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A PARAMETRICSTUDYOF WALLMOISTURE
CONTENTS USING A REVISEDVARIABLE
INDOOR RELATIVE HUMIDITYVERSION
OF THE“MOIST”lRANSIENTHEAT
AND MOISTURE TRANSFER MODEL

George Tsongas, Ph.D., P.E. Doug Burch Carolyn Roos Malcolm Cunningham, Ph.D.
MemtwASHRAE
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The present 2.1 version of the “MOIST” sojlwarepredicts r.wll
moisture contents and assgchted parameters using an assumed
indoor relative humidity input that is constantfor the duration
qfthesimulation pm”od. The authors modijied the mcdkl to cnl-
culate the hourly indoor relative humidity hing tlw heiding
season as ajimction of outdoor u.wthw conditions, indoor air
temperature, building size and airtightness, and indoor mois-
ture generation rate. These changes were accomplished by
incorporating uithin MOIST an indoor mokture k%nce and
a single-zone infiltration model. The modifid version of
MOIST allows the summer indoor relative humidity to either
*t to simulate open wr”ndowslhors or to befixed to simulate
m“rconditioning. The new version has the advantage of incor-
porating many more inputs that injluence the indoor relative
humidity and construction-layer moisture content results. The
developmentand details of the revisions are described.

This enhanced version of MOIST was subsequently used
to investigate moisture accumuhztim in a5-cm by M-cm (2-in.
by 6-in.) wood+amed wall exposed to a number ofd@rnt
winter climates. Pwdictions with a constant indoor miktive
?umui?itywere cornpawd to those w“tha ‘~oating” or tible
indoorrelative humidity. The wsrdts generally are dljimmt,
with the rwzdtsof the nmised muon agrea”ngclosely un”thfield
measurements. In addition, the varhble indoor relative humrii-
ity program was wed to analyze the @et of building airtight-
ness, the indoor moisture generation rate, and the existence of
e@ltration. The need for an interior vapor retarder in walls
exposed to cold climates also was examined. Moreover, the
e&cts of exten”orinsulating sheathing and an exterior vapor
mtardkrweremodeled. Results&findings anqm5sentedalong
un”thpertinentconclusions regarding appropriate building con-
struction techniques in un”nterheating climates.

INTRODUCTION

Thereis considerable interest in using computer mod-
els to predict the moisture performance of building com-
ponents such as walls. This is a parti*ly valuable way
of exarnining the performance of different types of wall
constructions, be they new design or exislina to deter-
mine if they am prone to moisture accumulation or
related problems such as wood decay or mold growth.
The decay can lead to structural deterioration, while the
mold growth can lead to occupant health problems
(Olson et al. 1993). Obviously the alternative to modeling
is to field or laboratory test each and every construction of

‘ interest under a wid~ range of conditks. That typically
] fi mu~ mom he com~g and expensiveand k s.el-
I dom done.

Therearea number of models of varying sophistica-

tion that have been developed in a number of countries to
estimate the moisture conditions in walls (’Be&A 1994).
One such model developed in the United States is known
as MOIST (Burch and Thomas 1992). It is a public domain
personal computer program that has been widely used in
the United States. The MOIST program analyzes the one-
dimensional transfer of heat and moistwe in a multilayer
wall using hourly weather data. It accounts for moisture
transfer by diffusion and capiky flow. The model also
includes some approximate algorithms to calculate the
effect of a constant akflow rate of indoor or outdcxx air to
an imbedded cavity (exfiltration or infikration). The pr-
ogrampredicts the average moisture content of each of the
construction layers, as well as the relative humidity (RI-I)
at the adjoining surfaces of the components as a function
of the time of year
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One of the features of the current version (21) of the
model is that it assumes afixedorconstantindoor rdative
humidity throughout the anaIysis period. Yd indoor rel-
ative humidity typically varies substantially throughout
the year and often from one day to the next. In a heating
climate, relative humidities usually am high m the fall
and spring and low m the cold winter months. The
amount of variation often is surprising. One can input
monthly average outdoor temperature and dative
humidity data for a particular climate into a simple mois-
turebalancemodel that neglects the storage ofmoistyreat
intend surfaces (Tsongas 1986) to get an idea of the
degree of variation of monthly average indoor Revalues.

For example, assume a 111-m2(l,2(W@ house with a
constant infiltration rate of 0.5 air changes per hour
(ACH), an indoor temperature of 18°C (65°F), and a mois-
ture generation rate of 11 kg/day (24 lb/day). For Madi-
son, WM.,the mcmthly average indoor RH varies from
62% in October to 3CV0 in January. Summer values would
be much higher without air conditioning. In the milder
Portland, Oreg., climate, the indoor RI-l still varies from
76% in October to 54% in January.Ifdiumal or day-today
or hourly swings of outdoor humidity are included, the
variation in indoor humidity levels is even mom extreme.

The fact that indoor RH values do vary considerably
duxing nonsummer months motivated the modification
of MOIST so that indoor relative humidity values would
float or vary according to the outdoor conditions, the
building tightness, and the cmupant use characteristics.
Variableindoor relative humidity should give much more
accurate predictions. Thus, the model was modified so
that the indoor relative humidity was first calculated for
each hour during the non-summer months and then the
hygmthermal performance of the walls was analyzed.
During the summer, when space cooling was provided,
the indoor dative humidity was held constant. If space
cooling was not provided, then it was assumed that the
windows and doors were open and the indoor relative
humidltywas equal to the outdoor relativehumidi~. This
modified version is referred to as the “variable indoor rel-
ative humidity (or variable indoor RI-l)”version, whereas
the original version is referred to as the “constant indoor
relative humidity (or constant indoor RI-I)”version.

The revisions to version 2.1 noted herein will officially
be released at a later date along with other modifications
and enhancements. That release will be called version 3.0.

DESCRIPTION OF THE “MOW’
COMPUTER MODEL

As noted above, MOIST predicts the one-dimensional
heat and moistme transfer in building envelopes. The
model includes moisture transfer by diffusion, capillary
flow, and air convection; the important couplings
between heat and moisture transfer; and the inadent
solar radiation onto surfaces having different azimuth,

orientati~ and tilt. Other MOIST features include
graphics that display the average moistum content of the
construction layers vs. time and a catalog of heat and
moisture properties for common building materials. The
mathematical algorithms for MOJST am dewribed in
Burch and Thomas (1992), and have recently been veri-
fied m thehygroscopic regime by way of comparison to a
comprehensive laboratory experiment (Zarr et al. 1995).

MOIHpermitsusers to easily define awallorflat roof
and predict the moisture content of the various construc-
tionmaterials asafunction oftime. Thetypeandpl.a@-
ment ofbuilding materials also canbe varied. MOIST can
help the user determine whether a vapor retarder is
needed and, if so, where it should be pked. It also can be
used to evaluate the effect of various paints and wall cov-
erings on moisture accumulation. In addition, MOIST
allows users to “move” a wall or ceiling to different
United States and Canadian sties to investigate the effect
of climate onrnoistum accumulation. The program inputs
hourly weather year for energy calculations (WYEC)
weather data, which am available for 46 United States cit-
ies and five Canadian cities (Crow 1981).

In the latest release of MOIST (release 21), a constant
indoor relative humidity must be specified for each shn-
ulation. In the present paper, algorithms of MOIST are
described that permit the indoorrelativehurnidity to float
and be calculated from a moisture balance of the whole
building. Details regarding this revision am given below.

MOIST RevMan Details

Space Heating Condition When the daily average
outdoor temperature is less than or equal to the balance-
point temperature for space heating, the building oper-
ates in a space-heating mode. The natural ventilation rate
(QJ is predicted by the singlezone infikration model
developed by Sherman and Grimsrud (1980) and
described by ASHRAE (1993), Which is f$iVE!llby

Qn =
2 0.5

L (C~TAT + C,v ) . (1)

In this equation, the mtural ventilation rate is related
to the effective leakage mea (L), the indoor-to-outdoor
temperature diffenmce (AT),and the average wind speed
(0) measured at the local weather station for the time
interval of interest (hourly in this case). The effective leak-
age area can be determined fmm a whole-building fan
depressurization measurementt (see AsTM [1994]). Defi-
nitions of other terms are presented in the Nomenclature. “

If mechanical ventilation (Qm)is present (assumed to ‘
be the measured or actual in situ flow rate of the exhaust
fan system[including ductwork and exhaust vent, as well “4
as the fan] rather than the nominal or rated flow rate of the
fan alone), then the total ventilation rate (Qt) is deter-
m&wdby (IWxniter and Bond 1991):

U Qmc 2Qn, Qt = Q. + 0.5Q~ : (2)

... ,.
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If Q~ 22Qn, Qt = Qm. (3)

Oftenthenominal orratedflow rate of theexhaustfan
is known rather than the actual measured flow rate of the
system. Jfthat is the case, the above two equations canbe
used knowing that the actual in situ performance of an
exhaust fan system is typically about SO%of its rated per-
formanm (Tsongas 1990). The 0.5 factor m Equation 2
mmunts for the fact that when an exhaust fan is turned
m the actual nef ventilation of the house is about half of
the measumd exhaust flow because some of the
exhausted air previously was exfiltratingout of the house
before the fan was turned on (Rdmiter and Bond 1991).

The instantaneous hourly indoor relative humidity
(~i)is detehed fromtheTaWolde (1994) moisturebal-
ance equation.

~+k. A.$i,7+Qt. pV,0iCl
@i = k . A +P~, i [Qt/l~cll

(4)

where Cl is the physical constant 1.3557x I@ Pam3/kg
(641.33 in. Hg#/Ib). l%is equation maybe derived by
equating the indoor moisture generation rate (@to the
10ss of moistum by ventilation and storage within build-
ing surfaces and furnishings. The hygric memory ($i,T)is
computed from the relation.

~~l~.~.w(n)“Oi(n)
$’ = (5)

1, T

XHJ.4.W(O

where n is the hourly time index.
The exponential weighting factors, W(n), am defined

as

W(n) = e-(~-n)”. (6)

When the sorption constant per unit floor a~a (k) is set
equal to 2ero, then indoor storage of moisture is
neglected and the relative humidity (O) is calculated
from an instantaneous moisture balance of the whole
building.

Initially window condensation was not included in
our indoor air moisture balance model as a mois-
removal mechanism. However, without window conden-
sation, the results of computer runs indicated unmalisti-
callyhigh indoor RHvalues forhighmoisture production
and tight home conditions. Those results indicated the
need to include the effects of window condensation, and
the approach taken by TmWolde (1994) was used. In the
hourly calculations, the dew-point temperature of the
indoor air is compared with the temperature of the imide
surface of the window glass to determine if condensation
occurs. When it does occur, the vapor pressure of the

indoor air is taken to be equal to the saturation pressure
of the air at the inside glass surface. The indoor dative

humidity is calculated from the indoor temperature and
vapor pressure using psychometric relationships.

Space-Cooling Condition When the daily average
outdoor temperature is greater than or equal to the bal-
ance-point temperature for space coolins then the build-
ing operates in a spaceaoling mode. The rndoor
temperature and relative humidity are maintained at con-
stant spedied values.

No Space Heating or Cooling Condition When the
daily average outdoor temperatures greater thanthebrd-
ance point for space heating and less than the balance
point for space coolin~ then neither space heating nor
space coding is requid, ad the indoor condition ~
assumed to fkk It is assumed that the windows are
opened, andtheindoorternpera~ andrelativehumid-
ity are assumed to equal the outdoor values. This floating
mode also is assumed to omur during space cooling when
a simulation is carried out in which the space-cooling
equipment is turned off.

Moisture Propedies

A concerted effort was made to obtain accurate mois-
ture property data for wall construction materials used in
the computer analysis. For sugar pine, gypsum bored,
and exterior-grade plywood, sorption isotherms (curves
of moisture content vs. relative humidity) were obtained
from Richards et al. (1992) and permeability measure-
ments (curves of permeability vs. relative humidity) were
obtained from Burch et al. (1992). For polyisocyarmrate,
the sorption isotherm and the permeability were based on
unpublished measurements.

In the computer analysis, the storage of moistum was
d and, therefore, neglected in several of the construc-
tion materials either because they were thin layers or
because, in the case of the fiberglass insulation, the mate-
rial does not absorb much moisture (i.e., it is only weakly
hydroscopic). Permeancee of these datively nonhygm-
scopic materials are given in Table 1. ASHRAE values
were used whenever possible because they typically am
based on three or more independent measurements.

EWE 1 PeImeanc= d Rekrlivety
Nonhygmscopk MaterWs

Penneonce
Material ng/*m24a &m Reference

Airborrier 23,100 402 UnpubkhedNIST
(3@Wbmdedpolyokmrl) n%asurements

interior Iotex point 690 12 korted NET
measurements

Exterior Iotex pdnt 320 5.5 ASHRAE(1993)
KM poper 17 0.3 AW?AE (1 993)

Polyethylene 3.4 cLck5 ASHRAE (1 993)
fJl152 mm (0.006 in.))

FlberglossInsulotkm l,m 21 ASHRAE (1993)
(140 mm (5.5 in.)]
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USCUSSION OF PARAMETERS
USED IN THE ANALYSIS

rose-casePrototype wan
aid House Conditions

The base case was assumedto be representative of
typical new construction and typical operating condi-
tions in northern heating climates. The wall constmction
forthebaae case is shown in Table 2. There wasnointerior
vapor retarder,and the wall was considered to be airtight
without any air convection through it for the base case.
All the wall air leakage was assumed to occur through
cracks associated with the windows and doors. BecauM
high moisture Ievels in wrdl wood members are associ-
ated with high indoor RH values (Tkongas1990), a fairly
high nonsummer value of 50% was chosen for runs with
fixed indoor relative humidity (RI-I). That value is
appmimately the average of the annual average indoor
relative humidities for abase-case house in the four sties
considered in this study.

For nms with variable relative humidity, a 139-m2
(U500@) single-story sitebuilt home with an average
room height of 2.4 m (8 ft) was assumed. The winter heat-
ing thermostat setpoint was 20”C (68°F), the summer
cooling thermostat setpoint was 24°C (76°F) (summer air
conditioning was assumed for all cases in this paper), the
space-heating balance-point temperature was 13°C
(56°F), and the space-cooling balance-point temperature
was 17°C (62”F). The summer cooling season indoor RH
was 5670,therewas no mechanical ventilation (only nat-
ural infiltration), the effective leakage area was 710 Cm*
(110 in?) (Nelson 1994) (or ACH50 = 10 [CFM50 = 2,0001,
corresponding to an average natural infiltration rate of
about 0.5 ACH), and the indoor moisture generation rate
was 11 kg/day (24 lb/day). The indoor moistum genera-
tion rate assumed for atypical family of three to four peo-
ple was within the range given by a number of mfenmces
(Anderson 1972; ASHlUlE 1993; Lee 1987; Tsechsel 1994).
The sorption constant per unit floor area, k, and the cor-
responding thermal time constant, z, were taken as 4.5 x
@ kg/sm2 (0.33 x K@ lb/h”@ ~d 72 hOLUS(T@w
Wolde 1994), respectively Wmd and stack coeffiaents for

M6LE 2 Mae Case ~ical) Wood-FKImedVAYII
Consttucnon

wall component

13mm (0.5 in) gypsum boardwlth interiorlatex paint (primer and
finishCOOt)

R9- 3.3° (Rip- 19? fiberglassbatt insulation
13 mm (0.5 in) exterior grade plywood Sh00thin9
an air barrier (spin bonded W&*fin)
13 mm (0.5 in) sugar pine sidingwith exterior latex paint (primer

and finishcoat)
‘Rg isexpressedinmz.”cfweRW~ ~xpfq In h4F.”F/El~

the infiltratim model were obtained fmn AS?IIG4.E
(1993) for a single-etory home. Only north-facing waUs
were analyzed.

Pammeters Varied
Initially base—aweruns were made with different

rndoor moisture storage characteristics (kand @to exami-
ne the sensitivity of the wall moisture content results.
Then fixed and variable rndoor RH runs were executed
for four heating climates Madison, WE.,Bostcm,Mass.,
Portland, Omg. and Atlanta, Ga. Envelope tightness was
Variedusing the assumed effective leakage area m) for
typical (base—cme)constmh“on,twice that value for loose
constructi~ and half that value for tight construction.
The building floor area was not varied; because the ELA
essentially is proportional to the envelope surface area,
varying the ELAby a factor of two gives roughly the same
results as varying the floor area by that factor. Indoor
moisture generation rates included the baseaee value
(assumed for a typical family of three to four people),
twice that, and half that. Further nms wem made to exam-
ine the effect of an interior vapor retarde~ exterior insu-
lating sheathin~ and an exterior vapor retardex Worst-
case runs assumed tight construction with high moisture
generation.

To examine what might be an adverse wall moisture
accumulation situation, runs with exfiltration through
the wall cavity alBowem made usin a constant airflow
rate of 1.54x ld m3/sperm2 (1.67 #h/f#)3forthebase

case (typical house) and half that for the tight house.
MOIST is a one-dimensional model, so the assumed air
convection is of necessity simple uniform flow. Of course,
air convection through a wall cavity typically occurs
through small isolated leakage sites (’Eongas and Nelson
1991), and the msukant moisture accumulation at those
sites should be considerably greater than that with uni-
form flow. Nonetheless, this admittedly simplified anal-
ysis should indicate some of the impact of exfiltration. A
better approach to more accurately analyze the impact of
exfiltration would be to use a two- or thredun“ ensional
model such as that developed by Ojanen and Kumaran
(1992).

Each simulation was run hourly over a year and a half
starting on January 1. The actual moisture content results
presented herein were for the one-year period of July 1 to
the following July 1. Almost 300 runs were completed for
this paper. On average, each took about 15 minutes using
a 66-Mhz 486 personal computer with 8M bytes of RAM.
The major focus of the modeling runs was on the weekly
average moistum content (hereafter mfermd to simply as
the moisture content) of the plywood sheathing. It was
calculated for each week of the year. In all cases the ply-
wood’s moistum content was considerably higher than
that of the siding or any other component. By compari-
son. the gypsum board was always extremely dry. Thus,
its moisture content results have not been presented.
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RESUUS AND DISCUSSION

Effect of Indoor Moisture Storage

Theannualvariation of theplywoodmoisture ccmtent
was found to be fairly insensitive to the indoor moistum
storage parameters k and%.The values cited by TmWolde
(1994) forsi&built and manufactumdhomes gave almost
identical results. Moreover, those results wem about the
same as those with no storage. Only when the parameters
were considerably larger than those determined by Tm-
Wolde (1994) wem the moisture contents higher; then the
sheathing moisture content increased by as much as
about 5% at the time of the winter peak. Summer values
essentially never were affected because the indoor RH
was fixed during the cooling season.

Constant vs. Variable Indoor RH Runs

The sheathing moistum content was calculated using
both the constant and variable indoorRH versions for the
base-case wall in the four different heating climates. The
constant artdvariable indoor RH results am shown in Fig-
ures la and lb, respectively. In all cases the sheathing
moisture content values am lowest in the summer and
peak in the winter as moisture migrates outward through
the wall. For the constant indoor RH runs, the colder the
climate, the greater the peak winter values, which is in
general agreement with the trend of the results from a
two-dimensional model (Ojanen and Kumaran 1992).
WMt50% indoor RH year-round, moisture contents peak
at38Y0,24Y0,18Y0,and 15’!40for Madison, Boston, Portland,
and Atlanta, respectively. Those peak values are to be
compared to peaks of 17Y0, 13Y0, 16Y0, and lg~o when
indoor RH varies. For the variable RH version of the
model and the base case, or assumed typical, situation,
the peak values for all the climates are well below the
27.9% fiber saturation level for plywood.

Using the model with variable indoor R.H, the peak
values for the colder Madison and Boston climates are
significantly lower, whereas the peaks for the milder Port-
land and Atlanta climates are about the same. With the
variable indoor RH model the differences in the peak val-
ues between the four climates am relatively small. In fact,
the results for the different climates are all generally about
the same. Surprisingly the results for Madison, with its
cold, but dry winter are almost identical to the results for
Portland with its mild, wet winter (the same is true of Bos-
ton and Atlanta). This is because in Madison the winter
indoor relative humidity values zm much lower than in
Portland so that there is less moistum migration into the
Madison wall. On the other hand, the colder Madison
winter leads to more opportunities for condensation. The
two factors appear to offset each other. When assuming
equal constant indoor RH values for the two climates,
the differences are substantial because of the outdoor

Indoor RH = WA ,.. ----
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Figure 1 Effect ofclimote onplywoodmoisture content.

weather differences (i.e., more condensation opportuni-
ties in the colder climate).

The sheathing moisture content results for each of the
four climates determined using the variable indoor RH
model version and shown together in Figure lb also are
shown for the Madison and Portland climates in Figures
2a and 2b. On each graph the results of using the constant
indoor RH version with indoor RH values of 20Y0,3W0,

40%0, 50Y0, and 60% also are shown. The effect of increa-
singindoor dative humidity on the results is in agree-
ment with the results of Ojanen and Kumaran (1992), who
varied the constant indoor RH in their two-dimensional
model. From Figures 2a and 2b it is clear that one cannot
use a single constant value of indoor R.H in the MOIST
model that will reproduce the results of the variable R.H
version. Furthermore, from these graphs one can clearly
infer that the indoor RH values do vary significantly
throughout the year, as discussed below.

To verify that point, the variable indoor RH model
was used to investigate the annual variation of the weekly
average indoor relative humidity in Madison and Port-
land for basecase (typical) conditions. The results are
plotted in Figures 3a and 3b. The plots for worst and best
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cases will be described in a later section. However, worst
case refers to a tight house with high moistum generation,
while the best case refers to a loose house with low mois-
tum generation. The plotted lines ehowninFigurea3a and
3b am averages of the individual weekly data points.
Clearly there is substantial seasonal variation of the
rndoor RH for Madison about the 45’XOannual mean; it
ranges from a fall maxknum of 67% to a winter minimum
of 18Y0.Had there been no summer air conditionin~ then
the range would have been significantly greater because
of the high summer outdoor humidities. The variation in
Portkmd around its annual mean of S6% is about the
same, ranging from 769!.to 33~0.In both atiee the highest
RH values occur in the fall and the spring.

Using the constant indoor RH version of the model
cart clearly give substantially different results than with
the variable indoor RH version. Note that even when
using the annual mean indoor RH values with the con-
stant indoor RH model, the sheathing moisture content
values are still quite different from the predictions of the
variable indoor RH model. It has always been difficult, if

worst

\ ,. .
,, ‘.”. -*, . : ‘.
, ** ,** ,,%

Best

= o~-
Jul Aug Sep Ott Nov Dac Jan Feb Mar Apr May Jun

a. Mad~on, WI

I
0! I I I I I I I I I I 1 I

Jul Aug Sep Ott Nov Dec Jan Feb Mar Apr May Jun
b. Portland, OR

.—____
LEGEND Worst Effective leakage area = 355 an2 (SS in2)

Indoor moieture generation rate: 22 kglday (48 lb/day)

Typical: Effective leakage area = 710cmz(110 inz)
Indoor moisture generation rate =11 kg/dsy (24 Ib/day)

Seat Effective leakage area = 1420 CM* (220 in2)
Indoor moisture generation rate = S4 kg/day (12 lb/day)

FJgure3 Annual varhfion ofindoorRH for worst typical
(base) and best case.

not impossible, to know what indoor RH values to use
with the constant rndoor RH model.

It is worth noting that whenuaing the variable indoor
RH modd the predicted winter sheathing moisture con-
tentvduea for Madison and Portland of about 16% to 18%
(see Figure lb) agree closely with values measured in the
field in similar cold andrnild climates (Mcmtartaand Seat-
tle-Olympia). In that field study the average sheathing
moisture content for measurements during winter
months was 16% for 30 wall openings in Montana and
18’%for 101 wall openings in the Sedt&Olympia area
(’lkongaa1990). It is presumed that, on average, the con-
ditions in the field-teat homes were similar to those of the
base—aseprototype assumed for the modeling. Thus, the
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revised one-dimensional model appears to be making
reasonable predictions. As noted m Figures 2a and 2b,
depending on the choice of the cmstant rndoor relative
humiditythepredictkm of ~ -M model -Y or
may not agree well with those field measurements. l’lte
averagedaytimeindoorrelativehumidity forthe20 Mon-
tana homes was 40/0,whereas for the 50 Seattle-Olympia
homes it was 47% (Tsongae 1990). Even knowing the rel-
ative humidity, the agreement is not as good as with the
variable indoor RH modeL and it is typically difficult to
know what constant rndoor relative humidity to use m
the umevhed model.

Effect of Building Tightness and
Moisture Generation Rate

Because the constant rndoor RH version of the model
did not incIude building- and occupant-related parame-
tem, we investigated some of their effects with the vari-
able indoorRH version. In Figure 4a the moisture ccmtent
results using the variable indoor RH version with the
base-case conditions (including atypical moisture gener-
ation rate of 11 kg/day [24 lb/day]) are shown for the

LIndoormoisturegenerationrate.
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Madisonclimate and three building tightness (effective
leakage area) levels. The results am the same as those for
the base case (including typical tighhmss of 710 cmz
[110 in?]) with the three diffenmt moistum generation
rates (see Figure5a). The tighter the building or the higher
the moisture generation rate, the greater the moistum
content. aedy,varyingeithertightnessor moistum gen-
eration strcmglyaffects the sheathing moistum content.

In Figure 4b the results are shown for the three tight-
ness levels and a high moisture generation rate (22 kg/
day [48 lb/day]). me for tie typ~ mo~ture &nera-
tion case shown in F- 4a the plywood never gets
above 32%, it rises almost twice as high (app~~g
50%) whenthemoietum generation rate is doubled for the
tight house (355 cmz [55 in.z]) (as in Figure 4b). That is
quite high, but so is the moietum generation rate. This
case amounts to a worskase scenario. For that scenario,
the relative humidity values shown in Figure 3a also are
high, espckdly in the fall and spring.

It should be recalled that we did include in the model
nwisions limits to the indoor RH due to window conden-
sation athigh indoor relative humid.ities,as did TenWolde
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“ (1994). Had we not done that, our rndoor RH values and
amsequently our moistum content predictions would
have been about 10% higher for the worskxse scenario
(about 60% rather than about 50% moisture content).
HoweveGthem was essentiallyno impact of window con-
densation for typical conditions. Thus, window conden-
sation is an important moisturemmoval mwhanism that
must be included m any rndoor moishue mods espe-
cially for high moisture generation rates m tight houses.

What is most important is that for the worstase
condition the moisture levels am above the fiber satura-
tion point in the warm late spring and early summer
months such that decay could occur.RecalI that decay can
only occur when the wood is warm (typically above 10°C
[50°Fl and below 32°C [90TJ) and its moistum content is
above the fiber saturation point (’&cl@ 1994).

Houses of the tightness assumed forthetightbuilding
case (about 0.2 to 0.3 ACH) are not uncommon. JrI fact,
many houses are much tighter. Furthermom, it is not
unusual to have high moisture generation rates. They can
occur for a variety of masons, either individually or col-
lectively such as having a large number of occupants,
cooking or boiling liquids for long periods, not having or
not using a bathroom exhaust fan when showering or
bathing not installing a crawl space ground cover, not
venting a clothes dryer, doing many loads of laundry
and/or drying the clothes indoors, storing firewood
indoors, having poor drainage around a foundation,
and/or using a kerosene heater or an oven for space heat-
ing. A kerosene heater or an oven can produce as much as
four to five times the amount of moisture as all the activ-
ities of a family of three or four. In fact, it is fairly easy to
have a high moisture generation rate. Clearly some frac-
tion of the housing stock has high moisture generation
levels. Those houses, if they also are tight, have the most
potential for wall moistum darnage. Thus, these results
point out the need to do everything possible to reduce
moisture generation, including source control, and to
consider using mechanical ventilation or dehumidifica-
tion (Tsongas 1993a). They also point out the need to con-
sider using building construction practices that help
mitigate adverse moisture conditions; some of these will
be discussed in the following sections.

Effect of Exfiltration and an
Interior Vapor Retarder

The authors also used the model to investigate the
effects of exfiltration and the installation of an interior
vapor retarder. The vapor retarder was assumed to be a
6-rnil polyethylene sheet directly behind the gypsum
board. The sheathing moisture content results are shown
in Figures 6a and 6b. Figure 6a is for Madison and the base
case (typical conditions), while Figure 6b is for Madison
and a tight house (355 cmz [55 in.2]). For each graph, four
cases are plotted: without exfiltcation and without a

vapor retarder, with exfiltration and without a vapor
mtardeq with exfiltration and with a vapor mtaxderiand
without tdkrathm and with a vapor mtaxk

Both figlnea show that with no exfiltration the poly-
ethylene vapor retarder substantially reduces the ply-
wood moisture content. The MOIST simulations also
showed thats* reductions occurred m the moisture
content of the wood siding. In addition, the modeling
results showed that even instalhg a om+perm kmft
paper vapor intruder significantly reduced sheathing
moistum levels without exfikration present. In fact, with
either a H paper or a polyethylene vapor retarder in a
wall without exfiltration, the plywood moisture content
remained essentially constant throughout the year.

Both plots also show that exfiltration essentially
&minishes the effectiveness of the vapor retardez When
exfiltration is present it is much more important than dif-
fusion as a moisture migration mechnkm It SUbStZUl-
tially increases the plywood’s moistum content because
the vapor diffusion tier is not an air barrier; it is
assumed that even if a vapor retarder is pxesent, exfil-
tration still can OCCU.ZA discussion on the difference
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between avaporretarder andanairbarrier isgivenby
Quirouette (1985).

It is also et-m that with exfiltration present, the poly-
ethylene does mlativelylittle good under the typicalbase
case conditions (see Figure 6a). But then it is not really
needed &we the sheathing moistum levels are below the
fiber saturation point most of the time. Howeveq when
the house is tighter (Figure 6b) the polyethylene is
extremely important. ‘hen it dramatically reduces peak
winter moistum contents and, mom important, reduces
the time during warm weather whm the plywood is
above the fiber saturation point such that decay could
occur. l%ese modeling results are m agxeement with the
findings of field measurements in tight homes where
2-by-6 walls with artinterior vapor retarder wem drier,on
average, than those walls without one (lwngas 1990).

Under all conditions a vapor mt.ader reduces the
extremes of moisture content variation both in the ply-
wood and in the siding. That reduction in the moisture
content variation of the siding is extremely valuable in
reducing moisture-dated expansion and contraction
and swelling and related damage. That is one reason why
many hardboard siding manufacture mquim a contin-
uous vapor retarder in place.

It is important to emphasize that the exfillration
assumed in this analysis is that due to the stack effect
alone. The amount of exfiltration could be significantly
gmaterifrooms such as bedrooms ampmssurized during
the operation of a forced-air heating system with supply
registers only and doore closed. Ojanen and Kumaran
(1992) modeled the impact of exfiltration assuming a
10-Pa (0.21 lbf/#) room overpressurization. That corre-
sponds to an exfiltration rate of about five times the value
used in this analysis for the typical house; in their analy-
sis, that caused moisture storage within the wzdlcavity of
about three times the amount found in this analysis. Thus,
overpressurization of moms could make the situation
much worse than shown here. Interestingly a statistical
analysis of field wall moisture data (’Exmgas1990) found
that wall wood member moisture contents wem highest
in bedroom wails compared with all other moms. That
could be because bedrooms are typically kept cooler end
hence the relative humidity is higher Alternatively it
could be the effect of pressurization by the operation of
forced-air heating systems.

Effect of Exterior Insulating Sheathing
and an Exterior Vapor Retarder

The authors also used the model to study the impact
on wall moistum accumulation of the use of exterior insu-
lating sheathing or art exterior vapor retarder. We ana-
lyzed thee separate cases. The &st case was thebaease
wall with plywood sheathing and a breathable, or highly
permeable (402 perm), spin-bonded polyolefin building
paper. For the next case, the building paper was removed

and a low-permeabiity, 254 cm (1.0 in.) thick polyisocy-
anurate exterior insulating sheathing with foil facings
@5~-1.2 tRP-71) was put in its location. The last case was
for the basease wall without exterior insulating sheath-
rngbut with low-permeability (0.%perm)building paper
acting as an exterior vapor mtardez In all cases them was
plywood sheathing and no interior vapor retarder.

IrtFigure7atheimpact of theadditionof exterior insu-
lating sheathing to the basease wall m Madison (just
outside the plywood sheathing) is shown. It is assumed
themisnoexfWration.F~ 7bief0rthe~condi-
tione except the house is tighter and exfiltration is
included.

For the cases with and without exfiltration, the addi-
tion of exterior insulating sheathing significantly reduces
the winter peak sheathing moistum levels, whereas the
presence of a low-permeability exterior building paper
substantially inmases the peak moisture content. With-
out exfiltration, the sheathing never comes close to the
fiber saturation point So, in a sense, the wall construction
does not mattec
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Howev~asconditionsbecomemore adverse,suchas
h a tighterhouse with exfiltratioq the addition of the
kmlkkingsheathing mchlcesthepeakmo- mat of
the sheathing aignificantlybut also mducea the time dur-
in@e warm ktewhgandaly summermonti when
the sheathing is above the fiber saturation point These
results are in a-ent with the finding (from fieldtests
of a large number of relatively tight homes m climates
similar to th- used m the modeling) that walls with
exterior insulating sheathing wem sign&ant.ly drier
than those without @ongas 1991). The modeling also
ahowedthat adding aninteriorvapor xetartkto the insu-
lating sheathing made the wall even drier m worst-case
conditions. That finding also is in agreement with those
field test muks.

Figures 7a and 7b also show the effect of an exterior
low-permeability building paper in comparison to a
highlybreathablebuildingpaperat the same location. For
thecaseof a tighthousewith wall exfiltration, theeffectof
the exterior vapor retarder is alarming. The low-perme-
ability building paper incnmses the peak moistum levels
relative to the wall with breathable building paper and
keeps the wall wet (above the fiber saturation poi.nt)well
into warm weather when decay can occur. In essence, the
wetting potential is increased and the drying potential is
reduced. Such poor moisture performance also can occur
with low-permeability siding. Both low-permeability
exterior-type products trap moisture within walls and
slow the normal drying process such that deterioration
can occur. Widespread plywood sheathing decay has
been seen to occur as a result of using a relatively imperm-
eable building paper (average perm rating of 0.65)
between the plywood and the wood siding (’Gongas and
Olson 1995). Other low-permeability products on the
market, installed on the exterior of walls, may have sim-
ilar effects.

It is worth noting that a low-permeability exterior
insulating sheathing reduces moisture levels, while a
low-permeability building paper that has no insulating
quality does just the opposite. The insulating sheathing
increases the plywood temperature to a level such that it
remains above the dew-point temperature enough to sub-
stantially reduce the amount of condensation. Because
the plywood remains so much drier, the relatively imper-
meable nature of the exterior insulating sheathing is not a
detriment. Moreover, it has been shown to keep the wall
ndatively free from the adverse wicking effects associated
with splashback (Tsongas 1993b).

Not only does the use of exterior insulatig sheathing
reduce the plywood sheathing mois~ content (and pre-
sumably that of the studs) when exfiltration is present, it
also decreases the moisture content of the wood siding
during the winter months compamd to a wall without
exterior insulating sheathing. The effect of the presence of
exterior insulating sheathing on the weekly average sid-
ing moisture content is shown in Figure 8. The same three
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cases for a tight house with exfdtxation in Madison, WE.,
am pmseded as wem shown in F- 7b. With either the
exterior vapor mtanier or with insulating sheafhi.ns the
siding remains quite dry and its moisture content varies
little throughout the year. However, with the insulating
sheathing not in place, the siding gets much more moist
m the winter and &ows more variation throughout the
year.

The presence of a low-permeability layer near the
exterior surface in the cases with exterior insulating
sheathing or an exterior vapor retarder dramatically
reduces the amount of moisture migrating to the siding.
In a aense,thesiding is decoupled from the rest of the wall
and, thus, stays datively dry

Fortunately the siding moisture content does not
math the fiber saturation level in any of the &me cases.
Momovez even in the worst case without insulating
sheathin~ the siding dries out substantially during the
late spring and early summer. Thus, siding decay is not
likely and that agrees with the field results of Tsongas
(1990). In that field study of 86homes inthePacificNofi-
west there were no cases of siding or other wall compo-
nent decay.Moreovez,the homes essentially wem devoid
of any evidence of any other type of siding problems.

Based upon these results it would appear that siding
in a home with extexior insulating sheathing in place
should undergo far less seasonal expansion and contrac-
tion induced because of moistum changes than similar
walls without the insulating sheathing. That could dra-
matically affect the service life of the siding or the paint.
l%ere is some field evidence of moisture accumulating
between exterior insulating sheathing and siding at iso-
lated locations near the joints of the sheathing in homes
with forced-air heating. That could be the result of local-
ized exfiltration of moist indoor six, qwcially if tie
moms were pressurized. Thus, taping all the seams of
exterior insulating sheathing is strongly recommended to
help laiwpthe local exfiltration levels to a minimum. ~t
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would likely be a prudent approach to avoiding any such
potential siding problems.*.

CONCLUSIONS
Release21 of the MOIWpemonalcornputer program

fix predicting moisture accumulation m the components
ofbuilding walls has beenmvised to calculate indoor rel-
ative humidity hourly during the heating season rather
thanusingaconstantvalue forth duration of the analysis
period. The variable RH version of the software provides
sheathing moisture content results that are much lower
than with the constant RH version for cold winterheating
climates such as Madison, WE., but about the same results
for mild winter heating climates such as Portland, @g.
Surprisingly the variable RH model predicts almost the
samemoisture contents for the same home and conditions
m the milder Portland, Oreg., climate as m Madison. In
fact, the variable RH model pmdictkms are quite insensi-
tive to heating cJimate cliilemnces.

Importantly the predicted results using the variable
RH version agree closely with measumd field results,
suggesting that the ontiensional model is making
fairly accurate predictions. The authors recommend that
the variable indoor relative humidity version of the
model be used once it is available.

It should be noted that the variable RH version of the
MOIST model includes a number of building construc-
tions and operations, as well as occupant life-style param-
eters that were not previously accounted for in the
constant RH version. Thus, the variable RI-I version is
much more versatile in that it allows one to examine the
effect of a number of important house and occupant life-
style parameters, including building tizhtness, moistum
generation rate, summer space cooling, 5etpoint temper-
atures for space heating and cooling anti hygric storage
capaaty

The effect of building tightness and moisture genera-
tion rate was found to be substantial- A worst case for
moisture accumulation in conventional walls is for tight
homes with high moisture generation rates. Exfiltration
ofmoist indoor air through the wall cavity makes matters
even worse. Given that factors such as house tightness
and moisture generation rate generally cannot be easily
controlled, it was found that certain building practices
could provide a considerable margin of safety relative to
moisture problems in walls.

For example, the results point out then~ to focus on
air sealing of walls, as well as mhdmizhg room pre-
ssurizationdue to the operation of fonxchir distribution
systems to reduce the adverse effects of exfiltration. Fur-
thermore, while the need for vapor nAa.rdershas received
considerable attention recently (Nisson 1994), the results
point out the unmistakable value of incorporating aninte-
rior vapor retardez k essence, the interior vapor retarder
is like an insurance policy that provides protection when
necessary.Under typical conditions it XE’allyis not needed

for fheconditions andaties examined. But under adverse
conditions that are mom common with new tight con-
struction, it is essential. Without it, decay could occur.
Now that new homes, for the most part, are being built
Aativelytighwwemaybegintoseemore cases of decay
under worst-case or similar conditions if builders forego
instalkg an interior vapor retarder m winter heating cli-
mates.

In addition, the modeling predictions show the clear
value of incorporating exterior insulating sheathing in
cold winter climates. Its p~ keepsallthewallwood
members ~ including the siding. In fact, the combinat-
ion of such sheathing and an interior vapor retarder pro-
vides one of the safest waU designs in cold climates. On
theotiwrhand,use of nonhwulatingbuildingpmducts on
the exterior side of a wall that incorporatea relatively
impermeable layer or material that acts like a vapor
mtarderisnot recornmendedbecause they can create con-
ditions conduave to decay and structural deterioration.

RECOMMENDATIONS FOR FURTHER STUDY
The analysis undertaken in this paper using the vari-

able indoor RH MOIST model only examined cases with
summer air conditioning. Yet conditions are likely to be
worse from a moistum point of view for homes without
air conditioning because summer indoor humidities typ-
ically will be higher than those with air conditioning.
Thus, the results of this study maybe conservative and
should be m-examined.

In addition, it is recommended that the type of analy-
sis contained herein for northern heating climates be
extended to southern hot and humid cooling climates.
Previous MOIST analyses for these climates have only
considered constant indoor dative humidities through-
out the year.

Thispaperhas focused on controlling excess moisture
in walls under adverse (womt-case or similar) conditions
using building construction techniques such as air seal-
in~ using an interior vapor retarder, and using exterior
insulating sheathing in cold climates. Those approaches
clearly provide a factor of safety against deterioration of
wall components because of high WSII moistum levels
occurring in warm weather. Howeva, another approach
is to control indoor relative humidity levels using dehu-
midification or mechanical ventilation. The new variable
indoor RH model will allow one to analyze the effective-
ness of mechanical ventilation m reducing wall moisture
levels under adverse conditions. Natural ventilation rates
of 0.2 to 0.3 ACH, such as assumed for the tight house in
this study can have the ventilation augmented mechani-
cally to 0.35 ACH or higher. A study of the effects of
mechanical ventilation in tight houses should be under-
taken. If ventilation were effective, it would have the
added benefit of reducing health problems associated
with high indoor relative humidities. However, ventila-
tion may not be particularly effective for indoor moisture
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cxmtmlinmild andhumidwinterdirnates suchasthatrn
Portland; dehumidification may be needed as a comple-
ment to ventilation (lkongas 1993a).

! Final@ it is strongly remmmended that MOIST be
further modified to include plotting routines that plot out
restdts direcdy as W~ as buik-rn batch analysis capabil-
ities to allow multiple runs to be made at one time. Both
would make MOIST much easier to use and extend its
usefulness. A workshop to train potential users how to
p’q=lyu*ef@ym* softwarealsoisagoodidea.
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NOMENCLATURE

floor area, m2 (f?)
stack (buoyant forw) Coeffiaent,
om”(cm)+”fc)”l (Cfd .in.+”~1)
wind coeffiaent,
(L/s)2”(cm)4”(m/s)-2 (cfm2.in.A.mph-2)
sorption constant per unit floor area,
kg.~-l.m-z (lb.h-l.ft-z)
effective leakage area, cm2 (in.*)
time index
current hour
saturated water-vapor pressure, Pa (in. Hg)
thermal resistance, m2”Y/W (h4#’T/Btu)
water vapor pressure, Pa (in. Hg)
ventdation rate, L/s (cfm)
wind speed, m/s (mph)
weighting factor
rndoor-tcmutdoor temperature difference, ‘C (’W)
indoor moisture generation rate, kg/s @/h)
relative humidity or hygric storage, YO
moisture time constant, h

Subscripts

i = indoor
m = mechanical
n = mtural
o = outdoor
t = total
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