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PREFACE

The Southwest, Thermal Mass Study is part of a national effort
to characterize the thermal behavior of buildíngs that
incorporate thermal mass in their envelopes. Many traditional
building materials, such as brick, conctrete, stone, soÍJ", and to
some extent logs, are sufficÍently massive that their energy
storage capability might influence building heating and cooling
energy requirements. The study includes test buildings
incorporating many such materials, including the tradit,ional
Southwestern sun-dried adobe brick

All the data and analysis in this report are for test
buildings of a very simple configruration, to allow careful
analysis of the instrumentation and the thermal performance of,
the buitdings. That is, there are neither windows nor doors (to
minímize infiltration, and to avoid solar gains through windows),
the slab-on-grade floorE are insulated above the slab (to reduce
complex heat losses and gains to the fLoor), and there are no
internal heat sources other than the heatlng sl¡st.em itself.
Tlrese test buildings yielded data that was analyzed to give
considerable insight into the effect,s of bui,Lding envelope
thermal mass. Such i,nsights, and the supporting theory and data,
are the core of thís report. There is also assessment of data
quality: experimental uncertainties have been evaluated, so that
current conclusÍons and future work do not strain beyond the
credibility of the data.

The focus of this repont is the heating season dâta collected
and analyzed for windowless buildings from December 1.981 through
December 1982. An earlier published report, entitled Itsouthwest
Thermal Mass Strrdy -- Constructj.on and Instrumentatj.on Phaserl
(14), covered the initial phase in which the test f,acility w.as
constructed and instrurnented at, Tesuque Pueblo, New Mexico, f,rom
September 1980 through Auçrust, 1981. Other measurements, not
covered by this report, have been cgmpleted as follows. Data was
obtaÍned to assess the potential for summer cooling using night
ventilat,ion: Winter data v¡ith timed internal heat, sources
expLored the radiative and convective coupling of that, heat to
the bullding envelope. Vtindows t^¡ere inst,alled in aLl but one of
the test buildings, and data was collected for that confíguration
from January to June, 1983. Analysis of the new data is in
process" A report will'be issued when that analysis is
completed.

John Gustinís
Augrust 5, 1983
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ABSTRACT

Eight windowless one-room test buildings' 6'10 m square and

2.2g¡nhighinside,v¡ereconstructedonahighdesertsitenear
TesuquePueblo,NewMexico,tostudytheinfluenceofwall
dynamic heat transfer characteristics on buirdinq heating energy

recruirements (such influence is sometimes called the rrthermal

ilä"-;;îãäi;l) rhe buitdinás ãrã nominarty idelrical except for
the warrs, and are instrumeát"¿ to record Èuitding component

temperatures and heat fruxes; indoor temperature, humidity, globe

temperature, and interior surface temperatures; and outdoor
weather, solar data, and ground temperatures. This report
presents the results from anàlysi" ðr heating season data for one

year

Asimplemethodofanalysisusing¡steady-statemethodson
time-averaged ¿àta is derived from iirst principles' Energy use

data for each building are correlated t,o -weathei parameters and

building interior conãit,ions, and are compared to predictions of
steady-state modeling. comãåti- f.t.*eterã are evaluated for each

building, and criticalfy "o*p.t"ã.'' 
In situ measurements of wal-I

thermal prop""ii*" and ãynamic heat transfer characteristics are

;;;;ã;i"ä, Lncrudine datá for adobe walls'

In atl cases the measurements were consistent with thé
eteady-state theory using tl*ã:ãvãraged data. rn particular, the
ã"ir"itL"g hypoih"tå" werã found to be compatible wlth
experimental results: 1f "-üüifAing 

requ-ires heat continuously'
thenaverageheatingenergyrequirementsdependonlyon
steady-state ifràr^"i reslÁLancå, and not on- thermal mass ¡ lf a

bulldinE interior temtr>erature fioats above the thermostat
tetpoint for part of each.9"y, then exÇess energy is required
ebove steady-ètate predictioåi using averaged data, and is
ñô;";-i;hå" nornaiized ro overall building heat transfer
coefficient) for buildings .*ftiUiting the least thermal -damp|3ø
fn the enverope. The excess energy use.results simpty fron the

lncreased average interi"t'[.*pãtáitt".during those hours of the
day in faLl "iã'"piing 

when rr"ãt demand drops to zero. wíth
frequent diurnal äir ùemperature swings of iS to 2OoC and direct
normal insoraliãn- iypic"ifV- ãxãåeding-1OOO W/''.1, -!.h1 

observed

annuar efreci-(;;r-¿ñ; risí,tããi-u,¡iiái"sl was 3.s% t 2/" or' t'otar
heating energy use.
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Chapter 1

INTRODUCTION

]..IPURPoSEANDGoALSoFTHESoUTHWESTTHERMALMASSSTgDY

It is a national goal to understand' the energy performance of
buildings, in order to assêss the LonE-term national impact of
vari-or¡s energy conservation strategies. Although it has long
been recognized'that mass participãtitg fn a building's energy-
flow influences energy use, a detâited understanding of the role
of mass on a buiLding¡ s energ¡y use is only. now emerging.
Numerous com¡ruter simulationÀ- indlcate that the effects of mass

can be signiiicant, btrt there has been little reliable
experímerr*õat data obt,ained with calíbrated instrumentâtion to
verífy the simulations. ì

such information is of vitat interest to producers of massive
buildÍng mat,erialË -- such as bricks, Ioq¡s, concrete, adobe, and
stone -l who are concerned that buitding code requirements
reflect the enengy-conserving aspects of buitding thermal mass in
â reasonable way.

To increase the fundamental understanding af buÍlding mass
effects, and t,o provide the supportfng expérj.mental,evidence, the
United States Deþartment of enãiîgy supports a coordinated Thermal
Mass Program, aAministered through the Buitd'ing Envelopes Program
at Oak niage Nationat Laboratory. The primary objective of the
Thermal Maãs Program is to create a body of knowledge about
thermal mass in úuilding envelopee that enables both buílding
owners and the building indu,stry to ut'i|jze thermal mass
eifectively in reducing energy èonsumption for heating and
cooJ-íng UuilAings. Thã broaá-program encompasses laboratory and
field iestínE, extensive analysis, diagnostics for energy
inefficiencies in existinE buildings, and t,ransfer of new

informat,ion and method.s t,ð industry, .government, uni\¡êrsities,
and the public.

A major goal of the national program.is to evolve a

comprehénsirie understanding which ilitt include the effects of
nuiiAing enVelope mass on energfy consumption, occupant,comfort,
and utiÍity pà.i< Ioad, requiremÃãts.- .Currently available field
and laboralory data have-been insufficient for this task'
Lacking such åxperimental data, existing, analysis meth-ods could
not be verified with confidence. The role of the Southwest
Thermal Mass study, as part of the national program, is to

-1



contribute an
and analysis.

accurate and reliable base of experimental results

loward that end, the Southwest Thermal Mass Study has designed
and built a research facÍlity at resuque puebro, Neir Mexico,specificalry t,o address the effects of mass on building energyperformance in the sunny climate of the American Southwest. Íf¡estudy uses a traditionar material, sun-dried adobe brick, as theprimary materiar for study of mass effects, Ín order to extendthe body of relÍabre engineering information on adobe. rnaddition to five adobe test buirdings, there is a concrete
masonry building, another of mirred rogs, and an eighth ofinsurated wood frame construction, providing eight ãutry
instrumented !est buildings with watts of ¿iffeient thiðknesses,densities, and thermal diffuslvities.

The goal of the Southwest Thermal Mass Study ís to obtain andanalyze field dafa on the perforrnance of adobe and other testbuildings, for three main purposes. First, to provide reliablebasic inforrnation on the performance of adobe and other buildingmaterials, the study made extended measurements of the thermalperformance and- energy consumption of adobe, concrete block, Log,and frame test buildi.ngs in the climate of northern New Mexlco.
Second, the study performed scientific studies toward developinga coherent, det,aired understanding of the complex interactíoä oibuilding envelope mass, v/eather, and heating ènergy use. Third,that understanding t,ogether with the accumuiat,ed áåta wiII allowothers to test, the rimits of validity of various pred.ict,ive
methods used for thermar design of buirdings, and to modify andimprove such methods for energy-efficient buitding design.

1.2 PAST WoR4 AND THE PREqENT COì-\TTEXT IN THERMAL MASs RESEARCH

Most previous work on the behavior of thermal mass in building
envelopes used numericai- sÍmulations. Genenally, researchers
have found that the presence of increased mass iesults in a smaLlreduction in heating or cooling energy requÍred to condition the
space (1, 2, 8, 20, 2I). However, one study (13) found 2O-3O%reduction in heating energy reguired for a heàvyweight buirdin<jas compared with a lightweight buirding. Two sÈudies"(2, 20)found that this reduction is greater in milder clímateÀ and oneqtudy (1) obtained the largest effect in crÍmates witÏ¡ a rargediurnal temperature variation. Another study found that masÀ is
most beneficial when it is located inside inÁulation (g), whereit is tightty coupled to the interio? space. Atthotrgh mostresearchers agree that mass usually reduces heating ánd cooling
energy requirements, there is not widespread agreement on thequantitative aspects of theise effects, and, one study (1) foundthat in some crimates additional mass increases cooling
reguirements

t.
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ts There is also lítt,Ie information on how best to utilize the
thermal behavior of mass of building envelopes. The literature
on rrpassivetr solar technigues stresses largre amounts of interior
mass to absorb the diurnal solar energy pulse admitted through
windows. Another approach (6, 10, 15), useful Ín office
buildings, is to utilize the delay of the peak heat flux in the
cooling season, and allow the delayed load to be dissipated in
the evening when the building is not occupied-

Only a limited, amount of experimental work has been done to
essess the effect,s of envelope thermal mass on building heating
or cooling energy use. A L968 study found that a masonry houËe
used. less energy than a frame house in the swing seasons in
Arizona, despite greater insulation in the frame house (23). A

L973 stud.y on a concrete block house found that envelope mass
located on the insíde of insulation produced a smaller interior
temperature swing than mass placed on the outside (19). The
stuáy aLso found a smaLl reduction in interior temperattlre swing
when mass was added to the interior. The National Bureau of
St,andards is conducting a field study of wall mass, using six
37,2 mz test buildings in both heating and cooling modes (4).
The study found no reductions in heat,ing attributable to wall
maÊs when heating was required continuously, but there were
elgnificant though small reductions when heating v¡as reguired for
only part, of the day. During the summer cooling seas'on,
tlgnificant savings in cooling energy due to wall mass vtere
observed.

The effects of envelope mass on buitdinE energy use are quite
conplicated. The delay, attenuatj.on, and energy storage
proþertíes of any one envelope component are not suff,icient to
êharacterize the energy Ímpact of that component'. It is the
lnteraction of, all- heat sources and the heat flow through the
many envelope components interacting with the therinostat setpoint
thaÈ determines a buiding's energy performance. The
thermostat-controlled heating plant introduces a strong
nonlinearity in the system at zero heating demand: when there is
dcmand for Èeat,, the ñeating plant supplies energy as needed; but
When there is an excess of heat for part of a day the heating
plant cannot reversibly store that excess. Instead, the lndoor
temperature floats above the thermostat control poilt, affecting
hcet flow through aII envelope components. It is the curse of
nonlÍnear systems that the effects o'f component pieces cannot be
consldered óne at a time, and then superimposed. The entire
buildÍng, with its space conditioning system, must be considered
AE one inseparable system, except,^in a few eimple cases.

At the DOE-ORNL Thermal Mass meeting in Knoxville, Tennessee
in June lg82 (7), over a. dozen papers in thermal mass research
'úrere dÍscusçed. The field is evolving rapidly and published
lÍterature Iags considerably behind current understanding.
Hovfever, it iå clear that a consensus 'in thinking about the
energy storage effects of thermal mass is ernerging. That
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consensus was summarized in an overview paper b-y Oak Ridge
National Laboratoty (oRNL) (5). The summary stat,ed.that,
compared to a iigitt Èuífdínà úaving similar insulating R-value,
the incorporatioñ of therm"Í *."" in a buitding envelope has the
following effects:

. thermal mass in a buildíng envelope component delays and.
attenuates interior surfaãe thermãl f,Iux caused by exterior
driving temPerature changes

. thermal mass can reduce temperature swings in unconditioned
buildinEs

. thermal mass has l,íttle effect on total heating or cooling
energy use when heatinE or cooling is reguired throughout
the daY

. thermal mass can result in reductions in heating or cooling
Ioad (and conseçluent reduction of the size of space
ãonaiÈioning eqüipment) if the building experiences
alternati;;-p.;iãäs oe net enerqy gain and net energy loss

o thermal mass can reduce Spå'ce cond'itioning equipment cycling

. thermal mass reduces the effectiveness of thermost'at setback

current research is generalJ-y aimed at quantifying thermal
mass effects ánd at devãloping ã sound base of experimental
results "n¿ 

anãiysis r¿hic1r can verify that models used in
-omputer simutatLons of buildíng envelope thermal performance
represent thermal loads accurateJ-y"

1.3 CURRENT AND EUTURE WORK 4T THE SOLITHIIEST THERMAL MAFS STUDY

'This report covers analysis of the thermal performance of
windor¡¡Iess buildings from Õecemþer, 1981, through December' 1982'
Subseguent, anafyãiã wirf include the fottowing for windowless
t,est buildings:

o summer night ventilation tests for a lightweiEht and a

massive test building
. short-term heating season data coLlection wit'h diurnally

cycled internal, heat'sources ^coupted radiatively to the
north ""ii=r 

repeated, witTr the êame heat sources coupled
convectivelY to the.aÍr

. dynamic simulations of the test, buildings by oak Ridge
National Laboratory (oRNt) using DoE-2.14, witÏ¡ actual Èite
weather oãtà (a seiaiate ieport wiLl be issued by oRNt)

rl
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As part of the planned research, windows t¡¡ere added to all but
one of the test buildings, and one of the adobe buildings has
been insulated on its exterior. This allows:

heating season test's with windows installed, and
buifdiñg insulated with the steady-state R-value
insulated frame building

one adobe
of the

. additional- test building characterization, as requj-red, f'or
the modified buildings

Possible future work at this facitity beyond June, 1983'
funding Permitting, would include:

. installation of refrigerated cooli'ng equipment for cooling
season tests

. late spring and early summer tests with both heatingr and

cooling ",ráiIable 
to maintain a well-defined range of

permitted temPeratures

. winter tests wíth nj.ght-t,ime thermostat setback

. winter tests with interior partitions instalLed, creating
two or more zones within the test buildings'

the
toAfter the fundamental work with thermal mass is finished,

test buitdings can be used for simple low-cost measurements
evaluate energy-conserving retrofits (e'g', waLl insr¡lation
retrofit,s folÍãwed by.passive solar retrofit,s).

The fírst research phase of the soutwest Thermal.Mass Study
has-producea ¿áia of elcellent guaflty. the analysis of that
äãi"" ñ." yietded a clearier quaf llative. and quantitat'ive
understanãing of thermaL mais effect's in bull-dings. That
understanding Ís the subject of this report

t.4 STRUCtURE OF THIS REFORT

This report is compact, relative t'o the amount of information
it represents in ter¡nä of both data and analysis. A variety of
ão.iyäi" tecfrniqu"". ât" used to present the data, to present a

rational interpiètation of what ihe rrthermal mass effectrr is, and

ultimately to ästimate the magnitude 9f !þ" eff,ect. Because of
the large amount of materi'al fresehted, the structure of the
report is neceãÀ.rify complex-. For these reasons, the structure
of the report is here exP.lained'

This report follows a logical progression: eâch step follows
grom-ifre plevious "tèp and is a prereguisite to the next step'
There are five-ðfn"pt.it"r Chapterã 2 through 6, excluding the

t,
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rntroduction and summary. These may easity be divided into twoparts; that anarysis which can be done by simple observation of
t'he data, without recourse to comprex theory, and that which
requires theory.

chapter 2 is a description of the test faciJ-ity. rt contains
a brief su¡nmary of the information in the construction and
Instrumentation phase report (14) and descriptive characteristics
of the test buildings that can be derived from the d.ata (e.g.,
warl delay and R-varue, infiltration characteristics). Appendix
B present,s the information in greater detail. Arso incruded in
Chapter 2 is a brief discussion of data quality, supported by
Appendix A which lists experímental uncert,ainties in det,ait"

chapter 3 rooks at, the data directry, with minimal theory andanalysis. The principal objectives here are to get a "feelii for
the data, to make sure that everything makes sense, and to showthe Limits of such approaches.

chapter 4 presents the theory for the chapters that forrow.
rt, estabrishes the fact that that the rrthermar mass effectil only
occurs when the system nonlinearity of ínterior air temperature
float,ing above the thermostat setpoint for part of the day
occurs; otherwise, there is no deviation from steady-state theory
using time-averaged data. (The reader ís referred to section
4.3, Impllcat,ions, fot a discussion of thettthermal mass effect.tt
The theoreticar proof of this chapt,er may be skipped, but it is a
necessary step in the logic for the chapters that follow. )Chapter 4 is supported by Appendix C.

chapter 5 appries the methods of chapter 4 by demonstrating
agrreement wíth steady-state theory for t,irne-averagred data and
showing that floatÍng above the thermostat setpoint produces
excess energy use. This involves compl-ex anarysis, including:
calculation of delayed weather conditions; and normalizations of
heating energy use to constant, lnterior aÍr temperature, to
êonstant floor loss, to constant exterior radiative conditions,.
and to constant (zero) lnfilt,ration rates. This method
demonstrates that our understanding of heat flows
components is adequate and lends much credence to
Because of the expense of detailed analysis, only
periods could be analyzed. Other methods must be
estimate the seasonal effects

in building
the data.
short, t,ime
used to

Chapter 6 presents a simpler way of looking at, the itthermal
mass effect'r by simply comparing^each building's énergy use to
that of building 3 (381 mm adobe). The advantages of this method
are: all weather parameters are rrbuilt i-nrr to building 3
cohsumption, so that the data is already normalized to a
consistent set of weather conditions; only kWh met,er readings are
used, eliminating extensive data collection; det,ailed analysis is
unnecessâryi experimental uncertainties are reduced considerabJ.y
(Eo !2%); and a methodotogy is provided for estimating the
effect.

-6-
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Chapt,er 2

SOUTHWEST THERMAL MASS STUDY

The Southwest Thermal Mass Study is a research facility at
Tesuque Pueblo, New lvlexico, designed to address the effects of
cnvelope thermal maÊs on build.ing enerqy performance in the sunny
ctlmatã of the American Southwest. The study uses a traditional
materiaL, sun-dried adobe bríck, as the primary material for
etudy of mass effects. In addition to five adobe test buildings,
theré is a concrete masonry buildinq, another of mj.lled logs, and
one of insulated wood-framã construction, providing eight fully
lnetrumented test buildings with walls of different thi.cknesses,
densities, and therrnal diffusivities.

This chapter briefly describes the site, test buildings,
lnstrumentation, and buíLding characteristics, with addítional
lnformation contained, in appendíces. DescrÍptions of the
lngtrumentation and buildings, including architectural drawings,
lre contained in a previous report rrsouthwest Thermal Mass Study
-- Construction and- Instrumentation Phase (September, 1980 -
August, 1981) rr ( 14) .

2,L THE SITE

The test facility is located in a high desert valley at an
rltitude of 1930 m, at 35.81 degrees north latitude and 1"06:97
d¡grees west longitud,e, on Tesuque Pueblo land 15 km north of
lráta Fe, New Meiico. The winter climate is characterized by
32OO t 22O heating degree-days (SI,, 18.3oC base temperature),
¡¡tlmated from the heating degree-days for sites having similar
llovat,fons and latitudes in New Mexico. Insolation is hlgh:
ovrtr 65"1 of, the extraterrestrial solar radiation flux reaches the
t¡¡t slte. This insolation during the day, combined with the
clêar night, skies, produces t,ypical díurnal air temperature
sWfngs oi L5 to 2OoC. Exteríor surfaces of insulated walls
expoãed to the sun can expeníence diurnal ternperature sv/ings over
55bC on windless days. Wínd speeds at nearby Santa Fe average
19 kmlhr at 10 m height.
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2.2 THF TqST BUrLprNcS

A brief description of the t,est buildings and their
instrumentation is given below. Instrumentation is discussed atgreater length in Appendix A, and test building characterization,
incruding measurement and calculation methods, is j.n Appendix B.

2.2.I Construction

The eight windowless test buildings were nearly identical in
construction, except for their exterior warrs. They are 6.r0 m
square and 2.29 m high inside, except that test buildíng 7, the
insulated frame building, is 6.30 m square with 2.44 m ceitings.
The floors are 10 cm concrete slab on grade, with 5.1 cm of
aluminum-faced polyisocyanurate or polyurethane foarn insulation
placed over the concrete t,o insurate it from the interíor. (The
two types of foam insulatlon differ little in R-value. ) Concrete
st'em walls reaching 0.61 m deep are ínsulated on both sides with5.1 cm of urethane foa'm. The stem walls vary in thickness with
the walls they support. Flat roofs cover the buildings. They
are support,ed by 3.8 cm by 29.2 cn wood joists on 40.6 cm
centers, with spaces firred by glass fiber batt insr¡lation. A
polyethylene vapor and infiltration barríer and 2.5 cm glnpsum
board finish the ceiling. There are neither doors nor windows:
a weatherproof roof entrance provides aÇcess. The walls, of
course, differ from building t,o building. Their properties are
listed in Table L. Exterior wall surfaces have been stuccoed or
painted to match the solar absorptance ( d ) of the adobe walls,
so that Q = 0.78 t 0.02 for all wa1ls.

The heating plant in each building consists of three 15o0-watt
electrical resistance heaters çontrolled by a thermostat.
Buirding air is mixed by a o.14 m!/s fan btowing downward through
a centrally located 0.6L n square destratification plenum. The
thermostat is located within the plenum, and heaters are disposed
Ín a t,riangle around Èhe plenum base, âs shown in Fig. 1. The
temperature regulatÍon properties of the heating plant are
discussed in Appendix B.
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Ílgure 1¡ Section Throtrgh Test Buitding, showing Heating Plant

2,2,2 Instrumen tation

Transdl¡cer placement was discussed i1 lhe constructíon and

lnrirumentatioi phase report (14), dated October, 1981. A

ãõirfled analysiä of, the- tranèAuåerE and the uncertainties in the
E¡¡¡¡urements "rã Aiscussed in Appendix A. A summary of the
ln¡trumentation is given beLor¡.

the test building instrumentation was sím¡rle and
¡trrlghtforward. Eãch wall of each buiLding was instrumented to
mal¡Ure surf,ace and interior temperatures, and int'erior surface
hrrt flux. The roofs were of fiäht censtruction, and identical,
tO lnterior and exterior surface temperatures were measured in
ont buíIding orrty, to determine roof properties. During most of
ifrc y""r, fioor ãtaU temperatures 1¡ere rneasured below the 51 mm

l,nculation for one building on1y, and heat flows were calculated
;;;;-ti;-ï"ã"r^iïon n-varuã and- imposed temperatur-e difference'
Wfren lnterlor air temperåtures f,toâtea above the thermost'at
jãipoint for some og tne buildlngs, there vtas no direct
*cairurc*ênt of, 1t"""""ed floor losses. To remedy tþis
äaff;fa;¿t, floor lnstrumentation was extended to aII eisht test
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buildings in the fall of 7982. Inside eaoh test building, air
temperatures v/ere measured in the plenum near the thermostat, ât
mid-height 35 cm from each wall, and 35 cm from the floor and
ceiling" A globe temperature vras measured at mid-height, near the
north walI. Humidity sensors inside the buildings proved'
unreliable, btrt they were of tangential interest only.

Measurements of outdoor air temperature, wind speed and
direction, relative humidity, barometric pressure, solar flux on
a horizontal plane and on cardinally-oriented vertical planes,
direct,-normal solar flux, and long-wave flux on a horizontal
surface defined the outdoon conditions. Some ground temperature
measurements $rere also taken.

Measurements of solar absorptance of test þuilding walls, test,
building fnfiltration rates, infrared imaging system scans of the
bulldingrs to check for inhomogeneities and construction flaws,
and other tests were performed as necessary. Results of such
measurements are given in Appendix B and summarízed below.

Uncertainties in the measurements, inciuding the entire data
path, are discussed in Appendix A. Data quality is discussed
briefly below.

2.3 DATA OUALTTY

The Southwst, T¡¡-ermal Mass Study is designed to look at the
sometimes subtle thermai- effects of mass in building envel-opes.
When mass effects are small, it is essential that data integrity
be protected from conscious or unconscior.ls biases; and that
experimental uncertaintfes in measured and derived results be
guantifÍed, so that inferences are drawn consj-stent with data
quality. The quantifÍcation of data quality is critically
important to interpretation of this experimentrs results.

A top priorit,y was to collect high-quality, irrefutable data.
Data collecti.on is the most crit,ical step of an experimerit,
becausê it cannot, be repeated; analysis, on the other hand, may
be repeated if necessary, in whole or in part. Steps t,o assure
high-quatity data include documentation, datalogger and sensor
calibration, and assessment of experimental uncertainties.

Each step of, the experiment has been documented on paper or
maqnetic media, or both. This includes working drawings of the
test buildíngs, photographs during and after construction,
manufacturerst manuals f,or aII critical instrumentation, bound
Iogbooks of ali- pertinent observations made at the test site,
data acquísition software, data analysis software, raw data, and
computation results.

-10-
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Experimental uncertainties of aII important measurements were
eValuäted ln some detail, based on manufacturerst data, our
measured data, and., in some cases, personal experj-ence- For
averag¡ed data and other dat,a calculated from individual
¡neasuiements, the uncertainties are assÍgned to the hourly
measurements and included in all calculations to assure that the
calculate¿ uncertainty is correct. Included with aII measured
data in this report aie estimates of uncertainties' Ðetails of
the uncertaintiãs for individual measurements are presented in
Appendíx A. Generally, for most mêasurements, they are on the
ã'r:ä.r of, tJ,-2/. (incluåing dataloqger uncertai.nties) at typical
operatinq "ottãiÈions. 

(ternperature measurements have an absolute
aäcuracy of y-2ft, but uncertainties in measurements of
[.*p.t"ture difference are much smalle,r' ) Notable exCeptions are
Wati flux measurements and some weather measurements, both
Ápproxima¡eLy +57¡ and infilt'ration measurements, which have
uircertaintÍeè of'-l2O-3O"1. of these, the wall fLr¡x measurements
ere most important, as ïnfiltration is a çmaII percent'age of any
test buildinq's heat loss. ($ee Section 3.3, Component Energy
BÀIances. ¡ ih" ,rn"ertainty in the flux measurements is primarily
due to t¡/âII inhomogeneities.

The importance of such det'aiLed uncertainty analysis becomes
obvious when one puts into perqpective the relatively small

. ittn."*ul mass effãcttr on the order of 5'l of total energy use
---'ãã*pãre¿ "itt , f,or example, wall energy,use based ?t flux
measurements accürate to tb%, or wall R-valUes accurate Xo !'t}'l
or more.

Two additional points need to be made about data quality:
ffrst, most problem areas can be addressed in the uncertainty
ãñafyåis. T|ese include such things as,wall inhomogeneities,
ftool and stem waLl loss uncertainties, and variation of
lnfiltration losses as a function of wind direction. Two

ããn"t"".tion il.w" (roof thermal shorts in the insulated frarne
buildíng - see Sectìon 2.4.L, and' indirect inf,iltration - see

Section 2.4.4) ¡tere considered effectively ímpossible to meas'ure
or estimate. Second, meagurement uncertainty analysis strould not
be confused wíth the standard erfor calculated from linear
regression analysis. where regressions are performed and the
reãults pt"".tttåd, standard eriors (t two standard deviations)
are also presented.



2.4 TEST BUTLD ING CIIARACT ERI STTCS

rhis section summarizes the more important measuredcharacteristics of the test buildings. Measurement methods andother characteristics of the test buildings are discussed in
Appendix B.

2.4.I Roofs

the flat wood-joist insulated roofs are nominally identical,
and light enough that thermal mass effects hrere expécted. to besmall. Roof, R-value was determined .from measurements on buitdingL, and roof, losses \¡¡ere carcurated for each buitding using thatR-value, and the difference between each buildingts-mean interiorair temperature and building 1 roof surface t,empãrature (assumed
representat,ive of all buildings).

The roofs differ from one another, however. rn particurar,.
because the joists extend only to the exterlor walr surface, ihecorner joint between wall and foof structure have different path
lengths and conductances. These were neither measured. norestimated: they were ignored, with a potential for larEe
underestimates in building 7 (insulat,ed wood frame buiidinq) heatrosses, because the walr-ceíting corner has a leakeage patñ-ofonly 114 mm through wood and glpsum board. rn add,ition, severalof the roofs experienced not,iceable leaks from puddles sitting onthe dead-flat roofs. others may have had smarlãr teaks. tn ãnycase, water withi.n the roof structure could lower the roof
thermal resistance, and there is evidence of this for at least
two buirdfngs in the rate rg82 data. Roof losses during the
coldest, weather, negrecting edge effects, rrere about 150 watts;halving of the thermal resistance due to water would raise theloss to 3O0 watts, ot a third of wall losses for the
best,-insurated test buitding. This is a serious deficiency inthe data: although it does not threaten quantitative
demonstration of important principres, it does increase
meaEurement uncertainties considerably, especial.ly in the late
1982 data

2.4.2 Walls

The walls differ in constructio¡, and have a range ofproperties, as listed in fable 1. The risted thermar properties
are from rReasurements through the center of each warl,- and so
neglect, heat, frow differences at the base and top, and corners ofthe warls. For buitd.ing 7, the measured R-varueã are for wallsections far from the wood frame mernbers. The watl as a wholeexhibits R=2.22 mz oc/w, assuming pararlel noninteracting heatflow through the walr studs and the wall insulation. The solar
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i absorpt,ance of all exterior walls was measured as 0 '78 t' O'O2

with a Pyranometer.

cores of several adobe walls r¡rere taken in March , L992, for
moisture measurenents. The moisture content of the 279 mm adobe

wal].swaslow,lto2"lfreemoisturebyweight,,andit_variedby
less than l/4 of. that, val"" "iitt 

depth in. the walts' The thick
635 mm adobe rrãrtfr wal1 exhibited J roughly parab?f +" moisture
distrÍbution with depth, ".;;hi;; 

4 to i% ir"e moisture by weight
in the rniddle of the wall "rtJ 

¿.ãreasing to 1l at. the interior
surface anð, 2"1 ãt-iit" exterior surface' This lndicates that the
waII was stil1 dryinE over å y..t after construct'íon' Thermal
resistance measu"å*.ñt" using time-averaged, data showed no

significant diiferences betwãen any of the adobe walls' $lhat

moisture ".*.iiã 
in the adoUe does not affect t'he average heat

î"ã""iãt signifícantly in this experiment
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. TABLE 1

Test Building WaIl Properties

Thick- Impedance
Btdg. ness Mass RSI Delay Ratio Wall Description

(mm) (kq/mz') (ntzoc/w) (h)

3
r1

B
5

2
5

6
5

10
10

L

¿

z
5

B
+o

5

6

7

279
t7

279
!7

381
!7

635
t10

279
!7

230
!4

178
r3

114 2t 2.70 2.O
t3 t2 *0.09 r0.5

(BIdg. 7 R-value is
measured between studs)

520 .0.35
t26 r0.04

155 0.70 5.3
15 È0.06 r0.5

77 1.59
t7 to.14

Adobe, mud mortar,
adobe plast,er.

Adobe, cement
mortar,
adobe plaster.
Adobe, mud mortatr,
adobe plaster.

Adobe, mud mortar,
adobe plaster.

Adobe, mud mortar,
adobe pfaster.

Gypsum board,
vapor barrier, aj.r
space, 203 mm CMU.
Gtrpsum board,
vapor barrier,
wood frame with
mineral fiber insul.
pllnvood.
Milled logs,
butyl caulk.

52A 0.35
!25 tO.04

540 0.37
!27 r0.04

7LO 0.48
t32 +0.05

1190 0.78
160 r0.07

7.
t0.

8.
+0.

18.4
ro.5

2.
10.

20.3
15.1

2
+o

2.5
t0.6

1.5
+0.4

1.0
ro.3

2.5
r0.6

8.9
t0.5

0
5

3
6

I
0

3

4

I

Nlotes:
R-values are surface-to-surf,ace, calculated from averaged
in situ heat flux, and average temperature difference
across each wall

Eelay is between diurnal sinusoidal compoRent of sol-air
temperature, and the induced inside surface heat flux,
with interior temperature held constant.

Impedance ratio is the amplit^lrde of the diurnal sinewave
component of inside'surface heat flux, to the amplitude
calculated for a massless walI, all with interior air
tenperature held const,ant.
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2.4.3 Floor Losses

Although stem walls are insulated inside and out to a depth of
0.61 m, and the floor slab is covered by 51 mm of insulation, the
floor losses are stiII considerable. (See Section 3.3' Component
Energy Balances. ) Floor heat losses are represented by a
constãnt and annual sinusoidal loss to the deep earth, assuming a
constant 20.6oC interior air temperaturei a steady component that
depends on deviation of the thermostat controJ- point from the
nominal 20.6oC¡ and a varying component that depends on floating
of interior air temperature above the thermostat.control point.
In addition, a perimeter loss of 0.2 W/m 9C is assumed for alL
test, buildings -- a tftreasonablerr value which is consist,ent with
the data. (See Section 5.2.1 for detafls).

2.4.4 InfiIt ration

This section is a summary of infilt,ration measurements 1n the
test buildings. The reader is referred to Appendix 8.5 for a
more complete presentation of these findinEs.

Natural rates of infiltration for the eíght test buildings
r¡Iere measured early ín l9B2 using a sulfur hexaf,luoride tracer
gas technique. The infil-tration rates'calculated from the
measuremen[s hrere analyzed using a linear regression model which
assumed that the rates depend linearly on the buoyant pressure
differences due to inside-out,side temperature dÍfferenee, and on
wind-induced pressure differences. The results are summarízed in
the second column of Table 2. The second column lists the
calculated infiltration rates in each building at tlpical winter
weather conditíons of wíndspeed = 4.47 m/s and outside air
temperature = 4.4oC. the infiltration rate due to wind-induced
preèsrrre differences predominates under typical weather
êonditions. Because the wind direction v¡as largely from the west
tnd northwest, during infiltratíon measurements, the measured
lnfiltration correlations strictly apply only to the"same wind
orientat'ion' The buildings are simple and symmet'rical' so the
correlations are taken to aPPlY, t2)yd, t'o other wind directíons
through June LgAz.

During the summer of 1982, cracks between adobe walls and wood
bond-bcams were sealed with Po tyurèthane foam to reduce
lntttt¡ation. Infiltrati.on me asurements made in late 1982 proved

"t¡llabIe than the eaflier data, principally because the
conditions did not include a sufficient variation in
tir temperature. However, correlations with windspeed

ftrrldod reasonable resuLts, and the calculated infiltration
windspeed are given in the third colurnn offt {,47 m/s
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Table 2. Note that the rates for the non-adobe buildings '¡/ere
assumed to be the same as in the early 1-982 data, as no chanEes
vrere made to these'buildings. The uncertainty in the late 1982
measurements on the adobe buildings are estimated at !3O%. The
uncertainty levels in both the early 1982 and late 1982 sets of
data are in line with the standard error estimates due to
statistical scatter estimated by the regression procedure.

It is important to note that the effects of infÍltration on
heat loss from a building can differ from the tracer gras loss
under the same wind conditions. It is possible that, indirect
infiltration ef,fects were important in the insulated frame
building: inf,iltration outside the vapor barrier could cauÊe heat
Iosses, but would not affect the tracer gas used to char,acterize
infíIt,ration. fhis would be a significant factor only in the
waLls of building 7 (the L14 mm insulated frame). llowever, it is
nearly impossible to measure or calculate and is not included in
the analysis or in the uncertainty estimate.

TABLE 2

Inf,iltration Rates in the Test Bulldings

Under Average Conditions *

(Units: Air Changes per llour)

Building First Half '82 Second. IIaIf '82

* wind speed = 4.47 m/s and outside air temperature = 4,4 o'C

1
2
3
4
5
6
7
I

0
0
0
0
o
o
0
0

o7
23
15
09
08
06
o7
10

o
o
o
o
0
o
o
o

27
36
33
31
27
o6
CI7

10
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2 4.5 Comfort, in the Test BuildÍngs

The purpose of environmental control of residential buíIdinqs
is to mäintain a reasonable level of human comfort' Comfort is a

complex phenomenon, for several reasons. It involves all three
sensible transfer mechanisms conduction, convection, and
radiation -- as weII as heat loss due to moisture transfer in
respiration and perspiration. It depends on individual metabolic
ratäs, oD clothinq, änd on the thermãI envj.ronment. FinaIIy, it
involves human peiception and individual preferences. These
subjective factãrs mäke comfort difficult to quantify, and invest
aII standards of comfort with some degree of arbitrariness'

Seven measures are evaluated for two five-day blocks of data:
one in midwinter, and one in spring. The measures evaluated are:
dry-bulb, wet-buib, mean radiaät, black globe, operative, ASHRAE

ef-fective temperature, and the dry-butb required to satisfy the
Fanger comfori criterion. The method of evaluation 1¡,as to
caLcuLate hoUrly values, print hístograms, and calculate means

and ranges for each rneasure.

In thiç analysis of comfort measures in the test buildings,
most of the parameters upon which comfort depends are assumed
constant among the test Luildings: humidity, relative. air
velocity, phyãical actívity tevãI, and clothing insulating val-ue'
Thus, tñe änãfysis reduces to the interaction of air temperature
and mean radiant temPerat'ure.

The calculations indicated that,'if the radiant environment
r""-ïr,"iüã.ã-irr a m€asure, it was an importar¡*t considêration for
human comfort, and measures which ignorà it would not adequately
rãp"ãr"nt, comiort levels. The principal finding v¡as that in
miàwinter, J.ow R-value walLs haä significantllr lower- mean radiant'
temperatures than the higher R-vaLuè waLls. Since the exterior
walis in any of the test buildinqs are a màjor part of the
rããiáti"e eãvironment, those buildings with low R-va1ue walIs
would have been un.omiortably cold in. nidwinter' llovrever, in
spring, these differences diãappeared. .Another finding r¡tas that
rnässj.ve walIs had less variatiôn of inside surface temperatures.
Detaíled results are presented in Appendix B'6'
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Chapter 3

DIRECT EXAMINATTON OF TITE DATA

The simplest possible data anal-ysis examines the data
directly, without recourse t,o explicit modeling or theory. Such
an approach is valuable, despite íts simplicíty, as an
intróãuction to the data, âs a means of estimating data quality,
and as justification for more complex methods used in follot¡ting
chapt,erÁ. This chapter examines raw kilowatt-hour meter readíngs
for the entíre calendar yeart it examines the variatíon of
time-averaged heating energy use wíth average or¡tdoor air
temperaturè for 22 d,ata blocks of about 5 days duration each; and
it thecks the instrumentation by performing an energy balance of
heat flow t,o int,erior aír for the same data blocks.

3.1 RAV{ KTLOWATT-HOUR. METER READINGS

Direct examination of the data begins $tith the kWh meter
readings. This immediately gives uË an idea of whether thq dat'a
makes Sense or not and hoW the buildings compare with one
anôther. In addition, it can give us a glimpse of, the magnitude
of the thermal mass eff,ect.

Figure 2 presents histograms of the total energy used by each
building during the entire test period, calendar year t982- Note
that these are raw kWh meter readings and thus can be a basis for
only very rouqh comparisons. This data has not been normalized
t,o ãonsiãtent thermostat setpoints, consistent infiltration
rates, etc.

Note that buildings 1, 2, and 5, the uninsuLaEed 279 mm adobe
bulldings, have the greatest losses, foj-lowed by (in order of
decreasing energy use) buildings 3 and 4 (the thicker adobes),
building 6 (the Ct¿U), ând, finally, buildings 7 and I (the
lnsulated frame and 1-og buildings).

preliminary analysis indicat.ed that the rrthermal mass eff,ectrr
occurs only wñen the in'side temperature floats above the
thermostat setpoint for part of each day. For thís reason, each
bar in the histogram is Ëubdivided into a 'rcontrolrr period and a
"floattt period. The float period is defined here as that period
when anybuitding is floating. (fhis is always the lightest
building, the insulated frarne. ) The control period is the rest
of the heating seasoni that is, it is the period when all
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buildings are controlled by the thermostat. These periods are
determined from interior temperature measurements.

As can be seen from the histogiram, again only in a very rough
wây, the period $¡hen any buíIdj.nE floats is only a small part o'f
thå'total annual heatinã energy use for any of tne þgil'dings. In
addition, the proportions of eñergy use bet\^Ieen buildings is
simitar in the- fläat periods to what it is in the control
periods. Both of theèe observations indicate that the mass

ôeffect is likelY to be smalL.
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3.2 HEATTNq ENERGY USE VS. OUÎDOOR ArB TEMPERATURE

A simple method of estimating heating energy use in small
buildings is the degree-day method, which depends only on outdoor
air temperature, â11 interíor reference temperature, and a-
building's overall heat transfer coefficient. The analogous
method for data analysis looks at the variation of heating energy
use with outdoor air tenperature. Figure 3 shows such dependence
of heatlng energry use on outdoor air temperature for a Iight
building (buitding 7 - LL4 mm insulated frame) and a heavy
building (building 1 - 279 nm adobe construction). It depicts
the averagiê heating energy used for each of, 22 blocks of data,
covering the time from December, Lg$l through December' 1982"
Data for those periods when the interior air temperature floated
above the thermostat control point is distinguished from data
during periods vrhen the thermostat maintained the temperature.
The data is scattered much more than could be expected on the
basis of mea,surement uncertainties alone, âS explained below.
Linear regressions of heating energy as a function of outdoor air
temperature reflect such data scatter in the statisticAl
uncertainties (two standard deviations) in reqression slopes and
Íntercepts, as given in Table 3.

TABLE 3

Heating Power Regressions vs. Outdoor Temperature

The regression model is:
Ileating energy = A + B (Outdoor lemperature)

Bldg. A
(v^')

1477 *
1596 t
1361"r
r.118 t
t529 !
tr24 *,
759 !
697 !

B
(w/oc)

1
2
3
4
5
6
7
I

31
32
29

111
32

-87.
-90.
-84.
-67 .

-o?
-63.
-41.
-39.

6"t 4.7
3 !, 4.2
1 r 3.6
1 r 3.5
7 !. 4.5
0 * 5.2
3 r 5.2
ot4.4

2t
18
2t
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The scatter in the data is caused by important variables other
than outdoor air temperature, and by long heat transmission delay
times in thick massive walls. Alr infiltratíon into the buildinq
depends on the wind as well as the indoor-outdoor temperature
difference; and the degree of solar warming of building components
depends on sunlight and wind. These variables are consldered in
Chapter 5, whlch models them in a reasonable way, and then applies
Iinear regression to data normalized to wÍndless, dark weather.

Of course, some of the data scatter is due to measurement erro
Such errors are checked by an energy balance method immediately
below, and by self-consistency checks in the analysis of Chapter 5,

3.3 COMPONEIIT ENERGY BALANCES

A component energy balance for each test building under a
variety of weather conditions is a sensitive test of the
instrumentation: the sum of all measured and calcul-ated enèrgy
flows to the interior air shoui.d be zero wÍthin experimentatr
uncertaintÍes. The results of the component energy balance are
pnesented here t,o give an early indication of the data quality.
Detailed analysis in subsequent chapters will lend even more
credence to the data.

Figures 4 and 5 show the energy balance sums for the same two
buildings, buildings 1 and 7 (279 mm adobe and 114 mm j.nsulat,ed
frame), during each of tb.e 22 time periods ehosen for detailed
analysis, plotted against average outdoor temperature. The sums
consist of the followÍng:

a) The product of measured wall flux and wall area for each
wall (uncertainty !5% lO.I \l/mz calculated from hourly data
for each wall before averaging).

b) The product of calculated roof flux and roof area
(uncertainty +5% tO.L Vl/mz). Roof flux was calculated f,rom
measured temperature difference and a calculated R-value of
5.6 m¿ oC/W, taking outdoor roof surface tempenature from
buildÍng 1.

c) The product of calculated floor fLux and floor area, plus
the product, of perimeter, indoor-outdoor temperature
difference, and 0.2 W/m oC (*L0"Á estimated uncertainty).
The f,loor flux consisted of a constant term, a sinusofd
with annual period, and a term for interior air temperature
changes.

d) Infiltration losses, calcuJ-ated from measured dependence of
infiltration on wind and temperature difference (t2O%
estimated uncertainty until nld-year, then t3O%).

-22
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e) The residual, which is
electrical heat, inPuts
the other four terms.

the difference between the measured
(uncertainty !2% t6W) and the sum of
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The energy balance residuals for all buildings are larger in
g.rrã;"f -itt.""the uncertainty lj-mits of the individual
measuremènts would require. As shown in Figures 4 and 5, they
;;-;;-;väÈã*åtica1,Iy correlated to outdoor air ternperature' The

slopes of the best line through the residuals are small -- well
under LA"l of, tñã'stope B of hãater power vs' outdoor air
t,emperaturê -- except for ¡ultài-tq 7, which has a heatinqr load
25.7% greater than the heat losseá that our measurements account
for' Buirding-7-ä"r'iuits t'his propert!¡ througout alr data
analysis. Th¿ "o"igy 

residuáI þoiirts ior building 7 are within
t7o t^r of the best fit, tine, and^ the other buirdings are within
tlOO W. That is a measure of the scatter of individual energy
measurement, points frorn general trends. The offset of the energll
residual pointã--iro* "u"õ 

is not a serious problem for the
methods or anáiyã]" u"ea later. It must arise from a systemâtic
constant un¿erãåtlmate of heat flow (perhaps the floor), or a

systematic error in temperatUre d.ifference across perineter'
roof, eT floor.- ffr" efiects that we shall seek Later manifest
themselves as devlations from linearity, so a linear energy
balance resldual trend against outdoor air temperature is not
d.istressing. (By adjustinE indívid,ual assumptignl abor,rt floor
losses , raof.àã'p"tímeter losses' êod so on' it is possible to
reduce the residuals to "*"ii values: this is s¡ithout benefit''
for it hides t'he true uncertaínties in the data')
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Chapter 4

THEORY FOR TIME-AVERAGED HEAT FLOWS

It is important to develop simple, readily comprehensible
models for the erfects of thermal mass on heating and coolinqr
energy use in buildings. Simple models, particularly if they are
tirniting cases for a large class of buildings, serve as Valuable
tools for testing complex hour-by-hour simulations. Such models
also provide a valuable basis for frintuitive'r decisions during
preliminary design of buildings. In addition, they provide easy
methods for testing dat,a against basic concepts, and fend further
evidence for data self-consistency. (Afl experimental data is
best, reEarded as highly suspect until proven otherwise:
self-consistency checks are part of that proof.')

This chapter es'tablishes a basis for the analysis techniques
used in Chapter 5; for that reas'on, it is included here in the
body of the report. It is a necessary step in the development of
the logic of the analysis process (see Section L.4). llowever,
the reader need not follow the proof, but may instead skíp to
Section 4.3, Implications.

This chapter is devoted to examining the usefulness and
Iimitations of using steady-state heat transmission methods on
tj-me-averaged data -- a6 simple a model as one could want. The
method proves very useful f,or analysis of Southwest Thermal Mass
Study data. It gives a basis for in situ R.-value measurements
usíng time-averaged data, it indicates that, heating energy use
can be predicted easíly if weather is sufficíently cold and
internal heat gains sufficientty low that heating is required
throughout each day, and that the interaction of heat flows l^tith
a non-reversiþ'J.e (nonlinear) heating plant is the cause of, the
Itthermal mass effect. tr

4.I INTRODUCTION

The heat diffusion equation governing an isotropic but not
nec,essarily homoqeneous medium -- a medium like most common
construction materials -- ls a linear çecond order part'ial
diffential equation. That is, if a temperature distribution
T(x,y,z,E') is a sol,ution to'the equation, then A + B (T(x,y'z,E))
is also a solution, where A and B are arbitrary constants. For
Iinear systems of equations, solutions can be surperimposed; and
time-averaging of the equations results in simple steady-state
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equations. If the averaging time interval is sufficiently long,
and surface boundaries have well-behaved bounded temperatures,
then the tÍme-averaged heat flows would be expected to
approximate closely the steady-state heat flows that would result
if- *re time-averagéa boundary conditions were applied for a long
time. Calculat,ions below indicate that such is indeed the case
for a slab with simplified. Iinearized boundary conditions.
Moreover, the Southwest Thermal Mass Study data present'ed lat'er
in this report is consistent vrith simiLar assumptions for much
more complex cases.

4"2 THE ISOTROP TNHOMOGENEOUS WALL

The heat, diffusion equation for an isotropic but not'
necessarily homogeneous medium is

ðu
V'k Vr =

dt

where k(x,y,z) is the thermal conductivity,
T(x,y, z,t) is the temPerature,
the time, and
lJ(x,y,z,t) is the internal energyt in the
absence of phase changes, U can be
Iinearized to

þ=ñ-I-

lJ=

where

Buildings usually consist of flat slabs of composite construction
forming an envelãpe that defines the building volume. " Consider a
slab oi tfti":.ness L, width M, and height N. Simplify the
external and internal boundary condit'1ons by linearizinE the
radiation terms and including them in the surface heat transf,er
coefficients h and h , and assume that they are constant'

in out
If T (t) and T (t) are the interior and exterior sol-air

in out
temperatures, respectively, the¡î the boundary Conditions for a

slab insulated at the edges would be

U = p(x,y,z) c(x,y,zl Î(x,y,z,t') * UO(1<,y,2),

P(x,y,z) is the densítY,
c (x,y,z) is the sPecific heat,
U (x,y,2) is the internal energy
extrapolated to T (x,Y,z, t)=0.

p=

U=

+
ar

k(0, y, z) ---- (O,Y, z,t )
ôt

and

h (r (t)
in in

and

T( 0, y, z,t) )

-28
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v¡ith the other surfaces having adiabatic boundaries.

the initial condition would be

h (1(L, y,z,E) - T
out

T(x,y,z,A) = tO(x,y,z)

V.t Vr

ô1
(t) ) + k(L,Y,z)-:-- (L,Y,z,E) = o, (2b)

out dE

Because all of, the above equations are linear in temperature,
when they are averagred over the time interval t to t ,

01
rather sirnple equations rpsult:

h (T(L,y,z)
out

Í(x,y,z¡
t

1

in t,

1

T = -----+--- It
0

tin

0, 0

T (r) dt.

(3)

L
T(x,y,z,l) dt t

T (t) dt , and

T(x,y,z,t )-T (x,Y,z)
0

pc
t -t
L '0

{4)

ðr
h (T - f(O,Y,z)) + k(O,Y,z)-:--(O,Y,z) = O

in in 0t
( 5a)

ôr
Í ) + k(L,Y,z)-:--(L,y,zl = Q , (5b)
or.lt d E

with the othe'r bor¡ndaries adiabatic, where

t
1 I

1
t t

t

0

t,

1

1

1

t out
0

T
out t

L
t

0
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Equation (4) is now a steady-state equation, with steady-state
boundary conditions expressed by equations (5).

If the properties of the slab (k, p, and c) as well as the
right,-hand side of equation (4) were kno\^rn, the solution for the
averaged temperature distribution and heat fluxes could be
determined easily. In the special case of steady periodic
conditions, if t and t are an integral number of periods apart,

0L
then the right-hand side of (4) vanishes, and the solution to the
averaged equation is identical to the steady-state soLution with
the averaged boundary conditíons applied. In general, however,
building envelope components are subjected to roughly periodic
diurnal variations, but with large random variations imposed by
variable weather, and the slow annual cycles of the four seasons.
That is, the right-hand side of equation (4) is a non-zero heat
source or sink term that depends on initial and final. temperature
distributj.ons, and it is normally not known with any detail.

In all practical instances for buildings, however, the
expression for change in walI internal energy represented by the
right,-hand. side of equation (4) is bounded, simply because the
internal temperatures in the wall cannot exceed the bounds of
recently applied indoor and outdoor sol-air temperatures. That
is, there exists U* ¡ O, such that

-U* < c(x,y,z) p(x,y,z) (T(x,y,z,Er.) - TO(x,y,z')l < +U* (6)

or

-u* p c ( T(x, Y,z,t )
1

- T (x,y,z) )
0

+u*

t-t
10

(7)
t-t
10

L¿

10

If the averaging time interval (t - t ) is made sufficiently
10

Iong, then the bounds on equation (7) can be made arbitraríly
small, sây smaller in absolute value than € > O. That is, the
heat fluxes at the interior and extêrior surfaces of the slab
will be bounded by the solutions to the steady-state gguations

V.k(x,y,z) VT_ (x,y,z) = ;e , and

V.k( x,y,z) VT* (x, y, z\ = +Ê ,

subject to the boundary condÍtions of equations (5). These
bounding solutions are simply the steady-st,ate soLutj.ons with
arbitrarily small heat, source or sink terms. The heat, dif,fusion
equation exhibits no resonanc,e effects, so small causes lead to
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small effects. The heat source or sink term of equation (4) can
be made arbitrarily small by choosing a sufficiently long
averaging time interval. Therefore, for a sufficiently long
averaging time, if the sol-air temperatures are bounded and do
not change secularly with time, the average heat flux through a
waII is arbitrarily near the average heat flux that woulQ be
calcr¡Iated using steady-state methods and time-averaged boundary
conditions.

4.3 IMPLICATIONS

This simple result has far-reachinE consequences in understanding
the ef,fects of envelope thermal mass on building heating and
cooling ênergy use. It is used extensj.vely for Southwest Thermal
Mass Study data analysis in later chapters of this report. Its
impllcations are brief,Iy sketched below.

The above exercise is a strong argument that the averaged heat
flux through individual building envelope components approaches
the steady-state heat flow that would result if the averâged
sol-aj.r temperature differences were applied for a long tirne.
This result is important for two reasons. First, it clearly
shows that wall thermal mass of itself doe,s not have an lnfluence
on seasonal heating or cooling energy use ín buildings -- other
factors must be involved. Second, it indicates what the nature
of these other factors must be. Because f.inear thermal systems,
no matter how complex, have averaged heat flows that are
independent of thèrmal mass when driving temperatures are
bounded, it follows that thermal mass can influence average
heatÍng energy use only if there are nonlinearities in the
system.

The strongest nonlinearity in a simple building is in the
behavior of the thermostatically controlled heating plant. Such
a plant witl normally meet, all demands for heating, but it cannot
reïersibly store excess energy to release it J.ater, when it might
be needed. Instead, duríng periods of excess heat flow to the
building interior, the indoor air temperature floats above the
thermostat setpoint, i.ncreasing the average interior air
temperature, and consequently the buildj.ng heat losses and
heatÍng energry use. A light building responds rapidly to
externãl temperature changes, and to changing internal heat
Ioad.s. Hence, it is much more likety to float' above the
thermostat setpoint than a nassive bruitdíng that can attenuate
heat f,luxes induced by outdcior temperature changes, and absorb
excess energy introduced into the interior. It is this
interaction of the heating.demand with the thermostat
nonlinearity that is the èause of the so-called rtthermal mass
effecttr on seasonal heating (or cooling) energy use in buildings.
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These results are very relevant to underst,andÍng the ínfluence
of thermal mass on the seasonal heating (or cooling) enerqy use.
If averaged heat flows through the envelope depend only on the
average sol-air temperature difference across the envelope
components, and on their R-values, and all the equations
governing heat flow are linear, then there can be no effect of
building thermal mass on the average heating or cooling energy
use. OnIy a system nonlinearity can introduce deviations from
steady-state results using averaged data, such as the rrthermal
mass effect.rr That non-linearity is caused by the interaction of
building heating energy demand required to maintain a given
indoor air temperature, and the thermostat setpoint, âs follows.
If two buildings of identical geometry, coler, and steady-state
insulating value are exposed to identical weather, and their
interior temperatures are maintained. at identical thermostat
setpoints by reversible heating plants that can absorb excess
energy, to return it at a later time when it is needed, then the
two buiLdings will use identical seasonal heating (or cooling)
energy r.egardless of thermal mass differences. After all, the
average heat flows through the envelope depend only on the
indoor-t,o-outdoor sol-air temperature differences, which are
identical for the two buildings. A real heating plant cannot
absorb excess energy to release it when needed. Instead, the
indoor air temperature floats up above the thermostat setpoint,
resulting in increased building losses due to an elevated average
indoor temperaturei ot, if excessively high temperatures are
avoided by ventilatíon, heat is intentionally dumped and
therefore wasted. thermal- mass moderates the variatÍons in heat
flow through the envelope, and may absorb excess internal energy
as well: both these effect,s serve to avoid or attenuate interior
air temperatl¡re.excursions above the thermostat setpoÍnt.
Therefore a buitding with little or no thermal mass will
encounter the thermostat, setpoint non-linearity more often and
more severely than a building of similar R-value with thermal
mass, and so will use more heating energy.

A real building will use heating energy between the value
calcul-ated using steady-stat,e methods applied t,o hourly data, and
the value calculated using steady-state methods on data
time-averaged over a time long compared to the bulldingts thermal
memory. To place a lower Limit, on heating energy uFe for a light
building, averaging over a day could be adequate (degree-day
method). For heavy bui.Idings, such"as the adobe buildin*gs in the
Southwest thermal Mass Study, averaEing times of five dalts or a
week are needed. Longer averaginqr tirnes than the minimum
required also produce a correct lower bound on energy use, but it
is not the largest easily calculated lower bound

Building mass that c4n absorb heat introduced to the interior
can be reEarded as part of a slightly-reversible heating pj.ant,
for it can absorb some excess energy for later release. As far
as building seasonal heating energy use is concerned, it, matters
not at all whether the mass is envelope mass that, attenuates
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heating load variations, ,or internal- mass that absorbs excess
heat. Either positioníng of building mass reduces temperature
floating, and Ëo decreases energy loss compared to a nassless
building of the same insulating value.
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Chapter 5

DETAILED ANALYSIS OF SELECTED DATA BLOCKS USING
STEADY-STATE METHODS

This chapter applies the methods outlined in the prevÍous
chapter. Building heating energy use is analyzed by steady-state
methods applied to time-averaged data. The first part of the
analysis shows that heating energy use can be normalÍzed to
depend on outdoor-indoor temperature difference only, with little
error. Linear correlatíon coefficj.ents relating normalized
heating enerqy use and indoor-outdoor temperature differences are
obtaíned, and allow the determination of the outdoor balance
poínt temperature. Using the balance point determined above, the
floating of int,erior air temperature above the thermostat control
point becomes an easily measured sensitive indicator of excess
energy use that could be eliminated by utilizing ther¡nal mass"
The second part of the analysis shows that excess energy losses
due to floating can be sufficiently determined by a measurement
of mean interior air temperature rise above the thermostat
setpoint.. This is done by using the overaLl building heat,
transfer coef,ficient, the incremental floor losses due to a rise
in Índoor temperature, the infiltration losses, the center floor
losses, and the effects of solar and long-wave radiation on heat
flows

5. 1 TNTROÐIJCTION

Detailed analysis of data using simple but valÍd methods
serves several functions. First, if measured data is
self-consistent under the close scrutiny that detailed analysis
imposes, then it is likety that, the data is as good as our
estimates of experimental uncertainties would impLy. It is a
step beyond the energy balance checks of Chapt,er 3 in gaining
confidence in the data. Second, if the data is consistent with a
simple bnoadly applicable theory, that, Iends consider.able
credibility to the theory, and we have a powerful tool for
checking the validity of complex dynamic models (DOE-2, BLASI,
TARP, and others) for predicting thermal mass effects. One can
create artificial weather and buildings that would stress the
weaknesses of the dynamic model, knowing what the correct
t,ime-averaged response'should be.

The methods ind.icated Ín the previous chapter easj.ly predict
cumulative energy use when a building operates in a linear
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heating (or cooling) mode, regardless of building mass. If a

system nònlinearity'ls invokeã by interior temperatures that rise

"Ëove 
the thermostãt control poiñt for heating during part of a

day, then the simple theory oi the previous chapter predicts that
heãting energy usä will be greater than steady-state methods
using time-averaged data would predict.

The method of analysis is based on an energy flow balance to
build,ing ínterior airl neglecting the mass of'the air; and on
Iineariåed heat transfer ihrough building components. The
ãxpressions for heat transfer áre nanipulated t'o yield a heatíng
foä¿ normalized to standard conditlons of wÍnd and sunshine'
Ieaving the indoor-outdoor air-to-air temperature.difference as
ifrà otíy signifícant variable. This procedure. eliminates almost
atl the dat,a scatter se€rr in the rough preliminary analysis of
Chapter 3, so that rather subtle effects are discernible above
the data scat,ter

5.2 METHOD OE ANALYSIS

NeglectinE the mass of the interior air, the energy balance
equation for t'he interior air is

A = tt + L + L + L t

heat walls roof floor inf,iltr'

where Q ís the auxilliary heat suppli'ed, and
heat

the Lt s are losses discussed below

(1)

The object now is to deflne thesa expressions explicitly, and

to manipuiate [frâ i""rrltinq equationq -"o only terms ^proportionalto indoär-outdoor air tempera{une difference are left' on the
right-hand side of the eqüality siEn. Thg resulting left-hand
side of the equatiof¡ can 

-then Ëe interprete'd as a heating load
for a buildini ãpãrating in a nelì¡, normalized environment' There
is an oddity áUoirt the óperation o'f this imagined buildíng: it
beÌ¡aves jusi ." tt" actuäl buitding,_eïcept that the therlnostat'
is contiátra].Ly adjusted to the act'ual intèrÍor air tenrpärature of
the rea1 Ur¡iláinã, 

--*frãtn"r the real building tem¡lerature floats
or not. Also, túe heating plant is reversible, sv¡Allowing excess
.n."gy when ii: is avâilable, releasing tt when n93$ed.:
(Steããy-state theory implícitly assumgs- a reversíble heating
Èfant.j Otherwise,-it is the ãriginal buiLding. Althoush one
äan euítr¡"" "oi*átize 

to a building t¡tith reversíble heatÍnE plant
and interior temperature alqays controlled to a fixed
temperature, we èha[l Ue contãnt using the actual measured
temperatures, fl.oating or not.
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5.2.L Heat, Losses

Infiltration heat losses are not proportional to
indoor-outdoor temperature differences alone, so for the present
analysis one must normalize to no infiltration at all. The
infiltration loss, in watts, is

inf
where

(Av^¡sz +B(t/T -I/r ))r¿ind out in
pc v (T

out
) ( r./3600 )

(4)

ñ
Ln

A,B = infiltration regression coefficients
(see Chapber 2),

WS = wind speed (nls),
T = outside air temperature (K),
out

Í = inside air t,emperature (K),
1n
= density (kg/ms),
= specific heat (J
= volume of space

p
c
V

/ks
(m3 )

oc), and

WaII heat losses include not only indoor-outdoor air
temperature differences, but sol-air temperature contributions
from solar and long-\¡tave radiation. The heat, loss, in watts, f,or
the i-th wall is

L =(T
hI, i

where A
i

U t/

where R

AL
\¡1, i

) u A + aL ,
out i i w,i

area of the i-th wall

(R +l/h +R

(m¿ ), and

) ,' (3)

T (2)
in

= the

1 in, i out, i s-s, i

= ínterior surface resistance of the í:-th
waII (m¿ oc/w),

= surface-to-surface resistance of t'he i-th
wall (ma oc/w), and

= outsi.de surface conductance (W/nz oc)

in, j.
R.

s-s, i
h

outr i
The outside surf,ace conductance is cal'culated by the method
presented in Appendix C. The remaining quantity i,s the heat loss
increment, in watts, ceused by the outdoor radiative temperature
differíng from outdoor air lemperature:

u A (I +Q ,/h
i. i sol' cor out, i

sum of radiative corrections for sky and
ground differing from outdoor alr
temperature (see Appx. C),

where Q
cor
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and t = incident solar radiation (w/n")
sol

the ground surface tenperature is represented by earth
temperature 25 mm into the ground. Effective sky radiative
temþerature is calculated from an upk¡ard-facing Eppley
pyrgeometer, which measures long-wave radiation flux.

The roof losses, L , are represented by equations entirely
î

analogous to those for the walls.

Floor losses, ín watts, are rePresented by

L =p h.(T -T )+L , (5)
fl fI p in out ctr, fI

where P = floor perimeter (m), and
fI

h = perimeter heat loss coefficient (W/m oC)

p

The perimeter heat loss coefficient is takerr as 0.2 ¡¡l/m oC, about
half the value for suspend.ed. wood floors with modest amounts of
perimeter insulation. (The test buildings have unusually
well*insulated floors, with perimeter i.nsulation inside and
outside the stem walls, arrd insulation above the floor slab).
the remaining term represents center f,Ioor losseg in watts. A

regression analysis oi year-lotrg measurements of building 1 floor
}oÃses, plus eatt measuiements of all test building floors,
arrived ät the following relationship, including loss increments
due to floating of interior air temperatures:

L = A (t + L sing + L cosQ )

ctr, fI f'I 0 s c

+A (T -T ) /R , (7)
fl in std ft

where A = floor area (mz ) t
fI

T = standard interior temperature (2O.6oC) ',

std
¡r - R-value of insulation above floor slab (rn¿ oC/W) 

,
f1

L 1.16 W/mz, 
1" = 1.04^lÑ/mz, and ,"= O'35 t¡l/ma'

The t's are coeffícients fít,ted to buildÍng 1 floor tross data,
after normalizat,ions for interior air temperature dif,ferences
from standard condit,ions v/ere applied, and

0 = zr ' (J/36s)

I

rl

lt

I

I

I
l

I

o
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is the time of ytàar expressed in radians, with one year being 2
radians, and J is the Juliañ day. The above expreeslon, despite
its simple assumption for losses due to changes ln lnterior air
temperature, fits the measured data quite well.

When the above expressions are combined in such a way that
only terms proportional to (T -T ) are on the rlght-hand side

in out
of an equation, then we have a new variable/ a norm¡lfzcd
building heat loss, in wat,ts, equal to

a -a -L
norm heat inf

Z AL - AL - L
\¡Iri r ctr,fl

which depend on indoor-outdoor temperature dif,fercnca gnly.

AIl the losses and loss corrections for normelfllng to
standard conditions are based on processes that cen þ¡ llnoarized
with good accuracy, and apply to all measured condltlonr, whether
floating or controlled by the thermostat. Even though thc
interior temperatureË are established by a heatlng lyrtam wlth a
strong nonlínearity at zero heating demand, the htft trrnrfcr
through building components remains linear, and th¡ rbova
equations apply. Of course, as discussed abovc, thr normrllued
buildingrs interior air temperature behaves as ff tt frafa
controlled by a reversible heatin*g and, cooling plrnt ft Prtcj.aelythe levels observed in the real building, whethrr tht ttnprrrture
is controlled or floating.

5.3 RESULTS

The above method was applfed to 22 bLoc|xs of drtf, aleh drta
block about five days in duration, for data acqulrrd ffc¡n
Dece,rnber, 1981 through December, L982. Eigurer 6 throU¡h t ¡how
graphs of averaEe heatÍng povrer f,or each buÍldlng pt0ttfd lgrlnst,
averagre indoor-outdoor temperature difference. IndOOf flË
temperature is repreoented by plenum temperaturl, whlgh hr¡
virtue of being well-defined as long as heat iE raqutfrå, tht
plenum temperature is higher than peripheraL zon. trnpffftUfar
near the walLE. The time-averaged outdoor condftlonl U¡ad la the
equations are averaged over a time pehiod shiftcd to aftlltt
times by the measured delay of a buildinE's wallt. lhlr
procedure puts the correct emphasj.s on Elightly rtrlllf Wffthrr
and sunshine, which is then passed.through the wrllr WlËh lt¡
principal diurnal sinusoidàl component, deLayed.

Figrures 6 through 9 clearly slrow that the nor¡nrlllaË lnll$y
use for each building ís proportional to the indoof.OUtdCOl
temperature difference. Since fJ.oating of the lndoor Èllltflttture
above the thermostat setpoint increa.ses' the indootr.ouËlOgf
tenperature diffetrencê, f,loating must r.esui.t in lnofaflfé lnafgy
use.

-38-

l
¡



EUILD¡NG t 1279 HH ,\00BEt

2000

I 500

500

r0 t5 20

¡1r000R-0ufD00R fEÎ.rP. D¡FF. (DEC.Ct

LEGE}IO
SÍAR¡ illf ERt0R ÎEfiPERAIURE CDl{lR0tLED
SOUARE¡ illfÉRI0R ÎE!'IPERAÍURE FLOAÌit'lc

8U¡LD|ilG 2 |.¿rg ¡,rlr ADoBE S1A8¡L¡ZE0)

*
t

¡*

'r0 l5 20

m000R-0u1000R fËr1P. Dlff. oEG.ct

25

LEGEilO
SÏARr ll{fERl08 fEl'IP,ERAfURÉ cONTROLLE0
SOUARÉ, lrt€R¡ 0R lErtPERAluRE FLOAI lìlG

Figrure 6; Steady-state Regressions - Buildings 1 and 2

-39

¡¡

*

*

f
f¡

000

¿
É,g
o
o.

Ë
l¡lT
l¡¡o
Ê.I

0

2550

t

2000

¡ 500

I q00

500

.
É,

Ho
o.

Ë

u
t¡¡(,
d

ä

0

50

:'iì

'i,
.l
.¡
j
.:

¡



BU¡LO¡I{C 3 (38I HH AOOBE)

2000

I 500

500

tlt

*

*

000

3
É
Eo
a.
É,
u
1llt
t¡J(,
ÉI

*
*

0

¡0

rr{000ñ-0uTD00R rEHP

t5 20

OIFF. (DEG'C'

il50

LEOEIIO

3å01åål Iñi åRî'l-'iE-fi F-â¡Tî 0' I 
ol 

I ffi I I É8

a

¿000

I 500

¡ 000

500

-
&,Io
G
É,
þt

H
l¡¡(J

É,g

EUILD¡NG ,t (635 î'lli A00BE)

It tt

t +

t

¡o ¡5 ¿0

1r{oooR-0u1000R Î€t'lP . Dl FF. (DEc ' c'

0

0 5

LECEIIO

!¿ 0tåår ri Fî å8î.[Ëi-Ë-ll''â¡ 11 h ¡ 
uf 

I $ I tl

f.igure ?: steady-state Regressiong - Buildlnl¡ t rna e

40



r\

8U¡LDIl{G 5 (279 I.II,I ADOBE DUPL¡CATE'

2000

tl¡

r 500
*

tr

5 ¡0 ¡5 20

¡il000R-oufDooR Ì€r.rP. DIFF. (0€G.c,

LEGËIIO
61AR¡ ll{l€R¡OR ÎEiIP€RAIURE cOllÎR0LL€Ð
S0UARE, ¡l{TERI0R fEÈ|PERAÍ URE FLo^f tllc

8U¡LÐ¡r{G 6 (230 Mr,r Cr.rur

2000

¡ 500

500

20

toEG . c)

. tEcEr.lD
SÎAR¡ lNI€RI 0R f EI|P€RAIURE CSNÏR0LLEO
SOUARE' TNTERICR Î€YPERAIURE trL0ArlNC

Fígrure 8: Steady-etate Regressions - tsuildings 5 and 6

-41

+

*

i

*

*

000

500

e
É,g
o
o-

ñ
<
H
l¡J(,
d
rg

0

25o

l
.*

*

c00

=
ft:
lil-o
À.
É,

H
LI

ú(,
tEI

0

255c ¡0

¡I{DOOR-CUlDOOR TEMP

1s

DI FF

,I

i"l
rl
rl
ri



BU¡LO¡NG 7 (¡ I4 tITl INSUL.{TED FR.{T,IEI

000

500

=
É.
r¡l

=o
o.
lutr
Ì¡l

(J

É,I

2000

l 500

2000

¡ 500

500

0

t0

¡ND00R-cu1D00R ÌÊÌ.tP

d.

¡5 2C

0¡FF. OEo.c,

0 ?s5

LECEND
SIAR¡ INIERI0R IEYPERATURE cONTR0LLED
SOUAR.E' ¡I{f€RTOR TEMPERATURE .ÉLOA1IÎ{C

BUlLDlt{C 8 (¡ Z8 mN LoG'

*

000

=
É,

Ho
fL

ft
3
t¡¡(J

e,I.(

o

c 5 l0

¡lrDooR-0u1D00R ÍEr.rP

15 2C

DIFF DEC, CI

25

sTAR r i r{ïERr cr r!åFãHItunà emrRolteo
'S0UAR€, jt{IÊRl3R lEI'IPERA'URE FL0A?lNG

Figrure 9: Steady-state RegressionË - Bufldings 7 and I

-42



The stope of the best-fit regression l1ne through points
corresponding to non-floating data are shown. They should be

simply the summed (UA)-produðts for the building's envelope,
inciuäing perimetei tåsses but not infiltration. Table 4 gives
the inteicèpts and slopes of the best-fit lines, and compares, the
slopes with- the summed (UA)-product calculated from envelope heat
transfer properties given in Chaptet 2'

The normalized reg¡ression coeff,icients have uncertainties as

Listed in Table 4. ihese correspond to a 0.90 confídence limit
due to the scatter of the points. The summed (uA)-product
uncertainties are also listed and correspond to at least two
st,andard deviations. They are mainly from the uncertainties in
measured R-values of the walls and roof. The expected agreement
between summed (UA) products and normalized regression slopes is
somewhat worse Ètran tbe sum of the tv¡o uncertainties would
suggest, because the measured R-values used for summed (UA) are
alÃõ used in the normalizations of heating energy use which
decrease the rãgression slopes. The normalized regression slopes
.gr"" with the ãummed, (UA)-broducts, sfith some very important
exceptions.

Building 7, the insulated frame, exhibits a slope that is
8.1 + 6.5 W/oC Ereater than the summed (UA)-products.
Construct,lon ffáws probably account for this discrepancy: there
is a thermat short äf soliã wood at the wall-cei1ing ínterface;
and indirect inrittration ( leakage of air under the exterior
sheathing, but not through the vapor barrier) occurs where
sheathiné'rt"" pr-.ir"a awa! sliEhtly. Such losses do affect the
ãrr"rgy uãe of tfr" Uuitdiñg, but are not included in the
methõâology of calculatin! summed (UA)-products. Th9 other
ãi""r.p"r,ðie" arise from leaking roofs òn buiLdings 7 and B in
the summer and'fall of, Ig82. The leaks were sufficiently bad
that, noticeable chanEes in normaLized reqression slopes and
uncertainties occur ín both buildings. The nortnalized regression
;ããfi;iãnts for building 7 in late. '82 were A = -225 and'

B = 47.3¡ for buitdinq I they r^tere A = -158 and B = 43'6'
ñeither úui.f¿iãg-i rroi buitdinq I þad sufficient late '82 data to
analyze ".puråiåty, 

so only eaity t 82 dat,a is considered for
those two buildings.

lvhat is important about the above procedure is that we have
demonst,rated à rational normalizing procedure that converts data
to st,andard condit.ions that depend only on indoor-outdoor
iåmpãi"ture difference. The tãmperatuie.difference corresponding
to the buifding balance point cair be easÍly determined:
graphically, ii, i" the iätercept wåt! the horizontal axis in
Figures 6 through 9; algebrai"ãtly, it i¡ the ratio A/B of the
normalize¿ "eérããsiån 

cóefficientã of Table 4. The balance point
sets the stagá for accurate eStimates of excess energy use due to
floatíng of int'erior air temperature'
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TABLE 4

Summary of Normalized lleating Energy Regressions

The regression equation is:

A = A+B(T -T
norm plenum out

)

Blds.

7*

8*

--Raw dat,a--
AB(w) (w/"c)

-446 93,6
t87 !4.9

-472 96.6
!77 14"3

-426 88.7
t49 13.0

-t27 68.2
t46 !2.8

-511 97.4
!77 t4.3

-225 66.6
r11l_ t5.7

-t37 42.8
1110 !.5.7

-t82
t78

-Normalized-
AB(w) (w/oc)

-169 84.3
r51 13.0

- 151
r45

'UA(w/oc)

1

2

3

4

5

6

-L7 4
+36

-67
13L

-r73
ts7

-256
195

-t42
r65

-L42
r40

77.6
*,2.3

56.3
t2.o

85.0
13 .3

37 .L
13 .5

37.7
t2.3

88
r10

86
t9

75
r8

57
*5

I
6

81
t2

0
0

69
r5

88
r10

61
r5

7
3

44
!,4

29
ù3

s6
r3

* Tabulated regrressions for bldgs. 7 and I bar¡d on
early '82 data only. Leaky roofs increased th¡ lrtrt82 regression slopes consideråbly (see tcxt),
See text for explanation of uncertaintieg.
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5.4 TEMPERATURE

5.4.1 Theorv

Suppose that one knows the balance point T of a perfectly
baI

sealed buildinq, in an envÍronment wíthout sunshine, with outdoor
radiative temperature equal to outdoor air temperature. Then
excess energy due to floating of interior air temperature, using
data tihe-averagied over several days, is easy to estimate:

THE EXCESS ENER.GY USE WHEN A BUILDING INTERTOR
FLOATS

A =Q
excess

A =(
excess

if T >T , and
out balheat

EUA + A /R. ) (r -r ) if T <T
fl ftinct'rl

is the thermostat setpoint.

out bal

v¡here T
ct,rI

To ebtimate the balance point for a building subjected to
infiltrat,ion heat Loss L , let the batance poi.nt be changed to

inf
T =r +(L / EUA)(r -T r/ (f -T )
bal, i bal inf ba1 in out in

On a graph of heater energy use vs: (T._-1 ), this is
in out

a plvot,ing of the regreesion line about the y-axis Íntercept.

To estimate the effect of a heat, gain rate R due to
rad

sunshj-ne and long-wave radiation on the buiLding exterior, âs
well as floor heat losses L , let the balance point be

ft

bal, f, r, i bal, i ft rad

With an estimate of the actual balance point for the building in
its environment, all that remains is to apply the eguations f,or
A above to calculate excess heat, use due to floating --
excess

excess heat use that could be eliminated by proper use of thermal
mass.
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5.4.2 Results

The above procedure \4ras applied to the time-averaged data
already used for the reqressions earlier in this chapter. The
results are presented for two test'buiJ-df ngs for several data
blocks in Figure 10. The graphs, for a heavy building (279 mm

adobe) and a light building (L14 mm insulated frame), very
clearly show that there is excess heating energy used when a
buildingrs interior temperature floats above the thermoçtat
control point for part of, a day. (Îhe zero excess energy use
Iine represents a truly reversible system. ) The highest outdoor
temperature for thís data is very near the buil.ding balance
point. Time periods with slightly $rarmer outdoor temperatures
might produce sIÍght,Iy higher excess energy use, but increasing
outdoor temperatures higher yet wí11 reduce excess energy use,
until it reaches zero when the buildinq f,loats the entire day,
requiring no heat at all.

This method for est,imating excess energy use appears to be
qualit,atively successful for predicting the onset of excess
energy use. Quantitatively, the method suffers from very large
experiment,al uncêrtainties .

the next chapter will- explore another method for estimating
excess energy use, in the hope of reducing the uncertainties.
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Chapter 6

DIRECT COMPAR.ISONS OF TEST BUTLDING HEATING ENERGY
USE

The previous chapter demonstrated that heat flow though the
buiJ-dlng envelope can be predicted using steady-state
calculations with averaged weather data and interíor conditions.
If the building temperature does not, fLoat above the thermostat
setpoint, interior conditions are deflned by the thernostat
setpoint. In the present chapter, a dírect comparison of the
heating enérgy requÍred to maíntain a thermostatically controlled
Iower limit on indoor temperature 1n d,if,ferent test buÍldings
reveals the differences in their Ëeasonal heatíng energy use
patterns

The rnethods of this chapter are direct, in the 6en6e that v€ry
Iittle calculation fs needed, and no complex models are ínvoked.
Uncertainty analysÍs vras applied to each step of, the
calcu.lations, and, conclusiotìs srere drawn from the results
consistent with the uncertainties fn the data.

The reEults of, this chapter indi'cate t¡r-at only building 7 (the
114 rnm insuLated frame) consunes measurieable energy in excess of
steady-statê predictions using averagred v¡eather data. That
excess ênergy consumption is, 3.5% !.2j( af, annuaL heating energy
use. All other bulldlngs incorporate suff,icient thermal mass Ín
their envelopes that energ!¡ use in €xcss,s of steady-state
predictions using averaged weather data was less than 2/" of
annual heating energy use, the uncertainty in the measurements.

6.1 THE DATA

lhe data used in thís analysis v¡as obtained from January 3 to
Decçrber 22, 1982, and consisÈs of manual readings of
kilowatt-hour meters taken and recorded approxÍmat,ely every other
day. Figrures 11 to 14 show the average daily energy us'ed by each
test building¡ âs measured by manual readinEs of kWh meters,
averaged fo,r periods of five'or more^days, and p:lotted against
the same averaged data for test building 3, which has 381 mm

adobe walls. The solid and.dashed lines represent two l"evels of,
experímental uncertainty and $¡ilt be discussed Ín the next,
section. Building 3 was choeen for a conparíson standard because
it, is the J.ightest structure whích does not exhÍbit significant
floating behavior. (In fact, it did not float signifícantly more
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than building 4, the 635 mm adobe. ) In effect, the heating
energy required by buÍlding 3 serves as an indirect measure of
weather severity as tseent by the thermostat after the weatherinformation is filtered (in the informatÍon theory sense) throughthe therrnar network of a buirdÍngrs envelope. Thã weatherinformatÍon is not simply outdoor air tempãrature, but includesaIl effects: sunshÍne, wind, long-wave rä¿iation, floor losses,latent heat losses due to rain-wetting of walls, and Ëo on.

From hourly measurements for those blrócks of data that wereanalyzed in great detail, some data points are known to represent
en€rgy use when the inside tempefature floated above the
thermostat, setpoint, while others represent energy use when the
bttildln_E temperatune did not froat at all. ln riiures 11 throughL4, such point,s are distinguished from those for which there is
no certainty one way o:r the other.

The energy use is sensitive to thermost,at setting,particularry when outdoor temperature,s are near a uutt¿irlgtsfloat poínt. For that reason, the energy u6e data in Figúres 11through L4 has been corrected to a constánt 2o.6 degrees-c
thermostat setpoint, aÊ forLows. The actual temperãtr.lre
maintained þv each thermost,at depends on its setting and. its sag
due to the locar heating by the thenmost,at's antlcióator. The
sag is a function of, the heating demand. !'rom the measuredrerationship between demand and the ther¡noEtat regulatingr
temperature (see Appendix B), and the m€asurêd envelope heattransfer characteristÍcs (see Table 4), the kvfh neter data can be
Çorrected to repreÊent the energy use for a çonst,ant 20.6*degreec i1lerior temperature. The buitdi.ng envel.ope heat transfercoefficients have the solar comporrent re¡noveã, and eo represent
9?lY enveLope transmissíon of heat due to air-to-air temþeraturedifferenee, includ,ing averaEed infÍltratlon.
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6.2 EXPERIMENTAL UNCERTAINTIES

The dashed and solid rines 1n Figures 11 through 14 represant
two different revels of experimentar uncertainties. The solÍd
lines represent deviations that, can be attributed to differences
between buildinss

that can be attr ibuted to the effects of dífferent
constructions (rather than unintended differences i

, not necessarily the walls. The dashed llnes
ty linits for deviations from proportionality

wa11
ffiïoors, for

example ) .

The experimental uncertainties are critical to the eval-uat,ion
of the results of this chapter, because the rrthermal mass effecttr
v¡e are looking for is smal.I, and ft must be established t-hat
measurement uncertaínty fs not mistaken for the etrfect.
Experimental uncertainties are presented ín Table 5.

The first uncertainty is measurement uncertainty, which
consist,s of individual point uncertainty and nonlinearity error.
The uncertainties in the dif,ference of two kilowatt-hour meter
readings, each accurate to +2% tO.1 kWh, ís t2% *O.2 kWh. That
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is the uncertainty in individual points, but what, is of primary
interest here ie the shape of the energy use pattern over the
year. The shape is influenced by the nonlinearity of the kWh
meters, which is estimated at t0.4f of, the maximum power during
the experíment, about 50 kWh/day: the nonlinearity error is then
*,O.2 kwh. The sum of these ís t2"l tO.4 kwh. This is calculated
for each buílding when building 3 (38L mm adobe) uses 10 kWhrzday
and 40 kWh/day, and presented in Table 5 under ltMeasurement
Uncertainty. " (Building 3 is not included here, because it is not,
being compared with itself. ) Other uncertainties, more difficult
to evaluate, are considered below.

The second uncertainty is the random scatter uncertainty,
obtalned from línear regression analysis of the non-floatÍng data
point,s in Figures 11 throuqh 14. Buildings that have energy
storage and delay properties much different from building 3 have
a scâtter of points because the interior of these buildings
tf seest! exterior weather from a different time interval than
buildíng 3. this scatter is particularly evident for building 4
(635 mm adobe walls). Random short-term varj.ations in the
weather (shorter than the averaEing time period of 5 or 6 days)
produce a rando¡n scatter that does not affect t'he local mean
Iine, but does add considerably to the uncertaÍnty of individual
points. This random scatter ls shown in Table 5 under ttRandorn

Scatter Uncertaírty,tt aEain calculated for the two levels of
energy u€e. (The thermostat setpoint corrections arê generally
small, so they introduce negligible uncertainties compared to
those above. )- The solid lines in Figures 11 through 14 represent
the sun of the measureme¡rt and random scatter uncertai-nties.
These Lines are at least two standard deviations f,rom the mean
line, s,o than fewer than one point in twenty should falL outslde
them by chance.

l{eather Variatíon6 on tinre scales of 5 otr m6re days produce
systematic shifte of the locaL mean line, and are discussed under
results, beJ.o$/, as the need arises. .

The thj.rd uncertainty is based on examj.nation of energy
balance reÊiduals (see Section 3.3). Lookì,ng at all of' the 22
data blocks for which the outside temperature vtas greater than
6oC, the maximum dif,ference between the energy balance residual
for each buildÍ.ng and that of building 3 was determined. That
nunber is presented for each building fn the column label.ed
ItEnergry Balance Residualtt in Table 5.

The last columns in Table 5 are the sum$ of the first three
uncërt,ainties and are represented by the llashed lines in ËigUres
11 thnough 14. these are the uncertaínty limits for energy use
chang-es that, could be att,ributed specificatly to effects caused
by the different wall censtruct,ions.
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TABLE 5

Energy use comparison Experimental uncertainties

UnÍts: kWh/day

1
2
4
5
6
7
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Blds.
Measurement
Uncertainty

10 40

Random
Scatter

Uncertainty

L0 40

Energy
Balance

Uncertainty

*,o.72
É1.96
t0. 60
fl.31
to "74+0.98
*0.54

Note: i'ro';-il-l;ii 
"*f"" ro .rhe uncerrainries whenbr¡irdins 3,r""s -iõ-*wÀzd;t 

ilã-äõ-iir¡zarv

+o.62
ro. 63
to.56
lo.62
10.57
t0.51.
ro.51.

tL.27
t1.30
t1. 06
rt.29
tl. 06
f0.83
t0.83

É0. 03
t0. 03
+0. 04
t0. 03
t0. 0s
f0.03
t0. 02

ro. 13
r0. 11
t0. 16
ro. 13
r0"21
to.L2
t0.09

6.3 RESULTS

' There t" 1?y considerer: experimental and numericalsimurarion evide;;;-;;;äi:.r,g .¿hilï;iîg1"ø 
hearing 

_ 

ãr*"syconsumpri'on Ís inoepãnãËiã'.or-:r;ir.;ã-åì::, 
and. d,epends only onsteadv-srare i""üiããi"î=iår,." of rhe èr,rràrop., vrhen buildingtemperatures do nor eiã.iip .uã.rJ"irrà"ði""*osrar serpoint ( seesection 1.2 for r-efer.r,""u]-and chap;;"-i f,or.resuiis-rrom ttrepresent work)-. rrrÀt-iä]-iú:l . ¡uiiãiig-r.quire,s hear rhroushoureach day, so that ¡ùiiãí"å"a*rnp.""iü"!r.ao not froar,steady-stare ."i""iliiJi""¡.":g o, averaged weather data

ffi ::ff;'til" ";:îî : 
.'i j¡ ï¡ ";¡ffi:î# ff T îi: 

" i*3å *¡:,í'3il",,n" 
=

r-n the watrls, .rroweüJ"]l-=gio¡n-the ;ãil't" of rhe previousSüåËfåí¿*tïtît"g ¡ 
-iãér il^:g:*). ËËarure never *oarst 

"*p " " 
åiilå : :Ë.ii::Ëiï . 

;"ii;iH;";få:; ;*:;åi jriå:#í* ãii",,".proportionatiry to buiidffi-::;;";;;ïJ:., 
".+i"*", i"ã,n enersyå:;.:"t"urared ""¿rã-liäåäi-"t"re merhods and averased wearher
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Total
Energy Use
Uncertainty

xo 40

I

I
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

tI.37
t2.67
tL.20
11.97
11.36
+\.52
11. 07

+2.L2
+3.37
+I.92
t2.73
t2.o2
tl.92
+tr.45



Figures 11 through L4 show that the only unequivocal
deviations from proportionality to buildíng 3 energy use occur
for buildings 4 (635 mm adobe) and 7 (1-I4 mm insulated frame).
Each datâ poínt that falts outside the area bounded by the solid
Iines shows dísproportionate energy use with 95'l cetLainty, and
several nearby points outside the solid lines represent practical
certainty. Those buildings, therefore, at times use more heating
energy than steady-state methods using averaged data would
predict, but for fundamentally different reasons.

Buitdfng 4 (635 mrn adobe) uses more than proportional heating
energ:y, compared to building 3 (381 mm adobe), only during a long
period of, rapid outdoor temperature increase: the daiJ-y average
outdoor air temperature rises about 22oC in eight days. Because
building 4 interior heat demand responds to weather slower than
building 3, its heating energy use lags behind the rapid decrease
in building 3 energy demand. The effect is íllustrated in the
upper graph of Figure 15. Several data points, representing
6-day avêragres with starting times spaced two days apart, are
connected in t,ime seçn¡ence by arrows. When heating demand is
falLing, the energy use is hlgher than proport'ional; when demand
is risi,ng, the energy use is lower than proportional. The few
poirat,s that líe above the solid line occur during a very
exceptional temperature rise. The effect is neal, but excess
energy used during warming weather is compensated by enengy saved
during cooling weather. No net annual energy use effect is
expected. (During the sane perÍ-od, building 7 al-so exhibits
similar behavior, âs shown in the lower graph of Figure 15,
except that it has less delay than building 3, and so has the
opposit,e sign for the effect.) Stated another v'ray, the net
change in the energy stored in the very thick 635 mm adobe walls
was not small, v¡hen compared to the total heat flow through the
waII during each averaging time perÍod

Building 7 (1L4 mm insulated frame) uses more than
proportionãt energy, compared to building 3 (381 mm adobe); but
for a diff,erent reason than the above. The di.sproportionate
energy use only occurs when the buitding interior temperature
floats above the thermost,at setpoint for part of the averaginE
time period. Even when buildÍng 3 requires nô heating energy
whatsoever, buitding 7 r.eguires about 1.5 KWh/day, or 62 watts,
to naintain a lower lÍmit of 20.6oC for indoor air temperature.
This effect is repeated during mild autumn ,ureather, and adds t'o
the spring ef,f,ect represented in the data.

In sumtnary, for the rather strict 0.95 confídence level
uncertainty tines drawn in the fi.grures, ône can say that'
buildings 4 and 7 both r¡se dispnoportionate heating energy,
compared to buitding 3. Both b¡"rildings certainly use heating
energy in excess of steady-statb predictions usj.ng averaqed data.
They do so at diff,erent tj.mes, and f,or d^ífferent reasons.
Buil,ding 4 (635 mm adobe) uses excess energy during a time when
the weather is warming rapidly, and would recover that' energy
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during a period of cooling weather. Building 7 (L14 mm insulated
frame), hovlever, uses excess energy because interior air
temperature floats above the thermostat setpoint, therefore
increasing averagfe indoor-outdoor temperature difference and
result,ing in increased envelope heat losses.

BuildÍng 7 is the only buitding which has a majority of it,s
floating points above the dashed lines. This deviation can be
attributed to differences in the walls, because the dashed lines
represent, .uncertaintÍes whích include the energy balance
residual. For the other buildings, ât the 0.95 level of
certainty, the observed eff,ect cannot be attributed to the walls,
but onty to the building as a whole. For example, slight
differences in floor Losses due to unequal settling of the soils
beneath different slabs might, be the cause of observed deviations
from propoqtionality. At a reduced confidence level of 0.80
(about 1.3 standard deviations), Ïrowever, effects in buildi.ngs
other than building 7 are attributable specd.fically to differinE
wall constructions.

the daüa can be aggregated into two time periods, one durlng
whích the weather was-suifíclentty cold that no buildinqts
interior temperature fLoated above the thermostat setpoint,, and.
another whích includes all the data. That aggregated data,
corrected to a conetant plenum temperature of 20.6uC, is
presented in TabLes 6 anä 7 as t'2!.6oc tleating Energy.rr Table 6
iepresents dat,a for the first half of L982, and Table 7

reþresents data for the second half

These data all-ow a direct compafison of bullding'energy use
deviations f,rom steady-state theory ueing averaEed data, and add
to conf,i.dence in the data through additional consistency
checkíng. fhe heating energy use f,or the tj.¡tte period when no
buildingrs interi.or temperature floated aþove the thermostat
setpoint is equal to the rr-eating energy use predicted by
steady-state methods using averaged da'ta, as shown previously.
Therefore, the ratio of heating energy used durlng the entire
data peri'od, to the heating ênergry used. when no building floated,
gíves a direct comparison of energy use patterns f,or the eight
test, buiLdLngs, That €nergy r¡se fatio is listed in Tables 6 and
7 as rrRatÍo. tl

From the resutts of the previous chapter, buildings 3 and 4
had no measurabLe energy use j.ncrement due to floating of
interior temperatures. Because building 3 is the lightest
building which did not float, signiffcantly, the building 3 ratl.o
has been subtracted from aLl other rat,iob. Thfs diff,erence is
shown in the fifth column of TabLes 6 and 7, and the relative
values indicate the extent, of e.xcess energy use. Tabl,e 6 shows
that, irr the f,irst half of 1"982, all bulldings except 7 have
energy use ratios that are within experimental, uncertainty of
each õther. Building 7, the ínsulated frame.structure, has the
highest e¡¡-ergy ratio -- it is the only one of the eÍght t,est
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TABLE 6

Comparison of Heating Energy Use patterns

First Half, 1982

Units : kWh

20.6oC Heating Energy

Bldg. Cold AIl Ratio
Difference
From Bldg.3

r.001
-.001

r.031
-"005
x"o]-2
r"058
1.019

Uncertainty

r0.020
ro.020
!,o.o20
to. o20
+0. o20
ro.020
to. 020
to.o20

1
2
3
Ã"

5
6
7
I

2967
3076
274r
2280
2989
22tt
1442
1440

3585
37L0
3308
2822
3593
2696
I824
t766

1.208
I "206
7.207
7.238
L.202
I "2L9
r.265
1.226

Notes:trColdrt is heating energy use (kV,¡h) for time period
.. _,$uring which no br¿ilding temperature floãted.ttAlltt is heat.ing energy use (kï^¡hj for all the data.

buirdíngs that uses disproportíonate heating energ'y beyond.exþerimentaL uncertainties-when its interioi tempãiaiuie floats.
The ef,fect i s s.Bl or the totar energy used from .lanuary ir,.ã"õr,
J*rgl 1982. (For the 'gL- ' 82 heat,iné- season, about 6e%'af, theheating degree days occur during that tíme. rf the au{unn eff,eet$/ere similar, the annual effect would be over 7.5%.1

TabJ.e 7 present,s the same data for the second, half of 19g2.The effect is much smaller, about o.,g%. The kwh meter readingsbegin at the e1d 9f september, afteú' 'à7 
ac, the heat,ing degreedays for the '92-' 83 heatinE season haã occured. 1coórint seasonnight ventiration t,ests vreFe beinE performed during most of

september. ) Had heating season tests in the falr been startedearlier, this small o.e% effect could have been largrer, but thef,act remains that most people living in the area neår the testsite would not have turned on their heat,ing systems for the
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TABLE 7

Comparison of Heating Energy Use Patterns

Second Half, 1982

Units : kWh

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Blds.

20.6oC Heating Energy

CoId AII Ratio
Difference
From Bldg.3

t.oo2
È.001t

-.007
t.003
ù.008
r.008

.000

Uncertaint
I

I

vl
I

1
2
3
4
5
6
7
I

t799
1852
t622
1292
L844
I466

917
898

1965
2027
1768
1399
20L5
1610
1007

979

t.o92
1.094
L.090
1. O83
1.093
1.098
1.098
1. O90

*0.020
*o.020
10.020
t0.020
LO.O20
r0.020
r0.020
r0.020

Notes:Itcoldtt is heating energy use (kWh) for time period
durj.ng vrhich no buildin-g temperature floated.trAlltt 1s heating energy use (k?^th) for all the data.

winter untíl the end of September. It is also possible that
there is less variatíon in the v¡eather j.n faLl, compared to
spring (i.e., more late spring storms than early fall storms).
Eurthermore, the center floor losses, which lag the weaÈher.by
several mohths, $/ould be at a minimurn during the faII
intermediate season, but at a maximum during.the spríng
intermedj.ate season. It is thus possible that, the sma1l effect
for the late t82 data is real and may be repeat,able. The
variabitity of weather, and consequently the variabiLity of the
thermal mass effect, duning the intermedi¡íte seasons is an area
that, requires further study.

If we add the kWh meter readiågs fron Tables 6 and 7 and
calculate the effect for the entire calendar yeer 1982, it is
3.5% t2%. It ie clear that the deviations from steady*state
predlctions for windowless test buildings without internal heat
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Ioads atre srnall, even in New Mexicors high desert climate, with
diurnal temperalure swings often exceeding 15oC, and insolation
above A.7 ah the ext,raterrestial value. The largest observed
effect, for building 7, is 5.9% Ð%. No other building shows an
effect, due to fl.oatinq larger than t.}¡e t?fi experimental
uncertainty.
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a

a

ChaPter 7

SUMMARY OF RESULTS AND CONCLUSTONS

The southwest ThermaL Mass study can clearly diÊcern heat'ing
energy deviations from the predictions of, steady-state theory
usini'averaged data for all test buildings, except the two
thickest adobes. The deviations ocÇur onfy when the interlor of
a teçt building floats above the thermostat setpoint for part of
each day. The deviations are small the largest deviation, f,or
the insùIated wood-frame building, wor¡ld amount to 3 .5 t'2çl of
annual heating energy use, despite the very largg diurnal
temperature swlngs ãä¿ intense insolation tlpical of the hígh
desert site.

SpecificalJ.y, the conclusions are as follows:

if heating is required côntinuously, the he_atinE plant
operates in a linear mode, and the average heatinE
räquirement agrees with steady-state theory and is a

function of steady-state R-value only

if the int,erior temperature floats above the thermostat
setpoint, f,or part oi each day, the heatíng plant o^p'erates in
a nãn-linear mode and witl uãe energy in exces.s of t'hat
predicted by st,eadlr-state theory gsing averaged data (this
is the ttthe¡mal mass effectrr)

this excess energy use resUlts from íncreased average inside
temperature onIY

if heating enerqy use is normalized to building heat. - -

transfer coeff,iãient, this effect is greatest for buíLdings
with least thermal danping in the envelope

Each conclusion, except for .the }ast one, is based- on theory
and is corroborateå by dre datå. As such, these conclusions are
õã"""áf and apply "nyirhere. 

The last conclusion includes
ãpecific numericât rãsuLts and is strictly val,id for only those
cänditions under which the experiment' was perforned: the

. the radiative environment was an important factor for"
comfort, and those buildings with tow.R-value waltrs would
have been uncomf,ortably cold in midwint'er

å the observed ef,fect, was 3 .5% t2% of total annual heating
energy use and occured in the most "Llght'weight structure
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particular materials used in the buildings; the construction and
dimensions of, those buildings (particularly the fact that they
hrere windowless, thus removing from the experiment the time delay
properties of thernal mass); the climate of the test slte (high
desert, with large diurnal temperature swings and hlgh
insolation); and heatinq season data only (the cooling effect is
expected to be much larger).

For most test buildings, the observed effects were too small,
compared to experimental uncertainties, to be measured directly
by comparing measured energy use to steady-state theory (the
analysis methodology of Chapter 5). Rather, by simple recourse
to the propert,ies of linear systems, and how they differ from
nonlinear systems, a test was devised that compares energy use
data against itself,, blpassing many of the experi.rnental
uncertainty problems (the anal.ysis methodology of Chapter 6).

The observed effect, is not a ltmass effecttt as people have come
to use that term. It is not the envelope per sê, br¡t its
participation in the varylng net heat flux to the i.nterior air,
and interaction with the thermostat nonlinearity just when
heating demand goes to zero, that produces the observed effect.
In the present work, attenuation of heat flux variations was the
critical property, because there $¡ere no variable heat sources or
sinks in the buildings. (Future work will address the time-delay
property of envelope thermal mass. )
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Appendix A

DATA QUALITY

The Southwest, Thermal M,ass Study is designed to look at' the
sonetimes subtle thermal effects of mass in building envelopes.
V,lhen mass effects are small, it is essential that data integrity
be protected fron conscious or r¡nconscious biases; and that
e:xpärimental uncertainties in measured and derived results be
quäntified, so that, inferences are drawn consistent $tith data
duality. The quantification of data quality is critigally
inportänt to Íriterpretation of, this experimentrs resr¡lts.

A.1 poçuMENlaEr9N

The following lnformation pertinent to the construction of the
test facility, instrumentation of the test buildings; data
acquisition,-and data analysis has been preserved:

Construction data exj.sts in the working drawings for the
sft,e. Interior and exterior photographs were taken of the
test buildings during and aftèr construction. Critical
dimensions t¡terê measured af,ter construction for use in
data analysis.

ManufaCturers' manuals for aLl criticat apparatus are
avâilable aÊ document,ation of equipment performance.
Manr¡facturerst data Was used in analysis of experimental
r¡ncertaint,ies only when it was consistent with observed '

performance.

Bound logbooks of all hand-recorded obËëfvations.during
construction, lnetrumentation, and data acqulsiti'on were
maintained at, the experimental facility at lesuque"Pueblo'
Any observat,ions that might be of, value in data
interpret,ation wer,e recorded ln t'he loEbooks '

Software used fol automated data acguisit,ion and manual
on-site data checking $tas devetoped specifically f,or t'he
projêct. Program listings exist, o,n paper and magnetic
media

LístinEs of, software are preserved together with
computãtion results for each step of data analysis.

1

2

3

4

5
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A.2 CALIBRAÎION AND EXPERÏMENTAL UNCERTAINTIES

Each important measurementts experimental uncertaínty is
evaluated below. The estimates of uncertainties vary from
critical nodifications of manufacturers' specificatÍons, to
estimate.s based on our measurements, to litt,le more than gruesses
based on experience" Even the latter type of estimates of
experimental uncertainty are valuable, because they explicitly
show what biases might be implicit in interpretation of
experimental results.

In al.l câses, the uncert,ainty estimates are genereus, and
include dat,a logger uncertainties. The list,ed uncertainty
corresponds to at least 2 standard deviations, so the probability
af meàsurements falling outside the lfsted uncertaintíes is less
than one in twenty

A.2.1 Datalogger

The measurements are converted to digital form by a Doric 22O
datalogger controlled by a Radio Shack Model II microcomputer
that archiveE the dat,a on 8-inch floppy disks. Two range€i of the
datai.ogger are used, a 130.00O nillivelt rangie and a t3.0008 volt
range. Estimates of, experimental uncertainty derived from
manufacturerts specificatÍons and oun experience with perlodic
calibrat,ion of the datalogger are given in Table 8.
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ÎABLE 8

Dat,alogger Experimental Uncertainties

Data uncertaintY

t30.000 mV range t3.0000 V range

Calibration !,O.Al% t0.005 mV íO.OL% t0. I' mV

Long-term
stability tO. 03% t0.003 .mV tO.O3% tò. r mV

Temp. effect
for tlooc to.o25% ü0.005 mv to.o25% t o.1 mv

Absolute error tO.O65% tO.O13 mV tO.O65% tO.3 mV

Errof if calibratÍon
v¡ere perfect 10.055% É0.008 mV *O.O55% tO.2 mV

Uncertafnty for Southwest Thermal Mass Study when a
shorted r.ero ref,erence channel was supplied for each
20-channeL mr¡ltiplexer board:

*.O.LOo/o tO.004 mV tO.IO% t0.2 mV

A,2.2 ThermocoupLes

AIl ternperatures ueed in data analysis v¡ere measured using
solid *24 copper-constantan thermocouples. Industry standard
specif,ícations for copper-constantan thertnocouple,s are_ given in
fãnte g. Any given lot of thermocouple wíre can be calibrated.to
far better aècuracy. Unfortu¡¡-ately, three different lots of the
thermOeouple wíre vtere used j.n the experiment. I'n some cases, it'
íç not certaÍn whích lot v¡as r¡eed. fests comparing thermocouples
frorn dif,ferent lots show a maximum dif,ference between witre lots
corre.sponding t,o O.56oC neasured temperature at 91.1oC, anfl
approximately proportional differences doun to the ice poÍnt.

Each set of, twenty data channel inputs to the data logger is
connected to an isotherrnal input block. A reference junction is
conneçted to one data channel on each isbthermal input block, and
imme,rsed in an ice bath. fn use, the ice reference channel
voLtage is subtract,ed from the ¡neasurenent therrnocouple voltage,
thus compensating for any data logger uero drifts wlthin t2
microvoLts. Work-hardeníng of the thermocoupLe wire at the screw
terminals of the data logger can add another.t2 rnicrovolts of
error, the largest observed voltage of,f,set seen during
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thermocouple calibrati
uncertainties, Íncludi
Table 9.

sting. Estimates of thermocouple data
ta logger uncertainties, are listed in

on te
nqr da

TABLE 9

Thermocouple Measurement Uncertainties

Industry specÍficatlons :
t Standardt copper-constantan +1oc or +O.8%

whichever is Larger
t Special t copper-constantan t0.soC or !O.4%

whichever is larger
Southwest Thermal Mass Study estimates of data
uncertainties f,or t,emperature differences,
for -30 to +65oC (includinE datalogger uncertainties):
Thermocou.ples from one lot
of rspecialt wire tO .5% +0 . 25 oC

Thermocouples from one lot,
of rstandardt wire fl-.Ol +O.25oC

Thermocouples from
mixed lots of wire must be cai-culated from

individual temperature
uncertainties

A.2.3 Heat Flux Transducers

Uncalibrated heat flux transducers, Thermonetics Corporation
model H1L-18-U-G, were calibrated by the National Bureau of
St,andards using guarded hotbox methods, with the transducers
embedded in a flexibLe neoprene matrj.x. the Bureau supplied two
independent, calibrations, in aLl cases within 2"1 of, one another,
and so within l% of the niean.

The measurement of the heat flux transducer output is used to
represent average heat flux through walIs, fl,oors,. and ceilings

areas much larger than the transducer, and composed of
diff,erent materials. fwo tlpes of uncertainties are involved:
onê, due to the disturbance of the local heat flux caused by the
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presence of the transducer; and another, due to the mountíng of
the transducer at a particular place on a randomly ínhomogeneous
surface, a place that, witl not normally have the average flux
flowing thrðugh it. These two types of uncertainty are estimated
for dífferent wall tlpes in Table 10. (The estj-mates are litt1e
more than educated guesses here. )

TABLE 10

Heat Flux Measurement Uncertainties

Calibration
Datalogger

Imbedded in adobe walL
inhomogeneity
flux disturbance
TotaI

Mounted on surface 0f
wood or glpsum board

inhonogeneity
flux disturbance
Total

*t.o%
10.055% 10.004 mV

t3%
!t%
t5% to.004 mv

t2%
!2%
+5% tO.004 ¡nV

;
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A.2.4 A1tef;natina QurreJrt Pover Transd,ucer,E

All. electrical pov/er input to each test building j.s measured
by a ttall effect pówer tranËducer, Ohio Semitronics, Inc., model
PC5-5S4. The manufacturer's accuracy specj.f,icati-on$ give A Very
wide leeway, to incLude al,l ef,fects i¡rcluding pov/er f,actors near
Zêro at, maii¡num Cut.t.ents. Our resistive heaterg have povter
faetOrs near one. 8or that tr€asoR, the basic percentage'of
read.ing etrror has been left nêar the manufacturert s
specificatJ.on, but the p"ercentage of fult scale error has been
rêduced drastically.

There is an additional uncertainty, ^sometimes very large,
caused by the method of measurement. The ÏIall effect transducer
{s sarnpted 15 timeS an hour, and then averaged for the hour.
Becausè the heating plant 1s èitfrer fully on, or fully off, those
15 readS.ngs per hour are each either at maximr¡m reading, or at
minimu.m. Thã resuLting hourly uncertainty is described by the
binomial- distríbution, and diminishes when tfme intervals of
several lrours or days are involved.
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The electricar _poryer input to each test bultding is alsomeasured by an eddy-dísk kilowatt-hour meter that ls readmanually approximately every other day.

The uncertaínty estimates are listed in Table 11.

TABLE 11

Power Measurement, Uncertainties

IIall effect transducer
manufacturer' s speciffcations:

Temperature (*10 to +69o9¡
Accuracy (includes temperature,
linearity, power factor,
zero, repeatability)

tI% *,t2 Watts

tO.75l of,
full scale

Southwest Thermal Mass Study estimatesfor power factor near one!
Accuracy (as above, but littte
temperature variatj-on, and
pov¡er factor near one) tL.O% t10 Watts

Ki j.owatt-hour meter t2% *,O.1 kl¡ih

4.2.5 lVeather fnstruments

The weather station consists of a ¡rot,ating cup anemoneter, awind dírection vane, a shielded thermisiãr thermorietêr, arelative hurnidity.meter, and a barometer. lable Lz tiåts tr¡ee'stimated uncertainties in weather station measurements. onlythe w:lnd measurements are used for data analysis, to eãtimateinfiltrat,ion rates and outside surface convective heat transfercoeff,icients. The other weather stat,Lon measurements are ofsecondary importance. (outdoor air temperature is measured bythermocouples at severar rocations whi.cir are shaded anåradi ation- shíeì.ded. )

Solar instruments consist of Eppley PSP pyranoneters for totalhorizontal and south*facing total ïerlical measurementsi aREpptey PIN tracking normal incidence pyrheliometer f,or dj.rectnormar measurements; and Eppley prR pyigeometer for incomfnglong-wave mêasutrements facing upwaro.- õne Li-cor pvrã"à*ãËå,
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faces each of the four cardinal directions to measure incident
radiation on their vertical surfaces. Uncertainties for the
solar Ínstrumentation are also list,ed ín Table 12.

TABLE L2

Weather Instrument Dat,a Uncertainties

Texas Electronics weather station:
Windspeed !5% tO.s kmlh
Wind directÍon *5 degrees
Temperature

shaded *0.25oc
direct sun reads up to L oc high

Relative humidity !,7O'l reL. hum.
Barometer 10.5 mm Hg
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Solar instruments and datalogger:
Eppley PSP pyranometer !l%
Eppley PIR pyrgeorneter t:..%
Eppley NIF normal

íncj.dence pyrheliometer tI%
Li-Cor pyranometers t5%

t10
!.20

+20
t20

V{/mz
w/mz

w/mz
W/mz
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4.3 DATA ACOUTSITION PREPARATION, AND VAITDITY CTTECKING+

Once the data acguisitíon software was written and. debugged,
and the t,ransducers were checked for proper operation, most data
acquisit,ion was fully automat,ic. A Radio Shack Model II
mícrocomputer controlled the operation of the dataLoggen, and
archived the measurements of all 5O0 data channe,ls hourl.y.
Rapidly changing variables, such as weather measurements, þeat
fluxes, and heater por¡rer were sarnpled every four mi.nutes and
their averagie value was archived at the .end of an hour.
Approximately every two day,s the apparatus was checked to see
that it was still operating, to aim the solar tracking mechanism,
to tend thermocoupJ.e reference lce baths, and to record
kilowatt-hour metèr readings and other observations in the
logbook.

Ten blocks of data, each fro,m I to 17 days in duratj.on, !,¡ere
selected for det,ailed analysis on the basÍs that logbook entries
indicated minimum problerns with data acquisition. Those ten
blocks of data vrere then transcribed from a high-density magnetic
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disc format to a format that could in turn be transcribed onto
9-track magnetic tape. The magnetic tape served as input to
create statistÍcal Analysis System (sAS) data fites for data
analysi s .

Printed plots of atl the critical data for each hour were
painstakinEly scrutinized for discont,inuiti.es, large random
errors, ice bath integrity, and equipment malfunètion. A few
daysr data was rejected because of lèe bath problems the
thermocouple reference junctíon ice bath had eÍther merted or
frozen sufficient,ly to shift temperatures by 0.3oC or more.
There v¡ere a few malfunctioníng thermocouples and flux sensors,
and an entire dat,a block with ice bath problems for test buÍlding
4. V'lhen the suspect data was eliminated, there remained 22
short,er data blocks of high quality, ranging from 4 to 7 days Ín
duration. these data blocks were then subJected to the detalted
analysis that is discussed in later chapters of this report.

A.4 $PECIAL MEASqRFMENTF

Measurenents of solar absorptance of the test building walls,
test building infiltrat,j.ôn, inf,rared imaging system scalts of the
buildings to check for inhomogeneities and construction flaws,
and other special tests were perfortned as necessary. The results
of these special tests, and the experírnental uncertaintÍes
associated wíth them, are presented in Appendix E, Test Building
Characterization.



This appendix presents measurements that characterize the
thermal bèhavior of the test, buildings'

APPendix B

TEST BUILDING CHARACTERI ZATION
I

I

i.

:

lt

B. 1 TIIE WAttS

8.1.1 R-VaIues of the Walts

wall- and roof R-values r¡/ere calculated f,rom 11-1itu
measurem€nts of surface-to-Surface tempenature differences' and

insid.e surface heat flux, using the relationship

f, = (Mean Temp. Difference) / (Mean Heat FIux)

This relationship is rigiorously true 9?Iv if initial and final
stored energy ¿iätriUutions in the walls are identical' For
sufficieñtty t;;;-ãv"raginq time periods, the changes in heat
ã"ã"gv storã¿ in the waÍls-ar" smãlt compared to the net
transmitted fLux, and the relationship iè a good approximation'

R-values were calculated for each walI of each building' usingl
data blocks rrám January to iune of, 1982, averaged over. each 4 to
7-ããy-ãata block. Data was selected to be sure that' net
transmitted energy was large cåmpared to changes in -stored
energy. only å.tå for whiðh th¿'average flr¡x-exceeded 3'15 tÑ/mz

was used. For adobe walls of, 279, 381, and 635 nrm thickness;
average waLl ffuies exceeding 3'a7, 4'73' and' 7 '89 Vf/ry'

"å"pãËti;;it 
*ãrã-required. The R-values calcuLated for each

data b]-ock were then averaged for each v1alt, and then for aII
io,r'. waLls of each buirding. The calculated results are
presented in Table 13.

The experlment,al uncertainties arise -from the tSfl to'004 mv

uncertainty appfied to the mãan fluxes for each test' buiding' and

ifr. it% t ô.¿bãð-"ncertainty apptied to-the mean tempeature
difference across the watts. tlte m".n fluxes $tere 16'1, t6'l'
14.g, !2.g, ¡..6-.1-, rã.0, 5.4, and 7.g w/m¿ respectively for these
measurements for the ej.ght tes.t buitdíngs. The mean temperature
diff,erences across the waf f å wène 5.56, 5.56 , 6.6'1, l'0 ' 00, 5 ' 56'
g.44, 9.44, and 8.33oC respectively'
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1

Bldg. Description

TABLE 13

In Situ R-values

Min.
Flux

(w/mz )

3 .47
3.47
4.73
7 .89
3.47
3.15
3. 15
3. 15

1
z
3
4
5
6
7
I

279 mn adobe
279 nr¡ stabilÍzed
381 mm adobe
635 mm adobe
279 nwt adobe
230 mm CMU
Insulated frame
178 mm milled log

Mean R
(ma oc/w)

o.350
0.368
o"477
o.782
0.354
o .696
2 .694
1. s85

+o/-ro

+ IL%
+ LI%r 1o%
re%
! 7L%
+8%
+9%
re%

8.L.2 Dvnamiq Properties o{ Ëhe Walls for Diurnal Temperature
Variations

The thermal mass of walLs, storing heat that fl-ows through the
thermal resistance of the wall, delays and attenuates wall
internal flux variations induced by varylng exterior
temperatures. This is a rouEh way of speakingi more precisely,
the thermal mass and thermal resistance of the walls form a
distributed filter (in the ínf,ormation theory sense). Because
lj.near systems of eguations govern the heat transfer through the
walls, it is valid to superpose the heat fluxes and,the
excitations causing them. In particular, the excitatíon pulses
can be Fourier analysed, and each Fourier component, çan be
assigned a delay and an attenuation attributable to a wall.

These ef,fects are clearest for slmple excitations applied to
the wall exteriors. In the field, the test buildinds are
subjected to rather complex excitations, with varying sunshine,
air temperature, and wind. The delay and attenuation are not
easily interpreted or defined, because the peak of the
fi¡ndamental Fourier component, does not coincide with the actr¡al
peak excit,ation.

Some simple information can be ext,racted from the field data,
however. Att walls are siubjected to outdoor air temperatutre,
wind, sunlight,, and long-wave radiation. When the wind is
predominantly from the west (as it is ín this experiment), then
the south and north walls are washed similarly by the wind; they
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are subjected t,o the same air temperature; they receive nearly
the same dÍffuse solar radiation and long-wave radiation. In
winter, the only important difference is that south walls receÍve
direct solar radiat,ion, and north walls do not. V{hen north waII
fluxes are subtract,ed from south wall fluxes for each building,
what remains is the net flux caused by direct solar radiation on
the south wall. On clear days, this is a well-defined
symmetrical excitation pulse.

Thirteen days of midwinter data, January 11 through January
23, L982, were averaged for each hour of the day to produce an
averaEe day. Figure 16 characterizes the direct solar radiation
excitation pulse f,or the averaged day: it shows the difference
between south and north exterior wall surface temperatures for
building 7, the insulated 2-by-4 frame building. Because the
building is well insulated, the south-north temperature
difference is a fair representation of the driving sol-air
temperature pulse applied to all buildings.

t2

T¡HE THR'

l8 24

Figrure 16: Temperature Pulse for Delay and Attenuation
Measurements

6
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Figures 17 through 20 show the interior frux response to theexterior ternperature excitatÍon of Figure 16 for ali eight testbuirdinss. Tabre 14 risrs the peak-rõ-p""r. d;i;y;-;¡iãineadirectly from the data, and the d.eray" ior the diurnar Fouriersinusoidar component. MÍnimum, maximùm, and mean heat, fruxes arealso listed
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Figure f9: Interior 9üaII Flux Response for Buildings 5 and 6
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TABLE 14

WaII Response to SoIar Excitation Pulse

Btdg.
Peak-to-peak

Delay
(hrs )

Diurnal
Sinewave

DeIay
(hrs )

Heat flux
(w/nz )

Min. Max. Mean

1
2
3
4
5
6
7
I

6.5 t 0.5
7.1 r 0.6

7.8 I 0"5
a.2 t 0.5

5.4 r 0.5

5.36
6.31
9. 15

10.73
10. 10
5.05
0.95
3.47

2A.7L
25.24
t9.25
t2.30
2e.40
25.24
t2.30
10.41

L6.72
75.46
14.51
Lt.67
18.93
14.51
4.42
6.94

10. 6 t o.5
18.4 r 0.5
8.2 r 0.5

9.5 r 0.9
18.1 ! O.7
7.1 r 0.6

2.0 r 0.5
8.9 t O.5

4.5 r 0.6
1.2 t 0.5
8.O t 0.7

l

¡t

I

it
rl

8.1.3 Moisture in the Adobe WaIIs

Free moisture within porous adobe walls can influence the heat
conduct,ion through a wati by providing a bet,ter conduction path
through the voidã in the materiaf, and by increasing the apparent
thermáI conductivity due to latent heat transfer by water vapor
migration. To checÉ for the free moisture content of the walls,
in March , !g82, cores \^/,ere taken through a north and a south 279
mm adobe wall, and through a nortþ 635 mm adobe wall. Íhe cores
were subsampled along tfrãir length, then weighed, dried for 24
h;;;"-;i-iô5 oC, and weíghed agãin. lrleight loss v/as assumed to
be moisture.

The neasured weight loss for t¿i]rle 279 mm walls t¡/as very ]ow: . -
averaging about 1l ior the south waII, and 2l f'ot the- north, with
varia{,ioñ with ae$tfr less than l/4 of, this value in the interior'
The 635 mm north wall showed an approxlmately parabolic weight
loss distribution, rising from 2/o- near the wa}} surfaces to 4'3 +

O.Sie at the center, indiðating that drying was still occuring a

fulî year after construct,ion. The suriace layer of uls.tabilized
mud mórtar in all cases showed a weight loss of' onLy Lfl' Thj's
Î¡¡as lower than in the adobe br.ick that^ incorporates an asphalt
emulsion stabilizer.

There hras no measurable di'fference in wall conductivity
between the moist and dry walls, and no secular change in thermal
conductivity as the thick wall continued drying. That averaged
thermal conductivity was calculated from time'averaged data, and
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vtould not reflect changes in dynamic thermar impedance of themoist wall.

8.1.4 Solar Absorptance of the ?tralls

Solar absorptance is an important determinant, of wall surfacetemperature in the sunny desert climat,e. A major effort would berequired to characterize the the angular depenáance of theabsorptance, so this was not done. rt was äi.mply assumed thatthe wall is perfectly diffuse, and angrular aepänåencies $rereignored. The suntight incident on the center of a waLl wasmeasured, and then the reflected brightness was measured. using anaperture that restricted the field of view to the wall.
Measurements were made in bright d,irect sunlight, and in the
shade where onry diffuse light could reach thé waLls. Twoinstruments were used: an Eppley psp pyranometer, and a siliconphotocerr J-ight intensity meter. - ghe mãasured surface
absorptance of all walls was o.7g to.oz for all walls with bothinstruments, using diffuse light. There wab a little morescatter in the measurements with direct illumination, and the
measured value was lower by a.o2. The value used for all walls
was 0 .78 lO.O2.

8.2 THE ROOFS

The roofs are welr insurated, and receive considerabre
sunshine on their dark surfaces, so roof heat losses are row.
purin-gr nearly half the heating season, the roofs gain rather thanIose heat. Great accuracy for roof heat flow is [herefore not,
needed.

The surface-to-surface R-value from test building 1 ceiling
and roof temperatures and ceiling heat frux between the joist,Ã .
grave an R-varue of 5.6 m2 "c/w +ro%, rower than the R-value of
6:1- Tt oc/w calculated frorn ASHRAE.-values between the j"i"ts,-ur.t
within the experimental uncertainty of that value. Thã R-valueused for calculations was S.64 ma uC/W, which agrees. with the
ASHRAE calculation when joists and interior surface fÍLm are
incLuded

Itreat rosses and gains through the ceiling were calsuratedusing the above R-value, qnd assum,iing steady-state heat flowresulting from the temperature diffenence bãtween a given testbuildingrs -plenum tempèrature, and the roof surface [emperature
as meâ.sured on building L..
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B. 3 TITE FLOORS

Although the floors are nomj.nally identical, their heat losses
differ from one building to another. The floor losses are
characterized by an annual sinusoidal loss to the deep earth, by
additional losses because actual plenum temperature differs from
the nominal 2O.6oC, and by a perimeter loss proportional to the
difference between plenum temperature and outdoor aj.r
temperature.

The above model is based on one yearrs heating season
measurements of building 1 slab temperature at several locations,
and the mean air ternperature above the 51 mm polyisocyanurate
foam lying on the concrete slab. In addition, there are about
two months of similar floor data for all eight buildings obtained
Ín late 1982. This data v/as consistent with the followíng símple
model. AssumÍng a constant plenum temperature of, 20.6oe, the
central floor Losses can be calculated, in wat,ts, âs

L = fi ( t + L sin0+ f, cos f ) ,
ctr,fl ft O s c

The additional losses because plenum tempenature differs from the
nominal can be calculated as

t =fl (T -T )/R ,
cor, fI fl in std f,l

and the perimetetr losses are

L =P h (f -T '),
perim,fl fl p in out

with terms defined as in Section 5.2.L, Heat

8.4 HEATTNG PLANT AND CONTROLS

The heating plant in each test building consists of three
1500-watt electrical resistance heaters controlled by a
thermostat. The physical arrangement was shown in in Fi'gure t,
with arrows indicating approximate airf,lqw in the buílding.
Although the air is mtxed by a L.42 ms/s f,an blowing downward
through a 0.186 square meter destratification plenum, there are
four distinct convective loops wíthin each building. A central
convective loop around the plenum and àeaters is surrounded by
convective loops near each of the walls. The thermostat is
mounted inside the plenurn.

The heating system does not maintain a constant temperature.
Rather, the maintained temperature depends. on the thermostat
setting, the anticipator setti.ng, the thern¡ostat transformÉr, the

Losses.
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fractíon of time that the thermostat
around the thermostat, and thesurface. In the present experiment,, thethermostat is mounted is very near the
and none of the parameters is varied fothe tlme that the thermostat demandsto the average heati ng energy consumeanticipator is supplying local heat to thaffects the me an temperature seen by theelement.

T =A+BQ
heatthermostat

heat
T
ther¡nostat

Using daily average plenum temperature datarequired heat at, all hours, linear regressions

whe A=a
B=a
a

re regressÍon coefficient ( oC),
regresslon coefficient (oC/W),
= the averagre daily heatÍng load.

the thermost,at setpoint

s heat, the airflow
temperatu of the mounting

enum wall on which thept air temperature,
r given building, except
ât, which is proportional

During that time, the
e thermostat, and so
temperature sensing

for days that
of the form

(W), and

( oc),

express the thermostat setpoint in terms of, average hourlyheating demand. Tlre regreËsion coefficients for each t,estbuilding are listed ín iabte 15. The coãrficients for buirding gare different for early and late 'g2, because apparentry thethermostat setting in tnat buitdinq was inadv""tilirt-ioweredduring the su¡nmer of, 1982. Thís dÍá not affect the usefurness ofthe furl-yêar data, because corrections for variati.ons inthermostat setpoint, where necessary, atre applied to allbuildings. Atthough the thermostatã and r¡eãting pi"ni. arenominall-y identicar, the regressi.on coefficientã ärgrerconsiderably. These differences may be due to the plenum airflowpatterns near the thermostat¡ the ian wake is narräwer than theplenum, and may I stickt to any olte of the walls _- in some cases,washing the thermostat in the direct ai.r brast, in othér cases,not. The effect of the anticipator wourd be reast tn 
-itrose

buildings with the greatest fräw p*"i trrà tirermostat.
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TABLE 15

Thermostat Regression Coefficients ff
Buil-ding

A
( oc)

B
(oc/w)

2L.3
22.5
20.6
2A.4
2t.4
2l "2
2I.O
2l.o
L7.2

1
2
3
4
5
6
7
8a
8b

-0.00055
-0.00069
-o.00035
-0.00009
-0. 00035
-o.00057
-o.00064
-0.00079
+O.00087

Notes: 8a is for Building
8b is for building

8 duríng earlY 1982.
8 during late 19e2.

ii

r{
rli

8.5 INFILTRATlON STTCS OE'THE TEST BUILD lNGSI

Natural rates of infiltratíon for the eight !9"t buildings
\^/ere measured, in earfy 1982 using a sulfur hexafluoride tracer
gas technigue. Three sets of tests, covering periods up to L6

hours eac¡, ""r.-fãiiorrned 
under a variety of weather conditions

in which outslde temperature ranged from åUout -6'7oC to'about
L2.goC, and. wÍnd speed t.ttgéd frðm about L.8 m/s to about 7'2
m/s. rt was obseri¡ed that itre aaoue buitdings had slgnificantly
higher rates of infittrat'ion than the other three buildings' It
was determined that this was the result of shrj.nkage of the mud

mortar between the top "ootå. of adobes and the bond beams' which
produced . "orrtinuous 

6 mm to 13 mm crack along t'he t'ops of the
adobe walls wfriãfr occasionally penetrat-ed the mud plastef on one

or both sÍdes of the waLl. 1õ remedy this situation, in the
summer of :382 these cracks were filled with polyurethane foam

sealant,. In *i¿"irrt"r !982-83, onè set-of infiltration tests was

pã"ãài*"d on tÀe a¿oue buildings to evaluate their nevt

infi ltration characteristics'
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8.5. 1 Methodol ogy

In earry rgj2, infirtration tests rlrere,made during one perÍodwhen the wind speed. was row and the outside temperature was rowso that the temperature-induced uuoyani-p".""rr" wourdpredominate, and two periods- when- tr." -i.ñperature 
was high andthe -wind speed,was hiärr so that the windlLnduce¿ pressure wourdpredominate. rn late lgB2, one set of tests was done with lowoutside temperature 

^and high yind rp.ãa. -" r.nt" 16 rists the meanweather conditions for eacñ of the t;;i periods.

TABLE 16

Weather During Infiltration Measurements

Period Season
Mean

Out,side Tenrp.
( oc)

1
2
3
4

Spring
Spring
Spring
FaI I

10.4
-2.7
9.7
2.5

sulphur hexafruoride was used as the tracer gas. rt ischemicalry inert, it mixes werr with ãir, i.s transported anddispersed as air is, and it can be detecled at very rowconcentratíons. tracer gas concentrat,ions were measured using asystems, science, and soitware Moder 21s BGc Benchr/LaboratoryTracer Gas Monitor, which is a sirica corumn gas chromatoEraphwith an electron-capture detector.
A mixture of 0.1 cc of surfur hexafruoride and o.g "" of airwas injected into the air destratificatiön plenum of each testbuilding, and the roof hatch entryway was cLosed, so that thebuiLdings were in their normal 

"oåiiå""ãtion for data collection.The hatches remained closed for the å"rãùio" of, each têst. Thetracer sas was rhen alrowed ro mix ror" onã-h;; 
"iiüii-*r"buildÍngs using ihe existÍng a."ir.iiãiãätior, fan in eachbuilding before sampling began.

Eor each of the four tests, four or five sampres were taken,at a rate of one sample every one hour for each of the adobe testbulldings and one sample 
"n.iy th";;-h.;;; for each of the other
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Wind Speed
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5
2
7
6

I
5
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test buiJ-dinEs. The adobe buildings were sampJ-ed more
frequently, as preliminary tests showed them to have a much
greater rate of infiltration than the others. An inexpensive
battery-operated air pump was used to pump air out from the
interiors of the buildings through 6.4 mm plastic tubing. For
each sampJ.e, the pump v/as allowed to operate for 60 seconds, and
a 10cc sample was taken from the tubíng with a standard plastic
hlpodermic syringe. The needles $/ere stopped with a piece of
rubber and taken to Albuquerque for analysis. For each hour
during which samples v/ere taken, samples of the two calibration
gases hrere also taken as a reference and to assure that storage
in the syringes would not affect the sulfur hexafluoride
concentrations.

Initial and subsequent concentrations $rere mesured one or two
days later, uÈing the gas chromatograph. The infiltration rate
r¿as then cal-culated for each time interval from

I In(c/c)/(t, t
0 0

= infiltration rate (air changes/hr),
= concentration at sample time t,
= concer¡,tration at initial time t, , and

o0
t and t, are

o
times (hr)

8.5.2 Results

For the early 1982 data, the resuLts were analyzed using a
lÍnear regression model which assumed that the rates would depend
Iinearly on buoyant, pressure differences due to inside*outside
temperatu.ne dlfferences, and on wind-induced pressure
dÍfferences. The regression equation and results are listed in
Table 17. To give an idea of what these coefficient,s represent
physicatly, the last, colurnn presents the calcr¡Lated infiltration
rate at typical site wínter weather conditlons of 4.47 m/s wind
speed and 4.4oC temperature

Atl five adobe buildinEs have about 0.3 aír changes per hour,
and the three other buildings have 0.1 aír changes per hour or
Iess. The relat,ivety high rate ín the adobe buildings 1s due t'o
differential shrÍ.nkage of the mud mortar and plaster away from
the wood bond beams and lintels (for filture doors and windows).
This assumption is supported by qualit,at,ive inf,rared imaging
scans performed during the winter. The other three buÍIdinEs had
no materials with such hiqh shrinkage and thus did not have such
high rates of infiltration. It should not be inferred from these
resul-ts that adobe buildings are necessarily, or even commonly,
more ttleakytr than buildings of other materials. The adobe

reI
c
c

whe
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buildÍngs were designed to have as homogeneous wall sectj-ons aspossibre, using the traditionar construction, with mud plaster onthe inside and the outside. Typical adobe construction today
wourd have sheetrock or praster on the interior surfaces and
cement stucco on the exterior sunfaces, neither of which shrinksgreatly, and. each can be sealed with caulk.

TABLE L7

Infiltration Regression Result,s - Spring

Regression Equation:

L =A*wse+B*ltr/T -t/T )l ,inf out in

whereL =infiltrationrat,einf
(air changes/hr)

WS = wind speed (m/s),
T = outdoor air temperature (K)
out

T = indoor air temperature (K).
in

Results:

Blds.

Infiltrati.on
Rate if
WS = 4.47 m/s

T = 4-4 oC

out,

and

Regressi.on
Coefficients
AB

1
2
3
A,

5
6
7
I

0.011 3
0. 0146
o.oL29
0 " 0135
0.0116
0.00170
o.oo2I4
0.00470

230
42t
406
245
250
L28*
]-28
63

o.27
o.36
0.33
o.31
o.27
o. 06
0.07
o. 10

Building 6 low wind data was unreasonable.
Regression coeffícient B f,rom bj.dg. 7 was used,,
then coefficient A was calculated,.

*
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Note in the last column of Table 17 that the infiltration rate
due to the wind-induced pressure difference predominates under
typical weather conditions. (Multiply coefficient rr¡tr by 20 to
get that portion of the air change rate). For the adobe
buildings, the wind-induced pressure difference ís about 8O-9O%'
and for the other three buildings, it is about 60-70%. Since the
cracks are generally high in the walls in the adobe buildíngs,
the small effect,ive stack heiqht no doubt contributes to the
relatively small effect of buoyant pressure.

For the late !982 data, after sealing the cracks between the
bond beams and adobe mortar, only one set of tests was performed.
Because there were no conditions of low outslde ternperature and
low wind speed, and because the effect of temperature-induced
buoyant pressure in the adobe buildings is small compared with
the effect of wind-induced pressure, a regression of, infiltration
rate !¡ith both pressures yielded unrelíable results. However, a
regression against wind-índuced pressure alone produced
reasonable results with standard error estimates not much greater
than in the early 1982 infitt,ration analysis. The regression
equation and resul-ts for the late l.982 analysis are presented ín
Table 18 The last column presents the calculated infiltrat'ion
rate at the tlpical winter site wind speed of 4.47 m/s.

Note that infil-tration rates have been reduced considerably in
all five adobe buildings, wlth the significant exception of
buitding 2, which has cement mortar; this does not bond to the
adobe as well as mud mortar and thus presents more opportunity
for air leakage paths. The infilt,ration rates for buildings l,
4, and 5 are now very comparable to the rates for buildings 6, 7,
and 8.

Uncertainty levels for the predicted infiltration rates are
estimated to be t2O/" for the ínitiat (earllt '82) tests on all
eight buíld.ings, and t3Ol for the late '82 tests on the adobe
buildings. These estimates are in line with the standard error
estimates from the regression analyses

Atl the measurements were made v¡ith the wind from the west or
north$rest. The infiltration characteristics of the buildings
could be quite dífferent for diff,erent wind orientatíons, íf
Ieakage cracks differ from ltall to wall. The buildings dre
Iargely slrmmetrical, so the uncertainties"of, !2A% and 301 in
predicted infiltration rates should cover such errors.

t

ti
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TABLE ].8

Infiltration Regression Results - Fall

Regression Equation:

L =fi*WSz,inf

Results:

where L. 
^ = ínfiltration rate (air changes/hr)

1nf,
VIS = wind speed (n/s)

and

Bldg.

Regression
Coefficient

A

0. Q0335
0.01150
o.00767
0.00433
0. 00401

Infiltration
Rate if,
WS = 4.47 m/s

o.o7
o.23
o. L5
0.09
o.08

1
2
3
4
5

8.6

8.6

ou+NlrTArrvE MEASURFS oF COMFoRT rN qHE TEST BUTTDI NGS

1 trntroduction to Cpmfoqt Iqdicgs

. The purpo6e of environmental control of residential buíldingsis to naintain a reasonabte tevel of t¡unån ;;;¡;;t-. --õomrort is aconplgl phenomenon, f,or severar reasons. rt involves alr threesensible heat transfer mechanísms -- condu"tiã", -ãoü"ãtiorr, 
andradi.ation r- as werl as heat loss due to moisture transfer inrespiration and perspiration. It depends on individual metabolicrates, on clothing, and on the thermär enviro¡unent,. Finarry, Ítinvorves human perception and, individual preferences. Thesesubjective factors màke comfort difftcutt to quant,Íf,y, and investalL standards of comfort with sone degree of ãrbitraiin.ss.

funbient air-temperature,' commonly accepted as an adequatemeasure of, comfort, is an insufficiãnt inäex of comfort un¿ermany circumstances. Fanger, in introducing his basic comfortequation (11, p. III.4.1), states that human comfort is dependent
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on air temperature, humidity, mean radiant temperature, relative
air velocity, physical activity level, and the insulat,ing value
of clothing. i{eãsures of comfort can be simple or c_omplex,
inVolvinq ónly one of these factors, Or several of them. For
each of the eight test buitdings at the Southwest Thermal Mass
Study, we have evaluated seven indices of comfort at mid-height
at the center of each test building. The seven indices, alonE
\^rith the parameters included. in each, are tisted in Table 19 '

.TABLE 19

Measures of Comfort

Measure

Dry-bulb temperature
Wet-bulb temperature
Mean radiant temPerature
Black globe temPeraturë
Operative temPerature
ASHRAE effective temPerature, ET*
Dry-bulb temp. fequired to satisfy
the Fanger comfort criterion

Note: The parameters are as foLlows:

L-
¿

4-
h-

6-

PARAMETERS

r23456

xxxxxx

air temperature
humidity
mean radiant temP.
relative air velocitY
physical activitY level
cJ.othing insulating value

xxxx x
xx xxx xxxx

The reader is referred to the ASII4AE F{ndþoot of Fundament4ls (3)
for precise definitions of these lndices.

These measures $¡ere evaluated for all eight t,est buildings for
two five-day blocks of, data: one in midwinter, when the averagre
outdoor ambient temperature and the average outdoor temperature
swing were approximätely -1oC and 9oC, respectiveLy; and another
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in spring, when those conditions were lOoC and 17oC,
respectively. The method of evaluation was to calculate hourly
varues, prlnt hist,ograms of each comfort index, and carculate
means and ranges of each comfort index, for each data block.

8.6.2 Results

The results are presented in Tables 20 and 21, which
summarize the hÍstograms for the seven measures of comfort,
buildings, and the two time periods of evaluation.

TABLE 20

Evaluation of Comfort Measures in the Test Build,ings

Farameter
( oc)

Dry Bulb
Wet Bulb
Mean Radiant
Globe
Operative
ET*
Fanger

20.3/L "4tI.r/1.o
rs.o/3.3
t9 .t/r.8
t7 .s/2.3
20 .O/t .4
30.s/3.O

20.2/L.2
tI.o/o.e
L6 .4/O .8
]-9.4/t.o
re.2/o.8
t9 .9/r.2
29.2/O.7

20.3/2.O
Lt.L/r.s
L6.s/3.6
L9 .s/2.3
t8.4/2 .6
20.O/2.O
29 .O/3 .4

20.6/1.
LL.3/r.
r8 .4/2 .

2A.
19.
20.

test

9 20.3/t.7
4 tt.r/L.3
6 L8.s/L.7
0 r.9.8/1. s
2 19.2/t.4
e 20.o/t.7
4 27.4/I.6

I71

Mídwinter (Jan. '82)( Mean/Range )

Buildíng Number

46

r/2
4/2
2/L
3/227

Note: The 'FanEer' number 1s not a confort index like the
others, but is the dry-bulb temperature that would be
required to satisfy the Eanger comf,ort conditlon f,or
each test building. If tEangert is several degrees
higher than the actual dry-bulb, the building would
be uncomfortably cold.

Looking first at each parameter for building 1 in mj.dwinter,
the first column presents the seven índices for that, building.
The dry-bulb, at 2O.3oC, is tlpical for aII build,ings. The iange
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TABLE 21

Evaluatíon of Comfort Measures in the Test Buildings

Parameter
( oc)

Dry Bulb 2I.L/1,
Wet Bulb t.I.7 /L
Mean Radiant 19.2/3
Globe 2O.7 /L
Operative 20.I/2
ET* 20.e/l
E'anger 26.5/3

Spring (Apr '82)
( Mean/Range )

Building Number

46 I7t

6 20 .4/t.7
2 rt.r/t.2
8 19 .2/r.r
9 20 . L/I.s
6 t9.7/1.4
6 20 .t/r.7
4 26 .6/t.O

27.2/4.3
IL.7 /3 .r
1,9.e/s.7
20 .9/4.5
20.5/4.e
20.A/4.2
26.O/4.6

2t.s/5.e
rt.9/4.2
20 .4/5 .e
2t.3/5.9
20.9/s.9
2l-.2/5.7
25.5/4.6

20.9/2.s
LL.5/l,B
20.O/2.7
20.7 /2 .6
20 .4/2.6
20.5/2.s
25.8/2.3

Note: The tFangert number is not' a comfort index like the
others, but is the dry-butb temperature that would be
required to sat,isfy the Fanger comfort condition for
eadh test building. If 'Fanger' is several degrees
highär than the actual dry-bulb, the building would
be uncomfortably cold.

of the dry-butb durlng this period was 1.4oC. The v¡et-bulb, ât
11.1o9, is also t1çicaI, âs 3Ol te|atlve humidity was assumed in
each. This assumþtion is based. on portable calibrated humidity
sensor readings an¿ the fact that the drying process i-n the adobe
walls is effeãtively completed (see Section 2.3.2\. The range of
the wet bulb was L.OoC

Mean radiant temperature (MRT), calcuL4ted by summing the
measured surface temperatures that the point at the center of the
buÍlding rrseestt (not including the plenum itself ), weighted by
the soti¿ angle, is L5.OoC, 5.3oC lower than dry-bulb.- This is
comnorl for low i.-value walls. .The rangie of MRT is 3.3oC, more
than double the range of the dry-bulb.

The globe ternperature combÍnes the effects of MRT and dry-bulb
temperaùure, anðso at 19.1oC ls slightly lower than dny-bulb-.
Operative temperature, based on a human-sized manneguin and thus
häving a weaker convective coupling per unit area than the globe,

-93

-/



tjes halfway between dry-bu1b
these two measures are between
expected from the means.

and MRT, at L7 . 5 oC. The rangies
the ranges of dry-bu1b and MRT,

()f
as

The effectivg temperature, ET*, has no real MRT coupling(because MRT is_assumed -equal to dry-uutu¡, and. is srighttylo$¡er, at' 20.019: than.ary-uutb due to thå assumed iof r"ratavehumidity that ET* requireã. This index would be more useful inlarge buildings with interior partition waLls, ror wrrich MRT isclose to dry-bulb, and humidity is controtled.
The rast measure of comfort examined is the dry-butbtemperature required to satisfy the Fanger 

"ómeàtt ãrit.ri.on andis evaluated from the generariãed rangei comfort charts. rt isdenoted as tFanger' in the table. roi building 1 in mi.dwinter,its value is go.soc and is high d,ue to itre low MRT. Low relativeai-r verocity (o-.t n/s), sedeniary activity revel (50 kcal /h; nti-
?nq medium clothing level (1.0 cio) are aãsumed. This numberind,icates what the dry-bulb temperáture wourd have to be toprovide optÍmum comfort if alr óttrer conditions remainedconstant.

The other buitdings in mid-winter exhibit the forlowingtrends. Dry-bulb and wet,-burb are sirnirar.to buírding J., sÍnce
-th"y have very similar thermostat setpoints and identical assumedhumidity levels.^ The rangeÊ of these two measures are smalr,varying from L.2oc for bui-tding 4 to 2.ooc for buÍlãing a. lmris híshest for_rþe buitdinss wl*r highest n-varuå-wãr-i;,buildings 6 and 7. The range of, MRT ís rowest f,or the mostmassive buitding, buirding 4, at onry o.goc. gð*ã"ãr, theliqhtest buítdings with high R-valueå h"v" intermediale ranges at2-6 and L.7oc, and, inrereãringry, buítd.ing 6 ú;;-tñã-àr""t."trange of MRT, at 3,6oc. Effective temperaiure closely fol"lowsdry-burb, and Elobe and operative tempäratures reflect theirrespective weighted averagres of dry-bülb and MRT. The Fangerdry-bulb required for optimum comfórt, strongly depend.ent on MRT,corresponds to variations in MRT since aft otf¡år pärameters areconstant from building to building.

. . 
For the spring data, the variations amongr measures andbuildings follow- slmilar patterns as in the midwinter datâ, br¡t,with some exceptions, onã exception is the slightly ,eievated

mean dry-burb and the dramat,ica:.ry inqreasea rañge in dry-burbfor buildings 6 and 7, indicating-froating has ti""iä¿-to occurin those two buildings. The mosù obvious-exception is that thevarues of all measures for all buildings are nor{ much closertogether. This Ís primarily due to^ thé increase for alrbuildings in MRT, wtrich is ãnry slightty berow dry-bulb for thisperÍod. Atl the measures which are-depãnd.ent on ùnt are thusmuch croser to dry-bulb duting spring than they are in midwinter.The conclusion is that buildings- witñ high and low R*value wallshave very diff,erent comfort levels in coid weather but similarcomfort levels in warmer weather.
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It is apparent. from this examination of comfort levels that
the radiant environment is an important consideratj.on.
Generally, low R-val-ue walls had cold interior surfaces during
cold weaLher and would have been uncomfortable in cold weather.
Measures of comfort that fait to consider mean radiant
temperature are of limited utilÍty in assessing comfort in small
Uuiidings with low R-value walls. It was also f,ound that massive
walIs had less variation of ínside surface temperatures.
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Appendix C

óurooon suRFAcE HEAT TRANSTER coEFFIcIENTS

The simple methods for estimating surface conductances are
usually adequate for design calculations, but are quite
índadequate for accurate predictions of outdoor surface sol-air
temperatures. It is well known that convective surface film
conductances for forced convectÍon can be correlated to Reynolds
and Prandtl numbers, and to surface roughness. this implíes that
surface heat transfer coefficients depend on velocity of, nearby
fluid, on its thermal and rnechanical properties, and on size and
roughness of the surface. Under conditions of low wínd, natural
convection predominates, and surface conductance d.epends on
Grashof and Prandtl numbers. In addition, in the climate of the
southwestern desert, sunshine is intense, and radiat,ive heat
transfer to sky and earth are very significant. All these
effects, as well as sunshj-ne reflection from the ground, and
variation of local wind speed depending on watl orientation, must
be combined in a reasonable way to estimate outdoor surface
conductances and sol-air ternperatures. A method for making such
estimates is given below. fhis method is used in the analysis
presented in the body of, the report, particularly in the detailed
analysis in êhapter 5

C.1 FORCED CONVECTTON

For the range of Prandtl numbers encountered in gases and
Iight liquids, Kays (I7, p. 239.) derives a simple expression
relating Stanton, PrandtL, and Reynolds numbers for turbulent
flow over a smooth flat plate parallel to the aÍr motion:

St
-0.4 *o.2

O.0295 Pr Re
x

(1)

is in excellent agreement wíth
a plate of, lenEth L this

x

Kays asserts that this expression
experimental data. Averaged over
becomes

-o.4 -o.2
St = 0.0368 Pr

L
Re

L
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This expression must be modified when there is surface rougrhness
and Reyäolds number sufficient for locaI flow separation around
roughnãss protrusions. In such a case, Reynoldsr analogy
reláting mómentum and heat diffusion in turbulent flow becomes
invalid, and a correction fo:: roughness must be introduced. Kays
(L7, p. I97) presents results of Nunner, with correctlon factor
for air in roughened tubes given as

o.5
Nu f

(3)

-o.4 -O.2 0.5
Re (f/f )

L smooth
pc u =0.O368Pr

1.00 if u < 0.46 m/s

1. o0 + O.2O4 (u - 0.46 )

Nu f
sm

h =.StC,f L

f,

)f,

sm

There is other evidence that such an expression is reasonable:
Dipprey and sabersky, in a flne article combining theory,
exþèriñent, and review of previous work, show data (9, Fig 16)
thät, supports an exponent between 0.5 and 0.7 for simple
geometriès and pranãtt numbers for gases and light liguids.
óombining equatíons (2) and (3) gives the convective surface film
heat transfer coefficient

p"tt

an expression valid for Prandtl numbers between 0.5 and 1O, for
rough flat plates with flow parallel to the plate.

Eor specific appJ-ications, such as the exterior walls of the
Southwest thermal Mass Study, this last equation can be
slmplified by partial evaluátion. Using an average surface film
temþerature äf- 4.qo7, wall length 6.10 m, equivalent sand
rotrghness of 3 mm, pressure 80.3 kPa at an altitude of 1930 m

above mean sea levei, and data from Schlichting (22, Eíq 2I.61
for friction coefficients ovetr roughened flat plates, the
roughness multiplier can be represented as

(

o.5

sm

o.295
ifu>0.46m/s

where u is in meters per second. The entire equation then
evaluates to

o.295 0.8
h = 3.34 (1 + O.2O4 (u - 0.a6) )

crf

when u > O.46 m/s, and

u
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v¡hen u < 0.46 m/s, and where the subscript ,Ç,f, refers to forcedconvection.
Ih" above expressions a.re used for evaluating forced convectionheat transfer from walls and roof in the Southwest Thermal Masss_tudy. (Laminar flow need not be considered: the d,imensions ofthe rough walrs are such that if there is a significant wind,then flow is turbulent; and if there is tittte or no wind but asignificant temperature diffence, turburence is induced bynatural buoyant convectj.on. )

. Tf. wind speed u in the above equations is not the weatherstatÍon windspeed, but windspeed näar the v¡all surface outsidethe turbulent boundary rayer-. simple checks wÍth a hot-wire
anemometer indicated that windspeed at walr mid-height is about0"8 of weather station windspeeä, and windpeed in tñe lee ofbuiLdings is near a fourth oi weather station airspeea. Althoughit is a severe oversimplification, it, was assumed that the heat,losses behave as if frow paralrel to the warl v/as occuring ascalcuLated above for a flat plate, with wind speed at O.g ofweather station windspeed, except in the lee of buirdings. Theairflow was taken to separate when the prane of a watl úas 15o ormore in the lee of the wind. From the ãngre for separation, towalls entirely in the lee, a smooth relation betweeã ureathêrstation windspeed and wall wind speed was used:

0.8
h = 3.34 u
crf

v = 0.8 u if 9> 75o

v = 0.258 u / cosp if, g< 7So

where v=windnearawall
u = vreather station wind
ç = the angle between the outward normar to a wall,

and the weather station wind velocity vector.
The_75o angre was chosen because flat plates r';tail"u when theangle of incidence exceeds about 1So.

C.2 NATURAL CONVEÇTION

At low wínd speeds natural convec"tion becomes an i.mportantheat transfer mechanism for'exterior walls. A rationalsemi-empiricar derivation by Kato, Nishiwaki, and. Hirata (16)glves the correlation

0.36 0. 175
Nu = 0.138 Gr (pr - O.S5)

xx
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for turbulent natural convection from a vertical plate. The
correlation is in excellent agreement with experiment for grases
near Pr = 1. For air at Pr = O.7!,

Nu
0.36

0.054LGr =hx/k
xx

Evaluatingr the above for air properties as indicated in the
previous section, the natural convection film coefficient
averaged over a wall of height L is

0.36
T T

I^t a]. f 0.08
h 9.72 L

C,TL T +T
w air

In the present case, L = 2.29 m, giving

0.36

x

IT -TI l^t a1f
h rt.23

C,D T +T
air

for the Southwest Thermal Mass Study, t¡/here the temperatures are
absolute, and the subscripts are as follows:

c,n - convective,natural, and
w - wall surface

C.3 LONG-WAVE R.ADIATTON

For a vertical exterior wall, exposed equally to sky and
ground, the energy gain due Lo long-wave radiation can be
approximated as

4444
a =0.5 cre A((T -r )+(T -T )),
radwswg\^t

l^t

(5.67 x L0
-84

V{/mz K)where 0 = Stefan-boltzmann constant
€ = emíssivity ,
subscripts are as foïlows:

rad - radiative ,
w-wall,
s-sky,and
g - ground

and the
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(The approximation neglects backscatter from earth and sky, but
is a close one if, emissivities are near unity, and sky and ground
absorute temperatures differ by onry a small percentage. ) rt is
convenient to reference outdoor conditions t,o the outdoor air
temperature, which is not very different from ground temperature
or effective sky temperature. AJ-gebraic manípulation of the
above equat,ion gives

a
rad

where

a

rad

I
s, corr 9, corr

waht

hA
rad

(r T ),
a w

22
h 0.5 oe (T + T ) (T + T ),

a vt

a
s, corr

A=
g , cott

where the subscripts

srcorr -
g,cort

0.5 oe A (T
vt s a

44

44

r) and

0.5 oe A (T r)
hrga

are as follows:

corrected for sky temperature , and
corrected for ground temperatu.re

In this f,ormulation, when ground and sky teniperatriles are known,
then most of the. Iong-s¿y" radiative heat transfer can be
incruded in the línearized outdoor surface conductance, which
lnclud,es h

rad

C.4 q9MBINSD RADIATTON AND EORCEq ANÐ NATURAL CONVECTJON

'The radíative and convective contribut,ions to surface
conductance are independent,, and may simply be addeci. The
convect,Íve contribution, hov/ever, cõnsists of natural and forced
convection, which cannot be combined so simpry. A theoreticarly
sound method for combining natural and forced convection, a
method based on solutions to the Navier-Stokes eguations, does
not, exist. So we resort to the simplest linear combination,
adding the contributions o.f radj.atåon and forced convêction, and
then bJ.ending the cont,ri.bution of natural convection in smoothly
at Low air speeds:

h
tot

where

+hh
rad c,f

+bh
C, fr
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b 0 if u > 21.3 m/s,
and

þ = (2L.3 - u)/u if u < 2I.3 m/s

where u is wind -speed.

the above combination of radiation and forced and natural
convection is not unreasonable. If the wall is shrunk down to a
O.30 m size, reducing the roughness proportionateLy to 0.15 mm,

then the resulting grraph of surface conductance vs. wind velocity
matches the itclear pj.netr and Itsmooth plasterrr graphs in ASIIRAE
Fundamentals (3, Ch. 22, Fig. 1), for wal-I-to-air temperature
AiTference of 35 oC. This is excellent agreement, for the size
and roughness, and is an independent check on the validity of the
above methods for estimating surface conductance.

c.5 ROOF SURFACE CONDUCTANCE

The surface conductance for roofs is estimated much as it is
for the $ralls. For forced convection, the equations derived
above f,or walls apply without change. For natural Gonvection
with heat flow upward, McAdams (18) recommends

r/3
Nu = 0.14 (Gr Pr)

LL
for Gr > 10
above, this

h 12.5

L

. Eor the air temperatures and pressures listed
reduces to

L/3
T T
roof air

T +T
roof air

For natural convection v¡ith heat flow downward, the heat losses
are much reduced. There is no appropriâte correlation in the
Iiterature for the turbulent, heat flow down to a horizontal
plate. Rather than use nothing at aII, we use McAdamsl
correlation for laminar flow:

t/4
Nu = Q.27 (Gr Pr)

L

This reduces to
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t/4

The radiant interchange is treated as for walls, except that theroof surface sees.onri *rã sky. i¡rã-"ãrio,rr modes of heattransfer are combined'rÀ--tAåV were f,or the walls.

h *- 0.51 Lll rr:--l:::11
L 

rroor* t.r. 
J
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mm1
1
1
1
1
1
1
L
1
1
1
1
L
1
1
1
t
1
1

cm
m

km
m2
m3
m/s
ms /çoc difference
kg/m?
kg/mg
k!'lh
llr
kWhrzdaY
kWhrzdaY
Vl/nz
w/m oC

w/"c
m2 oc/w

* convert f,rom oC t,o oF as foi-lows:

t =(t x1.8)t32.O
FC

CONVERSION EACTORS

= 0.03937 in
= 0.3937 in
= 3.28L ft
= 0.6214 ni
= LO.76 fEz
= 35.3L f,t3
= 2.237 mL/ht
= 2ll9 ft3lmin
= 1.8 oF difference *

= O.2Q49 Lbm/ft,z
= 0.06243 lbmlft,3
= 3413 Btu
= 3 .413 Btu,/hr
= 4I.67 W

= !.42.2 BEuþr
= O.3l7O Bxrl/f,t¿ hr
= 0.5779 Btu/ft hr oF

= 1.896 Btu/hr of'

= 5.679 ftz hr o8"7Btu

.i

j'{
{
I
:{
{
lt
r
t
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