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ABSTRACT 

Measuring the thermal perforaance of walla in-titu poses two separate problema: 1) how to meas
ure time-varying surface temperatures and heat fluxea on both aides of the teet wall and 2) how 
to reduce this data set into a minimal number of parameters that effectively characterize the 
wall. In this paper we present a methodology for interpreting field aeaaureaenta of wall per
formance and describe an inetru.ent developed for carrying out auch aeaaureaenta. The method ia 
a simplified dynamic model that uaea a 1aall nuaber of tiaplified theraal paraaetera (STP) - a 
ateady-atate conductance, a time constant and a few surface storage terma to describe the 
termal performance of a vall. We d~oaatrate the ability of this aodel to simulate actual wall 
performance by comparing model predictions with reaults generated from conventional response
factor methods. The inatruaent developed for field aeasureaenta ia the Envelope Theraal Teat 
Unit (ETTU), which conaiata of two four-foot by aix-foot blanketa placed on either aide of the 
test wall that are used to both aeaaure and control the surface heat fluxes and surface tempera
ture• of the wall. During a typical teat, which lasts about 12 hours, one blanket imposes a 
specified flux through one surface of the teat wall while the resulting heat flux on the other 
surface and the surface temperature• on both aidet are measured. The model presented here can 
be used for both laboratory and field measurement• and may be applied to any component of the 
building envelope. 

Keywords: thermal performance, dyn .. ic performance, field measurement, modeling. 
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IIITRODUCTION 

The Determination of the Dynamic Perforaance of Walls 

K. B. Sherman, Staff Scientist, 
Ro e. Sonderegger, Staff Scientiat, and 

J. w. Adaaa, Staff Scientist 
Energy Performance of Buildings Group 

Lawrence Berkeley Laboratory 
Berkeley. 

The thermal perfonaance of building valls, in situ, i.l largely unknown. Until now, 110at vall 
perfonu.nce .. aaure.enta have been done in laboratories, typically by uaiq large bot-boxes. 
In-situ performance is considerably aore difficult to .... ure, for the experimenter usually has 
little control over temperature, solar r.-liation, or viad conditions. The task of accurately 
measurins surface te.perature• cad heat fluxes ~ 11i11lificant lengths of tiae is not easy. 
Furthermore, once .eaaureaents have been obtained analysis of the data ia not a trivial matter. 
As illustrated by a review of .. aaure.ent techniques and vall perforaance aodele c011piled by 
Carroll, I aoat existing sodela contain too aany par ... tera to be suitable for direct analysis. 

A simplified .adel of dyn .. ic the~l perfor.ance that allova the characteriatica of a vall 
to be quantified on the baaia of measured surface temperatures and heat flwtes baa been 
developed. The aodel. uaes a set of simplified thermal par•eters (STPs) to characterize the 
theraal perforaance of valls fr011 an arbitrary t•perature history. In addition, the STPa can 
be uaed to arrive at a physical interpretation of the· behavior of a vall. This model is appli
cable to any sat of data. In this report, however, its applicaton to the analyais of data col
lected by the IDYelope Tbe~al Teat Unit (!TTU), is d..onatrated. Accordingly, laboratory .. aa
ure.enta uain1 ETTU are included aa part of the Yalidation procedure. 

BASIC BEAT-TRAIISFER HODEL 

Any model that purports to describe the tranaport of beat through valls auat begin with the 
baaic principles of beat conduction through solids. Accordingly, the derivation of a vall .adel 
will be begun with the fund ... ntal equation• of tber.al conduction; the reaulta will be special
ized until the model haa been endowed with aufficient richness to describe actual walla • 
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Heat conduction across any boaogeneoua slab of building tu.terial can be regarded as one= 
dimensional if corner effects and thermal bridges caused by atuda, cavities, and other inhomo
geneities are neglected. This common aaauaptioa, although not always reliable, wiil be adopted 
for this purpose. 

The one-dimeoaional heat conduction equation, 

CIT(x,t) • d. 
St (1) 

where: T(z,t) io the temperature distribution in the slab ( 0 c) 

a. ia the thermal diffuaivity (m 2/a) 

" ia the position in the vall (m) and 
t io the time (a) 

governs he•t transfer at any point of the wall at any tL.e. 

Many nuaerical .. thode exiat for solving this equation for actual, multilayered walla; these 
include a variety of responae-factor aethods2,l and methods baaed on frequency transforma. s~e
t~a referred to •• admittance .ethodao4-6 Moat nu.erical .athoda were developed for calculat
ing beat flova anA/or t•peraturea at one or both surface. of walla vboae c0111poaitions are 
known. The field MaaureHnt of the themal perfomance of a vall poses the opposite problem: 
teape·raturea and beat fluz.es are .easured 1 but thermal propert iea are unknOWD. 

In princi·ple, one could aiaply take any ezisting nu.erical aodel and fit ita par ... ters to 
the -aaured data. lbe valuea of the par ... tera ·yielding the beat fit would thea. be the ezperi
.. utally detemined tberaal prope-rtiea of the vall. Unfortuu.ately, this approach uaually fails 
because of the uceasive nuaber of par-.tera (or degrees of freedom.) in aoat DUIIleric:al 
.. tboda.7 In addition, par .. eter values deter.iued by ezperiment fit the data but are, of them
aalvea, unphyeical (e ••• , h.ve the vrons aign, etc.). Notable ezceptiona are luaped-paraaeter 
aodela with undetermined values for the reaiatora and capaci,tora of which they are composed. 
Generally apeaking, the order of these aodela is determined by the number of capacitors. For a 
liaited raage of boundar.y eoraditiona, first order IIOdela are often sufficient to •odel heat 
flOVII in walla and eat ire buildings to latia.factory accuracy. 8 

the aod.el presented here ia particularly auitable for the analysis of meuured beat flux and 
t•perature data. Like t ... ped-par-eter WHlela, it uses digital filters (see definitions 
below,) 1 but it ia not restricted to the claaa of filters that represent actual resistance
capacitor netvorka. The following paragraphs au.aarize the results derived in the appendiz for 
both hoaogeoaoua and inba.ogeneous (i.e., the aeneral caae) valls. 

BaDOgeneoua Walla 

~ ahown in the appeodix, lq 1 can be solved for a homogeneoua vall (i.e., single layer), whose 
thermal properties are independent of t .. perature, in the following' integral form: 

no 
~l(t) • U (T1(t) - rl(t) ) + 2U ~ (2.1) 

n•l 
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where: Jl -· rl • yl • 
u 

"o 

J2 
'Tz 
p2 

"o 
~2(t) • U (T2(t) - T1(t) ) + 2U ~ 

n•l 

are heat fluxes (W/m2) at surfaces 1 and 2* of the hoaogeneous vall 
are temperatures (K) at vall surfaces 1 and 2 
are the normalized temperature filters (g) 
ia the conductance of the alab(W/m2-K) 
is a summation l~it large enough to contain all the frequencies of interest 

The "hOBogeneoua" heat fluxes are defined aa: 

~1 (t) • ~(O,t) • - lim U L 7f(x,t) 
..-o 

i<t) • - ~(L,tl • lim 0 L 7f(x,t) 
..-L 

where: L is the thickness of the slab (m). 

The temperature filtera are defined as: 

t• 2 
-¥' 

e ( r<I,z> (t)- r<I,z>ct-t•) > dt• 

where: T is the ti .. conataat of the aaterial (a) (see appendix). 

(2.2) 

(3.1) 

(3.2) 

(4) 

The terms r!1•2) are called filters. because they filter the past history of the tempera
tures in such a aanner as to eliaiute 11f.aat" frequency c011poaenta and leave "slow" frequency 
cc:.ponenta UDChangad. (Filters baviq; thia property are called "1D¥""'pus filters.") The separa
tion between 11faat" aad "alov" ia detemiaed for eac::h filter by the frequency c011ponent with 
ti..e conataat 't/n2 • Rote that tbe firat tem in lq 3 above ia the steady-state heat fluz, 
(~). The .. cond term repreaenta a correction to the ateady-atate heat fluz caused by thermal 
atorace (it diaeppeara for -..aleaa valle aa the ti .. conatant approachea zero). 

Iahaaogeneoua Walla 

lecauee real vella can rarely be treated •• hoaogeoaoua, aore co.plez modele are necessary to 
deacribe th-. Tbe clueic.al approach ia to break up the vall into h01:1ogeneoua layers and to 
apply the hoaoseDeoua aolutioa to each layer, being careful to aatch boundary conditions at each 
interface. Oa.fortuaately, thia cannot be done in cloaed for. for arbitrary layers (or for 
mul t i-dU..naional vall a 1 aateriala _vitb t iae-dependent properties. and nonlinear cCXDponents). 
Therefore, an eapirical aeneraliaetion of the hoaogeoeoua aolution~a proposed; apecifically, the 
coefficient• in front of eac::b filter are allowed to be free per ... tera (aa opposed to being 

* The aurface heat fluzes hft'e been defined aa poaitive vben they flov 
into the vall. 
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fiud aa in the hoaogeueoua cau). Thia ia equivalent to adding to the h011ogeneous solution 

terms that are proportional to the filters: 

where: a
11

, b
0 

)1,2) 

J1(t) ·l<•> 
DB 

F!(t) + 2U ian 
a•1 

J2(t) ·l<•> 
a., 

F!(t) + 2U i: ba 
a• I 

are dilllenaionleaa aurfac.e storage parcaeters, 

is the "order" of the 1110del 
are the generaliu:d fluz.ea. 

(5.1) 

(5.2) 

The par~tera An and bn hawe been called surface etorage para.etere, because they describe 

the effective a.ount of thermal etoraae that takes place on each surface of the wall relative to 

a bt;aOaenoua vall. Since tbe eolut ione ! are the hoeoaeaeou eolut ioa.a, the general aolut ion 

auat have all of the eurface etoraae factora equal to zero; that ia, for a homogeneous vall, 

(6) 

and the gaoeral aolut ion becaaea tbe aolut ioa. for a bODOaeoeoua: vall. 

ln an actual teet vall, the further the teat vall ia froa be ina hoaoaeneoua, more the the 

values for -u. b0 will differ fra- sero. Aa ea .. ple ia a two-layer vall coapoaed of light, very 

reaiative aaterial and another •aaah·e, but Yery conduc:tiYe, ••terial. Aa will be aeen in a 

later aectLon, theae ae.i-e.pirical coeataate can be tranafor8ed -into the-aore t .. iliar response 

factors by applyina a eet of alaebraic relationa. 

'Dlie coapletes our set of Siaplified Tberaal Par-tera. There are tvo ba1ic parameters (U 

and T ) and two additional one• for e•ery additioDal order (i.e., a... bu.)• aaking a total of 

2+2 .... STPo. 

Diacrete TL.e Intervals 

The equatioa.a ao far de:ri'Yed are 1trictly ••lid only for t-peraturas aDd beat flux.ea that are 

continuoua function• of t~. In aay practical application, how.Yer. data will be obtained at 

discrete t:i.. iaterYala. Let ua aov traaafom tbese equatioua iato diacrete ti..e-atep aqua
tiona: 

J1 • Jl 
.... 

1"1 + 2U i • k "'k 
mal D ak 

(7.1) 

D 

J2 • J2 • 1"2 + 2U i bD " "''t a•1 ak (7.2) 

vbere: are the .. uared discrete beet fha:es at t•t~ (W/•2) 

"" tbo boaop:__. &iacrete flu:us (W/•2) 

are the diacrete filteraCK) and 

is tbe ti• iucr ... oc betVIMtl .... ur-ats (a) 
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The discrete hoaogeneoua fluxes are as follows: 

(8 .I) 

(8.2) 

In order to evaluate these digital filters, one auat aake aoae assumption about the behavior 
of the temperature during the time intervals separating measurements. A moat reasonable assump
tion ia that the teaperature ia linear ~tween aeaaured points; then, tbe filters become, 

,0,2) 
nk 

(1-~n)"' 
•-;;:-':;'--~ 
~2 j-o 

(9) 

Digital filters of this type are conventionally called infinite Lapulae reaponse filters and can 
be repraaented by a recursive relation that allova the current filter value to be c·alculated 
fro. the current temperature and the previoua value of the filter: 

(I - ~ ) p(1,2) • a ,<1,2) + n (y(1,2) _ y(1,2) 
nk rn n(k-1) ,..2 k k-1 (IO) 

Relation to Response Factors 

Many buildiq aiaulatioa aodala calculate the dynamic perforaance of walla with ao-called 
reapo1111e factors. leapoaae factors are a aeries of weighting, factors that multiply paat tem
peratures to obtain present beat fluxes: 

J1 "' 1 
- YjT~-j • i XjTk-j k j•O 

(11.1) 

J2 "' 2 
- YjT~-j • i ZjTk-j k j-o 

(11.2) 

vbere: xj• Tj, Zj are reapoaae factor aeries (W/1•2-tt) , 

l....Wer that both heat fluxes are positive when heat flows into the vall. In practice, the 
auaaation stope lon1 before j•co. Typically, 20 to 30 terms are sufficient, and several elegant 
aath .. atical 1hortcuta are .vail able to further reduce the required number of tema. 9 Response 
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factors for large values of j have coaatant coamon ratios: 

for j>>l (12) 

where: Rc is the coamon ratio (0 < ac < 1) 

To find expressions for the response factors as functions of the coefficients of the model 1 

one m.y atart by rewriting the digital filters: 

I - p • ___ o T(l,2) 

~2 It 

By inaertina: theae exrresaiona into Eqs 7, iiNerting the order of SUIIIUtioa over j and n, 
collecting teraa in Tk1 ! 2), one find the desired relatione aeparately for j-G and for j>O -J 

.... 
I - r .. o,. 

xj•o ""'!j•o + 2U i •a lS:t:2" xj>o • x. - 2U :i ... 
u•l 'F' 

-J>O 11•! 
Y. • Y. Yj>o • y, J"'O -J•O 

0,. 1 - Po 
-J>o .... 

z. - z + 20 ~ b zj>o • z - 2U :1: b J•o -j-o n•l 0 ~2 -j>o o•l 0 

where: !l•' Y., z. are the reapcmse factor• for the "homogeneouan vall and -J -J 

0
o I - ~ oo 

X. a z, • U + 2U li ---0 x. .. .!.j>o • -20 ;; -J"'O -J"'O o•l~2 -J>o a• I 

2 
o - Po> J-1 

,.,2 Po 

2 
o-p> 'I 
~z" Por 

2 
(I - Pn> j-1 
~2 Pn 

Do I-~ "o 2 
(I - Po> j-1 Y. • u + 2U :i (-1)0 -- yj>o • -20 !i (-l)D 

AJ; 2 Po -:~>o a• I ~2 a• I yn 

Note that the coaaon ratio ia related to the tiae coaatant: 

(13) 

and 

(14) 

By uaing Eqs 14 with .eaaured STPs, one can calculate response factors determined by meas
ureaent, aa opposed to reaponse factors detemined by prediction, and use them in conventional 
building ai.ulation aodela. Even though a given aet of STPa ia sufficient to calculate a con
siatent set of reaponae factors, a given aet of re•ponae factors II&Y not be converted easily 
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into STPs, except for the U-value and the time constant: 

SAMPLE APPLICATION 

m 
U • ~ X. • 

j-o J 

m 
~ Y. • 

j-o J 

m 
~ z. 

j-o J 
(15) 

(16.1) 

To summarize and demonstrate the aodel presented above, it will be applied to a vall whose ther
mal properties are lmown exactly. Froa these properties tbe. flux for some suitable temperature 
history will be calculated. (This ia an illuatration only; if the coaposition of the vall to be 
tested waa known, ita reaponae factor a could be caa~puted uai.ng; conventional methods.)· The 
hypothetical vall conaiats of (froa outside to inside) an outdoor air film, 4 in. (102 mm) face 
brick, 3/4 in. (19 BID) air apace, 2 in. (51 -> insulation [ll-4 per inch, 5.7 lb/ft3 density], 
3/8 in. (10 mm) aypaua board, 1/2 in. (13 am) plaster, and an inside air film. 

A temperature history has been senerated, consistinc of a white-noise apectrum added to some 
low frequencies, aa ahovn in the top half of Fig. 1. Uaing the response-factor method, the heat 
fluxes at both aidea of the vall h•e been calculated aa a function of tiae. 'Ibis "aynthetic11 

data set for a vall ia guaranteed to behaYe exactly aa heat-conduction theory predicts (as 
opposed to an actual vall, in which air leakage, couvection in cavities, t .. perature dependence, 
and lateral he~t flow may significantly alter performance). Applying the model to this syn
thetic data aet, one obtains the para.etera ahovn below: 

U(W/•2-11:) t(hr) •I bl .2 b2 
0.61 4.11 8.44 -o.48 -2.3 1.45 

The U-value can be co.pared to the calculated value of U•.60 and the ti.e conatant to i-4.22 as 
calculated fr011 the caa.on ratio of the vall'"a responae factora. 

Since thia ia a hypothetical vall. one can eoapare the response factors used in generating 
the data to the raaponae factors derived fraa the -adel. The table below gives a representative 
aallpling of the reaponse factors; the left-hand set ia calculated using conventional methods 
baaed on layer-by-layer thermal propertiaa; the right-hand set ia derived fro. the STPs 
extracted froa heat flwuaa aDd t-peruurea of the hypothetic•! vall. 

TABLE I 

Sample Response Factors for Hypothetical Wall 

Delay Calculated(W/•2-11:) Predicted(W/m2-K) 
(bra.) X y z X y z 

I -.122 .0007 -.096 -.102 -.0001 -.082 
2 -.081 .0032 -.043 -.077 .0022 -.027 
3 -.063 .0042 -.020 -.064 .0041 -.012 
5 -.039 .0036 -.004 -.041 .0039 -.003 
10 -.011 .0012 -.ooo -.012 .0013 -.001 

Delay-0 ia the current point. 
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At .first sight, the degree of correspondence between the tvo seta appears aodest; however, 
Wen coaparing seta of reeponae factora, bear in aind that two term-by-tera expansions of sets 
of responae factors can look quite different yet produce very aiailar fluxes for a given tem
perature history - becauae of the reduudancy iuherent in the larg'e na~~ber of terms involved. 

The vide range of effectiveiy aiailar response factor• can be understood by considering the 
uu.ber of free para.etera inherent in a reaponae-factor approach. It is not uncommon to keep 
100 aeta of response factors for a vall, g:iving a total of 300 free parazaetera; by comparison~ 
the STP approach alvaya uaea fever than 10 free paraeters.. Thus, there is quite a bit of 
interdependency in the reaponee-factor approach; that is, for any arbitrary degree of accuracy, 
there are aany allowable coabinatione of reaponae factors that will describe the same vall. 

Poaaibly the aoat i.aportat fact reaulting frc. this illustration ia the tiod of tracking 
diaplayed in Pia. 1. During nine boura in the early part of the teat, te.perature difference• 
ad heat fluzea wre relatively lara• aoc1 slowly varying. At the outset aDd during the second 
half of the teet, 

the oppoaite is true: fluctuations of t .. peraturea and beat fluxes doaiuate, while their ~ 
.!I!!. are c:.c.paratively aaall. In other word a • the per-tera of thia aodel en be uaed to 
predict the tberaal perforaaace of walla over a vide frequeacy band. 'Ibis characteriatic is 
L.portaat if tbe .... .adel ia to be used to calculate the effect• of outdoor t .. perature, aolar 
radiation, and iadoor furnace pulaeae 

Obtaiains Model Par ... tera fro. Heat Plus and Teaperature Data 

So far, a tiOClel ..taoae par .. tera (betwea four aDd eight, depending on the vall) are detenained 
froa .. uured h-iatoriea of aurface t .. peraturea aad heat fluxes baa been preaented. In princi
ple, the par ... ters are obtained by fittioa .odel lq 7 to the actual data. For exaaplet an ini
tial cue•• of tbe vall par ... tara could be uaed to cc.pute beat flues fro. the .e:Uured tem
perature data. Tbe error of tbia sue•• could be quantified by llMS deviation between c:.oaputed 
aad MUured baa£ f·lu:ua. 'lb.e beat-fittiq valuea of the vall para.eters would then be found by 
progreaaively varying the iu.itial auaaaea until the -lleat llMS da.iation of beat flus vas 
found. 

Unfortuaately, tbia procedure can only yield physically lae&Dingful values if the meuured 
t~ aeries pointe are wutually independent (i.e •• if a .. aaureaent of beat flux and teaperature 
at oae ti.e ia iadepeDdeut of the ._. Muure~~ent at previoua ti-e a). Since tbia independence 
does not esiat in thia application, the ~el par ... ter• auat be fitted in the frequency domain 
rather tbaa in the ti.e doaain. Prequ.acy caaponenta of ti.e biatories of heat flux and te.
perature ere liaearly independent ad ••ry quickly calculated uaiq Paat Fourier Tranaform 
Mthoda. Since these fittina utboda are aoaevhat peripheral to the sodel itself, their 
deaeriptLDa baa been relesated to the appeadiz. 

IIODEL IlfrERPB.ETATIOH 

The ability of a aodel to reproduce .. uured data ie only 01111 facet of ita unfulneaa - the 
other ia the ability to effect a physical interpretation of ita parameters. Tbe aoat important 
par ... cer of any vall ia ita ateady-atate U value, and, not surpriSingly, the aoat t.portant STP 
for cc-;,n uae ia U. The nezt 1101t i.aportant par•eter of a vall ia the time constant. The 
time c:onetant, T, ia a -••ure of bov long; it takes for a heat pulse oa one aide of the vall to 
be felt oa tbe other aide of tbe wall; it ia related to the 0-yalue aad the thermal aaaa of the 
aut ire valL 
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The time constant of a wall serves as a yardstick when on~ speaks of quickly or slowly vary
ing teaperaturea: quickly varying teaperatures coaplete one Cycle in less than one-fifth of a 
time constant, while a lowly varyiDI teaperaturee take ...-eral ti.ae constants to coaplete one 
cycle. For elowly varying teaperatures the thermal properties of the vall can be adequately 
approximated by a steady-state &Dalyais. 

The remaining STPa are the surface a tor age factors; these factors can be used to qualita
tively eatimate the vari.ation of the wall surface fr.om perfect homogeneity. That is, if the 
storage factor for one aide of a wall is auch larger than zero, that surface baa more mass than 
does the wall aa a whole; coaversely, a negative storage factor ~eans that there is more resis
tance (leaa mass) on that surface. 

Thia effac.t is .apparent in the h.-,pothetic.al vall uaed to illuatrate the model. On the out
aide face of that vall (aide 1 in Pig. 1) is a four in. (102 .m) layer of face brick; since this 
layer ca.priaes the bulk of the ther.al aass, we expect the first surface storage factors to be 
positive on aide one ad ne&ative on d.de 2. This is, in fact, the case: a1•8.44 and b1-.48. 

ENVELOP! THI!RMAL TI!ST UNIT 

To aeaaure ti..e histories of t-perature and heat flux of actual building valls, a portable 
apparatus baa been developed, the eavelope thermal teat unit (ETTU). The design of this device 
baa been described in an earlier article.10 ETTU differs from a standard guarded bot-box in two 
respects: (1) it ia portable and thua can be used for on-site testing of actual building valls; 
(2) it meaaures the vall temperature response to known heat flows, aa opposed to measuring beat 
flows in response to given temperatures. The physical arrangement of ETTU is shown scheaati
cally in rig. 2. Two identical "blankete" are placed in close thermal contact with the vall to 
be tested. Each blanket consists of a pair of 1.2 a by 1.8 11 (4 ft.X 6ft.) electric heaters 
separated by a low thermal aaaa iu.ulatina layer. The· heater in contact with the wall is called 
the "priaary," the qther ie the "secondary." labedded in each heater layer is an array of tem
perature seuora. The blankets ccnoer tbe vall aection under teat and are slightly flexible, so 
that they c.an be .ade to conform to aiuor irregularities in the vall aurfaces. Although ve 
recognize the pr.oblea of Yery uneven outer surfaces (e.g., ahingles), the current vera ion of 
!TTU does not attempt to addresa thea; future Yeraiona of !TTU will conaider these problema. 

ITTU can be operated in two aodea: in the first .ode, the heat flux through one surface of 
the teat vall can be specified accurately and a steady-state teaperature difference can be 
created acrosa the teat vall. In this aode, the two blankets of ETTU play active and paaaive 
rolea in the "active" blanket, heat fluz is pra.ided to the prL.ary heater according to a user
•elected, tiae-depeadent function that cavers the required frequency spectrua. At the same 
ti..e, the secondary beater ia u.t~ed aa a pard, with a control strategy that ainiaizea the tem
perature difference (and thus the heat loaa) acroaa the active blanket. The electrical power 
dissipated by each heater ia controlled by adjusting the current flowing through the heater. 

The passive blanket on the opposite aide of the vall ia uaed as a large-area beat-fluz sen
sor: ita heater• are not energized, but the difference between primary and secondary tempera
ture•, in conjunction with the blanket thermal propertiea, ia uaed to aeuure the heat flow of 
the vall on the paaaive aide. 

In the aecond aode of operation. tbe aecondary heaters are unused and both primary heaters 
are iadepeDdently driven. In tbia a,..etric aode, there ia little or ao steady-state teBpera
ture difference between the two vall surfaces and, therefore, little information about the 
ateady-atate conductance; but. unlike the previous aode, a areat deal of information is avail
able about the transient thermal properties. 
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A microprocessor-based data acquisition system is used to drive ETTU. It drives the surface 
heaters, recorda all priaary and secondary tea.peraturea, and perfo.r~~a the necee.aary on-line 

heat-flux coaputationa.ll To eliainate the effects of lateral heat transfer, analysis is res

tricted to the central region of the blanket; in effect, the outer region of the blanket is used 
as a guard. Fig. 3 ahova the temperature sensor array on each layer, with the central region 
delineated. 

MODEL VALIDATION 

In order to validate the vall eodel presented earlier, one ehould be able to (1) adequately 

predict the fluxes from eaaured temperatures and (2) derive physically correct thermal wall 

paraaetera. Furthermore, the ae .. ured teaperatures and fluxes auat have enough different fre

quencies to insure that the proceaa of fitting the data and finding the thermal parameters will 
be valid for any temperature history. For thia reason, tbe beat driving strategies should con

tain all frequency c:011ponents typically encountered (i.e., a "white-noise" spectrum). 

To teat ETl'U and to validate the aodel, a section of a vall vaa built in the authors" 
laboratory. The wall (from aide one tovarda aide two) vas •ade of (l/4 in. (19 mm)) plywood, (2 
in. (51 .. )) high-density rigid board inaulation, and (1/2 in. (13 mm)) gypsum board. The driv
ing heat fluxes used by ETTU for this vall consisted of three aections of twelve hours duration 
each. The firat and third aectiona were .,_..eric white uoiae, and the aiddle section vas white 
noiae with a DC offlet. Aa can be seen from the charging behavior of the measured temperatures 
and fluxes (Pig. 4),_tbe first aeveral hours of data are dominated by the initial conditione; 
because this vars-up ef~ect ia undesirable in this frequency-baaed fitting procedure, the first 
ten hours of data in the analyaia. were eli.inated reducing the data to 26 hours. A third-order 
aodel (eight wall par ... tera-) vaa uaed to process the data. The reaultina STPa are shown below: 

U(W/m2-K] T!hrl •t bt "2 b2 "3 bJ 

0.64 1.69 2.06 0.26 -2.99 -7.49 7.58 -22.67 

The U-value ahovn ia to be ca.pared with tha U-value of 0.60 calculated froa thermal properties 
data listed in the ~ Bandbook-1977 of fundamentals volume. The ca-parison between the 
aeaaured and predicted heat flusea ia ahovn in Figa. 5 and-6. Notice, again, the coaparatively 
good trackiq ability both for the relatively atelldy period in the left half AD.d for the highly 

variable period• at the be1innina and end. 

One-aided Model 

The BIOdel developa~nt and validation bu COtlcentrated on ao-called 11 tvo-eided" valls-that is, 
val h for which the heat flux ia Ma•ured 011. both aide a. In aany es.periaents and for aany 
application•, heat fluz data ia aaither recorded nor required for botb aidea of the vall. (Nor
.. lly, the "outside" flus ia the oae ~aaing.) 

If the -••ureaent ia ainlle-aided, only the a to rage factors for the .. aaured aide can be 

determined. The two JWJat i.-portant par ... tera (O and -t) • however, will a till be determined by 
the •- procedure - albeit vith leaa accuracy than for a two-sided wall. Accordingly, there 

will be n0 +2 STPa in a one-aided analyaia. 
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As an exaa.ple,. consider the data aet shown in fig. 7. The measurements were •ade by a 
cement association~• in Skokie. IL., using their dynaaic bot-boz.l2 The valls conaiated of 13 as 
exterior stucco. hollow-core concrete block, 19 mm furring strips. and 13 mm foil-backed gypsum 
board. The S~plified Thermal Par.aeters for this block wall are: 

iihrl "I 
!.50 2.72 6.54 -25.09 

The U-value determined by the model is to be compared with the U-.alue of 1.2 W/m2-K reported by 
the laboratory. 

A. shown in Fig. 7, the correspoadeace between predicted and meaaured heat fluxes is quite 
good uing a aecoad-order fit <n.•2). 'lbe discrepancy between the u-.alue calculated fro. the 
data using the model and the other .. y be dae to the fact that the aeaaured fluxes used in the 
model calculation c- fr011 a flUDieter attached directly to the surface of the teat wall; the 
lab data use an Overall hot-box heat bal&nce to calculate heat flow through the wall. 

SUMMARY 

Thia analytic technique, in conjunction with !TTU, can be uaed to e..-aluate the dynamic thermal 
characteristic• of valls in-situ. Clearly, the applicability of the aodel ia not restricted to 
field seasurements, nor ia the data acquisition system restricted to ETTD. Data measured using 
heat-flowmeter arrays or hot-boxes (both portable and laboratory-bued) can be readily 'lO&lyzed 
to derive the STPs of a vall, or even of a roof or a floor section. 

In the future, !TTU will be uaed on a representative a .. ple of walla to coapile a catalog of 
STPa that can be c011pared to. their theoretically calculated counterparta. In addition, field 
•uure~~enta will be continued in order to abed aoae light on the effect of different kinds of 
insulation retrofita and the age of the vall on ita thermal perfo~aace, aince either may cauae 
IIWtuured a~~.d theoretical perfomaaee to differ aarkedly. · Such meaaureaenta aheuld shed aoae 
light on the effectiveaeaa of different kinds of inaalatioa retrofits and on the effect of age 
on walla. 
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APPERDIX 

Theoretical Deri•atious 

HOMOGENEOUS WALLS 

In deriving the equations used for analyzing the thermal performance of walls, the diffusion 
equation will be presented that describes the thermal transport of energy through .. terial -- in 
this case a homogeneous slab (i.e., a vall slab made up of a single layer of a particular 
11aterial): 

dT(z,t) • d. 
dt 

where: T ia the temperature aa a function of ti .. and position [°C) 
z,t are the spatial and temporal coordinates, respectively 
d. ia the thermal diffuaivity [a2/ol 

(AI) 

In general, diffuaivity can be a function of temperature, position, and time; for this 
application it ia aaaumed to be con1tant. Furthermore, only a rectangular alab with one
d~enaioual heat flov will be considered. Caralaw and Jaeger 13 ahov the solution of thia boun
dary value problem in terms of the temperature: 

where: L 

T1 
I 

1' 

ia the thicknesa of the alab [m) 
T2are the temperaturu at the tvo aurfa.cea [1:] 

ia the funda.ental time conatant [a] 
T0(z) ia calculated froa initial coaditiona below (K] 

t' 2 
- "'F" • 

2 
1' • _L_ 

d. n2 

L 
oin( 0 ["> J T(;z' ,0) 

0 

(A2) 

(A3.1) 

(A3.2) 

The initial condition of the te.perature can be re.o•ed by including the paat history of the 
aurface teaperaturea (i.e. • eztend the integral to minua infinity). Thioa allows a minor sim
plification of the expreaaion above: 
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"' 2n sin(nlix) ,. 
lit L .I 

0 

T(x,t) • 

t• 2 

e-~ [ T1(t-t•)-{-i)D T2(t-t•)] 

(A4) 

dt• 

This expreaaiou allows the teaperature to be calculated at any position and at any time from 
the past history of the surface temperatures. The goal, however, is to calculate the heat flux, 
which is related to the gradient of the temperature, at the two aurfaces: 

vhe~e: J is the heat flux [vatts/m2] 

J(x,t) •- U L dT(x,t) 
dx 

U ia the conductance [vatta/m2-K] 

(A5) 

Becau1e the evaluation of tbe gradient containa an infinite aua, one cannot take the derivative 
before aua.ing. Thua, one cannot, in coaplete aeaerality, aiaplify the problem any further; one 
can, however, introduce a reuoo.able, aimplifying uaumption that will allow the derivation to 
be continued. 

'nle infinite aua indicated in the above equationa ia a aua over time constants, (T/n) that 
begin at the fund•ental time constant "t (i.e., n•l), and approach zero as the suaeation index 
(o.) geta larger. To be perfectly general all of these time constants auat be included in the 
analysis, but - as in any real ezperiment - there will be sa.e •inimura time constant below 
which all time con.atants are no longer important;* this minimum time constant implies a finite 
•a::i..UII li.ait to the 11'--&tion, n0 : 

D2 - 1' 
0 -:r 

0 

where: n0 ia the aaz~ liait of the su..ation 
T

0 ia the ainiaua tU.. constant [a] 

(A6) 

While it ia true that for sufficieatly large n, e.c:h integral beco.ea negligible, thoae terms 
cannot be ignored given that there are an infinite nuaber of thea. However, because the tem
perature will not have changed appreciably until the esponential baa becoae negligible, one can 
treat the teaperature aa beina constant for those ter.s: 

• ~ T(x,t) 
D 

CD 

=.r 
0 

dt' (A7 .1) 

for a. >> n
0 (A7.2) 

The infinite sua can be broken up into two parte at n0 ; leaving the first n
0 teras unchanged and 

* The presence of a aazi111a frequency cc.ponent (as is always the case 
for discrete data) iaplies a ain~ tLae conat~ in the analysis. 
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sUbstituting the relation above for all other terms: 

n t• 2 

• ~
0 

.1!!.. ain(nRx) j! e- ¥' ( T1(t-t') - (-1)11 T2 (t~t•) ] dt' 
n•l R T L o 

T(x,t) 

+ ~ .1_ ein(niTx) [ Tl(t) (-1)11 r(t) J 
n•n +1 Rn L 

0 

The second sum can be simplified by uaing the following two trigonometric aeries: 

'nlerefore, 

m 
i ,f., ein( 11~") • 1 - f-

n•n +1 
0 

CD 

~ 
n-n. +1 

o. 

(-!)",f., oin(n~x) • 

These two identitiea can be uaed to elbainate all auaaation terms above the cutoff: 

[ 

2 CD lL.r 
t' 0 

(AS) 

(A9.1) 

(A9.2) 

(AlO.l) 

(Al0.2) 

(All) 

Since thi• fom. of the equation does not contain any infinite aUIIa, one can differentiate 

thia expreaaion aod ..,aluate the derivatives at the two li..it:a without having to explicitly 

evaluate the BUlla. 

J 1(t) • J(O,t) •- li111 0 L \)'r(x,t) 
l<'"+(l 

J 2 (tl-• - J(L,t) •. lia-11 L \)'r(z,t) 
z-+L 

where: Jl, J2 are the fluxea into aurfacea 1 and 2 
tl. T2 are the temperature• oa. aurfacea 1 aa.d 2 

(Al2.1) 

(Al2.2) 

Rote that in tbe definition of theae two terma the aurface fluxes h.ve been defined as positive 

if they flow into the vall. Thus, the two surface fluzes say be expressed in terms of the his~ 

tory of the aurface te8perature• and the thermal parameters: 
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" 

J 1(t) • U (T1(t) • T2(t) ) + 2U 
"o 

F!(t) (-1)" F2(t) ~ 
a• I n 

s2(t) • U (T2(t) - T1(t) ) + 
"o 

p!(t) (-l)n pl(t) 2U i 
n•l n 

where: pl, p2 are the noraalized temperature filters [K] 

t' 2 
- T" e ( T(l,Z) (e)- T(l,Z)(t-t') ) dt' 

(AIJ.l) 

(Al3.2) 

(Al4) 

The Pa are called filters beeauae they are equivalent to lov-paea filter functions of tLDe eon
ataat T/n2 for the past history of the teaperature. Mote that the first term in each of the two 
equations above is the lteady-atate heat flux, (U'IIflT). The second term represents· corrections 
to the steady-state heat fluz ari1ing fraa tber.al storage -- for aasslesa walls, it disappears. 

Since no upper limits were put on the value of a
0 

in the preceding discussion, one can allow 
n0 to becoae arbitrarily· large so aa to increue the precision of this apprcnr:i•ation; in the 
liait of n

0
..,.. m, the es.presaicma beeoae analytically exact. However, for aost valls n

0
<5 is 

usually sufficient for approximat:aa thermal perfor.ance under actual conditions. 

FREQUENCY REPRESENTATION 

All of the formulae derived above describe the thermal flux in terms of the change over time 
of the surface temperatures-. For a011e purposes (auch aa predicting fluxes from temperature his
toriea) this ia the ideal representation, but for other purpoaea (such aa calculating thermal 
par-.eters fraa a aet of fluzes and te.peraturea), an analyaia in the frequency da.ain ia better 
auited, which can be done by Fourier-transforming !q 13 relating temperature to flux: 

Were: .. h the 
J(v) h the 
F(v) ia the 
T(v) ia the 

no 
J 1(v) • U (T1(v) - rZ(v) ) + 2U i 

n•l 

anaular frequency [rad/al 
.. plitude of the flux at that frequency 
•plitude of the filter at that frequency 
-plitude of the teaperature at that frequency 

The frequency coapooenta are related to their t .. poral counterparts .as follows: 

J(l,2)(v) • J! eivtJ0,2)(t) dt 
-m 
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where: i • # 

F(l,%)(w) • 
n 

"' .r 
-m 

T(l,Z)(w) • i eivtT(l,Z)(t) dt 

-m 

(Al6.2) 

(A!6. 3) 

The equation for the filters can be simplified by using the defining relation for the filters: 

(Al7) 

The second term can be recognized as the Fourier transform of the temperature and the first term 
can be reduced by aiaple integration. 

,o,z> (v) 

" 
(Al8) 

Thus, in the frequency doaain, these filtera are aiaply proportional to the tem.peratures, 
greatly faeilitatinc tb& deter.iuatioa of To 

In any frequency analysis of a 1yate. there a aet of transfer functions relate each of the 
inputs (Tl and r2) to each of the outputs (Jl aad J 2) and eo.pletely specify the system: 

where: al ia the transfer function for aide 1 
a2 ia the tranafer function for aide 2 
8° ia the transfer function acroaa the wall 

Theae tr.~:~~.afer functioa.a caa be fouad froa the Fourier iliYer•ion: 

no 
B2

(v) • U + 2U ~ 
n-1 

letting n0 -.0J and perforain1 the infinit• •u. in closed form: 
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(A21.1) 

(A21.2) 

INHOMOGENEOUS WALLS 

Thus far, the calculations have been for one-dLMenaional homogeneous valls; however, becauae few 
real walla can be described aa homogenous, the IBOdel must be corrected accordingly. This has 
been done by applying correction tema to the lowest order filters of the homogeneous aodel. 
There ia DO a priori reason for tbia geoeralization to be ·ezac::t, aDd yet it works sufficiently 
well to use it aa ao approxiaate deacription of real valls: 

where: J'l, J 2 

~~. ~2 

a. 

Jl(t) ·l<t) "m 
r1<t> + 2U a • 

n•l D D 

r<t> • i<t> 
n• 

r!<e> + 2U :! b 
n-1 ll 

are predicted iDboaogeoeoua fluzes (W/m2) at .urfacea 1 and 2 
are ha.ogenoua (uncorrected) fluzea (W/m2) at surfaces 1 and 2 
i1 the number of correction factors 

(A22.1) 

(A22.2) 

The hcaogeneoua fluzea, d_1 , ! 2 , are defined by Eq. A-15. Note that henceforth the notation X 
indicates that a quantity ia from the hoaogeneous aolution, rather than the general solution. 

In tenu of the· traaafer functiona, 

a 0(v) • .!!.o(v) 

H1(v) • .!!.l(v) + 2U 

H2(w) • .!!.2(w) + 2U 

where: !Cw) are the hoaogenoua transfer function• 
R(w) are the corrected tranafer functions 

"m 
! 

n•l 

"m 
~ 

a• I 

(A23.1) 

- ivt' • nn2 - ivi:' 
(A23.2) 

- ivt' b 
D 2 

D - ivt' 
(A23.3) 

Again, the ha.ogeoeoua transfer fuactioa.s, !,0 , ! 1, !,2, are defined by !q. A21. The correction 
ter.a can be interpreted aa aurface atorage factors that indicate the relative .. aunt of storage 
that occura on the aurf&eea of the wall compared to the interior. 
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The DUIII.ber of inhomogeneous terms can be eat i.aated fr0111 the time coaatat1t and soae knowledge of the highest frequency of interest (i~e., the highest frequency one is iu~ereated in duplicating accurately or, equivalently, the highest frequency expected in the data): 

n ·~2w "t ,. •ax (A24) 

where: w is the mu::imtDll frequency of interest mox 

COMBINING LAYERS 

Transfer functions of a aany-layered wall can be calculated frCXD the transfer functions of ita individual layers by conceptually using the flux out of one layer as the flux into the next layer. Hathe.atically, this chaining proceaa ia a .. trix aultiplication of the appropriate combinatioua of the transfer functions. Tbe general relatione for c~lculating the coabined transfer function froa two individual transfer functions is given below. 

where: B 

a· 
B .. 

a• 
Bl • 8" 1 - Ho B"',. o 

0 

Hz • a• 2 -

are the co.biaed transfer functions 
are the first layer transfer functions 
are the second layer transfer functions 

(A25.1) 

(A25.2) 

(A25.3) 

Mote that &"'1 and 8"'"' 2 represent the e&posed surfaces, while B"'2 and R"'"' 1 represent the surfaces internal to the coabiued vall. 

Thia cOIIbinatorial rule can be uaed in tvo vaya. It can be used to calculate the exact transfer function when the true thermal properties of all the component layers are known, and it can be u•ed to calculate the approai.ate theraal properties when tvo composite valle are being ca.bined. 
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Figure 6. Measured and predicted data for side 2 of laboratory wall. 
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Figure 7. Measured and predicted data for cement association laboratory wall. 
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