1 needle matches the specifications of the IEEE lab needle.
Analysis is done within a microcontroller as a result of an improved understanding of the
physics and improvements in technology that have taken place since this standard was
initially authored.
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