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This paper considers the models that are available to analyse the risk of
interstitial condensation within structures. To run the models, certain
properties of materials need to be known. The paper discusses the
availability of these properties and the appropriate boundary conditions
that should be used, and makes recommendations on which models

should be used for a range of different types of structure.

This guidance is intended for those involved in the design and

construction of buildings.

Introduction

Interstitial condensation can occur inall typesof
buildingsand cause arange of problemsfrom
staining of interior decoration, asthe condensate
leaksback into the building, to damageto the
fabricthat can affect structural integrity. Concerns
have been expressed about the health implications
of thegrowth of so-called ‘toxic mould’ that can
occur when condensation persistswithin
structures. Changesin construction, especially the
use of morethermal insulation and impermeable
claddingsand thetrend toward offsite
manufacture of building elements, may increase
theserisks.

Therecent revision to Part C of the England and
WalesBuilding Regulations'™, which cameinto
forceon 1 December 2004, requires, for thefirst
time, that: ‘ Thefloors, wallsand roof of the
building shall adequately protect the building and
itsusersfromharmful effectscaused by...(c)
interstitial and surfacecondensation’. This

introducesanew requirement for structuresto be
assessed for interstitial risksand emphasisesthe
need for appropriate cal cul ation techni ques.

Theory

A method for analysing therisk of interstitial
condensationwithin astructurewasfirst
developed by Glaser? in Germany inthe 1950s. It
wasthe basisof the procedure specifiedin
Appendix D of BS5250:1989, and of anumber of
software packages, including the BRE program
BRECON, that have been widely used by industry
over the past decade. The method wasextended in
BSEN I1SO 13788:2002, whichisreferencedin
the 2002 edition of BS5250.

The Glaser method providesthe physical
background to these standards, and isbased ona
model which makesanumber of assumptions, as
follows.

o Water vapour generated withinabuildinginthe
winter raisestheinternal vapour pressure above
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that outside, causing vapour diffusion through
thestructure. In air-conditioned buildingsin
warm humid climates, the vapour pressure
gradient will befrominsideto out; however, the
basic processisthesame.

o All thematerialsaredry until the vapour
pressure and temperature within the structure
combineto producearelative humidity of
100%, when condensation occurs depositing
liquid water.

¢ Diffusion processesareslow so that taking
internal and external boundary conditionsas
constant over one or two monthsgivesan
adequate representation of therisksof
condensation.

o All vapour transport isone-dimensional.

These assumptionsareasimplification of the
processesthat occur when water interactswith
building structures.

¢ Most building materials contain significant
amounts of water, which may have been built
into the construction, impacted on the structure
asrainfall, or been directly absorbedintothe
poresof hygroscopic materialsfromthe
ambient air.

o Exceptinthe presence of animpermeablelayer,
such asapolythene vapour control layer or a
metal sheet, condensation does not suddenly
‘switch on” whentherelative humidity withina
structure reaches 100% and ‘ switch off’ when
the humidity falls. Thematerial poresabsorb
water at anincreasing rate asthe humidity rises
and desorb water asit falls.

e Therearecomplex vapour and liquid water
flowsthrough thematerial driven by relative
humidity, temperature and vapour pressure
gradients. In some structures, metal-sheeted
roofsfor example, moisture movement is
dominated by air movement through cracks
between the shests, driven by wind- and stack-
induced pressuredifferences.

e Thedriving forcesthat cause moisture
movement vary on short timescal es. External
air temperaturefluctuatesdaily, withitseffect
indoorsgreatly intensified by solar gain during
theday and long-waveradiationlossat night. In
spring, the outside surface temperature of aroof
can changefrom—-10°Cto+60 °Conclear
days. Internal vapour pressuresalso vary on
diurnal timescal es owing to normal household
activities.

o Ventilation of cavitieswithinthe structurefrom
the outside can removethe water vapour before
it causes problems.

¢ Theperformance of some structures can depend
on two- or three-dimensional heat and moisture
flows.

Several model shave been devel oped which take
account of someor all of these effects. Some of
these, MATCH® and WUFI™, for example, are
commercially available software packageswhich
have been widely used for consultancy work in
Europefor anumber of years. BRE hasbeen using
theminresearch and consultancy since 2001.
Other modelsareresearch toolsunder
development in universitiesand research
institutes, which may or may not develop into
user-friendly software.

At present no British or European standards
cover the more complex methods of modelling
described above. A Task Group of CEN/TC
89/WG 10 Moisture has devel oped such astandard
under TC89 Work Item 29.3. The standard
Hygrothermal performance of building
componentsand building el ements— Assessment
of moisturetransfer by numerical simulationis
now compl ete and has been approved for CEN
Enquiry.

Calculation methods

BRECON

BRECON isasoftware package devel oped by
BRE to carry out the cal cul ation procedure
specifiedin Appendix D of BS5250:1989. While
thisprocedureisnow superseded, the packageis
the only one availablethat can allow for the effect
of ventilating acavity within abuilding structure.

Thestructureto beanalysedisdivided intoa
seriesof parallel layers, each with uniform
thermal resistance, R, ;, and vapour resistance, R ;.
Thelayersareusually chosento consist of a
separatematerial . However, amonolithic
construction or anindividual thick material layer
can besubdivided if thereisachance of
condensation occurring within thelayer. The
accumulated thermal and vapour resistancefrom
theinsideto each interface between layersis
calculated and used to determine thetemperature
and vapour pressure (V P) at each interface, given
appropriate boundary conditions (see Boundary
conditions section). The saturated vapour pressure
(SVP) corresponding to the temperature at each
interfaceiscalculated; if thisexceedsthe vapour
pressureat al interfaces, no condensationis
predicted.

If the VP exceedsthe SVPinany part of the
structure, theinterface with the highest val ue of
(VP—-SVP)isidentified and the VP set to equal
the SV Pat that point. Thisisthen used asanew
boundary condition for the cal culation of the VP
profileintwo stages, fromtheinsidetothe
condensation plane and from the condensation
planetotheoutside. Itispossiblethat further
condensation planeswill then beidentified. The
processisrepeated until the VPislessthan or
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equal tothe SVPat all pointsthrough the structure.
The condensation rate at each condensation plane
isgiven by thedifference between theflow rate of
water vapour to and away fromtheplane. The
accumulation of condensationiscal cul ated over
60 daysof winter weather.

BS5250:1989 stated (clause D1.1) ‘Where
condensation ispredicted at interfaces, the
designer should use his practical experienceto
assessif thematerialson either side of these
interfacesarelikely to becomewetted and if any
degradation of propertiesor physical damagewill
result’. Thisdid not givethe necessary guidance as
to how much condensation mattered in any
circumstance.

Toillustratethe process, Figure 1 showsa
profilethrough atimber framed wall with no
vapour control layer. Thetemperature, and
therefore SV P, fallsrapidly in the mineral wool
insulation (layer 5), which offerslittleresistance
to the passage of water vapour. Theunmodified
VPprofile(VP(1)) istherefore higher than the
SVPprofileinlargeareasof thewall. Theplane
withthe highest value of (VP—SVP) isthat
between themineral wool and sheathing plywood
(layer 4). Whenthe VPisfixed equal tothe SV P at
thispoint, andthe VP profilecalculated (V P(2)),
no further condensation planesarefound.
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88.0% RH 58.0% RH
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Figure 1 Saturated vapour pressure and vapour pressure profiles
through a timber framed wall

Layers: 1 = back, 2 = cavity, 3 = breather membrane,
4 = plywood, 5 = insulation, 6 = plasterboard
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Figure 2 Heat and moisture flows into and out of a cavity

Theeffect of cavity ventilationisincluded by
equating theflow of heat and moisturethrough the
inner leaf into the cavity by conduction and
diffusion, with the combined outward flows
through the outer leaf and by convection carried by
theflow of air through the cavity (Figure 2). This
allowsthetemperature and vapour pressurewithin
the cavity to be cal culated and then used asathird
set of boundary conditionsfor the assessment of
therisk of condensation intheinner and outer
leavesof thewall or roof separately.

Owing to the complexity of subdividing a
structurewith condensation planesand ventilated
cavities, itispossibleto analyseonly one
ventilated cavity and only one condensation plane
inastructurewith aventilated cavity.

ICOND

The software package ICOND isunder

development. It implementsthe calculation

procedurein BSEN 1SO 13788:2002, whichis
referred tointhe new British Standard Code of

Practicefor the control of condensationin

buildings, BS 5250:2002, which cameintoforce

on 1 November 2002. At present the packageis
usable and givesresultswhich comply with the
standard, but it isbeing devel oped to remove bugs
and makeit more user friendly. Ventilation of
cavitiesmay beincluded aspart of this
development.

Inthe EN 13788 method the same calculations
specifiedinthe BS 5250:1989 method are carried
out using boundary conditionsrepresentative of
12 months of ayear (see Boundary conditions
section). Themonthly accumulation and
evaporation of condensation from each interface
between materialswithinthe structureis
calculated, and thefollowing threecriteriaare
used to assessthe structure;

o Nocondensation predicted at any interfacein
any month: the structureisreported asbheing
freeof interstitial condensation.

o Condensation occursat one or moreinterfaces
but, for each interface concerned, al the
condensateis predicted to evapor ate during the
summer months. The maximum amount of
condensation that occurred at eachinterface,
and the month during which the maximum
occurred, isreported. Therisk of degradation of
building materialsand deterioration of thermal
performance asaconsequence of the cal culated
maximum amount of moistureisconsidered
according to regulatory requirementsand other
guidancein product standards.

o Condensation at one or moreinterfaces does
not completely evapor ate during the summer
months. The structure hasfailed the assessment
asitisassumed that further condensate will
accumul atefrom year to year.
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Figure 3 Accumulation and evaporation of condensation in three cases

Figure 3 shows examplesof the possibleresults
when condensationispredicted. Incase A, asmall
amount of condensationispredicted, risingtoa
peak of about 60 g/m?in February and evaporating
by May. Thiswould not be considered aproblem
inall but the most sensitive of materials. Incase B
the accumul ated condensation reaches 280 g/m?,
inMarch; thisislikely to cause problemsin most
materials, eventhoughit all evaporatesby
September. In case C, the peak accumulationis
lower; 140 g/m? might not cause problemsin itself
but the evaporation inthe spring and summer is
limited, |eaving 120 g/m?in September. More
condensatewill accumulatein successiveyears,
and problemswill result.

Advanced models
A number of commercially available software
packages can be used to calculateinterstitial
condensati on and moi sture movement within
structures. Themost commonly usedinthe UK is
the dynamic heat and moisturetransfer program
MATCH (Moistureand Temperature Cal culations
for Constructions of Hygroscopic Materials) is
commercially available computer software
developed in Denmark by Pedersen®. MATCH
accountsfor moisturetransport by vapour
diffusion and liquid suction, and therefore
considersnot only the vapour permeability but
also themoistureretention propertiesof materials.
MATCH hasan extensive database of material
properties, covering most of the common building
materials. Materialsaretreated aseither:
¢ hygroscopic—can absorb moisture (eg timber
products, masonry, someinsul ation materials,
etc), or
¢ non-hygroscopic—do not absorb moisture (eg
most vapour control layer (VCL) materials,
breather membranes, metal sheets, etc).

Thevaluesof 30 parametersare assignedto each
hygroscopic material to describethefollowing
propertiesand their variation with temperature
and moisture content:

o Absorptivity

e Emissivity

e Dens ty

e Thermal capacity

e Thermal conductivity asafunction of
temperature and humidity

o Vapour permeability asafunction of humidity

¢ Maoisture absorption (wetting) and desorption
(drying) parameters, iethe moisture content as
afunction of humidity

o Liquidsuction parameters

The non-hygroscopic materialsare defined by
singlevaluesof thermal and vapour resistance
only.

MATCH offersthe possibility of simulating the
behaviour of aconstruction for periods of ayear or
moreat hourly time-stepsfor climatedata
applicabletothe UK. Four test referenceyears
(TRY) at Kew, Eskdalemuir, Lerwick and
Aberporth are supplied, each containing hourly
valuesof thefollowing climatevariables:

o Dry bulbtemperature
Dew point temperature
o Global solarirradiance
o Diffusesolarirradiance
Direct solar irradiance
Wind speed

Cloud cover

Itisalso possibleto create custom climatic data
for input, eg measured climate or test boundary
conditions. Theinternal conditions (temperature
and humidity) areusually specifiedintheinput
fileasmonthly values. However, itispossibleto
create adatafile containing hourly valueswith the
external boundary conditions.

Theeffect of water being entrapped, for
exampleby rainfalling oninsulation during
construction, can be simulated by setting the
initial relative humidity inalayer to 100%. The
program then automatically setsthe moisture
content to the highest value corresponding to this
on the sorption curvefor that material.

Air infiltration within a structure

In some structures, such astimber framed walls,
timber flat roofsand especially domestic pitched
roofs, warm humid air frominsidethe building can
penetratethe structureto reach cold areason the
outside of theinsulation. Asmoisturetransfer by
air movement ismuch greater than that by
diffusion through materials, thiscan add greatly to
therate of condensation, exacerbating problems.
Common routes arethejointswherewalls meet
ceilingsand floorsand between lining boards, and
through penetrations such aselectrical sockets,
plumbing fittings, hatchesand light drops. Theair
flows can be much moreimportant in buildings



such asoperating theatres, electronicsfactoriesor
clean roomsthat are operated at an over-pressure
toreduceingressof contaminants.

With the exception of domestic pitched roofs,
where measured infiltration dataand aprototype
condensation model are both available, no dataon
theinfiltration ratesinto structuresare available
and no model s have been devel oped that can
assesstheeffect of infiltration on the condensation
rate.

Properties of materials

Properties needed for modelling interstitial
condensation

If any estimate, however crude, isto be made of
therisk of interstitial condensationwithina
structure, someinformation about the properties
of thematerialspresent must be available. Simple
common-senseinformation such as’ steel sheets
areimpermeableto water vapour’ or ‘mineral
wool ispermeable’ can be helpful when carrying
out apreliminary assessment of whether a
structureislikely to give problemsand when an
analysismethod isbeing chosen. At theother
extreme, if afull analysisusing the advanced
calculation techniques described aboveis
necessary, detailed information on thethermal and
moi sture properties of each material and theways
inwhich these propertiesrespond to changesin
temperature and moisture content, will be
necessary.

Thesimple propertiesneeded for
EN 13788:2002 calculationsare generally, but not
universally, available and standardised
measurement methods exist. However, thisisnot
so for the more complex properties needed for
advanced cal cul ations, measured dataare
availablefor few materialsand the methodsfor
measuring many of the parametershaveyet to be
standardised.

Thefollowing sections summarisethe data
needed for both Glaser and advanced cal culations
and give brief guidance on availability of thedata
and techniquesfor measurement.

Data needed for BS EN ISO 13788:2002
calculations

Only two material propertiesare necessary for
BSEN ISO 13788:2002 cal cul ations—thermal
conductivity and vapour permesbility.

Thermal conductivity

Thethermal conductivity, A (W/mK), of most
building material s has been measured for many
yearsfor usein energy calculationsandiswidely
available. Conductivity increaseswith material
moi sture content and published datainclude
valuesfor materialsequilibrated at 50% and 90%

relative humidity. Theuser should chose
appropriate values, for exampleahigh-humidity
valuefor an outer |eaf of brickwork, and alow-
humidity valuefor aninner leaf.

Heat transfersacrossair cavitiesand at the
inside and outside surfaces of buildingsoccur by a
complex combination of conduction, radiation and
convection. These processes are represented by
the effectivethermal resistance, R, (m?K/W), of
the cavity or surfacethat depends on thedirection
of heat flow and the cavity width.

Thermal conductivitiesare measured by a
guarded hot plate apparatusin accordancewith
SO 8302, heat flow metersin accordancewith
I SO 8301 or ahot box apparatusin accordance
with 1SO 8990.

Measured dataare availablefrom
manufacturers, BS5250, EN 12524 and in
references5t09.

Vapour permeability

Vapour permeability, d, (g-m/MN-s), expressesthe
easewith which water vapour will flow through a
material under avapour pressuredifference. It has
been measured for most commonly used materials
and tabulated dataare available from anumber of
sources.

Theapparent permeability of most porous
materialsriseswith increasing moisture content,
asmoretransport occurs by liquid water
movement. Two values, the* dry cup’
representative of low humiditiesand the wet cup’
representative of high humidities, areusually
guoted. Theuser should choosethevalue
appropriateto thelocation of amaterial inthe
structure. The method for measuring vapour
permeabilitiesisstandardisedin BSEN 1SO
12572:2001.

Thevapour resistance, R, (MN-g/g), of alayer is
given by thethicknessof thelayer, d (m), divided
by the permeability:

R,=d/3,

For materials such as plasticsmembranes or metal
sheets, avapour resistanceisusually quoted
directly, without referenceto the thickness.

Although valuesfor the permesbility of still air
arequoted, it isassumed that, because of
convection, the permesbility of theair in cavities
and at the surfaces of building structuresis
effectively infinite, ietheresistanceiszero.

European standards (including BSEN SO
13788:2002) and manufacturers' datasheets
commonly quote vapour resistivitiesor resistances
intheform of thewater vapour resistancefactor, v,
ortheequivalent air layer thickness, s,. Theseare
defined as:



u=9/d6 and
Sy= Md

where: d, = vapour permeability of still air
& = vapour permeability of thematerial
d = thicknessof asampleof material (m)

The permeability of air, d,, varieswith
temperature and atmospheric pressure (see BSEN
SO 12572:2001). However, avalue of
0.2 g:m/MN-sshould betaken astypical of UK
conditions. Thereforeto convert ap-valuetoa
vapour resistivity intheunitsgivenin
BS5250:2002, MN-g/g-m, divide by 0.2.
Similarly, to convert an s, valueinto avapour
resistancein MN-g/g, divideby 0.2.

Measured dataare availablefrom
manufacturers, BS5250, EN 12524 and in
referencesb, 8,9, 10and 11.

Data needed for advanced calculations
Information on many more parameters, aswell as
thethermal conductivity and vapour permeability
described above, isneeded for more advanced
calculations.

Density
Density, p (kg/m®), isavailablefor most materials
and ismeasured by the methods specifiedin
BSEN 1602:1997.

Measured dataareavailablefrom
manufacturersandinreferences5, 7,8and 9.

Specific heat capacity
Specific heat capacity, C (JkgK), issowidely
availablethat thereisno demand for astandard
method for its measurement.

M easured dataare availablefrom
manufacturersandinreferences5, 7,8and 9.

Porosity

Porosity, &, isdefined asthetotal volume of the
voidswithin aporous medium divided by thetotal
volume of themedium.

Detailsand requirementsfor porosimetry
measurementsaregivenin BS 7591 Parts 1, 2
and4.

Porosity isrelevant only to materialssuch as
plasticsfoams, masonry, mortarsand plaster, that
havearegular porestructure. Some dataare
availablefrom manufacturersfor individua
products, but thereisno general catalogue of data.

Water sorption coefficient
Thewater sorption coefficient, A (kg/(m?-s¥?),
describestherate of moisture uptake by asurface
of agiven material.

A number of product standardsthat cover
specific material s have been availablefor some

time. These have been superseded by BSEN |SO
15148:2001 which coversall materials.

Few measurements of thewater sorption
coefficient are available. Measurementsare
generaly carried out when they arerequired.

Sor ption isotherm

The sorptionisotherm definestherel ationship
between the moi sture content of ahygroscopic
material and therelative humidity of theair
surroundingit. It isusually expressed asagraph of
moi sture content versus humidity, or afunctional
rel ationship between them.

A number of product standardsthat cover
specific material shave been availablefor some
time. These have been superseded by BSEN |SO
12571:2000 which coversall materials.

Two comprehensive catal ogues of sorption
isothermsthat cover most common materialsare
availablel®12,

Liquid water diffusivity

Liquidwater diffusivity, D,, (m/s), ismainly used
to describemoisturetransfer intheliquid phase. It
relatesthe movement of liquid water through the
poresof amaterial to the moisture content gradient
and isone of the most important parametersfor
full modelling of the hygrothermal performance of
materialsand structures. Unfortunately itisalso
one of themost difficult propertiesto measureand
there are no standard methods avail able and no
dataavailable except in research reports?.

Emissivity
The emissivity, &, of asurfacerepresentsthe
amount of thermal radiation it will emit compared
withanidea ‘black body’. Most materialshave
emissivitiesof between 0.9 and 1.0. However,
valuesfor polished metal surfacesmay fall aslow
as0.1or less. Astheemissivity also determines
theamount of incoming radiation reflected by a
surface (reflectivity = 1 —emissivity), it
determinestheresponse of abuilding to solar
radiation during theday and long-waveradiation
lossat night.

Thereisno current standard for measurement of
emissivity, but somedataareavailablein
reference5.
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Boundary conditions

To calculatetherisk of condensation or the
movement of moisturein any structureitis
necessary to assume appropriateinternal and
external environmental conditions.

Internal conditions

Thedifference between the vapour pressures
inside abuilding and that outside providesthe
drivingforcefor interstitial condensation. Asthe
external vapour pressureisadgiven factor of the
outside environment, the critical parameter isthe
internal vapour pressure, which depends primarily
on themoisture generated by the activitieswithin
the building and itsventilation rate. Vapour
pressureswithin adry goodswarehousewill be
much lessthan thosein alaundry or swimming
pool. Internal temperaturesarealso relevant for
two reasons: ahigher temperaturewill support a
higher vapour pressure at the samerelative
humidity, and ahigh temperature difference
between inside and outside creates stack pressure
differencesthat driveair carrying water vapour
through the air-permesable structures. Thiseffect

Av Ap
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0.004| 540 3 §
2

0.002| 270

0

5 0 5 10 15 20 250°¢

Monthly mean outdoor air temperature (6,)

Figure 4 Variation of internal humidity classes with external
temperature for five different types of building occupancy

can begreatly exacerbated in those buildings such
asoperating theatresor clean roomswhich are
operated at an over-pressureto avoid ingress of
contaminants.
Theonly relevant internal climate parameters
are, therefore, theair temperatureand rel ative
humidity or vapour pressure, except in buildings
that operate at an over-pressure, wheretotal
pressure al so hasto betaken into account.
Theapproach adopted inBSEN 1SO
13788:2002 and quoted in BS5250:2002 is based
onthe’Climate Class' methodology developedin
theNetherlandsinthe 1980sand used in Dutch
and Belgian standards ever since. Thisassumes
thefollowing:
¢ Buildingsare heated to aconstant internal
temperatureof 20°Call year
o Themoisturegenerated withinthebuilding
dependsonthebuilding use

o Thevapour pressureinsidethebuilding
dependson the outside val ue plusavapour load
whichisdetermined by the moisture generation
rate and the ventilation rate

o Ventilation ratesare highinthe summer, when
windowsare open more often, andfall inthe
winter, when they are kept closed

These assumptions produce the di stributi on of
vapour load, Ap, against outside temperature
showninFigure4, for five different typesof
building occupancy.

Table 1 showsthetypesof buildingsexpected to
fall into each classand therange of relative
humidities covered by the classin buildingswith
different internal temperatures, at an external
temperature of 0 °C and arelative humidity of
95%.

For calculations, it isrecommended that the
upper limit valuefor each classbe used unlessthe
designer can demonstratethat conditionsareless
severe.

ThecalculationsspecifiedinBSEN SO
13788:2002 are carried out using monthly mean
air temperature and relative humidity

Table 1 Internal humidity classes: building types and limiting relative humidities at

T.=0°C
Relative humidity at

Humidity internal temperature:
class Building type 15°C 20°C 25°C
1 Storage areas <50 <35 <25
2 Offices, shops 50-65 35-50 25-35
3 Dwellings with low occupancy 65-80 50-60 35-45
4 Dwellings with high occupancy,

sports halls, kitchens, canteens,

buildings heated with unflued gas heaters 80-95 60-70 45-55
5 Special buildings,

eg laundry, brewery, swimming pool >95 >70 >55
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Figure 5 Air and surface temperatures during three winter days
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representative of the use of thebuilding. Generally
aconstant internal temperatureof 20°Cis
assumed and theinternal humidity calculated
assuming amoistureload in one of thefive classes
showninTable 1.

WhileMATCH canberunusing aninput file of
hourly values of internal temperatureand
humidity, thedifficulty of obtaining thesefor
almost al buildingsmeansthat it ismore common
to usemonthly means. The MATCH calculations
for this paper have used the sameinternal dataas
usedintheBSEN SO 13788 calcul ations.

External conditions
Relevant parameters
External air temperatureisthe most important

parameter in all construction typesasit determines

thetemperaturein the zone outsidetheinsulation,
where condensationismost likely. Thiscan be
modified by the effects of radiative cooling and
heating in some construction types.

Thelossof long-waveradiationto aclear night
sky can cool theexternal surface of abuilding to
severa degreesbelow theair temperature,
significantly increasing therate of condensation.
Thiseffectismost important for flat roofs,
becoming lesssignificant asthe pitch of aroof
increases; it can, however, still be animportant
effectinvertical walls. Lightweight structures,
such as sheeted metal roofsand walls, aremuch
more aff ected than massive structures, which have
sufficient thermal inertiato maintain their
temperature during one cold night.

Conversely, solar radiation warmsthe external
surfaceand can aid the evaporation of
condensation that hasoccurred in colder periods.
In some constructions, however, especially those
containing elementsthat can store significant
amountsof moisture, solar radiation can drive
moisturein and cause condensation onan
impermeableinner lining. Flat roofsand south-
facing pitched roofsand wallsare most affected;
however, even north-facing wall sreceive some
solar input inthe summer. Aswith cooling from
radiation loss, lightweight structuresaremore

60.0

strongly affected than massive ones. Figures5 and
6 show the external air temperature and the surface
temperature of aflat roof, calculated by MATCH,
on threewinter and three summer days. Theeffect
of radiation causing sub-cooling overnight, even
inthe summer, and over-heating by day, evenin
thewinter, can beclearly seen.

External vapour pressureisstrongly linked to
external temperature, andis, in any case, of
secondary importancein systemswith
impermeable outer layers. It can, however, play an
important rolein structures, such as cold roofsand
some cladding systems, that rely on aventilated
cavity for successful performance.

Wind speed can berelevant in anumber of
complex ways: it providesthemain driving force
for ventilationin ventilated systems; by creating
negative pressuresover, for example, theridge of a
roof it can draw warm humid air out of abuilding
through air permeable systems, greatly increasing
therisk of interstitial condensation; and wind
drivesrain against the facade of abuilding
increasing the moisture content of external
elements.

Rainfalling onroofs, or being driven by the
wind against walls, increasesthe moisture content
of components. Thismoisture may then move
under humidity and, especially, temperature
gradients, into areaswhereit may cause problems.

Parameter sused by themodels
TheBS5250:1989 and EN 13788 methodsboth
useonly temperature and relative humidity asthe
external boundary conditions. The BS5250:1989
method uses 60 days of winter weather, generally
the mean January and February conditions. The
EN 13788 method usesayear of 12 monthly mean
values. Thesemonthly meansarefreely available
for many locationsinthe UK and Europe.
MATCH usesyearsof hourly values of
temperature, relative humidity, wind speed and
various solar radiation parameters. Other
advanced programs can takerainfall ratesand total
pressure. The need for hourly values severely
limitstheavailability of data. All meteorological
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Figure 6 Air and surface temperatures during three summer days



serviceschargefor the supply of thisinformation;
inthe UK, for example, the Met Officecharges
several thousand poundsfor ayear of hourly
values of therequired parameters. Software exists
that can be used to construct artificial yearsof
hourly valuesfrom monthly means. It hasbeen
developed for solar applications, whereit has
proved successful, butitislessreliablein moisture
applications.

Themost commonly used source of datafor
running MATCH and other similar software, isthe
EC Test Reference Years(TRY s). Thesewere
constructed inthe 1970s, by assembling typical
monthsfrom 20 years of data, to produceayear
that would betypical of long-term average
conditionsat each locality, for cal culations of
energy use. They arefreely availablefor 27
locationsin Europe, including four inthe UK:
Kew in south-west London, Aberporth onthewest
coast of Wales, Eskdalemuir in the Southern
Uplandsof Scotland, and Lerwick inthe Shetland
Isles.

Appropriateexternal data
Monthly mean temperature dataare availablefor
many locationsrelatively easily. However, vapour
pressure dataare rather moredifficult to obtain.
Theonly useful sourceisthe CD-ROM
I nternational Station Meteorological Climate
Summary, Version 3.0 availablefromtheUS
National Climate Data Centre, which contains
information for 43 UK stationsand many more
around theworld. Table 2 summarisesthe mean
temperaturesand rel ative humidities, cal culated
from the mean temperature and vapour pressure,
for London, Manchester and Edinburgh.
Thedatain Table 2 arederived from long-term
meansand can be used for cal culating parameters
such asthelong-term energy performance of a
building, but arelessappropriatefor calculating

the potential damage dueto condensation. Any
construction that just passesthe BSEN SO 13788
criteria, using these external climates, will fail in
half theyears. Itismore satisfactory to usethe
climate, whichismore severein condensation risk
terms, that may recur oncein N years, whereNisa
number appropriateto thelikely consequences of
condensation occurring. Inmost buildingsaonce-
in-ten-year risk might be adequate. However, in
particularly sensitive buildings (eg computer
centres, etc) once-in-50-years might be more
appropriate.

Condensation risk yearswith variousreturn
periods can be constructed by changing the
monthly temperaturesand relative humidities
from amean year with the correctionsshownin
Table3.

Table 3 Corrections to monthly mean
temperatures and relative humidities from a mean

year to achieve condensation risk years with
various return periods

Temperature Relative humidity
Risk (°C) (%)
linb -1 +2
linl0 -1 +4
1in20 -2 +4

Intheanalysisfor thispaper, the MATCH
calculations have used the hourly valuesfrom the
Eskdalemuir TRY whichisconsiderably colder
than acold year in southern England and the
Midlands. These datatherefore represent the most
severe conditionslikely to be experienced by UK
housing. The monthly mean valuesfrom
Eskdalemuir were used for the| COND
calculations.

Table 2 Monthly mean temperature and relative humidity for interstitial

condensation calculations
Heathrow (London)

Ringway (Manchester)

Turnhouse (Edinburgh)

Month T(°C) RH (%) T(°C) RH (%) T(°C) RH(%)
Jan 49 84 42 83 35 83
Feb 4.7 82 41 80 3.7 81
Mar 69 77 58 76 53 78
Apr 88 71 78 171 7.0 75
May 126 69 11.3 68 99 75
Jun 15.7 69 141 71 128 75
Jul 179 68 le.1 72 147 76
Aug 176 70 158 74 144 78
Sep 149 75 13.3 77 121 80
Oct 11.2 81 10.3 81 9.2 82
Nov 76 84 6.7 82 58 83
Dec 59 86 52 84 43 84
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The appropriate model for different
construction types

Thefollowing sections summarise, for arange of
different construction types, thefindingsof the
most appropriate analysis methodsthat should be
used to predict interstitial condensation.

Externally insulated solid masonry wall
Airinfiltrationfromtheinside and ventilation of
cavitiesarenot relevant. EN 13788 calculations
suggest that there may be asmall amount of
condensation behind the external surfaceinthe
winter that will not affect the performance.
Analysiswith MATCH, including theliquid water
transport, suggeststhat therewill beasteady, if
slow, accumulation of water within thewall
causing aslow deteriorationin performance over
time.

Masonry cavity wall with full fill insulation
Airinfiltrationfromtheinside and ventilation of
cavitiesarenot relevant. EN 13788 calculations
suggest that this construction, whichiswidely
used without apparently giving any problems, will
suffer from severe condensation on the outer | eaf,
whichwill promotefrost damage and render the
insulation ineffective. MATCH cal culations,
including liquid water transport, show that the
condensed water will moveinto the brickwork,
and never raise the moisture content high enough
to causeany problems.

Masonry wall with partial cavity fill
Airinfiltrationfromtheinsideisnot relevant but
ventilation of the cavity will affect theincidence of
condensation. Boththe EN 13788 and MATCH
calculationsagreethat only minor condensation
will occur inthe outer leaf, which will not affect
the performance of thewall. Evenaminimal
amount of ventilationto thewall cavity will
eliminate any condensation.

Masonry cavity wall with internal insulation
Airinfiltration fromtheinsideisnot relevant but
ventilation of the cavity will affect theincidence of
condensation. EN 13788 calcul ations predict
severe condensation on theinner face of the
internal leaf, which will affect the performance of
thewall eventhoughit will al evaporateinthe
summer. Ventilating the cavity between the
masonry leaveswill havelittleeffect onthis.
MATCH calculationswith liquid transport
included confirm thisfinding.

Timber framed wall

Bothair infiltration fromtheinside of the building
into thewall and ventilation of acavity may affect
therisk of condensation. EN 13788 calculations
show that therewill be severe condensation onthe
plywood sheathing that will cause structural
problemswithin afew years. Thisisconfirmed by
MATCH calculations. Ventilating the cavity
outsidethe sheathing plywood haslittle effect. Air
infiltrationinto the structurefrominside will
increasetherisk of condensation. Thereisat
present no method of assessing the effect of air
infiltration on performance, except to assumethat
it will make condensation problemsworse.

Timber flat roof

Bothair infiltration from theinside of the building
into the roof and ventilation of acavity may affect
therisk of condensation. EN13788 cal culations
show that therewill be severe condensation onthe
plywood deck that will cause structural problems
within afew years. Thisisconfirmed by MATCH
calculations. Ventilating the cavity inside the
plywood deck plywood eliminatestherisk of
condensation, but may bedifficult to achievein
practice. Air infiltration into the structurefrom
insidewill increasetherisk of condensation.
Thereisat present no method of assessing the
effect of air infiltration on performance, except to
assumethat it will make condensation problems
worse.

Concreteflat roof

Airinfiltration fromtheinside and ventilation of
cavitiesare not relevant. EN 13788 calculations
suggest that water will accumulate withinthe
insulation, adversely affecting the thermal
performance. A full MATCH cal culation suggests
that the moisture capacity of the concretewill act
asabuffer and limit theamount of winter
condensation to acceptablelevels.

Domestic pitched roof

Astherisksof condensation aredominated by air
flowsfrom the houseto theroof and ventilation of
theloft, neither EN 13788 modelsnor MATCH are
relevant. A dedicated model hasbeen developed to
predict condensation in pitched roofs.

Built-up sheeted metal roofs

Asair flowsand quality of workmanship dominate
therisksof condensation, neither Glaser models
nor MATCH arerelevant.
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Conclusions

A number of moregeneral conclusionscan be

drawn from the construction typesoutlined above.

o Ventilatingacavity withinthestructurethat is
onthewarm sideof theareainwhich
condensation istaking place, will reduce and
usually eliminate the condensation. Ventilating
acavity onthe cold side of the condensation
areawill makelittle or no difference.

o Airinfiltrating the structurefromwithin the
building canincreasethe condensation rate
greatly. Except in the special case of domestic
pitched roofs, neither the modelsnor the flow
rate datanecessary to quantify thiseffect are
available.

¢ Inlightweight structureswith little capacity for
storing water in material s, such astimber
framed wallsand timber flat roofs, Glaser
modelsgive similar predictionsto the advanced
MATCH calculationsand can therefore be used
togiverobust advice.

¢ Inmassive structureswith the capacity to store
water inthe materials, Glaser calculationswill
generally overestimatetherisk of problemsin
those caseswherethe materialsare starting dry.
Glaser calculationswill thereforefail safe, but
may be unnecessarily restrictive.

e Inmassivestructureswith the capacity to store
water inthematerials, Glaser calculationswill
not deal with situationswherethe materials
may have started wet because of built-in
construction water or rainimpact during
construction beforeaweatherproof layer was
complete. Inthese circumstances, advanced
calculationsusing MATCH, or asimilar
program, are advisable.

Controlling interstitial condensation

To minimise interstitial condensation, it is necessary to do

one or more of the following.

« Obtain low vapour pressures by ventilation or reduced
moisture input to the building, or both

« Use materials of high vapour resistance near to the
warmer side of the construction

« Use materials of low vapour resistance, or provide
ventilated cavities, near the colder side of the
construction

« Use materials of low thermal resistance near to the
warmer side of the construction

« Use materials of high thermal resistance near to the
colder side of the construction

If that condensation is judged to be harmful, take steps to
limit the amount of moisture reaching the colder elements
by using vapour control layers or inner layers of relatively
high vapour resistance or by the inclusion of a ventilated
air space between the insulation and the outer elements.

Vapour control layers
Where a vapour control layer is specified, it should be of
appropriate vapour resistance and should be situated on
the warm side of the insulation. A vapour control layer
placed within the insulation will be colder and be a
possible site for condensation in a high humidity
environment.

It is difficult to construct an impervious layer in
practice. For example, a vapour control layer laid above a
roof deck can be constructed to have a high vapour

resistance, but if the same material is fixed to the soffit, it
will be much more difficult to achieve the same
resistance. The performance of a vapour control layer
depends upon the design life of the building, the material
selected, workmanship and buildability. Any holes, fixings,
pipes or electrical fittings will downgrade performance
and should be considered in the design.

Lap joints in a flexible sheet vapour control layer to a
minimum of 50 mm and seal with an appropriate sealant,
and make the joint over a solid backing member or
substrate. Similarly, repair tears and splits using an
overlay of the same material, jointed as above. If
polyethylene sheeting is used, protect it from heat and
sunlight to reduce the risk of degradation.

Where a vapour control layer is incorporated in or on a
rigid board or profiled metal liner sheet, seal joints
between adjacent boards with an appropriate sealant or
tape, or cover or otherwise close the joints to avoid mass
transfer of water vapour due to air leakage.

Extend the vapour control layer over the whole of the
internal roof and wall areas. Keep side and end joints to a
minimum. Carefully consider at the design stage this
requirement to achieve a functional vapour control layer.
Attach great care and importance to the design of
different construction elements and the connections
required between different materials. Integrate vapour
control layers with and seal them to other building
elements such as masonry, upstands and glazing
systems.
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