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Verification and Validation: Establishing
Confidence in Hygrothermal Tools

Steve Cornick!, Wahid Maref', and Fitsum Tariku?

ABSTRACT

The hygrothermal performance of building envelope systemdsciated by their responses to combined
heat, air and moisture fluctuations produced by exterior and interiditioms. Research has focused on
both laboratory experimentation and modeling of envelope sydtgrasmputer programs (hygrothermal
tools). Experimental studies played a crucial role in the developmengadthgrmal tools, and continue to

offer useful information for their improvement. To be used withfidence, however, hygrothermal tools

must be verified and, if possible, validated. To date, no comprighesshemes for benchmarking

hygrothermal tools exist as, for example, exist for energy simultias. Three comparisons are typically
used to show the practical merits of simulation tools: inter-modelytaonzd) and empirical. This paper

demonstrates how confidence in a 1-dimensional hygrothermailagion tool can be built by such

comparisons, and proposes them as the basis for a verificatioaladation methodology.

INTRODUCTION

Although modeling heat air and moisture through envelopes has beelopal/ to the point where
commercially available tools are available to practitioners other ctdabe-art hygrothermal modeling
(HAM) tools have not reached the state of maturity that other simulatios, ®ath as those for energy,
have reached. Even though the governing equations are well understoemt(iftagt al. 2003; Tariku
2007), there are several reasons for this for lack of developriirst is the expanding nature of the
problem. Whereas practitioners can use modeling tools with segrealof confidence to investigate the
hygrothermal behaviour of one or two-dimensional model walls ilatisa; the current trend in model
development is towards a holistic approach that couples the response ofl thighathe behaviour of the
space it encloses (Tariku 2008; Woloszyn and Rode 2008a; Holm agdfiedth 2007; Salonvaara et al.
2003; Salonvaara and Karagiozis 1999; Rode and Woloszyn 2007). €rab#d work remains to
adequately couple ventilation, energy, and hygrothermal simulatiaelmoAlthough there are now
commercially available tools the guidance for using them is limited. &tdsdsuch as 160-2009
(ASHRAE 2009) offer guidance to the practitioner when consideringstarei in the envelope design
process. However, these standards are under development and sevesahrissstill being resolved, for
example the selection of proper interior and exterior boundary camsl¢Cornick et al. 2003; Cornick and
Kumaran 2008; Cornick and Dalgliesh 2008; ASHRAE 1325-RP). Mor@dimentally, the determination
of appropriate moisture transfer coefficients is of importance, &dlyegiven the trend towards holistic
modeling (Neale et al. 2007a, 2007b). Finally the selection of imstend the determination of material
properties is an area of continuing research (Mukhopadhyaya et al. Bo0#; and Hartwig 2002;
Karagiozis and Salonvaai®995.

When using simulation tools to investigate the performance of thididmuienvelope, a good
understanding of the capabilities and limitations of the tool being usdsoirucial. Beyond the balance
equations, there are other aspects and assumptions that, if a user isfamareinderstands them, can be
used of to produce better results. Confidence in the tool is@eyfidence is gained through a process
sometimes called ‘benchmarking’, though verification and validation are more correct terms. For energy
simulation tools, there are well-established procedures for establishifigecme in simulation tools
(ASHRAE 2004), but this is not the case for hygrothermal sitiomlatools. One project, HAMSTAD
(Hagentoft et al. 2003), involved round-robin testing of differentdtygrmal tools from around the world.
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" Corresponding author
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A series of exercises was developed to establish confidence in newlymslelee -dimensional programs,
by testing them against analytical problems or by inter-prog@mparisons of more complex problems.
Recently a series of common exercises designed to test whole builddeisnmas been published as part
of the completion of IEA Annex 41 (Woloszyn, M. and C. R@9)08b.)

The work presented here draws heavily on work reported elsewhere; spedifieabgnchmarking of
a 1- and 2-dimensional hygrothermal tool (Maref et al 2004lbniCk 2006, Tariku and Kumaran 2006).
Most of the previous work was done using an in-house resedechy@rothermal simulation tool. That
work was repeated, this time, however, using a publicly avaitaiilehygrothermal tool (Maref et al.
2004a; Cornick 2006) with modification of any sort; “out of the box” as it were. The objective of this paper
is to explicate the process of verification and validation in order to m&mate the development of a
methodology that could serve as a basis for a standard simB&SHBRAE 140 Standard Method of Test
for the Evaluation of Building Energy Analysis Computer Progréfudkoff and Neymark, 2006).

VERIFICATION

Verifying modeling tools consists of ensuring that the physicgpucated in the tool has been
implemented correctly. According to ASHRAE 140, the proces®nfication applied to software means
essentially testing the software to ensure that the physical model embodiedridéhging numerical
simulation has been implemented correctly. Two methods to acaintipis verification are: (1) modeling
a situation that has an analytical solution, and (2) modeling a situhtibtests the physics incorporated in
the modeling tool but has no analytic solution. In the latter ¢hsesolution is compared with those of
other programs and, if the solution falls within specified confidénmges, the tool is considered to have
passed the test. Two examples of the verification processes (B)aad applied to hygrothermal
simulations follow.

An Analytical Exercise

Problems that admit analytical solutions are few. Most of these prslasfairly simple involving a
few materials and basic boundary conditions. One such exercise consistsdeling the moisture
redistribution in a single layer of material (in this case a lightweightretsm slab under isothermal
conditions). Complete details for this HAMSTAD exercise are given in Hageeto#tl. (2003) and
summarized in Figure 1. The thickness of the layer was 200mmir(j.87he layer was initially in
equilibrium with the ambient air, which has a constant relative humidity. The teitrgderature was 20°C
(68°F) and the initial relative humidity was 95%. Moisture transfer was cdiysadsudden change in the
relative humidity at the boundary conditions. The steady state exterior andrifk@undary conditions
were 20°C (68°F) and the relative humidities were 45% and 65% for the exdedointerior sides
respectively. The structure was perfectly airtight. The case can be solabtically. The period specified
was 1000 hours.

T =20°C (68 °F) RH,

eq,ambient

45% 200mm (7.87 in.)

ambient

T =20°C (68 °F) RH =65%

eq,interior interior
Figure 1- Summary of construction, initial and boundary conditions forathalytical
exercise

Time step dependency

The exercise was performed using four different time steps 3600s, B&03s,and 36s. In all cases
the same 51-node grid was used, 51 nodes. The moisture content in thal mvateindependent of the

Verification and Validation: Establishing Confidence in Hygrothermal Tools IRC-RR-278 5
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time step selected, as is shown in Figure 2, which illustrates théuneotontent distribution after 1000
hours. Time step independence in this type of problem was expgoted,the steady state nature of the
problem. This was not the case however with all problems asevslhbwn in the next exercise.

16

MC [%]

Analytical

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x0

Figure 2 — Moisture content profile in % through the layer at 1000 hours. mhé/tical
solution is also included. The x-value through the layer has beemahized.

Grid dependency

The exercise was also performed using five different grids 5, 1312%nd 99 nodes. The same time
step was used for all the grid variations, specifically 3600s. Imglatittion techniques should make the
solutions independent of the selection of the grid. However, thetum@icontent profile in the material is
affected by the grid coarseness, as is shown in Figure 3. A Sgmmieid not adequately capture the
correct profile. In fact, the grid size and distribution seemsé¢ocese a considerable effect on the results.
For grids with an equidistant spacing a minimum of 17 nodes is reqtorgmoperly capture the
phenomenon at the boundaries. For expanding grids, a minimum ofe3 i required to adequately
capture the boundary behaviour. Overall, the first nodes should be &ithin of the boundaries. Recall
that in this exercise the moisture transfer rates at the surfaces were highs/in1(@.46-18% Perm-in.).
This may have contribute to insatiability for solution involvingaser grids or grids where the nodes were
too far from the boundaries. A 13-node grid came close to the cpradide and beyond 25 nodes there
was no appreciable difference in the results. Although estimation of tharotsture content was grid
independent, to obtain an adequate moisture distribution profile, a ceitimum fineness of grid was
necessary. This is especially true at the surfaces where a dense grideid ttemodel the heat and mass
transfer processes.

Error Analysis

When an analytical solution exists, for an exercise it is possihleetetatistical analysis to check the
adequacy of the simulation. Two statistics are useful; the correlatieffictent, p,,, and the F-test
statistic. The correlation coefficient is used to determine the relationship betweeroperties, in this
case the predicted solution as compared with the analytical solution (Edihelgorrelation coefficient is
a measure of the degree of linear interrelationship between two variatestefataan coefficient near
unity indicates a strong linear relationship, though not necessadlysal relationship.

Verification and Validation: Establishing Confidence in Hygrothermal Tools IRC-RR-278 6
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16

14

12

10

MG [%]
=]

-5 Nodes

6 - 13 Nodes

/ 25 Nodes
3 51 Nodes
4y - —99 Nodes
Analytical

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x 0
Figure 3—- Moisture content profile in % through the layer at 1000 hours. Maéytical
solution is also included. The x-value through the layer has beemahired.

XVZM 1)
’ 0,0y
-1<p,, =1

Where:
ox andoy are the unbiased standard deviations of both sets

13 - =
Cov(X,Y) = EZ(X -X)(Y, - Y) 2
i=1
Where: n is the sample size, and and ;l are the sample means.

The F-test returns the one-tailed probability that the variances betweenatmmessets are not
significantly different: i.e. whether the two samples have differenanees. The F-test can be calculated
through a straightforward process (Eqn.T)e null hypothesis is that standard deviations of both sets are
the same.

F=X ®)

Where: Sf and 522 are the sample variances.

The more the ratio deviates from 1, the stronger the evidence for an upepuktion. Comparison
of the simulation results and the analytical results are given in Tableeldata used for the comparison
was for the 13-node one-hour time-step case. The correlatioficeoef p.,, approached unity when
steady state was reached, indicating a linear relationship between nubdekbdytical solutions. The F-test
values steadily improved until steady state was reached indicating that the varmamdestapdard
deviations) of both models are similar, thus confirming the nydbthesis.

Verification and Validation: Establishing Confidence in Hygrothermal Tools IRC-RR-278 7
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Table 1
Correlation coefficient, p,, and F-test for the simulation and analytical solutions at 100,
300, and 1000 hours; 13 node one hour time step case.

Correlation Correlation Correlation
Coefficient, p,y  F-Test  Coefficient, pxy F-Test Coefficient, pyy F-Test
100 hours 100 hours 300 hours 300 hours 1000 hours 1000 hours

0.999 0.926 0.999 0.936 0.999 0.994

A Common Exercise

The next exercise attempted was what is called a ‘common exercise’. Since most realistic situations do
not admit an analytic solution, the purpose of a common exerciseowasttthe implementation of the
physical assumptions in a model by generating a common exercise aparicgnhe solution of different
models, an inter-program comparison. In the case of commertiess the accepted solutions can be
considered to be secondary mathematical truth standards to which othlemmacan be compared (see
ANSI/ASHRAE Standard 140 Glossary and Definitions). The exercise selded with moisture
movement inside a wall with a hygroscopic finish. Complete details for this HABSIxercise are given
by Hagentoft (2003). The exterior layer is 2700mm (3.94in.) thiuk the finishing layer is 20mm (0.79in.)
thick. The wall is subjected to changes in relative humidity as well ashdanoisture loads at the inner
and outer surfaces. The boundary conditions, loads, and a schamasommarized in Figure 4. The
structure was perfectly airtight. The duration of the simulation was @@ hThe climatic load was severe
generating different heat and moisture phenomena such as condensation mdaoeting, alternating
drying and wetting of the exterior layer, and moisture redistributiorsat¢h® contact surface between two
capillary active materials. The materials selected further complicated theTtaséirst layer had high
values for the liquid diffusivity property thus promoting extely fast liquid transfer. Depending on the
hygrothermal tool used this exercise can be easy or difficult. In théstba tool used was a commercially
available tool (designed specifically for practitioners) with limited flékybin modifying the input
parameters. The goal of the work was to conduct all exercises using the tool “right out of the box.” Cornick
(2006) describes the procedured to conduct this exercise using a practitioner’s tool.

Error Analysis

Solutions to the above exercise “pass” if the results lie within a certain band range surrounding the
“accepted” solution, considered to be a secondary mathematical truth standard. This method (i.e., use of a
band of acceptance) was based on the analogy with the Student t-distribuitatistical method for
treating random data where the number of observations is low. Undfercenditions, the t-distribution
gives a better confidence interval than the normal distribution. Tifedeace interval for each calculated
data point in time can be calculated from Equation 4.

—_— O' —_—
x—tp L <U< X+

O-X
= 7 @

In Eqgn. 4, X is the mean value of the sample sgtjs the unbiased standard deviation of the sample
set,  is the expected value, n the number of observations, and p the total risk that the bamcteptance
does not contain the true numerical solutignista function of n and p. For example if the number of
observations, n, is 8, the degrees of freedom, f, for the taght-distribution is 7; i.e. n-1. For the
HAMSTAD benchmark exercises the confidence interval was 0.1%; i.e. a 99.9% d¢haht¢ke band
contains the correct solution.

Grid dependency

The exercise was performed using five different grids. The default gridrisadd00 nodes, 60 in the
load-bearing material and 40 nodes in the finishing material. The variatigé/an in Table 2. The same
time step was used for all the grid variations, specifically 364l theagrid variation exercises the result

Verification and Validation: Establishing Confidence in Hygrothermal Tools IRC-RR-278 8



National Research Council, Institute for Research in Construction VEDOO9,

fell within the band of acceptance demonstrating that for this exercise thi®rsalas insensitive to the
grid selection.

Time step dependency

In order to investigate the effect of time steps the exercise was performediusinigferent time
steps, 3600s, 1800s, 360s, 36s, and 4s. The same gricsechfor all the time step variations, a 100-node
grid. The results show that total moisture content of the load-lgelasier is dependent on the time step.

Figure 5 shows the moisture content at the outer surface. The acceptech stiatim represents the
average value of programs that participated in the HAMSTAD exercise (Hagentoft 803). ahd is
considered to be the accepted solution to the exercise. The confideiteeljpness the band of acceptance
for the 99.9% confidence grade (Cornick 2006). Longer timesst€1800s to 3600s generated solwion
outside the band of acceptance. A time step of 360s generated results #hatonsstent with the
HAMSTAD results and within the confidence bands. Shorter time steps prbchmeasingly marginal
improvements if any. The same trend was apparent for the outer andunfa@e temperatures, although
the inner surface temperature was less affected by the exterior climateaoddbgerefore the effect of
changing the time step was less. Figure 6 shows the moisture conte tnafilgh the structure at 96
hours. The results were consistent, showing a pronounced dffaettome step on the results.

VALIDATION

After verifying whether the physics have been correctly implemented in #asionutool the next step
was to validate the program. Validating modeling tools consists of dgrating that physical models
implemented in the model are representative of the real world. There are ya/towalidate a model. The
first is to take laboratory measurements and then test the simulg@gdmstathese measurements. The
second is to take field measurements and test the simulation ababest In the former case controlling
the boundary conditions and taking measurements is easier than igldh@dwever, carefully controlled
laboratory experiments can be expensive and laborious. Fieldirapsnts can be as expensive or even
more expensive than laboratory testing. In the field control ohtbary conditions is difficult at best and
the taking of appropriate measurements may be difficult if not implesSihe determinations of material
properties can be difficult as well and sometime impossible dependirigldresting facilities. Both
methods have advantages and disadvantages. Two examples of se@esx@plied to a hygrothermal
simulation tool follow.

Table 2
Grid variations for common exercise. Rows are for a particular grid. Numbers indicate the
numbers of nodes per layer.

L oad-bearing layer Finishing layer
60 40
30 20
15 10
7 5

Verification and Validation: Establishing Confidence in Hygrothermal Tools IRC-RR-278 9
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50

40
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20

10

T [°C]; Interior vapour pressure [Pa/100]

80

60

40

20

T [°FI; Interior vapour pressure [psi*100]

-40

0.001

T,= 10°C; T;=20°C; p, ,=1150 Pa

ps,=(935-2285) Pa

926

ps,i

HMTeq,a-Ta

W Rain flux

0.0008

0.0006

0.0004

0.0002

Time [h]

T.= 50°F; T,=68°F; p, ,=0.1668 psi

p.,=(0.1356 - 0.3314) psi

96

ps,i
HMTeq,a-Ta
M Rain flux

0.0012

0.0009

0.0006

0.0003

1 0.0000

120

-0.0003

Time [h]

-0.0006

Rain flux [L/m?s]

Rain flux [gpmift’]

- =

eq,a

ps,a

Rain

0.10m 0.02m

3.94in. 0.79in.

Figure 4— External and internal climatic loads (Sl top and I-P bottom). Heatftoad
exterior is given in terms of differences between external equivalgpf,and
external air temperature, IMoisture load on the external side is given as a rain
flux and vapour pressure, and on the internal side as the vajaotial
pressure, y at a constant temperature (adapted from Hagentoft et al. 2003)
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15

4 s time step
36 s time step
& 360 s time step
O 1800 s time step
10 %— 3600 s time step X
———Accepted
= *CH(p=0.1%)
= = CHp=0.1%)

Moisture content [%]

120

Time [h]

Figure 5— Moisture content profile of the outer surface for the duration dilaition.
The accepted solution is the average result of an inter-model compaZtison,
and ClI- the upper and lower 99.9% confidence limits.

N
[N
X O

18 —

17 - -

Moisture content [%]
-
s

C=NWh OO~ WO®

- 4 s time step

36 s time step
360 s time step
1800 s time step
3600 s time step
Accepted
*Cl+(p=0.1%)
Cl{p=04%) 11

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x, 0

Figure 6— Moisture content profile through the structure at hour 96 of the sinulatio
The accepted solution is the average result of an inter-model compaZtison,
and ClI- the upper and lower 99.9% confidence limits. The x-valwadgfrthe
layer has been normalized.
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Laboratory Testing

This exercise was based on a series of large-scale drying experomedteted to provide benchmark
data for hygrothermal models (Maref et al. 2004b; Maref et al. 2088¢f et al. 2002a). A series of full-
scale 2.43m (8ft) square samples was constructed. The basicefeatied to as Set 1, comprised a layer of
Oriented Strand Board (OSB) on the exterior side, a layer of low-deitsitglass batt insulation in a stud
cavity, and a sheet of 6-mil polyethylene on the interior side. Nagations on the basic wall were also
tested. The Set 2 wall was the same as the Set 1 wall except that a layer afrsfacthgolyolefin (SBPO)
was added to the exterior side on top of the OSB. The Set 3 wall was also the gmeedd wall except
that a layer of 60-minute building paper was substituted for the SBIROSat 4 wall was the same as Set
3 wall except that a layer of gypsum was added to the interior side orf tbp polyethylene. Before
testing proceeded, for each set, the OSB layer was immersed in a tankeuntipthary saturation limit
was nearly reached (Kumaran 1996). The constructed walls were then held iollewnttimatic
conditions. Drying curves for the OSB layers were determined usingcs@rweighing system within a
climatic chamber (Maref et al. 2002b). The results of the experiments aareldta sets comprising a
drying curve and the concurrent environmental conditions.

Each wall set was modeled using the hygrothermal simulation tool. Mategedsselected from the
library of common construction materials shipped with the tool. Thiermais from the program library
were chosen to match the materials used in the experiment where possibégvifbemental chamber
conditions for each set were input to the program as exterior and interiliti@os as were the initial
conditions. The interior surface heat transfer and moisture transfer coeffiginetset to 10 W/fK (1.76
Btu/(h-ff-°F)) and 4.6-10 s/m (6.72-18° 1.46 Perm-in.) respectively for the interior. Similarly the initial
exterior transfer coefficients were set at 12 WKn(2.11 Btu/(h-f-°F)) and 5.5-10 (8.0-10"° 1.46 Perm-
in.). Four wall simulations were run to produce predicted dryingesute compare with the observed
drying curves.

Set 1. Wet OSB/Glass Fibre Insulati@émil Poly. The simulation results for Set 1 showed a good
correspondence with measured data. Results do show a slower predictedateyiagthe outset and a
faster drying rate near the end of the test (see Figure 7). Despite this ehendif between the predictions
and measurements was quite small, less than 1% absolute differenEmy(sed).

Set 2. SBPO/Wet OSB/Glass Fibre Insulation/6-mil P@he simulation results for Set 2 were
problematic. They diverged from the laboratory data. The pattéhe isame as the Set 1 results showing
slower predicted drying at the outset and faster drying predicted later on.Safitl2 however the
divergence near the end of the test was pronounced (see Figureor aralysis suggests that there was
some systematic error in the simulation, the systematic Root Means S&uneve(RMSES) being larger
than the noise in the results, RMSEu (see Figure 8). There were seveiblepesplanations for the
divergence. The material properties data of the SPBO and of OSB may davalifferent from those
assumed. It was possible that the modeling of exterior the bounday dayhe SPBO, for example
assuming perfect contact where perfect contact was not in fact obtained in the lab, e@sesbor the
interface between the OSB and SPBO was incorrectly modeled. After more investigatis found that
the most likely source of error was the difference between the assunpaitipo of the OSB and the
properties of the OSB actually used. For the drying experiment the vagomeability and suction
isotherm were the most critical properties. The OSB sheathing for the expsrimare selected from
several batches of OSB representing different production lines and batcbesdiVidual sheets for each
of the walls were selected randomly from these batches; four sets of pagsstikts of OSB were also
selected randomly from the batches in order to determine the hygrothmat®alal properties. The data
from these tests were combined with results from another project (Kumar@nt@®rm a comprehensive
set. Mean values for the various material properties were determined feosethds were the upper and
lower bounds (Kumaran et al. 2002). OSB is a heterogeneous material, amdnatehial properties were
expected to vary with in certain limits even within a specific manufactyreduction run. The mean
values represent the material properties that were included in the stock lidraing fhygrothermal tool
used in this study. The assumption was that the properties for any gbeenop OSB would be between
the upper and lower bounds. Thus, for any of the walls tested, thepf@gBrties may differ from those
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assumed for the simulation exercises. Sensitivity studies showed that the dryegjane sensitive to the
material properties, especially the water vapour permeance property, andcampared to the drying
curves generated using the upper and lower limits for the material propert®@SBo the results for Set 2
were closer to the measured results (see Figure 9

Set 3: 60-min. paper/Glass Fibre Insulation/6-mil Pbke Set 1, the simulation results for Set 3
showed good correspondence to the measured data. Initially the Sett8 wesa better than the Set 1
results (see Figure 7). Halfway through the test however there was aaigndfifference. The moisture
content of the OSB dropped and began to fluctuate. This sudden chahger@sponse however did not
seem however to be caused by any change in the conditions in the diih@atiber. The simulation tool,
using the chamber data, predicted a smooth drying curve continuindgtfeomitial phase. In this case the
divergence between the modeled and laboratory results was attributed toemeasdifficulties with the
weighing system. The unsystematic error or noise was greater thaystematic error (see Figure 8

Set 4: 60-min. paper/Glass Fibre Insulation/6-mil Poly./Gypsiiia simulation results for Set 4
were all similar in respects to the other three. The simulations aoakwer predicted drying rate at the
outset and faster drying rate near the end of the test (see Figure je Dréspthe error in the predictions
was small (see Figure.8

Field validation

Field validation consists of comparing computer program predictigiismeasurements taken in the
field. Field data can be obtained from dedicated field-testing facilifstasef and Rousseau 2007; Straube
et al. 2004; McNeil and Bassett 2007; Geving and Uvslgkk 2000) or thhemmonitoring of existing
buildings. The measurements in the former case are considerablyiffezdt than the latter. In field-
testing facilities there is a certain degree of control of the test parameters é&xe external boundary
conditions. Monitoring existing buildings however presents a numbgractical difficulties including but
not limited to the characterization of air leakage and the determination ofahpteperties.

In 2000 at Voll Trondheim in Norway Geving and Uvslgkk perforraefield experiment on a test
house. The objective was to generate experimental data for the validatiopgrathermal models.
Temperature, relative humidity, and moisture content of various wallsoafidections were measured. A
detailed description of the configurations and materials used for the walls afsda® well as the
experimental setup are given in Geving and Uvslgkk (2000).

The exercise considered hereswased on Tariku’s work (Tariku and Kumaran 2006). Here an east
facing aerated concrete wall section 1.2m (3.94ft) wide, 0.3m (0.98fk) #nd 3.25m (10.7ft) tall was
considered. The exterior side was exposed to the ambient conditions. Caeniditibe interior were 23°C
(73.4°F) and 45% RH. Three temperature and relative humidityrsewsoe positioned at depths of 50mm
(1.7in.), 150mm (5.91in.) and 260mm (10.2in.). Exteriod @mterior data measurements within the wall
from the beginning of March 1996 through to the end of MarcI8 18&e used. In modeling the concrete
wall the concrete material properties were taken from a library of stock lguitditerials in the program.
The heat and moisture transfer coefficients for the interior were set at 8t84KA(L.47 Btu/(h-f-°F))
5.08-10° s/m (7.42 18° Perm-in.) respectively. The initial exterior coefficients were 34 {AKN{(5.99
Btu/(h-fé-°F)) and 2.07-16s/m (3.02-18° Perm-in.).
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Figure 7- Percentage error between predicted and measured total moisture contents for
the OSB layers for all four walls tested.
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Drying curves for Set 2
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Figure 9— Effect of changing the water vapour permeance. The average rogé& fies
are compared with the measured properties of a 10.1 mm sheeBardSa
20% variation in water vapour permeance.

The comparison between the measured RH values and the RH predicted hyrthieensnal tool are
shown in FigurelQ, Figurell, and Figurel2. Statistical measures comparing the measured and simulated
responses are shown in Table 3. Though the computer predictions trackezshthaed behaviour in terms
of response, the program consistently over predicted the moistubentan the outer layer; the MBE was
approximately 8%. Changing the moisture transfer coefficient (MTYCarb order of magnitude has a
substantial effect on the results, as shown in FigrxeThe MBE was almost zero in this case and the
MAE was considerably reduced as is the RMSE. However, from Fib)ré was clear that the early
events were not correctly modeled. Changing the MTC did not improvegbks in the middle of the wall
(see Figurel1). Not surprisingly, changing the exterior MTC had no apprecialdetedn the results of the
interior layer (see Figur#2). The difference in material properties may have been significant icahés
This was discussed by Tariku (Tariku and Kumaran 2006).

A significant bias was observed comparing the results at the inner laye¥igseel2). From Table 3
the MBE was-8.6%. Tariku referred to uncertainties in the boundary conditions dzgested by Geving
(Geving 1997) and speculated that a consistent underestimation of ther irglative humidity occurred.
The suggested bias was 10% of measured RH, which was consistent witreptBted in Table 3. To test
this subsequent simulation runs were run using interior RH conditid¥tsabove the reported conditions.
Raising the interior RH improved the prediction of the moisture contengé abiler and middle layer (see
Figure 10, Figure 11, and Figurel?) but had little effect on the moisture content near the outer layers. In
general each variation on the original input improves the prediction in térensor (see Table 3). Whether
the variations can be soundly defended is not discussed here. The corretafficient shows some
degree of correlation between the predicted and measured RH howevantalbisnprovement could be
made. Similarly the F-test suggests that variances of the data setssiamtsally different and therefore
the two data sets cannot be considered to be the same. Two posgibbésierst themselves; the simulation
program did not “pass” the test or data set from the field test is flawed. No definitive determination is
possible here. This case illustrates the difficulties of validating modeig field test data.

Verification and Validation: Establishing Confidence in Hygrothermal Tools IRC-RR-278 15



National Research Council, Institute for Research in Construction VEDOO9,

. .
5=
50.0
e =2
14
——Measured Outer
20.0 —— Modeled Outer
Lower MTC
10.0 i Elevated Interior RH
D) WWWWwWwWwwWwoWweowwwOSERRDRRERDNSRSRSERNSNSDRSDR RGO 0 0 0
L - - = - - - - - - T - - - - - - - - - - - - - - - - - - - - - - - - ]
e e = O e e - e O e = O O = = e = - - - )
TS SES5SSSSSSSSESSSSESSESSSSSSSESS55S555S8E
0 uwn
5EEﬁ;ﬂﬁﬁEERﬁrE5«3:5Enﬁﬁpﬁﬁvgggﬁﬂﬁﬁﬁﬂﬂgﬁmﬁ
SRrEgONCETGHNNS Srrgofse o8 gNe Srcgsgoazs
dFA&G FEOKR BOSrrdrd M¥IBS KIorvzdwE AFW ©OKk©
=

Figure 10 — Comparison of measured and computed relative humidity at the outer
section. Three scenarios are shown; 1) reported values and defffittients,
2) a low MTC, and 3) an elevated indoor RH.

DISCUSSION

In this paper a commercially available hygrothermal simulationdesigned for practitioners was put
through a series of exercises. No adjustments to the program were madeinise the differences
between results from simulation and those of the experiment; it was used “out of the box”. Through the use
of published analytical and common exercises, it is possible to eltanime confidence the in 1-
dimensional hygrothermal simulation tools, and by extension ptiograms of similar type provided they
produce similar results. This, however, is not currently poséiblestablishing confidence in 2- and 3-
dimensional program as there are no such exercises availablarkyithiere are few high quality datasets
based on laboratory or field data for validating programs. Thecisgerpresented show the difficulties
encountered when trying to validate a programs. The main difficulties rcontlce establishment of
boundary conditions, material properties, and especially the appropriaferticoefficients. In some cases
it may not be possible to adequately simulate the lab or field wpdcisdly when the input parameters are
restricted, as is commadn practitioner’s tools. In the case of the program used in this paper the common
exercise specified conditions could not be input. This was handled Lfyimgdhe input files to generate
equivalent conditions on the surfaces. This emphasizes the poinwithaa good understanding of the
program at hand many conditions can be successfully modeled. Mapeopérties however are
problematic. The simulation tool used in this paper allows usedgfioe new materials. When material
properties were specified it was possible to adequately complete the exercisessnwhere the material
properties were not specified materials were selected from the a stock liaekyof materials data or a
constrained selection can limit a simulation tool such that a gaogargion between results may not be
possible.

Another significant factor contributing to differences between laboratg@graments and simulations
reported on here was the manner in which the modeling of interstitial sirfacelaries was treated.
Hygrothermal simulations generally assume that there is a perfaectbetween layers. In fact, in real
systems this is usually not the case. The net affect of this assonmptibat the drying rates in the
simulation runs can be decreased; i.e. increased contact resistance sjavgs dhis, in turn
underestimates the loss in moisture content over time to the environmathieodayers, and can lead to
higher estimates of moisture content. Other differences can be attributedrtier rof other factors such
as grid size, time step, etc. For most programs that use impligirsogrid size and spacing are generally
not an issue except at the surface boundaries. The selection of timdeptapls on the nature of the
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problem. Problems with severe changes in boundary conditions lolem® involving capillary active
materials may require time steps shorter than the standard hourlgtémelf a program is limited to
hourly time steps, then establishing a correspondence may not liigyass was shown in the common

exercise.
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Figure 11 — Comparison of measured and computed relative humidity at the middle
section. Three scenarios are shown; 1) reported values and defffidients,
2) a low MTC, and 3) an elevated indoor RH.
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Figure 12 — Comparison of measured and computed relative humidity at the inner
section. Three scenarios are shown; 1) reported values and defeflittients,
2) a low MTC, and 3) an elevated indoor RH.

Table 3
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Statistical errors for all the wall sets; Mean absolute, mean bias, root means squared error.
RMSE systematic and unsystematic errors are also given as well as the correlation
coefficient and F-Test statistic.

MAE MBE RMSE RM SE, RMSE, Oxy F-Test

Case 1 2 3 1 2 3 1 2 31 2 3 1 2 3 1 2 3 1 2 3
InnerRH 9.1 10 5.1 -8.6 -9.5-4504040.20.3030.20.20.10.20.80.80.80.00.00.0
Inner T 0.70.70.7-0100-010101010000000101011010100.30.30.3
Middle RH 6.1 9.2 4.1 -5.3-8.6 -24 0.3040.20.20.30.10.20.20.2050.7040.0050.0
MiddleT 0.9 0.9 09-0.1 0.0 -010.10.10.1000000010101101.0100.30.20.2
OuterRH 8.1 3886 79 -0.8 85 0.40.20.40.00.00.03.02.73.00.6080.60.00.10.1
Outer T 1.71617-10-09-100101010000000101011010100.1010.1

Case 1 - Reported results, 2 - Low Moisture transfer coefficient/e&sated Indoor RH;oy , -
correlation coefficient

CONCLUSIONS

As with any building simulation tool, hygrothermal simulation tasded for assessing hygrothermal
performance of wall assemblies should be verified and validated befere een be confident in the
results. The task of validating simulation tools is evidently bmtdifficult and time-consuming task
without appropriate tools and a methodology from which, at least, eralbassessment of the degree to
which the program reproduces the measured results can rapidly be ascehtathédd paper the task of
verifying and validating a hygrothermal thermal simulation tool wamahstrated using a publicly
available practitioner’s tool. The general process of the methodology followed was 1) analytical
verification, 2) comparative testing, 3) and empirical validation. Aitalyand comparative testing of the
program was undertaken using a suite of exercises expressly validatiimgerdsional hygrothermal
models. This was a comprehensive effort a portion of which was reportieid paper. The results for this
particular program were very good. Similarly, empirical validation wasiech out using data from
laboratory and field experiments designed for such a purpbseesults here, however, were mixed.

One result that became clear was that validating hygrothermal models isltdéfitest, especially
without guidance. ANSI/AHSRAE Standard 140 provides the guidance fat iwmeeded for validating
building energy simulation models but there is no comparable staridardygrothermal. First and
foremost, a methodology is required. Analytical solutions khbe developed where possible as well as a
set of common exercises that can be used as a secondary mathematisthridehd. High quality data
sets to fully exercise 1-, 2-, and 3-dimensional models are alsoa@égDiagnostic tools also need to be
developed or incorporated into the exercises analogous to the diagnostidupescim ANSI/AHSRAE
Standard 140. There have been many experiments conducted to validagotgbsimulation tools.
Perhaps the results of these experiments could be collected and publistdada sets to serve as
benchmarks. Establishing a methodology of verification and validafidnygrothermal simulation tools is
especially relevant as standards such as ASHRAE 160-2009, whichugileance for moisture design, rely
on the use of hygrothermal models for compliance.

Attempting these exercises made clear another requirement for practitioneesfodonof guidance is
needed to assist practitioners to make effective use of tools. Sometheygral models aimed at
practitioners may have limited inputs, thus limiting the need fatagnce. The drawback is that this limits
the applicability of the tool. In this case, users can create equivaleditions if they have a good
understanding of how the tool works. If more flexibility is givench as with the tool used here some
guidance is required. Some general guidelines involving the treatmenbunfddries, surface and
interstitial, grid resolution, time step selection, transfer coefficient$, naaterial properties is required.
Many, but not all, of these issues have begun to be addressed in ASktR#dard 160-2009.
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