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QHny) Designation: C 1155 — 95

Standard Practice for
Determining Thermal Resistance of Building Envelope
Components from the In-Situ Data *

This standard is issued under the fixed designation C 1155; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope Note 1). Any valid techniqgue may provide the data for this

1.1 This practice covers how to obtain and use data fronPractice, but the results of this practice shall nqt be conside_red
in-situ measurement of temperatures and heat fluxes on build® be from an ASTM standard, unless the instrumentation
ing envelopes to compute thermal resistance. Thermal resiéechnique itself is an ASTM standard.
tance is defined in Terminology C 168 in terms of steady-state nore 1—Currently only Practice C 1046 can provide the data for this
conditions only. This practice provides an estimate of thapractice. It also offers guidance on how to place sensors in a manner
value for the range of temperatures encountered during thepresentative of more than just the instrumented portions of the building
measurement of temperatures and heat flux. components.

1.2 This practice presents two specific techniques, the 1.7 This practice pertains to light-through medium-weight
summation technique and the sum of least squares techniqusanstruction as defined by example in 5.8. The calculations
and permits the use of other techniques that have been propegyply to the range of indoor and outdoor temperatures ob-
validated. This practice provides a means for estimating theerved.
mean temperature of the building component for estimating the 1.8 The values stated in S| units are to be regarded as the
dependence of measure@value on temperature for the standard. The values given in parentheses are for information
summation technique. The sum of least squares techniqusnly.
produces a calculation of thermal resistance which is a function 1.9 This standard does not purport to address all of the
of mean temperature. safety concerns, if any, associated with its use. It is the

1.3 Each thermal resistance calculation applies to a subsegesponsibility of the user of this standard to establish appro-
tion of the building envelope component that was instru-priate safety and health practices and determine the applica-
mented. Each calculation applies to temperature conditionsility of regulatory limitations prior to use.
similar to those of the measurement. The calculation of thermal
resistance from in-situ data represents in-service conditiong. Referenced Documents
However, field measurements of temperature and heat flux may 2.1 ASTM Standards:
not achieve the accuracy obtainable in laboratory apparatuses.C 168 Terminology Relating to Thermal Insulating Materi-

1.4 This practice permits calculation of thermal resistance alg
on portions of a building envelope that have been properly C 1046 Practice for In-Situ Measurement of Heat Flux and
instrumented with temperature and heat flux sensing instru- Temperature on Building Enveloges
ments. The size of sensors and construction of the building C 1060 Practice for Thermographic Inspection of Insulation
component determine how many sensors shall be used and Installations in Envelope Cavities of Frame BuildiAgs
where they should be placed. Because of the variety of possible C 1130 Practice for Calibrating Thin Heat Flux Transduc-
construction types, sensor placement and subsequent data ers
analysis require the demonstrated good judgement of the user.C 1153 Practice for the Location of Wet Insulation in

1.5 Each calculation pertains only to a defined subsection of Roofing Systems Using Infrared Imagfhg
the building envelope. Combining results from different sub- .
sections to characterize overall thermal resistance is beyond tife Terminology
scope of this practice. 3.1 Definitions—For definitions of terms relating to thermal

1.6 This practice sets criteria for the data-collection techinsulating materials, see Terminology C 168.
niques necessary for the calculation of thermal properties (see 3.2 Definitions of Terms Specific to This Standard:

3.2.1 building envelope componerthe portion of the
building envelope, such as a wall, roof, floor, window, or door,

* This practice is under the jurisdiction of ASTM Committee C-16 on Thermal that has consistent construction. — For example, an exterior

Insulation and is the direct responsibility of Subcommittee C16.30 on Thermaistud wall would be a building envelope component, whereas a
Measurement.
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layer thereof would not be. F.; = measured heat flux at interior noddor time i W/m?
3.2.2 convergence factor for thermal resistance, SRhe (Btu/h-ff),

difference betweeR, at time,t, andR, at time,t—n, divided by \ = apparent thermal conductivity, W/m-K (Btu/h-ft-°F),

R, at time,t, wheren is a time interval chosen by the user T, = calculated temperature at indoor naddor time i K

making the calculation of thermal resistance. (°R, C, °F),
3.2.3 corresponding mean temperatur@rithmetic average 0. = calculated heat flux at interior nodefor time i W/m?

of the two boundary temperatures on a building envelopdBtu/h-ff),

component, weighted to account for non-steady-state heat flux. W, = weighting factor to normalize temperature contribu-
3.2.4 estimate of thermal resistanceRthe working cal- tionto T,

culation of thermal resistance from in-situ data at any one W, = weighting factor to normalize heat flux contribution

sensor site. This does not contribute to the thermal resistande I', and

calculated in this practice until criteria for sufficient data and I' = weighted sum of squares function.

for variance ofR, are met. 3.3.4 Subscripts for the Sum of Least Squares Technique
3.2.5 heat flow senserany device that produces a continu- S = specific heat of value, “s,” J/kg-K (Btu/lb-°F)

ous output which is a function of heat flux or heat flow, for

example, heat flux transducer (HFT) or portable calorimeter. hi , h ical q ;
3.2.6 temperature senserany device that produces a con- 4.1 T. IS practice presents two mathematical procedures for
calculating the thermal resistance of a building envelope

tinuous output which is a function of temperature, for example, . o
thermocouple, thermistor, or resistance device. subsection from measured in-situ temperature and heat flux

3.3 Symbols Applied to the Terms Used in This Standard:data' The procedures are the summation techr(iand the
3.3.1 Variables for the Summation Technique sum of least squares technigi2e 3). Proper validation of other

A = area associated with a single set of temperature ant&Chqu":"S is required.
9 P 4.2 The results of each calculation pertain only to a particu-
heat flux sensors,

B R lar subsection that was instrumented appropriately. Appropriate
g —_thermal conducftance, szmK (!3tu|/h-f12- R), instrumentation implies that heat flow can be substantially
R = convergence factor (dimensionless), accounted for by the placement of sensors within the defined

4. Summary of Practice

e = error of measurement of heat flux, WitBtu/h-ff), subsection. Since data obtained from in-situ measurements are
M = number of values oAT andq in the source data, unlikely to represent steady-state conditions, a calculation of
N = number of sensor sites, thermal resistance is possible only when certain criteria are
n = test for convergence interval, h, met. The data also provide an estimate of whether the collec-
q = heat flux, W/nf (Btu/h-ff), tion process has run long enough to satisfy an accuracy
R = thermal resistance, iK/W (h-f-°R/Btu), criterion for the calculation of thermal resistance. An estimate
s(x) = standard deviation ok, based orN-1 degrees of of error is also possible.

freedom, 4.3 This practice provides a means for estimating the mean
T = temperature, K (°R, C, °F), temperature of the building component (see 6.5.1.4) for esti-
t = time, h, mating the dependence of measuRedalue on temperature for
V(x) = coefficient of variation ofx, the summation technique by weighting the recorded tempera-
AT = difference in temperature between indoors and outiures such that they correspond to the observed heat fluxes. The

doors, K (°R, C, °F), sum of least squares technique has its own means for estimat-

\ = apparent thermal conductivity, W/m-K (Btu/h-ft-°R), ing thermal resistance as a function of temperature.
and

X = position coordinate (from 0 to distantdn increments
of AX),

p = material density, kg/m(Ib/ft>).

3.3.2 Subscripts for the Summation Technigue

5. Significance and Use

5.1 Significance of Thermal Resistance Measurements
Knowledge of the thermal resistance of new buildings is
important to determine whether the quality of construction
satisfies criteria set by the designer, by the owner, or by a

a =air, regulatory agency. Differences in quality of materials or
e = estimate, workmanship may cause building components not to achieve
i = indoor, _ . design performance.

j = counter for summation of sensor sites, 5.1.1 For Existing Buildings—Knowledge of thermal resis-

k = counter for summation of time-series data, tance is important to the owners of older buildings to determine
m = area coverage, whether the buildings should receive insulation or other
n = test for convergence value. energy-conserving improvements. Inadequate knowledge of
o = outdoor, and the thermal properties of materials or heat flow paths within the
s = surface, construction or degradation of materials may cause inaccurate

3.3.3 Variables for the Sum of Least Squares Technique assumptions in calculations that use published data.
C, = material specific heat, J/kg-K (Btu/lb-°F),

p —
Ymi = measured temperature at indoor nadéor time i K 3 The boldface numbers in parentheses refer to the list of references at the end of

(oRy C, OF), this practice.
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5.2 Advantage of In-Situ Data-This practice provides in- tion of heat flow perpendicular to the building envelope
formation about thermal performance that is based on meaomponent.
sured data. This may determine the quality of new construction
for acceptance by the owner or occupant or it may provid
justification for an energy conservation investment that COmjateral heat flow in building components. Metal surfaces and certain
not be made based on calculations using published design datancrete or masonry components may create severe difficulties for

5.3 Heat Flow Paths—This practice assumes that net heatmeasurement due to lateral heat flow.

flow is perpendicular to the surface of the building envelope g5 g Light- to Medium-Weight ConstructienThis practice
component within a given subsection. Knowledge of surfacgs |imited to light- to medium-weight construction that has an
temperature in the area subject to measurement is required fR{goor temperature that varies by lessrta K (5°F). The
placing sensors appropriately. Appropriate use of infraretheayviest construction to which this practice applies would
thermography is often used to obtain such information. Therweigh 440 kg/mi (90 Ib/f?), assuming that the massive
mography reveals nonuniform surface temperatures caused @Yements in building construction all have a specific heat of
structural members, convection currents, air leakage, anglhout 0.9 kJ/kg K (0.2 Btu/lb-°F). Examples of the heaviest
moisture in insulation. Practices C 1060 and C 1153 detail thegnstruction include: 1) a 390-kg/n? (80-Ib/ft?) wall with a
appropriate use of infrared thermography. Note that thermogprick veneer, a layer of insulation, and concrete blocks on the
raphy as a basis for extrapolating the results obtained at @side layer or2) a 76-mm (3-in.) concrete slab with insulated
measurement site to other similar parts of the same building iguilt-up roofing of 240 kg/rh (50 Ib/ft?). Insufficient knowl-
beyond the scope of this practice. edge and experience exists to extend the practice to heavier
5.4 User Knowledge RequiredThis practice requires that construction.
the user have knowledge that the data employed represent ans.9 Heat Flow Modes-The mode of heat flow is a signifi-
adequate sample of locations to describe the thermal perfocant factor determiningR-value in construction that contains
mance of the construction. Sources for this knowledge includair spaces. In horizontal construction, air stratifies or convects,
the referenced literature in Practice C 1046 and related workgepending on whether heat flow is downwards or upwards. In
listed in Appendix X2. The accuracy of the calculation is vertical construction, such as walls with cavities, convection
strongly dependent on the history of the temperature differcells affect determination oR-value significantly. In these
ences across the envelope component. The sensing and datmfigurations, apparer-value is a function of mean tem-
collection apparatuses shall have been used properly. Factquerature, temperature difference, and location along the height
such as convection and moisture migration affect interpretationf the convection cell. Measurements on a construction whose
of the field data. performance is changing with conditions is beyond the scope

5.5 Indoor-Outdoor Temperature Differene€The speed of ~ of this practice.
convergence of the summation technique described in this
practice improves with the size of the average indoor-outdoof. Procedure

temperature difference across the building envelope. The sum g 1 selection of Subsections for Measurermefihis prac-
of least squares technique is insensitive to indoor-outdoOfice determines thermal resistance within defined regions or
temperature difference, to small and drifting temperature difspsections where perpendicular heat flow has been measured
ferences, and to small accumulated heat fluxes. by placement of heat flux sensors. Choose subsections that
5.6 Time-Varying Thermal ConditiorsThe field data rep- represent uniform, non-varying thermal resistance and install
resent varying thermal conditions. Therefore, obtain timethe instrumentation to represent that subsection as a whole. The
series data at least five times more frequently than the mosfefined subsection shall have no significant heat flow that
frequent cyclical heat input, such as a furnace cycle. Obtain theypasses the instrumentation in a manner that is uncharacter-
data for a long enough period such that two sets of data that enstic of where the instrumentation was placed. Use thermogra-
a user-chosen time period apart do not cause the calculation pfy to identify appropriate subsections. Each subsection is the
thermal resistance to be different by more than 10 %, asubject of a separate calculation from in-situ heat flux and
discussed in 6.4. temperature data from instrumentation that represents that
5.6.1 Gather the data over an adequate range of thermaubsection. Demonstration that sensor sites appropriately rep-
conditions to represent the thermal resistance under the condiesent each subsection is required in the report (7.3).
tions to be characterized.

Note 3—Appropriate choice of heat flow sensors and placement of
hose sensors can sometimes provide meaningful results in the presence of

Note 4—A uniformly insulated region between studs may have an
Nore 2—The construction of some building components includes®SSentially uniform thermal resistance. Similarly, a framing member may
materials whose thermal performance is dependent on the direction of he@gfine a consistent region of interest.

flow,_ _for_exe_lmple,_ switchi_ng modes between convection and stable 6.1.1 Perpendicular Heat Flow-Determine whether the
stratification in horizontal air spaces. subregions chosen best represent perpendicular or non-

5.7 Lateral Heat Flow—Avoid areas with significant lateral perpendicular heat flow by considering evidence of thermal
heat flow. Report the location of each source of temperatureridges and convection. Assume perpendicular flow in regions
and heat flux data. Identify possible sources of lateral heat flowvhere no temperature gradient is detectable at the most
including a highly conductive surface, thermal bridges beneatkensitive setting of the thermal imager or other instrumenta-
the surface, convection cells, etc., that may violate the assumgion.
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6.1.2 Non-Perpendicular Heat Flow-Assume non- example, by connecting indoor and outdoor thermocouples in
perpendicular heat flow for those regions where a temperaturgeries, if other calculations do not require values for surface
gradient is detectable at the most sensitive setting of théemperatures.
thermal imager or other instrumentation. Choose the subsec- 6.4.2 Non-Perpendicular Heat Flow-In cases with prob-
tion (6.1) in such a manner that heat flowing between theble lateral heat flow, for each time interval, average the
indoor and outdoor surfaces is fully accounted for. Averagingemperatures on each surface and subtract the average outside
temperatures across a subsection satisfies this requirement.surface temperature from the average indoor surface tempera-

6.1.3 Estimate Thermal Time ConstarEstimate the ther- ture to obtain the temperature differencel() for that surface.
mal time constant of the building envelope component. Use
Practice C 1046, Appendix _Xl (Estimating Thermal T'me paths from a region on one side of the construction connect to a
Constants), or other recognized method. Estimate the thiCksorresponding region on the opposite side of the construction. In other
nesses and thermal diffusivities of the constituent layers of theases, corresponding regions on opposite surfaces may not account for the
building component, as required. total heat flow through that segment of the construction, because of lateral

6.2 Sensor PlacementChoose locations for sensors to heatflow. In the general case for Eq 1, surface regions shall be so defined
represent each subsection subject to the measurement. Telffepresent opposite ends of the heat flow paths of interest.
perature and heat flux sensors are used at various locations t06.5 Calculation of Thermal Resistane€This practice pre-
determine the inside and outside surface temperatures of tisents two mathematical procedures for calculating the thermal
subsection and heat flow through the subsection. Refer to thesistance of a building envelope subsection from measured
appropriate ASTM standards for use of the sensors chosen. ilfi-situ temperature and heat flux data. The procedures are the
heat flux transducers (HFTs) are employed, then refer tsummation technique and the sum of least squares technique.
Practice C 1046, Section 8 (Selection of Sensor Sites), to seledny other technique used shall be shown to calculate thermal
sites for HFTs and temperature sensors on building envelop@sistance for the pertinent construction, based on a mathemati-
components to obtain in-situ data. Refer to Practice C 1046;al derivation (see Note 7). The precision and bias for any other
Section 9 (Test Procedures), for applying heat flux transduceitechnique shall also be determined.
and temperature sensors to the buiIdjng. InStl’Umentation S,ha”NOTE 7—Referencegl, 2, and 3)contain examples of such a deriva-
be properly calibrated. Refer to Practice C 1130 for calibrationon applied to the summation and least squares techniques, respectively.
of HFTs. The following sections cover the important aspects 0bther methodg4, 5, 6, 7)that have been used or suggested are multiple
Instrumentation. regression analysis, Fourier analysis, and digital filtering.

Note 5—Most planar heat flow sensors may be surface-mounted; HFTs 6.5.1 Summation TechniqueThis calculation procedure
may also be embedded. Infrared thermography is useful in assessi@mploys an accumulation of data on heat flux and differences
whether the absorptivity of the HFT surface matches that of its surroundin  surface temperatures over time. It requires a significant
Ings. difference in temperatures and a constant temperature on one

6.2.1 Heat Flux Transducers-Do not expose surface- Side for rapid convergence. Temperature reversals prolong this
mounted HFTs to strong thermal radiation sources, especiall§alculation technique because negative values\dfand q
the sun. Indoors, close blinds to avoid direct sunlight fromoffset the accumulated positive values of these variables. Since
radiating to the sensors. the procedure does not account for thermal storage, the
6.2.2 Temperature SensctsAt a minimum, place tempera- technique is also sensitive to having a gradual increase or
ture sensors to obtain surface temperature measurementsdgcrease in temperature differences (for example, low-
points that are at opposite ends of the heat flow path on th&equency variations), especially with more massive construc-
inside and outside surfaces of the building envelope compdion. For each time interval, starting from the beginning of the
nent. measurement, calculate the estimate of thermal resistance:
6.3 Data Time Intervals—Sample each sensor at least every M
5 min. Average the output, compute the averaged value for k:lA Tok
temperature and heat flux, and record each value at intervals of Re=—w (2)
60 min or less. 2 %
6.4 Calculate Temperature DiffereneeCalculate the tem- ,
perature difference between the inside and outside surfaces of\oTe 8—Eq 2 represents the common simple case where heat flux

P . aths between opposite surfaces pass between corresponding opposite
the building envelope component, as follows, depending OIIr])egions. In cases with significant lateral heat flux, a more general version

whether heat fIOW is perpendicular, or not. of Eq 2 shall account for heat flux paths between corresponding regions
6.4.1 Perpendlcular Heat Flow-In cases where the as- that are not opposite each other.

sumption of heat flow perpendicular to the surface of the
building envelope component is valid, subtract, for each tim
interval, the outside surface temperature from the indo
surface temperature to obtain the temperature differeATg (
for that surface.

Note 6—EqQ 1 represents a common case where the sum of heat flux

6.5.1.1 Duration of Test-The test should last one or more
emultiples of 24 h, because 24 h is a dominant temperature
Of:ycle. Calculate whether enough data have been obtained
before dismantling the instrumentation (6.5.1.2). For the sum-
mation technique, choose at least one characteristic test-for-
— Tos convergence intervan, for testing for a difference between the
@ currentR, and the value oR, a period ofn time units earlier.
AT, may be obtained directly from the instrumentation, for Referencg7) explains a required choice of = 12 h. As an

AT, =T,
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