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Streszczenie

Wedhug statystyk Eurostatu w 2020 roku okoto 14.8% populacji Unii Europejskiej
doswiadczato probleméw z nadmierng obecnoscig wilgoci w budynkach poczawszy od
ciekngcych dachow, poprzez zawilgocone $ciany, az po zgnilizng w mieszkaniu. Takie budynki
wymagaja renowacji 1 modernizacji obejmujacych niejednokrotnie osuszanie $cian
1 zabezpieczenie ich przed ponownym powrotem wilgoci. Proces osuszania jest nie tylko czaso,
ale rowniez energochtonny. Teoretycznie, aby odparowac kilogram wody potrzeba 0.7kWh
energii, natomiast rzeczywiste zapotrzebowanie na energi¢ sigga okoto 2 kWh na kilogram

wilgoci usunigtej z muru.

Niestety tylko kilka badan prowadzono w celu analizy 1 optymalizacji procesu osuszania
muroéw. Istniejagce prace naukowe skupiaja si¢ na eksperymentach w kontrolowanych
warunkach laboratoryjnych lub monitorowaniu pracy osuszaczy podczas prowadzenia procesu
wewnatrz budynkow. Brakuje symulacji numerycznych, ktére pozwolityby zoptymalizowaé
proces. Modelowanie osuszania materiatow budowlanych oparte jest na zalozeniu réwnowagi
pomiedzy parg wodng a wilgocig ciekla w porach materialu budowlanego. Takie podejscie
zaktada odparowanie lub skraplanie z bardzo duza predkoscia, przez co parametry nasycenia
w materiale osiggane sg niemal od razu. Nieréwnowagowe modelowanie wymiany ciepta

1 wilgoci podczas osuszania muréw nie byto do tej pory stosowane.

Niniejsza praca skupia si¢ na badaniach numerycznych procesu osuszania materialow
budowlanych. W ramach doktoratu sformutowano nierownowagowy model wymiany ciepta
1 wilgoci w materialach budowlanych. Model zostat zaimplementowany w §rodowisku ANSY'S
Fluent przy zyciu zaawansowanych interfejsow uzytkownika takich jak: User-Defined Function
(UDF), User-Defined Scalar (UDS) oraz User-Defined Memory (UDM). Program komercyjny
postuzyl jako platforma do rozwiazywania wlasnych réwnan transportu, a bez uzycia
wymienionych interfejsow UDF, UDS 1 UDM nie umozliwial symulowania procesu osuszania
z powodu braku odpowiedniego wbudowanego modelu. Nastepnie model zostat

zweryfikowany przy uzyciu danych otrzymanych za pomocg dwdch modeli rdwnowagowych.

Przygotowany model zostal wykorzystany do symulowania procesu osuszania fragmentu
$ciany budynku przy uzyciu metody termoiniekcji. Przeprowadzono dwuwymiarowe symulacje
procesu osuszania trwajgcego tydzien dla sredniej zawartosci wilgoci w powietrzu osuszajagcym

dla czterech por roku (zima, wiosna, lato i jesien) oraz dla warunkéw atmosferycznych
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w  Warszawie. Wykonano obliczenia dla statych, ale roéznych temperatur powietrza
osuszajacego wynoszacych 20, 30, 40, 50 i 60°C. Zauwazono, ze W poczatkowym etapie
osuszania energochtonno$¢ procesu dla temperatury powietrza wynoszacej 20°C byla
najnizsza. W drugim etapie osuszania, do uzyskania niskich zawartosci wilgoci w $cianie
konieczne bylo uzycie wyzszej temperatury powietrza osuszajgcego. Najwicksze rdznice
w przebiegu procesu dla réznych temperatur powietrza osuszajacego dla tej samej pory roku
byly dla zimy, a najmniejsze dla lata. Spowodowane byto to nizsza zawartoscig wilgoci
w powietrzu dla zimy w stosunku do lata, i efektywniejszym osuszaniem przy niskich

temperaturach.

Kolejny etap badan obejmowat przeprowadzenie symulacji dla zmiennych temperatur
powierza podczas procesu osuszania. Pordwnano cztery strategie osuszania: jednosegmentowg
— strategia ze stalg temperaturg powietrza (60°C); dwusegmentowa — najpierw osuszanie
prowadzone jest przy niskiej temperaturze powietrza (20°C), a po uplywie zadanego czasu przy
wysokiej (60°C); wielosegmentowa — proces poczatkowo prowadzony jest przy niskiej
temperaturze (20°C), a po uptywie zadanego czasu temperatura podnoszona jest o 10 K, az do
osiggnigcia 60°C; oraz przemienng — osuszanie jest prowadzone na zmian¢ powietrzem
o temperaturze 20°C 1 60°C, z zadanym czasem zmiany parametréw. Symulacje zostaty
wykonane dla wilgotnosci wzglednej odpowiadajacej trzem porom roku (zima, wiosna i lato),
dla trzech zadanych czaséw zmiany parametrow (12, 24 i1 48 h) oraz dla procesu trwajacego
dwa tygodnie. Wyniki wykazaty mozliwo§¢ obnizenia energochlonno$ci osuszania przy
wykorzystaniu zmiennego profilu temperatury. Najwickszg oszczedno$¢ energii, sigegajace do
5.9%, uzyskano dla zimy przy wykorzystaniu strategii wielosegmentowe] z przedzialem
czasowym 48 h. Ponadto, strategia wielosegmentowa dla zimy 1 wiosny dawata lepsze wyniki
niz dwusegmentowa. Dluzszy czas zmiany parametrow wptywat pozytywnie na oszczgdnos$ci
energii. Dla lata oszczednosci energii byly bardzo mate, okoto 0.5%. Strategia przemienna nie
pozwolita na poprawe efektywnosci procesu. Opracowana strategia dwusegmentowa zostata
wdrozona przez przedsigbiorstwo SILTEN POLSKA sp. z 0.0. sp. k. zajmujace si¢ osuszaniem

murow.

W ostatnim etapie doktoratu dopracowano model wymiany ciepta 1 wilgoci w materiatach
budowlanych. Uwzgledniono transport powietrza w materiale. Zaprojektowano i wykonano
stanowisko eksperymentalne do celéw sprawdzenia poprawnosci obliczen. Pomiary wykonano
na prostopadlo$ciennej probce wykonanej z betonu komorkowego o wymiarach podstawy

92 mm na 92 mm i wysoko$ci 30.5 mm nasyconej wodga. Eksperyment trwat 24 h. Uzyskano
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dobrg zgodno$¢ pomigdzy obliczeniami a pomiarem w pierwszej fazie procesu, tj. podobne
warto$ci temperatury przez pierwsze 6 godzin oraz zblizone ubytki masy przez pierwsze
12 h. Przy dluzszym czasie procesu symulowana temperatura byta nizsza niz zmierzona,
a ubytek masy wigkszy.

Stowa kluczowe: osuszanie muréw, wymiana ciepla i wilgoci, model nieréwnowagowy,
obliczenia numeryczne
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Abstract

According to Eurostat statistics, in 2020, approximately 14.8% of the European Union
population experienced excessive moisture problems ranging from leaking roofs through damp
walls to rot in the apartment. Such buildings require renovation and modernization, often
including drying the walls and protecting them against water return. The drying process is not
only time-consuming but also energy-intensive. Theoretically, evaporating a kilogram of water
requires 0.7 kWh of energy, while the measured energy demand reaches about 2 kWh per

kilogram of moisture.

Unfortunately, little research has been conducted to optimize the building drying process.
Scientific works focus on experiments in controlled laboratory conditions or in-situ monitoring
of building dehumidification. There is a lack of numerical simulations that would allow to
optimize the process. Modeling the drying of building materials is based on the hygric
equilibrium approach. The approach assumes evaporation or condensation at a very high rate,
due to which the saturation parameters are achieved in the material almost immediately. Non-

equilibrium heat and moisture transfer modeling during drying has not been used so far.

This work focuses on the numerical study of the drying process of building materials. A non-
equilibrium model of heat and moisture transfer in building materials was formulated as part of
the doctoral thesis. The model was implemented in the ANSYS Fluent environment using
advanced user customization interfaces such as User-Defined Function (UDF), User-Defined
Scalar (UDS), and User-Defined Memory (UDM). The software served as a platform for
solving the derived transport equations. Without the usage of the customization interfaces
(UDF, UDS, UDM), default models implemented in the software do not allow simulation of the

drying process. Then, the model was verified using two equilibrium models.

The proposed model was used to simulate the drying process of a building wall part using
the thermo-injection method. Two-dimensional simulations of the drying process lasting one
week were carried out. According to the meteorological data for Warsaw, the simulations were
carried out for a humid ratio in the drying air corresponding to the seasons, i.e., winter, spring,
summer, and autumn. Six drying air temperatures constant during simulations, i.e., 20, 30, 40,
50, and 60°C, were analyzed for each season. In the initial drying stage, the energy consumption
of the process for an air temperature of 20°C was the lowest. However, a higher temperature

was required to reach lower moisture content in the wall. The most significant difference
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between temperatures for the same season was for winter and the smallest for summer. This is
due to the lower moisture content in the air for winter compared to summer and more effective

drying at low temperatures.

The next stage of the research involved simulations for time-dependent drying air
temperatures during the drying process. Four drying strategies were compared, i.e., single-
phase — a strategy with a constant air temperature (60°C); two-phase — drying is first carried
out at a low air temperature (20°C) and after a given time at a high temperature (60°C); multi-
phase strategy — the process is initially carried out at a low temperature (20°C), and after a given
time the temperature is increased by 10 K until it reaches 60°C; periodic strategy — drying is
carried out alternately with air at 20°C and 60°C, with a given time of parameter change.
Simulations were carried out for relative humidity corresponding to three seasons, i.e., winter,
spring, and summer, and for three times of parameter change, i.e., 12, 24, and 48 h, for a process
lasting two weeks. The results showed the possibility of reducing the energy consumption of
drying using a time-dependent air temperature profile. The highest energy savings, reaching up
to 5.9%, were obtained for winter using a multi-phase strategy with a time step of 48 h. The
multi-phase strategy for winter and spring gave better results than the two-phase one. A longer
time of changing parameters had a positive effect on energy savings. For summer, energy
savings were minimal, about 0.5%. The periodic strategy did not allow for improving the
efficiency of the process. The company SILTEN POLSKA sp. z 0.0. sp. k. applied the proposed
two-phase strategy to its drying technology.

Finally, the heat and moisture transfer model in building materials was improved. Air
transport in the material was taken into account. An experimental stand was designed and
constructed to validate the model. Measurements were taken on a cuboid sample made of
aerated concrete with a base dimension of 92 mm by 92 mm and a height of 30.5 mm, saturated
with water. The experiment lasted 24 h. A good agreement was achieved between the
calculations and the measurement in the initial phase of the process. Similar temperature values
were obtained for the first 6 h and similar mass losses for the first 12 h. The simulated

temperature was lower than the measured one for a longer time, and the mass loss was greater.

Keywords: masonry wall drying, heat and moisture transfer, non-equilibrium model,

numerical calculations
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Rozdzial 1.
Wstep

1.1. Wilgo¢ w budynkach

Budynki s3 nieodzownym elementem Zzycia codziennego, zwigzanym z odpoczynkiem
(domy czy mieszkania), miejscem pracy, uzytecznoscig publiczng, czy ustugami. Znaczaca
czg$¢ dnia, szczegdlnie w okresach jesienno-zimowych, spedzamy wewnatrz budynkow, stad
stanowig one wazny aspekt zycia. Raport Komisji Europejskiej pt. ,,Improving energy and
resources efficiency” z 2018 roku [1] szacuje, ze udzial budynkéw wzniesionych przed 1990
rokiem w Unii Europejskiej sigga ponad 75%, a 45% wybudowano przed 1969 rokiem.
Dyrektywa Parlamentu Europejskiego 1 Rady (UE) 2023/1791 z dnia 13 wrze$nia
2023 r. w sprawie efektywnos$ci energetycznej oraz zmieniajgca rozporzadzenie (UE) 2023/955
(wersja przeksztalcona) wprowadza obowigzek renowacji istniejacych budynkéw w celu
poprawy ich efektywnosci energetycznej. Ze wzgledu na trwato$¢ budynkow wiekszos$¢ z nich
wymaga podj¢cia dziatan modernizacyjnych. Jak wskazuje wezesniej cytowany raport Komisji
Europejskiej [1], przy obecnym tempie modernizacji potrzeba okoto 100 lat, aby dokonaé
odnowienia wszystkich istniejacych budynkéw w Unii Europejskiej. Warty odnotowania jest
fakt, ze w 2016 roku Polska poswiecata ponad 3,5% rozporzadzalnego przychodu na

modernizacj¢ budynkoéw, co bylo najwyzsza wartoscig w Unii Europejskiej [1].

Modernizacja budynkéw jest zagadnieniem szerokim, obejmujagcym nie tylko poprawe
izolacyjnosci budynkow, czy wymiang zrédla ciepta, ale rowniez zapewnienie wiasciwych
warunkéw uzytkownikom budynkow. Elementem niezbednym do zapewnienia zdrowia
mieszkancom jest wlasciwe zarzadzanie wilgociag wewnatrz pomieszczen. Nadmierny poziom
wilgoci moze doprowadzi¢ do pojawienia si¢ mikroorganizmow, co jest szkodliwe dla zdrowia,
a dlugie przebywanie w takich pomieszczeniach moze skutkowaé¢ u ludzi objawami
nazywanymi ,,syndromem chorego budynku” [2]. Zagadnienie zawilgotniatych budynkow jest
poruszane w publikacjach naukowych. Lourenco i inni [3] wskazuja problemy powigzane
z nadmierny poziomem wilgoci jako gtowny problem zagrazajacy zdrowiu mieszkancow
w historycznym centrum Braganca (Potnocna Portugalia). Stastny i inni [4] udokumentowali
wplyw wilgoci na trzy zabytkowe budynki, dwa z XVIII wieku i jeden z XIX wieku,
zlokalizowane na Stowacji. Cieslikiewicz i inni [5] opisali proces osuszania piwnicy zakrystii

z XVIII wieku w Lowiczu. Proces osuszania byt czes$cig renowacji zabytkowego budynku.
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Niestety problemy zwigzane z obecno$cig wilgoci moga réwniez dotyczy¢ budynkow
wzniesionych relatywnie niedawno. Na przyklad, Kempton i inni. [6] monitorowali
5 budynkoéw w Sydney, w ktdrych pojawita si¢ plesn. Najstarszy z budynkow byt wzniesiony
w 1905 roku a najnowszy w 1991 roku [6]. Mudarri i1 Fisk rowniez wskazuja, ze problemy
znadmierng wilgocig w budynkach mogg dotyczy¢ prawie 50% Amerykanow [7]. Warto dodac,
ze wedlug statystyk Eurostatu w 2020 roku okolo 14.8% populacji Unii Europejskiej [8]
doswiadczyta probleméw poczawszy od cieknacych dachéw, poprzez zawilgocone $ciany, az
po zgnilizng w mieszkaniu. W tej statystyce w Polsce odnotowano, ze 6% populacji
doswiadczyta wskazanych problemow [8]. Bonderup 1 Middlemiss [9] zauwazaja, Ze statystyka
prowadzona przez Eurostat polega na zgtoszeniu problemu przez mieszkancéw, co wymaga od
nich §wiadomosci problemu. W efekcie dane wskazywane przez Eurostat mogg by¢ zanizone.
Autorzy zauwazaja, ze ubdstwo energetyczne, a takze zalecenia dotyczace obnizenia
temperatury w domach mogg przyczyniac¢ si¢ do wzrostu problemoéw zwigzanych z obecnoscia

wilgoci i ple$nig [9].

Podsumowujac, problemy zwigzane z nadmierng obecnosciag wilgoci moga dotyczy¢
zardwno zabytkowych budynkow, jak i tych wzniesionych stosunkowo niedawno. Wiecej niz
co dziesiaty Europejczyk moze zmagaé si¢ z wilgocia w domu. Nalezy odpowiedzie¢ na

pytanie, jakie jest zrédto problemu i jak mozna temu zaradzic.

Pory zamknigte

Pory otwarte

Ciato stale

Rysunek 1. Schemat osrodka porowatego.

Na poczatku rozwazan trzeba zaznaczy¢, ze materiaty budowlane sg osrodkami porowatymi.
Oznacza to, ze material nie jest lity, wewnatrz moga znajdowac si¢ przestrzenie (pory) niezajete
przez lite cialo stale — patrz Rysunek 1. Pory w materiale moga by¢ otwarte, czyli potaczone
z sgsiednimi porami oraz z brzegiem materiatu i otoczeniem albo zamknigte, czyli niepotagczone
z brzegiem materialu i otoczeniem. Przez pory otwarte do wnetrza materialu moze

bezposrednio wnika¢ powietrze, para wodna, jak i woda (ciecz). Przykladowe wartos$ci



porowato$ci otwartej dla cegiet wynosza okoto 40% [10,11], oraz ponad 70% dla betonu

komoérkowego [10].

Ze wzgledu na strukture porowata w materiale budowlanym moze gromadzi¢ si¢ wilgo€.

Potencjalne przyczyny pojawiania si¢ wilgoci wewnatrz przegrody budynku to [12]:

e Kondensacja pary z powietrza — pojawia si¢, gdy cisnienie czgstkowe pary jest
wigksze od ci$nienia nasycenia. Moze zachodzi¢ na powierzchni §ciany, na przyktad
na skutek stabej izolacji cieplnej $ciany lub wysokiej wilgotno$ci w pomieszczeniu,
albo wewnatrz materiatu ze wzgledu na niewtasciwg strukture $ciany.

e Wilgo¢ przenikajaca z gruntu — problem dotyczy piwnic, gdy ze wzgledu na brak lub
degradacj¢ hydroizolacji wilgo¢ zawarta w gruncie moze przechodzi¢ do $cian
piwnic. Ci$nienie kapilarne, jak rowniez ci$nienie wody beda wywolywaty wnikanie
wilgoci do $cian.

e Podcigganie kapilarne — na skutek niewlasciwej izolacji wilgotnoSciowe;j
fundamentow woda z gruntu moze przedostawac si¢ do struktury przegrod i poprzez
sity kapilarne moze by¢ transportowana na poziom powyzej gruntu.

e Awarie i przecieki — wszelkiego rodzaju przecieki rur lub rynien doprowadzajacych
albo odprowadzajacych wode czy nieszczelno$ci w dachu lub elewacji zewnetrznej
moga prowadzi¢ do zawilgocenia $cian.

e Zjawiska pogodowe — gwattowne i ulewne deszcze szczegdlnie w potaczniu z silnym
wiatrem mogg doprowadzi¢ do przedostania si¢ wody poprzez zewngtrzne warstwy
wodoodporne  do  wnetrza  przegrody. Ponadto  wywotane  zjawiskami
meteorologicznymi lokalne podtopienia czy powodzie tez s3a przyczyna
dlugotrwatego zawilgocenia $cian.

o Wilgo¢ resztkowa — problem dotyczy zarowno nowych budynkow, jak i tych po
renowacji. Wilgo¢ resztkowa zwigzana jest z woda technologiczng zawarta
w nowych materiatach budowlanych lub zgromadzong podczas prac budowlano-

remontowych.

Postepowanie przy usuwaniu nadmiernej wilgoci bedzie zalezne od jej zrodta. W przypadku
kondensacji pary wodnej wskazana bedzie poprawa izolacyjnosci cieplnej budynku,
intensywniejsza wentylacja [13], podniesienie temperatury w pomieszczeniu [9], czy zmiana
sposobu uzytkowania pomieszczenia przez ich mieszkancow [14]. Zalanie $cian poprzez

przecieki czy powodzie 1 podtopienia wymaga wysuszania $cian, natomiast zawilgocenia



pochodzace z gruntu (bezposrednio lub przez podciagganie kapilarne) bedg wymagaty nie tylko
osuszania, ale rowniez zabezpieczenia murdéw przed powrotem wody. Jedng z metod
zabezpieczajacg przed ponownym zawilgoceniem budynku w wyniku transportu wilgoci
z gruntu jest utworzenie membrany wodoodpornej. Taka membrane wykonuje si¢ zaréwno od
zewngtrznej strony S$ciany oddzielajac ja od gruntu materiatami nieprzepuszczalnymi dla
wilgoci, jak rowniez wewnatrz materiatu [15,16]. W drugim przypadku, pory materiatu,
z ktorego wykonana jest przegroda budowlana wypeknia si¢ srodkami chemicznymi (np.
hydrofobizujagcym mikroemulsjami silikonowymi SMK), ktore, trwale hydrofobizujg materiat
budowlany 1 efektywnie zabezpieczaja $ciane poprzez wyeliminowanie podciggania
kapilarnego wilgoci z gruntu. Sciany budynku przed utworzeniem membrany zabezpieczajacej
moga wymagaé osuszania. Duza zawarto$¢ wilgoci w porach materialu §ciany moze
przeszkodzi¢ w efektywnej penetracji $ciany przez ptyny hydrofobizujace i w wykonaniu

odpowiedniej warstwy zabezpieczajacej [5,16].
1.2. Przeglad literatury

1.2.1. Metody osuszania budynkow

Przegrody budynku zawilgocone poprzez podcigganie kapilarne lub przesaczanie z gruntu
maja pory w duzym stopniu wypetnione przez wilgo¢ w postaci ciektej. Wode te nalezy usuna¢
w celu efektywnego wytworzenia warstwy hydrofobizujace. W pierwszej fazie osuszania, woda
odparowuje na powierzchni materiatu i na drodze konwekcji przekazywana jest do powietrza
otaczajacego Sciang [17]. Wilgo¢ w postaci ciektej na skutek dzialania sil kapilarnych
transportowana jest z obszarow o wiekszym udziale wody (wnetrze materialu) do obszaru
o mniejszym udziale (powierzchnia). Wraz ze zmniejszeniem si¢ zawartosci wilgoci cieklej
transport kapilarny stabnie, poniewaz woda zaczyna wystepowac w postaci nieciagtej wewnatrz
poroéw. Nastepuje utrata cigglosci fazy cieklej, ktéra umozliwia transport kapilarny. W drugiej
fazie procesu osuszania ciekta wilgo¢ nie doptywa juz do powierzchni, ale jest odparowywana
wewnatrz materialu. Nastepnie na drodze dyfuzji wilgo¢ w postaci gazowej dociera do
powierzchni materialu 1 réwniez jest przekazywana do powierza. Niezaleznie od etapu
prowadzenia procesu, osuszanie jest energochtonne. Teoretycznie do odparowania kilograma
wody potrzeba az 0.7 kWh [17]. Jednak rzeczywiste zapotrzebowanie na energi¢ moze byc¢

wigksze.

Metody osuszania $cian mozna podzieli¢ na posrednie 1 bezposrednie [17]. Metody

posrednie polegajag na zmianie parametrow powietrza otaczajacego $ciane, czyli osuszanie
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powietrza 1 ogrzewanie oraz na intensywnej wentylacji w celu intensyfikacji wymiany masy
migdzy $ciang a otoczeniem. Natomiast metody bezposrednie polegaja na odzialywaniu na

przegrode i wilgo¢ zawartag wewnatrz nie;j.

Metody posrednie pozwalaja na relatywnie proste dziatanie jak zastosowanie miejscowych
ogrzewaczy lub osuszaczy powietrza. RoOwniez intensywna wymiana powietrza
w pomieszczeniach wspomaga osuszanie. W$rod metod posrednich mozna takze wymienic¢
umieszczanie specjalnych kanatow wentylacyjnych w gruncie zaro6wno po zewnetrznej, jak
1 po wewnetrznej stronie $ciany [18]. Powietrze przeplywajace przez kanal z jednej strony
odcina mozliwos$¢ przenikania wilgoci z gruntu do przegrody budowlanej, a z drugiej osusza
Sciane. Zaleta zastosowania kanatow wentylacyjnych w gruncie jest niski koszt osuszania
zwigzany jedynie z pracg wentylatorow oraz ograniczenie zawilgocenia w przysztosci. Do wad

nalezy zaliczy¢ bardzo dtugi czas prowadzenia procesu osuszania dochodzacy do roku [19,20].

Zaleta osuszania bezposredniego jest oddzialywanie na wilgo¢ zawarta bezposrednio
w $cianie. Odziatywanie to moze by¢ przeprowadzone za pomoca ogrzewania na odleglos¢, np.
za pomocg promieniowania podczerwonego lub mikrofalowego, albo poprzez bezposredni
kontakt ze $ciang stosujgc panele lub sondy grzewcze [17]. Do metod bezposrednich mozna
réwniez zaliczy¢ dziatania w celu mechanicznego usunigcia wilgoci poprzez wypchniecie
wody wtlaczajac powietrze pod ci$nieniem lub wytwarzajac podci$nienie w celu wyciagnigcia
wilgoci z pustek powietrznych [17]. Wybor wlasciwej metody osuszania bedzie zalezny od

materiatu 1 konstrukcji osuszanej $ciany.

Zegowitz 1 inni [21] przeprowadzili badania laboratoryjne procesu osuszania $cian budynku.
W kondycjonowanym pomieszczeniu wykonali 4 Sciany w ksztalcie litery ,,U” w celu
porownania metod osuszania. Kazda ze §cian byta wykonana z 363 mm wypalanych glinianych
bloczkéw wewnetrznie izolowanych za pomoca wely mineralnej lub perlitu. Sciany przed
pomiarem byly zalewane woda do wysokosci 7 cm i pozostawione do nasycenia wilgocia.
Nastepnie woda byla usuwana z podlogi 1 dokonywano pomiaréw procesu osuszania.
Przebadano osuszanie przy pomocy paneli wykorzystujacych promieniowanie podczerwone,
jak 1 przy uzyciu sond suszacych. Uzycie radiacyjnych paneli ogrzewajacych powierzchnig
Sciany pozwolito znaczaco zredukowac¢ zawarto$¢ wilgoci na ogrzewanej $cianie, jednak ciepto
nie przenikato efektywnie w glab konstrukeji $ciany, co powodowato, Ze zewngtrzna strona
wcigz byta zawilgocona [21]. Wykonano réwniez pomiary przy uzyciu specjalnej sondy
grzewczej, ktora byla umieszczana w przygotowanym otworze w S$cianie. Przez sonde
przeplywato ciepte powietrze. Zaobserwowano, ze podczas osuszania z wykorzystaniem sondy
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nie tylko wewnetrzna powierzchnia (od strony sondy), ale rowniez zewnetrzna strona §ciany
byly wysuszone dzigki podawaniu goracego powietrza do wngtrza przegrody budowlane;.
Porownano réwniez metode osuszania z wykorzystaniem ciaggltego profilu temperatury
powietrza osuszajgcego ze zmiennym, czyli okresowo przez sonde przeplywalo nieogrzane
powietrze. Nie wykazano znaczacych roznic w zawartos$ci wilgoci pod koniec prowadzonego
procesu pomigdzy ciaglym ogrzewaniem a okresowo zmiennym [21]. Zmienny profil

temperatury potencjalnie moze zmniejszy¢ energochlonno$¢ procesu osuszania.

Pfister 1 inni [22] przeprowadzili eksperymenty w celu porownania metody posredniej,
w ktorej osuszano powietrze w poblizu $ciany, z osuszaczem emitujagcym promieniowanie
podczerwone oraz grzewczym panelem osuszajacym. Panel mial zainstalowany grzejnik
elektryczny na powierzchni, ktéra miata kontakt ze §ciang. Z drugiej strony grzejnik poprzez
izolacje cieplng kontaktowal si¢ z powietrzem. Izolacja umozliwiata dyfuzyjny transport pary
wodnej do zewngtrznej powierzchni, ktéra byta wentylowana. Dos$wiadczenia byly
przeprowadzone na $cianach o powierzchni 1 m? i grubosci 0.115 m umieszczonych w komorze
klimatycznej. Przed pomiarem kazda $ciana byla zalewana woda na kilka dni do wysokosci
7 cm, a nastgpnie woda byla odprowadzana. W eksperymentach panel grzewczy osiagnat
najmniejszg energochtonnos$¢ osuszania, okoto 3.7 kWh/kgwody, przy okoto 22.5 kWh/kgwody
osigganych przez osuszacz podczerwony i 40.6 kWh/kgwody zmierzonych przy osuszaniu
posrednim [22]. Jednocze$nie czas osuszania wynosil odpowiednio okoto 13 dni dla panelu
grzewczego 1 osuszacza podczerwonego 1 23 dni dla osuszania posredniego. Ponadto zostaty
przeprowadzone symulacje numeryczne procesu osuszania przy uzyciu panelu grzewczego.
Wyniki symulacji zanizaly obliczong konsumpcj¢ energii potrzebng do osuszania w stosunku

do eksperymentu [22].

Lapka 1 inni [5,23,24] wykonali badania eksperymentalne nad osuszaniem $cian przy
pomocy sond suszacych (metoda termoiniekcji). Lapka i inni [24] przeprowadzili eksperyment
na murkach testowych o wymiarach 1.0x1.0x0.6 m® wykonanych z czerwonej cegly i zaprawy
cementowo wapiennej. Powierzchnia jednego z murkow byta pokryta tynkiem. Murki byty
umieszczone w pojemniku. Przednia i tylna §ciana murkow byly przykryte czg§ciowo warstwa
mokrej ziemi. Murki byly umieszczone w pomieszczeniu, ktore nie posiadato stabilizowanych
warunkow. Obiekty badan byty osuszane za pomocg sond suszacych. W pracy pordwnano rozne
scenariusze osuszania: samoistne osuszanie w warunkach otoczenia, osuszanie z przeptywem
powietrza o temperaturze otoczenia przez sondy osuszajace, osuszanie z przeptywem powietrza

przez sondy przy jednoczesnym ogrzewaniu sond oraz osuszanie dwuetapowe, czyli przez
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24 godziny z przeplywem powietrza bez ogrzewania sond, a nast¢pnie z przeplywem powietrza
przy jednoczesnym ogrzewaniu. Pomiary pokazaly, ze murek bez warstwy tynku wymagat
mniej energii do osuszania. Jednocze$nie, zwrdécono uwage na perspektywy zmniejszenia
energochtonnosci procesu w przypadku zastosowania strategii ze zmiennym profilem
temperatury. Ze wzgledu na brak stabilizacji warunkow, w ktérych wykonywane byty pomiary,
otrzymane wyniki mogg by¢ obarczone duzymi niepewnosciami. Podczas osuszania piwnic
zabytkowej plebani Lapka i inni [5,23] badali prace uktadu osuszajacego przy uzyciu sond
grzewczych. Zostaly poréwnane dwa urzadzenia osuszajagce oraz wyznaczona zostata
konsumpcja  energii w  warunkach  rzeczywistych, ktéra  wyniosta  10.44
1 16.58 kWh/m/(objetosciowa zawarto$¢ wilgoci % w murze) odpowiednio dla prototypowego

uktadu suszacego i dla uktadu referencyjnego [23].

Sobotka i1 Kolaf [25] przy uzyciu metody mikrofalowej badali proces osuszania piwnicy
Wydzialu Sztuki w Brnie. Metoda wymagata zmiany lokalizacji zroédta promieniowania
mikrofalowego co 10 minut ze wzgledu na ograniczony zakres dziatania osuszacza. Potrzeba
przemieszczania osuszacza powodowala, ze proces byl prowadzony tylko w ciagu dnia
w czasie godzin pracy, a nie w sposob ciagly przez 24 godziny. Przemieszczanie osuszacza
mikrofalowego bylo niekorzystne ze wzglgdu na dodatkowy naktad pracy na zmiane lokalizacji
urzadzenia. Co wigcej, przerywanie procesu mogto przyczynia¢ si¢ do naptywania wilgoci do
juz wysuszonych fragmentow $ciany. W trakcie procesu zaobserwowano znaczacy miejscowy

wzrost temperatury $ciany nawet do okoto 90°C [25].

Cieslikiewicz i inni [26] przeprowadzili badania eksperymentalne nad wptywem wilgotnos$ci
wzglednej powietrza osuszajacego na czas osuszania probek czerwonej cegly 1 zaprawy
o wymiarach 250x12x65 mm?®. Testy wykonano w temperaturze procesu rownej 40°C. Przed
pomiarem probki byty kondycjonowane w temperaturze 25°C. Zauwazono, ze przy niskich
wilgotnosciach wzglednych powietrza osuszajacego temperatura probki poczatkowo spada,
1 dopiero po kilku godzinach nastepuje jej wzrost. Ze spadkiem wilgotnosci wzglednej

powietrza czas osuszania probki malat [26].
1.2.2. Modelowanie wymiany ciepla 1 wilgoci w materialach
budowlanych

Symulacje komputerowe mogg by¢ wsparciem w prowadzeniu i1 optymalizacji procesu
osuszania. Opis matematyczny procesu osuszania moze dotyczy¢ zjawisk zachodzacych

w materiale budowlanym (osrodek porowaty), jak rowniez w otaczajacym powietrzu. Skala
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modelowanych zjawisk moze sigga¢ rozmiarow poréw lub calych konstrukcji $cian. Dobor
modelowanej skali przestrzennej zalezy od celu prowadzonych symulacji, przyktadowo
symulacje uwzgledniajagce mikrostrukture moga postuzy¢ do wyznaczenia efektywnych
wlasciwosci materiatu, na przyklad wspolczynnika przewodzenia ciepta [27]. Natomiast
modele makroskopowe, czyli bazujace na efektywnych wlasciwosciach materiatu porowatego,
moga by¢ wykorzystane do modelowania procesu osuszania, stad w dalszej czgsci pracy

modele te bedg omowione.

Materialy budowlane maja niejednorodna mikrostrukture. Z perspektywy modelowania
fragmentu $ciany (model makroskopowy) niejednorodno$¢ w mikroskali nie jest istotna, stad
dokonuje si¢ homogenizacji (ujednorodnienia) materiatu. W procesie ujednorodniania
materialu zaklad sie, ze rozwazana skala przestrzenna jest wicksza niz reprezentacyjna wielkos¢
elementu (REV — Reprezentative Elementary Volume) [28], czyli rozwazany obszar jest
wiekszy niz najmniejsza przestrzen mikrostruktury, ktora w sposéb reprezentacyjny opisuje
caly materiat. Dzigki homogenizacji materialu modele makroskopowe wykorzystuja efektywne
wlasciwos$ci materiatu jak na przyktad wspotczynnik przewodzenia ciepta czy dyfuzyjnosé
pary, jak réwniez zakltadaja, ze materiat sklada si¢ z substancji w réznych stanach skupienia
(cialo state, ciecz, gaz), a przykladowo cieplo wlasciwe jest zalezne od udziatow

poszczegolnych sktadnikéw materiatu.

Jeden z najpopularniejszych modeli makroskopowych wymiany ciepta 1 wilgoci

w materialach budowlanych zostat zaproponowany przez Kiinzela w 1995 roku [29]. Model

oparty jest o dwa roOwnania: roGwnanie ciggtosci wilgoci i rownanie energii. Niewiadomymi w

réwnaniach transportu z pracy [29] sa temperatura i wilgotno$¢ wzgledna. Zaproponowane
réwnanie energii ma postac:

dH 0t

dt Ot

Z kolei rownanie cigglo$ci wilgoci jest nastepujace:

= V(kV1) + ARy, V[6,V(@Dsqr)] )

i—: 2—3? = V[DypV9 + 6,V(¢Psar)] ()
gdzie: Dy, to wspofczynnik transportu wilgoci cieklej (kg/(m s)), H oznacza entalpig (J/m?),
k oznacza wspotczynnik przewodzenia ciepta (W/(m K)), pg,: to ci$nienie nasycenia (Pa),
t oznacza czas (s), W to zawarto$¢ wilgoci (kg/m?), Ah,, to entalpia parowania (J/kg), &, to
paroprzepuszczalno$¢ materiatu (kg/(m s Pa)), ¢ oznacza wilgotnos¢ wzgledng (-) 1 T to

temperatura (°C).



Model opisany réwnaniami (1) 1 (2) uwzglednia przewodzenie ciepta, zmiang stanu
skupienia, kapilarny transport wilgoci ciektej, jak réwniez dyfuzje pary wodnej. W modelu
powigzano przemian¢ fazowa z dyfuzja pary wodnej w materiale budowlanym. W celu

poprawnego dziatania modelu wymagane jest powiazanie zawartosci wilgoci z wilgotnoscig

wzgledna, tj. podanie Z—Z w rownaniu (2). Model ten zostal zaimplementowany

w oprogramowaniu WUFI oraz EnergyPlus [30].

W latach 2000-2003 realizowanym byt projekt europejski o akronimie HAMSTAD, ktorego
celem byta miedzy innymi poprawa istniejagcych metod modelowania wymiany ciepta i wilgoci
w materiatach budowlanych [31]. W ramach projektu zaproponowano model wymiany ciepta,
powietrza i wilgoci w materiale budowlanym, ktory nastepnie zostal wykorzystany do
opracowania komercyjnego programu obliczeniowego DELPHIN 5 [32,33]. Model ten opisany

jest nastepujacymi rOwnaniami transportu [33]:

W o|-Sevp, 422, - kp] ®
at u Pa
ou _ -V l—kVT + h, (— %va + p—ng> — h(K;Vpe) + hg p—ajgl + Z u @)
ot U Pg Pg
0 = Vj, )

gdzie: h,, h; 1 h,, to entalpie wlasciwe odpowiednio powietrza suchego, wilgoci ciektej i pary
wodnej (J/kg), j, to strumien masowy powietrza wilgotnego (kg/(s m?)), K, oznacza
przepuszczalno$¢ materiatu dla cieczy (s), p. 1 p,, to odpowiednio ci$nienie kapilarne i ci$nienie
czastkowe pary wodnej (Pa), u oznacza wilasciwg energi¢ wewnetrzng (J/kg), u to zrddto
objetosciowe energii (W/m?), T oznacza temperature (K), 8, to przepuszczalno$é¢ pary dla
nieruchomej warstwy powietrza (kg/(m s Pa), p,, pg 1 p,, 0znaczajg odpowiednio gestos¢
powietrza wilgotnego, powietrza suchego i pary wodnej (kg/m?), u oznacza wspotczynnik

oporu dyfuzyjnego pary wodnej (-).

W réwnaniach (3)-(5) strumien masowy powietrza wilgotnego byt zdefiniowany jako [33]:

Jg = PglKg(Vpg + pgg)] (6)
gdzie: g to przy$pieszenie ziemskie (m/s?), K, oznacza przepuszczalnos¢ dla powietrza (s),

pg 0zZnacza ciSnienie powietrza wilgotnego (Pa).

Nalezy zauwazy¢, ze rownanie ciggtosci powietrza wilgotnego (rownanie (5)) jest w postaci

ustalonej. Model opisany réwnaniami (3)-(5) dodatkowo wymaga powigzania zalezno$ciami
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zawarto$ci wilgoci z ci$nieniem pary wodnej 1 cisnieniem kapilarnym. Krzywa sorpcji moze
by¢ uzyta w celu powigzania zawarto$ci wilgoci w materiale z wilgotnosciag wzglgdna
powietrza w porach, a nastepnie z cis$nieniem pary wodnej. Krzywa sorpcji reprezentuje
rOwnowagowg zawarto$¢ wilgoci w materiale przy zadanej wilgotnosci wzglednej otaczajacego
powietrza — patrz Rysunek 2. Na krzywej sorpcji mozna wyrozni¢ dwa obszary: obszar
higroskopijny (sorpcyjny), kiedy to wilgo¢ w materiale porowatym jest w postaci pary wodnej
wypelniajacej pory oraz wilgoci zwigzanej (tj. bardzo cienkiej warstwy adsorbowanej na
powierzchni poréw), oraz obszar kapilarny, w ktorym pory wypetnia réwniez wilgo¢
w postaci ciektej, ktora moze przemieszczac si¢ w materiale na skutek dziatania sit kapilarnych.
Obserwowana jest histereza krzywej sorpcji, to znaczy mierzone wartosci zawartosci wilgoci
w materiale podczas sorpcji (przejscie w kierunku wyzszych wilgotnosci wzglednych
powietrza otaczajacego) sa nizsze niz podczas desorpcji (przejScie w kierunku nizszych
wilgotnosci wzglednych) — patrz Rysunek 2. Krzywa sorpcji jest wyznaczana eksperymentalnie

na przyktad na podstawie normy PN-EN ISO 12571 [34].

A

Obszar higroskopiny (sorpcyjny)

A
Y

Obszar
kapilarny

Zawartos¢ wilgoci (kg/kg)

WV

Wilgotnos¢ wzgledna (%)

>

Rysunek 2. Schemat krzywej sorpcji.
W celu polaczenia cisnienia kapilarnego z wilgotnoscig wzgledng uzywane jest rownanie

Kelvina [29]:

Pc
iR,T ™

In(g) = —

gdzie: R, to indywidualna stata gazowa dla pary wodnej (J/(kg K)).
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Model Kiinzela [29] oraz model opracowany w projekcie HAMSTAD [32,33] byty podstawa
do opracowania kolejnych modeli. Na przyktad, Tariku i inni [35] zaimplementowali model
tozsamy z modelem HAMSTAD w oprogramowaniu COMSOL Multiphysics®. Belarbi i inni
[36—38] opracowali model podobny do modelu Kiinzela i wykorzystali go do badania transportu
wilgoci przez zaprawe wapienng oraz $cian¢ wykonang z cegiet. Lelievre 1 inni [39,40]
rozszerzyli model Kiinzela o efekt histerezy krzywej sorpcji, czyli uwzglednienie przebiegu
desorpcji po innej krzywej niz sorpcji. Model zostat wykorzystany do analiz transportu ciepta
1 wilgoci w materiatach budowlanych z biokomponentami. W tym modelu rownania transportu

miaty posta¢ [39,40]:

aT
Ps (Cs + Wcl) E
= V(kVT)
5 (®)
+ [Ahlv + (Cp,v - Cl)(T - Tref)] \% (Ia psatv<p
5(1 dpsat )
— vT
* U ¢ dT
dw 0o 84 8q dpsar
owoe _ o (_ D )v Oa VT]

gdzie: ¢; i ¢s oznaczajg odpowiednio ciepto wlasciwe wody i ciata statego (J/kg K)), ¢, to
cieplo wiasciwe pary wodnej przy statym ci$nieniu (J/(kg K)), T..y 0znacza temperaturg

referencyjng (273.15K), w to masowa zawartos¢ wilgoci (kg/kg).

Nalezy zauwazy¢, ze model Lelievra, Colinarta 1 Glouanneca [39,40] powstal

z przeksztatcenia modelu Kiinzela [29], ktore byto nastgpujace:
W = psw (10)

0 0 8a
6vv((ppsat) = IV((ppsat) = I Dsat Ve + Igovpsat

(11)
8 o Ba dbsa
u Psat VP u P aT

vT

Model Lelievra, Colinarta i Glouanneca [39,40], w odréznieniu od modelu Kiinzela [29],

wykorzystuje temperatur¢ wyrazong w kelwinach, a nie w stopniach Celcjusza.

Histereze sorpcji w modelu uwzglednili rowniez Zhang 1 inni [41]. Zaproponowany przez

nich model nie uwzglednial wymiany ciepta oraz byt zblizony do prezentowanych wczesniej
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modeli wymiany wilgoci, z tg r6znicg, ze jako zmienng transportowg wybrano nasycenie porow

wilgocia.

Schijndel 1 inni [42] sformutowali model bardzo podobny do modelu Kiinzela [29],
w ktorym wilgotno$¢ wzglgdna zostata zastgpiona logarytmem cisnienia kapilarnego. Zabieg
ten pozwolit zmieni¢ réwnanie domykajace model z krzywej sorpcji na krzywa retencji.
Krzywa retencji reprezentuje zaleznos¢ pomiedzy zawartoscig wilgoci i ci$nieniem kapilarnym
(na wykresie zazwyczaj na osi odcigtych uzywana jest skala logarytmiczna) — patrz Rysunek 3.
Krzywa retencji jest wyznaczana dla obszaru kapilarnego. Za pomocg rdéwnania
Kelwina (7) ci$nienie kapilarne zmierzone w trakcie wyznaczania krzywej retencji moze by¢
przeliczane na wilgotno$¢ wzgledng w celu prezentacji danych za pomoca krzywej sorpcji

w obszarze kapilarnym.

A

Zawartos¢ wilgoci (kg/kg)

Cisnienie kapilarne (Pa)

Rysunek 3. Krzywa retencji (logarytmiczna skala na osi odcigtych).

Roéwnania opisujace model Schijndela 1 innych majg postac [42]:

d M
Pc_DsaMy alog) (12)

oT
— =V kVT — Ah;,6. —_
PsCs ot ( wov P apc,log pgRT p
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ow apc apc,log
apc apc,log ot

OPDsar 0pc
=V|6 VT - K,————V
( v® oT lapc,log Petog (13)

_617

0pc  PsacMy
(papc,log pRT pc,log

gdzie: M, oznacza mas¢ molowg pary wodnej (kg/kmol), pc o4 to logarytm dziesigtny
z ci$nienia kapilarnego (logio(Pa)), R to uniwersalna stata gazowa (8314 J/(kmol K)), ps gestoéé

fazy stalej (kg/m?).

Belleghem 1 inni [43,44] sformutowali model wykorzystujacy cisnienie kapilarne oraz
temperature jako wielkos$ci poszukiwane w rownaniach transportu. W ich modelu réwnanie
Kelwina (7) zostalo wykorzystane do zmiany wilgotnosci wzglednej na ci$nienie kapilarne.
W przeciwienstwie do poprzednich modeli, w sformutowaniu réwnania energii pojawia si¢
rozrézni¢ na wilgo¢ w postaci cieklej oraz w postaci pary wodnej. Sformutowane przez nich

réwnania transportu w osrodku porowatym mialy nastgpujaca postac [43,44]:

oT ow, ow,
(pscs + Wic; + W,,c,,)% +¢;T — + (¢, T + Ahy,) S

ot (14)
= V[kVT — ¢;Tj, — (¢, T + Ahy,,)jy]
oW dp, D, [py ( OPsat Pypln <p> ]
¢ — y(K, il - T
5 9t = V(KiTp) +V 2t [ R e L (15)

gdzie: D, to dyfuzyjnoéé pary wodnej (m%/s), W, i W, oznaczaja odpowiednio zawarto$é

objetosciowa wilgoci ciektej i parowej (kg/m?).

Costa 1 inni [45] zaproponowali model wykorzystujacy krzywa retencji oraz uwzgledniajacy
transport powietrza w osrodku porowatym poprzez uzycie prawa Darcy’ego. Model
rownowagowy uwzgledniajacy transport kapilarny oraz dyfuzj¢ pary zarowno pod wplywem
gradientu zawartosci wilgoci jak 1 temperatury zostal sformutowany dla materiatu budowlanego
przez Seredynskiego i innych [46]. Talukdar i inni [47] zaprezentowali model réwnowagowy,
w ktorym rozpatrywano oddzielnie transport wilgoci cieklej 1 pary wodnej. Model zaktadal, ze

wilgo¢ ciekla jest nieruchoma.

Wyzej wymienione modele zaktadaly lokalng rownowage pomiedzy parg wodng a wilgocia
ciekla, to znaczy, ze przemiany fazowe wilgoci (parowanie-skraplanie lub sorpcja-desorpcja)
zachodza z nieskonczong szybkos$cia. Takie zatozenie umozliwia powigzanie zawarto$¢ wilgoci

w materiale oraz wilgotno$¢ wzgledna otoczenia poprzez krzywa sorpcji 1 krzywa retencji.
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Znajac zawarto$¢ wilgoci mozliwe jest wyznaczenia wilgotnosci wzglednej albo znajac
wilgotno$¢ wzgledng wyznacza si¢ zawarto$¢ wilgoci w materiale. Innymi slowy, para wodna
znajduje si¢ w stanie nasycenia w obszarze kapilarnym (uwzgledniajac krzywizne porow
zgodnie z prawem Kelwina) albo ma ci$nienie czastkowe wynikajace z zawartos$ci wilgoci

zaadsorbowanej przez materiat porowaty w obszarze higroskopijnym.

Zatozenie rownowagi pomi¢dzy parg wodng a wilgocig ciekla jest fundamentalne dla
wymieniony wczesniej modeli. To zatozenie nie musi by¢ sluszne. Busser 1 inni. [48]
wymieniajg usunigcie zatozenia roéwnowagi pomie¢dzy fazami jako droge do poprawy
istniejgcych modeli. Modele nierdéwnowagowe uwzgledniajg kinetyke zmiany fazy, czyli
modeluja predkos¢, z jaka ciecz zamienia si¢ w parg i vice versa, sa wskazywane [48] jako
droga dla rozwojéw modeli wymiany ciepla 1 wilgoci w materialach budowalnych. Obecnie

takie model sg rzadkoscia.

Jeden z pierwszych modeli nierownowagowych wymiany ciepla i wilgoci w materiatach
budowlanych zostat sformulowany przez Reuge i innych [49-51]. Model ten opracowano
réwnolegle do modelu opisanego w tej rozprawie. Zaproponowany przez Reuge i innych model
[49-51] powstal przez przeksztatcenie rownania transportu wilgoci cieklej opracowanego przez
Kiinzela (réwnanie (2)). W wyniku przeksztalcenia i uwzglednienia nierdwnowagi pomi¢dzy
poszczegdlnymi fazami zaproponowano dwa réwnania transportu pary wodnej i wilgoci

ciektej, sprzg¢zone czlonem Zrodlowym opisujacym strumien wilgoci zmieniajacy faze [49-51]:

09 Dt RT RT
atsa _V[&;EV(QDpsat) = _Emvl (16)
aw,
a—tl—VDlVWl = 1y, (17)

gdzie: D, to wspotczynnik dyfuzyjnosci wilgoci ciektej (m?/s), 1h,; oznacza objetosciowy

strumien sorpcji-desorpcji (kg/(m? s)).

Z kolei rownanie energii bylo sformutowane w taki sam sposob, jak w modelu Kiinzela
(rownanie (1)). Reuge 1 inni [49-51] zaproponowali dwa sposoby obliczania obj¢tosciowego

strumienia sorpcji:
. 2
My = tko (Vveq ((P) - W) (18)

0
gy = (ko + Koz 57 ) (Weg () = W) (19)
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gdzie: kg i ko, sa to zmienne modelowe — state kinetyki sorpcji (m*/(dzien kg)), ko, oznacza
zmienng modelowa — statg kinetyki sorpcji (m? /kg), W,q to rownowagowa zawarto$¢ wilgoci

w materiale (kg/m?).

Johannesson i inni [52—-56] opracowali model nierownowagowy transportu wilgoci oraz
sktadnikoéw rozpuszczonych w wodzie. Ich model nie uwzglgdnial wymiany ciepta. Autorzy
wykorzystali go do analizy procesu nasycania materialu budowlanego dwutlenkiem wegla.

Zatozono w nim liniowg kinetyke zmiany fazy [54,56]:

My = klv(el,eq(fp) - 51) (20)
gdzie: k;,, to wspolczynnik sorpcji-desorpcji (kg/(m? s)), g i €1,eq 0Znaczajg odpowiednio udziat

objetosciowy wilgoci cieklej i jej udzial rownowagowy (-).

1.2.3. Analiza literatury

Badania dotyczace bezposredniego procesu osuszania budynkow byty prowadzone gléwnie
przez dwa zespoty badawcze w Niemczech [21,22] oraz w Polsce [5,23,24]. Prace te dotycza
przede wszystkim eksperymentéw przeprowadzanych w laboratorium [21,22,24] oraz
monitorowania pracy urzadzen w rzeczywistych warunkach osuszania [5,23]. Tylko w jednej
ze wspomnianych prac [22] zostaly wykorzystane metody numeryczne w celu walidacji
programu obliczeniowego. Badania eksperymentalne stuzyly do poréwnania réznych metod
osuszania [21,22] lub poréwnania ciagltego i1 zmiennego profilu temperatury powietrza
osuszajacego [21,24]. W dwoéch badaniach przeprowadzonych przez rozne zespoty [22,24]
wyznaczono zapotrzebowanie na energi¢ do osuszania (w kWh/kgwody). Jedynie w badaniach
przeprowadzonych przez zesp6t w Niemczech [21,22] warunki w laboratorium byly

kontrolowane i stabilne podczas eksperymentu.

Niestety, brakuje wcigz badan porownawczych rdéznych strategii osuszania (np.: ciggta lub
zmienna temperatura powietrza osuszajacego) w kontrolowanych warunkach oraz analizy
wplywu temperatury i wilgotnos$ci powietrza osuszajacego na proces. Tylko w nielicznych
pracach wyznaczana jest konsumpcja energii w trakcie procesu [22,24]. Brakuje prac

wykorzystujacych metody numeryczne do badania procesu osuszania.

Modelowanie wymiany ciepta i wilgoci w materialach budowlanych bazuje gtownie na
modelach rownowagowych. Na przyktad, model sformulowany przez Kiinzela [29], po
drobnych modyfikacjach, byt szerzej wykorzystywany przez innych autorow [36,37,39,40,42].

Z kolei, model nierownowagowy zaproponowany przez Reuga i1 innych [49-51] jest rowniez
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modyfikacja modelu Kiinzela, poprzez uwzglednienie kinetyki sorpcji-desorpcji. Transport
powietrza uwzgledniony jest w modelu opracowanym w ramach projektu HAMSTAD [33], ale
jest ograniczony do statycznego przeplywu, bez uwzglednienia akumulacji w porach. Model
nierbwnowagowy zaproponowany przez Johannessona i innych [52-56] uwzglednia transport
powietrza oraz nieréwnowage pomigdzy parg wodng a wilgocig ciekla, ale nie rozwaza
wymiany ciepta. Wigkszo$s¢ modeli bazuje na krzywej sorpcji i byla stosowana przede
wszystkim do obszaru higroskopijnego [29,36,37,39,40,46,49—-51]. Model sformutowany przez
Belleghema 1 innych [43,44] wykorzystywat krzywa retencji oraz byl stosowany do
modelowania procesu osuszania probki wykonanej z ceglty. Model Belleghema nie uwzgledniat
transportu powietrza w materiale. Model Kiinzela byt wykorzystany do symulowania osuszania

$ciany murowanej [22].

Zestawiajac roOwnania transportu poszczegolnych modeli (Tabela 1), wida¢ podobienstwa
i réznice pomiedzy modelami. Wszystkie modele uwzgledniaja dyfuzyjny transport pary
wodnej (czton w postaci §,,Vp,,), natomiast w rozny sposob symulowany jest transport wilgoci
cieklej, to znaczy stosujac gradient wilgotnosci wzglednej [29,39,40] lub zawartosci wilgoci,
ktéra poprzez krzywa sorpcji sprowadza si¢ do wilgotnosci wzglednej [49-51], albo za pomoca
ci$nienia kapilarnego [33,42,43].

Tabela 1. Podsumowanie modeli wymiany ciepla i wilgoci w materiatach budowlanych.

Autor Roéwnania transportu Uwagi
inzel (29 O = VOTY) + Ay, V16,V (gpice) Z?rijlementowany
C;_I:Z (;_f = V[D,Ve + 8,V(¢Psar)] w programie WUFI
1 EnergyPlus
Lelievre, oT Rownania

ps(cs + Wcl) E

Colinart transportu tozsame
1 Glouannec = V(kVT) z rOwnaniami
[39,40] + [Ahy w modelu Kiinzela,
0 .
+ (Cp,v — Cl)(T — T, f)] v (_‘1 Psat Ve uwzglednienie
# histerezy sorpcji
n % AdPsat VT)
U ¢ dT
aW a(p 561 6(1 dpsat
owoe _ o (_ D )v O VT]
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Ruge i inni

dH 0t
- V(kVt) + Ahlv [va(q)psat)]

Nierownowagowy

inni [43,44]

+ (¢, T + Ahy,) a—”

= V[kVT — aTj, — (¢, T + Ahlv)jv]
e y(kiTp)
D
i it
(¢ e 22 )

[49-51]: dr 9t model Kiinzela
dpp RT
ot = % [6 V((ppsat)] _mvl
'U
ow, .
T VD, VW, = my,
Schijndel i 0pe DPsarMy Model podobny do
.. PsCs =~ ot <kVT Ahlv&z‘ﬂ a . - Vpc,log .
inni [42] Pc,log PgRT modelu  Kiinzela,
oW 0p. OPciog wykorzystanie
Opc Opciog Ot krzywej  retencji
_v ( 5,0 OPsat VT — K, —Pc Ipc Vei0g zamiast  krzywej
or Pciog SOrpeji.
P 0pc  PsacMy vp
v apc,log pRT alog
Projekt Model
ow 0 Py . ,
HAMSTAD T -V [— —Vp, + ,0_ Jg — Klec] zaimplementowany
U a
[33] w programie
O 9| —kVT + hy (= 22vp, + 22
ot v u Pv Po Jg DELPHIN.
Pa . .
- hl(Klec) + ha —Jg + Z u
Pg
0 = Vpy[Ky (Vg + pgg)]
Belleghem i oT ow, Model
creghem (pscs + Wic, + W, cv) + clTa—tl ode

wykorzystany  do
symulacji

osuszania cegly.

Podsumowujac, wiekszos¢ stosowanych modeli opiera si¢ na modelu Kiinzela i zaklada

roéwnowage pomiedzy wilgocig ciekla i parowa. W dwoch modelach [49-56] uwzgledniona jest
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nieréwnowaga pomiedzy fazami (wilgo¢ zwigzana/ciekta — para wodna). Transport powietrza
jest czesciowo uwzgledniony w modelu zaproponowany w projekcie HAMSTAD [33] oraz
przez Coste i innych [45]. Tylko dwa modele byly uzyte do symulowania procesu osuszania:
model Kiinzela [29] 1 model Belleghema i innych [43,44]. Oba modele sg rownowagowe 1 nie
uwzgledniajg transportu powietrza. Busser 1 inni [48], analizujac szereg modeli wymiany ciepta
1 wilgoci, wyrdznili czynniki, ktore powinni by¢ uwzglednione w celu poprawy doktadnosci
modelu wymiany ciepta i wilgoci w materiale budowlanym. S3 to transport powietrza,

nieréwnowaga pomig¢dzy wilgocia ciekla 1 parg wodng oraz zjawiska mikroskalowe.

1.3. Oryginalno$¢ zaproponowanych metod

W rozprawie zaproponowano oryginalny model nierdwnowagowy wymiany ciepta i wilgoci
w porowatych materiatach budowlanych. Zwalidowano opracowany model na autorskim
stanowisku eksperymentalnym. Wykorzystano model do przeprowadzenia symulacji
numerycznych procesu osuszania $ciany. Wykorzystano model do poprawy efektywnosci

energetycznej procesu poprzez zmiang parametréw powietrza uzytego do osuszania $ciany.

Zaproponowany w rozprawie model wymiany ciepta, powietrza i wilgoci w materiale
budowlanym uwzglednia transport powietrza przez o$rodek porowaty oraz nierownowage
pomiedzy wilgocia ciekla oraz parag wodng. Modele wykorzystane do tej pory w celu symulacji
procesu osuszania zaktadaty réwnowage pomiedzy fazami wilgoci oraz pomijaty transport
powietrza [29,43,44]. Modele nieréwnowagowe byly wykorzystywane w obszarze
higroskopijnym (wilgo¢ w postaci zwigzanej) [49-51] albo do symulowania procesu
karbonizacji cementu, w ktorym wymiana ciepta nie byta uwzgledniana [52-56]. Zastosowanie
modelu nierownowagowego do symulacji wymiany ciepta i wilgoci podczas procesu osuszania
jest oryginalnym rozwigzaniem i do tej pory nie byto prezentowane. Model nieréwnowagowy
moze by¢ doktadniejszy od modelu rownowagowego co sugerujg Busser i inni [48], szczeg6lnie
w obszarach gdzie wystepuja znaczace gradienty temperatury czy wilgotnosci, na przyktad
w poblizu powierzchni, z ktorej nastgpuje odparowanie. Opracowany model zostal

z walidowany na autorskim stanowisku badawczym.

Modelowanie numeryczne nie bylo stosowane do optymalizacji procesu osuszania $cian
budynkow. Byto jedynie sporadycznie wykorzystywane do analiz procesu osuszania
budynkow. Wykorzystanie wspomnianego modelu do analizy przebiegu i energochtonnosci
procesu jest kolejnym oryginalnym wkladem w rozwdj dyscypliny. W literaturze brakuje prac

zwigzanych z poréwnaniem metod prowadzenia procesu, to znaczy osuszania prowadzonego
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ze stalg temperaturg, zmienng lub przemienng, oraz wplywu strategii osuszania na
energochlonnosci procesu. Brakuje rowniez prac uwzgledniajacych r6zng zawarto$¢ wilgoci
w powietrzu uzytym do osuszania (prowadzenie procesu w réznych porach roku). Symulacje
numeryczne z wykorzystaniem opracowanego modelu umozliwiajg efektywng analize procesu

bez koniecznos$ci stosowania kosztownych i czasochtonnych prac eksperymentalnych.
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Rozdzial 2.

Cel i zakres pracy

Celem pracy jest sformutowanie nierownowagowego modelu wymiany ciepta i wilgoci
w materiatach budowlanych oraz zastosowanie tego modelu do analizy energochlonnosci
procesu osuszania $cian. Sformutowano etapy potrzebne do osiggnigcia celu badawczego.
Okreslono nastepujace kroki rozwoju modelu: sformutowanie matematyczne modelu,
implementacja modelu w oprogramowaniu ANSYS Fluent, weryfikacja modelu
z wykorzystaniem rozwigzan z literatury, zaprojektowanie oraz wykonanie stanowiska
eksperymentalnego w celu walidacji modelu, wykonanie pomiaréw na stanowisku i walidacja
modelu dla symulacji procesu osuszania probki z materialu budowlanego. Prace zwigzane
z rozwojem modelu byly prowadzone w ramach realizacji dwoch projektow badawczych:
NCBiR POIR.04.01.02-00-0099/16 ,,Opracowanie innowacyjnej technologii osuszania
1 izolowania muréw” (DryWall) oraz NCN Preludium 2020/37/N/ST8/04203 ,,Opracowanie
nierownowagowego modelu wymiany ciepta, powietrza i wilgoci w materiatach budowlanych

z biokomponentami”.

Okreslono nastepujace etapy potrzebne do wykonania analizy procesu osuszania $ciany:
wykonanie geometrii i1 siatki obliczeniowej fragmentu $ciany, opracowanie modelu
numerycznego w programie ANSYS Fluent, przeprowadzenie analizy procesu osuszania dla
réznych (statych) temperatur prowadzenia procesu (20-60°C) oraz réznych zawartosci wilgoci
w powietrzu dla odpowiednich por roku w Polsce, a takze przeprowadzenie analizy procesu
osuszania dla zmiennych profili temperatury, analiza otrzymanych wynikow pod kontem
energochtonnos$ci prowadzonego procesu oraz zaproponowanie nowych warunkow
prowadzenia procesu. Symulacje osuszania §ciany zostaty przeprowadzone w ramach realizacji

projektu badawczego DryWall.
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Rozdzial 3.
Analysis of non-equilibrium and equilibrium models
of heat and moisture transfer in a wet porous

building material — Artykul I

W pierwszym artykule sformutowatem nier6wnowagowy model wymiany ciepta 1 wilgoci
w  porowatym materiale budowlanym. Nastgpnie zaimplementowatem  model
w oprogramowaniu ANSYS Fluent, dzigki zaawansowanym funkcjom uzytkownika, takim jak
User-Defined Function (UDF), User-Defined Scalar (UDS) i User-Defined Memory (UDM).
Oprogramowanie ANSYS Fluent nie umozliwia bezposredniego symulowania procesu
osuszania (brak wbudowanego modelu), ale pozwala wprowadzi¢ wlasne rownania transportu
skalara (UDS). Oprogramowanie postuzyto wigc jako platforma do tworzenia geometrii, siatki
obliczeniowej oraz rozwigzywania wlasnych zaimplementowanych réwnan transportowych.
Implementacja modelu wymagata utworzenia plikdw zawierajacych funkcje i1 zmienne
napisane w jezyku programowania C. Nastgpnie program kompilowat plik zawierajagcy UDFy
i umozliwial rozwigzanie zdefiniowanych roéwnan (UDS). Model zweryfikowalem
1 poréwnatem z wynikami uzyskiwanymi przez dwa modele rownowagowe. Do weryfikacji

zostaty wykorzystane dane prezentowane w rozprawie doktorskiej van Belleghema [57].

3.1. Model matematyczny

Opracowany model sktadat si¢ z trzech rownan skalarnych: rownania cigglosci pary wodne;j,

roOwnania ciggtosci wilgoci w postaci cieklej oraz rownania energii, ktore byly nastepujace:

0ggpy

ot = Vj, + my, @2y
d€ipy . . (22)
9t = Vji —my,
d(pC)esT . . . : (23)
Tef + V(]lhl) + v(/vhv) + V(]aha) = VkerT — My, Ahy,

gdzie: k.r oznacza efektywny wspolczynnik przewodzenia ciepta (W/(m K)), (pc)r to

efektywna pojemnos¢ cieplna (J/K).

21



Strumienie masowe w rownaniach (21)-(23) zostaly okreslone nastepujaco:

Jv = _Dv,efvpv (24)
Ja = —Jv (25)
Ji = KiVp, (26)

Nalezy zauwazy¢, ze wilgo¢ ciekta przeptywa z obszaru o nizszym ci$nieniu kapilarnym do
obszaru o wyzszym ci$nieniu (rownanie (26)). Jest to zwigzane z tym, ze w obszarach o nizszej
zawartosci wilgoci ci$nienie kapilarne jest wyzsze — patrz Rysunek 3. Transport dyfuzyjny pary

wodnej, dany rownaniem (24), jest przyblizong forma prawa Ficka, ktore ma postac:
Jv = _pgDv,ef VY, (27
gdzie: Y, to udziat masowy pary wodnej (-).

Przeksztalcajac prawo Ficka (réwnanie (27)) do postaci z gradientem gesto$ci otrzymano:

Pv _ _pgDv,ef Vpy n PgPvDyerVpg _ (28)
Py Py Ps
= _Dv,ef Vp, + Yva,erpg

Jv = _pgDv,ef VY, = _pgDv,efv

Nalezy zauwazy¢, ze udzial masowy pary wodnej (Y,) w powietrzu jest bardzo maty,
przyktadowo dla warunkow 20°C 1 50% wilgotno$ci wzglednej wynosi 0.0072, stad

zaniedbatem w modelu czton Y,,D,, . rVp, jako nieistotny w transporcie pary wodne;.
Efektywna pojemnos$¢ cieplng zdefiniowatem jako:

(pc)ef = &PsCs + EPIC + EgPaCpa T EgPuCpw (29)
Zatozytem liniowg kinetyke odparowania-kondensacji, formutujgc nierbwnowagowy czton
zmiany fazy nastgpujaco:

€
h,a g—l (pv,sat — pv) — dla odparowania
P

Thlv = (30)

hvlas(pvjsat — pv) — dla skraplania
gdzie: ag to objetosciowa powierzchnia wilasciwa (1/m), h,; oznacza objgtosciowy
wspotczynnik wymiany masy wewnatrz poréw (m/s), &, to udzial objetosciowy porow (-),

Puv.sat 0Znacza gestos¢ pary wodnej przy ci$nieniu nasycenia (kg/m?).

Model uzupehiony jest o szereg zalezno$ci domykajacych, wiasciwosci materialowych,

migdzy innymi o krzywa retencji potrzebng do wyznaczenia cisnienia kapilarnego. Z kolei
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cisnienie nasycenia, obliczane na podstawie temperatury, byto modyfikowane przez rownanie

Kelwina — rdwnanie (7). Szczegoly podano w Artykule 1.

Powyzszy model zostat zaimplementowany w oprogramowaniu ANSY'S Fluent przy uzyciu

zaawansowanych funkcji uzytkownika (UDF, UDS i UDM).

3.2. Analizowany przypadek

Wybratem do weryfikacji przepadek opisany w rozprawie doktorskiej van Belleghema [57].
Geometria, warunki brzegowe 1 poczatkowej jak réwniez wlasciwosci materialowe wynikaty
z opisu zawartego w referencyjnym przypadku [57]. Zweryfikowatem opracowany model
z obliczeniami wykonanymi dwoma modelami rownowagowymi. Analizowatem przypadek,
zgodnie z opisem zawartym w pracy van Belleghema [57], osuszania cegly o wysokosci 3 cm
nasyconej woda, ktérej gorna Scianka miata kontakt z przeptywajacym powietrzem, a pozostate
powierzchnie byty adiabatyczne 1 nieprzepuszczalne dla wody 1 powietrza — patrz Rysunek 4.

Tamb s Pamb
hma ht

TO: Wl]

Adiabatyczna é
nieprzepuszczalna $ciana A

.

Rysunek 4. Schemat analizowanej cegly razem z warunkami brzegowymi i poczatkowymi.

Sformutowatem warunki brzegowe w zalezno$ci od poziomu nasycenia materiatu wilgocia.
Dla wysokiego nasycenia woda (powyzej 25%) zatozylem, Zze woda w postaci cieklej dopltywa
do brzegu materiatu i odparowuje (wystepuje wilgo¢ w formie ciaglej [58]), natomiast dyfuzja
pary wodnej do brzegu probki jest pomijalna. Jesli nasycenie wilgoci na brzegu spadato ponizej
25% zatozytem, ze wilgo¢ w postaci cieklej traci cigglos¢ w materiale, to znaczy wystepuje

lokalnie w postaci kropel wypelniajacych pory (wilgo¢ w formie rozproszonej [58]), i nie
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przemieszcza si¢ w kierunku brzegu, stad transport masy wystepuje na drodze dyfuzji pary.

Nasycenie wilgocig zdefiniowatem jako:

5= 1—¢g (1)

gdzie: s nasycenie materiatu wilgocig (-).

Przy tak postawionych zalozeniach oraz zakladajac konwekcyjng i radiacyjng wymiang
ciepla zgodnie z przypadkiem referencyjnym [57], warunki brzegowe dla nasyconego materiatu

(s > 0.25) miaty nastepujaca formg:

Jow =0 (32)
. Py,
Jiw = hm <pvw - Yamb) (33)
gw
O'(T4 — T ) ] 34)
qw = h¢ (Tw - Tamb) + 1W fmb,rad + Ahlv]l,w
—_—— -1

gdzie: h,, oznacza wspolczynnik wymiany masy na powierzchni probki (kg/(m? s)), h; to
wspolezynnik przejmowania ciepla na powierzchni probki (W/(m? K)), j, i ji,w 0znaczaja
odpowiednio strumien wilgoci cieklej i pary wodnej na brzegu materiatu (kg/(m?s)),
qw Oznacza gesto$¢ strumienia ciepta na brzegu materiatu (W/m?), Tomp, Tampraa 1 Tw tO
odpowiednio temperatura otoczenia, temperatura otoczenia, do ktérego nastepuje wymiana
ciepta na drodze radiacji oraz temperatura na brzegu probki (K), Y,,,,, 0znacza udzial masowy
pary wodnej w powietrzu zewnetrznym (-), €gmp 1 & to odpowiednio emisyjnos¢ otoczenia
1 emisyjnos¢ powierzchni materiatu (-), py, 1 P4, 0znaczajg kolejno gestos¢ pary wodnej oraz
powietrza wilgotnego na brzegu materialu (kg/m®), o to stata Stefana-Boltzmana

(5.67-10° W/(m? K%)).

Przy niskim nasyceniu osrodka wilgocig (s <0.25) okreslitem warunki brzegowe jako:

. p }
oo = o <_W ) Y‘”’”’) (35)
Pgw
jl,w =0 (36)
O'(T4 — T4—) (37)
Qw = ht(Tamb - Tw) + 1amb,ra1d w
a - Eamb B
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Zatozylem parametry warunku brzegowego zgodnie z opisem przypadku referencyjnego

[57]:

e temperatura otoczenia (T, ) — 23.8°C,

e temperatura otoczenia dla wymiany ciepta na drodze radiacji (Tgmp raq) — 23.3°C,
o wilgotnos$¢ wzgledna (@) — 44%,

e wspodtczynnik wymiany masy (h,,) — 0.0258 kg/(m? s),

e wspolczynnik przejmowania ciepta (h,) —22.5 W/(m? K),

e emisyjno$¢ powierzchni probki (g,,) — 0.93,

e cmisyjno$¢ otoczenia (€4y,p) — 0.97.

Na poczatku obliczen przyjatem, réwnomierny rozktad temperatury (Tj,;) 1 wilgoci

w materiale (W;,;;) odpowiednio wynoszace 23.8°C i 126.1 kg/m> [57].

Przeprowadzitem symulacj¢ dla procesu trwajacego 12 godzin. Wykonatem testy
niezaleznosci siatki i kroku czasowego, nastepnie zrealizowalem symulacje dla kroku
czasowego wynoszacego 5 s i siatki liczacej 60 elementéw. Wymienione symulacje zostaty
przeprowadzone przy uwzglednieniu i pomini¢ciu wymiany ciepta na drodze radiacji, tak jak

w przypadku referencyjnym [57].

3.3. Wyniki

Obliczenia zostaly poréwnanie z dwoma modelami réwnowagowymi opisanymi
w [Artykut [] oraz przez van Belleghema [57]. Wyniki uzyskane wszystkimi trzema modelami
byly podobne — Rysunek 5. Na poczatku procesu osuszania temperatura cegly gwattownie
spadala na skutek odparowania wody blisko powierzchni, aby po okoto godzinie ustabilizowaé
si¢ (Rysunek 5a). Temperatura stabilizacji zalezata od warunkéw wymiany ciepta 1 masy, to
znaczy byla to temperatura, przy ktérej strumien ciepta dostarczanego do brzegu (na drodze
przejmowania oraz promieniowania) rOwnowazyt strumien ciepta odparowujacej wody. Wraz
ze spadkiem temperatury maleje intensywno$¢ parowania, a wzrasta wymiany ciepla.
W zwigzku z tym temperatura stabilizacji w przypadku z uwzglednieniem promieniowania
cieplnego jest wyzsza niz bez promieniowania oraz czas trwania stabilizacji jest krotszy w
poréwnaniu do przypadku bez promieniowania. Podczas procesu osuszania maleje zawarto$¢
wilgoci oraz nasycenie wilgocig na brzegu — patrz Rysunek 5b, ktory przedstawia obliczong
zawarto$¢ wilgoci w odlegtosci 0 cm (brzeg), 1 cm 12 cm od brzegu obszaru dla dwo6ch modeli:

rOwnowagowy 1 nierownowagowy. Gdy nasycenie spadio ponizej wartosci s = 0.25,
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nastepowata zmiana warunkoéw brzegowych, co skutkowato wzrostem symulowanej
temperatury. Podobny wzrost byt przewidywany przez wszystkie modele. Wcze$niejszy wzrost

temperatury (przypadek z promieniowaniem) oznaczal, ze powierzchnia materialu szybciej

stawala si¢ wzglednie sucha.

24| T T T T T 140
"E 120 f
22k Sy
o =100
£ 20() ED R0
= | R
218f g %
E % 40
16 é 20F
14 : 0
0 2 4 6 8 10 12
Czas (h) Czas (h)
eq. 1 - bez promieniowania [Artykut I] ——eq. 1 - Ocm [Artykut I]
eq. 1 - z promieniowaniem [Artykut ] = =non-eq. - Ocm [Artykut I]
—non-eq. - bezpromieniowania [Artykut I] eq. 1 - lem [Artykut I]
= =non-gq. - Z promieniowaniem [Artykut I] non-eq. - lecm [Artykut ]
eq. 2 - bez promieniowania [57] eq. 1 - 2cm [Artykut I]
eq. 2 - z promieniowaniem [57] non-eq. - 2cm [Artykul I]
a) b)

Rysunek 5. Wyniki przeprowadzonych symulacji: a) przebiegi temperatury na glebokosci
1 cm dla przypadkow z 1 bez uwzgledniania promieniowania cieplnego, b) przebiegi
zawartosci wilgoci na powierzchni materiatu oraz na glebokosci 1 1 2 cm przy pominigciu
promieniowania cieplnego (eq. 1 — model rownowagowy [Artykut I], eq. 2 — model
réwnowagowy [57], non-eq. — opracowany model nierownowagowy [Artykut I]).

Oba modele (model rownowagowy [Artykul I] i opracowany w pracy nier6wnowagowy)
w podobny sposob symulowaly spadek zawarto$ci wilgoci w materiale (Rysunek 5b).
Najwieksze roznice w przebiegu pomiedzy modelami zostaty odnotowane na powierzchni
probki. Zwigzane jest to z roznym sformutowaniem warunkéw brzegowych. Model
nierOwnowagowy przy nasyceniu wilgocig ponizej 0.25 zaktadal brak doptywu wilgoci cieklej
do brzegu materialu, natomiast model réwnowagowy uwzgledniat dopltyw wilgoci az do
odparowania catej wody. Wynikato to z innych sformutowan modeli. W efekcie roznych
zatozen 1 sformutowania, model rownowagowy symulowat nieco dtuzszy proces stabilizacji
temperatury (Rysunek 5a). Pomimo tych roznic, przebiegi zawarto$ci wilgoci wewnatrz

materiatu byty do siebie bardzo zblizone (Rysunek 5b).

Rozwazajac catkowita zawarto$¢ wilgoci w materiale (Rysunek 6), nie zauwazono
znaczacych réznic pomi¢dzy modelami.
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Rysunek 6. Przebieg catkowitej zawarto$¢ wilgoci w cegle (eq. 1 — model rownowagowy
[Artykut I], non-eq. — opracowany model nierownowagowy [Artykut I]).

Podczas wykonywania symulacji okre§lono wspotczynnik wymiany masy wewnatrz porow

(h,,;) na poziomie 2-10~ m/s.

34. Whioski

Zweryfikowatem model nier6wnowagowy przy uzyciu dwoch roéznych modeli
rownowagowych opisanych w [Artykut 1] oraz [57]. Nie zauwazylem znaczacych réznic
pomiedzy modelami, co $wiadczy o poprawnosci sformutowania i1 implementacji
zaproponowanego przeze mnie modelu nierownowagowego. W celu dalszej oceny
poprawnosci dziatania modelu potrzebne jest przeprowadzenie eksperymentu walidacyjnego,
ktory opisano w dalszej czgsci pracy. Rowniez nalezy przeanalizowa¢ sposob sformutowania

warunku brzegowego 1 gwattownego wylaczenia odparowania na brzegu obszaru.
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Rozdzial 4.

Analysis of seasonal energy consumption during
drying of highly saturated moist masonry walls in
Polish climatic conditions — Artykul I1

Wykorzystatem opracowany przeze mnie model wymiany ciepta 1 wilgoci do
przeprowadzenia symulacji procesu osuszania fragmentu $ciany. Model przetestowatem na
danych literaturowych oraz zmodyfikowalem sformutowanie warunkéw brzegowych w celu
uniknigcia modelowania gwaltownego zakonczenia parowania z powierzchni materiatu
(przetaczenia migdzy transportem kapilarnym wody a dyfuzyjnym pary na brzegu gdy s = 0.25)
[59]. Na tym etapie rozwoju modelu nie dysponowatem danymi eksperymentalnymi w celu
walidacji, jednak model zostal wezesniej zweryfikowany za pomoca modelu rownowagowego
[Artykul I] oraz porownany z danymi literaturowymi [57], dlatego przystapitem do wykonania

symulacji procesu osuszania.

4.1. Analizowany obiekt

Przeanalizowatem osuszanie fragmentu §ciany przy wykorzystaniu metody termoiniekcji
[5], czyli osuszania przez dostarczanie cieplego powietrza do wngtrza S$ciany — patrz
Rysunek 7. Zalozytem, Ze analizowany fragment muru ma kontakt z gruntem, z ktérego woda

caly czas przenika do wnetrza muru.

Wymiary otworoéw suszacych, jak i ich odstepy zatozylem na podstawie praktyki stosowanej
przy tym procesie osuszania §cian. Zawarto$¢ wilgoci analizowatem w obszarze o wysokosci
8 cm, czyli 4 cm w gore i w dot od osi rozlozenia otwordéw. Jest to obszar oddzialywania

cieplnego w trakcie osuszania metodg termoiniekcji obserwowany w praktyce [23].
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Rysunek 7. Schemat analizowanego fragmentu §ciany, wymiary w milimetrach.

Analizowang geometri¢ uproscitem do przypadku 2D, ktory jest wycinkiem $ciany od osi
otworu do potowy odlegtosci do kolejnego otworu (Rysunek 8). Zatozylem, ze materiatl jest
jednorodny, to znaczy nie uwzgledniatem struktury muru oraz zaprawy. Odleglo$¢ pomigdzy
otworem a dolnym brzegiem okreslitem jako 650 mm w celu ograniczenie nadmiernego
wplywu podciggania wilgoci z dolnego brzegu na proces osuszania. Geometri¢ oraz siatke
obliczeniowg przygotowatem odpowiednio w ANSYS Workbench Design Modeler oraz

w ANSYS Workbench Meshing.

ﬂap
jl,top =0
Symetria jv,tap =0

o <

Tf, ht TO
XJ 1250 —_
Yy, hin Wo Symetria
650

8 2 Symetria

Tbottum
Elbottom

j'u.lmttom =0

75

Rysunek 8. Uproszczona geometria obliczeniowa oraz warunki brzegowe, wymiary
w milimetrach.
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Temperaturg poczatkowa (Tj,;¢) okreslitem jako 15°C, a poczatkowa zawarto$¢ wilgoci
(Winie) jako 310 kg/m?>. Na gornej i dolnej powierzchni obszaru obliczeniowego zalozylem stata
w trakcie calego procesu temperaturg (Typp Oraz Tporrom) Wynoszacg 15°C. Zatozona
temperatura odpowiada wartosciom odnotowywanym w osuszanych piwnicach. Na gornej
powierzchni przyjatem, ze nie wystepuje wymiana wilgoci z otoczeniem, natomiast na dolnym
brzegu przyjatem staty udzial objetosciowy cieczy (&; potrom), Wynoszacy 0.31, co odpowiadato
pelnemu nasyceniu wilgocig, oraz brak transportu parowego (Rysunek 8). Na powierzchni

otworu suszacego zatozytem nastepujace konwekcyjne warunki brzegowe:

Py,
(_DU,Efvpv)W = (1 - H)hm < =2 Yair) (38)
Pg,w
Pyw
(Klvpc)w = 60hp ( - Yair) (39)
ag.w
(_kerT)W = ht(Tw - Tair) + Ahlv(Klvpc)w (40)

gdzie: T,;, to temperatura powietrza suszacego (K), Y,;;- to udzialt masowy pary w powietrzu
suszagcym (-) oraz 6 oznacza funkcje przetaczajaca pomiedzy transportem parowym
a kapilarnym na brzegu (-), ktéra zostata wprowadzona w celu wygladzenia przelgczenia

migdzy transportem kapilarnym wody a dyfuzyjnym pary na brzegu, gdy s = 0.25.

Wartos¢ funkeji przetaczajacej byta obliczana na podstawie wzoru:

T W 41
6 = sin? | = @1
2 Weap

gdzie: W4, to maksymalne nasycenie wilgocig na drodze podciggania kapilarnego (kg/m?).

Zawarto$¢ wilgoci w powietrzu wykorzystanym do osuszania zalozytem na podstawie
srednich warunkéw atmosferycznych panujacych w Warszawie podczas zimy, wiosny, lata
1 jesieni (Tabela 2) — w metodzie termoiniekcji do osuszania wykorzystuje si¢ bezposrednio
powietrze z otoczenia. W symulacjach zalozytem stala temperatur¢ powietrza suszacego
podczas catego procesu. Dla kazdej pory roku przeanalizowatem pig¢¢ temperatur osuszania:
20, 30, 40, 50 oraz 60°C. Wartos¢ wspotczynnika przejmowania ciepla w otworze suszacym
oszacowatem na podstawie formuty Gnielinskiego dla przeptywu pierscieniowego [60].
Wspoélczynnik wymiany masy obliczylem na podstawie analogi Chiltona-Colburna [60].
Oszacowane wartoéci  wspotczynnikéw  wyniosty odpowiednio 37.72 W/(m? K) dla

wspdtczynnika przejmowania ciepta (h,) oraz 0.0384 kg/(s m?) dla wspdtczynnika wymiany
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masy (h,,). Pozostate dane niezbedne do wykonania symulacji sg szczegdtowo zaprezentowane

w Artykule II.

Tabela 2. Srednie warunki atmosferyczne dla Warszawy.

Poraroku Temperatura (°C) Wilgotno$¢ wzgledna (%) Udziat masowy pary (-)
Zima -0.42 86.2 0.00030
Wiosna 7.67 73.2 0.00481
Lato 17.63 74.8 0.00948
Jesien 7.97 84.3 0.00566

4.2. Analiza wynikow

Sumarycznie przeprowadzitlem 20 symulacji dla tygodniowego procesu osuszania muru,
ktére szczegdtowo opisatem w Artykule II. Ten rozdzial zawiera syntetyczne streszczenie
uzyskanych rezultatow. Wyniki dla wiosny oraz jesieni byly do siebie bardzo zblizone ze
wzgledu na podobny $redni udziat masowy pary wodnej w powietrzu tj.: 0.00481 dla wiosny

oraz 0.00566 dla jesieni, dlatego prezentuje wyniki jedynie dla wiosny.

Spadek zawartosci wilgoci (Rysunek 9a) w obszarze osuszanym zalezat od temperatury oraz
zawarto$ci wilgoci w powietrzu. Wraz ze wzrostem temperatury i spadkiem zawartosci wilgoci
powietrza osiggano nizsze wartosci udziatu masowego wilgoci w osuszanym murze. Zawarto$¢
wilgoci w powietrzu miata duzy wplyw na wyniki przy niskich temperaturach (20°C, 30°C),
natomiast przy wyzszych temperaturach réznice pomiedzy porami roku byty mniejsze. Srednia
temperatura w obszarze suszgcym stabilizowala si¢ pod koniec symulacji (Rysunek 9b).
Temperatura ta byla nizsza niz temperatura powietrza uzytego do osuszania. Srednia
temperatura muru osiggana przy nizszych zawartosciach wilgoci (zima) w powietrzu byla
nizsza niz przy wyzszych zawartosciach (lato). Przy wyzszych temperaturach (50°C, 60°C)
réznice pomiedzy porami roku (wilgotnosciami powietrza) byly mniejsze niz przy nizszych
(20°C, 30°C). Dla zimy i1 wiosny, przy osuszaniu powietrzem z temperaturg 20°C, $rednia
temperatura w strefie osuszanej w pierwszych godzinach procesu spadata ponizej temperatury
poczatkowe] na skutek intensywnego odparowywania wilgoci w murze przy niewielkim

dostarczaniu ciepta przez powietrze suszace.
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Rysunek 9. a) Przebieg czasowy udzialu masowego wilgoci w obszarze osuszanym,
b) przebieg czasowy $redniej temperatury muru w obszarze osuszanym dla réznych por roku
1 temperatur powietrza osuszajacego.

Obliczytem zapotrzebowanie na energi¢ potrzebna do osuszenia w odniesieniu do metra
dlugos$ci $ciany. Energi¢ wyznaczylem na podstawie ciepta przekazanego przez powietrze
suszace do $ciany. Wyniki poréwnatem w odniesieniu do zawarto$ci wilgoci w obszarze
osuszanym, uzyskujac energi¢ potrzebng do osuszenia $ciany do danego poziomu zawarto$ci
wilgoci — patrz Rysunek 10. Energia potrzebna do osuszania przy nizszych zawarto$ciach
wilgoci w powietrzu (zima) byta nizsza niz przy wysokich (lato). Przyczyna takiego wyniku
moze by¢ nizsza $rednia temperatura muru osiggana zimg w porownaniu do lata (Rysunek 9b),

co powoduje, ze mniej energii potrzebne jest do ogrzania $ciany.

Na poczatku procesu, osuszanie nizszg temperaturg wymagato dostarczenia mniejszej ilosci
energii, aby osiagna¢ taki sam udziat masowy wilgoci w murze (Rysunek 10b). Taka zalezno$¢
wystepuje zarowno dla lata, wiosny jak 1 zimy, z ta rdznica, ze dla zimy lepsza efektywnos¢
jest uzyskiwana dla nizszych zawarto$ci wilgoci w powietrzu w poréwnaniu do wiosny i lata.
Wraz ze spadkiem zawarto$ci wilgoci w $cianie osuszanie z wyzszg temperaturg powietrza

suszacego bylo bardziej efektywne (Rysunek 10a).
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Rysunek 10. a) Zapotrzebowanie na energie potrzebng do osuszania muru, b) zblizenie dla
wysokich zawarto$ci wilgoci dla roznych pdr roku i temperatur powietrza osuszajacego
(znaczniki umieszczono co 12 h procesu).

4.3. Whioski

Uzyskane wyniki [Artykut II] wskazywaty, ze w przypadku duzych zawartosci wilgoci
w murze (np.: na poczatku procesu) osuszanie z wysokg temperaturg (60°C) moze byc¢
nieefektywne, a zastosowanie nizszych temperatur powietrza osuszajacego moze zmniejszy¢
zapotrzebowanie na energi¢. Jednoczesnie do osiggniecia nizszych zawartosci wilgoci w murze
(np.: pod koniec procesu) konieczne jest uzycie wysokiej temperatury powietrza, a osuszanie

Z nizsza temperaturg powietrza staje si¢ bardziej energochtonne.
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Rozdzial 5.

Numerical analysis on the energy efficiency
improvement of thermo-injection method of
masonry walls drying by applying the variable
temperature profiles of drying air — Artykul 111

S.1. Zmienny profil temperatury

Rozwinglem badania dotyczace osuszania fragmentu $ciany poprzez zastosowanie
zmiennych parametréw powietrza osuszajacego w trakcie procesu [Artykut III]. Jako
przypadek odniesienia postuzylo suszenie ze stalg temperatura powietrza wynoszacg 60°C
(strategia jednosegmentowa). Zaproponowatem trzy strategie osuszania z uzyciem zmiennej

temperatury (Rysunek 11):

e strategia dwusegmentowa (skokowa) — poczatkowo osuszanie jest prowadzone przy
niskiej temperaturze powietrza suszacego (20°C), a nastepnie, po uptywie pewnego
przedziatu czasu (At), temperatura powietrza wzrastata do 60°C (Rysunek 11b).

e strategia wielosegmentowa (schodkowa) — poczatkowa temperatura powietrza
wynosita 20°C, po uplywie pewnego przedziatu czasu (At) temperatura wzrastata
o 10K, az do osiagniecia temperatury 60°C (Rysunek 11c).

e strategia przemienna — poczatkowo temperatura powietrza wynosita 20°C. Po
uplywie pewnego przedziatu czasu (At) temperatura wzrastata do 60°C. Nastepnie
po uptywie kolejnego takiego samego przedziatu czasu (At) temperatura powietrza
wracata do poziomu 20°C. Zmiany byly powtarzane analogicznie co przedziat

czasowy (Rysunek 11d).

W przypadku kazdej strategii przyjeto trzy dlugosci przedziatu czasowego — 12, 24 1 48
godzin. Strategie dwusegmentowe i1 przemienne byly rozwazane w literaturze [22,24],

natomiast nie znalaztem informacji o wykorzystaniu strategii wielosegmentowe;.

Symulacje procesu osuszania [Artykut III] przeprowadzilem dla trzech por roku (trzech
zawarto$ci wilgoci w powietrzu): zimy, wiosny i lata. Ze wzgledu na zblizone warunki dla

wiosny 1 jesieni, tylko wiosna byla analizowana. Calkowita liczba symulacji wyniosta 30.
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Obliczenia przeprowadzitem na takiej samej geometrii, dla takich samych warunkow
brzegowych i poczatkowych oraz dla tych samych danych materialowych jak w poprzedniej
pracy [Artykut II]. Czas osuszania tym razem wynidst dwa tygodnie, krok czasowy uzyty do

obliczen wynosit 120 s, natomiast siatka obliczeniowa sktadata si¢ z 156 000 elementow.
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Rysunek 11. Zaproponowane strategie osuszania: a) jednosegmentowa (stala temperatura),
b) dwusegmentowa (skokowa zmiana), ¢) wielosegmentowa (schodkowa zmiana),
d) przemienna (przedziat czasowy (At) wynosit 12, 24 148 h).
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5.2. Analiza wynikow

5.2.1. Przebieg procesu

Udziat masowy wilgoci w obszarze osuszanym najszybciej malal przy osuszania ze stalg
temperaturg, a najwolniej w przypadku strategii przemiennej — patrz Rysunek 12. Dla strategii
dwusegmentowej oraz wielosegmentowej poczatkowo udziat wilgoci spadal wyraznie wolne;j
niz przy strategii jednosegmentowej, jednak wraz ze wzrostem temperatury osuszania roznica
pomiedzy zawartos$cig wilgoci w przypadku referencyjnym a dwu/wielosegmentowym byta
mniejsza. Réznice pomiedzy strategia dwu lub wielosegmentowg a jednosegmentowsg
w koncowej wartosci wilgoci w strefie osuszania byty nieznaczne, do 2% dla zimy i do 4% dla
lata. Najwicksza roznice w koncowej zawartosci wilgoci w strefie osuszania, sposrod strategii
dwu 1 wielosegmentowych, osiggano dla strategii wielosegmentowej przy przedziale czasowym
48 h. Strategia przemienna charakteryzowala si¢ oscylacja zawartosci wilgoci w strefie
osuszania, to znaczy w segmencie wysokiej temperatury (60°C) udzial wilgoci malat, natomiast
podczas osuszania z niska temperaturg (20°C) wilgo¢ naptywata do obszaru suszenia z powodu
dziatania sit kapilarnych a udziat wilgoci wzrastal. Wzrost zawartosci wilgoci byt szczegdlnie

widoczny dla lata (Rysunek 12c).

Roéznice w uzyskanych wynikach pomiedzy porami roku byty znaczace. Zima uzyskatem
najnizszy koncowy udziat wilgoci, natomiast latem najwyzszy. Latem osuszanie w przypadku
z niska temperaturg przebiegato zdecydowanie wolniej niz zimg. Zwigzane jest to z zawarto$cig
wilgoci w powietrzu suszgcym. Zimg, nawet przy niskich temperaturach powietrza suszacego
ze wzgledu na niskg zawarto$ci wilgoci w powietrzu, proces przebiegat szybciej niz latem,

kiedy zawarto$¢ wilgoci w powietrzu byta wyzsza.

Koncowe temperatury uzyskiwane przy osuszaniu za pomocg strategii jedno, dwu lub
wielosegmentowej byly takie same 1 wynosily okoto 35°C, z wyjatkiem osuszania
wielosegmentowego z przedziatem czasowym 48 h (Rysunek 13), dla ktorego temperatura byta
nieznacznie nizsza. Temperatura koficowa dla strategii przemiennej zalezata od temperatury
zakonczenia procesu tj. od tego czy proces konczono w momencie, gdy byla wysoka
temperatura powietrza osuszajacego czy niska. Temperatura przy strategii przemiennej

oscylowata, naprzemiennie rosngc i malejac.
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Rysunek 12. Przebiegi czasowe udzialu masowego wilgoci w strefie osuszanej dla:
a) zimy, b) wiosny i ¢) lata dla r6znych por roku i temperatur powietrza osuszajacego.

Roéznice pomiedzy porami roku byly zauwazalne podczas osuszaniu przy niskiej
temperaturze powietrza osuszajacego. Temperatura Sciany dla zimy oraz wiosny przez pierwsze
48 h (z wyjatkiem strategii jednosegmentowej) byta mniejsza niz temperatura poczatkowa.
Byto to spodziewane ze wzgledu na podobne efekty obserwowane podczas wczesniejszych
symulacji. Podczas stosowania przemiennej strategii osuszania temperatury muru pod koniec
segmentu z niskg temperaturg powietrza osuszajgcego (patrz Rysunek 11d) byty nizsze dla zimy

(nizsza zawarto$¢ wilgoci w powietrzu) niz dla lata (wyzsza zawarto$¢ wilgoci w powietrzu).
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Rysunek 13. Przebiegi czasowe $redniej temperatury obszaru osuszanego dla:
a) zimy, b) wiosny i ¢) lata dla r6znych por roku i temperatur powietrza osuszajacego.

5.2.2. Zapotrzebowanie na energi¢

Dla analizowanych przypadkéw przedstawionych w poprzednim rozdziale obliczytem
zapotrzebowanie na energi¢ potrzebng do osiggnigcia danego poziomu zawartosci wilgoci
w strefie osuszanej. Nastgpnie porownatem wyniki z uzyskanym zapotrzebowaniem na energig

dla przypadku osuszania przy statej temperaturze dla danej pory roku.
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Wyznaczytem oszczgdno$¢ energii, dzielac réznice pomiedzy analizowanym przypadkiem
a strategig ze stalg temperaturg przez zapotrzebowanie na energi¢ przy statej temperaturze:
Eref(W) — E;(w)
Ere f (W)

gdzie: Ey, oznacza oszczgdnosci energii (%), E;(w) to ilo$¢ energii potrzebnej do osiagnigcia

Ey,(w) = (42)

udzialu masowego wilgoci w dla analizowanego przypadku (kWh), E,..r(w) oznacza ilo$¢

energii potrzebnej do osiggniecia udzialu masowego wilgoci w dla przypadku

odniesienia (kWh).

Warto$ci dodatnie oszczgdnos$ci energii oznaczaja mniejsze zapotrzebowanie na energi¢
w stosunku do przypadku referencyjnego ze stalg temperatura, natomiast ujemne wartosci
oznaczaja wyzsze zuzycie energii niz w przypadku referencyjnym. Oszczedno$ci energii
zalezaly zarowno od zastosowanej strategii osuszania, jak i od pory roku. Dla wysokich
zawartosci wilgoci w strefie osuszania wszystkie strategie byly lepsze niz przypadek
referencyjny (Rysunek 14 — Rysunek 16). Wraz ze spadkiem zawarto$ci wilgoci w obszarze
osuszanym oszczgdnosci malaty. W przypadku przemiennego profilu temperatury osuszanie
stawato si¢ bardziej energochlonne niz dla przypadku referencyjnego. Taki efekt byt widoczny
szczegolnie wiosng (Rysunek 15) i latem (Rysunek 16), co zwigzane jest z wyzsza zawartoscia
wilgoci w powietrzu suszacym, a tym samym gorszymi warunkami osuszania przy niskich
temperaturach powietrza osuszajacego. W przypadku zimy (Rysunek 14) zdecydowanie dtuze;j,
bo az do udziatu wilgoci okoto 0.19, strategia przemienna wymagata mniej energii niz strategia

osuszania przy stalej temperaturze powierza suszgcego.

Strategia skokowa i1 schodkowa dla zimy i wiosny, niezaleznie od przedzialu czasowego,
uzyskiwaly nizsza konsumpcje energii niz strategia referencyjna. Oszcze¢dnosci energii
wyniosty miedzy 1% a 7.5% dla zimy oraz miedzy 0.5% a 4% dla wiosny. Nalezy zauwazy¢,
ze wiosng (Rysunek 15) strategia wielosegmentowa moze by¢ mniej efektywna niz strategia
jednosegmentowa. Dla udziatlu wilgoci pomigdzy 0.17 a 0.205 strategie wielosegmentowe
moga osigga¢ ujemne wartosci oszczgdnos$ci energii (w zaleznosci od przedziatu czasowego),
jednak dla niskich zawartos$ci wilgoci wszystkie strategie majg nizsze zapotrzebowanie na
energi¢ niz przypadek referencyjny. Przy zastosowaniu strategii wielosegmentowej podczas
koncowej fazy procesu (osuszanie z temperaturg powietrza wynoszaca 60°C), nastepowat
wyrazny wzrost oszczedno$ci energii potrzebnej do osiggnigcia wymaganej wilgotnosci

w strefie osuszanej. W wyniku tego wzrostu oszczednosci energii strategia schodkowa
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z przedziatem czasowym 48 h byla najefektywniejsza dla zimy 1 wiosny. Pomimo wyzszej
efektywnosci koncowa warto$¢ udzialu wilgoci byla wyzsza niz przy osuszaniu

z wykorzystaniem stalej temperatury powietrza.

Wyniki uzyskane dla lata (Rysunek 16) réznity si¢ od rezultatow dla pozostatych pér roku.
Oszczgdnosci energii dla tego okresu na koniec procesu osuszania wyniosty ponizej 0.5% dla
strategii dwusegmentowej 1 wielosegmentowej, z wyjatkiem przedziatu czasowego 48 h. Przez
wickszo$¢ procesu osuszania analizowane strategie (z wyjatkiem skokowej o przedziale 12 h)
miaty wyzsze zapotrzebowanie na energi¢ niz przypadek odniesienia. Prowadzenie procesu
Z wWyzszg temperaturg powietrza suszacego (60°C) powodowatl wzrost oszczedno$ci energii,
jednak koncowe wartosci byly bardzo zblizone do przypadku odniesienia. Ze wzgledu na
wysoka zawarto§¢ wilgoci w powietrzu osuszajagcym, nie uzyskano zmniejszenia
energochtonnosci procesu dla analizowanych strategii tak znaczaco, jak przy pozostalych

porach roku.

m= = T skokowa At =12 h == = T schodkowa At =12h == = T przemienna At = 12h
w=mm T skokowa At =24 h wm=mm= T schodkowa At = 24 h ==== T przemienna At = 24 h
sunsn T skokowa At =48 h =sss=s T schodkowa At = 48 h s==== T przemienna At = 48 h

Zima

20%
80% f
= 60%¢ I5%

40% r loﬂ/u -

20%
5% [
-

\20% 0%t

Oszczednosc energii (%
Oszczgdnosc energii (%)

-40% -5%

-60%

1 1 1 1 1 1 -100/0 1 '?"' L i'\ AY .”"u \:I L 1 L
0.16  0.17 0.8 0.19 0.2 0.21 0.16  0.17 0.18 0.19 0.2 0.21
Udzial masowy wilgoci (-) Udziat masowy wilgoci (-)
a) b)

Rysunek 14. Oszczednosci energii dla roznych strategii osuszania dla zimy: a) peten
zakres, b) zblizenie na obszar od —10% do +20%.
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we= = T skokowa At = 12 h w= = T schodkowa At = 12h == = T przemienna At = 12 h
w—mm T skokowa At = 24 h =m== T schodkowa At = 24 h ==== T przemienna At = 24 h
sunun T skokowa At = 48 h ==s=== T schodkowa At = 48 h ===== T przemienna At = 48 h

Wiosna Wiosna

20%

80%

150 L
3 60%1 Czas &

40%F ~—

10%
20%

5%t

Oszczednosc energii (%o
Oszczgdnosc energii (%)

0% === =
-20% 0%
-40% -5%
-60%

: : : : : : -10% — —— '
0.16 0.17 0.18 0.19 02 021 0.16 017 018 019 0.2 0.21
Udzial masowy wilgoci (-) Udziatl masowy wilgoci (-)
a) b)

Rysunek 15. Oszczednosci energii dla rdznych strategii osuszania dla wiosny: a) peten
zakres, b) zblizenie na obszar od —10% do +20%.
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sunun T skokowa At = 48 h ==s=== T schodkowa At = 48 h ===== T przemienna At = 48 h
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Rysunek 16. Oszczednosci energii dla roznych strategii osuszania dla lata: a) pelen zakres,
b) zblizenie na obszar od —10% do +20%.

Obliczylem rowniez, ile wilgoci zostalo odprowadzone przez otwor suszacy w trakcie
procesu, jak rdéwniez wyznaczytem wtasciwe zapotrzebowanie na energi¢ do osuszania. W celu
poréwnania strategii jedno, dwu 1 wielosegmentowej wyznaczytem 1 porownatem wskazniki
dla koncowego udziatu wilgoci w strefie osuszania wynoszacego 0.165. Ta wartos¢ zostata tak
wybrana, aby byla osiagnigta we wszystkich porach roku dla kazdej z trzech strategii. Nie
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analizowatem strategii przemiennej, poniewaz nie pozwalata ona na osiggniecie oszczednosci

energii dla nizszych zawarto$ci wilgoci.

Dla zimy 1 wiosny najwi¢ksze oszczedno$ci energii uzyskalem dla strategii schodkowej
(Tabela 3) dla przedziatu czasowego 48 h zima i 24 h wiosng. Nalezy zauwazy¢, ze réznice
w oszczgdnosci energii wiosng pomiedzy strategia skokowa z przedzialem czasowym
48 h a schodkowa (przedziatami czasowymi 24 i1 48 h) sg niewielkie, oraz ze dla strategii
jednosegmentowej 1 wielosegmentowe] z przedzialem czasowym 24 h, wraz ze spadkiem
zawartosci wilgoci w strefie osuszanej, oszczgdnos$ci energii malejg, natomiast dla strategii
wielosegmentowej z przedzialem czasowym 48 h oszczednos$ci rosng (Rysunek 15).

Tabela 3. Oszczednosci energii przy osuszaniu do udzialu masowego wilgoci w obszarze
suszenia réwnego 0.165.

Oszczednosci energii (%)
Strategia Skokowa Schodkowa
Przedziat czasowy (h) | 12 24 48 12 24 48
Zima 14 26 5.0 33 5.5 59
Wiosna 0.8 1.5 2.7 1.8 29 23
Lato 0.2 0.3 0.4 0.3 02 -15

Obliczone zapotrzebowanie na energi¢ miescito si¢ w przedziale pomiedzy 1.41 kWh/kgwody
a 1.76 kWh/kgwody — Tabela 4. W literaturze dla osuszania metodg termoiniekcji przy statej
temperaturze oraz dla strategii skokowej zapotrzebowanie na energi¢ zostato eksperymentalnie
wyznaczone odpowiednio na poziomie 2.0 kWh/kgwody oraz 1.7 kWh/kgwody [24]. Te wartosci
sa zblizone do warto$ci obliczonych, jednak warunki podczas eksperymentu, tj. temperatura
oraz wilgotno$¢ powietrza, byly niestabilne i1 kontrolowalne w ograniczonym zakresie, stad
spodziewane sg rdéznice pomig¢dzy obliczonymi i zmierzonymi warto$ciami. Ponadto przebieg
eksperymentéw byl nieco inny niz symulacji. Ilos¢ usunietej wody dla przypadku ze stata
temperaturg byta najnizsza, podczas gdy dla strategii skokowej byta nieznacznie wyzsza niz dla
strategii referencyjnej (Tabela 4). Natomiast warto$ci usunietej wody dla strategii schodkowe;j
byly znaczaco wyzsze niz dla referencyjnej, szczegdlnie dla przedziatu czasowego
48 h. Zwiazane jest to z dluzszym czasem potrzebnym do osiagnigcia danego udziatu wilgoci
w strefie osuszania (0.165), przy jednoczesnym naptywie do obszaru osuszanego na skutek

dziatania sit kapilarnych wilgo¢ spoza strefy osuszania. Jednak strategia schodkowa uzyskiwata
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najnizsze wartosci wlasciwego zapotrzebowania na energi¢, z wyjatkiem lata dla przedzialu
czasowego 48 h. Dla zimy strategia schodkowa z przedzialem czasowym 48 h zredukowata
zapotrzebowanie na energi¢ z 1.55 kWh/kgwody do 1.41 kWh/kgwody jednoczes$nie usuwajac o
0.16 kg wiecej wody ze Sciany. Dla tej samej pory roku strategia skokowa zredukowata zuzycie
energii do 1.49 kWh/kgwody, jednoczesnie zwigkszajac ilo§¢ usunigtej wody jedynie o 0.02 kg.
Dla wiosny redukcja zapotrzebowania na energi¢ byta mniejsze, tj., zapotrzebowanie na energi¢
spadto z 1.65 kWh/kgwody do 1.60 kWh/kgyody dla strategii skokowej z przedzialem czasowym
48 h 1 do 1.57 kWh/kgwody dla strategii wielosegmentowej z przedzialem czasowym 48 h. Dla
lata spadek zapotrzebowania na energi¢ byl bardzo maty, to znaczy zapotrzebowanie na energie¢
spadto z 1.76 kWh/kgwody do 1.75 kWh/kgwody, co pokazuje matg skutecznos¢ osuszania przy
niskiej temperaturze powietrza suszacego i jednoczesnej duzej zawartosci wilgoci w powietrzu.

Tabela 4. Whasciwe zapotrzebowanie na energi¢ oraz usuni¢ta wilgo¢ przy osuszaniu do
udzialu masowego wilgoci w obszarze suszenia rownego 0.165.

Strategia Stata Skokowa Schodkowa
Przedzial czasowy (h) - 12 24 48 12 24 48
Wilasciwe
zapotrzebowanie 1.55 | 1.55 | 1.53 | 1.49 | 1.52 | 149 | 1.41
Zima )
na energi¢ (kWh/kgwody)
Usunigeta wilgo¢ (kg) 334 | 334 | 335 | 336 | 335 | 3.39 | 3.50
Wiasciwe
zapotrzebowanie 1.65 | 1.64 | 1.63 | 1.60 | 1.62 | 1.59 | 1.57
Wiosna
na energi¢ (kWh/kgwody)
Usunigta wilgo¢ (kg) 342 | 342 | 343 | 343 | 343 | 343 | 3.53
Wiasciwe
L zapotrzebowanie 1.76 | 1.76 | 1.76 | 1.75 | 1.75 | 1.75 | 1.76
ato
na energi¢ (kWh/kgwody)
Usunigta wilgo¢ (kg) 3.52 | 352 | 3.52 | 3.52 | 3.52 | 3.53 | 3.58

Podsumowujac, symulacje wykazaly, Ze osuszanie ze zmiennym profilem temperatury moze
by¢ efektywniejsze niz ze stalg temperaturg ze wzgledu na krotszy czas, podczas ktorego mur
ma podwyzszong temperature, co zmniejsza straty ciepta do otoczenia 1 zapotrzebowanie na

energi¢ w trakcie procesu.
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5.3. Whioski

Osuszanie $cian budynku przy wykorzystaniu zmiennego profilu temperatury moze
poprawi¢ efektywnos$¢ energetyczng procesu. W przypadku strategii dwusegmentowe]
(skokowej) oraz wielosegmentowej (schodkowej) mozliwe sg oszczednosci energii do poziomu
5.9% zima przy strategii wielosegmentowej z przedziatem czasowym 48 h. Latem oszczgdnos$ci
energii wyniosly zaledwie 0.5%, co jest zwigzane ze malo intensywnym osuszaniem przy

wysokich zawartos$ciach wilgoci w powietrzu osuszajgcym.

Przy osiaganiu niskich zawarto$ciach wilgoci w $cianie, podczas procesu ze schodkowo
1 skokowo zmienng temperaturg przy takim samym przedziale czasowym (12, 24 lub 48 h),
strategia schodkowa pozwalata na zaoszczedzenie wigkszej ilo$ci energii dla zimy 1 wiosny niz
w przypadku strategii skokowej. Wyjatkiem jest przedziat czasowy 48 h wiosna, dla ktorego
strategia dwusegmentowa miala wieksza oszczedno$¢ energii niz wielosegmentowa. Przedziat
czasowy mial wptyw na uzyskiwane wyniki. Dla niskich udziatéw wilgoci w $cianie na koniec
procesu (ponizej 0.17), wiekszy przedziat czasowy dawal wieksze oszczednosci energii. Dla
umiarkowanych udziatow wilgoci w $cianie na koniec procesu dla wiosny i lata, dtuzsze

przedziaty czasowe okazywaty si¢ mniej efektywne niz przypadek odniesienia.

Strategia przemienna osuszania okazata si¢ by¢ nieefektywna, poniewaz podczas segmentu
niskiej temperatury (20°C) wilgo¢ intensywnie naptywala do obszaru osuszania na skutek
dziatania podciggania kapilarnego. Osuszanie z przemienng temperaturg mogloby by¢
efektywne w przypadku braku wystgpowania intensywnego transport kapilarnego wody

z gruntu, np.: podczas osuszania muru po powodzi lub przecieku.

Strategia dwuetapowa zostala wdrozona przez firme¢ SILTEN POLSKA sp. z o.0. sp. k.
w ramach realizacji projektu badawczego NCBiR POIR.04.01.02-00-0099/16 ,,Opracowanie
innowacyjnej technologii osuszania i izolowania murdw” (DryWall). Firma zaobserwowata

zredukowanie zuzycia energii w trakcie procesu, ale nie podata danych na ten temat.
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Rozdzial 6.
Credibility assessment of a new heat, air, and
moisture transfer model with hygric non-equilibrium

for drying of porous building materials — Artykul IV

W tej pracy rozwingtem model matematyczny prezentowany we wczesniejszych artykutach.
Dodatem rdéwnanie ciaglo$ci powietrza oraz zmienitem sposdb wyznaczania transportu
kapilarnego. Zaprojektowatem i wykonatem stanowisko do$wiadczalne, ktéore umozliwito

przeprowadzenie walidacji zaproponowanego modelu.

6.1. Model matematyczny

Uzupehitem wczesniej opisywany model wymiany ciepta 1 wilgoci w trakcie osuszania
materiatdw budowlanych o rownanie ciagglosci powietrza suchego. Po tej modyfikacji

wszystkie rownania modelowe byty w postaci:

a;ltpl = Vji — 1y (43)

aggf L =Vj, (44)

ol 5j, 1 4

% + V[ (et + cpiv + pafa)T] = V(kepVT) — ity Ay, (46)

Strumienie masowe wystepujace w powyzszych rownaniach okreslitem nastgpujaco:
e Transport kapilarny wilgoci ciekle;j:
Ji= —Di\VW 47)

e Transport dyfuzja powietrza suchego:

Ja = _Da,efvpa (48)
e Transport dyfuzja pary wodnej:
Jv = _Dv,efvpv (49)
gdzie: Dy er 1 Dy to efektywne wspotczynniki dyfuzji odpowiednio dla powietrza suchego
i pary wodnej (m/s), D; to wspdtczynnik podciggania kapilarnego (m?/s).
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Poniewaz udziat pary wodnej w stosunku do wilgoci ciektej jest pomijalnie maty, to strumien

wilgoci cieklej zapisalem w sposdb nastepujacy:

Ji=—D,\VW = —D;p, Ve (50)
Wspotczynnik podciggania kapilarnego wyznaczylem na podstawie nastepujgcego rownania

[29]:

A\ W, (51)
D, =38 1000Weap
chap

gdzie: A oznacza wspotczynnik absorpcji wody (kg/m? s*).
Model nierownowagowego odparowania sformutowaltem nastepujaco:

. &
My = aghy, g_ (pv,sat = Py) (52)
14

gdzie gesto$¢ nasycenia (p,sq:) Wyznaczalem na podstawie ciSnienia nasycenia i przy

uwzglednieniu modyfikacji wynikajacej z rownania Kelwina (rownanie (7)).

Model zostat zaimplementowany w programie ANSY'S Fluent przy uzyciu zaawansowanych

interfejsow takich jak UDF, UDS oraz UDM. Wigcej szczegdtow zamies$citem w [Artykul IV].

6.2. Ocena wiarygodnosci modelu

Przeprowadzitem ocen¢ wiarygodnos$ci opracowanego modelu. Porownatem uzyskane
wyniki za jego pomocg z wtasnymi danymi eksperymentalnymi oraz z wynikami uzyskanymi
za pomocg modelu rownowagowego opisanego w literaturze [43], co zostato przedstawione

szczegdtowo w ponizszych rozdziatach.

6.2.1. Walidacja eksperymentalna

Do przeprowadzenia walidacji eksperymentalnej potrzebowatem stanowiska badawczego,
wynikow pomiarow stanowiskowych, wlasciwosci materialowych badanego materialu oraz
przeprowadzenia symulacji numerycznych. Projektujac wlasne stanowisko badawcze,
inspirowalem si¢ eksperymentem przeprowadzonym przez van Belleghema i innych [43].
Opracowane stanowisko sktadato si¢ z wagi precyzyjnej, na ktdrej umieszczony byt specjalny
pojemnik na probke, oraz kanat wentylacyjny z otworem na probke i wentylatorami
wymuszajacymi przeplyw powietrza — patrz Rysunek 17. Pojemnik na probke wykonalem ze
styroduru o grubo$ci 5 cm w celu ograniczenia wymiany ciepta miedzy probka a otoczeniem.

Jedynie jedna powierzchnia probki miata kontakt z przeplywajacym powietrzem, pozostale
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byty ostonigte przez pojemnik. Dodatkowo prébka byta owinigta folig, aby zredukowac
odparowanie 1 transfer wilgoci z powierzchni bocznych i dolnej. Usuwatem foli¢ jedynie
z powierzchni kontaktujacej si¢ z przeptywajacym powietrzem. W pojemniku umiescitem dwa
termometry PT100 tolerancji klasy A, jeden na spodzie pojemnika na $rodku powierzchni
dolnej probki, drugi na powierzchni bocznej. Prostopadlo$cienng probke o wymiarach
podstawy 92 mm na 92 mm i wysokosci 30.5 mm wykonatem z betonu komoérkowego.

W kanale wentylacyjnym nad probka umiescitem termoanemometr EE650.

Kanat Termoanemometr ~ Wentylator
|

/
¥
Przeplyw I 4 |
powietrza | ’ |

Pojemnik ——>

Waga ——

Rysunek 17. Schemat stanowiska badawczego.

Raspberry Pi 4

Komora
klimatyczna

\ — X

Termohigrometr

Przewody
sygnatowe

Probki

Rysunek 18. Schemat umieszczenia stanowiska w komorze klimatyczne;.
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Stanowisko umiescitem w komorze klimatycznej (Blad! Nie mozna odnalez¢ Zrodia o
dwolania.), ktora utrzymywata wewnatrz statg temperature i wilgotnos$¢ powietrza. W komorze
umiescitem termohigrometr (AR253), aby monitorowaé warunki, w ktérych przeprowadzatem
eksperyment. Sygnaty
z czujnikow odczytywane byty przy pomocy Raspberry Pi 4 1 zapisywane w pliku tekstowym.

Przed wykonaniem pomiaru osuszatem probki w piecu w temperaturze 90°C, a nastepnie
zanurzalem w wodzie na 48 h. Zanurzenie odbywato si¢ w zamkni¢tym pojemniku wewnatrz
komory klimatycznej w celu stabilizacji temperatury przed pomiarem. Probke po wyjeciu
z wody wycieralem regcznikiem papierowym oraz zabezpieczalem folig. Nastgpnie
umieszczatem probke na stanowisku eksperymentalnym i rozpoczynatem pomiar, ktory trwat
przynajmniej 24 h. Przeprowadzilem pomiary dla dwoch probek wykonanych z takiego samego
materiatu, dla kazdej przynajmniej 3 razy powtarzalem eksperyment. Uzyskatlem podobne
wyniki, réznigce si¢ gtownie temperatura poczatkowa procesu na poziomie 1.0-1.5°C, co bylo
spowodowane rgcznym przygotowaniem i umieszczeniem probki na stanowisku. Z tego

powodu wybralem jeden pomiar do dalszego pordwnania z obliczeniami.

Zmierzytem gesto$¢, porowatos¢ otwartg oraz krzywe sorpcji materiatu, z ktérego wykonana
jest probka, oraz przeprowadzitem eksperyment podciggania kapilarnego, aby wyznaczy¢
wspoOtczynnik absorpcji 1 maksymalng zawarto§¢ wilgoci w probkach. Natomiast
paroprzepuszczalnos¢, wspolezynnik przewodzenia ciepla oraz krzywa retencji zatozylem na

podstawie danych literaturowych.

jl,w:jv,w-} Pa,w
Gu
\
‘ . .
. ‘ Nw = Jvw =
Symetria | .
: — ja’w — O
: qQuw
|
|

Rysunek 19. Schemat geometrii obliczeniowej i warunkéw brzegowych.

Warunki poczatkowe okreslitem jako temperatur¢ rowng 20.2°C (Ty,;;) oraz udziat

objetosciowy wody rowny 0.396 (& ;). Zalozylem, Zze wilgo¢ zwigzana w materiale

48



odpowiada zawartosci wilgoci przy wilgotnosci wzglednej otoczenia réwnej 90%, czyli
11.34 kg/m>. Zatozytem, ze para wodna znajduje sie w stanie nasycenia, natomiast gestos$¢

powietrza suchego obliczytlem na podstawie rownania stanu gazu doskonatego.

Warunki brzegowe na zaizolowanych brzegach okreslitem jako przewodzenie przez izolacje

oraz brak strumieni masowych (patrz Rysunek 19):

Jiw= 0 (53)
Jow =0 (54)
Jaw =0 (55)
G = ky (Tam; —Tw) (56)

gdzie: d to grubos¢ izolacji pojemnika (0.05 m), ky to wspdlczynnik przewodzenia ciepta

styroduru (0.033 W/(m K)).

Natomiast na goérnej powierzchni probki, czyli powierzchni, ktéora ma kontakt
z przeplywajacym powietrzem, zalozylem konwekcyjna wymiane ciepta 1 masy oraz
uwzglednilem promieniowania pomie¢dzy probka a otoczeniem (Rysunek 19). Przyjatem, ze
wilgo¢ w postaci cieklej odparowuje z tej powierzchni. Ponadto, na powierzchni gérnej
zatozylem, ze powietrze wilgotne ma cis$nienie otoczenia, co wykorzystalem do obliczenia

gestosci powietrza suchego na brzegu.

Podsumowujac, warunki na powierzchni majace; kontakt z powietrzem przyjalem

nastgpujaco:

jl,w = Sl,whm (pv,amb - pv,sat(Tw)) (57)

(pamb — Dy W)Ma
— , 58
Paw RT, (58)
jv,w = (Sp - gl,w)hm(pv,amb - pv,w) (59)

. Op
qr = ht(Tamb - Tw) + Ahlv]l,w + 1 1 (T;mb - Tvg) (60)

—_t 1

€w  €ambient
Temperatura otoczenia podczas pomiaru zostata zmierzona i byta na poziomie 22.0+0.13°C,
wilgotno$¢ wzgledna wynosita 48.1£2.5%, natomiast predkos¢ przeptywu powietrza
2.968+0.055m/s. Przeprowadzitem dodatkowe obliczenia numeryczne dla przeptywu w kanale
w celu wyznaczenia wspotczynnika przejmowania ciepta na powierzchni probki. Na tej

podstawie, przyjatem wspotczynnik przejmowania ciepta (h;) rowny 40 W/(m? K). Korzystajac
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z analogii Chiltona-Colburna [60] oszacowatem stosunek wspodiczynnika wymiany masy (h,,)

do wspotczynnika przejmowania ciepta jako 0.0009082.

Przygotowatem dwuwymiarowa geometri¢ potowy probki (Rysunek 19) w programie
ANSYS Design Modeler oraz wygenerowatem siatke obliczeniowg sktadajaca si¢ 7 200
elementéw w programie ANSYS Meshing. Przeprowadzitlem roéwniez testy niezaleznosSci
rozwigzania od wielkosci siatki badajac dodatkowe siatki obliczeniowe sktadajacej sie z 3 600
i 14 400 elementow, ktore wykazaty, ze liczba elementéw 7 200 jest wystarczajaca. Symulacje
przeprowadzitem z krokiem czasowym wynoszacym 60 sekund, po wczesniejszym
sprawdzeniu niezaleznosci obliczen dla krokéw czasowych rownych 30 1 120 sekund.
Obliczenia wykonatem dla procesu trwajacego 24 h. W obliczeniach zatozylem wspotczynnik

wymiany masy wewnatrz pordw (hy,;) rowny 7.5-10" m/s.

6.2.2. Wyniki walidacji

Uzyskatem wyniki pomiaru zgodne z oczekiwaniami, to znaczy, na poczatku na skutek
intensywnego odparowania wilgoci z powierzchni probki, temperatura materialu obnizata sie,
az do osiagniecia stabilizacji na poziomie 18-18.5°C, a nastgpnie powoli rosta (Rysunek 20).
Miegdzy 5 a 6 h temperatura na spodzie probki zaczgta dynamiczniej rosngé¢ do okoto
12 h procesu, kiedy wzrost temperatury zndéw stat si¢ wolniejszy. Intensywniejszy wzrost
temperatury zwigzany byl z odparowywaniem resztek wilgoci z powierzchni probki oraz

zmniejszenia transportu kapilarnego z wnetrza materiatu do powierzchni.

22 T

21.5F b

S8
T
|

)
)
=]
in

T

L

Temperatura (°C
n

pomiar -
—model

6 12
Czas (h)

24

Rysunek 20. Zmienno$¢ temperatury na spodzie probki.
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Masa probki podczas procesu maleje (Rysunek 21), poczatkowo w sposéb zblizony do
liniowego. Okoto 6 h, kiedy odparowanie z powierzchni stabnie, réwniez tempo zmiany masy

maleje.

Symulacja dobrze odwzorowata przebieg temperatury na spodzie probki (Rysunek 20)
1 zmiang¢ masy probki (Rysunek 21) w pierwszym okresie procesu osuszania do okoto
6 h pomiaru. Gdy temperatura probki zaczyna rosng¢ gwattowniej, model zaniza przewidywang
temperatur¢ probki (symulowany wzrost temperatury jest mniejszy), oraz przewidywana
stabilizacja temperatury nastepuje dla nizszej o okoto 0.75°C wartosci temperatury. Do okoto
12 h nie wystgpuja znaczace rdznice w zmierzonej i przewidywanej zmianie masy probki
(Rysunek 21), po tym czasie symulowana zmiana masy byta zawyzona. Ze wzgledu na nizsza
symulowang temperatur¢, wymiana ciepla jest intensywniejsza, stad wigcej wilgoci moze

odparowac i symulowany ubytek masy jest wigkszy.
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Rysunek 21. Zmiana masy probki.

Udzialu wilgoci w materiale przy powierzchni maleje z czasem (Rysunek 22a). Dla
6 h symulacji udziat objetosciowy wynosi okoto 0.15 natomiast dla 12 h tylko 0.01.
W nastepnych godzinach (18 i1 24 h) wilgo¢ w postaci ciektej nie wystgpuje na powierzchni.
Nalezy zauwazy¢, ze udziat wilgoci na powierzchni jest duzo mniejszy niz wewnatrz materiatu
(Rysunek 22a). Powstaje wewngtrzny front odparowania (Rysunek 22b), ktory rozgranicza

niski 1 wysoki udziat wilgoci. Front odparowania z czasem przesuwa si¢ w gtab materiatu.
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Rysunek 22. a) Rozktad udziatu objgtosciowego wilgoci cieklej na ptaszczyznie symetrii
obszaru obliczeniowego dla r6znych czasow, b) rozktad strumienia odprawowania na
plaszczyznie symetrii obszaru obliczeniowego dla réznych czasoéw (zblizenie na powierzchni¢

gorng).

Ponadto, wykonatem analize¢ wrazliwo$ci wynikow symulacji w zalezno$ci od zatozonych
parametréw, ktérej wyniki szczegélowo opisatem w publikacji [Artykut IV]. Sprawdzilem
wplyw zmiany gestoSci materiatu, porowatos$ci otwartej, wspolczynnika absorpcji wody,
maksymalnej zawartosci wody na skutek podciggania kapilarnego oraz objetosciowego
wspotczynnika wymiany masy wewnatrz pordéw, ktdry jest parametrem modelowym,
zaktadanym a nie bezposrednio mierzonym. Wyzsze wartosci objetosciowego wspdtczynnika
wymiany masy oznaczaja szybsze odparowanie, a w konsekwencji szybsze osigganie
rOwnowagi, natomiast nizsze wartosci bedg oznaczaly wolniejszy proces odparowania i duzszy
czas potrzebny do osiggniecia rownowagi. Wartosci parametru w zakresie od 2.5-10* m/s do
10 m/s miaty wplyw na uzyskiwane wyniki. Jednak warto$ci temperatury miescity sie
w granicach bledu pomiaru temperatury (Rysunek 23a), natomiast zauwazalne byty rdznice
w zmianie masy probki (Rysunek 23b). Wyniki uzyskane przy wysokich wartosciach tego
wspodtczynnika (powyzej 107 m/s) oraz przy niskich (10° m/s lub nizsze) odbiegaly

w znaczacym stopniu od wynikOw pomiaru.
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Rysunek 23. Wplyw objetosciowego wspotczynnika wymiany masy wewnatrz porow na
uzyskane wyniki: a) zmienno$¢ temperatury, b) zmienno$¢ masy probki.

6.2.3. Porownanie z modelem rownowagowym

Opracowany model poréwnatem z modelem i1 eksperymentem wykonanym przez van
Belleghema i innych [43]. Opisany we wczesniejszych rozdzialach model rozszerzylem na
geometri¢ 3D to znaczy do symulowania osuszania cegly o wymiarach 10 mm na 30 mm na
90 mm [43]. Byto to mozliwe dzigki przygotowaniu uniwersalnych funkcji uzytkowania UDF
— tworzagc model 2D miatem na uwadze jego przyszite rozszerzenie do 3D. Przygotowatem
siatke obliczeniowg sktadajaca si¢ z okoto 200 000 elementow, ktora zagescitem do gornego
brzegu, na ktérym zachodzita wymiana ciepta 1 wilgoci. Wykonatem symulacje¢ 12 godzinnego
procesu osuszania cegly z krokiem czasowym 60 sekund. Warunki poczatkowe 1 brzegowe

zatozylem zgodnie z opisem zawartym w artykule [43], czyli temperatura poczatkowa 23.8°C,
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poczatkowa zawarto$¢ wilgoci 126 kg/m?®, temperatura powietrza zewnetrznego 23.8°C,
wilgotno$¢ wzgledna powietrza 44%. Wlasciwos$ci materiatowe przyjatem zgodnie z artykutem

referencyjnym [43].
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Rysunek 24. Zmienno$¢ temperatury na giebokosci 10 mm od goérnego brzegu probki dla
prezentowanego modelu nierownowagowego oraz referencyjnego modelu
roOwnowagowego [43].

Pomimo niejasno$ci w opisie wlasciwosci materiatowych oraz parametréw zatozonych
w artykule referencyjnym [43], wyniki uzyskane modelem nieréwnowagowym (Rysunek 24)
byly podobne do tych uzyskanych referencyjnym modelem réwnowagowym [43].
W pierwszym okresie temperatura obliczona modelem nierownowagowym malata troche
wolniej niz w eksperymencie. Okres stabilizacji temperatury (pomiedzy okoto 1 a 3 godzing
procesu) byt lepiej odwzorowany przez model nierownowagowy niz rownowagowy, to znaczy,
warto$¢ temperatury byta blizsza zmierzonej oraz poczatkowy, powolny wzrost temperatury
okoto 2 godziny procesu byt lepiej przewidziany przez model nierownowagowy. Podczas
mocniejszego wzrostu temperatury probki okoto 4 godziny procesu model nieréwnowagowy
przewidywal wolniejszy wzrost temperatury niz zmierzony. Od okoto 5 godziny procesu model
rbwnowagowy przewidywal temperatur¢ blizej warto$ci zmierzonej] niz model
nierownowagowy, ktory zanizal przewidywana warto§¢ temperatury. Prawdopodobnie
w drugim okresie osuszania, kiedy proces uzalezniony jest od odparowania wewnatrz materiatu
1 dyfuzyjnego transportu wilgoci na powierzchni¢ probki, zjawiska nierownowagowe nie sg tak

istotne stad model rownowagowy byt doktadniejszy.
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6.3. Whioski

Rozwinalem wczesniejszy nierownowagowy model wymiany ciepta i wilgoci w materiatach
budowlanych dodajagc réwnanie transportu powietrza, modyfikujagc sposob obliczania
transportu kapilarnego oraz ujednolicajagc model zmiany fazy. Model zwalidowatem
z wykorzystaniem stanowiska, ktére specjalnie zaprojektowalem i wykonalem w celu
sprawdzenia modelu. Wyniki symulacji dobrze odwzorowywaly przebieg pomiaru
W pierwszym etapie procesu suszenia, czyli podczas obnizenia i stabilizacji temperatury, oraz
poczatkowy powolny jej wzrost. Obliczony przebieg temperatury przez okoto 6 godzin procesu
oraz przebieg zmiany masy przez okolo 12 godzin zgadzaja si¢ z eksperymentem bardzo
dobrze. Od okoto 12 godziny pomiaru model symulowat intensywniejsze osuszanie (szybszy
spadek masy) co skutkowato nizszg przewidywang temperatura probki juz od okoto 6 godziny

symulacji.

Wykonatem analize wrazliwo$ci modelu na zadane parametry, takie jak: ggstos¢, porowatosé
otwarta, wspotczynnik absorpcji wody, maksymalna zawarto$¢ wilgoci na skutek podciggania
kapilarnego oraz obje¢tosciowy wspodlczynnik wymiany masy wewnatrz porow, ktory zwigzany
byt z nierdwnowaga pomigdzy fazami wilgoci. Zmiany wspotczynnika w zakresie od
2.5-10* m/s do 107 m/s miaty umiarkowany wptyw na uzyskiwane wyniki, to znaczy wartoéci
temperatury miescity si¢ w zakresie niepewno$ci pomiaru. Wyniki symulacji uzyskane przy
wyzszych lub nizszych wartoSciach tego wspotczynnika znaczaco odbiegaty od danych

pomiarowych.

Model nierownowagowy poréwnatem z eksperymentem i modelem opisanym w literaturze
[43]. Zaproponowany model uzyskat lepsza doktadno$¢ niz referencyjny model rownowagowy
[43] w pierwszej fazie osuszania (pomiedzy 1 a 5 godzing procesu) natomiast w drugiej fazie
procesu przewidywat nizsza temperature niz zmierzona w eksperymencie 1 mial mniejsza

doktadno$¢ niz model rownowagowy.
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Rozdzial 7.
Podsumowanie i wnioski

Celem pracy byto sformutowanie nierdwnowagowego modelu wymiany ciepta i wilgoci
w materiatach budowlanych oraz zastosowanie modelu do analizy energochtonnosci procesu
osuszania $cian budynku. Sformutowatem nowy nierownowagowy model wymiany ciepta
i wilgoci w porowatych materiatach budowlanych. Model uwzglednial transport wilgoci
cieklej, pary wodnej, jak rowniez wymiang ciepta. Opracowalem pod-model nierownowagowe;j
zmiany fazy (parowanie-skraplanie). Zaimplementowatem model w programie ANSY'S Fluent
przy uzyciu zaawansowanych funkcji uzytkownika, takich jak UDF, UDS 1 UDM oraz w spos6b
uniwersalny pozwalajacy na prowadzenie symulacji 2 i 3D. Oprogramowanie komercyjne
postuzyto mi jako platforma do rozwigzywania witasnych réwnan, natomiast bez uzycia
UDFo6w nie byto mozliwe wykonanie symulacji osuszania materiatow budowlanych, poniewaz
oprogramowanie nie zawiera stosownego wbudowanego modelu. Zweryfikowatem model przy

uzyciu dany uzyskanych za pomocg dwoch modeli rownowagowych.

Nastepnie wykorzystalem model do optymalizacji procesu osuszania zawilgoconej $ciany
budynku. Przeprowadzitem symulacje dla fragment $ciany osuszanej za pomocg metody
termoiniekcji. Poczatkowe symulacje przeprowadzitem dla pieciu statych temperatur powietrza
osuszajacego (20, 30, 40, 50 1 60°C) oraz dla zawartosci wilgoci odpowiadajacych czterem
porom roku (zima, wiosna, lato i jesien). Wyniki symulacji pokazaly, ze w poczatkowej fazie
osuszania uzycie nizszej temperatury powietrza bylo bardziej efektywne, natomiast, aby
uzyska¢ nizsze zawarto$ci wilgoci w $cianie wymagane byto uzycie wyzszej temperatury

powietrza osuszajgcego.

Na podstawie pierwszych obliczen osuszania $ciany zaproponowatem trzy strategie
prowadzenia procesu ze zmienng temperaturg powietrza suszacego. W pierwszej strategii
(dwusegmentowa) temperatura na poczatku wynosita 20°C, a po uplywie przedziatu czasowego
wynoszacego 12, 24 lub 48 h temperatura wzrastala do 60°C. Druga strategia
(wielosegmentowa) byta modyfikacja strategii dwusegmentowej. Ta strategia nie byla
zaproponowana wczesniej 1 byta moim autorskim pomystem. Poczatkowo niska temperatura
(20°C) wzrastata o0 10 K co przedziat czasowy (12, 24 lub 48 h), az do osiggniecia temperatury
60°C. Ostatnia analizowana strategia (przemienna) to osuszanie na przemian powietrzem

o temperaturze 20°C 1 60°C. Zmiana temperatury nastgpowata co przedziat czasowy (12, 24
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lub 48h). Symulacje przeprowadzilem dla osuszania przy zawartosci wilgoci w powietrzu
suszacym odpowiadajace;j trzem porom roku (zima, wiosna
i lato). Analiz¢ wykonatem dla trzech zaproponowanych strategii oraz dla osuszania ze stata
temperaturg powietrza suszacego jako referencji. Zbadalem trzy przedzialy czasowe zmiany
parametrow powietrza wynoszace 12, 24 1 48 h. Strategia dwusegmentowa 1 wielosegmentowa
umozliwily oszczednos$ci energii w stosunku do osuszania ze statg temperaturg. Wynosity one
do 5.9% dla zimy przy zastosowaniu strategii wielosegmentowej z przedziatlem czasowym
48 h. Oszczednosci energii byty wieksze dla niskich zawarto$ci wilgoci w powietrzu (zima) niz
dla wysokich (lato). Strategia wielosegmentowa dawata wigksze oszczednosci przy niskich
zawarto$ciach wilgoci w $cianie niz strategie dwusegmentowe. Strategia wielosegmentowa
przejsciowo (dla umiarkowanych zawartosci wilgoci w $cianie) miata wicksza
energochlonnos¢ niz osuszanie ze statg temperaturg powietrza suszacego, ale na koniec procesu
wymagata mniej energii niz strategia odniesienia. Zwigkszanie przedzialu czasowego
poprawiato oszczedno$ci energii. Strategia przemienna byta nieefektywna. Na podstawie
uzyskanych wynikow strategia dwusegmentowa (skokowa) zostata wykorzystana w praktyce

przez firm¢ SILTEN POLSKA sp. z o.0. sp. k.

Wykorzystywany we wczesniejszych symulacjach model dopracowatem, uwzgledniajac
transport powietrza i zwalidowalem na podstawie danych z wlasnego eksperymentu.
Stanowisko dos$wiadczalne zaprojektowalem i1 wykonatem specjalnie do celow walidacji.
Przeprowadzitem pomiary dla osuszania probki wykonanej z betonu komorkowego.
Zmierzylem przebiegi temperatury na spodzie probki oraz zmian¢ masy probki w trakcie
procesu. Wyniki symulacji wykazaly dobrg zgodno$¢ modelu z eksperymentem w pierwszej
fazie osuszania, czyli podczas spadku temperatury i stabilizacji, natomiast druga faza, czyli faza
wZzrostu temperatury i zmniejszenia tempa osuszania, nie byta tak dobrze odwzorowana. Model

zanizal temperature na spodzie probki oraz zawyzat zmiang masy.

Pomimo wykonania szeregu prac, dalsze badania w zakresie modelowania 1 optymalizacji
procesu osuszania powinny by¢ kontynuowane. Nalezy poprawi¢ doktadno$¢ modelu w drugiej
fazie osuszania, jak rowniez przeprowadzi¢ symulacje procesu osuszania dla geometrii 3D

w celu kompleksowego spojrzenia na proces.
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Abstract: In the proposed paper, non-equilibrium and equilibrium models of heat and moisture
transfer through wet building materials are presented and compared. In the former, the mass transfer
between liquid and gaseous moisture results from the difference between the partial pressure of
water vapor and its saturation value. In the second model, the equilibrium between both phases
is assumed. In the non-equilibrium model, liquid moisture can be in the continuous (funicular) or
discontinuous (pendular) form. The transfer of moisture for each proposed model is tightly coupled
with the energy transfer, which is assumed to be an equilibrium process. The time step and grid size
sensitivity analysis of both numerical models are performed primarily. The verification of the model
is based also on the numerical data available in literature. Finally, obtained with considered models,
temporal variations of moisture content in three locations in the computational domain are compared.
Reasonable conformity of results is reported, and discrepancies related to differences in formulations
of models are discussed.

Keywords: building material; drying; equilibrium model; heat and moisture transfer; non-equilibrium
model; numerical modeling; porous material

1. Introduction

Transfer of moisture in porous building materials is an important phenomenon related to the
drying building structures. It includes concurrent multi-phase transfer of water in the multi-scale
porous structure which is additionally accompanied by heat flow. Water may take the form of a gaseous
phase as well as a continuous (funicular) or discontinuous (pendular) liquid phase.

Numerical modeling of related processes is a focus of concern for many researchers around the
world. Several approaches to model combined moisture and heat transfer in various porous materials
may be found in literature.

Early attempts to derive coupled balance equations of moisture and energy were undertaken by
Whitaker [1]. The concept of representative elementary volume was utilized for the rigorous derivation
of transport equations. Salagniac et al. [2] proposed a numerical model of drying a porous material
during combined convective, infrared, and microwave heating. The one-dimensional model, based
on the approach proposed in [3], consisted of energy, dry air, and total moisture balance equations.
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The infrared and microwave heating affects were treated as the surface and volumetric sources,
respectively. Early models of combined heat, air, and moisture transfer in components of the building
were developed and validated by several authors as a part of the Heat, Air and Moisture Standards
Development (HAMSTAD) project [4].

A two-equation model of the process of drying wet building materials, which accounted for the
presence of water and vapor, was proposed by Van Belleghem et al. [4,5]. Capillary pressure and
temperature were assumed as independent variables. The model was utilized to study the concurrent
capillary water transfer and vapor diffusion in one-dimensional (1D) and two-dimensional (2D) domains.
This approach was found to be superior over those previously developed by the same authors [6,7],
where transported variables were the relative mass fraction of water vapor and temperature. It was
pointed out that the models presented in [6,7] were valid for the hygroscopic range only (i.e., for the
relative humidity below 98%) where the water was discontinuous across the domain (i.e., in funicular
form) and the diffusive transfer of water vapor was dominant. In all the models presented above,
the effect of the motion of dry air was neglected. In turn, Janetti et al. [8] presented a two-equation
model of moisture and heat transferred across porous building material (i.e., silicate brick). Relative
humidity and temperature were assumed as independent variables. The model was implemented
in the framework of the commercial package COMSOL. Results predicted with the proposed model
were positively validated with experimental data. Belleudy et al. [9] proposed a computational model
capable of accounting for the transfer of moisture and heat across walls of the complex structure
and for accompanying leakage air flow between components of the wall. In the model three main
phenomena were accounted for, namely vapor diffusion and capillary suction in the porous medium
and advective moist air transfer through thin channels. The transport equations were expressed in
terms of two parameters, namely the temperature of the medium and relative humidity. A model of
the moisture transfer in the clay brick was developed Allam et al. [10]. This model was based on the
same driving potentials used in [9].

The extended model of moisture and heat transfer in homogeneous porous building materials
was presented in [11,12]. It consisted of four transport equations, describing vapor, dry air, liquid
moisture, and energy transport. The densities of dry air and water vapor as well as liquid moisture
volume fraction and temperature were used as independent variables.

The problem of concurrent moisture and energy transport was also solved in the context of
hygroscopic porous textiles or fibrous materials [13]. In the model proposed in [13], temperature,
water vapor concentration, moisture concentration in fibers, and water content in the fibrous batting
were used as independent variables. This model accounted for moisture flow driven by the partial
pressure of water vapor, the movement of liquid condensate, the existence of a supersaturation state
in the condensing region, and dynamic moisture absorption by fibers in fibrous materials. In turn,
in the model of hygrothermal behavior of protective garments subjected to high external radiative
heat flux presented by Lapka et al. [14,15], the governing equations for moisture and heat flow were
formulated using the volume fraction of bound water, vapor density, and temperature. The model
developed by Lapka et al. [14,15] also dealt with conductive and radiative heat transfer accompanied
by the diffusion of the vapor through fabrics and airgaps and with phase transition of moisture to or
from the bound state in fabric fibers.

Recently, both models proposed in this paper were investigated in [16], but no radiative heat
transfer at the dried surface was considered nor time step size or mesh density sensitivity analysis was
performed. Presented temperature variations at the selected point in the domain were compared with
the reference numerical data. A good coincidence of results predicted with the equilibrium model and
the reference was observed.

In this study two different approaches to the coupled moisture and heat transfer are investigated.
In the first one, the transfer of moisture has a non-equilibrium nature. To describe the transport processes
the multi domain approach is adopted, so separate mass transfer equations for liquid water and water
vapor are formulated, and interphase mass transfer processes are expressed as source terms, related also



Energies 2020, 13, 214 30f13

to microstructure of the porous medium. The mass transfer between liquid and gas phases is driven by
the difference between the partial pressure of moisture in the gas phase and its saturation value. The local
thermal equilibrium between all phases is assumed, so in the non-equilibrium model the independent
variables are vapor density, water volume fraction and temperature. The second considered approach,
the equilibrium one, assumes the existence of equilibrium mass and energy transfer between the phases.
Two independent variables are used: total moisture content and temperature. On this basis the total
moisture and energy transfer equations are formulated.

The former model is implemented as the in-house simulation code while the second one is
implemented in the framework of the commercial software ANSYS Fluent® (v.19.2, ANSYS Inc,,
Canonsburg, PA, USA) using customization interfaces like user-defined function (UDF), user-defined
memory (UDM), and user-defined scalar (UDS). Proposed approaches are justified by further plans
regarding the development of simulation codes. The simplified, equilibrium model will be used
for optimization of the drying process in the simple geometries considered only. This demands
development of fast, robust software, even if simplified physics of the process is taken into account.
The non-equilibrium model will be used in the future for full-scale simulations of the processes
involving real geometries and coupled transport phenomena in building material and ambient air,
thus it was implemented in the framework of the commercial software. This will allow for fast and
easy application of complex three-dimensional (3D) geometries.

In the next sections of the paper both models are presented with relevant boundary and initial
conditions as well as all closing relationships. Moreover, the considered case is described, and data needed
in numerical simulations are presented. Then the time step and mesh size sensitivity analyses were
carried out for both considered numerical models. Subsequently, the models are verified in the simplified
way and the results predicted by them are compared in three points in the computational domain.

2. Descriptions of Models

2.1. General Assumptions

The considered building material, namely brick, is treated as a porous material. The solid phase
is a material of brick in which pores, water, and humid air are present. Water can be in a continuous
(funicular) or discontinuous (pendular) state. The sum of volume fractions of the solid phase, 5, liquid
phase (funicular and pendular), ¢;, and vapor, €, is equal to 1; so, €5 + &; + €, = 1. Volume fraction of the
solid phase is constant, so volume fraction of pores is also constant (i.e., &, = & + &, = const). The amount
of water in the pores of the building material changes due to transport driven by the gradient of the
capillary pressure as well as evaporation and condensation processes, while the amount of vapor
changes due to diffusion and phase change processes as well. The thermal equilibrium across phases is
assumed in both models, so the single equation of energy transfer is considered. In the non-equilibrium
model liquid and heat transfer are related to moisture movement, but in the pendular state of water they
are neglected. The total pressure, p, in the porous medium is assumed constant and equal to 101,325 Pa,
which allows for simplification of both mathematical models and elimination of the equation for balance
of air [11,12]. In the two subsequent sections both models of concurrent moisture and heat transfer,
namely the non-equilibrium and equilibrium ones, are presented. They are supplemented with closure
relations as well as boundary and initial conditions, which are also presented below.

2.2. Non-Equilibrium Model

In the non-equilibrium model the finite rate of condensation and evaporation is assumed. Hence,
the following separated balance equations for condensed water and water vapor are taken into account:

%(sgpv) + V- = i (1)
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0 . )
E(Ezpz) + Vg =—my 2)

Mass fluxes of water vapor and water are related to density of vapor, p,, and capillary pressure,
pe, respectively, by the following formulas:

Jo = Dv,efvpv 3)
J1 = KiVpc (4)

where D, and K; are the effective water vapor diffusivity and water permeability, respectively.
All closure relations are listed in Section 2.4 and material properties are listed in Table 1. Intensity of
evaporation and condensation, i1y, is driven by the difference between the actual and equilibrium
saturation density in pores of the wet building material and is given by the following equation:
, hyas = — pv) — for evaporation
ity = { s, (Pv,sat Pv) P ®)

hyias(po,sat — po) — for condensation

The coefficient h,; is the mass transfer coefficient between water vapor and water, while a;
describes pore area per unit volume. The mass flow rate per unit volume assumes a positive value for
evaporation, and negative one for condensation. The ¢//¢, ratio denotes the part of the pore volume
occupied by liquid moisture.

The equilibrium heat transfer between water, moist air, and solid material of brick is assumed, so
the locally averaged temperature is equal to its phase-wise averaged counterparts and the following
single energy balance equation is considered:

0 . . . .

5[ (PO)efT]+ V- (i) + V- (joho) +V - (jahta) = V- (keg VT) = titgo M. ©)
where Ay, is the latent heat of evaporation.

2.3. Equilibrium Model

The equilibrium model of moisture and heat flow in the porous building material consists of
balance equations for total moisture and energy. The former is the sum of water and water vapor
contents. After summation of transport Equations (1) and (2), the total moisture transport equation
takes the following form:

IW . .

while the energy transfer equation is as follows:

%if + V- (i) + V- (joho) + V- (jaha) = V- (kef VT) ®

where the total volumetric moisture content and total enthalpy are given with the following equations:
W =W, + Wg = PI€] T Poyg (9a)

H = pseshs + pieihy + poeghy + pacgha (9b)

Mass fluxes of water and water vapor are driven with gradients of capillary pressure and density
of vapor, given by Equations (3) and (4), respectively. They can be expressed as functions of two
independent variables (i.e., total moisture content, W, and temperature, T) in the following ways:

j, =DIVT+D)'VW and j, = D/VT+D}"VW (10)
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Thus, the moisture balance equation assumes the following form:

%—ZV +V-[(DF + D )VT + (D' + D}Y)vw| =0 (11)

Based on the above representation of moisture fluxes and definitions of specific enthalpies
(Section 2.4), the energy balance equation takes the following form:

(D¢po + DTci + Dl cya)VT

VT =V - (kyfVT) — 1y, Ah 12
+(Dz¥\/cp,v + D;NCZ + DZVCP’Q)VW ( ef ) loByl ( )

1%
E [ ( pc ) ef T] +
The transport coefficients present in Equations (10)—(12) are defined as follows:

DI = DI = MMy % and DT = k2%

T MBT Fvef oT oT (13)
W _ W _ _ MM, Ip W _ 9P
DZJ = —Da = _M;B%vaefw\z} and Dl = KIW{-/

The evaporation and condensation intensity is obtained from the equation:
my, = dW, /dt (14)
where the water content in the gaseous and liquid phase can be determined with the equation:

_ W/pi-¢
N 1/p1—1/pv

Ep_W/P‘U

Wy = —
1/p1—1/po

and W, (15)

The main difference between the presented models in this and previous sections is the way of
accounting for the mechanism of evaporation and condensation. In the non-equilibrium model, it
is driven by the difference between actual density of water vapor and its value corresponding to
the saturation state, so the finite rate of water transport between water and humid air is accounted
for. Rate of moisture transfer across the phase interface is also related to the local microstructure of
the porous medium (area density) which enables more accurate modeling of underlying processes
but also needs more specific closure relations. This statement of the problem requires at least three
variables, which account for water content in liquid and vapor phases as well as temperature. In the
fully equilibrium model, changes in the moisture content of the liquid and vapor forms are established
immediately, so water content in the liquid and vapor phases are tightly coupled. In this model two
variables are enough to capture concurrent moisture and heat transfer, namely total moisture content
and temperature. Moisture content in both phases can be immediately determined with Equation (15).

2.4. Material Properties and Closure Relationships

The systems of transport equations, Equations (1), (2), and (6) as well as Equations (11) and (12),
are closed by the following relationships [6]:

e Pore area per unit volume:

6
g = ——— 16
S d,w(l _ SS) ( )
e  Vapor diffusivity in pores:
261 : 10_5M 1 - W/Wca7
Daes = o ! (17)

CaryBT[0.503(1 = W/wey,) + 0497
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Effective thermal conductivity of the moist brick:
kef = ks +0.0047W (18)
e  Water permeability in the brick:

1.1437-107?
K = (19)

[1 + (176 - 10—5pc)4‘3]1.6

e  Vapor saturation pressure:

T-273.15
Po,sat = 614.3 exp(l706m) (20)
e  Modified saturation pressure:
M
Po = Posat eXp(—;; CIB,;) 1)
e Liquid saturation:
€]
= 22
S=1_a (22)
e  Retention curve which was applied to find the capillary pressure:
41-0.75
0.846[1 +(1.394-107%,) +
W(pc) = Wcap 1.697~-0-408 (23)
0.154[1 +(0.9011-1075p,) ]
e  Water vapor density for saturation conditions:
Pva
= 24
Po BT (24)
e  Effective heat capacity:
(pc)ef = €5PsCs + €1PIC] + EgPaCpa + EgPoCpo (25)
e  Specific enthalpies:
hs - Cs(T - T}’Ef) al‘ld hy - Cp,z)(T - Tr@f) + Ahvl (26)

hl = Cl(T - Tref) and ha = Cp,u(T— Tref)

In addition to these relationships, the ideal gas relationship was applied for calculations of dry
and moist air as well as vapor parameters. Some closure relations, like for vapor diffusivity, effective
thermal conductivity, and water permeability, depend on the type of material and its microstructure.
Therefore, they are measured and presented in the form of correlations.

All simulations presented in this paper were carried out for ceramic brick, whose thermophysical
properties are presented in Table 1.



Energies 2020, 13, 214

Table 1. Thermophysical properties assumed during simulations [17].

7 of 13

Property Symbol and Unit Value
Universal gas constant B (J/kmol/K) 8314
Dry air specific heat at constant pressure cpa (J/kg/K) 1005.0
Water specific heat c; (J/kg/K) 4192.1
Brick specific heat cs (J/kg/K) 840.0
Vapor specific heat at constant pressure cpo (J/kg/K) 1875.2
Water vapor resistance diffusion factor Cary 24.79
Average pore diameter dgp (M) 1.6 x 1072
Mass transfer coefficient between vapor and water in the porous medium hy (m/s) 1074
Brick thermal conductivity ks (W/m/K) 1.0
Dry air molecular mass M, (kg/kmol) 28.86
Vapor molecular mass My (kg/kmol) 18
Capillary moisture content Weap (kg/m?) 130.0
Volume fraction of pores (brick porosity) &p 0.13
Latent heat of evaporation Ahy; (J/kg) 2.5 % 10°
Water density p1 (kg/m?) 1000.0
Brick density ps (kg/m?) 2087.0

3. Numerical Implementation

3.1. Description of the Studied Case

Numerical calculations were carried out for drying ceramic brick with a thickness equal to L = 3 cm
which is schematically presented in Figure 1. Only the top wall of the sample was in contact with the
drying medium (i.e., air). The other walls (i.e., bottom and side walls) were adiabatic and impermeable
for moisture. Therefore, moisture and heat transfer in the considered computational domain may be
approximated by the one-dimensional (1D) transfer process. This case corresponds to an experimental
setup in which only one surface of the sample is exposed to drying medium, while the others are

insulated and sealed.

Tumh’ goumh
hm’ h'l’
A
T, W,
L

//

Adiabatic and impermeable

Figure 1. Schematic of the brick with boundary and initial conditions considered in numerical simulations.
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The top wall of the computational domain was in contact with ambient air which maintained a
constant temperature and relative humidity equal to T}, and @, respectively. On this wall boundary
conditions for moisture and energy transfer equations were imposed. The formulation of both boundary
conditions depends on the type of model, whether non-equilibrium or equilibrium, so details are
presented separately.

For the non-equilibrium model, the boundary conditions for the moisture balance equations are
related to the state of the water at the surface. For the first period of drying, in which water in the
pendular state was present at the boundary and evaporation from the surface occurred, mass fluxes of
gaseous and liquid moisture were as follows:

(DoefVpo), = jouw =0 (27)

(_Klvpf)w = jl,w = hm(gv,w - amb) (28)
oW

These boundary conditions are valid for s > s, = 0.25, when the liquid saturation is higher than
the minimal saturation for water in the pendular form. For the second period of drying, in which the
liquid saturation dropped below the minimum saturation level (i.e., s < 5,5, = 0.25) mass fluxes of
gaseous and liquid moisture were as follows:

(_Dv,efvpv) = jy’w = hm(pv,w - umb) (29)
w Pgw
(_Klvpc)w = jl,zu =0 (30)

The thermal boundary condition for Equation (6) on the top wall was as follows:

O(T;L” - Tgmb,md)

_l’_
1/ew+1/€qmp—1

(—kefVT),, = he(Tw = Tamp) + Dl (31)
where the last term on the right-hand side of Equation (31) refers to liquid moisture evaporation or
condensation on the top wall. The second term accounts for the surface radiative heat transfer between
the heated surface and surroundings.

For the equilibrium model the unique boundary condition for the moisture and heat transfer were
defined as follows:

Jow tilw = hm(Pv,w - pv,amb) (32)
o(Th =14, )

amb,rad

1/ew+1/epp—1
where mass fluxes and enthalpies are given by Equations (9) and (25), respectively.

Boundary conditions parameters assumed in simulations were as follows: the temperature and
relative humidity of drying air were equal to T, = 23.8 °C and ¢y, = 44%, respectively, the heat transfer
coefficient was h; = 22.5 W/m?2/K, while the mass transfer coefficient was hy,, = 0.0258 kg/mz/s. The radiative
heat flux at the dried surface, present in boundary conditions, Equations (31) and (33), involved
emissivities at the top wall and surrounding surfaces equal to €, = 0.93 and €,y = 0.97, respectively
and the ambient radiation temperature was equal to Tpyp g = 23.3 °C. The Stefan-Boltzmann constant
was equal to 0 = 5.67 x 1078 W/m?/K*. Initial conditions for transport equations were as follows:
the uniform brick temperature was Ty = 23.8 °C and the uniform water saturation was sy = 97%, which
corresponded to the volumetric moisture content of Wy = 126.1 kg/m?.

(_kerT)w + jy’whv,ZU + j[rwhl,w = ht(Tw - Tumb) + (33)



Energies 2020, 13, 214 90of 13

3.2. Numerical Implementation of Models

3.2.1. Non-Equilibrium Model

The non-equilibrium model defined by Equations (1), (2), and (6) with boundary and initial
conditions given by Equations (27)-(31), was implemented in the framework of the finite volume
method based commercial software ANSYS Fluent®. Development of the numerical model required
application of advanced customization interfaces, such as the user defined function (UDF), user
defined scalar (UDS), and user defined memory (UDM). The computational model was constrained to
two-dimensional (2D) geometry. Numerical calculations were conducted in the following way: For the
considered case the model was configured to simulate 1D moisture and heat transfer in the ceramic
brick (see Figure 1). The basic mesh had N, = 60 elements along the brick thickness, while only one
element was used along the brick width. The basic time step size was equal to At =5 s, which allowed
for stable simulations to be carried out.

3.2.2. Equilibrium Model

The equilibrium model of moisture and heat transfer defined by Equations (11) and (12) with
boundary and initial conditions given by Equations (32) and (33), was implemented in the framework
of the in-house numerical code. The considered transport equations were discretized on the 1D
control volume mesh. To simplify implementation of the boundary condition on the top surface,
the “half” control volume was generated at this boundary and the outermost node was coincident
with the surface.

The basic simulations were carried out for the uniform spatial 1D grid which had N, = 60 elements
across the computational domain. The implicit Euler scheme was applied for discretization of transient
terms in both equations. The time step of At = 0.5 s was found to be enough to provide stable solutions.
The idea of a separated solver was utilized. This means that in each iteration the balance equation for
moisture, given by Equation (11), was solved first and then the supplementary material properties
(Equations (17)—(19)), mass fluxes (Equations (3) and (4)), as well as volumetric moisture contents in
gaseous and liquid phases (Equation (15)), were evaluated. In the last step the balance equation of
energy, given with Equation (12), was solved.

4. Results and Discussion

Primarily, the time step size and mesh density sensitivity analysis were carried out separately
for both considered numerical models. The main objective of this step was the assessment of the
correctness of numerical implementations of the models. Evolutions of the numerically predicted
temperature and total moisture content in the brick at 1 cm depth were predicted and compared for
three time step sizes (i.e., At = 2.5, 5, and 10 s for the non-equilibrium model and At = 0.25, 0.5, and 1.0 s
for the equilibrium model) and three mesh densities (i.e., Ny = 30, 60, and 120 divisions along the brick
thickness for both models). Simulations were carried out for data from Section 3.1 and considered only
the convective thermal and mass transfer boundary conditions at the top surface. The thermal radiation
was neglected in the sensitivity analysis. For different time step sizes, generally results with very good
matching were found and therefore these results are not presented. However, some small discrepancies
between predicted temperatures with the equilibrium model for various time steps were observed in
the second stage of drying. It was due to stiff coupling of many parameters in a nonlinear way, and the
equilibrium condition which had to be fulfilled at the end of each time step. Those conditions were
relaxed in the non-equilibrium model. Moreover, during tests of both models it was evident that the
equilibrium model required a much shorter time step than the non-equilibrium one. Slight differences
were observed for variable grid size. Therefore, Figures 2 and 3 present comparisons of the results
obtained for different meshes for both models. Very good conformity of temperatures is visible for
both models. However, comparison of moisture content shows that the coarsest mesh (i.e., Ny = 30) is
not enough for the non-equilibrium model, and a finer mesh should be used.
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Figure 2. Temporal variations of temperature in the brick at 1 cm depth predicted with a (A) non-
equilibrium and (B) equilibrium model for three mesh densities given with number of divisions Ny.
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Figure 3. Temporal variations of total moisture content in the brick at 1 cm depth predicted with a (A) non-
equilibrium and (B) equilibrium model for three mesh densities given with number of divisions Ny.

Based on these observations the optimum mesh density chosen for subsequent simulations was
Ny = 60 for both models, while the time step size was set to At =5 and 0.5 s for the non-equilibrium
and equilibrium models, respectively.

Subsequently, both implementations of the proposed simulation models were verified with the
results of numerical simulations performed by Belleghem [18]. These results were obtained by applying
the simplified equilibrium model in the 1D geometry. The temperatures inside the brick at 1 cm depth
are compared in Figure 4. All simulations reflected the same initial and boundary conditions as well
as material properties, as listed in Section 2.4. Two options in boundary conditions were considered,
namely with and without radiative heat flux (i.e., the second term on the right-hand side of Equations
(31) and (33) was included or neglected, respectively). Presented results reveal good conformity of
the temperature predicted with all models. For the adjusted value of the mass transfer coefficient
between vapor and water equal to /i,y = 2 x 107> s/m, which is required in the non-equilibrium model,
very good matching of the predicted temperature variation with both models and the reference one is
observed. Some discrepancies are observed for the equilibrium model at the end of the first period of
drying. That can be related to the lack of a predefined switching mechanism between the pendular
and funicular modes of moisture transfer in the equilibrium model.

Comparison of volumetric moisture contents predicted with both considered models at the top
surface of the brick and inside the building material at a depth of 1 and 2 cm, reveals similar behavior
in corresponding points in the first period of drying (see Figure 5). For this case the surface radiative
heat flux is neglected. When the total moisture content falls below the s,,;, value, the mode of water
transfer is switched from pendular to funicular, so the rate of moisture transfer is considerably reduced.
That mechanism is implemented in the non-equilibrium model and neglected in the fully equilibrium



Energies 2020, 13, 214 11 of 13

model. This results in the difference of the total moisture content observed at the dried top surface in
the second stage of drying. The total moisture, predicted with the equilibrium model, continues its
diminution to zero, while the content of water predicted with the second model is maintained at a
level close to s,,;.

The total moisture contents in a considered wet brick sample with dimensions 0.01 x 0.01 X 0.03 m,
predicted with both proposed models was very close in the whole considered time range (see Figure 6).
It is expected that the difference between moisture contents will increase after the dry out region enlarges.

24
I

eq. model - without radiation

= =cq. model - with radiation _
22 non-eq. model - without radiation P
6 = =non-¢q. madel - with radiation - e
=) 11 Belleghem [18] - without radiation e
v 20 \ Belleghem [18] - with radiation
-
2
5 4
218 e
g /
5} 4y
= 16l St
14
0 2 4 6 8 10 12

Figure 4. Temporal variations of temperature in the brick at 1 cm depth predicted with non-equilibrium
and equilibrium models, compared with reference data [18]. Cases involving surface radiative heat

flux are denoted with dashed lines, while the results without surface radiative heat flux are denoted
with continuous lines.
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Figure 5. Comparison of temporal variations of the volumetric moisture content predicted with

non-equilibrium and equilibrium models, at the surface and inside the dried brick, at a distance of
1 and 2 cm from the surface.
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Figure 6. Comparison of temporal variation of the total moisture content in the brick predicted with
the non-equilibrium and equilibrium models.
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5. Conclusions

The paper presents the development and investigation of the non-equilibrium and equilibrium
numerical models of concurrent moisture and heat transfer in the wet porous building material. The time
step size and mesh density sensitivity analysis reveal that stable and reliable simulations can be performed
for moderate time step sizes and mesh densities. Based on the example of a simple, one-dimensional
drying problem of uniform material (i.e., brick), both presented models were compared and their
implementations verified with reference data [18]. Presented plots of temperature at the three points
inside the brick, at the top surface and at the depth of 1 and 2 cm, show good conformity in the first
drying stage. At the beginning of the second drying stage some differences appear, but they can
be related to slight differences between models, like enforced change in mode of moisture transfer,
namely pendular vs. funicular, in the non-equilibrium model. Differences are more pronounced when
compared to variation of moisture content at the surface of the brick (Figure 5) in the second drying
stage. The origin of this behavior is related to the framework of the non-equilibrium model and its
procedure of switching between pendular and funicular mode of moisture transfer. A very good match
between predicted total moisture contents with two considered models points out that for relatively
short time periods, the simple equilibrium model can be used for preliminary analysis. However,
it requires more effort to include the mechanisms of switching between modes of moisture transfer.

The comparison of both models of concurrent moisture and heat transfer shows slight differences
between them. Their further development will also be related to their validation. It will be performed
with experimental stands which are under development and testing and which are described in recent
publications [19,20].
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ABSTRACT

An impact of various levels of ambient air temperature and moisture content on a masonry wall drying
process by applying the thermo-injection method was examined by applying numerical modeling. The
new non-equilibrium model of heat and moisture transfer, developed and verified in the previous study,
was used to carry out numerical experiments. One week of drying process was simulated. Drying air
parameters, i.e., different relative humidities typical for four seasons in Poland (i.e., in the range of 70
—90%) as well as its five different temperature levels (i.e., 20, 30, 40, 50 and 60°C) were analyzed. The key
parameters monitored were the energy consumption required for the drying of building material as well
as energy efficiency and entropy generated in the process. They were expressed as a function of water
mass fraction in the wall to compare different parameters of the drying process. The obtained results
indicated significant dependence of energy consumption in the process on parameters of drying air, i.e.,
temperature and humidity ratio. Higher temperatures and lower humidities levels allowed to reach
lower final moisture content in the wall. But, during the first drying period, i.e., first 24 h, drying rates
were found much higher than later and weakly dependent on the air temperature. The drying process
was efficient even though low air temperature was used. But later higher air temperatures were required
for efficient moisture removal from the wall. This observation suggests applying various drying air
temperatures which in turn may allow for reduction of energy consumptions during drying of masonry

walls.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

and accumulation in building walls without necessity of time
consuming and costly development process of experimental

The knowledge on the moisture behavior in multilayers building
walls is a very important due to the possible risk related with
moisture transport like water accumulation in walls and conse-
quently the increase in building heating and cooling costs, the
degeneration of building materials properties and the encourage-
ment of the growth of microorganisms in moist walls [1] also in
historic buildings [2]. Studies on the moisture transport are also
interesting in terms of analysis and optimization of drying process
applied during the renovation of wet walls. The moisture behavior
in building materials may be studied both experimentally [3] and
theoretically [4].

Computer simulations allow for analysis of moisture transfer

* Corresponding author.
E-mail addresses: michal.wasik@pw.edu.pl (M. Wasik), piotr.lapka@pw.edu.pl
(P. Lapka).

https://doi.org/10.1016/j.energy.2021.122694

setups. However, reliable and efficient heat and moisture (HM)
transfer models in building materials are required. Mathematical
and numerical models of the HM transfer in porous building ma-
terials were developed over the years. In the 60s Lykov [5]
formulated a simplified differential equations system of the HM
transfer phenomena in capillary-porous bodies with temperature,
moisture content and pressure as the transfer potentials. In the
next work Lykov [6] converted the proposed system of equation to a
system of differential equations with temperature, mass transfer
potential and pressure as variables. In the 70s Whitaker [7] intro-
duced the relevant elementary volume (REV) method to study
multiphase heat, mass and momentum transfer in porous building
materials. Further research was performed by Kiinzel [8] in the 90s
and led to a formulation of a model, which was based on the
sorption isotherm and equilibrium between liquid and vapor phase,
i.e., between water and water vapor. The Kiinzel's model consisted
of two transport equations, i.e., for moisture content and energy,

0360-5442/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

as pores area per unit volume of the medium, 1/m

A area, m?

B universal gas constant, J(mol-K)

c specific heat, J/(kg-K)

(o specific heat at constant pressure, J/(kg-K)

d diameter, m

D mass diffusion coefficient, m?/s

E energy consumption per 1 m of the masonry wall, J/m

f friction factor, -

hy, mass transfer coefficient between vapor and water in
pores, m/s

hm convective mass transfer coefficient, kg/(s-m?)

he convective heat transfer coefficient, W/(m?-K)

j mass flux, kg/(m?-s)

k thermal conductivity, W/(m-K)

K; liquid moisture permeability, s

my, evaporation mass flow rate, kg/(s-m?)

M molecular mass, kg/kmol

Nu Nusselt number, -

p pressure, Pa

De capillary pressure, Pa

Pr Prandtl number, -

q heat flux, W/m?

R universal gas constant, J/(kmol-K)

Re Reynolds number, -

s specific entropy, J/(kg-K)

S entropy, J/K

Sgen entropy generated per 1 m of the masonry wall, J/
(K-m)

t time, s

T temperature, K

w distance between drilling holes, m

w moisture content, kg/m>

Weap capillary moisture content, kg/m>

Y vapor mass fraction, -

Greek symbols

Ahyy latent heat of evaporation, J/kg

e volume fraction, -, or surface roughness, m
p density, kg/m>

[ damping function, -

T dummy variable for integration, -
Subscripts

av average

ef effective

eq equilibrium

f drying air

g moist air

1 liquid water

p pore

q heat source/sink

sat saturation

v water vapor

w surface of the wall or drilling hole

which were implemented in the commercial software WUFIL
Steeman et al. [9] presented a coupling of the HM transfer model in
porous materials to a commercial CFD software. The model was
developed for a hygroscopic range in which water vapor diffusion
was the dominant moisture transfer process and no continuous
water phase in the pore system was assumed. The new 3D model
was able to simulate the HM transfer in the surrounding air and
porous material and at the interface between them. In the next
paper Van Belleghem et al. [10] carried out extensive sensitivity
analysis of the model presented in Ref. [9]. Consequently, Van
Belleghem et al. [11] presented and validated the coupled CFD and
HM transfer model in porous materials which accounted not only
for vapor diffusion like in Ref. [9] but also for water transport. The
model was implemented in the commercial software ANSYS Fluent
and used the relationship between the capillary pressure and
moisture content instead of sorption isotherm like in the Kiinzel's
model. The model was suited for studying cases with both vapor
diffusion and capillary moisture transfer where the convective
boundary condition at interface between porous medium and
flowing air was important. Such condition occurs during, e.g.,
convective drying process of building materials. Similar model was
applied to study the hygro-thermal behavior of a cavity wall
configuration with a brick veneer outside the leaf and a wood fiber
board inside the leaf both for the summer and winter conditions
[12].

Recently in Refs. [4,13,14], an equilibrium model of HM transfer
in porous building materials with mutually coupled energy and
moisture balance equations was presented. The model accounted
for dependence of capillary and vapor pressures on the moisture
content and temperature in the material. However, equilibrium
models reached good agreements with experiments in which slow
hygro-thermal processes occurred, where the hygric equilibrium

assumption is satisfied. During a process with relatively high dy-
namics, the hygric equilibrium assumption is unfulfilled and non-
equilibrium models should be applied. Such non-equilibrium
model of HM transfer was proposed by Wasik and tapka and co-
workers [4,14—16]. The model consisted of three transport equa-
tions, i.e., for the gaseous and liquid moisture and internal energy,
and included an additional evaporation/condensation sub-model.
Similarly to the van Belleghem's model [11], the Wasik and tap-
ka's model used the relation between capillary pressure and
moisture content. Another approach to non-equilibrium modeling
of HM transfer was presented by Reuge et al. [17], who reformu-
lated Kiinzel's model by introducing a finite rate of sorption/
desorption process and proposed a new expression for the local
kinetics of a sorption. The Reuge's model was applied to investigate
hygro-thermal behavior of a building material with a bio-
component, i.e., for single hemp concrete samples [17] and for bio-
based multi-layered wall [18], for which equilibrium models were
found inappropriate.

Energy performance analyses of the drying process were per-
formed previously based on the experimental measurements and
theoretical considerations. For example in Ref. [19] the electro-
hydrodynamic and forced convective drying performance during
dehydration of food products were quantified in terms of drying
rate obtained experimentally as well as calculated transient and
overall exergetic efficiencies. In Ref. [20] the industrial convective
food dryers were compered in terms of energy efficiency and spe-
cific energy consumption evaluated theoretically. Jokiel et al. [21]
numerically studied energy saving effects for the heat pump-
assisted food dryer. The analyses of energy consumption in the
closed loop drier with the drying chamber, e.g., for timber, textile,
chemicals, agricultural or biological materials, led to the recom-
mendation of heat pump usage as a heat source [21] and as a
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dehumidifier [22]. In turn, Cieslikiewicz et al. [3] in-situ monitored
the drying of moist masonry walls and experimentally evaluated
specific energy consumption during the process.

Most of the studies reported in the literature were devoted to
the analysis of an energy consumption and efficiency of the drying
process in the food and wood industries. In case of drying of wet
masonry walls the amount of energy required for removing
excessive water is very large which suggest that this process must
be optimized to fulfil the current requirements related to the
reduction of the harmful impact on the environment. But, to the
authors' knowledge, parametric analyses and optimization of en-
ergy consumption during drying of moist masonry walls were not
reported in the literature. Moreover, the preliminary numerical [23]
and experimental [24] investigations of a brick sample drying
showed that the application of unconditioned ambient air during
the first drying period (i.e., first 24 h of the drying process) may be
beneficial for improving the energy performance of the process,
while in the second drying period conditioned air at higher tem-
peratures should be applied for effectively removing the residual
moisture. This observation suggests applying various drying air
temperatures during the process which in turn may allow for
reduction of the energy consumption during drying of masonry
walls. Therefore, the paper novelty is related to energy consump-
tion aspects of the drying process of masonry walls implemented
using different thermal and hygric conditions of drying air. In this
paper numerical investigations of the influence of unconditioned
(i.e., raw ambient air) and conditioned drying air parameters, i.e.,
temperature and relative humidity, on the drying rate and energy
consumption of the thermo-injection drying method of masonry
walls [3,25] were carried out by applying the novel numerical
model. The paper extends the knowledge about the drying process
of wet masonry walls by performing the energy-consumption and
entropy generation analyses and by investigating the impact of the
drying air temperature and humidity on the process. Based on the
results of analyses, the recommendations for optimal parameters of
the drying process applying thermo-injection drying method have
been formulated. Such analyses leading to the optimization of
masonry walls drying process were not reported in the literature
for any masonry wall drying method.

The paper is organized as follows. Firstly, the methodology is
presented which includes the description of the thermo-injection
drying method of masonry walls, the formulation of the mathe-
matical model and the development of the numerical simulator.
Then the description of numerical parametric experiments which
were carried out is given and the obtained results are presented
and discussed. Finally, the study is summarized.

2. Methodology

The drying process of masonry walls is usually applied in the
first phase of the renovation process in buildings in which the
excessive water presence, e.g., due to lack or worn out of a water-
proofing [3], had been detected. The aim of the drying process of
wet walls by applying the thermo-injection method is to remove
moisture from a certain region across the wall and to prepare the
wall for the second phase of the renovation process. In this second
phase a special silicone mixture is injected in the dry zone of the
wall, which creates, across the wall thickness, the impermeable
layer (barrier) for moisture transport [3]. This barrier stops the
capillary uptake of water from the ground. Generally, the drying
process is highly energy and time consuming, hence, only the
relatively thin layer of the wall is dried in the thermo-injection
method. Usually, in this method in the moist masonry walls, the
horizontally located row of deep holes for mounting drying probes
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is drilled as shown in Fig. 1 and this configuration is investigated in
the paper. The drying probes which are inserted into holes provide
the drying air, which transfers heat to the wall and carries out
moisture. Preliminary studies [25] showed that the zone under
significant influence of the heating and drying process is not very
wide and is equal to approx. 7—7.5 cm. Therefore, the moisture
mass fraction in the 8-cm-wide zone (4 cm up and down from
drilling plane) was monitored in this study — see hatched area in
Fig. 1.

Both the distance between holes and drying air parameters, i.e.,
temperature and relative humidity, have a significant impact on the
energy consumption and time of drying in the thermo-injection
method. For example, the smaller distance and the warmer and
drier air the faster moisture removal from the wall. But the energy
consumption in the process increases with the decrease in dis-
tances between holes and with the increase in the drying air
temperature. The reduction of the air temperature and application
of larger distances between drying holes decreases the energy
consumption but increases the time of the process. Hence, there is a
large space for the optimization of the drying process of masonry
walls implemented by using the thermo-injection method.

The drying process may be implemented both inside and
outside the building, but from the practical reasons the former
implementation is more convenient, especially if the building has a
basement. Air for drying may be taken from both inside and outside
the building. In the first case the air usually has high moisture
content and requires additional dehumidification to improve the
process efficiency but in the wintertime or earlier spring/late fall it
will have higher temperature than external air (i.e., usually in
polish conditions air in the basement is highly humid and have the
temperature in the range of 12—18°C [3]). In the second case ben-
efits related to the lower moisture content of external air than in-
ternal one might be utilized without necessity for the
dehumidification process, but the more intensive air heating is
required in the wintertime or earlier spring/late fall than for in-
ternal air.

In the paper, the energy consumption per meter of the wall
during drying of a long masonry wall by applying drying air pa-
rameters typical for four seasons in Poland, i.e., for the winter,
spring, summer and fall, was analyzed. The fixed array of drying
holes was assumed which is typical for practical implementations
of the thermo-injection method [3]. Both unconditioned and
conditioned ambient air was used for drying and had the average
temperature and relative humidity determined for Warsaw
(Poland) for each season. The in-house non-equilibrium HM
transfer model [4,14,16] was applied to carry out numerical simu-
lations. Based on the results obtained the energy consumption,
energy efficiency and entropy generated during the drying process
using the thermo-injection method was evaluated.

2.1. Mathematical model

The considered part of masonry wall was assumed to be a ho-
mogeneous and isotropic porous medium that consisted of a dry
ceramic material as well as water and moist air which filled the
pores. The mortar between bricks was neglected. The mechanical
equilibrium, i.e., constant pressure inside the pores, and the ther-
mal equilibrium, i.e., the same temperature of the solid component,
water and moist air in the control volume, were assumed. More-
over, the hygric non-equilibrium between water and vapor was
accounted for. It means that the evaporation and condensation of
moisture were characterized by the finite rate. These assumptions
lead to the following system of three transport equations [4,14,16]:

- The water balance equation:
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Fig. 1. The masonry wall sketch with drying holes (the moisture content was analyzed in the hatched area).

a .
&(8101) = -V (K;Vpc) — my, (1)

- The vapor balance equation:

4] .
& (Sgpv) =V (Dv‘efvpv) +my, (2)

- The energy balance equation:

% [(pc)efT] +V- [(CIKIVPC - Cmeu,erPu)T}

=V- (kerT) - m,,,Ah,V (3)

where: ¢;and ¢,y are the water specific heat and vapor specific heat
at constant pressure, respectively, D,¢r means the effective mass
diffusion coefficient, kesstands the effective thermal conductivity, K;
is the liquid moisture permeability, m,, is the evaporation mass
flow rate, p. stands for the capillary pressure, T is the temperature,
4hy, is the latent heat of evaporation, ¢ and ¢ stand for the water
and moist air volume fractions, respectively, p; and p, mean the
water and vapor density, respectively, and (pc)es stands for the
effective heat capacity.

The kinetics of transitions of water-vapor and vapor-water were
assumed as linear functions of the difference between the satura-
tion and actual vapor density and was the following [4,14,16]:

_ h,,,asi (Py.eq — py) for evaporation
my, = p (4)
h,as(p,eq —p,)  for condensation

where: a; means the pores area per unit volume of the medium, h,,
stands for the mass transfer coefficient between vapor and water in
the pores, ¢ is the pores volume fraction and py,eq is the equilibrium
saturation vapor density. The pore area per unit volume (as) was
calculated from the relationship:

_Gep

rm (5)

as

where: dg, is the average pore diameter.

The equilibrium saturation vapor density was calculated from
the ideal gas law by applying the equilibrium saturation pressure
determined from the Kelvin's law [11], i.e.:

PcMy

Du.eq = Dvsat(T) e

(6)

where: M, stands for the vapor molecular mass, pysq: denotes the
temperature dependent vapor saturation pressure and R is the
universal gas constant.

In eq. (4), the coefficient ¢/, was applied to account for the
water evaporation only from the part of the pore occupied by the
liquid phase. The condensation was assumed to occur in the whole
volume of the pore. The relation (4) has the linear form, but it is
dependent on the temperature, vapor and capillary pressures and
water content in the pores, which results in its highly complex
behavior.

For system of equations (1)—(3) the general form of boundary
conditions was as follows [4,16]:

jl.w +Jow =j1/.f (7)

qQw = g5 + Dhyjiy (8)

where: jiw and jy,y stand for the water and vapor mass flux in the
wall (i.e., at the solid side of the solid-fluid interface), respectively,
Jjvsis the vapor mass flux in drying air (i.e., at the fluid side of the
solid-fluid interface), qw and gf mean the heat flux in the wall and
the convective heat flux in drying air, respectively. These boundary
conditions consider water evaporation from the surface of a
building material which thermal effect is expressed by the term
Ahyji-

The model was implemented in the commercial software ANSYS
Fluent by applying the advanced user customization interfaces like
User-Defined Function (UDF), User-Defined Scalar (UDS), and User-
Defined Memory (UDM). The details of the proposed model may be
found elsewhere [4,14,16].

The model was verified against two equilibrium models for the
1D problem of drying of a wet porous building material applying
force convection conditions [4]. The predictions by the present
model were consistent with both equilibrium models results for all
considered cases, i.e., with and without the thermal radiation from
the wall surface [4]. The analysis of spatial and time discretization
levels was also performed and showed that the results obtained
were the time step and grid size independent. This also showed
stability of the model even though large time steps were applied.
The model was pre-validated against experiment described in the
literature [16]. The value of the mass transfer coefficient between
vapor and water in the pores, which is required in eq. (4), was
determined during pre-validation of the model [16].
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2.2. Numerical model

To reduce the time of computations, the considered geometry of
the masonry wall was simplified to 2D space. Assuming the same
conditions in each drying hole, it was further simplified and only
repeatable half of the domain with one drilled hole modeled — see
Fig. 2. The computational domain had height and width equal to
125 and 7.5 cm, respectively. The hole was located 65 cm above the
bottom edge and had a diameter of 2 cm. The distance between
holes and their diameter correspond to the real parameters used in
the thermo-injection method [3]. The size of the computational
domain was selected based on the several test, which showed that
assumed dimensions did not affect obtained results.

The computational geometry was prepared in the ANSYS
DesignModeler. Then a structural mesh was generated via the
ANSYS Meshing. The mesh consisted of 9750 elements of an
average size of 4.55 cm?. The mesh was refined to the edges of the
drilling hole and coarsened to the top and bottom edges. The grid
quality factors were the following: the maximum aspect ratio of
9.2, the maximum skewness equal to 0.5, the minimal orthogonal
quality of 0.7. These parameters indicated that the grid had good
quality.

Due to the large distance from a drilled hole to horizontal
boundaries of the computational domain, the top and bottom
boundaries were assumed to be at a constant temperature (i.e.,
Ttop = Thottom = 15°C) — see Fig. 2. This temperature corresponds to
the average temperature of masonry walls which occurs in a
building basement. Moreover, the top boundary was impermeable
for moisture transport, while at the bottom one a high level of a
saturation of water (i.e., g = 0.31) was assumed. This value corre-
sponds to intensive capillary water uptake from the ground. On the
left and right walls symmetry boundary conditions were set. At the
surface of the hole the HM transfer between flowing air and the
wall occurred, therefore the following convective moisture and
heat transfer boundary conditions were assumed in the numerical
model [16]:

(= Duer¥o ) = (1 = )i (Yo = ¥y) )

(Ki¥pe)w = Ohm (Yo — ¥7) (10)

600

L Zop Al L
ERTARRN g0 T T
i O PP SO SO
/2>Symmetry
S
WY 7k I
aRNe Sk Y/,hm ST

650

T bortom
FI, bottom

Fig. 2. Computational domain with boundary conditions (all dimensions in mm). The
symbol w stands for distance between drilling holes.

Iw=175
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( - kefvr)w —hy (TW - Tf) + Ahy,KVp, (11)

where: hp, and h; are the convective mass and heat transfer co-
efficients, respectively, Tr and T,, stand for the temperature of the
drying air and at the surface of the wall, respectively, Y and Y,
mean the vapor mass fraction of the drying air and at the surface of
the wall, respectively,  is the damping function, which value varies
from O to 1, depending on the water content at the wall surface and
is described by the following equation:

0:sin2<g WW > (12)

cap

where: Wand W are the moisture content and capillary moisture
content, respectively. The damping function was required to switch
between different mechanisms of the moisture transfer at the wall
and its form given by eq. (12) was assumed based on the thorough
tests in which the predicted results were compared and adjusted to
the experimental data [16]. Boundary conditions assumed in the
numerical model, i.e., egs. (7)—(9), correspond to general boundary
conditions described by egs. (5) and (6).

The assumed average ambient air temperature and humidity for
each season are presented in the Table 1. These parameters were
calculated based on the metrological data for the typical meteo-
rological year for Warsaw (Poland) which are available at the
website of the Republic of Poland [26]. For each season five simu-
lations were performed with various drying air temperature, i.e.,
Ty = 20, 30, 40, 50, and 60°C and with average humidity typical for
each season. At the surface of the drying hole the heat transfer
coefficient was estimated using the following Gnielinski's formula
[27]:

(g) (Re — 1000)Pr

Nu =
1+12.7(§>0-5(Pr%71)

where: f means the friction factor, Nu stands for the Nusselt
number, Pr is the Prandtl number and Re is the Reynolds number.
The friction factor was given by the following formula [27]:

(13)

1 & 251
N 2.Olog<3‘7+Re\/f> (14)

where: d is the drying hole dimeter and ¢ denotes the roughness of
the surface, which was assumed equal to 3 mm [27]. The ratio ¢/d is
the relative roughness, which was equal to 0.15. The friction factor
was determined numerically from eq. (12) by the iterative method.

The heat transfer coefficient was estimated for an annular flow,
i.e,, the internal diameter was 16 mm and corresponded to diam-
eter of the heating probe [3], while the external diameter was
20 mm and corresponded to diameter of the drying hole. The mass
flow rate of drying air was equal to 0.0018 kg/s per heating probe,
which referred to a mass flow rate value used in the thermo-
injection method in practical applications [3]. Base on these as-
sumptions the drying air velocity was set equal to 12.91 m/s. The
Clinton-Colburn analogy was used to evaluate the mass transfer
coefficient at a hole's surface. The estimated values of the heat
transfer and mass transfer coefficient amounted to 37.72 W/(m? K)
and 0.0384 kg/(s m?), respectively. The considered masonry wall
was assumed to be homogeneous and isotropic and consisting of
red bricks with a porosity of 32% [28]. The wall was initially satu-
rated in 96.8% (i.e., moisture content was 310 kg/m?) and had an
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Table 1
Average temperature and humidity of the ambient air for Warsaw (Poland) [26].

Energy 240 (2022) 122694

Season Average temperature (°C) Average relative humidity (%) Average vapor mass fraction (—)
Winter —0.42 86.2 0.00030
Spring 7.67 73.2 0.00481
Summer 17.63 74.84 0.00948
Fall 7.97 84.3 0.00566

initial temperature of 15°C. The other parameters required to set
the model as well as material properties were the same as in
Refs. [4,14,16] and are summarized in Table 2. Numerical analyses
were carried out for the drying time equal to one week (i.e., 168 h).

3. Results

Simulations were performed for 5 drying temperatures, i.e., 20,
30, 40, 50, and 60°C with average humidity typical for each season
in Poland (see Table 1). In total 20 simulations were carried out. But
results obtained for the spring and fall are similar because in these
seasons ambient air has similar average temperature and relative
humidity. Therefore, the results are presented only for the spring.
The calculated temporal variations of total moisture for the 1 m of
the drying wall and the moisture mass fraction, defined as the ratio
of moisture mass to the dry brick mass, calculated for the 8 cm
height drying zone centered along the drilling plane are shown in
Fig. 3. The drying rate was calculated based on changes in the total
moisture in time and is presented in Fig. 4. The average tempera-
ture of the drying zone was monitored during the simulations and
is presented in Fig. 5. The contour plots of moisture content and
temperature at the end of considered period and for drying air
temperature of 20 and 60°C are presented in Figs. 6 and 7,
respectively.

The wall drying rate was depended on the drying air tempera-
ture and humidity (see Fig. 4). For the winter when the air humidity
was the lowest the drying rate was higher than for corresponding
cases in the other seasons. The drying air temperature had a sig-
nificant influence on the drying rate. The impact of the drying air

humidity was more complex and was depended on the air tem-
perature. For example, for the low drying air temperature (i.e., 20
and 30°C) the difference between seasons which had different
drying air humidity ratios was remarkable (see Fig. 3). For the
higher temperature (i.e., 50 and 60°C) the difference in drying rates
was small. The lowest final moisture mass fraction in the wall was
achieved for the winter for the drying air temperature equal to 60°C
(i.e., for low humidity and high temperature of drying air), while
the highest final moisture mass fraction in the wall was obtained
for the summer for the drying air temperature equal to 20°C (i.e.,
for high humidity and low temperature of drying air). In was
observed that the drying process implemented with the low tem-
perature was slowly (i.e., drying rate was under 1 kgwater/h after the
first 24 h) and after the week of drying the wall still was highly
saturated with water. The average temperature of the drying zone
changed rapidly at the beginning of the process (see Fig. 5) and then
the rate of change of temperature slowed down and the tempera-
ture almost stabilized at the end of the process. The final wall
temperature was lower than the drying air temperature.

The drying rate was related to the temperature of the wall. At
first, it reached a high value (i.e., 8 kgyater/h Or even more — see
Fig. 4a) and then when the temperature of the wall rose the drying
rate slowed down and stabilized at the end of the process at a level
below 1 kgwater/h. The final drying rate was depended on the drying
air temperature (i.e., the higher temperature the higher final drying
rate) and the season (i.e., the lower humidity the higher final drying
rate). It was interesting that for the winter and spring and for cases
with the drying air temperature of 20°C the drying rate in the first
drying period was higher than the final drying rate in respective

Table 2
Model parameters and material properties [4,14,16,28].
Property Symbol and unit Value
Universal gas constant B (J/(mol-K)) 8314
Water specific heat ¢ (J/(kg-K)) 4192.1
Brick specific heat cs (J/(kg-K)) 840.0
Vapor specific heat at constant pressure cpv (J/(kg-K)) 1875.2
Average pore diameter dgy (m) 16-107°
Effective mass diffusion coefficient vae/(mzls) 2.61-10-5M, (1 W )
D _ me
vef W
24.79BT [0.503 (1 — —)2 + 0,497}
me
Mass transfer coefficient between vapor and water  hy; (m/s) 2.5-107°
in the pores
Brick thermal conductivity ks (W/(m-K)) 1.0

Effective thermal conductivity of the moist brick
Liquid moisture permeability

ker (W/(m-K))
Ki(s)
K =

Capillary moisture content 320.0

Retention curve

Wegp (kg/m?)
W(pe) (kg/m?)

Volume fraction of the pores (brick porosity) & 0.32
Latent heat of evaporation Ahy (J/kg) 2.5-10°
Water density pi (kg/m?) 1000.0
Brick density ps (kg/m?) 2087.0

ker = ks + 0.0047W

1.1437-109

1+ (1.76-10-5p.)*316

4 1.69
W(pe) = me{(),846[1 + (1.394-10*51;() }70-75 + 0,154{1 + (0.9011~10’5pc) ]70408}
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Fig. 3. Temporal variation of: a) the moisture mass fraction in the drying zone, b) the total moisture content for different seasons (the duration between markers equals to 12 h).

seasons for cases with the drying air temperature of 60°C — see
Fig. 4.

Fig. 6 shows that the moisture content was removed mainly
from the drying zone and from the wall section above the drying
hole. The drying of the bottom section of the wall was confined due
to rose of moisture at the bottom boundary which mimicked the
water uptake from the ground. For the winter the moisture levels at
the end of simulations were lower than for the other seasons for
corresponding temperatures. Moreover, for the temperature of
20°C the final moisture levels were much higher than for 60°C. At
the end of simulations in the top and bottom sections of the wall
temperature distributions for the same drying air temperature
were almost the same — see Fig. 7. At the drying hole surface and
close to it the liquid moisture intensively evaporated which affected
the temperature distribution in drying zone. Moreover, the
different drying rates for each season and for each drying air
temperature additionally affected the temperature distribution in
this zone. But at the end of simulation for all seasons the

temperature distribution in the wall had a similar character for
cases with the same drying air temperature. Circular isotherms
observed near the drying hole slowly changed to horizontal ones at
the top and bottom section of the wall. For example, the shape of
isotherm 35.5°C was a combination of circular and horizontal iso-
therms, but it still was perpendicular to lateral boundaries due to
assumed symmetry conditions. Moreover, the summer cases
attained higher temperature than for the other seasons with the
same drying temperature. This corresponded to higher humid
content in the drying air in the summer and slower evaporation at
the boundary.

The heat supplied to the wall through the surface of the drying
hole was also registered. The energy consumption during drying
was defined as the sum of heat supplied (or removed) to the
domain through the surface of the single hole during the process.
The energy consumption per 1 m of the masonry wall, which is
presented in Fig. 8 in relation to the moisture mass fraction in the
wall, was obtained by dividing the energy consumption for the
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Fig. 4. Temporal variation of the drying rate: a) the zoom for the first 24 h, b) distributions for the whole process.

single drying hole by the distance between drilling holes (twice the
width of the computational domain), i.e.:

el

B w

where: Ay, is the drilling hole surface area, t denotes the duration
(time) of the drying process, qy stands for the heat flux at the
drilling hole surface calculated by applying eq. (11) and w is the
distance between drilling holes — see Fig. 2.

The energy consumption was significantly depended on the
season and drying air temperature — see Fig. 8. For cases with the
low temperature and low humidity of drying air (e.g., case for
winter for 20°C) for which the decrease in the wall temperature
below its initial value was observed (Fig. 5) the energy consump-
tion was the smallest in the initial state of drying and then started
to increase. During the spring for the corresponding drying air
parameters the temperature drop was smaller than in the winter,
while during the summer did not occur so the energy

consumptions were respectively higher for these cases. This tem-
perature drop was caused by the intensive evaporation of moisture
at hole surface and week heat transfer (low temperature difference)
between drying air and the wall. Air in the winter contained less
vapor, hence the evaporation at the hole surface was more inten-
sive than in the spring and summer time and resulted in the higher
temperature drop. For all other cases the wall was heated by the
drying air above its initial temperature and heat was supplied to the
wall. It was found that drying with low drying air temperature were
more energy efficient (provided less heat to the wall) than with
high temperature, especially during the first 24 h of the process,
when the wall was highly saturated by water (Fig. 8). After the first
drying period (i.e., after 24 h of the process), the drying process
under low drying air temperatures slowed down and the moisture
removal rate became lower than 50% of the initial drying rate (see
Fig. 4). This effect was observed during simulations for each season
and is very interesting because it may be used for the optimization
of energy consumption during drying of masonry walls imple-
mented by using the thermo-injection method. One of the possible
solutions is using the low drying air temperature at the beginning
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Fig. 6. Contours of the moisture content in the wall at the end of simulation: a) the
winter, drying air temperature of 20°C, b) the spring, 20°C, ¢) the summer, 20°C, d) the
winter, 60°C, e) the spring, 60°C, f) the summer, 60°C (black horizontal lines mark
drying zone).

of the process and later increasing it. With the increase in the
drying air temperature the heat supplied to the wall rose while the
moisture content in the wall decreased. The highest amount of heat
supplied to the wall was attained for cases with the highest drying
air temperature. It is noticed that the winter cases attained lowest
moisture contend in the wall and the lowest energy supplied to the
wall and were preceded by the spring and summer drying
implementations.

The energy efficiency of the drying process, defined as a ratio of
energy needed to evaporate water removed from the wall to the
supplied heat is presented in Fig. 9. It confirms previous observa-
tions described in the earlier sections. The energy efficiency of the
drying process after the rapid jump at the beginning was

d) e) f)

T
TN ™ .

o
NN B A A I A

Temperature (°C)

AN

I

Fig. 7. Contours of the temperature in the wall at the end of simulation: a) the winter,
drying air temperature of 20°C, b) the spring, 20°C, c) the summer, 20°C, d) the winter,
60°C, e) the spring, 60°C, f) the summer, 60°C (black horizontal lines mark drying
zone).

decreasing with time for all cases (Fig. 9). This drop was related to
the decrease of the water content in the wall and required more
energy for removing water from the deeper wall regions. For some
cases the efficiency at the beginning of the process increased above
100%. This was the effect of a decrease in the wet bulb temperature
in a zone around the drying hole which resulted in the intensive
evaporation especially of water at the hole surface. In these cases
water drawn energy required for evaporation not only from drying
air but also from the wall decreasing its internal energy (see tem-
perature drop below the initial temperature of the wall in Fig. 5).
The higher efficiencies were obtained for seasons with lower hu-
midity of drying air (i.e., the winter and spring). The lower effi-
ciencies were achieved for the summer for which drying air had
higher humidity. This may be explained by reaching higher
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Fig. 9. Temporal variation of energy efficiency during the drying process for different seasons.

temperature by the wall for the summer (see Figs. 5 and 7), hence
more heat was transfer from the drying air to the deeper wall re-
gions. The highest energy efficiency was reached for the winter and
spring for drying air temperature of 20°C but the amount of
moisture removed from the wall for these cases was low, moreover,
the efficiency drops very rapidly with the decreased of moisture
content. Differences between the efficiency for different tempera-
ture for winter were noticeable bigger than for the other seasons.
For the winter for cases with moderate drying air temperature (30
and 40°C) the energy efficiency was significantly higher than for
corresponding cases for other seasons. Hence in these cases the
energy consumption was lower, especially in the first drying period

(until about 0.19 moisture mass fraction in the wall, see Fig. 8).
Summing up, the energy efficiency above 100% can be interpreted
as the wall cooling process due to intensive evaporation, while the
efficiency below 100% can be interpreted as the wall heating pro-
cess when the heat is transferred to the wall.

To further study energy efficiency of the drying of masonry walls
the entropy generated in the process was evaluated. The entropy
change of porous building material which was equal to the sum of
the entropy change of each component, i.e., the dry red brick, liquid
water, water vapor and dry air, was calculated in each time step.
Heat and entropy fluxes connected to the heat and moisture flow
through boundaries of the computational domain were also taken
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Fig. 10. Temporal variation of entropy generated during the drying process for different seasons.

under consideration. For each time step the entropy generated per
1 m of the wall was calculated from the following general formula:

ds - //(qT‘;]l + juwSy +j1.,w31) dAydt

w (16)

Sgen =

where: A, means boundaries of the computational domain, S
means the entropy of the porous building material, s; and s, stand
for the water and vapor specific entropy, respectively, Sge, stands
for the entropy generated and T, means the temperature of the heat
source/sink. Other symbols were explained earlier.

The entropy generated per 1 m of the wall starting from the
beginning of the drying process was calculated for each simulation
and is presented in Fig. 10. The entropy generated for cases with
higher drying air temperature were lower than for respective cases
with lower drying air temperature. Similarly to the previous ana-
lyses, cases with the lower humidity (e.g., the winter cases) were
characterized by the lower entropy generated. This trend was
reversed in simulations with high drying air temperature (i.e., 50
and 60°C) where the winter cases had higher entropy generated
than the spring and summer ones. The reason for this was the
following. It was found that amounts of water, which capillary
raised through the bottom boundary of the computational domain,
were bigger for cases with higher temperature and lower humidity
(i.e., for the winter cases) than for the other cases. Therefore, overall
amounts of water removed from the wall during the winter were
bigger than for respective cases in the spring and summer. This
resulted in the higher entropy generated due to more heat trans-
ported to the wall during the winter. Moreover, from the Second
Law of Thermodynamics point of view, using the low drying air
temperature at the beginning of the drying process did not reduce
the entropy generated.

4. Conclusion

In this paper the analysis of the energy consumption required
for the drying of moist masonry wall applying the thermo-injection
method was carried out for various seasons in Poland. It turned that
the ambient air humidity ratio, which was different for each season,

had a significant effect on the drying process, and consequently on
the energy consumption in the process and its efficiency. The lower
humidity ratio of ambient air during the wintertime than for the
other seasons resulted in the higher drying rates. The higher tem-
perature of drying air allowed to reach the lower final moisture
content in the wall.

It was found that in the first 24 h the drying process had a high
drying rate, even for the low drying air temperature. After 24 h of
the process the drying rate decreased and at the end of simulation
stabilized below 1 kgwater/h. The energy consumption was depen-
ded on the drying air temperature and the temporal water satu-
ration level in the masonry wall. For the high saturation of the
water in the wall, the low drying temperature resulted in the lower
energy consumption, but with a decrease of the water saturation
the energy consumption rose, and the drying with the low drying
air temperature became less efficient than the drying with a high
drying temperature. For removing moisture from deeper parts of
the wall the higher drying air temperature was necessary. Hence,
the increase in the energy consumption was related to the decrease
in the drying rate with time.

Based on the obtained results it was also notice that there is a
potential for a reduction of the energy consumption in the thermo-
injection method. It may be implemented by, e.g., applying the low
drying air temperature (i.e., 20°C) during the first drying period
(i.e., for first 24 h or even more), and then by increasing the tem-
perature up to 60°C. The energy efficiency during the first drying
period was much higher for low temperatures than for higher. But
with removing more moisture it dropped down rapidly for lower
temperatures. For the temperature of 60°C the efficiency decreased
much slower than in other cases. A limit value of the moisture
content, i.e., a specific value of the mass moisture content for which
the drying with the air temperature of 60°C become the most
efficient might be determined for each season. In the winter, this
limit value was lower than for the summer. It means that theo-
retically in the winter the low temperature of the drying air could
be used longer. On the other hand, in this paper the drying process
for different drying air temperatures was considered separately.
When the variable temperature of drying air will be used, the ef-
ficiency might be lower than predicted in this paper due to heating
up of the wall. This effect may be significant, especially in cases
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with the low humidity, when firstly the wall temperature will be
decreased and then after the rise of temperature of drying air the
wall will be heated up.

The Second Law based analysis did not showed the lower en-
tropy generated at the beginning of the process for the low drying
air temperatures. Moreover, the winter cases with high drying air
temperature (i.e., 50 and 60°C) had higher entropy generated than
the corresponding spring and summer cases. This was due to higher
amounts of water removed from the wall in case of higher tem-
perature and lower humidity of drying air which resulted in higher
water uptake from the bottom boundary of the wall and conse-
quently higher entropy production. Hence, the energy efficiency of
the drying process could be also increased by reducing the capillary
water rise.

To sum up, varying drying air temperature also might be
considered as a method of increasing the drying energy efficiency.
But additional analysis of the drying process with the variable
drying air temperature are required to find optimal operating pa-
rameters of the process. Further analysis should be also performed
to investigate, e.g., the impact of the distance between drying holes
or the impact of the initial moisture content in the wall on the
energy consumption in the process.
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ABSTRACT

The influence of the drying air temperature profile on the effectiveness of the thermo-injection masonry wall
drying method was investigated by applying numerical modeling. The in-house non-equilibrium heat and
moisture transfer model was used to perform simulations. A two weeks drying process was simulated. Four

Drying . drying strategies characterized by constant, jump, stepwise, and periodic drying air temperature profiles were
E:::gy C‘;‘S}lmptmn studied and compared. Three different heating intervals (i.e., 12, 24, and 48 h), which referred to drying air

8y efhiciency temperature profile changes, were examined. The drying air temperature varied between 20 and 60 °C. More-
Heat and moisture transfer N N A R
Numerical modeling over, the relative humidity of the drying air corresponded to the three seasons in Poland, i.e., winter, spring, and
Masonry walls summer, and ranging between 70 and 90% at ambient conditions. It was found that drying strategies with the
jump and stepwise temperature profiles may decrease the energy consumption required for masonry wall drying
by up to 5.9% during the season with a low drying air relative humidity (i.e., during winter). However, energy
savings were insufficient during the highly humid season (i.e., summer). The heating interval of 48 h was the best
for the jump strategy and may be the best for the stepwise approach in a longer than two weeks drying process.
The stepwise strategy removed significantly more water from the wall to reach the same level of moisture mass
fraction in the drying zone as the constant and jump strategies. The slower wall heating process and the
continuous action of capillary water uptake were responsible for this behavior. The same phenomena caused the
periodic strategy to be ineffective.

Variable temperature profile

et al. [4] in an example of renovation and prevention from rising
dampness of three buildings in Slovakia (Bratislava and Trnava). Also,
Lapka and Cieslikiewicz [5] investigated damp masonry walls in the
basement of a former monastery in Lowicz (Poland).

Apart from identifying the moisture problems, the water removal
method and prevention from re-penetration are significant. Franzoni
[6], based on 65 scientific publications, listed methods of coping with
damp masonry walls, i.e., systems aimed at reducing water supply from
the ground, boosting water evaporation, modifying materials in the
wall, and electro-osmosis. The chemical damp proofing method is pop-
ular for renovating wet walls by modifying materials [6]. It is based on
creating moisture impermeable barriers and cutting off the wall from the
source of moisture. The effectiveness of the barrier depends on the kind
of used water repellent agent [7], material structure [8], and moisture
saturation [7,9]. In order to reduce initial moisture saturation and
improve the quality of the waterproof barrier, initial wall heating and
drying should be applied [9].

1. Introduction

Mold growth, inhabitants’ health hazards, material degradation,
poor thermal insulation, or a decrease in mechanical performance [1]
are some effects of moisture level in building walls. An important
question is how water appears in buildings, and more crucial is how to
remove it. The origin of the moisture could be different, starting from an
accident, i.e., roof or pipe leakage or flooding, then vapor condensation,
wind-driven rain [2], and finally, capillary raising underground water
connecting with poor moisture insulation and poor drainage. Due to
ancestors’ limited knowledge of moisture transport and degradation of
applied materials, historical buildings are jeopardized to the extension
of moisture. In the historical center of Braganca (Northern Portugal),
Lourenco et al. [3] determined water-related problems as the most
important for building health and quality of inhabitants’ life. The other
moisture problems in historical buildings were described by Stastny
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Nomenclature

as pores area per unit volume of the medium, 1/m

A area, m?

c specific heat, J/(kg-K)

[ specific heat at constant pressure, J/(kg-K)

d pore diameter, m

D mass diffusion coefficient, m%/s

e specific energy consumption, kWh/kg H,O

E energy consumption per 1 m of the masonry wall, J/m

Eo, energy saving potential, %

hy mass transfer coefficient between vapor and water in
pores, m/s

hp convective mass transfer coefficient, m/s

h, convective heat transfer coefficient, W/(m?K)

j mass flux, kg/ (m?s)

k thermal conductivity, W/(m-K)

K liquid moisture permeability, s

my, evaporation mass flow rate, kg/(s‘m3)

M molecular mass, kg/kmol

p pressure, Pa

De capillary pressure, Pa

q heat flux, W/m?

R universal gas constant, J/(kmol-K)

t time, s

T temperature, K

w average moisture mass fraction, -

w moisture content, kg/m3

Weap capillary moisture content, kg/m>
Y vapor mass fraction, -

Greek symbols

Ahy, latent heat of evaporation, J/kg
Am water mass removed from the wall, kg
At heating interval, s

13 volume fraction, -

p density, kg/m®

0 damping function, -

T dummy variable for integration, -
Subscripts

av average

ef effective

eq equilibrium

f drying air

g moist air

i analyzed strategy

init initial

l liquid water

p pore

ref reference strategy

s solid

sat saturation

v water vapor

w surface of the wall or drilled hole

The building drying methods can be divided into the surface method,
e.g., the infrared drying method [10], or the internal method, e.g., the
thermo-injection method [5,9,10]. The advantage of the
thermo-injection method is its higher efficiency and potential to remove
moisture [9,10] than in the case of surface drying methods. For example,
Geifler et al. [11] reported IR-drying system energy consumption as 22.5
kWh/kg H0 removed, while for the thermo-injection system,
Cieslikiewicz et at. [12] evaluated the specific energy consumption to be
11.08 kWh per 1 m of wall and per unit volumetric moisture content,
and Lapka et al. [9] reported energy consumption up to 3.3 kWh/kg
H,0. Moreover, drilled holes used in the internal drying method may be
used to inject a hydrophobic mixture to create a waterproofing barrier
through the whole wall thickness. To sum up, these examples show that
the masonry wall drying process is very time- and energy-consuming [5,
9,11,12]. Therefore, efforts to reduce its duration and energy con-
sumption are justified.

Lapka et al. [9] analyzed the thermo-injection method on a
semi-laboratory scale. Two types of wall samples (i.e., plastered and
unplastered) with three different drying strategies, i.e., only ventilation
mode, single-phase (heating mode), and two-phase (alternating venti-
lation and heating modes) drying, were investigated [9]. The experi-
ment indicated a potential for decreasing energy consumption needed
for conducting the process without a significant decrease in drying rate
by using the two-phase drying strategy [9]. Chengije et al. [13] also
recommended two-stage drying to improve the paddy drying energy
efficiency. Zegowitz et al. [10] tested a periodic heating-ventilating
approach using the lance drying system but did not measure energy
consumption. Wasik and Lapka [14] simulated masonry wall drying for
single-phase drying (heating mode) with different drying air tempera-
tures, i.e., 20, 30, 40, 50, and 60 °C, and for three seasons, taking into
consideration various humidity ratios of the drying air. The results
indicate the possibility of increasing drying efficiency (decreasing en-
ergy consumption) by using varying drying air temperatures [14].

As several ideas to find optimal strategies and parameters for

masonry wall drying emerged, this paper aims to numerically verify
their potential and answer whether different drying strategies may
reduce the energy consumption of the process. A single-phase drying
strategy with a constant drying air temperature profile was selected as a
basing variant. Following Lapka et al. [9] conclusions and Wasik and
Lapka’s [14] suggestions, a two-phase drying strategy with jump tem-
perature rise was chosen for comparison. Periodical varying tempera-
ture profile [10] was the next analyzed strategy. The last investigated
temperature profile was stepwise rising temperature. Each strategy was
analyzed for different drying air humidity ratios, which were not studied
by Lapka et al. [9] and Zegowitz et al. [10]. Moreover, various heating
intervals corresponding to changing temperature profiles were investi-
gated. The obtained simulation results extended knowledge about
different drying strategies to reduce the energy consumption of the
masonry wall drying process.

The paper deals with improving the masonry wall drying process
from an energy point of view. It is directly related to the energy effi-
ciency analysis of the thermo-injection drying process. The drying of
building envelopes, no matter the method applied, is characterized by
high energy consumption, but it must be performed when moist walls
are detected to protect the building structure and occupants’ health. The
study searches for optimal implementation of the masonry walls drying
process characterized by lower energy consumption than the current
implementations. To achieve the paper’s objective, i.e., find the optimal
drying strategy in the thermo-injection method, energy transfer and
conversion phenomena in the building envelope are modeled by
applying the novel numerical approach, and thermo-injection method
energy consumption is predicted. The study has a novel character
because, firstly, the problem of improving the drying of masonry walls is
undertaken for the first time in a detailed way by analyzing the heat and
moisture transfer phenomena occurring during the masonry wall drying.
Secondly, the paper proposed new ways of implementing the thermo-
injection method characterized by lower power consumption. There-
fore, the obtained results have both scientific and practical values.
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2. Research problem and methodology
2.1. Definition of studied cases

The analysis of masonry wall drying by the thermo-injection method
is an object of the study. This process is the first step in renovating damp
walls and creating a waterproof barrier. In the thermo-injection method,
arow of holes is drilled in the wall - see Fig. 1. These holes are first used
to dry the wall (by mounting heating probes inside) and then inject
special emulation, creating a waterproof barrier [12]. Hence, the most
critical region (drying zone) in the wall is close to these drilled holes —
see a semi-transparent blue area in Fig. 1. The width of the drying zone
was determined to be approximately 80 mm [14]. Based on the previous
study [9,14], for current simulations, the diameter of the holes was
taken to be equal to 20 mm, the diameter of the drying probe to 16 mm,
and the distance between the holes’ centers to 150 mm. Moreover, the
occurrence of the capillary rising of dampness from the bottom of the
wall was assumed.

The following masonry wall drying strategies with different drying
air temperature profiles were studied to find the optimal course of the
process. According to the previous research [9,10,14], two drying
strategies, i.e., two-phase and periodic, were considered - see Fig. 2b
and d. An additional stepwise rising approach (Fig. 2c) was also
formulated as a variant of the two-phase strategy. For each scenario,
three heating intervals, i.e., periods when the heating mode was on and
off, were considered - see Fig. 2. The heating interval (At) was chosen as
12, 24, and 48 h. The one-phase strategy (i.e., with a constant temper-
ature profile) was considered (Fig. 2a) as a reference case. Such imple-
mentation is usually used in the practical application of the
thermo-injection method [5,12].

The following energy consumption (kWh) was determined to
compare each strategy:

E(t)= /0 ’ ?{ [ (7)]dA, dz oh)

where: A, is the drilled hole surface area, q,, means heat flux at the
drilled hole surface transferred from drying air to building material, t is
the drying process duration, and 7 is the dummy variable for integration.

Another parameter applied to analyze each strategy was the energy

Drying hole

Drying zone

i —
[ 150, 80\,m — — o
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saving potential (%) defined as follows:

By 1(w)) = E1(9)) | 0

) == )

(2

where: E.(t(w)) is the energy consumption for reference strategy
required to obtain a given average moisture mass fraction in a drying
zone, E;(t(w) ) means the energy consumption for the analyzed strategy
required to obtain a given average moisture mass fraction in a drying
zone, t(w) is the time required to reach a given moisture mass fraction in
a drying zone, and w stands for a given average moisture mass fraction in
a drying zone.

Also, specific energy consumption [9,11] was introduced to compare
the energy needed to remove 1 kg of water from the wall for different
cases. The definition of specific energy consumption (kWh/kg H20) is as
follows [9]:

_E®

=2 3)

where: Am means a mass of removed water from the wall.

The analysis was conducted for various relative humidity of drying
air which represents the average mass fraction in ambient air for three
seasons (winter, spring, and summer, respectively) for Polish climate
conditions (Warsaw) [15]. The in-house developed non-equilibrium
heat and moisture transfer model in building materials [14,16-18]
was applied to perform simulations. The same model was used previ-
ously to conduct seasonal masonry wall drying analyses [14].

2.2. Mathematical model summary

The mathematical model assumed the masonry wall to be a homo-
geneous and isotropic porous medium. Mortar joints were neglected.
The wall consisted of dry solid material and pores filled with liquid
water and moist air. The model assumed mechanical equilibrium, i.e.,
the constant wet air pressure inside the pores, and thermal equilibrium,
i.e., all components (solid, liquid water, moist air) had the same tem-
perature in the control volume. However, hygric non-equilibrium was
considered. The non-equilibrium assumption allowed modeling evapo-
ration and condensation inside pores at a finite rate. The following
system of equations formulated the model [14,16-19].

Drying air

Heating probe

Rasing damp

Fig. 1. Schematic of the analyzed wall drying process (dimensions in mm).
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Fig. 2. Analyzed drying strategies: a) one-phase (constant temperature), b) two-phase (temperature jump), c) stepwise temperature rise, d) periodic — At was equal to

12, 24, and 48 h.
e The liquid water conservation equation:

0 .
= (&p)) = =V - (K, Vp.) — nin,

4

% 4
e The vapor conservation equation:

0 .

5 (Er) =V (Do Vp,) + i, ®)

o The energy conservation equation:

9
=100y T] + V- [(cKiVpe = puDsy Vp,) T = V - (kg VT) = ity b (6)

where: ¢;and c,,, stand for the water specific heat and vapor specific heat
at constant pressure, respectively, Dy, is the effective mass diffusion
coefficient, kes means the effective thermal conductivity, K; stands for
the liquid moisture permeability, 1, means the evaporation mass flow
rate, p. is the capillary pressure, T represents the temperature, Ahy,
stands for the latent heat of evaporation, & and ¢, mean the water and
moist air volume fractions, respectively, p; and p, are the water and
vapor density, respectively, and (pc),s denotes the effective heat
capacity.

The phase change kinetic was modeled by the linear function of the
difference between actual and saturation vapor density [14,16-19]:
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£ .
hya— (/)m, - /)‘,) — for evaporation
gy = & %)
hwac(l)v_g,, — /J‘,) — for condensation

where: as is the area of the pores per unit volume of the medium, h,;
means the mass transfer coefficient between vapor and water in pores, &,
stands for the pores volume fraction, and p,,¢; denotes the equilibrium
saturation vapor density.

The coefficient e/¢, in eq. (7) modeled the water evaporation area
inside the pore (i.e., part of the pore occupied by liquid water), while
condensation was assumed to occur in the whole volume of the pore.
Although eq. (7) has the linear form, the saturation vapor density de-
pends on the temperature, capillary pressure, and water content in
pores, which leads to highly complex and non-linear behavior.

The equilibrium saturation vapor pressure was calculated from Kel-
vin’s law [14,20]:

peMy

Preq = Pysar(T)e" 7 (3)

where: M, means the molecular vapor mass, p,,s is the temperature-
dependent vapor saturation pressure, and R denotes the universal gas
constant.

The pore area per unit volume was determined from the following
relationship:

6¢,

e ©

as =

where: dg, stands for the average pore diameter.

Saturation vapor and dry air densities were calculated by ideal gas
law.

The system of equations (4)-(6) requires the boundary conditions at
surfaces between drying air and building material, which were formu-
lated as follows [14,16,19]:

Jtw v = Jus (10)
Qv =qr + Ahyji,, an

where: j, s means the vapor mass flux in drying air (i.e., at the drying air
side of the solid-fluid interface), ji ,, and ji, ,, are the water and vapor mass
flux in the wall (i.e., at the building material side of the solid-fluid
interface), respectively, and q,, and gy stand for the heat flux in the
wall and convective heat flux in drying air, respectively. The term A
hyjiw describes the thermal effect related to water evaporation from the
surface.

The mathematical model presented above was implemented in the
commercial software ANSYS Fluent. Advanced user customization rou-
tines like User-Defined Function (UDF), User-Defined Scalar (UDS), and
User-Defined Memory (UDM) were applied for its implementation. More
details of the proposed model were presented in previous publications
[16,17,19].

The 1D problem of force convection drying of wet porous building
material was used to verify the model against two equilibrium models
[16]. The obtained results were consistent with the predictions of both
equilibrium models [16]. Spatial and time discretization independence
was also proven [16]. The pre-validation of the model against the
experiment described in the literature [20] was done in Ref. [19].
During the pre-validation internal mass transfer coefficient, which is
used in the phase change kinetic model, eq. (7), was determined [19].

2.3. Numerical model setup

The considered geometry of the masonry wall was simplified to 2D,
which allowed for reducing computational time. Conditions, i.e., tem-
perature and humidity of drying air, and heat and mass transfer co-
efficients, at each hole were assumed the same, allowing further domain
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reduction to only the repeatable segment with one drilled hole. The
drying process was considered symmetric, which further allowed for the
simulation of only half of the segment with the hole — see Fig. 3a. The
modeled part of the masonry wall had a height of 1250 mm and a width
of 75 mm (Fig. 3a). The width corresponds to half the distance between
drilled holes used in the real implementations of the thermo-injection
method [5,9,12]. The hole’s location was assumed to be 650 mm
above the bottom edge of the computational domain. The diameter of
the hole was 20 mm [5,9,12]. The computational domain size was
selected based on the previously tested computational zones and was
also used in the previous publication [14].

The computational geometry was generated in the ANSYS Design-
Modeler. Next, the structural mesh consisting of 156 000 elements was
prepared in the ANSYS Meshing. The average size of the mesh elements
was 1.9 mm?. The mesh was coarsened to the top and bottom edges and
refined to the edge of the drilled hole. The grid quantity parameters were
as follows: the minimal orthogonal quality of 0.7, the maximum aspect
ratio equal to 9.2, and the maximum skewness of 0.5. These factors
indicated that the mesh quality was good. The mesh independency study
was performed considering additional the smaller (73 920 elements) and
larger (295 680 elements) grid — see exemplary results in Fig. 4a, i.e.,
temporal variation of average moisture mass fraction in the drying zone
for winter. The maximum relative difference between the base mesh of
156 000 elements (used for computations) and the refined one was
below 1% - see Fig. 4b. But the refined mesh needed significantly more
time for the simulations. Hence mesh with 156 000 elements was used as
a compromise between computational time and accuracy. Time step size
did not affect the results, i.e., almost identical results were obtained for
its tested values of 60 and 120 s (i.e., relative difference below 0.2%).
Therefore, based only on the model stability, the time step size was
chosen to be 120 s, i.e., the selected time step was the highest, ensuring
stable problem solutions.

Due to the significant height of the domain, the temperatures at the
top and bottom edges were assumed to be constant during the simula-
tions — see Fig. 3b. The average basement temperature was considered
equal to 15 °C and was set both as an initial and boundary conditions, i.
€., Tinit = Ttop = Thottom = 15 °C. Furthermore, at the bottom edge, high
water saturation (i.e., & = 0.31) was assumed to simulate intensive
capillary water uptake. The initial water content in the masonry wall
was set to Wipir = 310 kg/m3, which resulted in 96.8% saturation of the
building material. The top boundary was treated as impermeable to
moisture — see Fig. 3b. The symmetry condition was assumed at the left
and right boundaries. The convective heat and mass transfer between
drying air and building material at the drilled hole edge were assumed.
Numerically heat and moisture transfer at the drilled hole edge was
modeled as follows [14]:

(= DuyVp,), = (1= O)hy (Y, — ¥;) (12)
(KiVpe), = 0h, (Y, = Yy) 13)
(=kyVT), =h/(T, - T}) + Ahy, K, Vp. a4

where: h, and h, mean the convective mass and heat transfer co-
efficients, respectively, Trand T, are the temperatures of the drying air
and at the surface of the wall, respectively, Yrand Y,, stand for the vapor
mass fractions of the drying air and at the surface of the wall, respec-
tively, and 6 means the damping function, which is described by the
following equation:

w
0 = sin® (’zf Wm,,) 15)

where: W and W, stand for the moisture and capillary moisture con-
tents, respectively.
The dumping function value varies from 0 to 1, which allows for
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Fig. 4. Mesh independence analysis: a) temporal variations of average moisture mass fraction in the drying zone for winter, b) temporal variations of the relative

difference between results obtained for different meshes.

switching between different moisture transfer mechanisms. The
assumed dumping function was chosen based on tests in which simu-
lation results were compared and adjusted to experimental data [19].
Eq. (12)-(14) are numerical implementations of the general form of
boundary conditions given by eqs. (10) and (11).

The convective heat transfer coefficient was estimated using Gnie-
linski’s formula [14,21] for annulus flow between the drying probe and
drilled hole surface — see Fig. 1. Then, the mass transfer coefficient was
estimated from the Chilton-Colburn analogy [21]. The values of the
estimated coefficients were 37.72 W/(m?K) and 0.0384 kg/(s»mz) for
heat and mass transfer, respectively [14]. The variation of drying air
temperature for each case was set according to Fig. 2 and is described in
Table 1. The vapor mass fraction of drying air was equal to 0.00030,
0.00481, and 0.00948, corresponding to Polish (Warsaw) winter, spring,
and summer, respectively [14]. The other properties and parameters
required to conduct simulations were the same as in previous works [14,

16] and are summarized in Table 2. The simulations were conducted for
a drying time of 336 h (two weeks).

3. Results
3.1. Results presentation

For every season, 10 simulations were carried out for different drying
strategies and heating intervals, which considering 3 seasons, led to 30
simulations in total. The results were presented for all cases in Table 3.
For all seasons, the lowest final (i.e., after two weeks of drying) moisture
mass fraction in the drying zone of the masonry wall was achieved for
the constant temperature (reference) strategy (Table 3 and Fig. 5). The
final moisture levels for the jump strategy were very close to the refer-
ence strategy, i.e., only up to 1.2% higher — see Table 3. Differences
between variable heating intervals were insignificant, especially for the
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Table 1
Temperature of drying air for different drying strategies (where: the operator | |
represents floor function).
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Table 3
Average moisture mass fraction in the drying zone and difference to the refer-
ence strategy at the end of the drying.

Drying Heating Graphical Mathematical formulation
strategy intervals representation
(h)
Reference - Fig. 2 Ts(t) = 60°C
T ig. 2a
constant)
T jump At=12 L _ [20°C fort < At
At=24 Fig. 2b T =\ 60°C fort> At
At =48
T st i At=12 Te(t) =
stepwise N Fig. 2¢ 7 (t) .
- 20° 10| — fe < 4A;
VDN { 0°C+10| | C for ¢ < dac
60°C fort > 4At
T periodi At=12 Ty(t) =
periodic N Fig. 2d 7(t) .
B 20°C for even values of [*J
At =48 At
t
60°C for odd values of {BJ
Table 2

Model parameters and material properties [14,19,22-25].

Property Symbol Value
and unit
Water specific heat aq/ 4192.1
(kg-K))
Brick specific heat ¢ (J/ 840.0
(kg-K))
Vapor specific heat ¢, (J/ 1875.2
at constant (kg-K))
pressure
Average pore dgy (m) 1.6-10°°
diameter
Effective mass Dy 5 w
diffusion (m?/s) 261-10 (1 B Wcap)
coefficient Dy = w\2
24.79 [0.503 (1 - —) + 0.497]
Weap
Mass transfer hy; (m/s) 2.5.10°°
coefficient
between vapor
and water in the
pores
Brick thermal ks (W/ 1.0
conductivity (m-K))
Effective thermal kes (W/ ke = ks + 0.0047W
conductivity of (m-K))
the moist brick
Liquid moisture K; (s) 1.1437-107°
e K=——
permeability [1+ (1.76:10-5p,)*3]"
Capillary moisture Weap 320.0
content (kg/ms)
Retention curve W) Wip.) =
3 !
(kg/m™) 0.846[1+ (1.39410 %p.)* | o7
(2
"1 0154 [1+ (0:901110-5p) "] o
Volume fraction of ¢, 0.32
the pores (brick
porosity)
Latent heat of Ahy, (J/ 2.5.10°
evaporation kg)
Water density i (kg/ 1000.0
m?)
Brick density ps (kg/ 2087.0
m?%)

winter season. The stepwise strategy for heating intervals of 12 and 24 h
allowed for reaching a little bit higher moisture contents in the wall (up
to 1.5% higher) than for the reference strategy — see Table 3. However,
for the longest heating interval (48 h), the final moisture mass fractions
in the wall were significantly higher than for the reference and jump
strategies. For this heating interval, the highest difference between the

Strategy Heating Winter Spring Summer
mt(&;r)val Average moisture mass fraction/difference
to the reference strategy (—)/(%)
Reference (T - 0.1537/- 0.1550/- 0.1567/-
constant)
T jump At=12 0.1539/0.1 0.1553/0.2 0.1571/0.3
At =24 0.1541/0.3 0.1556/0.4 0.1576/0.5
At =48 0.1546/0.6 0.1562/0.8 0.1585/1.2
T stepwise At=12 0.1542/0.3 0.1557/0.5 0.1578/0.7
At =24 0.1548/0.7 0.1566/1.0 0.1591/1.5
At =48 0.1564/1.8 0.1590/2.6 0.1625/3.7
T periodic At=12 0.1642/6.8 0.1693/9.2 0.1759/
12.3
At =24 0.1634/6.3 0.1683/8.6 0.1747/
11.5
At =48 0.1690/ 0.1759/ 0.1850/
10.0 13.5 18.1

stepwise and reference strategy was observed for the summer season, for
which the final moisture mass fraction in the wall was about 3.7% higher
than for the reference strategy. The periodic strategy for all seasons
reached the highest moisture contents in the drying zone.

For all strategies and seasons, the average moisture mass fraction in
the drying zone decreased faster with the drying air temperature rise
(see Fig. 5). Especially for the jump strategy, where the temperature
rapidly increased by 40 K, the moisture content decreased rapidly. For
the stepwise strategy, the drying speed-up was not as evident as for the
jump approach due to the gradual change of temperature every 10 K.
The drying with low air temperature (first drying phase) allowed to
reach moisture mass fraction between 0.2 and 0.21 for winter and
spring, and above 0.215 for summer — see Fig. 5. During the winter
season, drying air relative humidity was the lowest, allowing drying
effectively by applying low drying air temperatures.

The distributions of the moisture mass fractions in the drying zone
for analyzed cases were not uniform — see Fig. 6 with exemplary dis-
tributions for winter (heating interval of 24 h was omitted due to similar
distributions for respective cases for 12 and 48 h). The region above the
drying hole had a lower moisture mass fraction than below. Such dis-
tributions were expected due to capillary water uptake from the bottom.
The lowest moisture mass fractions were near the surface of the drying
hole. The distributions for reference, jump, and stepwise strategy were
similar. But the periodic strategy, especially 48 h, had a much higher
level of moisture mass fraction than other cases. However, for the pe-
riodic 48 h case, the end of the drying coincided with the end of the low-
temperature phase with ineffective drying. Hence, the uptaken water
was not removed and increased the moisture content. Therefore, this
strategy is analyzed in more detail in Fig. 7. At the end of the high-
temperature phase, the wall was heated up (Fig. 7a), and the moisture
mass fraction was relatively low (Fig. 7c). Then, during the low-
temperature phase drying process became ineffective, the wall cold
down (Fig. 7b), and moisture inflowed to the drying zone due to capil-
lary uptake from the bottom (Fig. 7d).

The final average temperatures of the drying zone for the reference,
jump, and stepwise strategies were almost the same, but the durations of
the periods in which the wall was heated up were different — see Fig. 8.
For the reference case, the temperature had risen quickly from the initial
one, reaching 30 °C after 48 h, but it took about 288 h to reach 35 °C.
The times needed to attain 35 °C on average in the drying zone were very
similar for the jump strategy for all heating intervals and the stepwise
strategy with the heating interval of 12 and 24 h. They were equal to
about 288 h, similar to the reference strategy. For the jump strategy with
the heating interval of 48 h, the average temperature in the drying zone
almost reached 35 °C at the end of the process. Nevertheless, the jump
and stepwise strategies finally reached nearly the same average
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Fig. 5. Temporal variations of average moisture mass fraction in the drying zone for: a) winter, b) spring, and c) summer season.

temperatures in the drying zones. It is worth noting the temperature
decrease in the first drying period (i.e., when dry air at the low tem-
perature of 20 °C was applied) for winter and spring seasons for all
strategies, excluding reference one — see Fig. 8a and b. This decrease was
expected, as it was also noticed in a previous study [14]. The tempera-
ture decrease in the drying zone was caused by intensive moisture
evaporation from the wall for low drying air temperatures (20 °C). In
that case, the energy required for evaporation was taken from the air and
the wall, decreasing the wall’s temperature. In the summer, the drying
air contained more humidity than in the winter or spring. Hence,
evaporation at low temperatures in the summer was not as intensive as
in the winter and springtime. Therefore, the temperature decreases in
the drying zone did not occur for summer simulations. The average
temperature of the drying zone for the periodic scenario increased and
decreased with the drying air temperature changes. It reached the value
of about 32 °C only for the heating interval of 48 h. In this case, the
drying zone temperature variations caused drying rate fluctuations.
With lower drying air temperatures, less water evaporated. Moreover,
when the drying air temperature decreased, more water capillary rose
from the wall bottom than removed to drying air, resulting in increased

moisture mass fraction, which can be noticed in Figs. 5, 7c and 7d.

The temperature distributions in the drying zone at the end of the
process for a reference case and jump and stepwise strategy (12 and 48
h) were similar - see Fig. 9 with exemplary distributions for winter. The
periodic cases had lower temperatures than others. This is especially
visible for periodic 48 h, for which the end of the low-temperature phase
in which the wall cooled down coincided with the end of the drying
process (Fig. 9g).

The energy saving potential for considered strategies was estimated
by comparing the energy needed to reach an average moisture mass
fraction in the drying zone in the range of 0.155-0.22 by applying the
reference and other analyzed strategies. The energy saving factor greater
than 0% means less supplied heat to the wall than in the reference case,
while a negative value means more energy than in the reference case
was required for drying. For high wall saturation, i.e., high moisture
mass fraction, all drying strategies behaved better than the reference
one, especially for the winter season, as shown in Figs. 10-12. For a
highly saturated wall, a low drying air temperature was sufficient to
evaporate water from the area near the drying holes. However, drying
with low air temperature resulted in a drop in energy savings with time
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Fig. 6. Moisture mass fraction distributions at the end of simulations (336 h) for winter: a) reference, b) jump 12 h, ¢) jump 48 h, d) stepwise 12 h, e) stepwise 48 h,

f) periodic 12 h, and g) periodic 48 h (black lines marked the drying zone limits).

(i.e., with the decrease of average moisture mass fraction in the drying
zone) when the moisture from deeper wall regions had to be removed.
The decreases in energy saving were the highest for summer due to the
high relative humidity of the drying air — see Fig. 12. In the case of the
periodic strategy, it was found that this strategy was inefficient for all
seasons. The occurrence of capillary rise of dampness and a slower wall
heating process may explain its weakness. In periods of low air tem-
perature drying, moisture entered the drying zone from the wall bottom
(see Fig. 5). The wall temperature decreased (Fig. 8), resulting in low
drying rates and moisture accumulation in the wall. Then, this extra
water had to be removed during the high drying air temperature periods
when the wall was heated up again, increasing the energy consumption.
Other strategies also were temporarily worse than the reference one. For
example, stepwise with the heating interval of 48 h during winter
(Fig. 10b), stepwise rise with intervals of 24 and 48 h during spring
(Fig. 11b), and all stepwise strategies and jump one with intervals of 24
and 48 h during summer (Fig. 12b), temporarily had higher energy
consumption than the reference case. But, although these strategies
were temporarily worse than the reference one, they finally consumed
less or almost the same amount of energy.

For further study, the energy needed to reach the average moisture
mass fraction in the drying zone of 0.165 was considered. The periodic
strategy was excluded from the analysis due to its inefficiency. The

average moisture mass fraction of 0.165 was chosen because this value
was reached by all strategies (i.e., constant, jump, and stepwise) in each
season. As shown in Figs. 10-12 and Table 4, the energy saving potential
strongly depends on vapor content in drying air, which depends on the
season. All cases in winter reached positive energy savings. The best
savings were achieved by the stepwise strategy with a heating interval of
48 h (5.9%), followed by the stepwise one with an interval of 24 h
(5.5%) — see Table 4. The energy savings for spring were lower than for
winter, which was expected due to the higher relative humidity of
drying air. As a result, less effective drying at low air temperatures
occurred for spring. For summer conditions, energy savings were
insignificant (below 1%). Moreover, energy savings were negative in the
stepwise strategy with heating intervals of 48 h, which means that it
performed worse than the reference strategy.

3.2. Discussion

Firstly, the results were compared with the experiment reported by
Lapka et al. [9]. Case no. 3 (unplastered wall) described by Lapka et al.
[9] was matched with the summer reference case. The specific energy
consumption measured in the experiment was 2.0 kWh/kg HyO [9],
while the computed was 1.76 kWh/kg Hy0 — see Table 5. The values are
close to each other, although the analyzed cases are not precisely the
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Fig. 7. Moisture mass fraction and temperature distributions for periodic 48 h strategy: a) moisture mass fraction after 288 h (12 days, end of the high-temperature
phase), b) moisture mass fraction after 366 h (14 days, end of the low-temperature phase and the end of the drying), ¢) temperature after 288 h, and d) temperature

after 366 h.

same, and in the numerical simulations, the problem is simplified. The
wall temperatures reported in the experiment were between 30 and
35 °C [9], which was compatible with the calculated temperature
variation — see Fig. 8c. Unfortunately, the experimentally investigated
jump strategy was incomparable with the computed one due to different
drying air temperatures in the first drying phase, i.e., in the experiment,
it was 25.1 °C [9], while in the simulation 20 °C. Nevertheless, Lapka
et al. [9] measured 1.7 kWh/kg H20 of specific energy consumption for
the jump strategy, which was significantly lower than for the reference
strategy, i.e., 2.0 kWh/kg HO. In the simulations, the jump strategy did
not improve the specific energy consumption as meaningfully as in the
experiment, because the change was from 1.76 to 1.75 kWh/kg H,0 —
see Table 5. On the other hand, the value reported in the experiment was
very close to the calculated specific energy consumption, i.e., 1.7 and
1.75 kWh/kg H0, respectively. However, in winter, specific energy
consumption decreased from 1.57 to 1.41 kWh/kg H20O by using a
stepwise strategy with a 48 h heating interval. In spring, this effect was
lower, i.e., energy consumption decreased from 1.65 to 1.57 kWh/kg
H,0 for the reference and the stepwise strategy with the heating interval
of 48 h, respectively — see Table 5. In summer, the improvement was
slight and could be neglected. In the experiment, drying air tempera-
tures of 25 °C were applied in the first drying phase, which made drying

10

more effective than in the simulations, where the lower drying tem-
perature of 20 °C was used. Especially in the summer, when high solar
radiation is available, pre-heating of ambient air could be applied to
reduce the energy consumption of the drying process [26,27].

The simulation results for the periodic strategy were much different
from those of Zegowitz et al. [10]. However, that experiment investi-
gated the drying of masonry walls after the flooding, and the capillary
rising of dampness did not occur. Hence, the periodic strategy studied in
Ref. [10] was not affected by an extra water inflow during the
low-temperature drying phase like in the current simulations. The water
uptake in the low-temperature phase with inefficient drying diminished
gains attained in the high-temperature phase - see Fig. 7.

The stepwise strategy was not reported in the literature before. For
winter, it had lower specific energy consumption than the jump strategy,
while both (i.e., stepwise and jump) strategies performed similarly for
the spring season. In summer, the differences between these strategies
were also negligible. However, the experiment in controlled conditions
could supply the reference value of specific energy consumption,
confirm the saving potential of the considered strategy, and validate the
results obtained in this paper.

It is worth emphasizing that the results, i.e., energy savings pre-
sented in Table 4 and specific energy consumptions in Table 5, can be
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Fig. 8. Temporal variations of average temperature in the drying zone for: a) winter, b) spring, and c¢) summer season.

confusing due to different values. It is supposed that if energy saving is
higher, specific energy consumption should be lower. The previous
sentence would be correct only if, for each case, the same amount of
water was removed from the wall to reach the given average moisture
mass fraction in the drying zone. In analyzed cases, the amount of water
removed during the stepwise drying, especially for the heating interval
of 48 h, was visibly higher than for other drying strategies — see Table 5.
In the case of jump drying, the amount of removed water was slightly
higher than for the reference strategy. The difference in the amount of
removed water explained why specific energy consumption might be
lower for the stepwise strategy than for the jump one. However, the
stepwise method removed more water and did it more efficiently, i.e.,
with lower specific energy consumption. This finding could be helpful,
especially in drying walls without the capillary rising of dampness, e.g.,
during drying walls after flooding.

The accuracy of the obtained results is limited due to the imperfec-
tion of the model, its discretization, assumed boundary conditions, and
material properties. The impact of the model and its discretization were

11

minimalized by conducting the verification and mesh independency
study. The material properties used in the simulations were obtained
from the literature, laboratory measurements, and numerical fitting of
the predicted results to the experimental ones. Some properties (e.g.,
internal mass transfer coefficient) are very challenging to determine
experimentally with direct methods and might be measured, e.g., with
the inverse methods. Other parameters (e.g., vapor diffusivity) are
measured with low accuracy [28], and could vary between similar
materials. The impact of these parameters may be studied in the future
to determine the most crucial properties influencing the results. More-
over, the experiment in controlled laboratory conditions is needed to
confirm trends noticed numerically. The simulations could be used as a
preselection of the cases which will be tested experimentally. The
considered drying time (two weeks) significantly limits the number of
experiments that could be conducted in a reasonable time frame.
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2

Fig. 9. Temperature distributions at the end of simulations (336 h) for winter: a) reference strategy, b) jump strategy 12 h, c) jump strategy 48 h, d) stepwise strategy
12 h, e) stepwise strategy 48 h, f) periodic strategy 12 h, and g) periodic strategy 48 h.

4. Conclusion

The paper presents the numerical comparison between four masonry
wall drying strategies, i.e., reference with constant and three with
temporarily varying drying air temperature profiles (i.e., jump, step-
wise, and periodic strategies). The drying process was implemented by
applying the thermo-injection method with a drying air humid ratio
corresponding to various seasons in Poland and in the presence of
capillary rising of dampness in the wall. It turned out that the tempo-
rarily varying drying air temperature can reduce the energy consump-
tion required for drying without significantly extending drying time. The
drying air humidity had a significant impact on the energy saving po-
tential. For low drying air relative humidity (winter season), the jump
and stepwise drying strategies gave up to 5.9% of energy savings, but for
high drying air relative humidity (summer season), the saving potential
was below 0.5%. Increasing the drying air temperature, e.g., to 25 °C, in
the low-temperature drying phase in summer and spring (high and
medium drying air relative humidity, respectively) may potentially in-
crease energy saving potential. But this should be investigated in further
research.

The increase in heating interval duration from 12 to 48 h positively
affected the jump strategy, i.e., the more prolonged the low-temperature
drying phase, the lower the energy consumption required for wall

12

drying. The relation between heating interval and energy saving was not
so evident for the stepwise strategy as for the jump one, and the results
depend on the season. For the stepwise strategy, increased heating in-
tervals postponed the time of reaching the high temperature in the
drying zone and shortened the drying period with the high temperature.
The stepwise method with the heating interval of 48 h may be the best
choice for a longer drying process than two weeks or drying with low
humidity (i.e., during winter). The stepwise strategies with short low-
temperature intervals may be more efficient for short drying times in
spring and summer.

It was noticed that the stepwise strategy had the lowest specific en-
ergy consumption and removed the highest amount of water from the
wall. But in this strategy, the slower wall heating process and the
capillary uptake of dampness resulted in more water being removed
from the drying zone to reach the given moisture mass fraction than in
other strategies. This observation indicates the possible high energy
saving potential of the stepwise drying approach for drying masonry
walls after flooding or pipeline leakage without or with minor capillary
rising from the ground.

The strategy with periodically changed drying air temperature was
inefficient due to the slowest wall heating process and intensive capil-
lary rising dampness in the masonry wall. Nevertheless, the periodic
strategy could be effective in cases without or with minor capillary
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Fig. 10. Energy savings versus average moisture mass fractions in the drying zone for the winter season: a) general view, b) zoomed blue area. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Energy savings versus average moisture mass fractions in the drying zone for the spring season: a) general view, b) zoomed blue area. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

moisture uptake from the ground, e.g., during drying masonry walls drying process.
after a flood. The main finding can be formulated as follows.

The humidity in the drying air significantly impacted the specific
energy consumption of the considered drying strategies, i.e., the lower e Variable drying air temperature profiles may reduce the energy
the drying air’s relative humidity, the lower specific energy consump- consumption of thermo-injection masonry wall drying. The most
tion of the drying process. Therefore, the application of dehumidifica- perspective strategies were jump and stepwise. The heating interval
tion of drying air in combination with a jump or stepwise strategy might affected final energy saving.

be further investigated as a possible way to increase energy saving in the

13
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Table 4
Energy saving potentials for drying up to average moisture mass fraction in the
drying zone of 0.165.

flooding. Moreover, the obtained simulation results should be further
verified by laboratory or in situ experiments to check the proposed
strategies in real conditions. Also, further experimental studies should
be performed to find optimal parameters of the process, i.e., drying air

Tjump T stepwise temperature and relative humidity, as well as the duration of the heating
Heating interval (h) 12 24 48 12 24 48 intervals.
Season Energy saving (%)
Winter 1.4 2.6 5.0 3.3 5.5 5.9 Funding
Spring 0.8 15 2.7 1.8 2.9 2.3
Summer 0.2 0.3 0.4 0.3 0.2 -1.5

e The periodic strategy turned out to be inefficient due to capillary
water uptake. The strategy may be suitable for cases without capil-
lary water uptake, e.g., drying after flood or leakage.

e The drying air humidity was an important parameter for the process,
especially when the drying temperature was low. When the humidity
was high (e.g., in the summer cases), the drying with low tempera-
ture was slow, and overall strategies with variable temperature were
not noticeably better than the reference case.

To sum up, the paper proved that the masonry wall drying efficiency
could be increased by the temporarily varying temperature of drying air.
The jump and stepwise strategies were effective for cases with capillary
rising dampness. These drying strategies could be more effective when a
capillary water source does not exist, e.g., during drying walls after
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Table 5
Specific energy consumptions for drying up to average moisture mass fraction in the drying zone of 0.165.
Season T constant T jump T stepwise
Season Heating interval (h) - 12 24 48 12 24 48
Winter Specific energy consumption (kWh/kg H,0) 1.57 1.55 1.53 1.49 1.52 1.49 1.41
Removed water (kg) 3.34 3.34 3.35 3.36 3.35 3.39 3.50
Spring Specific energy consumption (kWh/kg H20) 1.65 1.64 1.63 1.60 1.62 1.59 1.57
Removed water (kg) 3.42 3.42 3.43 3.43 3.43 3.45 3.53
Summer Specific energy consumption (kWh/kg H20) 1.76 1.76 1.76 1.75 1.75 1.75 1.76
Removed water (kg) 3.52 3.52 3.52 3.52 3.52 3.53 3.58
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the work reported in this paper.
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Supplementary data to this article can be found online at https://doi.
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The paper presents a new model for the drying of porous building materials. The mixture approach was used to
model transport phenomena in a porous medium. Therefore, the effective properties of the medium were used
instead of modeling the exact microstructure. Three phases were considered, i.e., solid material, liquid moisture,
and humid air (i.e., vapor and dry air mixture). The model allowed for capillary water and diffusive vapor
transfer and air exchange. Thermal equilibrium was assumed between all phases (i.e., the same temperature of all
components). However, the hygric non-equilibrium between the water and vapor was modeled. The model was
implemented in the commercial software ANSYS Fluent by using advanced customization user interfaces, i.e.,
User-Defined Function (UDF), Scalar (UDS), and Memory (UDM), which allowed to extend the software capa-
bilities to moisture transfer phenomena. The model was validated against the experiment. The dedicated test rig
was explicitly designed to compare simulations with measurements. The drying tests were performed under
forced convection. The validation shows a good agreement between the model predictions and the measure-
ments, especially during the first drying phase. The sensitivity analyses showed that the mass transfer coefficient

in the pores and the liquid transport parameters affect the results and the accuracy of the model.

1. Introduction

The design of the building envelope should prevent water conden-
sation and accumulation. Extensive moisture occurrence in the wall can
degrade its thermal and mechanical properties [1]. In addition, moisture
can lead to mold growth, which can endanger the health and lives of
occupants. Limited historical knowledge of heat and moisture transfer
phenomena and the degradation of materials over time make historic
buildings potentially vulnerable to extensive moisture. Lourenco et al.
[2] identified moisture-related problems as critical to the health and
quality of life of the inhabitants of the historic center of Braganca
(northeastern Portugal). As another example of water problems in his-
toric buildings, Stastny et al. [3] described the renovation and preven-
tion of water infiltration in the walls of three buildings in Bratislava and
Trnava (Slovakia). Water sources in the wall can be identified as inter-
nal, i.e., vapor condensation inside the wall or leaks in embedded pipes,
or external, e.g., wind-driven rain [4], flooding, or capillary rise of water
contained in the ground. Regardless of the origin of the moisture, the
water should be removed, and the wall should be protected against re-
penetration. Franzoni [5] listed several methods for dealing with

* Corresponding author.

damp masonry walls, such as by reducing capillary rise, increasing water
evaporation, or modifying the wall material. The methods were based on
cutting off the water source and creating a waterproof barrier. However,
the effectiveness of the barrier creation depends on the level of wall
moisture saturation, and to improve its quality, the initial wall heating
and drying must to be applied [6].

Drying is a time- and energy-consuming process [7,8]. At least 0.7
kWh of energy is required to evaporate one kilogram of water from the
wall. Lapka et al. [6,8,9] conducted several experimental studies to
improve the efficiency of the wall drying process. As a result of these
studies, a two-phase drying strategy of the thermo-injection method, i.
e., with low- and high-temperature phases, was proposed. Other wall
drying experiments using different methods were performed by Geifier
et al. [10] (i.e., using an IR drying system) or Zegowitz et al. [7] (i.e.,
using a lance drying system). However, experimental wall drying studies
have several difficulties and challenges. Firstly, they are very time-
consuming, e.g., GeiBer et al. [10] conducted a single experiment for
more than two weeks, which limited the analysis of cases and scenarios.
Lapka et al. [6] conducted semi-laboratory scale investigations for
several months, testing each construction for at least one week for
selected operating parameters. Secondly, the experiments required
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Nomenclature

Latin characters

a pores area per unit volume of the medium (1/m)

A water absorption coefficient (kg/(m? s*°))

B universal gas constant (8314 J/(kmol-K))

c specific heat (J/(kg-K))

[N specific heat at constant pressure (J/(kg-K))

cy specific heat at constant volume (J/(kg-K))

D mass diffusion coefficient (m?/s)

d thickness of the holder wall (m)

dgy average pore diameter (m)

e emissivity (—)

hy, mass transfer coefficient between vapor and water in pores
(m/s)

hpn convective mass transfer coefficient (m/s)

h, convective heat transfer coefficient (W/(m?>K))

f moisture surcharge coefficient (W-m?/(kg-K))

j mass flux (kg/(m?s))

k thermal conductivity (W/(m-K))

my, evaporation/condensation mass flow rate (kg/(s-m>))

M molecular weight (kg/kmol)

P pressure (Pa)

De capillary pressure (Pa)

Dy sa modified saturation pressure (Pa)

q heat flux (W/m?)

T temperature (K)

t time (s)

w moisture content (kg/m>)

Wy free water saturation (kg/m3)

Greek symbols

a coefficient in vapor permeability equation (kg/(m-s-Pa))
B coefficient in vapor permeability equation (—)
) vapor permeability (kg/(m-s-Pa))

Ahg, latent heat of evaporation (J/kg)

Ahy, modified evaporation enthalpy (J/kg)

€ volume fraction (—)

p density (kg/m%)

Py sat modified saturation vapor density (kg/m>)

op Stefan-Boltzmann constant (5.67e10~ 8 W/(m?K*)
@ relative humidity (—)

Subscripts

a dry air

amb ambient

duct duct wall

ef effective

f outer wall of the computational domain

g moist gas

h holder

1 liquid

init initial

p pore

ref reference

s solid

sat saturation

v vapor

space for the construction of small test rooms with objects to be dried
[7,10]. In addition, air conditioning, i.e., maintaining certain tempera-
ture and relative humidity levels of the drying air and in the environ-
ment of the drying wall, is necessary to perform high-quality
experiments.

Numerical simulations can be used to analyze and optimize the
drying process, avoiding the difficulties and limitations of experiments.
However, the calculations require reliable models to describe the heat
and moisture transfer processes in the building materials. Kiinzel [11]
proposed a two-equation equilibrium model of heat and moisture
transfer in building materials. The model considered water migration
due to capillary forces and vapor diffusion. The fundamental assumption
of the model was that the relationship between relative humidity and
water content in the materials was known. The sorption curve could be
used for this relationship. The model assumed that the vapor content
followed the sorption curve. Thus, the phase changes of moisture, i.e.,
evaporation/condensation and sorption/desorption, were always
limited by the equilibrium sorption conditions. Kiinzel’s model was
implemented in the commercial software WUFL. Mendes et al. [12]
formulated a model similar to Kiinzel’s, but differing in the driving
factor of the mass transfer, i.e., Mendes used water content, while
Kiinzel used relative humidity. Both models were analyzed by Alioua
et al. [13] and compared with the experiment. The two-equation equi-
librium approach was further developed by, among others, Seredynski
et al. [14], who added thermal diffusion to the Kiinzel models, or Col-
inart et al. [15,16], who also added thermal diffusion and used the
model to simulate the hygro-thermal behavior of hemp concrete. Van
Belleghem et al. [17] used the equilibrium approach to simulate transfer
phenomena in highly saturated with moisture building materials.
Instead of the sorption curve, Van Belleghem’s model was based on the
retention curve, i.e., the relationship between capillary pressure and
moisture content. They focus their experimental and numerical in-
vestigations on the drying of brick [17].

However, the accuracy of the formulated models presented in the
literature was limited [18], and sometimes the simulation results
differed significantly from the experimental measurements. In a review
of models of heat and moisture transfer in building materials, Busser
et al. [19] listed factors that may affect the accuracy of the models. The
most important factors are air transfer in the porous material, non-
equilibrium states, and microscopic effects. Recent developments of
the models have taken into account the non-equilibrium effects of
moisture phase transitions, i.e., evaporation/condensation or sorption/
desorption are assumed to occur at finite rates. These processes are
modeled using the driving force approaches that govern the moisture
phase changes. The non-equilibrium sorption/desorption-based model
for hemp concrete was formulated by Reuge et al. [20,21] and Wasik
and Lapka [22]. These non-equilibrium models require additional con-
tinuity equations because liquid/bound water and vapor must be
considered separately, with source terms modeling the transition be-
tween these states in the respective governing equations. However, both
non-equilibrium models based on a sorption curve are limited by the
condensation/evaporation of the water film on the surface of the pores,
so they cannot be used to model the drying of building materials with
moisture filling the pores. In the other works, Wasik and Lapka [23,24]
proposed a non-equilibrium heat and moisture model for building ma-
terials with high moisture saturation. The model was implemented to
perform wall drying simulations. The Wasik and Lapka model used a
retention curve to account for the capillary moisture transfer. However,
the model did not consider air transfer within the pores and was not
thoroughly evaluated in terms of the credibility of the predicted results.

This research aims to consider the factors listed by Busser et al. [19]
that may affect the accuracy of hygro-thermal simulations in building
materials (i.e., non-equilibrium states between different moisture states
and air transfer in porous building materials) and to formulate an ac-
curate non-equilibrium heat, air, and moisture transfer model for the
drying of building materials. Therefore, this paper extends the
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Fig. 1. Schematic of components and mass transfer mechanisms in the
considered porous media.

previously formulated model [23,24] by considering the dry air transfer
within the building materials. The novelty of the work is that it considers
air transfer and hygric non-equilibrium between vapor and water in
highly saturated porous building materials during the simulation of the
drying process of building materials. To the best of the authors’
knowledge, similar non-equilibrium approaches that accurately account
for different forms of moisture, i.e., liquid and vapor, and that addi-
tionally consider separated air transfer have not been used in modeling
the drying process of building materials. The previous two-equation
(moisture and energy) models, such as Kiinzel’s model [11], Colinart
et al.’s model [15,16], or Van Belleghem et al.’s model [17], assumed
equilibrium between vapor and liquid moisture. The three-equation
(bound water, vapor, and energy) model formulated by Reuge et al.
[20,21] extended the Kiinzel’s model by including non-equilibrium
conditions between vapor and water. However, this model was formu-
lated for hygroscopic regions, where moisture occurs in the bound phase
rather than the free liquid phase, and thus is not applicable to drying
processes. Steady state air transport was considered in the three-
equation (moisture, energy, and air) model formulated during the
HAMSTAD project [25]. However, the model proposed in this paper
consists of four equations (liquid moisture, air, vapor, and energy),
which allow both transient air transfer and hygric non-equilibrium to be
considered. This new model takes into account both the air transport,
which is only considered by the HAMSTAD model [25] under steady-
state conditions, and the hygric non-equilibrium effect, which is
considered by Reuge et al. [20,21], but not in the context of drying
processes. Therefore, the proposed model is more complex than previous
models and extends heat and moisture transfer models in building ma-
terials by introducing transient air transfer and a non-equilibrium
approach for high water saturation conditions. The model is validated
with experimental data. The developed model will be used to carry out
simulations and find a way to reduce the energy consumption of the
masonry wall drying process. The model can be used to simulate heat
and moisture transfer in traditional and new bio-based materials. The
model is not limited to the brick size scale but may also be used to
simulate wall assembly.

2. Mathematical model

The mathematical model involves a hygroscopic porous medium
with pores partially filled with humid air and water — see Fig. 1. Three
phases were considered, i.e., the solid (material matrix), liquid (water),
and gaseous phase (humid air, i.e., a mixture of vapor and dry air). The
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assumptions resulted in four components, i.e., solid matrix, water, and
two gaseous components — vapor and dry air.

The relationship between the volume fractions of the components are
formulated as follows:

Est+e =&tete=¢6+eate+é 1)

where: ¢ is the volume fraction (—), and the subscripts a, g, L, p, s, and v
are dry air, moist gas, water, pore, solid, and vapor, respectively.

A macroscopic approach was applied. The approach considered a
porous medium on a scale larger than the pore scales, without consid-
ering any specific microstructure, allowing the model to be applied to
different porous materials and structures. The usual assumptions used in
the other heat and moisture models for building materials [26] were
adopted. However, the model removed some of the assumptions of
previous models, such as hygric equilibrium and the absence of air
transfer. The model assumed that the solid matrix was stationary and
non-deformable, while liquid moisture and humid air were transferred
within the material. Capillary water transfer was considered as the
transfer mechanism for liquid moisture, while diffusion transfer
accounted for the movement of vapor and dry air. Mass transfer due to
pressure gradient was not considered for gas. The applied non-
equilibrium approach to moisture phase transition allowed the vapor
to reach a density higher or lower than the saturated one. This approach
was used because, as mentioned in the literature [19], it is one of the
possible methods to improve heat and moisture transfer models. In
addition, hygric equilibrium conditions in the pores of building mate-
rials, i.e., the saturation vapor conditions, may not be achieved during
rapid changes in drying process conditions, when drying of small sam-
ples (as in this paper), or near the surface due to locally intensive vapor
removal from the material.

The phase change with a finite rate between vapor and water was
modeled as follows:

. € B
ny, = ahy,— (/’v.saz _l’v) 2)
&

where: a is the area of the pore per unit volume of the medium (1/m), hy,
is the mass transfer coefficient between vapor and water in the pores (m/
s), my, is the evaporation/condensation mass flow rate (kg/(s-m3)), and
pvand p, ., are the vapor and modified saturation vapor densities (kg/
m?), respectively.

The developed model assumed thermal equilibrium, i.e., all com-
ponents in the elementary volume have the same temperature. The
model considered heat transfer by conduction and by component mo-
tion, i.e., by the capillary motion of water and by diffusive transfer of
vapor and dry air. The heat of condensation or evaporation was
considered and driven by the phase transition of the moisture. The above
assumptions led to the following system of governing equations:

e Water continuity equation:
9 (epy) = Vi — i ®
% 1P1) = VI v

e Dry air continuity equation:
0 .
5 (Eg/’a) = Vja 4)
e Vapor continuity equation:

d . .
% (&gpy) = Vi + 10 5)
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e Energy equation:
4 . . . .
[0 T] + Vet + oo+ Cpade) T] = V (kg VT) — i Ay, ®

where: ¢ is the specific heat of water (J/(kg-K)), ¢4 and ¢,y are the
specific heats at constant pressure (J/(kg-K)) for dry air and vapor,
respectively, ji, j. and j, are the liquid, air, and vapor mass fluxes (kg/
(m>-s)), respectively, ko is the effective thermal conductivity of the
porous medium (W/(m-K)), n, is the evaporation-condensation mass
flow rate (kg/(m®-s)), T is the temperature (K), tis the time (s), Ahy, is the
modified evaporation enthalpy (J/kg), e; and ¢; are the volume fractions
(—) of gas phase and water, respectively, p,, p; and p, are the dry air,
water, and vapor densities (kg/m>), respectively, and (pc)y is the
effective heat capacity (J/K).
The mass fluxes in Egs. (3)-(6) have been formulated as follows:

e Water capillary mass flux:

ji=—-DVW @

e Air diffusion mass flux:

ja= —Dq efvﬂa ®

e Vapor diffusion mass flux:
Jv= —DygVp, (€)]

where: D s and D, s are the dry air and vapor effective mass diffusion
coefficients (m?%/s), respectively, D; is the capillary suction coefficient
(mz/s), and W is the moisture content (kg/ms).

The phase change heat flux was calculated according to the following
enthalpy change:

Ahy = Ahg, — (1= ¢,) (T — Trep) (10)

where: Ty is the reference temperature (273.16 K), and Ah,, is the
evaporation enthalpy for water (2.45 MJ/kg).

The effective heat capacity of the porous material was determined as
follows:

(/)C)e = psCs +EpC1+ & (ﬂvcv,v + /’acv,a) an
of

where: ¢; and ¢ are the water and solid specific heats (J/(kg-K)),
respectively, c,,q and c,, are the air and vapor specific heats at constant
volume (J/(kg-K)), respectively, and p; and ps are the water and solid
densities (kg/m®), respectively.

The saturation pressure was calculated using the following formula
[27]:

17.06 T1273.15>
Proat = 614.3 e< o a2

Due to the curvature of the pores, the Kelvin equation was used to
modify the saturation pressure [11]:

<—pch>
. BT
Dy sat = Pv.sa€ " 13)

where: B is the universal gas constant (8314 J/kmol/K), and M, is the
molecular weight of water (18 kg/kmol). The modified saturation den-
sity, which appears in Eq. (2), was then calculated according to the ideal
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The water capillary mass flux can be expressed as follows:
j1 = 7D1VW ~ 7D1pr£l (15)

The capillary suction coefficient can be estimated using the following
Eq. [11]:

AN? Wy
D, =38 (| 1000" 1
= 3.8 (Wf> 000 (16)

where: A is the water absorption coefficient (kg/(m2~s°‘5)), and Wy is the
free water saturation moisture content (kg/m3).
The vapor and air diffusion coefficients were calculated as follows:

B
Dy = 6ET a7

B
Dy = EET (18)

where: M, is the molecular weight of dry air (28.96 kg/kmol), and § is
the vapor permeability (kg/(m-s-Pa)).

The other closing relationships are presented in Section 3.3.

The hygric non-equilibrium approach introduced in this paper is
achieved by separating the moisture transfer balance into two distinct
balances, modeled by the liquid moisture continuity equation, Eq. (3),
and the vapor continuity equation, Eq. (5). These equations are coupled
by a non-equilibrium evaporation-condensation term described by the
Eq. (2). The inclusion of the hygric non-equilibrium approach increases
the complexity of the model compared to other drying models, e.g., the
one presented in [17]. In addition, the transient air continuity equation,
Eq. (4), introduced in this work, was not considered in previous models
[11,17,26].

3. Model implementation and validation
3.1. Experimental test bench

The experiment was designed to validate the proposed heat and
moisture transfer model during the drying of building materials satu-
rated with water. The experimental setup was inspired by an experiment
performed by van Belleghem et al. [17], i.e., a sample with a height of
about 30 mm was insulated on all sides except the top surface. An air
duct was mounted at the top of the sample, allowing the top surface to be
in contact with the flowing air, as shown in Fig. 2. The stand is an
improved version of the prototype described in [28]. The difference was
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that the holder, made of XPS with a wall thickness of 5 cm, was placed
on the balance instead of using the tensometric beams. The change in the
mass of the sample was measured using a Radwag PS 3000.X2 with a
reading resolution of 0.001 g. Two resistance thermometers (PT 100 A
class tolerance of +0.15 + 0.002|T|, where T is the temperature in
centigrade) were installed in the holder to measure the temperature at
the center of the bottom and the side walls of the sample (see Fig. 2). The
air duct had an internal cross-sectional area of 120 x 60 mm? and it was
500 mm long. An opening for the sample was cut in the bottom wall of
the air duct to allow the sample to be installed. The holder was adjusted
to be 2 mm lower than the sample to ensure a smooth transition from the
air duct wall to the sample wall. The thermo-anemometer (EE 650) was
placed in the air duct above the sample to control the air parameters.
Two computer fans with 60 x 60 mm? cross-sectional area were
mounted at the end of the duct to induce airflow through the stand.
The test rig was placed inside a climatic chamber - see Fig. 3, which
allowed the temperature and relative humidity to be controlled and
stabilized. An additional thermo-hygrometer (AR253) was placed inside
the chamber. The parameters inside the chamber were monitored during
the measurements. The temperature was measured to be 22.0 °C with a
standard deviation of 0.13 °C and the relative humidity to be 48.1 %
with a standard deviation of 2.5 percentage points. All sensors were

Vapor barrier

a)
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connected to the Raspberry Pi 4 microcontroller, which recorded all
data.

To validate the model, an aerated concrete sample with dimensions
of 92 x 92 x 30.5 mm®> was selected. This material was chosen due to its
popularity, ease of processing, and application in existing and new
buildings. The validation of the model on the commonly used material
allows its application to simulate the drying process in a wide range of
current and future buildings. The sample of aerated concrete was first
dried at a temperature of 90 °C in an electric oven to remove the
moisture, immersed in deionized water for at least 48 h, and placed in
the climatic chamber to be conditioned at the measurement tempera-
ture. Soaking in water resulted in high water saturation of the sample.
Then, the sample was removed from the water and wiped with a paper
towel to remove excess water from the surface. The next step was to
wrap the sample in the stretch film and reinforce the package along the
side walls with the duct tape. The stretch film and the tape were used to
minimize vapor transfer through the walls between the sample and the
holder. Afterward, the top surface was exposed to the ambient air (see
Fig. 4a) by removing the stretch film from the surface. The sample was
then installed in the holder, and the holder was mounted on the balance
(Fig. 4b). Finally, the air duct was mounted in the holder, and the top
surface of the sample was placed in the opening of the air duct. The
climatic chamber doors were closed. Until the parameters inside the
chamber had not stabilized (which took approximately 5 min), the fans
remained switched off to minimize the effects of unstable initial con-
ditions and fluctuations in temperature and relative humidity. During
the experiments, 2 samples of the same material were prepared and
tested at least 3 times. For each test, very similar characteristics were
obtained, but, e.g., the initial temperature distribution differed by up to

jl,fajv,f:pa,f
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I
! . .
‘ JLf = Jof =
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|
I
|
I
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Jif = Juf = Jay =0
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Fig. 5. Schematic of a computational geometry with boundary conditions.

Sample

XPS holder

b)

Fig. 4. a) Sample prepared for the experiment, and b) sample placed in the holder.
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1.0-1.5 °C because the samples were prepared and mounted manually,
which introduces some uncertainty. However, the similarity between
the results from different test runs allowed the correctness of the mea-
surements on the test rig to be validated. Therefore, the results obtained
for one of the tests were selected for further comparison with numerical
results.

3.2. Numerical model

Only the heat and moisture transfer in the sample was modeled,
while the flow in the duct was not simulated - its effect was taken into
account by formulating appropriate boundary conditions. The geometry
was simplified to 2D, with symmetry through the center of the sample
(see Fig. 5), so only half of the sample was modeled. The computational
domain and mesh were created using the ANSYS DesignModeler and
ANSYS Meshing, respectively. The mesh was structural, refined on the
top surface, and coarse on the bottom wall. Three meshes were initially
tested, i.e., coarse (3,600 elements), medium (7,200 elements), and fine
(14,400 elements), to find the number of elements that guaranteed a
mesh size independent solution. The medium mesh size was chosen with
the minimum and maximum mesh element sizes of 0.86 and 4.28 mm?,
respectively, and a maximum aspect ratio of 7.4. Three time step sizes (i.
e., 30, 60, and 120 s) were also tested. Further calculations were per-
formed with a time step size of 60 s, which also ensured time step size
independent results and stable solutions.

The proposed mathematical model was implemented using the
commercial software ANSYS Fluent. The software was used to solve
custom equations and for pre- and post-processing. However, the soft-
ware lacks the mathematical model of heat, air, and moisture transfer in
hygroscopic porous media. Therefore, advanced customization in-
terfaces were used to implement the model in the software. The User-
Defined Function (UDF) interface allowed both the insertion of a
custom function written in C and the addition of the User-Defined Scalar
(UDS) equations, which are generic scalar transport equations solved by
the solver. In addition, the User-Defined Memory (UDM) interface
allowed the allocation and use of additional memory locations to store
variables in mesh centroids.

The boundary conditions were formulated and dependent on the
surface location (see Fig. 5). The bottom and side walls were assumed to
be impermeable, i.e., no mass transfer took place, and subjected to heat
conduction through the holder material to the surroundings. This
resulted in the following boundary conditions:

Jiy =0 (19)

jus=0 20)

jas=0 (21)
kn(Tomp — T,

g = W (22)

where: d is the thickness of the holder wall (m), kj, is the thermal con-
ductivity of the holder material (i.e., XPS) (W/(m-K)), and Tgmp and T
are the temperatures of the ambient and outer wall of the computational
domain (K). The thickness of XPS was 5 cm, and its thermal conductivity
was assumed to be 0.033 W/(m-K) [29].

Convective heat and mass transfer was assumed at the top wall of the
domain, i.e., this wall was in contact with the drying air flowing in the
duct. The dry air density was calculated according to the atmospheric
pressure (the average measured pressure was pgmp = 99,943.7 Pa). Water
evaporation from the surface and radiative heat transfer between the
sample and the duct walls were taken into account. This results in the
following boundary conditions, which are used to solve Egs. (3)-(6),
respectively:

jlf = ghy (ﬂva.mb - /)v.sat(Tf) ) @3)
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Table 1
Boundary and initial conditions.
Parameter Value
Ambient temperature (Tgmp) 22.0°C
Ambient relative humidity (¢gm») 48.1 %,
Atmospheric pressure (Dgmp) 99,943.7 Pa
Heat transfer coefficient (h,) 40 W/(m*K)
Thermal conductivity of the holder material (kp) 0.033 W/(m-K)
Thickness of the holder wall (d) 0.05 m
Sample surface emissivity (ef) 0.93
Duct surface emissivity (eguce) 0.97
Mass transfer coefficient (h,,) 0.0363 m/s
Initial temperature (Tn) 20.2°C
Initial liquid moisture fraction (&ini) 0.396
(pamb - pv.f) Ma (24)
Pa="RT,
Jug = (gp - El)hm (/’vAamb 7pvf) (25)
. Op
q5 = ht(Tamb - Tf) + Ahyjis Jrﬁ (T“mb - T?) (26)

e Cduct

where: B is the universal gas constant (8314 J/(kmol-K)), efand gy, are
the sample and duct surface emissivities (—), respectively (assumed to
be 0.93 and 0.97 [17], respectively), hy, is the mass transfer coefficient
(m/s), hy is the heat transfer coefficient (W/(m?K)), M is the molecular
mass of dry air (28.96 kg/kmol), pump and pys are the atmospheric
pressure and the vapor partial pressure at the sample surface (Pa),
respectively, Tgmp and Ty are the temperatures (K) of the air in the duct
and the sample surface, respectively, Ahy, is the modified evaporation
enthalpy (J/kg) and is given by Eq. (10), & and &, are the volume
fractions (—) of water and pores, respectively, p, yny, pys, and p, o are
the vapor densities (kg/rn3) in the air in the duct, at the sample surface,
and at the saturation conditions in the ambient, and o}, is the Stefan-
Boltzmann constant (5.67-10’8 W/ (m2~K4))‘

The ambient air temperature and relative humidity assumed in the
simulations were measured to be 22.0 + 0.13 °C and 48.1 &+ 2.5 %,
respectively, while the air velocity in the duct was measured to be 2.968
+ 0.055 m/s. The heat transfer coefficient was estimated by performing
separate flow simulations using the duct geometry and was found to be
40 W/(m?K) for the forced convection at the top surface, while the mass
transfer coefficient was evaluated according to the Chilton-Colburn
analogy [30] (see Table 1).

The initial conditions were set as a uniform temperature of the
sample equal to the measured bottom wall temperature at the beginning
of the tests (i.e., Tinir = 20.2 °C), and the water volume fraction was
calculated from to the sample mass after immersion in the water to be ¢,
init = 0.396 (see Table 1). The presence of bound water was assumed. The
moisture content of bound water was set at 11.34 kg/mS, which corre-
sponds to the measured moisture content of 90 %. The bound water
continuity equation was not solved. The bound water was considered as
part of the moisture that was constant during the simulation. The initial
vapor density was assumed to be equal to the saturated density, and the
dry air density was calculated using the ideal gas law.

In summary, convective and radiative heat transfer and convective
mass transfer were assumed at the top surface (see Table 1 summarizing
the boundary and initial condition parameters). At the bottom and side
walls of the sample, no mass transfer was assumed, and heat conduction
through the insulation was considered. Uniform temperature and
moisture distributions were assumed as initial conditions.

3.3. Material properties

The bulk density of the sample was measured to be 568 kg/m?, and
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0.7

the open porosity was determined by measuring the mass of the sample
in water to be 72 %. The specific heat of the powdered sample material
was estimated using a Netzsch DSC 404 F1 to be 820 J/(kg-K). Vapor
permeability was assumed to vary with relative humidity. The expo-
nential function was fitted according to the permeability values for the
dry and wet cup tests as follows:

5=ae" @7
where: @ and g are fitted coefficients, and ¢ is the relative humidity (—).

In the calculations, the vapor permeability of the sample was
assumed to be 1.59-107 1! kg/(m-s-Pa) and 5.0.10" 11 kg/(m-s-Pa) at
relative humidities of 30 % (dry cup test) and 90 % (wet cup test),
respectively [31]. The retention curve was assumed according to the
data reported by Janz [32] and is shown in Fig. 6. The capillary pressure
value for a given moisture content was calculated by linear interpolation
between the measured points.

The following equation was assumed to describe the effective ther-
mal conductivity of the sample:

ke = ks +fW (28)

where: f is the moisture surcharge coefficient (W'mz/(kg~K)), ks is the

22 T

thermal conductivity of the dry sample (W/(m-K)), and W is the mois-
ture content (kg/m®). The moisture surcharge coefficient and the ther-
mal conductivity of the dry sample were assumed to be 0.0034 (W-m?/
(kg-K)) and 0.1315 W/(m-K), respectively [33].

The pore area per unit volume, which appeared in Eq. (2), was
determined from the following relationship:

(29)

where: dg, is the average pore diameter (m), which was assumed to be
1.6:107° m [34].

The specific heat of water was assumed to be 4192.1 J/(kg-K), while
the specific heats of air and vapor at constant pressure were 1005.0 and
1875.2 J/(kg-K), respectively. The mass transfer coefficient between
vapor and water in the pores which appeared in Eq. (2) was assumed to
be 7.510~* m/s based on several tests.

The water absorption coefficient was measured to be 0.044 kg/
(m2s%%) according to the EN ISO 15148 standard. The free water
saturation was determined experimentally to be 390 kg/m>.

In summary, all material properties required by the model were
measured or assumed from the literature. The mass transfer coefficient
between vapor and water in the pores of the building material was the
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Fig. 7. Instantaneous temperature variation at the center of the bottom surface.
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only unknown parameter that could be adjusted. The effects of the main
model parameters on the results were studied in Section 4.2.

4. Results
4.1. Comparison between the simulation and the experiment

The experiment lasted 24 h. The data were collected at approxi-
mately 5 s intervals. The data were then smoothed by the moving
average with a window size of 30 points. The errors were calculated
according to the standard deviation of the window size and the accuracy
of the sensor. Error bars were plotted for temperature variation (Fig. 7).
However, for the mass variation, the errors were so small that they were
not plotted (Fig. 8).

The instantaneous variation of temperature was similar to that re-
ported in the literature for similar experiments [17], i.e., the tempera-
ture first decreased rapidly, then stabilized for a few hours, and finally
increased to reach approximately ambient temperature - see Fig. 7 with
the variation of temperature at the center of the bottom surface of the
sample. The minimum temperatures in the simulation and experiment
were similar, i.e., the simulation results are within the error bars of the
experiment. The minimum temperature was between 18 and 18.5 °C.
Then, in the rise period, the simulated temperature was similar to the
experiment until approximately 6 h, when the simulated temperature
increase slowed down. Finally, the predicted temperature stabilization
in the last phase of drying was lower than in the experiment.

Moisture was initially removed at a nearly constant rate (see Fig. 8),
which is typical behavior for the drying of porous material. Then, as the
flow of moisture to the top surface decreased, the rate of mass change of
the sample also reduced, resulting in less evaporation from the top
surface and an increase in sample temperature (Fig. 7). The model was in
excellent agreement with the experiment for the first 11 h of the process.
The differences between the model and experiment became more sig-
nificant as the temperature of the material began to rise after about 6 h
of the process — see Fig. 7. The model predicted faster water removal in
the second drying period. The differences in mass change became larger
as the time approached the end of the process, and were about 3 g, which
was approximately 6.8 % — see Fig. 8. The more intense water evapo-
ration during the simulation, i.e., faster water removal, resulted in a
lower simulated temperature at the bottom surface of the sample.

The effect of the bottom and side boundaries on the liquid volume
fraction field was negligible (Fig. 9a). In addition, the influence of these
insulated boundaries on the temperature field was noticed but insig-
nificant compared to the influence of evaporation (Fig. 9b). In the first

Liquid volume fraction (-)
0.256

0.230
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0.179
0.154
0.128
0.102
0.077
0.051
0.026
0.000

Temperature (°C)

21.07
21.04
21.00
2097
20.93
20.90
20.86
20.83
20.79
20.76

b)

Fig. 9. Contours at the end of the simulation: a) volume fraction of the liquid
moisture, b) temperature.
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drying phase, the moisture evaporated from the surface of the material.
As the surface was dried out, a phase change front was created inside the
material (see Fig. 9a and Fig. 10a). The temperature at the top increased.
However, the rest of the material remained cold due to evaporation
(Fig. 9b). The temperature dropped rapidly at the phase change front.
The front was the region with the highest evaporation flux (Fig. 10b).
With time, the maximum absolute value of the flux became lower and
occurred deeper in the material. The phase change zone also widened
with time (Fig. 10b). The phase change front during the first process
phase (about 8.5 h) was located at the surface of the material (Fig. 10c).
During the second drying phase the front moved to the deeper parts of
the material (Fig. 10c). The final position of the front was located 0.15
cm from the top surface. The process during the first phase is controlled
by evaporation from the top surface, which depends on the heat and
mass transfer conditions at the surface and the capillary transport in the
interior of the material. In the second phase, evaporation from the
interior of the material and vapor transport to the surface drive the
process. More intense internal evaporation and vapor transport would
explain why the simulated temperature is lower than the measured one.
It also explains why the water was removed faster in the simulation than
in the experiment.

Overall, the agreement of the results is good and at a similar level to
the models presented in the literature [17]. The model predicted the
temperature distribution very well during the first 6 h of the drying
process. Then, the simulated temperature increase was slower than that
observed experimentally. In the last phase, both predicted and measured
temperatures behave similarly, but the simulated temperature level is
lower than observed experimentally. The simulated mass change was
very close to the experimental one. The simulated water removal rate in
the second period was higher than the experimental one. The mass
change differences were small, up to 3 g at the end of the process.

4.2. Sensitivity analysis

The numerical results depend on the assumed material properties
and model parameters. Therefore, their influence was analyzed. The
considered properties were grouped into physical properties, i.e., den-
sity, open porosity, heat capacity; transport properties, i.e., vapor
permeability, capillary adsorption coefficient, free water saturation; and
model parameters, i.e., mass transfer coefficient between vapor and
water in pores.

Increasing and decreasing the density of solid material by 30 kg/m®
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Fig. 11. Effect of water absorption coefficient on: a) instantaneous temperature variation, b) instantaneous moisture mass change change.

had no noticeable effect on the results. Varying the open porosity in the
range of +0.02 had little effect on the temperature during the first
drying phase (less than 0.1 °C temperature change). Overall, the open
porosity had an insignificant effect on the results. Changing the liquid
moisture transport parameters had a noticeable influence on the results.
The water absorption coefficient affected the temperature at the
beginning of the second drying phase, i.e., when the temperature starts
to rise — see Fig. 11a. The higher value of the coefficient resulted in a
lower temperature after 4 h of the process. The temperature was prac-
tically unchanged for about 15 h of the process. Increasing the coeffi-
cient also resulted in faster water removal, as indicated by the mass
change (Fig. 11b). The differences in mass change were noticeable after
6 h of the process. Free water saturation and the water adsorption co-
efficient mainly affected the transition between the first and second
drying phases. An increase in the free water saturation accelerated the
start of the temperature rise phase, resulting in a higher temperature for
the same time after 3 h of the process — see Fig. 12a. The final temper-
ature (after 15 h of the process) was not affected by the free water
saturation. The higher free water saturation resulted in slower water
removal, i.e., lower mass change (Fig. 12b). In conclusion, the modifi-
cation of the liquid moisture transfer parameters affected the transition
between the first and second drying phases, i.e., the time when liquid
moisture transfer to the surface slowed down, internal evaporation

started to become important, and temperature started to rise. More
intensive mass transfer, i.e., higher water sorption coefficient and lower
free water saturation, resulted in lower temperatures between about 4
and 15 h of the process and higher mass change of the sample (see
Fig. 11 and Fig. 12). However, the changes in the transport coefficient
did not affect the shape of the temperature variation over time. The free
water saturation was more important than the sorption coefficient.

Next, the effect of vapor permeability on the results was analyzed.
The vapor permeability of the dry cup slightly affected the temperature
during the process — see Fig. 13a. Its higher value lowered the temper-
ature, and the effect was greater during the first drying phase. The vapor
permeability of the wet cup significantly influenced the temperature at
the end of the process. Lower wet cup permeability resulted in higher
temperatures. However, all differences were very small, less than 0.5 °C.
Moisture mass change was little affected by vapor permeability
(Fig. 13b). Vapor permeability had an effect on the results, but it was
limited compared to the water sorption coefficient and free water
saturation. However, the vapor permeability influenced the whole pro-
cess, unlike the liquid moisture transfer coefficient.

In the based simulation, the mass transfer coefficient between vapor
and water in the pores was assumed to be 7.5-10~% m/s. A wide range of
coefficients from 102 m/s to 10~° m/s were tested to see the differences
in the predicted results — see Fig. 14. The higher value of the coefficient
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Fig. 12. Effect of free water saturation on: a) instantaneous temperature variation, b) instantaneous moisture mass change.

means that the model follows the hygric equilibrium more closely. The
lowest value makes the model to be more non-equilibrium. The slightly
higher (1073 m/s) or lower (5.0-10~* m/s) coefficients resulted in small
changes in the process, especially during the first drying phase. The
lower coefficient resulted in higher temperature (Fig. 14a) and lower
mass change (Fig. 14b). Extremely low values of the coefficient (107> or
107° m/s) resulted in very slow evaporation inside the material and
much higher temperatures than measured one and slower water removal
from the material. On the other hand, the high value of the coefficient
(1072 mys) led to rapid evaporation (as in the equilibrium models),
resulting in lower temperatures of the process and faster water removal.

4.3. Discussion

The model agreement with the experiment was similar to that re-
ported in the literature [17]. The first drying phase, i.e., temperature
decrease and stabilization, was predicted within the error bars (Fig. 7).
The temperature increase after stabilization and the final temperature
were different from those in the experiment. In the second drying phase,
the temperature was more than 0.5 °C lower than the measured one, but
its behavior was similar to that of the measured one. However, the re-
sults were sensitive to the internal mass transfer coefficient in the pores,
liquid moisture transport parameters, and vapor permeability. The

results were similar in the range of 2.5.104 to 107> m/s of internal mass
transfer coefficient, and the temperatures during the first phase were
within the error bars. Also, the change of transport parameters did not
significantly affect the obtained results, changing the accuracy of the
model, but the trends remain unchanged.

Van Belleghem et al. [17] showed that changes in the coefficients in
the liquid moisture permeability equation or in the retention curve
affected the time and rate of temperature rise. The same was observed in
this work, i.e., water sorption coefficient and free water saturation
affected the transition between the first and second drying phases (see
Fig. 11aand Fig. 12a). All parameter sets achieved the same temperature
decrease in the initial drying phase, but the temperature increase
occurred at different times of the process, and the rate of increase was
different. The final temperature was independent of the liquid moisture
transport parameters.

The accuracy of the proposed model may be affected by uncertainties
in the material properties, simplifications of the model (i.e., assumption
of thermal and mechanical equilibrium), assumed model parameters, or
simplifications of the geometry (i.e., 2D assumption). On the other hand,
parameters such as the internal mass transfer coefficient in the pores are
unknown and, therefore, should be selected and tuned for each material.
Thus, there are many unknown parameters in the model of heat and
moisture transfer during the drying of building materials. However,
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Fig. 13. Effect of vapor permeability (dry cup, i.e., 30 % relative humidity,
variation, b) instantaneous moisture mass change.

models always represent reality and, therefore, need constant
improvement and development.

4.4. Comparison with the equilibrium model

The proposed model was compared with the experiment and the
equilibrium model presented by van Belleghem et al. [17]. The current
model was extended to the 3D geometry, i.e., the drying of brick with
dimensions of 10 x 30 x 90 mm® [17] was simulated. The structural
mesh, refined to the top surface of the computational domain, was
generated and consisted of approximately 200,000 elements. The
boundary conditions (i.e., convective heat transfer at the top surface)
and material properties were set according to van Belleghem et al. [17].
The 12-h drying process was simulated with a time step size of 60 s. The
initial temperature of the brick was 23.8 °C, and the initial moisture
content in the material was 126 kg/m®, while the ambient temperature
and relative humidity were 23.8 °C and 44 %, respectively [17].

Although not all material properties were clearly stated in the
reference paper [17], e.g., thermal insulation properties, and there were
uncertainties about some building material properties and model set-
tings assumed in [17], the results obtained by the non-equilibrium
model were similar to those reported in [17] — see Fig. 15. In the first

and wet cup, i.e., 90 % relative humidity, tests) on: a) instantaneous temperature

drying period (temperature decrease), the temperature simulated by the
non-equilibrium model decreased slightly slower than that simulated by
the equilibrium model and measured in the experiment, but the mini-
mum temperature and temperature plateau predicted by the non-
equilibrium model were closer to the experiment than those obtained
by the equilibrium model. Also, the temperature rise in the non-
equilibrium simulation was closer to reality up to the 4th hour of the
process than in the case of the equilibrium model. However, starting
from the 5th hour of the process, the predictions of the non-equilibrium
model differed more from the experimental data than those of the
equilibrium model. In conclusion, although there were some un-
certainties in the simulation settings, between the 1st and 5th hour of the
experiment, when the non-equilibrium effects were more pronounced,
the non-equilibrium model predicted the temperature variation better
than the equilibrium model. Then, when the non-equilibrium effects
were less important and the mass transfer was more controlled by vapor
diffusion to the top surface, the equilibrium model performed better.
This may be because some model parameters in [17] might have been
tuned to give a better fit of the equilibrium model results to the exper-
imental data. However, these tunings may not work well in the case of
the non-equilibrium model.

12
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5. Conclusion

The paper presents a new coupled heat, air, and moisture transfer
model dedicated to the analysis of building materials saturated with
water. The model considers hygric non-equilibrium between water and
vapor in the pores, which is a new concept compared to the other models
presented in the literature. The model considers vapor diffusion and
capillary water transfer in the hygroscopic porous material. The model is
designed to describe the drying process of porous building materials.
The model can be used to simulate the drying process of buildings, for
example, after flooding or damage caused by rising damp. Such simu-
lations could estimate drying time and energy requirements, or design
and optimize the process to reduce both time and energy consumption.
The choice of a common material for model validation (i.e., aerated
concrete) ensures its application for simulating the drying process in a
wide range of existing and new buildings.

In this paper, the new model was validated against the experiment.
The special test rig was designed, and measurements were carried out.
The model was in good agreement with the experiment, especially
during the first drying phase, i.e., for the temperature decrease and
stabilization. In this phase, the predicted instantaneous temperature
variation and moisture mass change were similar to those measured. In
the second drying phase, i.e., when the temperature increased and sta-
bilized at the final level, the deviations from the experiment were
higher. However, the model predictions were in good agreement with
the experimental data and were comparable to other models reported in
the literature. The sensitivity analyses showed that the internal mass
transfer coefficient between water and vapor inside the pores (i.e., the
coefficient describing the extent of the hygric non-equilibrium) affected
the minimum temperature during the process, but had no influence on
the duration of the first drying phase, as well as the temperature in the
second drying phase. The temperature differences at the end of the
process were mainly due to the intense evaporation inside the material
and the resulting different moisture mass changes in the sample. How-
ever, the effect of the internal mass transfer coefficient on the results was
limited in the range of the mass transfer coefficient from 1073 to
2.5010™* m/s. Although the liquid moisture transfer parameters did not
affect the temperature in the first drying phase, they were crucial for the
transition between the first and the second drying phases.

CRediT authorship contribution statement

Michat Wasik: Writing — original draft, Visualization, Validation,
Software, Resources, Methodology, Investigation, Funding acquisition,
Formal analysis, Conceptualization. Piotr Lapka: Writing — review &
editing, Supervision, Resources, Project administration, Formal analysis,
Conceptualization.

Funding

This work was financially supported by the National Science Centre
(Poland) within project no. 2020/37/N/ST8/04203.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

14

International Communications in Heat and Mass Transfer 165 (2025) 109101

References

[1] E. Franzoni, Rising damp removal from historical masonries: a still open challenge,
Constr. Build. Mater. 54 (2014) 123-136, https://doi.org/10.1016/J.
CONBUILDMAT.2013.12.054.
P.B. Lourenco, E. Luso, M.G. Almeida, Defects and moisture problems in buildings
from historical city centres: a case study in Portugal, Build. Environ. 41 (2006)
223-234, https://doi.org/10.1016/J.BUILDENV.2005.01.001.
P. Sl’astn}‘/, J. Gasparik, O. Makys, Analysis of moisture and salinity of historical
constructions before and after the application of remediations, J. Build. Eng. 41
(2021) 102785, https://doi.org/10.1016/J.JOBE.2021.102785.
B. Blocken, J. Carmeliet, Overview of three state-of-the-art wind-driven rain
assessment models and comparison based on model theory, Build. Environ. 45
(2010) 691-703, https://doi.org/10.1016/J.BUILDENV.2009.08.007.
E. Franzoni, State-of-the-art on methods for reducing rising damp in masonry,
J. Cult. Herit. 31 (2018) $3-S9, https://doi.org/10.1016/j.culher.2018.04.001.
P. Lapka, L. Cieslikiewicz, M. Ogledziniski, Semi-laboratory scale investigation of
energy efficiency of masonry wall drying process by applying a thermo-injection
method, Energ. Build. 264 (2022) 112063, https://doi.org/10.1016/j.
enbuild.2022.112063.
A. Zegowitz, A. Renzl, W. Hofbauer, J. Meyer, H. Kuenzel, Drying behaviour and
microbial load after water damage, Struct. Surv. 34 (2016) 24-42, https://doi.org/
10.1108/SS-07-2015-0032.
P. Lapka, L. Cieslikiewicz, Efficiency comparison between two masonry wall
drying devices using in situ data measurements, Energies 14 (2021), https://doi.
org/10.3390/en14217137.
L. Cieslikiewicz, P. Lapka, R. Mirowski, In situ monitoring of drying process of
masonry walls, Energies 13 (2020) 1-13, https://doi.org/10.3390/en13236190.
G. GeiBer, H. Kiinzel, A. Zegowitz, Experimentelle und rechnerische Untersuchung
eines neuen Wandtrocknungssystems, Bauphysik 41 (2019) 125-132, https://doi.
org/10.1002/bapi.201900005.
H.M. Kiinzel, Simultaneous Heat and Moisture Transport in Building Components
One- and Two-Dimensional Calculation Using Simple Parameters, Fraunhofer IRB,
Suttgart, 1995.
N. Mendes, L. Ridley, R. Lamberts, P. Philppi, Umidus: A PC Program for the
Prediction of Heat and Moisture Transfer in Porous Building Elements. https://api.
semanticscholar.org/CorpusID:14308116, 1999.
T. Alioua, B. Agoudjil, N. Chennouf, A. Boudenne, K. Benzarti, Investigation on
heat and moisture transfer in bio-based building wall with consideration of the
hysteresis effect, Build. Environ. 163 (2019) 106333, https://doi.org/10.1016/j.
buildenv.2019.106333.
M. Seredynski, M. Wasik, P. Lapka, P. Furmanski, L. Cieslikiewicz, K. Pietrak,
M. Kubis, T.S. Wisniewski, M. Jaworski, Analysis of non-equilibrium and
equilibrium models of heat and moisture transfer in a wet porous building
material, Energies 13 (2020) 214, https://doi.org/10.3390/en13010214.
T. Colinart, D. Lelievre, P. Glouannec, Experimental and numerical analysis of the
transient hygrothermal behavior of multilayered hemp concrete wall, Energ. Build.
112 (2016) 1-11, https://doi.org/10.1016/j.enbuild.2015.11.027.
D. Lelievre, T. Colinart, P. Glouannec, Modeling the moisture buffering behavior of
a coated biobased building material by including hysteresis, Energy Procedia 78
(2015) 255-260, https://doi.org/10.1016/j.egypro.2015.11.631.
M. Van Belleghem, M. Steeman, H. Janssen, A. Janssens, M. De Paepe, Validation
of a coupled heat, vapour and liquid moisture transport model for porous materials
implemented in CFD, Build. Environ. 81 (2014) 340-353, https://doi.org/
10.1016/j.buildenv.2014.06.024.
T. Busser, J. Berger, A. Piot, M. Pailha, M. Woloszyn, Dynamic experimental
method for identification of hygric parameters of a hygroscopic material, Build.
Environ. 131 (2018) 197-209, https://doi.org/10.1016/j.buildenv.2018.01.002.
T. Busser, J. Berger, A. Piot, M. Pailha, M. Woloszyn, Comparison of model
numerical predictions of heat and moisture transfer in porous media with
experimental observations at material and wall scales: An analysis of recent trends,
Dry Technol 37 (2019) 1363-1395, https://doi.org/10.1080/
07373937.2018.1502195.
N. Reuge, F. Collet, S. Pretot, S. Moisette, M. Bart, O. Style, A. Shea, C. Lanos,
Hygrothermal effects and moisture kinetics in a bio-based multi-layered wall:
experimental and numerical studies, Constr. Build. Mater. 240 (2020) 117928,
https://doi.org/10.1016/j.conbuildmat.2019.117928.
N. Reuge, F. Collet, S. Pretot, S. Moisette, M. Bart, O. Style, A. Shea, C. Lanos,
Hygrothermal transfers through a bio-based multilayered wall: modeling study of
different wall configurations subjected to various climates and indoor cyclic loads,
J. Build. Phys. (2023), https://doi.org/10.1177/17442591221142501.
M. Wasik, P. Lapka, Preliminary mathematical and numerical non-equilibrium
transient air and moisture transfer model in hemp concretes, in: D. Butrymowicz,
K. Smierciew, P. Jakoniczuk (Eds.), Postepy w Badaniach Wymiany Ciepta i Masy.
Monogr. Konf. XVI Symp. Wymiany Ciepla i Masy, Politechnika Biatostocka,
Bialystok, 2022, pp. 404-413, hitps://doi.org/10.24427/978-83-67185-30-1 41.
M. Wasik, P. Lapka, Numerical analysis on the energy efficiency improvement of
thermo-injection method of masonry walls drying by applying the variable
temperature profiles of drying air, Energy 282 (2023) 128085, https://doi.org/
10.1016/J.ENERGY.2023.128085.
M. Wasik, P. Lapka, Analysis of seasonal energy consumption during drying of
highly saturated moist masonry walls in polish climatic conditions, Energy 240
(2022) 122694, https://doi.org/10.1016/J.ENERGY.2021.122694.
J. Langmans, A. Nicolai, R. Klein, S. Roels, A quasi-steady state implementation of
air convection in a transient heat and moisture building component model, Build.
Environ. 58 (2012) 208-218, https://doi.org/10.1016/J.BUILDENV.2012.07.011.

[2]

[3

[4]

[5.

[6

[71

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]



M. Wasik and P. Lapka

[26]

[27]

[28]

[29]

D. Lelievre, T. Colinart, P. Glouannec, Hygrothermal behavior of bio-based
building materials including hysteresis effects: experimental and numerical
analyses, Energ. Build. 84 (2014) 617-627, https://doi.org/10.1016/j.
enbuild.2014.09.013.

P. Lapka, P. Furmariski, Modeling and analysis of the influence of the protective
garment movement on the skin temperature and burn degree, Fire Saf. J. 111
(2020) 102916, https://doi.org/10.1016/J.FIRESAF.2019.102916.

M. Wasik, A. Dereszewski, P. Lapka, Prototype of an experimental stand for

investigating heat and moisture transfer phenomena in building materials, J. Phys.

Conf. Ser. 2423 (2023) 012010, https://doi.org/10.1088/1742-6596,/2423/1/
012010.

S. Cai, L. Cremaschi, A.J. Ghajar, Pipe insulation thermal conductivity under dry
and wet condensing conditions with moisture ingress: a critical review, HVAC R
Res. 20 (2014) 458-479, https://doi.org/10.1080/10789669.2014.882678.

15

[30]
[31]

[32]

[33]

[34]

International Communications in Heat and Mass Transfer 165 (2025) 109101

Y.A. Cengel, Heat Transfer, Second edition, McGraw-Hill Education, Boston, 1995.
M.K. Kumaran, A thermal and moisture property database for common building
and insulation materials, ASHRAE Trans. 112 (2006) 1-13.

M. Janz, B.F. Johannesson, Measurement of the moisture storage capacity using
sorption balance and pressure extractors, J. Therm. Envel. Build. Sci. 24 (2001)
316-334, https://doi.org/10.1106/VRU2-LNV1-ME9X-8KKX.

T. Schoch, O. Kreft, The influence of moisture on the thermal conductivity of AAC,
Cem. Wapno, Bet. (2011) 44-48.

P. Lapka, M. Wasik, P. Furmanski, M. Seredynski, L. Cieslikiewicz, K. Pietrak,

M. Kubis, T.S. Wisniewski, M. Jaworski, Preliminary mathematical and numerical
transient models of convective heating and drying of a brick, MATEC Web Conf.
240 (2018) 01022, https://doi.org/10.1051/matecconf/201824001022.



Oswiadczenie potwierdzajace
procentowy wktad autorski w artykule naukowym

Niniejszym potwierdzam, Ze w publikacji:

Mirostaw Seredynski, Michatl Wasik, Piotr Lapka, Piotr Furmanski, Lukasz Cieslikiewicz,
Karol Pietrak, Michat Kubi$, Tomasz S. Wisniewski i Maciej Jaworski, Analysis of Non-
Equilibrium and Equilibrium Models of Heat and Moisture Transfer in a Wet Porous Building
Material, Energies 13(1), 2020. DOI:10.3390/en13010214

Procentowy wktad autorski w ww. publikacje Michata Wasika wynosi 40%.

Data i miejscowos$¢ Podpis wspétautora
72302 201S ~ .

L ow Srecoc. (//Lt/wﬂ\cw Seneolyunt
25.07. ot §

Vocrose | Db T
26.02.202. -
WOV(ZC’A/:‘ @9;(/ %;”' Ayl

96,01 «@@%ﬁm { aw[ @ ML@ f<
zg,,ozgjzo%’ (e St bls

Wavrgiu=

- 2/ - /
e ;/0..7035 v (DT
R 02 w Ik

W

f%@c(/ﬁ , M«OW%Q




Oswiadczenie potwierdzajace
procentowy wklad autorski w artykule naukowym

Niniejszym potwierdzam, ze w publikacji:

Michat Wasik, Piotr Lapka, Analysis of seasonal energy consumption during drying of highly
saturated moist masonry walls in Polish climatic conditions, Energy 240, 2022.
DOI:10.1016/j.energy.2021.122694

Procentowy wktad autorski w ww. publikacje Michata Wasika wynosi 85%.

Data i miejscowos¢ Podpis wspoétautora

WV 1@ & / ’
Bofe

§.06.102<




Oswiadczenie potwierdzajace
procentowy wklad autorski w artykule naukowym

Niniejszym potwierdzam, Ze w publikacji:

Michat Wasik, Piotr tapka, Numerical analysis on the energy efficiency improvement of
thermo-injection method of masonry walls drying by applying the variable temperature
profiles of drying air, Energy 282, 2023. D0I1:10.1016/j.energy.2023.128085

Procentowy wktad autorski w ww. publikacje Michata Wasika wynosi 85%.

Data i miejscowosc Podpis wspétautora

5 \a)zvgzmg;? //2r\ ((,V /@AX




Oswiadczenie potwierdzajace
procentowy wkilad autorski w artykule naukowym

Niniejszym potwierdzam, ze w publikacji:

Michat Wasik, Piotr Lapka, Credibility assessment of a new heat, air, and moisture transfer
model with hygric non-equilibrium for drying of porous building materials, International
Communications in Heat and Mass Transfer 165, 2025.
DOI:10.1016/j.icheatmasstransfer.2025.109101

Procentowy wktad autorski w ww. publikacje Michata Wasika wynosi 85%.

Data i miejscowo$¢ Podpis wspdtautora

\UMCMWQ_ A
5. 06. 1Lo1s— '%5((/‘/ yzgf;éb\




	Podziękowania
	Streszczenie
	Abstract
	Spis treści
	Lista publikacji w cyklu tematycznym
	Lista skrótów i symboli
	Litery łacińskie
	Litery greckie
	Indeksy

	Rozdział 1.  Wstęp
	1.1. Wilgoć w budynkach
	1.2. Przegląd literatury
	1.2.1. Metody osuszania budynków
	1.2.2. Modelowanie wymiany ciepła i wilgoci w materiałach budowlanych
	1.2.3. Analiza literatury

	1.3. Oryginalność zaproponowanych metod

	Rozdział 2.  Cel i zakres pracy
	Rozdział 3.  Analysis of non-equilibrium and equilibrium models of heat and moisture transfer in a wet porous building material – Artykuł I
	3.1. Model matematyczny
	3.2. Analizowany przypadek
	3.3. Wyniki
	3.4. Wnioski

	Rozdział 4.  Analysis of seasonal energy consumption during drying of highly saturated moist masonry walls in Polish climatic conditions – Artykuł II
	4.1. Analizowany obiekt
	4.2. Analiza wyników
	4.3. Wnioski

	Rozdział 5.  Numerical analysis on the energy efficiency improvement of thermo-injection method of masonry walls drying by applying the variable temperature profiles of drying air – Artykuł III
	5.1. Zmienny profil temperatury
	5.2. Analiza wyników
	5.2.1. Przebieg procesu
	5.2.2. Zapotrzebowanie na energię

	5.3. Wnioski

	Rozdział 6.  Credibility assessment of a new heat, air, and moisture transfer model with hygric non-equilibrium for drying of porous building materials – Artykuł IV
	6.1. Model matematyczny
	6.2. Ocena wiarygodności modelu
	6.2.1. Walidacja eksperymentalna
	6.2.2. Wyniki walidacji
	6.2.3. Porównanie z modelem równowagowym

	6.3. Wnioski

	Rozdział 7.  Podsumowanie i wnioski
	Bibliografia
	Lista załączników
	Analysis of Non-Equilibrium and Equilibrium
Models of Heat and Moisture Transfer in a Wet
Porous Building Material
	Introduction 
	Descriptions of Models 
	General Assumptions 
	Non-Equilibrium Model 
	Equilibrium Model 
	Material Properties and Closure Relationships 

	Numerical Implementation 
	Description of the Studied Case 
	Numerical Implementation of Models 
	Non-Equilibrium Model 
	Equilibrium Model 


	Results and Discussion 
	Conclusions 
	References

	Analysis of seasonal energy consumption during drying of highly
saturated moist masonry walls in polish climatic conditions
	1. Introduction
	2. Methodology
	2.1. Mathematical model
	2.2. Numerical model

	3. Results
	4. Conclusion
	Funding
	References

	Numerical analysis on the energy efficiency improvement of 
thermo-injection method of masonry walls drying by applying the variable 
temperature profiles of drying air 
	1. Introduction 
	2. Research problem and methodology 
	2.1. Definition of studied cases 
	2.2. Mathematical model summary 
	2.3. Numerical model setup 

	3. Results 
	3.1. Results presentation 
	3.2. Discussion 

	4. Conclusion 
	Funding 
	References 

	Credibility assessment of a new heat, air, and moisture transfer model with 
hygric non-equilibrium for drying of porous building materials
	1. Introduction
	2. Mathematical model
	3. Model implementation and validation
	3.1. Experimental test bench
	3.2. Numerical model
	3.3. Material properties

	4. Results
	4.1. Comparison between the simulation and the experiment
	4.2. Sensitivity analysis
	4.3. Discussion
	4.4. Comparison with the equilibrium model

	5. Conclusion
	Funding
	References

	Oświadczenia

