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ABSTRACT 

Annex 24 of the International Energlj AgenClj, Executive 
Committee all Energy Conservation in Buildillgs alld Com
mlmity Systems-Heat, Air alld Moisture Transfer ill Highly 
Insulated New alld Retrofitted Ellvelopes-was initiated ill 
1991. Fourteell calm tries joined together to study the physics 
of heat, air, alld moisture transfer alld to allalyze the conse
quences for ellerglj use, hygric response, and durabilitr;. The 
allllex contained five subtasks, one of them being modelillg. 
This subtask not only included a state-of-the-art r!?View and 
model d!?Velopment but also model verification through the 
solution and discllssion of six common exercises: a concrete 
flat roof, a timber-framed wall, a cavity wall, an indllstrial 
metallic roof, a timber flat roof cassette, and a crawl space. 

The exercise res liltS taught that, in general, models of 
the same l!?Vel of comprehellsiveness give comparable qllali-

INTRODUCTION 

The motivation of the International Energy Agency 
Executive Committee on Energy Conservation in Build
ings and Community Systems to start an annex on heat, 
air, and moisture transfer in highly insulated new and 
retrofitted envelopes was twofold. First, as insulation 
requirements become more strict, the impact on thermal 
quality of secondary effects such as enthalpy flow, 
latent heat, and moisture-affected thermal conductivity 
increases. Second, an enquiry underlined that codes of 
practice in many member states of the International En
ergy Agency treat heat, air, and moisture design in an 
unsatisfactory way compared to the level of scientific 
knowledge available. The annex was initiated in 1991. 
Fourteen countries joined the common research: Bel
gium (operating agent), Canada, Denmark, Finland, 
France, Germany, the Netherlands, Norway, Italy, Slo
vakia, Sweden, Switzerland, the United Kingdom, and 
the United States. Five subtasks were defined: (1) mod
eling, (2) environmental conditions, (3) material proper-

tative predictions. Nearly fll11 models also prod lice much 
richer and better information than simple tools do. Numer
ical differellces between model predictions, however, remain 
important. In many cases, scatter starts with tile inter
pretatio/I of boundary conditions. Further differences are 
attributed to the use of different functional forms for the 
same material property, different simplifications in geome
try, and the intrinsic incompletelless of each particular 
model. 

The conclllsion of the verificatioll exercise is that, today, it 
is possible to calclilate the hygrothermal behavior of eIIvelope 
parts in a qualitatively correct way, at least if models are 
applied tlmt consider all aspects of com billed heat, air, and 
moist lire transfer. This supports model use for performance 
cOlltrol. 

ties, (4) experimental verification, and (5) practice 
(Anon. 1991). Subtask 1, modeling, started with an en
quiry on existing heat, air, moisture, and computer
aided tool codes (HAMCaT), (Hens and Janssens 1992). 
Then, it focused on specific topics such as transfer po
tentials, contact conditions, and airflow modeling. Sim
ple engineering methods were analyzed and the 
concept of simplified modeling was developed: equa
tions close to the full physical model and material prop
erties gained from simple, standardized measurements. 
Last but not least, the subtask organized a model verifi
cation project through the formulation and solution of 
six common exercises. 

HEAT, AIR, AND MOISTURE TRANSFER MODELS 

Short Recapitulation 

Heat, air, and moisture transfer models are based on 
the conservation of energy, mass, and momentum axi
oms, which state that the resulting inflow or outflow of 
heat, mass, and momentum in an elementary volume, 
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together with the local rate of generation or absorption, 
equals the change rate in amount of energy, mass, and 
momentum in the volume. In vector analysis, inflow or 
outflow per unit volume is called a divergetlce (div). Con
sequently, the three conservation laws state: 

a (content) 
div (Flux) ±S = al (1) 

Heat, water vapor, and water fluxes concern two 
separate categories: diffusive and convective. Diffusive 
fluxes, such as heat conduction, water vapor diffusion, 
and unsaturated water flow, are defined by the product 
of a transport property and the gradient of a driving 
force (in vector notation: grad). The driving force for 
heat flow is temperature, for water vapor flow it is par
tial vapor pressure, and for water flow it is total suction: 

heat q = -A grad T 

vapor Iilv = -0 gradp 

water nlm = -kw grads. (2) 

Thermal conductivity (g), vapor permeability (0), 
and water permeability (kw) introduce the medium 
wherein transport takes place. The difficulty is that these 
properties are not constants, but functions of the driving 
forces and stored quantities such as moisture content. 

Convective fluxes relate to the energy, called enthalpy, 
embodied in each mass component and displaced with it, 
and the water vapor movement caused by airflow: 

Enthalpy q = Iilil 

Vapor tilv = tilaX. (3) 

Vapor and moisture fluxes in envelope assemblies 
are so small that the momentum displacement they 
cause can be disregarded. This also holds for air trans
port in porous materials: 

(4) 

The driving force (Pa - pgz) in diffusive equation 4 is 
total air pressure, corrected on stack effect. ka represents 
the air permeability of the material. In leaks, cracks, 
overlays, and air spaces, however, air velocity may be 
such that momentum cannot be neglected anymore. 
This complicates the description of air transport consid
erably. 

A last set of relations used in heat, air, and mois
ture models are the equations of state: saturation pres
sure as a function of temperature and capillary radius, 
enthalpy as a function of temperature and phase 
change, the sorption isotherms, and the suction char
acteristics of the materials used. These relations cou
ple stored mass and stored energy to driving forces. 
In doing that, a second set of material properties 
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emerges: the volumic-specific capacities for heat, water 
vapOl; wate~ and air. At the same time, the relations 
interlink driving forces, with the consequence that each 
set of potentials can be transformed into another set, pro
vided that the transport properties and volumic-specific 
capacities are also transformed. A driving force can even 
be split into two forces. An example is vapor pressure 
(p), which is presented by the product of relative humid
ity and vapor saturation pressure. Saturation pressure, in 
turn, depends on temperature. 

Combining the conservation laws with the preceding 
flux expressions and equations of state results in a set of 
at least three scalar partial differential equations (POEs), 
called the model equations. An example is 

div tila = 0 

div(o gradp-lilaX+kw grads)±SM = ~\; 

div (A gradT - lilacaT - Iilvib) ±SQ = 
L 1--.J L2-1 L3--1 

aliT 
at. (5) 

where w is the moisture content and liT is the specific 
enthalpy of the porous skeleton, including the mass con
tent of the pores. The first equation states that the air 
response is instantaneous under transient conditions. 
The second equation expresses conservation of mois
ture, i.e., the sum of water vapor and water, for tempera
tures above O°C. The third equation explains that not 
only conduction (llJ) but also air-induced enthalpy flow 
(l2J) and latent heat (l3J) playa role in heat transport 
and storage. The free choice of driving forces explains 
why various authors propose apparently different 
models that give comparable answers when applied in 
practice. 

Solving the system of POEs demands numerical 
techniques. Popular are finite-element and control vol
ume methods. Geometry, initial conditions, boundary 
conditions, and contact conditions between materials 
also should be known. 

Simple calculation tools dismantle system 5 in a 
straightforward way. Tune as an independent variable is 
eliminated. Heat transfer concerns conduction only. 
Mass transfer is restricted to vapor flow by diffusion. 
Thermal conductivity and vapor permeability are taken 
as constants. Multilayered elements act as ideal flat sys
tems. On the other hand, simplified models, as defined 
within the context of the annex, use the basic equations 
but replace the complex property functions with uni
form relations deduced from simple standardized mea
surements. 

Models offer many advantages. One of the impor
tant virtues is their potential to short-circuit time-con
surning hygrothermal tests on components. In a fraction 
of time, a picture of what could be expected is generated 
and a parameter analysis is done. Models also help in a 
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correct interpretation of measured data. In manufactur
ing of components, models guide the performance con
trols. They help in formulating performance criteria and 
design rules for building practitioners. New designs can 
be checked. Damage cases also are better understood. 

The Need for Validation 

While conservation of energy, mass, and momentum 
belongs to the axioms of classic physics, the flow equa
tions remain empirical statements. Both introduce mate
rial properties. Of these, thermal conductivity and 
specific heat capacity are measured within narrow mar
gins. Deviations between samples of the same material 
stay within percentages, and dependence of goveming 
driving forces is smooth. Hence, this is not true for hyg
ric and air-related properties. Round-robin tests on sam
ples of the same material give a large scatter in 
permeabilities, diffusivities (diffusivity being the ratio 
between permeability and volumic-specific capacity), 
and "permeability vs. driving force" relations (Galbraith 
et aI. 1991; Kumaran 1992a). In addition, even when 
measured transient moisture profiles are distributed 
among laboratories, derived diffusivities may differ sub
stantially (Kumaran 1992b). 

Geometry of an envelope part is a complex reality. In 
any case, each part is three dimensional. Cracks in a 
material layer, overlays between built-in foils, thin air 
voids between layers, and joints between stiff insulation 
boards may all have large influences on heat, air, and 
moisture response. Overlooking their presence inevita
bly leads to Simplifications, the ultimate one being the 
reduction of the real system to an ideal one-dimensional 
multilayered wall. 

Even measured environmental conditions induce 
uncertainties: air temperature and relative humidity, 
measured in one point, are extrapolated over a whole 
surface. Local air pressures are calculated from some 
scarce measurements or general data from the literature. 
Precipitation is only known on a daily basis. Measuring 
devices demonstrate limited accuracy. Also, starting 
conditions may be quite diffuse. Surface coefficients are 
simplified to constants, etc. 

The first aim of any partial verification, therefore, is 
to prove that these simplifications and uncertainties do 
not falsify predictions to such an extent that the results 
become wrong. Detailed verification, of course, also has 
a quantitative objective: showing that numerical values 
for flows, driving force fields, and stored quantities are 
within acceptable margins, compared to the reference. 

Methodology 

Verification is based on a combination of three partial 
techniques: analytical verification, intermodel compari
son, and empirical verification (Lomas 1994). Analytical 
verification is a good choice for testing algorithms. 
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However, analytical solutions for heat and mass transfer 
only exist for simple cases, where material properties are 
constants. The fact that a model produces correct 
answers for constant properties is no guarantee that it 
does so for cases with variable properties. Intermodel 
comparison delivers a relative verification against an 
average. The temptation exists to quote a model posi
tively when its numerical results are close to that aver
age. However, if by accident the majority of models in 
the test perform poorly, the procedure is of no value. 
Empirical verification seems the most convenient one. 
However, errors in measured data or a lack of data may 
confuse the procedure. 

Verification techniques include a visual comparison 
of graphs, a detailed analysis of average differences and 
standard deviations, and a statistical evaluation of dif
ferences between reference and calculated data on the 
basis of the following relation: 

Datacalculated = a' Datareference + b. (6) 

If both data sets are identical, then a = 1, b = 0, a. = 0, and 
ab = O. The annex concentrated on the second partial 
verification technique (intermodel comparison) and, to 
some extent, on empirical verification. The vehicles used 
to perform the activity were the six common exercises. 

THE SIX EXERCISES 
With the exercises, responses were sought on five 

questions: (1) how good are simple engineering tools? 
(2) how important is the influence of air transport? (3) 
what are the consequences of initial moisture? (4) does 
driving rain have an influence on hygrothermal behav
ior? and (5) what about latent heat exchanges? Solu
tions, obtained by the participating countries, were 
mailed to the organizing country, which produced an 
intermodel comparison and did, if included in the exer
cise, the experimental verification. 

Exercise 1: Concrete Flat Roof 
Data Common exercise 1, proposed by Belgium, 

was of the intermodel comparison type (Hens 1991, 
1992). The objective of the exercise was to evaluate the 
consequences of a high initial moisture content and sub
sequent latent heat exchanges. The roof consisted of 
(from inside to outside): an acoustic ceiling of aluminum 
laths, measuring 9 cm (3.54 in.) wide, mounted with 
open joints of 1 cm (0.394 in.) and covered on top with a 
mineral fiberboard, d = 3 cm (1.18 in.); air space measur
ing 60 cm (23.6 in.) high; post-stressed concrete slab 
measuring 25 cm (9.84 in.) thick; expanded clay concrete 
screed having a mean thickness of 15 cm (5.9 in.), with a 
cement finish of 2 cm (0.787 in.) (the screed is a concrete 
layer poured on top of the load-bearing floor, with a small 
slope to drain the roof); x em (in.) of dense mineral fiber 
insulation, x to be calculated from U" 0.25 W I (m2'K); 
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and two layers of styrene-butadiene-styrene (SBS)-poly
mer bitumen ply (see Figure la). Material properties are 
given in Table 1. The table gives an impression of the 
amount and quality of data needed to perform a simula
tion. Initial conditions included precipitation data dur
ing the month before and the moisture content in the 
screed and mortar finish the day the membrane was 
applied. Climates imposed were 21°C, 60% RH indoors 
and either the Belgian monthly average reference year 
for condensation or the local thermal reference year 
(TRY) outdoors. 

Expected Response Excess water and precipitation 
the month before built up a high moisture content in the 
prestressed concrete and the lightweight aggregate 
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3 

screed. As observed during field investigations, this 
induces a redistribution of moisture in the roof structure 
after the membrane is applied, with the mineral fiber 
getting wet and staying wet for a long time (many 
years). One of the consequences could be an important 
increase in the U-factor caused by latent heat exchange 
the first year, followed by a decrease in the following 
years to an equilibrium value slightly higher than the 
standard U. Another consequence may be degradation 
of the mineral fiber. 

Qualitative Verification of Simulation Results Ten 
reports with solutions were received. Two solutions 
used the Glaser method (Glaser 1958). This simple engi
neering tool answered with "no problem" when the 

_. -
5 

3 ~ 1 

E 

5 
-. -. '- -

Exercise 1: concrele flot roof 

1. acoustical caning 
2.olrspace 

Exercise 2: timber framed wall 

I. chlp-boord,d",12mm 

Exercise 3: cavity woll 

I. lima-siIIcota Inner leaf, d= 1].5 em 
2, mInerai fibce Insulation. d=6 em 
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2. mlnerol fibre Irnulot1on,. d=15cm 
3. post-stressed concrete slob, d=20 em 3. woodfibreboord,d=12mm 
4. lightweight concrelescreed, d=15cm 
5. mlneral fibre boards, d= x em 
6. membrone 

EXercise 4: meloffic roof Exercise 5: timber flo! roof 

1. Interior steel liner tray 1. wood wool cement boord, d=25 mm 
2. fibregloss.qunt. d=8 em 
3. steel profiled dodding 

2. vapour relmder (PE Of a water perme-
oble type) 

3. m!nerol fibre, d"lOcm 
4. covtfy 
5. plywooddeckd,,12.5mm 
6. membrone 

3. Hme-slIfcataovtef Ieof, d=11.5cm 

I II 3 '. 
11Jt Illl111y 

II 
'. 

II 100 

'-. 

Exercise 6: crowl space 

1. hardboard, d=6 mm 
2. fibreg!oss-quilt, d=22 cm 
3. tlmber flooring, d,,22 mm 
4. PE-grouod-cover Of Hghtwe!ght aggre

gate loose fin 

Figure 1 The six envelope parts, analyzed In the common exercises. 
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Material 

aluminum 

mInerai fiber 

prestressed 
concrete 

no-fines 
concrete 

mortar 

mineral fiber 

membrane 

TABLE I Exercise 1: Material Properties 

win kg/m3; u In %kg/kg; ~ In % 

Property 

density 
dry specific heat capacity 
thermal conductivity 
density 
dry specific heat capacity 
Ihermal conduclMty 
vapor permeability 
density 
dry specific heat capacity 
thermal conduclMty 
sorption Isotherm 
critical moisture content 
capillary moisture content 
saturation 
vapor permeability 
water sorption coefficient 
density 
dry specific heal capacity 
Ihermal conductivity 
sorption isotherm 
critical moisture content 
capillary moisture content 
saturation 
vapor permeability 
water sorption coefficient 
density 
specific heal capacity 
thermal conductivity 
sorption Isotherm 
capll!ary moisture content 
saturation 
vapor permeability 
water sorption coefficient 
density 
specific heat capadty 
thermal conductivity 
vapor permeability 
density 
specific heat capacity 
thermal conductivity 
vapor permeance 

Value Function Units 

2700 kg/m' 
880 J/(kg.1<) 
230 W/(m·1<) 
70 kg/m' 
840 J/(kg·1<) 
0.037 W/(m.1<) 
1.510.10 s 
2200 kg/m' 
840 J/(kg.1<) 
2.7+0.0032w W/(m·1<) 
¢!(-0.OOO7¢2+0.081¢+0.4) kg/m' 
100 kg/m' 
110 kg/m' 
160 kg/m' 
1.55 1(J12+2.8 1O~21 exp(0.25¢) s 
Om8 kg/(m2·s) 
1000 kg/m' 
840 J/(kg·1<) 
0.37+0.001w W/(m.1<) 
¢/(0.000471:,2 +0.055¢+0.63) kg/m' 
140 kg/m' 
190 kg/m' 
584 kg/m' 
1.271(J11+ 1.91O-16 exp(0.14¢) s 
0.08 kg/(m2s~) 

1800 kg/m' 
840 J/(kg.1<) 
0.85+0.0045w W/(m·1<) 
¢/(_0.00056Q2 +0.059<1>+0.34) kg/m' 
280 kg/m' 
315 kg/m' 
1.46 10-" +2.34 1(J13 exp(O.045¢)s 
0.12 kg/(m2s~) 

175 kg/m' 
840 J/(kg.1<) 
0.038+3.21(J"w+5.91(J'w2 W/(m·1<) 
1.5 1(J'0 s 
1160 kg/m' 
1700 J/(kg·1<) 
0.2 W/(m.1<) 
1.851(J'2 s/m 

drying of the concrete slab 
and screed. Both were elimi
nated for further analysis. 

Numerical Verification of 
Simulation Results A few 
comparisons are summarized 
in Table 2. Variations on the 
thickness of the mineral fiber
board are mainly caused by 
the different standard A-val
ues in use in the participating 
cotultries. Standard devia
tions on the increase t.U, on 
moisture accumulation in the 
mineral fiber, and on its yearly 
amplitude are caused by dif
ferences in exterior climatic 
data, differences in initial 
moisture content, and differ
ences in the way noncapillary 
materials were modeled. Fig
ure 2 gives an example of 
moisture buildup in the min
eral fiber as predicted by three 
models. 

Exercise 2: Tlmber
Framed Wall 

Data Common exercise 
2, proposed by Finland, was of 
the intermadel comparison 
type (Ojanen and Salonvaara 
1992a, 1992b). The objective of 
the exercise was to quantify 
the effects of air exfiltration. 
The timber-framed wall con
sisted of an interior 12 nun 
(0.47 in.) thick chip-board, 150 
nun (5.9 in.) of mineral fiber 
insulation, and an exterior 12 
nun (0.47 in.) thick wood fiber-

exterior environnlental conditions included solar radia
tion, except for sonle little condensation between insula
tion and membrane each winter, fallowed by complete 
drying in summer. Without solar radiation, some accu
mulation of condensate in the mineral fiber occurred. 
Quantities, however, are extremely low. 

. TABLE 2 Common Exercise 1: Insulation Thickness, 
Increase In U-Factor During the First Year, Moisture 
Accumulation In the Minerai Fiber Aller 10 Years 

(Ukkel Climate, Belgium) 

All other solutions using simplified or near-full mod
els predict the response as expected: important accumu
lation of initial moisture in the mineral fiber and a large 
increase in U-factor the first year by latent heat release in 
the insulation. One solution, however, used an erroneous 
physical modeling of the mineral fiber and another 
applied erroneous material properties, resulting in fast 
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Average Standard 
(10 Reports) Deviation % 

Insulation thickness 138.5 mm 7 
Increase in U~faclor the first year 0.126 W/(m2.1<) 43 
(Uo = 0.214 W/(m2.1<) 
Molslure accumulafion In the 16.0 kg/m2 26 
mIneraI fibre after 10 years 

Amplifude offhe yearty oscillafion 3.1 kg/m2 47 
In moisture accumulation In the 
mineral fibre 
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Figure 2 Exercise " moisture accumulation In the mIneraI ffbre under BelgIan reference outdoor climate, three 
examples of calculated results. 

TABLE 3 Exercise 2: Material Properties the wall caused by enthalpy 
flow and moisture accumula
tion by interstitial condensa
tion reaching much higher 
values than in the diffusion 
mode. The second conse
quenc~ of course, depends 
largely on the specific climatic 
conditions. 

Material 

wood chlp
board 

Property 

density 

win kg{m3; u In %kg{kg; <I> In -

Value Function 

700 
2100 
0.14 
0.27+202.6¢ - 486¢2+441<)3 
400 

Units 

kg/m3 

J/(kg.K) 
W/(m'K) 
kg/m3 

kg/m3 

specific heat capacity 
thermal conductivity 
sorption Isotherm 
capillary moisture content 
saturation 700 kg/m3 

Qualitative Verification of 
Simulation Results Seven re
ports with solutions were re
ceived. The simple Glaser 
method, with its inability to 
handle air exfiltration, quoted 
the construction as well insu
lated and completely conden
sation free, even for the severe 
Ottawa outdoor climate. 

vapour permeabHity 9<0.44.610- '2 s 
Q~0.4 (8.4-30.6¢+6.3 lcr>(HXlQl' s 

mineral fibre density 
-2.510-5(ICXl¢i)·1O-12 

20 kg/m3 

J/(kg·K) 
W/(m.K) 

840 dry specific heal capocity 
thermal conductivity 
vapour permeability 
densily 

0.0345+3.2 lo-Sw+5.9 IO-'w2 

1.410-10 s 
wood fibre 
board dry specific heal capacity 

thermal conductivity 
sorption Isotherm 

280 
2100 
0.05 
9 < 0.68 32$ 

kg/m3 

J/(kg.K) 
W/(m.K) 

capillary moisture content 
saturation 

$ ~ 0.68 30 - 599 +69.292 

400 
kg/m3 

kg/m3 

kg/m3 

Solutions, using simplified 
or near-full models with an air 
transfer module, were in good 
agreement with the expecta
tions. Enthalpy flow overrules 

750 
vapour permeability 9 < 0.25 7.610-'2 s 

$ ~ 0.25 (51.5¢ - 5.27).10-'2 s 

board. No further exterior cladding was applied (Figure 
lb). Material properties are given in Table 3. A weather 
data file for Ottawa was used, with the indoor climate 
being 20°C and 40% RH. Four cases were considered: wall 
airtight, separate constant ventilation flow of 1 L/(m2·s); 
wall airtight, separate wind-induced ventilation flow; 
wall air permeable, constant exfiltration rate of 1 L/ (m2·s); 
and wall permeable, variable ex- or infiltration rate 
induced by wind. All four were simulated with and with
out solar gains. 

Expected Response As experienced in hot-box 
measurements, air exfiltration should have two impor
tant consequences: a large part of the heat loss through 
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conduction as a heat loss 
mechanism. Moisture accumulation in the wall during 
winter remains low in the diffusion mode but increases to 
high values when exfiltration is active. 

Numerical Verification of the Simulation Results 
Table 4 and Figme 3 compare the results for the heat 
losses on a yearly basis and for total moisture accumula
tion for the case with a constant exfiltration rate. Losses 
by enthalpy flow are identical between reports. Conduc
tive flow, however, shows large discrepancies. One re
port even predicts heat gains, while all others give 
losses. Moisture accumulation is excessively high in one 
report: 51.1 kg/m2, all in the insulation. The four other 
reports scatter between 10.6 and 26 kg/m2, with the 

Thermal Envelopes VI/Moisture I-Principles 



I' 
0 
0 

" N 

-S 
~ 

~ 

" C 
·0 
~ 

U 
C 
0 

" 0 

" " .Q 

~ 

0 
0 
~ 

0 

2 

(0) Each bor represents 0 different simulation result 

Q 

s 
o 

" c 
o 
u 
c 
o 
o 

6 0 

5 0 

4 0 

30 

20 

10 

o 

..... 

/ \ 
II \ 

(j em 
'l 

.t ~ 1\1 ~ 
/J 

,oP ,\ b 

elapsed time in weeks 

(b) Each Une tepresenls a diffefenl simulation result 

Figure J Exercise 2, air exfilfralion: (a) heat losses in kWhI(m2·year) and (b) total condensate In the limber 
framed wall under Ottawa climate conditions 

TABLE 4 Common Exercise 2: Heat Losses on Yearly Basis, Moisture Accumulation In Winter, 
Case with Constant Exfiltrallon Rate (Ottowa Climate, Canada) 

Average (6 Reports) 

Heat loss by convection 

Heal loss by conduction (Uo ~ 0.214 W/(m2.1{J 

Moisture accumulation in the wall (maximum) after 10 years 

163.5 kWh/m2 

4.4 kWh/m2 

26.5kg/m2 

TABLE 5 Exercise 3: Materlol Properties 

win kg/m3; u In %kg/kg; <I> In -

Material Property 

lime sHieate brick density 

mineral fibre 

specific heal capacity 
thermal conductivity 
short-wove absorptivity 
sorption isotherm 

capillary moisture content 
saturation 
vapour permeability 
waler diffusivity 

denslly 
specific heat capacity 
thermal conductivity 
vapor permeability 

Value Function 

1800 

850 
0.9+0.0045w 
0.6 

¢ 
0 0 
0.5 16 
0.8 27 
0.9 43 
0.93 57 
0.96 139 
0.99 232 
0.999 245 
0.9999 264 

275 

275 
350 

6.610·'2 

w absorption 
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peak concentration near and in the exterior wood fiber- 20 0 
board. The reasons for the large discrepancies in mois
ture accumulation may be whether or not latent heat 
transfer is considered and the way in which airflow is 
modeled. 

Exercise 3: Cavity Wall 

Data Common exercise 3, proposed by Germany, 
was composed of an intermodel comparison and an 
empirical verification (KiinzeI1992, 1993). The objective 
of the exercise was to initiate two-dimensional modeling 
and to quantify the thermal and hygric impact of driv
ing rain for cavity walls. The first part of the exercise 
therefore concerned a two-dimensional case: capillary 
water uptake and drying of a lime-silicate specimen 
measuring 49 cm (19.3 in.) high, 11 em (4.3 in.) wide, and 
7 cm (2.75 in.) deep, and sealed at the front, back, and 
one of the two sides. The cavity wall of the second part 
consisted of a 17.5 cm (6.9 in.) thick lime-silicate inner 
leaf; a cavity of 6 cm (2.4 in.), filled witi, mineral fiber; 
and a 11.5 cm (4.5 in.) thick lime-silicate outer leaf (Fig
ure lc). Material properties are given in Table 5. A 
weather data file for Holzkirchen was used. The indoor 
temperature was 20°C and the indoor relative humidity 
was 50%. Two cases were considered: wall airtight, wet
ted by precipitation; and wall airtight, no precipitation. 

Expected Response For the lime-silicate specimen 
subjected to capillary rise and drying, fast wetting fol
lowed by slower drying was measured. In the cavity wall, 
hygric response should be dominated by rain absorption, 
as proven in practice. 

Qualitative Verification of Simulation Results Eight 
reports with solutions were received. Glaser could only 
be used for the cavity wall. Application in accordance 
with British Standard BS 5250, German Standard DIN 
4108, and the Belgian code of practice all classified the 
wall as of good design. 

Solutions for the two-dimensional case with near-full 
models depict the response of the specimen during suc
tion and drying as expected (see Figure ,"). All gave 
faster wetting than drying. The same agreement 
between expected behavior and prediction is seen for 
the cavity wall. Driving rain builds up high moisture 
contents in the outer leaf. Drying in winter brings hardly 
any relief, whereas in summertime, the moisture content 
jlunpS between high after precipitation and low in 
between. 

Numerical Verification of Simulation Results Table 
6 compares the results for maximum water uptake in the 
specimen, maximum moisture content in the outer leaf 
in winter, and increase in U-factor of the cavity wall by 
rain. Figure 4 shows the calculated and measured wet
ting and drying curves for the specimen. MaxinlUm 
water uptake for the specimen scatters substantially be
tween the different simulations. The measured data also 
suggest an important secondary suction, caused by solu-
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Figure 4 Exercise 3, comparison between the mea
sured and calculated suction-drying curves for the 
50 cm hIgh lime-silIcate specimen. The crosses and 
white dots are the measured data for two speci
mens. Each line represents a different sImulation 
result, 

TABLE 6 Common Exercise 3: Maximal Mean Moisture 
Content In the Two-Dimensional SpeCimen, Maximal 

Mean Moisture Content In the Outer Leaf of the Cavity 
Wall, Increase In Heat Loss by Absorption of Driving Rain 

(Holzklrchen Climate, Germany) 

Maximol mean moisture content in 
the specimen (measured: 177 kg/m3) 

Maximal mean moisture content In 
the Quter leaf 

Increase In heat loss after 10 years 

Standard 
Average Deviation 

(7 Reports) % 

141 kg/m3 20 

222 kg/m3 24 

8.8% 31 

tion of entrapped air, which is missing in the calcula
tions. Drying is simulated well in all reports. 

The outer leaf of the cavity wall also is subjected to 
important discrepancies in predicted maximum moisture 
content. Even the peaks do not coincide. One of the rea
sons may be the different functional forms used to simu
late the hygroscopic curve of the silicate-lime brick. in
crease in U-factor, on the other hand, is predicted within 
narrow margins, with driving rain resulting in some 10% 
of extra losses, half latent heat, half conduction. 

Exercise 4: Metallic Roof 

Data Common exercise 4, proposed by the U.K., was 
an intermodel comparison (Nicholson and Johnson 
1993a, 1993b), although a qualitative comparison with 
measured results was also included. The objective of the 
exercise was to'evaluate the effects of air leakage through 
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TABLE 7 Exercise 4: Matertal Properties 

win kg/m3; u in kg/kg; <I> In -

Material Property Value Function Units 
steel density 7850 kg/m 
profiled thickness mm 
cladding thermol conductivity 68 W/(m,Kj 
mineral density 9,5 kg/m3 

fibre thermal conductivity 0,039 + 0,0084u W/(m,Kj 
sorption Isotherm uh(1 -lnQ/Ayl/n kg/kg 

adsorption: 
Uh = 0,0545 

lIn = 0,211 
A = 0,000548 

desorption: 
Uh = 0,14 

I/n = 0,318 
A = 0,00050 II 

vapour permeability 1.4 10,10 s 
steel liner density 7850 kg/m3 

tray thickness 0,5 mm 
thermal conductivity 68 W/(m'Kj 

the liner, outside air ventilation in the cavity, and clear sky 
undercooling on the hygrothermal response of a noncap
illary, lightweight cold-deck stmcture, The metallic roof 
proposed consisted of aninteriorsteelliner tray, an 80 mm 
(3,1 in,) thick fiberglass quilt, and a steel-profiled clad
ding, with the separation between tray and cladding be
ing maintained with Z-spacers (Figure Id), Material 
properties are given in Table 7, The first case considered 
was a hot-box experiment on a roof measuring 1.5 m wide 
and 2 m long, with a slope from ridge to eave of 6 degrees, 
and all openings at both ridge and eaves filled with foam 
inserts. Conditions were: inside 15°C, 65% RH; outside, 
successively, 15°C/65%, lOoC/75%, and 5°C/90%. In the 
second case, the roof covered a small building measuring 
5 m wide and 10 m long. The slope was 6 degrees. A 
weather data file for Manchester was used. The indoor 
temperature was 15°C, and the indoor relative humidity 
was 65%. 

Expected Response Metallic roofs are sensitive to 
undercooling by longwave clear-sky losses. This should 
change the external air in the cavity into a moisture 
source rather than a drying flow. Exfiltration, in turn, 
may aggravate cavity condensation. The overall result: a 
larger sensitivity to interstitial condensation and a faster 
reaction to climatic changes than simple engineering 
tools predict. 

Qualitative Verification of Simulation Results 
Nine reports with solutions were received. A Glaser 
prediction gave no accumulation of condensate on a 
yearly basis. The winter maximum, however, was too 
high, which degraded the stmcture to that of "unac
ceptable moisture design." 

Solutions with simplified or near-full models taught 
that even a metallic roof with mineral fiber insulation 
has some thermal and hygric inertia. Exfiltration, how-
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TABLE 8 Common Exercise 4: Total Yearty 
Condensallon at the Underside of the Cladding 

(Manchester Climate, U.K.) 

Average Standard 

Total yearly condensatIon when 
diffusion Is the only vehicle for 
vapour ingress 

Total yearly condensation wilh air 
leaks In the liner 

(6 Reports) Devlallon % 

0,23 kg/m2 45 

0,54kg/m2 90 

ever, reduces the time lag to a fraction of the value with
out exfiltration. For the small building, air leaks more 
than double condensation in the roof compared to an 
airtight construction. Although summer drying still pro
hibits accumulation, reversed condensation on the 
metallic tray becomes a point of concern. 

Numerical Verification of Simulation Results Mea
sured vapor pressure curves in the air space between the 
tray and mineral wool were not self-explaining enough 
to be used as a reference. Verification therefore was 
restricted to an intercomparison. Table 8 gives the results 
for maximum condensation in winter with and without 
air leaks. The high standard deviation for the leaky case 
shows that calculation of air leak surfaces from moni
tored flows introduces major uncertainties. One, in fact, 
has to translate fluxes into a balanced set of air perme
abilities of tray, cavity ends, and cladding. 

Exercise 5: Timber Fiat Roof 

Data Common exercise 5, proposed by Denmark, 
was a mixed-type intermodel comparison and empirical 
verification (Rode 1993, 1994). The objective of the exer
cise was to reproduce the experimental results gained on 
four tinlber test roofs. These consisted of (from inside to 
outside): 25 mm (1 in.) of wood-wool cement board, 
either a 0.15-mm (0.06-in.) polyethylene foil (called PEl 
or a water-permeable vapor retarder, 10 cm (3.9 in.) of 
mineral fiber insulation, an air space with a height of 
95 mm (3.7 in.), a 12.5 mm (0.49 in.) thick plywood deck, 
and an SBS-modified membrane (Figure Ie). Material 
properties were measured by the participants. For that 
purpose, samples were distributed together with a 
weather file containing the measured indoor and out
door climates. Four cases were considered: PE-vapor 
retarder, no initial moisture; PE-vapor retarder, initial 
moisture; water-permeable vapor retarder, no initial 
moisture; and water-permeable vapor retarder, initial 
moisture. Initial moisture consisted of a few layers of cel
lulose cardboard sprayed with 3 kg/ m2 of moisture and 
added on top of the thermal insulation. At the start, all 
other layers were in equilibrium with 60% RH. 

Expected Response The vapor retarders used have 
quite different properties: PE is vapor tight, while the 
water-permeable retarder combines a medium vapor 
resistance with a wicking action each time summer con-
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densation fonns on its surface. One could therefore 
expect that initial moisture should dry faster in the roof 
with the water-permeable vapor retarder than in the 
roof with the PE-vapor retarder. On the other hand, in 
winter, more interstitial condensation should be 
expected with the water-permeable retarder. Experi
mental results, however, did not confirm that pattern: 
drying of initial moisture went on much slower than 
expected with the water-permeable vapor retarder and 
condensation was as pronounced with the PE-vapor 
retarder as with the water-penneable type. 

Qualitative Verification of Simulation Results Nine 
reports with solutions were received. Application of the 
Glaser method showed that, with the environmental 
conditions imposed, neither the roof with aPE-vapor 
retarder nor the roof with a water-permeable vapor 
retarder demonstrated unacceptable interstitial conden
sation. Both were of "good moisture design." 

Solutions with simplified or near-full models, on the 
other hand, all confirmed the expected pattern: faster 
drying of built-in moisture with the water-permeable 
vapor retarder, and less interstitial condensation in the 
roofs with the PE-foil. None of the simulations produced 
the measured results, except if a low vapor resistivity for 
both vapor retarders was used, or if indoor air leakage 
into the cassettes was accepted. Even a two-dimensional 
analysis failed in explaining the measurements. The 
probable conclusion therefore is, opposite to what the 
researchers took for granted at the start of their experi
ments, the roof cassettes suffer from indoor air leakage. 

Numerical Verification of Simulation Results Pig
ure 5 compares seven solutions for the "water-perme
able vapor retarder, initial moisture" case. Differences 
between total moisture contents are important. One 
solution even gives a completely different picture, with 
a much larger increase between summer and winter and 
lower values in summer. This seemed to be caused by 
differences in the functional relationships used for the 
material properties. On the other hand, heat fluxes coin
cided well (Table 9). 

TABLE 9 Common Exercise 5: Average Heat Flux 
Through the Faur Flat Timber Roofs 
(Copenhagen Climate, Denmark) 

Average heat flux PE-foll. dry 

Average heat flux PE-foll. In~lal 
molsture 

Average Standard 
(7 Reports) DevlaHon % 

2.7W/m2 

2.9W/m2 

36 

18 

Average heat flux water permeable 2.8 W/m2 33 
vapour retarde& dry 

Average heat flux water permeable 2.8 W 1m2 23 
vapour retardet initial moisture 
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Figure 5 Exercise 4, comparison between the calcu
lated and measured moisture content in the tim
ber roof cassettes with water-permeable vapor 
retarder and Initial moisture. The white squares 
are the measured data. Each line represents a 
different simulation result. The dotted line with 
largest amplitude Is calculated with a low vapor 
resistance of the retarder. 

Exercise 5 also deals with material properties. Three 
laboratories measured the vapor diffusion resistances of 
the PE-foil, the water-penneable vapor retarder, ply
wood, and wood-wool cement. For PE, the water
penneable vapor retarder, and plywood, results were 
close. For wood-wool cement, one laboratory ended with 
a high vapor permeability, While the other two found a 
much lower value (see Figure 6). 

Exercise 6: Crawl Space 

Data Common exercise 6, proposed by Sweden, 
was an intermodel comparison (Hagentoft 1994). The 
objective of the exercise was to judge, on efficiency, two 
means for lowering the relative humidity in a crawl 
space: a ground cover and ground insulation. The two 
vented crawl spaces had a surface of 10.9 by 12.2 m for a 
height of 1.5 m (0.9 m below grade and 0.6 m above 
grade). All perimeter walls are 30 cm thick. The water 
table is 1 m below grade. The type of sail is moraine, 
with 'A. = 2.3 W /(m'K) and pc = 2.0 106 J/(m3·K). The 
floor construction consists of (from crawl space to 
inside): 6 rnm (0.24 in.) of hardboard, 22 cm (8.7 in.) of 
mineral fiber, and 22 rnm (0.9 in.) of timber flooring (Fig
ure 1f). In one of the crawl spaces, the bottom is covered 
with a 0.15-rnm-thick PE film. In the other, the ground is 
protected by a 30 ern (11.8 in.) thick lightweight aggre
gate loose fill, 'A. = 0.13 W/(m'K), lip = 7.10"'; m2/s. A 
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Figure 6 Exercise 5, measured vapor permeabilities of 
plywood and wood wool cement board. data of 
three laboratories (crosses, white squares, rhombs). 

weather file containing the measured indoor and out
door climatic data was used. Four cases were consid
ered: a crawl space with PE-ground cover, measured 
climatic data; a crawl space with PE-ground cover, 
monthly average climatic data and an indoor tempera
ture of 20oe; a crawl space with loose-fill ground cover, 
measured climatic data; and a crawl space with loose-fill 
ground cover, monthly average climatic data, and an 
indoor temperature of 20°e. 

Expected Response The vapor-permeable, loose
fill ground cover of 30-cm expanded clay aggregate is 
expected to result in higher air temperatures and higher 
relative humidities than the PE ground cover. 

Qualitative Verification of Simulation Results Six 
reports with solutions were received. Solutions with sim
plified models, as well as with near-full models, showed 
a large scatter. Some confirmed the expectations, others 
predicted small differences between both cases, and some 

Thermal Envelopes VI/Moisture I-Principles 

ended with a warmer and drier crawl space with loose fill 
on the bottom. The reasons for these opposite answers are 
manifold: differences in ventilation rate in the crawl 
space, differences in location of the ground-isotherm 
below grade (1 m, 3 m, 10 m), underestimation of the 
vapor leakage at the perimeter of the PE foil, etc. 

Numerical Verification of Simulation Results Qual
itative differences between solutions are too large to allow 
any numerical verification. However, a comparison with 
the measured response showed that even a one-dimen
sional periodic solution with yearly average and yearly 
amplitude could perform in a satisfactory way if a correct 
ventilation rate was introduced, if the ground-isotherm 
was located correctly, and if vapor leakage at the perim
eter was taken into account. In the absence of these, even 
three-dimensional models deviate substantially from the 
measured response. 

CONCLUSIONS 

The following conclusions emerged from the Annex 
24 verification work on heat, air, and moisture transfer 
models, using the six common exercises as vehicles. 

1. Simple steady-state engineering tools have a restricted 
capability as design instruments. In many cases, tlley 
do not even succeed in giving a correct answer to the 
question: Is the design acceptable or not? This is dem
onstrated in exercises 1, 2, 3, and 5: the Glaser rationale, 
as implemented in standards and codes of practice, 
declares the construction as being of "good moisture 
design," where in reality initial moisture, precipita
tion, and air exfiltration cause many problems. 

2. The exercises confirm the following order of impor
tance for the hygrothermal behavior of envelope parts: 
(1) air exfiltration, (2) initial moisture, (3) latent heat, 
and (4) precipitation. Air exfiltration impairs the 
hygrothermal response completely. If present, all rules 
on correct vapor resistance division between interior 
lining and exterior cladding become obsolete, as 
proven by exercise 2. Hot-box and field measurements 
show one should also add air rotation to the list. Mod
eling this phenomenon, however, demands two- and 
three-dimensional approaclles Ganssens et al. 1992; 
Ojanen et al. 1994). 

3. In most cases, simplified to near-full models produce 
a correct hygrothermal response, at least from a quali
tative point of view. This, of course, only is true if all 
mass transport modes, thermal and hygric inertia, 
conduction, enthalpy flow, latent heat, and correct 
starting and boundary conditions are considered. If 
not, these models fail for cases where the neglected 
phenomenon dominates hygrothermal behavior. 

4. Large differences remain between the numerical re
sults. Major reasons include simplification of material 
properties, different interpretations of boundary con
ditions, and differences in geometry. Examples of the 
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first reason are found in sorption isotherms and diffu
sivity. The choice of a specific functional form for the 
sorption isotherm may lead to important differences 
in moisture content between 90% and 100% relative 
humidity, the interval where suction-driven water 
flow becomes active. Diffusivity vs. moisture content, 
in turn, defines the moisture profile in this relative 
humidity interval in all capillary-porous layers. 
Hence, for many materials, the correct diffusivity vs. 
moisture relation is not known. This forces one to 
simplify. An example of the second reason is given by 
the crawl space exercise, where the ventilation rate 
had to be guessed by the participants. Its influence on 
temperature and relative humidity in the crawl space, 
however, is preponderant. An example of the third 
reason again is found in the crawl space exercise. The 
PE foil is applied between the foundation walls. This 
results in important perimeter leaks. If these are not 
taken into account, relative humidity is calculated for 
a situation that is too positive. 

5. Verification was restricted to temperatures, fluxes, 
total energy flows, and time-integrated quantities 
such as moisture content and condensate. As soon as 
moisture profiles, for example, are compared, numer
ical differences become even more pronounced. 

To summarize, the actual level of modeling is such 
that, in many cases, a good qualitative picture of reality is 
produced. In airtight envelope elements, prediction of the 
variation of the moisture content in the different layers 
may even be a success numerically. This, however, does 
not exclude that more partial verification and, if possible, 
real validation of heat, air, and moisture models is 
needed. The focus in the annex, for example, was 
restricted to one-dimensional problems. Reality,however, 
is three-dimensional. A restricted set of materials was 
used, Le., only mineral fiber as insulation material. 
Anisotropy was not introduced. Hence, the collection of 
building, insulating, and finishing materials is large, and 
purely isotropic materials are an exception. Air move
ment is fitted into simple one- or two-dimensional net
works: exfiltration, infiltration, and/or ventilation. Real 
air movement networks, on the contrary, are in most cases 
three-dimensional. As a start, a compilation of analytical 
solutions for Single systems, multilayered systems, and 
simple two-dimensional problems could be produced as 
a tool to verify algorithms. Then well-documented, mea
sured benchmark examples should be distributed on 
disk. Finally, further intermodel comparisons are needed, 
for example, as round-robin activity in the frame of CIB
W40, ASHRAE, and other international organizations. 
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NOMENCLATURE 
g = acceleration by gravity (m/ s2) 
11 = specific enthalpy (J /kg) 
kw = water flux (vector, kg/lm2·s)) 
k, = air permeability (s) 
Ib = latent heat for evaporation (J /kg) 
til. =water vapor flux (vector, kg/lm2·s)) 
til. = water flux (vector, kg/lm2·s)) 
tIIa = air flux (vector, kg/lm2·s)) 
p = vapor pressure (pa) 
p, = total air pressure (Pa) 
q = heat flux (vector, W /m2) 
s = suction (Pa) (for example, capillary suction) 
u = moisture ratio (%kg/kg) 
tv = moisture content (kg/m3) 
A = water sorption coefficient (the slope of the water 

uptake per unit surface vs. square root of time 
straight line, as obtained from a suction test 

S = rate of generation or absorption, Q for heat, M for 
moisture (quantity /lm3·s)) 

T = temperature (K) 
X = water vapor ratio (kg/kg) 
B = vapor permeability (s) 
A = thermal conductivity (W /lm·K)) 
p = density (kg/m3) 
<I> = relative humidity 

div = ( = :x + ;y + :J divergence operator for vectors 

grad = ( = ! + ~ + :Jgradient vector operator for 

scalars 
bold = vectors 
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