EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Eindhoven University of Technology

MASTER

Analysis of hygrothermal simulation software and the effect of convective heat and moisture
transport on hygrothermal risk assessment

van Rooijen, Daan

Award date:
2021

Link to publication

Disclaimer

This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain


https://research.tue.nl/en/studentTheses/96de05a9-5ee8-464f-9fe6-8ba66b8c09d8

EINDHOVEN July 2021
TU e UNIVERSITY OF
TECHNOLOGY

Analysis of hygrothermal simulation software and
the effect of convective heat and moisture

transport on hygrothermal risk assessment
Master thesis — 45 ECTS

Author:

D.j. van Rooijen
Student number:
1248677

| declare that my Master’s thesis has been carried out in accordance with the rules of the
TU/e Code of Scientific Conduct.

Supervisors:

Department of the Built environment H. L. Schellen
Unit Building Physics and Services L. C. Havinga
Eindhoven University of Technology H. Montazeri



Abstract

In the Netherlands, hygrothermal risk assessment is currently performed using static heat
conduction simulations. While this method is designed for newly built buildings, in practice it is
also used for refurbished buildings. Air tfransport is one of the factors that is not considered in
this method of hygrothermal risk assessment which may lead to inaccurate assessment.
Especially for refurbished buildings as air tightness can be harder to achieve than for newly
built buildings and the air fransport through leaks may lead to additional moisture fransport. A
literature review has been performed to assess hygrothermal simulation programs and their
capabilities. The results showed that not many studies included convective air transport or 3D
models in hygrothermal risk assessment. Even though the current capabilities of hygrothermal
simulation programs allow for more complex risk assessment, it is not often utilized. A case
study of a wooden frame wall was simulated using Delphin to assess the effect of convective
moisture transport. In this wall, holes were drilled through the internal sheathing and air
barrier. The simulation results could not be fully validated as there were some deviations from
the laboratory results. This might have been caused by the simplification of the 2D model
and/or limited material properties. This emphasizes the necessity to model air leakages in 3D
in order to ensure that the results are reliable. The simulatfion results from this study have also
been compared to a study that used COMSOL to simulate the same wall from the case
study. The results were comparable, but both the simulation results from Delphin and
COMSOL were not fully in line with the laboratory results. Some differences between the
COMSOL and Delphin simulation could be noticed. The COMSOL study used static boundary
conditions which reduced the accuracy of the results. Also, the total pressure in the
construction was different comparing the COMSOL and Delphin simulations. A sensitivity
analysis was performed to determine the influence of convective moisture transport and
pressure differences across the structure. It was found that convection drastically improves
the accuracy of hygrothermal simulation results near the air gaps. It was also found that small
pressure differences can have a large impact on the absolute humidity in the structure and a
gradual increase of pressure over the structure has a decreasing effect on the convective
moisture transport the further it increases.
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Notations

Symbol Description Unit

o Density [kg/m3]

U Specific internal energy [J/kg]

h Specific enthalpy [J/kg]

A Thermal conductivity [W/mK]

T Temperature [K]

S| Porosity / volume fraction [-]

K Permeability of pas / conductivity of liquid [ kg/(msPa) ]
o} Pressure [Pa]

g Gravity [m/s?]

R Gas constant [ J/kgK']
Dv;air Vapor diffusivity in free air [m2/s]

V] Water vapor diffusion resistance [-]

da Damping or mass coefficient [ 52/m2]

C Diffusion coefficient [-]

B Convection coefficient [1/m]

C Specific heat capacity [ J/kgK ]

w Water content [ kg/m3]
RH Relative humidity [%]

& Water vapor diffusion coefficient [ kg/msPa]
Y Vapor content of air [ kg/m3]

M Molar mass [ kg/mol ]
k Permeability [m2]

V] Dynamic viscosity [Pas]

F Volume force [ kg/(mMm2s2) ]
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Terminology

Terminology

Abbreviation

Explanation

Heat air and moisture
Dimension

Volatile organic
compounds

Hygrothermal

Convection (forced /
natural)

Diffusion

Capillary transport

Static
Dynamic

Moisture buffering

Air barrier

Darcy’s law

Permeability

Internal under pressure

Internal over pressure

No pressure

HAM

1D/2D/3D

VOC
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Used to describe all the factors for
hygrothermal assessment

Amount of geometric axis used in a model

Organic chemicals responsible for scents
and pollution in water or air

Combination of moisture and temperature
physics

The forced flow of a liquid or gas caused by
an external cause / Flow of a liquid or gas
caused by a difference in density

The effect that causes gas molecules to
move to create an equilibrium between
different concentrations

The transport of moisture within small pores
due to surface tension forces

Conditions remain the same over time
Conditions confinuously change over time

The occurrence of moisture storage in
objects which reduces the overall moisture
load in aroom

A small layer at the internal side of the wall
with the function to prevent air flow through
the structure

An equation to describe a flow through
porous materials

Determines the capacity of a material to let
gas or liquid flow through it

State where the pressure inside of the
building is less than the outdoor pressure
which forces an air flow from the outside to
the inside

State where the pressure inside of the
building is higher than the outdoor pressure
which forces an air flow from the inside o
the outside

State where the pressure inside of the
building is equal to the outdoor pressure



l; Infroduction

| - | Background information

An important objective in the Netherlands is to refurbish dwellings on a large scale. Especially
with refurbishments hygrothermal risks should be assessed. If one does not account for
moisture, retrofitting might affect building components and cause mold growth which can
be harmful to the occupants’ health and the durability of the construction. In the
Netherlands hygrothermal risks are regulated in the Dutch Building Decree [46]. One of these
regulations is the temperature ratio. This is a ratio for the relation between the indoor and
outdoor air temperature and the minimum indoor surface temperature. The general
consensus is that when this minimum ratio is satisfied, the hygrothermal risk caused by thermal
bridges is accounted for. The Standard NEN 2778 [47] describes how the tfemperature ratio
should be calculated. For this calculation a steady state heat conduction model is used.
Depending on the complexity of the component either 1D, 2D or 3D geometry can be used.
All the materials in the geometry are modelled using the respective thermal conductivities
and dimensions. At the end the minimum indoor surface temperature is calculated and this is
used to assess the hygrothermal risk. As this method only considers conductive heat transport
intfernal condensation and air tightness are not considered. In order to assess the
consequences of these aspects additional tests are needed.

| - Il Problem

The current assessment of hygrothermal risks is generally aimed at newly built buildings. The
regulation for refurbishments is less strict and often lower temperature ratios are also
accepted. Furthermore, some aspects which affect hygrothermal performance are not
considered in this hygrothermal risk assessment. Air-tightness and internal condensation are
two factors that should be included in a general hygrothermal risk assessment. Currently,
these factors are assessed separately which may lead to inaccurate assessment. Especially
for refurbished buildings as air tightness can be harder to achieve than for newly built
buildings and may lead to additional moisture transport. The effect of convective air
fransport on hygrothermal risk assessment is also not clear. This raises the question of whether
or not the current method of hygrothermal risk assessment is sufficient for refurbished buildings
when only steady state heat conduction is assessed. Even though there are a lot of different
hygrothermal simulation programs available, they are not often used and it can be difficult
to decide which one should be used.
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| - Ill Research questions

Main question

Can hygrothermal risks be accurately assessed using dynamic heat and moisture (HAM)
transfer models which include a dynamic indoor climate and convective HAM transport?

Sub Questions

- What heat and moisture transfer software is currently used in literature for
hygrothermal risk assessment and what are the capabilities of these programs?

- Which of the currently available dynamic HAM fransfer software is suited to
accurately evaluate hygrothermal risks of refurbished buildings?

- Can a hygrothermal risk be accurately simulated using a HAM transfer model with a
dynamic indoor climate and convective HAM transport?

- Whatis the difference in accuracy when convective moisture tfransport is considered
compared to a simulation without air fransport?e
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Il: Literature study

lll - 1 Search strategy

A literature study has been carried out to find hygrothermal software that is currently used in
studies to examine hygrothermal risks. The database that was used in this literature study is
ScienceDirect. The search combinations that were used can be found in Table 1. All of the 6
combinations were searched for in the database. Category 2 shows the search words
dynamic and convection. These two search words are used as the current hygrothermal risk
assessment is based on static heat conduction simulation, and the aim of the literature study
is fo find more advanced software which include dynamic and convective HAM fransport.

Category 1 Category 2 Category 3
Hygrothermal Dynamic Refurbish
Convection Refrofit
Renovation

Table 1 Search combinations

In addition to these search combinations some exclusion criteria were used. The goal of this
literature review is to assess heat transfer software that can be used for the current
hygrothermal assessment of refurbished buildings. Only studies after 2010 are used as studies
before this time are far less likely to have used advanced HAM transfer software. Books were
excluded as the aim is fo find recent studies which used advanced software. Only studies
published in English were used.

Il - 1l Data extraction

In Table 2 the results of the literature search are shown. In the data extraction only studies
which included heat and moisture transport were examined. Also studies which performed
hygrothermal risk assessment with a method other than simulation were excluded.

Database Unique hits Usable hits

ScienceDirect 359 45
Table 2 Database hits

Il = 1Ill Assessment criteria

For this literature study certain criteria are chosen to assess the used software in the literature.
The following criteria were assessed:

- Included heat transfer methods

- Included moisture transfer methods

- Dimension of the model

- Moisture buffering in rooms

- Coupling with a whole building model

- Moisture analysis

- Method of risk assessment
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Il = IV Results

The results from the literature review are presented below. First of all, the results for the HAM
fransfer methods that were used in each of the studies are shown in Table 3. Table 4 and 5
show the used HAM tfransfer methods that were used for every study. Furthermore, Table 6
shows the used dimensions in combination with the different simulation software. Finally,
Table 7 shows the methods of hygrothermal risk assessment in each of the studies. The entire
overview of the literature search can be found in Appendix 1.

HAM transfer software Number Articles
of studies
WUFI plus 3 [1] [26] [45]
WUFI pro 13 [2] [10] [11] [13] [17] [20] [21] [24] [28]
[31] [33] [35] [38]
WUFI 2D 5 [4] [9] [13] [30] [34]
COMSOL 2 [3] [9] [16] [27] [30] [34] [39] [40] [43]
Delphin (version not 7 [14] [19] [23] [29] [37] [42] [44]
specified)
Delphin 5 2 (8] [32]
Delphin 5.8 [5] [6] [12] [18] [25] [36] [41]
Delphin 6 ] [15]
Bsim 1 (7]
HAM4D_VIE 1 [22]

Table 3 Used HAM transfer software

Used HAM tfransfer software

2% _ 2%
1 2%

EWUFI ®mComsol ®Delphin EBsim ®mBHAM4D_VIE

Figure 1 HAM fransfer software pie chart
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Heat transfer method

Hygrothermal Conduction  Convection Radiation
software WUFI 13 ) 6
COMSOL 5 4 3
Delphin 17 2 3
Bsim . - i,
HAM4D VIE - - ]
Table 4 Heat transfer methods of examined studies
Moisture transfer method
Convection Diffusion Capillary  Driving
Hygrothermal rain
software
WUFI - 14 3 10
comsoL 4 4 4 3
Delphin 2 16 8 10
Bsim - I - -
HAM4D VIE 1 - - -
Table 5 Moisture transfer methods of examined studies
Dimension
1D 2D 3D
Hygrothermal WUFI 15 6 )
software | comsol 3 2 3
Delphin 10 9 !
Bsim I - -
HAM4D VIE - - !

Table 6 Model dimension of examined studies
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Method of risk assessment Number Articles

of studies
Mold growth model 7 [1] [3] [4] [11] [13] [14] [20]
Occurrence of 5 [2] [3] [6] [17] [20]
condensation
Based on relative 22 [7]1 [15] [18] [19] [20] [21] [22] [24]
humidity and [25] [26] [27] [29] [31] [32] [33] [34]
temperature (mold index) [35] [38] [39] [41] [42] [44]
Occurrence of moisture 5 [?] [10] [24] [28] [36]
accumulation
Freeze-thaw assessment 4 [12] [14] [30] [44]
Time of Wetness 1 [13]
Corrosion propagation 1 [23]
model
Not reported in study 7 [5] [8] [16] [37] [40] [43] [45]

Table 7 Risk assessment considered in the studies

lll - V Interesting findings literature review

From the 45 studies examined in the literature review, almost all performed hygrothermal risk
assessments using Delphin, COMSOL or WUFI. Only two of the studies used different software.
BSim and HAM4D_VIE. The study using BSim only simulated dynamic diffusive moisture
fransport for a one-dimensional whole building model [7]. HAM4D_VIE was used to simulate
static convective moisture transport for a three-dimensional model [22]. The capabilities of
this software cannot be determined from the literature review as these are only represented
in a single article.

The other found software were COMSOL (19%), Delphin (33%) and WUFI (44%). For WUFI three
different versions were found. These are WUFI plus, WUFI pro and WUFI 2D. WUFI pro and WUFI
2D are used for the simulation of building components either one- or two-dimensional. With
WUFI 2D allowing for more complex simulation compared to WUFI pro. WUFI plus is designed
for the simulation of whole buildings considering one-dimensional transport. [48]

The used HAM transfer methods of each study give an indication of the capabilities of the
software. As mentioned before the BSim and HAM4D_VIE capabilities are not representative
as they were both only used in one study. COMSOL, Delphin and WUFI all had studies that
included heat conduction, heat radiation, moisture diffusion, capillary moisture transport and
driving rain. This indicates that all of the models should be able to simulate these HAM
fransfer methods. Convective heat and moisture fransport was only included in 6 out of the
45 studies. Four of these studies used COMSOL and two of these studies used Delphin. Out of
the two studies which used Delphin one of them simulated convective HAM fransport with an
additional zone model.

The literature review also shows which dimensions are commonly used with the software.
Most studies used either a one-dimensional or a two-dimensional model. Only 5 out of the 45
studies examined a three-dimensional model. None of the studies which used WUFI
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examined a three-dimensional model. Most studies which examined three-dimensional
models used COMSOL. One study noted an extension for Delphin 5.8 which can simulate
three-dimensional models, but the HAM transfer capabilities are not reported. [6]

Some articles of the literature review used whole building simulatfion coupling. These studies
used the output of whole building simulations as the boundary conditions for hygrothermal
risk assessments of construction elements. WUFI plus and BSim already include whole building
simulation with one-dimensional hygrothermal component assessment. Some of the other
studies used a second model to perform whole building simulation. In two studies HAMBase
was used in addition to a simulation in COMSOL. [3] [43] HAMBase is a multi-zone model built
in Matlab used to simulate heat air and moisture fransport in multiple zones of a building.
Another whole building model that was used in combination with COMSOL is TRNSYS. This is a
whole building simulation program often used to simulate transient systems [56]. Only one
study used Delphin with numerical calculatfions to simulate the whole building [5].

All of the studies found in the literature review assessed hygrothermal risks. The method that
each study used was also examined in the literature study. 22 out of 45 studies based their
hygrothermal risk assessment on the found humidities and temperatures, some of these
studies also used a scale to determine mold growth based on humidity and temperature
(mold index). 11 out of the 45 studies used a mold growth model. The other studies used
methods like the occurrence of condensation, moisture accumulation, freeze thaw
assessment, time of wetness criteria or a corrosion propagation model.

Il - VI Conclusion literature review

The literature review showed that not many studies include convective moisture transport
and/or simulated 3 dimensional models. Furthermore, a limited amount of studies coupled
whole building simulation and hygrothermal risk assessment of construction elements. The
current capabilities of hygrothermal software allow for more complex risk assessment, but this
is not often utilized.
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IV: Validation study

The simulations in Delphin are validated using the measurements from a laboratory study. This
laboratory study was performed at the Tampere University in Finland by Juha Vinha and Pasi
Kdakeld. In the study water vapor fransmission was examined in different wall structures
considering diffusion and convection. [53] A total of eight wall structures were tested in three
pressure situations. The test started with an under pressure period followed by a period of no
pressure difference and the test ended with a period of overpressure. All of the examined
walls were timber frame walll structures with external wooden cladding and a vapor barrier.
Holes were drilled in three of the eight wall structures to examine the effect of leaks in the
external sheathing and vapor barriers. To examine the test wall structures a climate chamber
was built. In the climate chamber the indoor and outdoor air were conftrolled and the fest
element was placed in the middle. Sensors were applied in the test element as well as in the
warm and cold chambers. Figure 2 shows the test arrangement used in the study.

FREEZER EVAPORATORS AND FANS | !
| |
STRUCTURE TO BE TESTED | @ §
WARM CHAMBER PROTECﬂVECHﬂMBER

METAL BAND

| OUTER BAFFLE
T+ SENSORS

INNER BAFFLE

+ SENSORS ~ —
HEATER /Rm\.
+FAN - )

| oUTER
EVAPORATOR

INNER
EVAPORATOR

+ WEIGHING SENSOR [H

Figure 2 Test arrangement for the test on wall structures in the building physical test equipment. Copied
from Water vapour transmission in wall structures due to diffusion and convection. Publication 103
structural engineering. Vinha, J, Kakeld, P (1999). p. 42
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IV — | Measurements and conditions

The test wall that is used to validate the simulations in Delphin is test wall 8 from the laboratory
study. This test wall was chosen as it was set up to have the most permeable properties. To
further increase the permeability holes were drilled through the internal sheathing and vapor
barrier. As this setup is very permeable, the effect of convective moisture transport should be
noticeable and can therefore be used to validate the simulation of convective moisture
transport. In Figure 3 the structure of test wall 8 is shown. The specific boundary conditions
used in the laboratory study are noted in Table 8 with the respective test period durations.

STRUCTURE

External cladding, horizontal paneling (22 mm)
Ventilation gap ?25 mm)

Porous fibreboard (12 mm)

Cellulose insulation (200 mm)

Building paper

Porous fibreboard (12 mm)

Figure 3 Structure of test wall 8 Copied from Water vapour transmission in wall structures due to diffusion
and convection. Publication 103 structural engineering. Vinha, J, Kdkeld, P (1999) p. 101

Test boundary conditions

Test period Under pressure  No pressure  Overpressure
Duration 297.3h 256.8 h 231.8 h
Indoor temperature 20 oC 20 oC 20 oC
Outdoor temperature -10oC -10oC -10oC
Indoor relative humidty 50 % 50 % 50 %
Outdoor relative humidity 90 % 920 % 90 %

Pressure difference -10 Pa 0 Pa 10 Pa

Table 8 Laboratory test boundary conditions

The test arrangement allowed for a variety of measurements. In Figure 4 positioning of some
sensors in the test wall is shown. The following variables were measured in the study:

e Temperature [ ©°C ] - Indoor, outdoor and some surface temperatures
o Relative humidity [ % ] — Indoor, outdoor and in the porous sfructure

e Differential pressure across different parts of the structure [ Pa ]

e Humidity by volume [ g/m3]

e Velocity of air flow [ m/s ] — Indoor, outdoor and in ventilation gap

e Airflowrate [I/min]

e Moisture flow rate [ g/day ]

e Heat flow rate [W]
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LEGEND

Temperature sensor A

View from outside

RH/temperature sensor ol

Air flow transmitter X
75..79 .
Pieces of wood

Phenolic film pilywood 9 mm +
combi plywood 18 mm
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27 250, 300  31100,200 250 27 .

1185 224

Figure 4 Dimensions of test element 8 and positioning of measuring sensors Copied from Water vapour
fransmission in wall structures due to diffusion and convection. Publication 103 structural engineering.
Vinha, J, K&keld, P (1999) p. 101

-y

e & SV GRS WTeN

3o N

&b I

l'

Figure 5 Frame and bracing of the test element to which vapor barrier and inner sheet have been
attached. Copied from Water vapour transmission in wall structures due to diffusion and convection.
Publication 103 structural engineering. Vinha, J, K&keld, P (1999) p. 87
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Figure 6 Detachable horizontal paneling was used as exterior cladding in test walls. Copied from Water
vapour tfransmission in wall structures due to diffusion and convection. Publication 103 structural
engineering. Vinha, J, Kdkeld, P (1999) p. 87

Figure 7 (left) Test wall was installed in the opening and the edges were sealed.

Figure 8 (right) The external protective board with sensors was attached.

Copied from Water vapour transmission in wall structures due to diffusion and convection. Publication
103 structural engineering. Vinha, J, Kdkeld, P (1999) p. 89

Several conclusions were drawn from the laboratory study regarding convection. Firstly, if
there is an under pressure in the building or when an air barrier is applied convection does
not have to be assessed. Secondly, when there is overpressure in the building the size of holes
in the structure needs to be known in order to examine the effect of convection. Lastly, in
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practice it would be difficult to estimate the effect of convection as the number of air leaks
in the structure is largely dependent on the built quality of the construction. [53]

The laboratory study also reported that a lack of material properties hinders the accuracy of
hygrothermal modeling. For instance, the water vapor permeability, air permeability and
thermal conductivity properties have to be known under varying circumstances as some are
related to the temperature or relative humidity. At the time of the research, very limited
material data was available and it was concluded that additional research was needed on
the properties of building materials. [53]

IV -1l Balance equations in Delphin

Some of the balance equations that Delphin uses have been listed below. Delphin also has
functions for the simulation of radiation, driving rain and the behavior of volatile organic
compounds (VOC). These functions are not listed below as they are nof relevant fo the
laboratory study. All of the listed equations can also be found in the Delphin 5 manual [50].

Energy balance equation

3} d7r. .m .m .my

PREV = _5[Jinff + U1 *Jeony + Ug *Jcony + hv * g (1
With:

PREV = internal energy density reference volume [j/m3]
i = Heat conduction [ W/m?]
joomy = Capillary water flux [ kg/m2s ]
j:ffw = Convective flux of gas [ kg/m?2s |
ik = Diffuse water vapor flux [ kg/m3s]
U = Specific internal energy of liquid [J/kg]
Ug = Specific internal energy of gas [J/kg]
h, = Specific enthalpy water vapor [J/kg]

Heat conduction flow

. oT

= —Aw,T) = (2
With:

A(w,T) = Thermal conductivity [W/mK]

T = Temperature [K]

Total internal energy density

ngV = psOsus + p161u; + pgegug (3
With:

p = Density of the material [ kg/m3]

0 = Porosity of the material [-]

u = Specific internal energy [J/kg]
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Moisture balance equation

2 Pt = = [+ ooy + i

With:

Prey = moisture density in reference volume
jeony = Capillary water flux

jeony = Convective water vapor flux

it = Diffusive water vapor flux

Capillary water flux

. a
]?(ljlnv = —Kj (w) [% + P 'g]

With:

K; (w) = Liquid water conductivity
P = Liquid water pressure

] = Intrinsic density of liquid

g = Gravity

Convective water vapor flux

oo = Jeome [ 2]
pvtpPa Ry
With:
o = Partial water vapor pressure
Pa = Partial air pressure
R, = Gas constant air
R, = Gas constant water vapor
jo8 = Convective air flux

Diffuse water vapor flux

Jaite = _%‘if)'f(eg)'a% g = Bpor — 6
With:

Dy air (T) = Vapor diffusivity in free air

i = Water vapor diffusion resistance
04 = Volume fraction gas

Opor = Porosity

0, = Volume fraction liquid

f(8g) = Function of volume fraction gas
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Air balance equation

0 my _ 0 r.m
apRE?V T T ax []co?nv
With:
m _ . .
PrEV = Air density in reference volume
jeomy = Convective air mass flux

Convective air mass flux

.My .m \4 Ra .m ap
J?tlmv = ]cognv ’ [PvaPa ’ R_v] ]cognv = _Kg(w)[a_xg +pg- gl
With:

o = Partial water vapor pressure

Pa = Partial air pressure

R, = Gas constant air

Ry = Gas constant water vapor

joB = Convective air flux

Kq(w) = Gas permeability

Pg = Gas pressure (air and vapor)

Pg = % = Intrinsic density of gas

8

[ kg/m3]
[ kg/m2s]

[Pa]

[Pa]

[287.10 J/kgK]
[ 461.89 J/kgK]
[kg/m3s ]

[ kg/(msPa)]
[Pa]

[kg/m?]

In order to solve the balance equations, one has to know which of the flux expressions are

independent. For the Delphin model the water vapor diffusion flux, convective gas flux,
capillary water flux and heat conduction flux are independent. Using these independent

fluxes the balance equations can be solved.

IV - lll Balance equations in COMSOL

The laboratory study has once before been simulated in a study using COMSOL. The study
was carried out in 2014 by C. Allué Hoyos at the Tampere University [57]. In the study the
accuracy of COMSOL simulations was analyzed using measurement from the laboratory

study. In the first part of the study only diffusion simulation was assessed. And in the second

part of the study test wall 8 from the laboratory study was assessed considering all fransfer
methods. In the study it was concluded that some of the results simulated in COMSOL were
close to the measurements from the laboratory study, but the overall results did not match
well. The study questioned the equations and material properties used for the simulation.

The balance equations which were used in the COMSOL simulation are listed. These

equations can also be found in the article of C. Allué Hoyos [57].
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Heat and moisture transfer balance equation

dy 22+ V- (—cVu) + B-Vu =0

With:

d, = Damping or Mass Coefficient
c = Diffusion coefficient

B = Convection coefficient

Heat and moisture storage

L0 pCpw + CpsW 0] _ Z—I \

a ot 0 g] |orRH

at

With:
p = Density
Cp,w = Specific heat capacity water
Cps = Specific heat capacity solid
w = Water content
T = Temperature
RH = Relative humidity

Heat conduction and moisture diffusivity flux

A+ H,8,RH - vsat 5 b

VT
V- (—cVu) = — N -V
6pRH ' paV;at 8ppvsat [VRH
A = Thermal conductivity
H, = Latent heat of phase change
8, = Water vapor diffusion coefficient
Dusat = Partial water vapor pressure

Convective heat and moisture flux

[ . Rair
|:u Cp,airT patm] 0
. _Rair [0]
B -Vu = v Cp,airT patm . VT
u- RH-My OPpvsat u- MwDPvsat VRH
RT at RT
V- RH-My OPysat . MwDvsat
RT at RT
u = Velocity vector
v = vapor content of air
Rair = gas constant of air
Cpair = Specific heat capacity air
Patm = Atmosphere pressure
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(10

[ s2/m?]
[-]
[1/m]

(11

[ kg/m3]
[ J/kgK]
[ J/kgK]
[ kg/m?3]
[K]
[%]

(12

[ W/mK]
[J/kg]
[ kg/msPa]

[Pa]

(13

[m/s]

[ kg/m3]

[ 287.058 J/kgK ]
[ J/m3K ]

[Pa]
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Pvsat = Saturation vapor pressure [Pa]
M, = mean molar mass of water [0.018 kg/mol ]
R = Ideal gas constant [8.314 J/molK ]

AIr transfer balance eguation

%((u-V)%) =V [—pl +%(Vu+ w7 —%(Vu)l] - (klbr)u+ F (14
pV:-u=20
€p = Porosity [-]
p = Pressure [Pa]
= Dynamic viscosity [Pas]
I = Identity vector [Pa]
Kpr = Permeability [m2]
= Volume force (influenced by gravity) [ kg/(m2s2) ]
u = Velocity vector [m/s]
= Density [ kg/m3]

IV - IV Comparison of balance equations in COMSOL and Delphin

The balance equations that Delphin uses can be compared to those used in the COMSOL
study. One difference that can be noticed is that the study in COMSOL left out capillary
water transport. In the study it is mentioned that the addition of capillary HAM transport was
considered, but it was neglected as the effect was noft significant and it impacted the
computational speed. As can be seen in eq. 5 the model in Delphin uses a function for the
liguid water conductivity related to the moisture content to calculated capillary fransport.
Secondly, a difference can be observed regarding vapor diffusion. The COMSOL study used
the water vapor diffusion coefficient whereas the equation from Delphin mentions the water
vapor diffusion resistance. However, it should be noted that Delphin also has the option to
use the water vapor diffusion coefficient [50]. Another difference can be notficed when
looking at the air fransport equations ? and 14. The model in Delphin makes use of Darcy’s
law to calculate air fransport in porous materials. In the COMSOL study Darcy’s law is also
used, although both models use slightly different materials properties for the air permeability.
Additionally to Darcy’s law the COMSOL study used the brinkman equation to model fluid
flow in porous materials with high porosity’s. The permeability used in the COMSOL model is
also different from the permeability that is used in the Delphin model. However, the
permeabilities are related and can be converted using eq. 15.

Kpr
K, = -kr. 15
g=, P (
K = Gas permeability [ kg/(msPa)]
Kpr = Permeability [mM2]
1 = Dynamic viscosity of air [1.7e-5Pas]
p = Density [ kg/m3]
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IV - V Delphin model setup

The laboratory study was used to build a simulation model in Delphin 6.1.0. The material
properties, boundary conditions and dimensions all followed from the laboratory study. Some
parts of the model have been simplified. In Figure 9 the overview of the simulation model can
be seen. It should be noted that the setup is mirrored compared to the laboratory setup. This
has been done so that it would be easier to compare some of the results to a different study

in which COMSOL was used to simulate.

12mm 200mm 12mm

*————0o
®

297.5mm

5mm

95mm

5mm

Indoor

728.5mm

Building paper

Outdoor

Porous wood fibreboard 12mm
- Building paper
- Cellulase insulation

Air gap

Figure 9 Dimensions and materials simulation model
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IV - VI Model simplifications

Comparing Figure 4 and 9 one can notice that some simplifications have been made to the
simulation model.

First of all, the wooden cladding on the external side of the structure has been omitted. The
reason for this is the complex nature of cavities. Many different properties would have to be
known in order to properly simulate the effect of the cavity. Furthermore, extensive
measurements were already performed in the cavity of the structure. Therefore, the climate
conditions in the cavity can directly be used as the boundary conditions of the model which
makes the modeling of the wooden cladding unnecessary.

The second simplification is the omission of the wooden framing in the structure. As can be
seen in Figure 4, the distance between the wooden framing and the sensors in the structure is
at least 0.2 m from all sides. This distance limits the effect of the wooden framing on the
sensors. Also, the properties of the wooden framing were not clear from the laboratory study
which further supports the omission of the framework.

The last simplification regards the dimension of the simulation model. Currently, it is not
possible to simulate the effect of convection in Delphin using a three-dimensional model.
Therefore the model has been made two-dimensional so that convection can be included.
As can be seen in Figure 4, the structure largely consists of continuous layers. Except for the 6
holes that were drilled through the internal sheathing and vapor barrier. It is not possible to
model the circular holes in a two-dimensional model as can be seen in Figure 9. The gap in
the porous fiberboard and building paper is filled with an air layer. Because of the two-
dimensional model the gap is essentially continued over the length of the structure. This
would mean that instead of circular holes a linear gap across the structure is modelled. The
difference between circular holes and a linear gap across the structure should have a limited
impact on the thermal conduction and vapor diffusion. Mainly because the cellulose
insulation is not impacted by the linear gap and is mainly responsible for the thermal
resistance. The structure is also already very vapor permeable so this would not be greatly
increased by the linear gaps across the structure. However, the vapor barrier and sheathing
also prevent air from entering the structure so this linear gap would increase the convection
through the structure. To account for this the permeability of the air gap has been increased
so that the flow in the simulation is equal to the flow in the laboratory study. The permeability
that is used for the air gap is 1.7e-5 kg/(msPa). Figure 10 shows the flow through the structure
as determined by the laboratory study and the simulation model in Delphin. The simulated
flow rate shown in Figure 10 is not fully in line with the measurements from the laboratory
study. The simulated flow rate is related to the measured pressure difference across the
structure and the permeability of the materials and dimensions of the model. The measured
flow rate in Figure 10 is the actual flow rate measured through the element during the test
period in the laboratory.
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Flowrate through the construction
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Figure 10 Flow rate [I/min] laboratory study and simulation model
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Figure 11 Convective air flux simulated

The flow rate in Figure 10 was calculated using the area weighted average convective air

flux shown in Figure 11. The convective air flux in kg/(m2s) was simulated in Delphin over the
two air gaps. Using an air density of 1.2 kg/m?3 and the combined height of the gaps of 0.01
m over a length of 1 m the flow rate is converted to I/min.

Flow rate is related to the velocity of the flow and area through which the air flows. The air
gaps in the simulation will have a larger surface area than the actual holes were in the
laboratory study. The actual surface area of the holes in the laboratory study is 1,963e-5 m?2
compared to the simulated surface area of 0,01 m2. Therefore, the simplification will also
have a large impact on the velocity of the flow through the air gaps. In Figures 12 and 13 the
velocity flow can be seen. The total velocity flow through the element is in line with the
laboratory measurement, but the velocity flow through the air gaps is much lower. This should
be keptin mind as it can affect the results.
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Velocity flow
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Figure 13 Velocity flow through the air gaps
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IV - VIl Boundary conditions, material properties and solver settings

The boundary conditions used in the Delphin model are shown in Table 9. These boundary

conditfions are the measured values from the laboratory study. For heat conduction through

the structure, a surface value is set at the external and internal sides of the structure. The
boundary condifions necessary for vapor diffusion are the measured air temperatures and
relative humidities. For the internal boundary the indoor air measurements are used and at
the external boundary the air measurements of the cavity are used. These conditions are also
used for the convective HAM transport. Additionally, convective HAM fransport requires a
pressure difference. This was also measured in the laboratory study. In Figure 14 the

boundary conditions noted in Table 9 can also be viewed. The initial temperature of the
structure is set to 20 © C. The initial relative humidity of the structure is set to 55 %, except for

the inner sheathing which has an initial relative humidity of 35 %.
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Boundary Kind Temperature Relative Pressure
conditions input humidity input  input
Heat Surface Measured
conduction value internal surface
inner surface temperature
Tsurf:l
Vapor Exchange Measured Measured
diffusion inner coefficient internal air internal air
surface 1.52e-08 temperature relative
s/m Tairl humidity
RHoir;l
Air Exchange Measured Measured Measured
convection coefficient internal air internal air pressure
inner surface  2s/m temperature relative difference
Tair: hUmIdITy APa
RHoir:I
Heat Surface Measured
conduction value surface
outer surface temperature
sheathing
cavity
Tsurf:E
Vapor Exchange Measured Measured
diffusion outer coefficient cavity air cavity air
surface 1.22e-07 temperature relative
TairE humidi’ry
RHoir;E
Air Exchange Measured Measured Constant
convection coefficient cavity air cavity air value
outer surface 2s/m temperature relative 101325 Pa
Taire humidi’ry
RHoir;E

Table 9 Boundary conditions

THESIS REPORT DAANVANROOIJEN 2021-07-08

27



Tsurf;E Tsurf;l

J RHair;!
RHair;E

e Tair;1

Tair;E

Constant external
pressure

Internal pressure
calculated with
APa

SR 0| N l
Figure 14 Modelled boundary conditions

The material properties that were used in the simulatfion are those that were measured in the
laboratory study and a study published a few years after the laboratory study [53] [54]. These
material properties are also listed in Appendix 2.

The used solver settings can be seen in Table 10. The intfegrator that was used is the CVODE
with the GMRES iterative solver. A total of 785.5 hours were simulated which correspond o
about 33 days which is the same length as the measurements in the laboratory study.

Solver settings

Relative tolerance 1e-05
Absolute tolerance moisture mass balance equation 1e-06
Absolute tolerance air mass balance equation 1e-06

Table 10 Delphin solver settings

The effect of gravity on the movement of air is not enabled for this simulation. The movement
of airis already driven by the pressure difference over the structure. In addition, the cellulose
insulation layer is continuous over the entire structure there is only a small temperature
difference over the height of the structure. This small temperature difference would have a
negligible effect on the movement of air through the structure. Disabling the effect of gravity
on air fransport drastically increases simulation performance.
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IV = VIIl Model validation indicators

In order to determine the accuracy of the simulation compared to the laboratory
measurements two statistical indicators were used. These two indicators are the Mean Bias
Error (MBE ; %) and the Coefficient of Variation of Root Mean Square Error (CV RMSE ; %) [55].
These indicators have been used in multiple studies o assess hygrothermal simulation models
as reported in the study of [43]. In this study the ASHRAE Guideline 14 is also mentioned where
standard values for the MBE and CV RMSE are noted. The simulation model can essentially
be validated when a MBE of 10 % and a CV RMSE of 30 % is achieved using hourly values. The
study further reports that even though these values were designed for the validation and
calibration of energy performance models these are also used for the evaluation of
hygrothermal models.

The MBE and CV RMSE are used to evaluate the results of the simulation in this study. The two
indicators were calculated using Eq. 16 and Eq. 17.

ZN_pl(mi_Si)

MBE (%) = I_Np— (16

Zi=1(mi)

N
(%; 2 (mj—s;)?/N

CVRMSE(%)=\/ iR (17
With:
mi = data points measured at each interval
Si = data points simulated at each interval
Np = total amount of data points
m = average value of measured data points

The results for the MBE and CV RMSE indicators are shown in table 11 and 12.

MBE model validation indicator

A B C D
Temperature 5.38 % 6.16 % 3.92% 6.76 %
Relative humidity 6.81 % 16.93 % 7.10% 18.32 %
Absolute humidity 0.32% 20.15% 2.63 % 15.26 %

Table 11 MBE indicator for temperature, relative humidity and absolute humidity at points A-D

CV RMSE model validation indicator

A B C D
Temperature 7.58 % 14.43 % 2.78 % 3.09 %
Relative humidity 0.67 % 2.55% 0.43 % 2.92 %
Absolute humidity 2.02% 11.62% 2.47 % 4.82 %

Table 12 CV RMSE indicator for temperature, relative humidity and absolute humidity at points A-D

From the results of the indicators MBE and CV RMSE, one can conclude the model cannot be
fully validated. The RV RMSE shows a relatively good fit for the entire model, but the MBE
indicator shows for the relative humidity and absolute humidity at point B and D an error
larger than 10 %. This should be kept in mind when looking af the results further on. The
indicators also show that the model has a decent fit looking at the temperatures.
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V: Results

Measurement points A-D as shown in Figure 15 were simulated and the results are compared
to the laboratory data. The results are shown in Figures 16-28.

19mm 186mm 19mm

*o—————0 o
®

200mm

Indoor Outdoor

731Tmm

Figure 15 Dimensions of measurement points A, B, C and D

V-l Pressure, temperature, humidity and vapor flux overview

Results for the pressure, temperature, humidity and diffuse/convective vapor flux can be
seen in Figures 16-20. Results are shown separately for the three periods: internal under
pressure, Nno pressure, internal over pressure.
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The results for total gas pressure can be viewed in Figure 16. Looking at the results one can
notice a large pressure difference at the internal side of the structure. This is caused by the
vapor barrier as it is resistant to air transport. There is only an air flow through the gaps in the
internal sheathing and building paper. This causes the pressure difference between the
cellulose layer and exterior to be very small.

Results for the temperatures can be viewed in Figure 17. As can be seen, the cellulose layer is
primarily responsible for the insulation of the element. The effect of convective air flow can
also be noticed when looking at the internal under pressure and internal over pressure
periods. Near the gaps in the internal sheathing and building paper there is a slight
difference in temperatures. Cold or warm air flows through the gaps when a pressure
difference is present which causes the difference in temperature. This effect cannot be
noticed during the period of no pressure.
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Figure 18 Relative humidity [-] - Left to right: infernal under pressure, no pressure, over pressure

Figure 18 contains the results for relative humidity in the element. Here, the effect of the air
gaps can also be observed. During the period of internal under pressure convection will
cause air to move from the exterior to the interior. As the external air is drier than the internal
air the air flow reduces the relative humidity in the element. The opposite can be observed
during the over pressure period. During this period the humid interior air increases the relative
humidity near the air gaps in the element.
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In Figures 19 and 20 the convective and diffuse vapor fluxes can be viewed. It can be seen
that the vapor diffuses from the interior to the exterior during all pressure periods. The
convective moisture flux is dependent on the pressure difference over the element. It can be
noticed that the convective moisture flux is higher near the gaps in the structure. This is
caused by the building paper which prevents all air fransport except the air flow through the
gaps. In the period of no pressure convective air flow can also be observed as a small
pressure difference was also measured in the laboratory study during the period of no
pressure. Comparing the convective and diffuse vapor fluxes, one can also notice that the
air convection affects the vapor diffusion. If the convection and diffusion occurin the same
direction then the overall vapor diffusion increases slightly. When the convection and
diffusion occur in opposite directions the overall vapor diffusion decreases slightly.

At the air gaps another interesting relation can be observed. During the internal under
pressure period convection causes an air flow from the outside to the inside, but the diffusion
from the interior fo the exterior at the air gap increases. While during the internal over
pressure period the convection causes an air flow from the inside to the outside, but diffusion
at the air gap occurs from the outside to the inside. The cause of this interaction between
diffusion and convection at the air gap was not found.
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V-1l Temperature and humidity points A, B, C, and D
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Figure 21 Measured and simulated temperatures point A

Underpressure-nopressure-Overpressure

Temperature [°C] 20 Temperature poinf B

simulated

Temperature Vv
point B -5 M '-'(: —
1

Temperature 0 5 10 15 20 25 30 35
point B )
measured Time [days]

Figure 22 Measured and simulated temperatures point B
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Figure 23 Measured and simulated temperatures point C
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Figure 24 Measured and simulated temperatures point D
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Figure 25 Measured and simulated relative humidities point A
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Figure 26 Measured and simulated relative humidities point B
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Figure 27 Measured and simulated relative humidities point C
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Figure 28 Measured and simulated relative humidities point D
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In Figure 21-24 the simulated temperatures are compared to the measured tfemperatures. It is
noticeable that the simulated temperatures are relatively in line with the measured
temperatures, but there are some discrepancies. Especially during the period of over
pressure the simulated temperatures at points A and B are colder than the measured values.
The largest difference between measured and simulated values can be observed during the
period of over pressure at point A. Here, the simulated value is about 1.7 ©C colder than the
measured value. The simulated results at point D are the closest to the measured value. Point
D is also the farthest point from the holes drilled in the structure.

The simulated and measured relative humidities at each point are shown in Figure 25-28. As
can be seen, the simulated and measured relative humidities deviate. For the points at the
internal sheathing (points A and C) the simulated relative humidity after the under pressure
period is higher than the measured values. The opposite can be noticed for the points
located near the external sheathing. The difference between measured and simulated
relative humidities is also larger at points B and D as supposed to points A and C. Furthermore
one can noftice that the results from the simulated model adapt slower to the sudden
pressure changes than the measured values. This is especially true for point A show in Figure
25. The measured values show two steep jumps as the pressure difference changes. On the
other hand, the simulated results show changes similar to a root function where initially the
change is large and then gradually less.

It should be noted that the relative humidity is related to the temperature. In order to assess
the moisture content independent of the temperature it has to be converted. Using the
relative humidity and the corresponding femperature the absolute moisture content in g/kg
is calculated for each of the measurement points. These results are shown in Figures 29-32.
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Figure 29 Measured and simulated absolute humidities point A
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Figure 30 Measured and simulated absolute humidities point B
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Figure 31 Measured and simulated absolute humidities point C
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Figure 32 Measured and simulated absolute humidities point D
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In Figure 29-32 one can see that the results for the absolute moisture content deviate less
than the results for the relative humidity. The largest deviation can be observed at point B
during over pressure. Here the simulated absolute moisture content is about 0.8 g/kg less
than the measured values. Similar to what the results for the relative humidity showed, the
points near the internal sheathing (points A and C) during no pressure and over pressure the
simulated absolute moisture content is higher than the measured value. And at the points
near the external sheathing the simulated moisture content is lower than the measured
value. Also the results at point A show that the simulated values adapt less quickly to pressure
changes than what was measured.
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VI: Comparison Delphin and COMSOL study

The results of the prior mentioned COMSOL study that also examined test wall 8 of the
laboratory study were compared o the simulations in Delphin. In Figures 33-51 graphs and
Figures from the study of Allué Hoyos C. (2014) have been used. The data from the Delphin
simulations have been plotted onto the graphs from the study. All of the available results
from the COMSOL study have been compared to the results simulated with Delphin for each
of the pressure periods.

VI-I Internal under pressure period

In Figures 33-35 the results from the COMSOL have been compared to the Delphin simulation
results for the internal under pressure period. One can notice that the temperatures are
comparable to the laboratory measurements. Results from Delphin and COMSOL were
similar, though some differences could be noticed. These differences occur during the initial
stage of the simulation and are caused by a difference in simulated boundary conditions.
For Delphin measured dynamic boundary condifions were used compared to COMSOL
which used static boundary conditfions. The relative humidity results show a larger deviation
from the laboratory measurements. Results from Delphin were closer to the measurements at
the internal side (points A and C) of the construction whereas COMSOL was closer to the
measurements at the external side of the construction (points B and D). Overall Delphin
predicted lower relative humidities than COMSOL.
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Figure 33 Temperatures - Delphin, comsol and measured points A and C. COMSOL data copied from
Applicability of COMSOL Multiphysics to combined heat, air and moisture transfer modeling in building
envelopes. Cristina, Allué Hoyos (november 2014).
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Figure 34 Temperatures - Delphin, comsol and measured points B and D. COMSOL data copied from

Applicability of COMSOL Multiphysics to combined heat, air and moisture transfer modeling in building

envelopes. Cristina, Allué Hoyos (november 2014).
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Figure 35 Relative humidity - Delphin, comsol and measured points A, B, C and D. COMSOL data
copied from Applicability of COMSOL Multiphysics to combined heat, air and moisture fransfer
modeling in building envelopes. Cristina, Allué Hoyos (november 2014).
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Figure 36 Total gas pressure - COMSOL results left, Delphin results right. COMSOL image copied from
Applicability of COMSOL Multiphysics to combined heat, air and moisture transfer modeling in building
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Figure 37 Temperature - COMSOL results left, Delphin results right. COMSOL image copied from
Applicability of COMSOL Multiphysics to combined heat, air and moisture fransfer modeling in building
envelopes. Cristina, Allué Hoyos (november 2014).
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copied from Applicability of COMSOL Multiphysics to combined heat, air and moisture transfer

modeling in building envelopes. Cristina, Allué Hoyos (november 2014).
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The Delphin and COMSOL results were further compared using the temperature, relative
humidity, pressure and flow distribution graphics in Figures 36-39. Some differences can be
observed. Firstly, in the pressure distribution graphics it can be seen that at the cellulose layer
the pressure is slightly higher for the Delphin simulation. This difference is about 3 Pa and
seems to be caused by the air gaps and internal sheathing. Secondly, Figures 37 and 38
show that the effect of the air gaps permeates further through the structure in the COMSOL
simulations. Lastly, looking closely at the air gaps in the construction one can notice that the
air in the gaps was not included in the COMSOL simulation. As the air in the gaps was
included in the simulation in Delphin it could be one of the factors that cause the
hygrothermal effect of the air gaps on the construction to be reduced.

THESIS REPORT DAANVANROOIJEN 2021-07-08 45



VI-Il No pressure period

During the period of no pressure one can notice in Figures 40 and 41 that the temperature

results of both Delphin and COMSOL are closer to the laboratory results at the external side of
the constructions (points B and D). The relative humidity results in Figure 42 shows the

opposite. Here, the results of the simulations are closer to the measurements at the internal

side of the construction. Moreover, both simulations in Delphin and COMSOL underestimated

the relative humidity at the internal side of the structure while overestimating the relative

humidity at the external side of the construction.
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The temperature and relative humidity distribution of the COMSOL and Delphin simulations in

Figures 43 and 44 are similar. However, a slight difference can be noticed in the relative
humidity distribution of the COMSOL simulation. Here, the effect of the air gaps can sfill be
noticed compared to the relative humidity distribution from Delphin where the air gaps do
not seem to impact the relative humidity.
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VI-Ill Internal over pressure period

During the period of over pressure the simulation results from Delphin and COMSOL also
deviate from the laboratory measurements as can be seen in Figures 45-47. Results from the
Delphin and COMSOL simulations are very similar for points A and C even though the
laboratory measurements show higher temperature results. Especially point A shows a very
large temperature deviation, which is interesting as it is the point closest to the air gaps. For
points B and D the simulation results of COMSOL and Delphin are not in line and also deviate
from laboratory results. Similar to point A, point B also shows a very large temperature
deviation. Both points A and B are located behind the air gaps, therefore the air gaps could
be the reason for the underestimation of the temperature in the simulations. The simulated
relative humidities is also not quite in line with the measurement. For the points at the internal
side of the construction (points A and C) the simulation results overestimate the relative
humidity. At the points at the external side of the construction (points B and D) the relative
humidity is underestimated, although COMSOL eventually reaches about the same relative
humidities as the measurements for points B and D.
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Figure 45 Temperatures - Delphin, comsol and measured points A and C. COMSOL data copied from
Applicability of COMSOL Multiphysics to combined heat, air and moisture transfer modeling in building
envelopes. Cristina, Allué Hoyos (november 2014).
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Applicability of COMSOL Multiphysics to combined heat, air and moisture transfer modeling in building

envelopes. Cristina, Allué Hoyos (november 2014).
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Figure 47 Relative humidity - Delphin, comsol and measured points A, B, C and D. COMSOL data
copied from Applicability of COMSOL Multiphysics to combined heat, air and moisture fransfer
modeling in building envelopes. Cristina, Allué Hoyos (november 2014).
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In the pressure, temperature, relative humidity and flow distribution Figures 48-51 one can
notice differences. Comparable to the finding for the internal pressure period, the distribution
graphic shows a different pressures in the cellulose layer. In this graphic the simulated gas
pressure in COMSOL in the cellulose layer is slightly higher. Again, the sheathing and air gaps
seem to have a larger impact on the pressure in the Delphin simulation than in the COMSOL
simulations. The temperature and relative humidity distributions in Figures 49 and 50 show
comparable results for both simulations and the flow distributions in Figure 51 are also similar.
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VII: Sensitivity analysis

In order to further investigate the effect of convective air transport sensitivity analysis was

performed. First, the case study is simulated with and without air transport enabled in order to

examine the added effect of convection. In addition, the effect of pressure differences was

also simulated and examined. Pressure differences of 0 to 20 Pa were simulated over intervals

of 5 Pa. The results show the influence of different pressures over the structure.
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Figure 52 Measured and simulated temperatures point A with and without convective transport
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Figure 53 Measured and simulated temperatures point B with and without convective transport
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Figure 54 Measured and simulated temperatures point C with and without convective transport
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Figure 55 Measured and simulated temperatures point D with and without convective fransport

The simulated temperatures in Figures 52-55 show a limited effect of convection. Especially
points D and D which are furthest from the air gaps show almost no difference in results when
air transport is excluded. Results from points A and C do show a small difference caused by
convective air fransport though the largest difference in temperature is only about 1 °C.
Nevertheless, the results show that the simulated temperatures are closer to the measured
results when convective air fransport is included.
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Figure 56 Measured and simulated absolute humidities point A with and without convective transport
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Figure 57 Measured and simulated absolute humidities point B with and without convective transport
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Figure 58 Measured and simulated absolute humidities point C with and without convective fransport
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Figure 59 Measured and simulated absolute humidities point D with and without convective transport

In Figures 56-59 the simulated absolute humidities are shown. One can easily notice the
influence of convective air tfransport as the results in points A and C are much closer when
convective air fransport is included. The impact of convective air fransport is the largest near
point A which is closest to the air gaps and the convective air fransport has the least impact
near point D which is furthest from the air gaps. It can also be noticed that the convective air
fransport reduces the absolute humidity during the internal under pressure phase, while it
increases the absolute humidity during the internal over pressure phase. During the under
pressure phase the drier air from the outside is forced by convection to flow through the
structure and during the over pressure phase the humid internal air is forced to flow through
the structure. Overall the convective air transport brings the simulated results closer to the
measurements.
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In Figures 60-63 the same case study has been simulated multiple times. In the simulations
only one parameter was changed. Multiple pressure differences across the structure have
been simulated between 0 — 20 Pa in intervals of 5 Pa. The previous simulations showed that
air convection did not really impact the temperatures. This is why only the absolute humidities
are shown in the graphs below.
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Figure 60 Measured and simulated absolute humidities at point A for multiple pressure differences
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Figure 61 Measured and simulated absolute humidities at point B for multiple pressure differences
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Figure 62 Measured and simulated absolute humidities at point C for multiple pressure differences
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Figure 63 Measured and simulated absolute humidities at point D for multiple pressure differences

Looking at Figures 60-63 one can notice that overall the impact of different pressures across
the structure is much less for points B and D as compared to points A and C. The reason for
this might be that points B and D are located at the external side of the structure and the
convective air does not permeate as far through the structure. Another interesting finding is
the difference in results comparing different pressures at point A. Looking closely one can see
that the difference between a 0 Pa and 5 Pa pressure over the structure shows a larger
change than 5 Pa and 10 Pa. It seems that the gradual increase of pressure over the
structure has a decreasing effect on the convective moisture tfransport the further it
increases. This is especially clear comparing the difference of absolute humidity for 0 Pa - 5
Pa and 15 Pa - 20 Pa.
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VIlIl: Conclusion

From the literature study it was concluded that there are limited studies which include
convection, three dimensional modeling or whole building simulation coupling in
hygrothermal risk assessment. Even though programs such as Delphin or COMSOL offer the
possibility, it is not often utilized. The addition of these aspects in hygrothermal risk assessment
increases the complexity and computational need and may not always be necessary.
Nevertheless the effect of these aspects on hygrothermal risk assessment is not clear as very
few cases have been assessed. This emphasizes the need for additional research. It was also
found that currently COMSOL, Delphin and WUFI are most often used in hygrothermal risk
assessment. Both Delphin and COMSOL include all methods of HAM transport and have an
option to model in 3D. Based on these capabilities, Delphin and COMSOL both would be
suited to evaluate hygrothermal risk assessment of refurbished buildings. However, it should
be noted that during the study it was found that there were some issues when modeling
convective air fransport in 3D using Delphin. This is further explained in the limitations of this
study.

In this study, convection simulation has been assessed using measurement data from
laboratory measurements. The study regarded a fimber frame wall structure where holes
were drilled through the internal sheathing and vapor barrier. This allowed for convective
fransport through the construction. The wall structure was measured during a period of under
pressure, no pressure and over pressure. Using Delphin the wall structure was simulated.
Model validation indicators have been used to assess the fit of the simulation model. The
indicators showed a good fit for all of the simulated temperatures, but they also showed that
the model could not be fully validated regarding the relative and absolute humidities. At the
external sheathing (points B and D) an underestimation for the relative and absolute humidity
could be observed. On the other hand near the internal sheathing the results were more in
line and only showed a slight overestimation regarding the humidity. Another interesting
finding is that the convective and diffuse vapor flux results show that diffusion is impacted by
convection through the structure. During internal over pressure the diffusive vapor flow is
reduced by the convective vapor flow as they move in opposite directions. On the other
hand during internal under pressure the diffusive vapor flow is increased by convection as
they move in the same direction.

From the convection study one can conclude that the hygrothermal risk was not accurately
simulated using the Delphin model with a dynamic indoor climate and convective HAM
fransport. The simulated results are relatively close to the measured values which indicates
that it should be possible to accurately simulate convection, but this was not achieved in this
study. One of the reasons for this could be the simplification of using a two-dimensional
model for a consfruction where three-dimensional modeling is necessary as the holes drilled
in the construction could not be modelled in 2D. Because of the 2 dimensional modeling the
gaps in de construction are much larger than in the laboratory study which impacts the
velocity of the flow through the structure. As the area of the air gaps is much larger while the
flow rate remains the same the velocity of the flow rate will be greatly decreased. This might
also be the reason as to why the results from Delphin take longer to adapt to sudden
changes of conditions. A second reason could be the limited availability of material
properties. More detailed materials properties could lead to different simulation results. One
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can conclude that three-dimensional modeling is essential when looking at the effect of
convection through leaks in the construction. Also, a lot of different material properties are
needed to model convection and there is a limited availability. Additional material
measurements of material properties would be necessary to help with convection modeling.

The results of the simulation in Delphin were also compared to the results of a study carried
out by C. Allué Hoyos (2014). In this study the laboratory setup was simulated using COMSOL.
In the comparison it was found that some of the simulated results were very close, but there
were also large differences. One of the reasons for these differences is the use of static
boundary conditions in the COMSOL study whereas measured boundary conditions from the
laboratory study were used in the Delphin simulation. Furthermore, the pressure distribution
graphics also showed a pressure difference at the cellulose layer which might have led to a
difference in convective air fransport. Regarding the results, it could be noticed that the
simulated temperature results for both Delphin and COMSOL were closest to the
measurement data during the under pressure phase. During the other two phases both
COMSOL and Delphin underestimated the temperature results compared to the measured
values. For the relative humidity the results fromm COMSOL and Delphin deviated more for the
points at the external side of the construction (points B and D). At the internal side of the
construction (points A and C) the simulated relative humidity results were closer to the
measured values, but those did also not fully align. These deviations might be caused by the
reduced velocity of the flow through the air gaps for the simulations as noted before.

Sensitivity analysis was performed aimed at the effect of convective moisture transport and
pressure differences across the structure. Based on this analysis some conclusions can be
made. Firstly, when convection is included it drastically improves the accuracy of the
hygrothermal simulation results near the air gaps. Secondly, the air convection has a limited
effect on the temperature results in the construction, though the laboratory measurements
show a much larger effect. This might again be caused by the difference of flow velocity
through the air gaps. Finally, the different pressures across the structure showed that even
small pressure differences can have a large impact on the absolute humidity in the structure
and a gradual increase of pressure over the structure has a decreasing effect on the
convective moisture transport the further it increases.
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IX: Discussion

In this study, there are some uncertainties regarding the simulation results. One of the
uncertainties is that during the period of no pressure there was still a pressure difference
across the element measured of 0.9 Pa. In the laboratory study, this resulted in a flow over the
element of 0 I/min whereas the model in Delphin still accounted for a flow of 0.43 |/min. The
second uncertainty is the effect of reduced flow velocity through the air gaps caused by the
simplification of modeling in 2D. The last uncertainty regards the findings of the laboratory
study. In that study they noticed that freezing occurred in the test wall during the period of
no pressure and internal over pressure. For the simulation in Delphin this freezing effect was
not taken into account. The reason for this is that Delphin uses an equilibrium ice model that
requires the capillary conductivity as a function of the moisture content. For the material
properties only the liquid water diffusivity as a function of the moisture content was available.
The effect that the ice model would have had on the results is not clear.

It should be noted that the case study considered a very permeable test wall in order to
assess convective air transport. Most walls will be less permeable than the one examined in
this study so the effect of convective air transport through those walls would also be lower.
However, air leaks can still be a risk and this study shows that this is definitely something to
keep in mind during the assessment of hygrothermal risks.

The study also shows how sensitive convection simulations can be. Small errors can have a
large impact on the results of humidity in the construction. Especially when considering an
hygrothermal risks this could be problematic. It is therefore also important that validated
exemplary calculations become available so that it is clear what is needed to properly
simulate convective moisture transport.
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X: Limitations

The original intention of the study was to model convective air transport in 3D. During the
study there was chosen to make use of Delphin as the literature review showed that Delphin
had these capabilities. However, the option in Delphin to build a 3D model is still very new
and during the simulations it turned out that there were issues with simulating convective air
fransport in 3D. Because of the limited time, the choice had to be made to contfinue with a
2D model even though this was not preferred.

If fime was not an issue then the choice to model the case study in 3D using COMSOL would
have been made. In hindsight 2D modeling is definitely not enough when considering 3D air
leaks. And as COMSOL is a Multiphysics program it should have been possible o model the
case study in 3D. With a 3D model the results will not be influenced by the greatly reduced
flow rate through the gaps and the larger surface area for the air gaps.

Continuing this convective air study it would be important to simulate more case studies with
3D modelled leaks. However, the amount of case studies is very limited as not many studies
include the pressure difference across the wall as a measurement value. Therefore, research
tfowards laboratory measurements and air convection in practice is also necessary. Another
opfion to confinue the convection study would be to examine the case in this study with a
3D model to make sure that the simulated results are improved using a 3D model. It is
advisable to make use of COMSOL for the continuation. The issues regarding convection and
3D modeling in Delphin have to be resolved in order to make use of Delphin for these studies.
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Literature study
comparison overview

Heat transfer method Moisture transfer methods

Model Conduction Convection radiation Convection diffusion capilary driving rain
WUFI plus [26] [45] [26] [45] [26] 26]
(2] [17] [21] [24] [28] [11] [17] [20] [24] [28]
WUFI pro [2] [17] [20] [21] [28] [31] [33] [38] [2] [11] [17] [20] [28] [31][33] [35] [38] [31][35]
WUFI 2D [9] [30] [34] [30] [9] [30] [34] [9] [30] 9] [30]
Comsol [9] [16] [27] [40] [43] (3] [16] [40] [43] (31 [27] [40] (3] [16] [40] [43] (9] [16] [40] [43] (9] [16] [27] [40] [9] [27] [40]

[14] [19] [23] [29] [37]

Delphin no version noted [14] [19] [23] [29] [37] [42] [44] [*37*] [42] [14] [*37%] [42] [42] [44] [14] [19] [29] [42] [44]  [14] [23][29] [44]
Delphin 5 [8] [32] [8] [32] [8]11[32] [32] 32]

[5] [12] [18] [25] [36]
Delphin 5.8 [5] [6] [18] [25] [36] [41] [12] (5] [41] [36] [18] [25] [36] [41]
Delphin 6 [15] [15] [15] [15] 15]
Bsim [7]
HAMA4D_VIE [22]

In the overview results are only included when an article explicitly mentions a certain criterea. It is therefore possible that a study does include a criterea, but is not included in the overview as

the criteria is not clearly mentioned.

Additional notes

[*6*] notes an extension for Delphin 5.8 which can simulate 3d models, but the HAM tranfer method capabilities are not reported.
[*15%*] Study 21 notes that the chosen hygrothermal model used the study should include liquid water convective transport. Delphin 6 is chosen which could mean that delphin 6 includes
convective moisture transport. But it is not really mentioned in the study.
[*37%*] In this study heat and moisture convection is simulated in Delphin using additional air flow model
Delphin 6, Bsim and HAM4D _VIE are only represented in a single article so the overview will not be representative for the capabilities of the models




Literature study
comparison overview

HAM transfer methods

Dimension

Moisture buffering

Simplified in numerical

HAMBase modelled

Model Not reported 1D 2D 3D zone model internal and partition
WUFI plus [1] (1] [26] [45]
(2] [11] [17] [20] [21]
WUFI pro [10] [13] [24][28] [31] [33] [35] |[10] [13] [20]
WUFI 2D [4] [13] [4] [9] [13] [30] [34]
Comsol [39] [27] [39] [40] [9] [16] [3] [16] [43] [43]

Delphin no version noted

[14] [19] [23]

[14] [29] [37] [42] [44]

Delphin 5 18] [32]

Delphin 5.8 [5][12] [18] [25] [41]  [6] [25] [36] [*6*] [5]
Delphin 6 [15]

Bsim (7]

HAMA4D_VIE [22]




Literature study
comparison overview

Coupled whole building simulation

Simplified numerical

Model Hambase TRNSYS WUFI Bsim zone model Not coupled
WUFI plus [1] [26] [45]

[10] [11] [13] [17] [20]
WUFI pro [21] [24] [28] [31] [33]
WUFI 2D [4] [9] [13] [30] [34]
Comsol [3] [43] [16] [9] [27] [39] [40]

Delphin no version noted

[14] [19] [23] [29] [37]
[42] [44]

Delphin 5 [8][32]
[6] [12] [18] [25] [36]
Delphin 5.8 (5] [41]
Delphin 6 [15]
Bsim (7]
HAMA4D_VIE

[22]




Literature study
comparison overview

Moisture analysis Risk assessment
Mold growth model Mold growth model Mold growth method Mold growth model

Model RH Moisture content Not reported WUFI BIO isopleth system VTT model, MRD model, Viitanen
WUFI plus [1] [26] [45] [1] [26] [1]

[10] [11] [13] [17][20]  [2] [10] [13] [17] [24]
WUFI pro [21][28] [31] [33] [35] |[28] [13] [20] [11]
WUFI 2D [9] [13] [30] [34] [9] [13] [30] [34] (4] [4] [13]

[3] [9] [16] [27] [39] [40]
Comsol [43] [9]1[27] [40] [3]

[14] [19] [23] [29] [42]
Delphin no version noted [44] [14][29] [37] [14]
Delphin 5 [32] (8]
Delphin 5.8 [5]1[6] [12] [18] [25] [36] |[5][12][18][36] [41]
Delphin 6 [15] [15]
Bsim (7] (7]
HAMA4D_VIE [22]




Literature study
comparison overview

Risk assessment

Based on relative Time of wetness TOW Corrosion propagation
Model Condensation humidity and Moisture accumulation Freeze-thaw assessment criterea by Viitanen model Not reported
WUFI plus [26] [45]

[20] [21] [24] [31] [33]
WUFI pro [2] [17] [20] [35] [38] [10] [24] [28] [13]
WUFI 2D [34] [9] [30] [13]
Comsol [3] [27] [39] [9] [16] [40] [43]
Delphin no version noted [19] [29] [42] [44] [14] [44] [23] [37]
Delphin 5 [32] [8]
Delphin 5.8 [6] [18] [25] [41] [36] [12] [5]
Delphin 6 [15]
Bsim [7]
HAM4D_VIE [22]




APPENDIX 2 Material properties

Property

Unit

Porous
wooden
fiberboard

Cellulose
insulation

Building
paper

Air gap

Density

kg/ms3

270

37

750

1.3

Specific heat
capacity

J/(kgK)

1500

2000

1500

1050

Open
porosity

epor

m3/ms3

0,85

0,97

0.6

Effective
saturation
moisture
confent

Oeft

m3/ms3

0,21

0,43

Hygroscopic
moisture
content at 80
% Relative
humidity

Bso

m3/ms3

0.0366

0,0061

le-5

Thermal
conductivity
of dry
material

W/(mK)

0,055

0,041

0,12

0,067

Water uptake
coefficient

Aw

kg/(m2s1/2)

0,004

0,074

le-7

Water vapor
diffusion
resistance
factor

5.6

23

Liquid water
diffusivity at
effective
saturation

Dreft

m?2/s

1,38e-9

1,07e-7

Air
permeability
of dry
material

Ko

kg/(msPa)

3.888e-7

2,83e-4

*1,7e-5°

*The air permeability of the air gap was not measured in the laboratory studies, but

determined in simulations. Using this value the flow through the simulated element matched

with the flow measured in the laboratory study. Note paragraph V — Il Model simplification for

further explanation.

Sorption curve Moisture content m3/m3
Relative humidity RH Porous wooden fiberboard Cellulose insulation
0 0 0

0,33 0,0124 0,0019
0,55 0,0196 0,0031
0.65 0,0224 0,004
0.75 0,0252 0,0048
0,80 0,0336 0,0061
0,83 0,0387 0,0068
0,86 0,0459 0,0086
0.93 0,0627 0,0129
0.97 0,0713 0,0152
1 0,21 0,43
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Liquid moisture diffusivity

log10(m?2/s)

Moisture content m3/ms3

Porous wooden fiberboard

0,0336 -11,3799
0,21 -8,86012
Liquid moisture diffusivity log10(m?/s)

Moisture content m3/m3

Cellulose insulation

0,0061

-9,92812

0,43

-6,97062

Thermal conductivity
function

Porous wooden
fiberboard

Cellulose insulation

Moisture content

Thermal conductivity
W/(mK)

Moisture content

Thermal conductivity

0 0,048 0 0,038
0,0124 0,049 0.,0019 0,038
0,0224 0,05 0,004 0,038
0,0459 0,052 0,0086 0,039
0,0713 0,055 0,0152 0,042
0.21 0.6 0,43 0.6
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