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a b s t r a c t


Theresearchaimstodevelopasimpliﬁedcalculationmethodfordoubleglazingfacadetocalculateits
 thermalandsolarproperties(Uandgvalue)togetherwithcomfortperformance(internalsurfacetem-
 peratureoftheglazing).Doubleglazingisdeﬁnedas1Dmodelwithnodesrepresentingdifferentlayers
 ofmaterial.Severalmodelswithdifferentnumbersofnodesorindifferentpositionsarecomparedand
 veriﬁedinordertoﬁndasimpliﬁedmethodwhichcancalculatetheperformanceasaccuratelyaspos-
 sible.Theperformancecalculatedintermsofinternalsurfacetemperatureisveriﬁedwithexperimental
 datacollectedinafull-scalefac¸adeelementtestfacilityatAalborgUniversity(DK).Comparisonwascon-
 ductedbetweenthesimpliﬁedmethodandWISsoftwareontheaccuracyofcalculatinginternalsurface
 temperatureofdoubleglazingfacade.


ThemethodisbasedonstandardsEN410andEN673,takingthethermalmassoftheglazinginto
 account.Inaddition,angleandspectraldependencyofsolarcharacteristicisalsoconsideredduringthe
 calculation.Byusingthemethod,itispossibletocalculatewholeyearperformanceatdifferenttime
 steps,whichmakesitatimeeconomicalandaccuratetoolindesignstageofdoubleglazingfac¸ade.


©2013ElsevierB.V.Allrightsreserved.


1. Introduction


Doubleglazingfacadesarewidelyusedinmodernbuildings.Itssolarandthermalpropertieshaveasigniﬁcanteffectonboththe
 energyconsumptionandindoorthermalcomfort.Boththeenergy(U-value)andthecomfort(internalsurfacetemperature)performances
 ofthedoubleglazingfac¸adearedynamicandvaryaccordingtothechangeofbothindoorenvironmentandoutdoorweatherconditions.In
 addition,itispreferredbyarchitectstoevaluatethewholeyearperformanceofthefacadewithhourlydynamicsimulationatthebeginning
 stageofthebuildingdesign.


Therefore,itisimportanttodevelopamethodwhichmusthavefollowingqualities:


•Simulationisperformedhourlyforthewholeyear(thus8760h);


•Capableofsimulatingenergyandcomfortperformancewithdynamicproperties;


•Setofrequirementofindoorenvironmentforbothwinterandsummer;


•Tobefastanduser-friendlywithsimpleinput.


Somesimulationtools,standardsandcalculationmethodshavealreadybeendevelopedtosimulatethedoubleglazingfacade[1–6],
 buttheyeitherrequiremuchtimeandprofessionalknowledgefromtheuserstobuildthemodelandgettheresultorarenotdetailedand
 accurateenoughtocalculatetheperformance.InthemethodsdevelopedintheBESTFACADEproject[1]andbySaelens[2]continuous
 procedureforcalculatingtheimpactofDoubleSkinFacade(DSF)constructionsontheoverallenergydemandofbuildingswasapplied.


However,thecalculationmethodswereonlysuitablefordoubleskinfac¸adewithventilatedcavitybutnotforsingleskinfac¸adelike
 doubleglazingunit.Itcannotcalculatethesurfacetemperatureofglazing.WISsoftware[3]cancalculatetheU-value,gvalueandthe
 internalsurfacetemperatureofdifferentkindofdoubleglazingunit,butthemethodinWISsoftwareconsidersonlysteadystatecondition.


∗Correspondingauthor.Tel.:+4599407234.
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(2)Nomenclature


Simpliﬁedcalculationmethod


Tis internalsurfacetemperatureofglazing[◦C]


Tos externalsurfacetemperatureofglazing[◦C]


Ti indoorairtemperature[◦C]


To outdoorairtemperature[◦C]


Tr,i internalsurfaceequivalenttemperature[◦C]


Tr,e externalsurroundingequivalenttemperature[◦C]


ht equivalentheattransfercoefﬁcientbetweentheinternalpaneandtheexternalpane[9][W/(m2K)]


hc,e externalconvectiveheattransfercoefﬁcient[W/(m2K)]


hc,i internalconvectiveheattransfercoefﬁcient[W/(m2K)]


hr,i indoorradiativeheattransfercoefﬁcientbetweenglazingandothersurfaces[W/(m2K)]


hr,e outdoorradiativeheattransfercoefﬁcientbetweenglazingandsurroundings[W/(m2K)]


solo absorptionofsolarradiationinexternallayerofglazing[W/m2]
 soli absorptionofsolarradiationininternallayerofglazing[W/m2]
 Cp heatcapacityofglass[J/(kgK)]


 densityofglass[kg/m3]


V volumeofglasspersquaremeter[m3]
 ıt timestep[s]


Qtotal totalheatexchangefrominsidetooutside[W/m2]
 Qsol solarradiationtotheinside[W/m2]


Qtr heattransferfrominsidetooutside[W/m2]
 Qdir directsolarradiation[W/m2]


Qdif diffusesolarradiation[W/m2]


 thermalconductivityofglass[W/(m·K)]


d thicknessoftheglass[m]


hr radiativeheattransfercoefﬁcientbetweentwopanes[W/m2]
 hg convectiveheattransfercoefﬁcientinthecavity[W/m2]
  Stefan–Boltzmann’sconstant[W/(m2K4)]


Tm meanabsolutetemperatureofthegasspace[K]


ε1andε2 correctedemissivitiesoftheinternalsurfaceoftheouterpaneandtheexternalsurfaceoftheinterpaneatTm[dimen-
 sionless]


s widthofthespace[m]


gas thermalconductivityofthegasinthecavity[W/(mK)]


Nu Nusseltnumberofthegasinthecavity[dimensionless]


Gr Grashofnumberofthegasinthecavity[dimensionless]


Pr Prandtlnumberofthegasinthecavity[dimensionless]


T temperaturedifferencebetweenglasssurfacesboundingthegasspace(ﬁxedto15Kinthecalculations)[K]


 densityofthegasinthecavity[kg/m3]


 dynamicviscosityofthegasinthecavity[kg/ms]


c speciﬁcheatcapacityofthegasinthecavity[J/(kgK)]


Forverticalglazing


A 0.035[dimensionless]


n 0.38[dimensionless]


e,gzg angledependentdirectsolartransmittance[dimensionless]


e,dif diffusesolartransmittance[dimensionless]


T temperaturedifferencebetweenthewallandtheambientair(K)(fortimestep1,Tisassumedas293K)
 H wallheight[m]


εi emissivityofininternalglazingsurface[dimensionless]


εr,i emissivityofininternalsurroundsurface[dimensionless]


Tn meanabsolutetemperatureofinternalglazingsurfaceandinternalwallsurface[K]


Ai areaofinternalglazing[m2]
 Ar,i areaoftotalinternalwall[m2]


fis→r,iandfr,i→is viewfactorbetweeninternalglazingsurfaceandinternalwallsurface,whichareassumedas1inthesimpliﬁed
 methodforwholeroom[dimensionless]


˛e1 directangledependentsolarabsorptioncoefﬁcientofexternalpane[W/m2]


˛e1,dif diffusesolarabsorptioncoefﬁcientofexternalpane[dimensionless]


˛e1,dir directsolarabsorptioncoefﬁcientofexternalpane[dimensionless]


˛e2 directangledependentsolarabsorptioncoefﬁcientofinternalpane[W/m2]


˛e2,dif diffusesolarabsorptioncoefﬁcientofinternalpane[dimensionless]


˛e2,dir directsolarabsorptioncoefﬁcientofinternalpane[dimensionless]



(3)Table1


LayoutandglasstypeofdoubleglazingunitusedinthesimpliﬁedmethodandWIS.


Position Material


Outside Planilux4mmSGG


Cavity Argon22mm


Inside PlTutran4mmSGG


Furthermore,itcanonlyperformthecalculationofonetimestepeachtime,whichmakesitquitetimeconsumingtosimulatethewhole
 yearperformanceofthefacade.UsingthemethoddeﬁnedinISO15099[4],peoplecancalculatethesurfacetemperatureofglazing.


However,themethodsdonottakethethermalmassofglassintoaccount.DanishsimulationtoolBSim[5]andcompliancecheckingtool
 Be10[6]aresimpliﬁedcalculationtoolstocalculatetheenergydemandofbuildingandinternalsurfacetemperatureofglazing,buttheir
 glassmodelsarenotdetailedandaccurateenoughtocalculatethesurfacetemperaturetakingintodynamicfeaturesoffacade.


Therefore,itisnecessarytodevelopasimpliﬁedthoughdynamiccalculationmethodthatcanpredicttheenergyandcomfortperfor-
 manceofthedoubleglazingfacadeattheearlydesignstageofbuildingandfac¸ade.Thestudyaimstodevelopthesimpliﬁedcalculation
 methodtoaccuratelycalculatetheperformanceofthedoubleglazingfacadeintermsofenergyconsumptionandthermalcomfort.The
 resultofthemethodhasalreadybeenshownin[7],butthedetaildevelopmentandthesensitivityanalysisofthethermalmassofthe
 glazingneedtobeshown.Amethodwiththesameprincipleusedtosimulatethefac¸adewithnightinsulationwasshownin[8].Thispaper
 describesthesimpliﬁedcalculationmethodanditsvalidationbythefull-scalefac¸adeelementatAalborgUniversity.Comparisonsonthe
 calculatedresultsbetweenthemethodandWISprogrammearealsoshowninthispaper.


2. Descriptionandresearchmethod


Theﬁrstpartofthestudywasthedevelopmentofthesimpliﬁedmethod.Themethodwasdevelopedtocalculatetheperformance
 ofthedoubleglazingfacade.Theresultsofthemethodweretwovariables(theinternalglazingsurfacetemperatureTisandtheexternal
 glazingsurfacetemperatureTos),whichwerecalculatedbysolvingtheheatbalanceequationsofthem.Fig.1illustratestheheatbalance
 ofthevariablesandthethermalconnectionbetweendifferentthermalparametersinsideandoutsidetheroom[9].


Afterthedevelopmentofthemethod,itsresultswerevalidatedbythemeasurementsperformedinthetestfacility“TheCube”at
 AalborgUniversity.Thepurposeofthiswastoevaluatetheaccuracyofthemethodintermsofcalculatingtheinternalglazingsurface
 temperatures.Inaddition,theperformanceofthemethodwascomparedwiththatofWISprogramme.Theinternalsurfacetemperatures
 oftheglazingweremeasuredevery10minduringawinterperiodofoneweekin2011,andthecalculationsbythesimpliﬁedmethod
 wereconductedthroughallthetimethetemperaturesweremeasured.Becauseitwastimeconsumingtoconductthecalculationin
 WIS,WIScalculationswereonlyimplementedontwodaysoftheweek,i.e.,onecloudydayon28thofJanuaryandonesunnydayon
 30thofJanuary.Thesensitivityonthethermalmassoftheglazingwasalsoanalysedforthesimpliﬁedmethod.Theresultofthemethod
 calculatedconsideringtheheatcapacityoftheinternalandtheexternalpaneswascomparedwiththatcalculatedwithoutconsidering
 theheatcapacityofthepanes.


Afterthevalidationofthemethod,theheatexchangethroughthefac¸adecanbepredictedaccordingtotheresultofthetemperatures
 TisandTos.Togetherwiththesolartransmittancethroughtheglazing[10–12],thetotalheatingorcoolingenergydemandcausedbythe
 fac¸adecanbepredicted.


2.1. Experimentsetup


Themethodwasvalidatedbytheempiricaldataoftheinternalsurfacetemperaturesoftheglazingmeasuredintheexperiments.The
 measurementswereimplementedinthefull-scaletestfacilityconsistingoffac¸adesandrooms(TheCubeatAalborgUniversity[13])(Fig.2
 [7,8]).Thetestfacilityhadtwoidenticalsouth-facingroomswiththeinternaldimensionof5.66m×2.46m×1.65m(H×W×D).Bothof
 thefacadesystemsfacedsouthandhadadimensionof1.5m×4m.Themeasurementsofthedoubleglazingfac¸adewereconductedinthe
 westroomofthefacility.


Fig.1.Theheatbalanceofthevariablesandthethermalconnectionbetweendifferentthermalparametersinsideandoutsidetheroom.



(4)Fig.2. Full-scalefac¸adeelementtestfacility(left:testfacility,middle:topview,right:frontview).


Theglazingtypeusedintheexperimentswasadoubleglazingunitwitha22mmargon-ﬁlledcavityandlow-Ecoatingontheinternal
 pane.Thefacadeinthewestcellwherethemeasurementswereconductedwasthedoubleglazingfacade.Thelayoutofthedoubleglazing
 unitisshowninTable1.Themeasurementsoftheinternalsurfacetemperatureontheglazingofthewestroomwereconductedintheend
 ofJanuary2011(wintercondition).Theexperimentistimeconsuming,thereforeonlythedoubleglazingwithlow-Ecoatingwastested
 inthisexperiment.Glazingwithothertypeofcoating(likesolarcontrol)needstobeinvestigatedinthefuturework.


Thesurroundinginternalsurfacesoftheroomwerebuiltupof15mmplywoodandwerepaintedwhite,apartfromtheﬂoor,which
 wasmadeof150mmconcrete.Theheatlossduetoinﬁltrationwasminimizedtoaminimumbysealingalljointswithsilicon.


TemperaturesweremeasuredusingthermocouplestypeK,whichwerecalibratedwithareferencethermocoupleatreferencetempera-
 turesof10◦C,20◦Cand30◦C.ThetemperaturewasloggedusingHeliosdataloggerconnectedtoanicepointreference.Thecalibrationofthe
 thermocoupleswasdoneusingareferencethermometerwithanaccuracyof0.01◦C,insuringanaccuracyof0.6◦Cforthethermocouples.


Allthermocoupleswereconnectedtoacompensatingboxinordertoincreaseaccuracyinmeasurements[14].Thethermocouplesmea-
 suredinternalsurfacetemperaturesoftheglazing,shieldedfromtheoutsidetopreventsolarirradiancefrominﬂuencingthemeasurements
 [13].Thetemperaturegradientwasmeasuredat0.91m,1.82mand2.73mheightsintheroom.


Theroomwasheatedby1kWelectricalconvectiveheatingsystemheatingtheairtokeeptheairtemperaturestable.Therewasno
 otherinternalheatsourceintheroom.TheindoorairtemperaturewascontrolledusingDanfossDeviregTM535.Theachievedtemperature
 was22◦C.


IrradiancewasmeasuredusingCM21-pyranometer,CM11-pyranometer,WilhelmLambrechtpyranometerandBF3-pyranometer.BF3
 andWilhelmLambrechtwereplacedexternallymeasuringthediffuseandglobalirradianceonahorizontalsurface.CM21andCM11
 pyranometerswereplacedineachofthetestcells,measuringtransmittedirradiancethroughtheglazingsystem.Thepyranometerswere
 priortotheinstallationcalibratedinreferencetoCM21,whichwascalibratedinsunsimulatorandcorrectedbyKipp&ZonenB.V[13].


3. Simpliﬁedcalculationmethod
 3.1. Choiceandgridsensitivityofthemethod


Inordertoimprovetheaccuracyofthesimpliﬁedmethod,gridsensitivityofmodelsweretested.Thematricesofmodelswiththesame
 principleandheatbalanceequationsbutdifferentnumberofvariablenodeswereconstructedtocalculatetheinternalsurfacetemperature.


Fig.3showsthelayoutofonedoubleglazingunitexampleshowingthepositionsandnumbersofnodesinmodel313(3variablenodes
 intheexternalpane,1nodeinthecavityand3variablenodesintheinternalpane).Calculationswereconductedfrommodel313to
 model1291129,wherenumberofnodesincreasesstepbystepintheexternalpaneandtheinternalpaneofthedoubleglazingunit.


Inaddition,fourpotentiallysimpliﬁedmodelswerealsochosentoperformthecalculationsinordertoﬁndasimpliﬁedmethodwith
 fewervariablenodesandacceptableaccuracy.Thefoursimpliﬁedmodelswere202surfaces,101surfaces,111middleand101
 middle,showninFig.4.Thesimpliﬁedmethodwaschosenamongthefourmodels.


Fig.3.TheLayoutofmodelwithnodes313(numberofnodesinexternalpanenumberofnodesincavitynumberofnodesininternalpane).



(5)Fig.4.Thefourpotentiallysimpliﬁedmodels.


Fig.5showsthecalculationresultsandthedeviationofallthedifferentmodelscomparedwithmodel1291129intermsofinternal
 surfacetemperatureatonetimestep.Theresultshowsthatallthefoursimplemodelshavegoodaccuracywithdeviationofunder0.2%


comparedwithmodel1291129.However,model202surfacesandmodel101surfacesarebetterthantheothertwosimplemodels.


Consideringthecomplexityandtimeconsumptionofsolvingequationswithfourvariables,the101surfacesmodelwasmoresuitable
 thanthemodel202.AccordingtotheFig.5,thedeviationofthe101surfacesmodelisaround0.02%,whichisadequatelyaccuratefor
 thesimpliﬁedmethod.Therefore,the101surfacesmodelwaschosentocalculatetheinternalsurfacetemperaturewithonlytwonodes,
 whicharelocatedontheinternalsurfaceandexternalsurfaceofthedoubleglazingunit.


3.2. Developmentofsimpliﬁedmethod


Accordingtothecomparisonofthedifferentmodels,the101surfacemodelwasﬁnallychosenasthesimpliﬁedmodel.Thesimpliﬁed
 calculationmethodwasimplementedmakinguseofﬁnitevolumeenergybalanceequationsbyClarke[9]tocalculatethetemperatureof
 internalandexternalsurfaces,takingintoaccountofthethermalmassoftheglass,thespectralandangledependenceofthesolarradiation
 [10–12].Thereweretwovariablenodesintheequationsrepresentingtheinternalandexternalsurfacetemperaturewiththevolumeof¼
 ofthethicknessofglass.Itwasassumedthatthetemperatureofglassinthevolumewashomogeneous.Theequationstookbothimplicit
 andexplicitconditionsintoaccount[9]consideringtheboundaryconditionsofboththepresentandprevioustimestepstoincreasethe
 accuracyoftheresult.


Followingequationsaretheprocedureofthedevelopmentandtheresultsofthemethodcalculatingthetemperaturesofinternaland
 externalsurfaceoftheglazing.


Fig.5. Thedeviationofdifferentmodelscomparedwithmodel1291129intermsofinternalsurfacetemperature.



(6)Attheﬁrsttimestep,equationsweredevelopedforsteadystateconditions.Theheatbalancesofthenodesstandingfortheinternal
 andtheexternalsurfacesoftheglazingwerebuiltinEqs.(1)and(2).Theinternalandexternalsurfacetemperaturesattheﬁrsttimestep
 canbecalculatedbysolvingtheequations:


(Tis1−Tos1)×ht1+(To1−Tos1)×hc,e1+(Tr,e1−Tos1)×hr,e1+solo1=0 (1)


(Tos1−Tis1)×ht1+(Ti1−Tis1)×hc,i1+(Tr,i1−Tis1)×hr,i1+soli1=0 (2)


TheinternalandexternalsurfacetemperaturesattheﬁrsttimestepwerecalculatedinEqs.(3)and(4):


Tis1= (Ti1hc,i1+Tr,i1hr,i1+soli1)×(ht1+hc,e1+hr,e1)+(To1hc,e1+Tr,e1hr,e1+solo1)×ht1


(ht1+hc,i1+hr,i1)×(ht1+hc,e1+hr,e1)−h2t1 (3)
 Tos1= (Ti1hc,i1+Tr,i1hr,i1+soli1)×ht1+(To1hc,e1+Tr,e1hr,e1+solo1)×(ht1+hc,i1+hr,i1)


(ht1+hc,i1+hr,i1)×(ht1+hc,e1+hr,e1)−h2t1 (4)
 Aftertheﬁrsttimestep,equationswerebuiltdynamicallytakingthethermalmassoftheglazingintoaccount.Duringthecalculationof
 thedynamicconditions,explicitandimplicitconditionswereconsidered[9]:Theexplicitcondition:


(Tis(t)−Tos(t))×ht(t)+(To(t)−Tos(t))×hc,e(t)+(Tr,e(t)−Tos(t))×hr,e(t)+solo(t)= CpV


ıt ×(Tos(t+ıt)−Tos(t)) (5)


(Tos(t)−Tis(t))×ht(t)+(Ti(t)−Tis(t))×hc,i(t)+(Tr,i(t)−Tis(t))×hr,i(t)+soli(t)=CpV


ıt ×(Tis(t+ıt)−Tis(t)) (6)


Theimplicitcondition:


(Tis(t+ıt)−Tos(t+ıt))×ht(t+ıt)+(To(t+ıt)−Tos(t+ıt))×hc,e(t+ıt)+(Tr,e(t+ıt)−Tos(t+ıt))×hr,e(t+ıt)+solo(t+ıt)= CpV


ıt ×(Tos(t+ıt)−Tos(t))
 (7)


(Tos(t+ıt)−Tis(t+ıt))×ht(t+ıt)+(Ti(t+ıt)−Tis(t+ıt))×hc,i(t+ıt)+(Tr,i(t+ıt)−Tis(t+ıt))×hr,i(t+ıt)+soli(t+ıt)=CpV


ıt ×(Tis(t+ıt)−Tis(t))
 (8)
 Inordertoincreasetheaccuracyoftheresults,explicitandimplicitconditionswereaddedtogether.ThenEqs.(9)and(10)wereresulted
 tobuildtheheatbalancestandingforthenodesoftheinternalandtheexternalsurfacesattimestept+ıt:


(Tis(t)−Tos(t))×ht(t)+(To(t)−Tos(t))×hc,e(t)+(Tr,e(t)−Tos(t))×hr,e(t)+solo(t)(Tis(t+ıt)−Tos(t+ıt))×ht(t+ıt)+(To(t+ıt)−Tos(t+ıt))


×hc,e(t+ıt)+(Tr,e(t+ıt)−Tos(t+ıt))×hr,e(t+ıt)+solo(t+ıt)= 2CpV


ıt ×(Tos(t+ıt)−Tos(t)) (9)


(Tos(t)−Tis(t))×ht(t)+(Ti(t)−Tis(t))×hc,i(t)+(Tr,i(t)−Tis(t))×hr,i(t)+soli(t)+(Tos(t+ıt)−Tis(t+ıt))×ht(t+ıt)+(Ti(t+ıt)−Tis(t+ıt))


×hc,i(t+ıt)+(Tr,i(t+ıt)−Tis(t+ıt))×hr,i(t+ıt)+soli(t+ıt)= 2CpV


ıt ×(Tis(t+ıt)−Tis(t)) (10)


Thetimestepwas600s,whichwasthesameasthemeasurements.


BysolvingtheEqs.(9)and(10),theinternalandexternalglazingsurfacetemperaturesattimestept+ıtcanbecalculatedbyEqs.(11)
 and(12):


Tis(t+ıt)=




(Ti(t+ıt)hc,i(t+ıt)+Tr,i(t+ıt)hr,i(t+ıt)+soli(t+ıt)+b)×


ht(t+ıt)+hc,e(t+ıt)+hr,e(t+ıt)+2CıtpV



+(To(t+ıt)hc,e(t+ıt)+Tr,e(t+ıt)hr,e(t+ıt)+solo(t+ıt)+a)×ht(t+ıt)
 
ht(t+ıt)+hc,i(t+ıt)+hr,i(t+ıt)+2CpıtV


×



ht(t+ıt)+hc,e(t+ıt)+hr,e(t+ıt)+2CpıtV



−h2t(t+ıt)



(11)


Tos(t+ıt)=




Ti(t+ıt)hc,i(t+ıt)+Tr,i(t+ıt)hr,i(t+ıt)+soli(t+ıt)+b)×ht(t+ıt)+(To(t+ıt)hc,e(t+ıt)+Tr,e(t+ıt)hr,e(t+ıt)+solo(t+ıt)+a)×(ht(t+ıt)+hc,i(t+ıt)+hr,i(t+ıt)+2CıtpV 
ht(t+ıt)+hc,i(t+ıt)+hr,i(t+ıt)+2CıtpV


×



ht(t+ıt)+hc,e(t+ıt)+hr,e(t+ıt)+2CıtpV



−h2t(t+ıt)



(12)
 where


a=(Tis(t)−Tos(t))×ht(t)+(To(t)−Tos(t))×hc,e(t)+(Tr,e(t)−Tos(t))×hr,e(t)+solo(t)+2CpV


ıt Tos(t) (13)


b=(Tos(t)−Tis(t))×ht(t)+(Ti(t)−Tis(t))×hc,i(t)+(Tr,i(t)−Tis(t))×hr,i(t)+soli(t)+2CpV


ıt Tis(t) (14)


Aftercalculatingtheinternalsurfacetemperature,thetotalenergyexchangebetweeninsideandoutsidecanbecalculatedbyEq.(15):


Qtotal=Qtr+Qsol (15)



(7)where


Qsol= e,gzgQdir+ e,difQdif (16)


Qtr=(Tos−Tis)×ht (17)


Byinputtingtheresultsofthevariablesandtheparametersofsubsystemsinexcel,thesimpliﬁedcalculationmethodcanberealised.


3.3. Thermalparametersusedinthemethod


TheinternalandtheexternalsurfacetemperatureoftheglazingTisandToscanbecalculatedbythemethod.Alltheotherparameters
 intheequationswerealreadyknown.Someoftheknownparametersweremeasuredintheexperimentateachtimestep,e.g.,theindoor
 equivalentsurfacetemperatureTr,i,theindoorandtheoutdoorairtemperaturesTiandTo,thedirectandthediffusesolarradiationIdirand
 Idif.TheoutdoorsurroundingequivalenttemperatureTr,ewascalculatedaccordingtotheoutdoorairtemperatureTo[9].Furthermore,the
 absorptionofthesolarradiationbytheinternalandtheexternalpanesoliandsolowerethefunctionoftheamountofthesolarradiation
 andthesolarincidentangle[10–12,15,16].TheconvectiveandtheradiativeheattransfercoefﬁcientsarecalculatedaccordingtoClarke
 [9].


3.3.1. Thermaltransfercoefﬁcientofthedoubleglazingunit


EquivalentheattransfercoefﬁcientbetweentheinternalpaneandtheexternalpanehtcanbecalculatedaccordingtoEN673[17]:


1
 ht = 1


hs+2d


 (18)


hs=hr+hg (19)


wheretheradiativeheattransfercoefﬁcienthrbetweentwopanesisgivenby:


hr=4




1

ε1 + 1
 ε2 −1




−1

Tm3 (20)


AccordingtoEN673[17],standardizedboundaryconditionforthemeantemperatureofgasspaceTmisusedas283Kattheﬁrsttime
 step.


AccordingtoEN673hrisconstantinallthetimesteps.DynamicsolutioncanberealizedinEq.(21)[9],calculatinghrmakinguseofthe
 parametersattheprevioustimestep.


hr(t+ıt)=


ε2ε1×



A1Tis(t)4 f1→2−A2Tos(t)4 f2→1






A1×(Tis(t)−Tos(t))[1−(1−ε1)(1−ε2)f1→2f2→1] (21)


AccordingtoEN673[17]theconvectiveheattransfercoefﬁcientinthecavityhgisgivenbyEq.(22):


hg=Nugas


s (22)


where


Nu=A(GrPr)n (23)


Gr=9.81s3T2


Tm2 (24)


Pr=c


 (25)


3.3.2. Dynamicheattransfercoefﬁcient


Themethodnotonlytakesintoaccountofthethermalmassoftheglass,butalsothedynamicpropertiesoftheconvectiveandradiative
 heattransfercoefﬁcients.Thepresentheattransfercoefﬁcientsdecidedbytemperaturedifferencearecalculatedusingtheresultsofthe
 surfacetemperatureofprevioustimestep.


3.3.2.1. Convectiveheattransfercoefﬁcient. Interiorsurfaceconvectiveheattransfercoefﬁcient[9]:


hc,i= 1.5




T

H




0.25
6

+



1.23(T)0.33

6



1/6

(26)
 DynamicsolutioncanberealizedinEq.(27)[9],calculatinghc,iwiththeparametersofprevioustimestep:


hc,i(t+ı)=



⎧ ⎨



⎩ 


1.5




Tis(t)−Ti(t)
 H



0.25
6

+



1.23(Tis(t)−Ti(t))0.33

6


⎫ ⎬



⎭


1/6


(27)


ExteriorsurfaceconvectiveheattransfercoefﬁcientcanbecalculatedbyEq.(28)[9]:


hc,e=5.678 a+b




 V

0.3048




n


(28)



(8)Fig.6.Indoorandoutdoorthermalparametersusedtocalculatethevariables.


whereVisthewindspeed:IfV<4.88m/sthena=0.99,b=0.21,andn=1.


If4.88m/s<V<30.48m/sthena=0,b=0.5,andn=0.78.


ForclimateofAalborg,theaveragewindspeedduringthetestperiodaccordingtoWindﬁnder[18]istakenas5.5m/s.


3.3.2.2. Long-waveradiativeheattransfercoefﬁcient. Long-waveradiativeheattransfercoefﬁcientbetweeninternalsurfaceandinternal
 wallsiscalculatedasdescribedinthefollowing.


Theinternalradiativeheattransfercoefﬁcientoftimestep1is4.4W/(m2K)accordingtoEN673[17].


Aftertimestep1,dynamicsolutioncanberealizedinEq.(29),calculatinghr,iwiththeparametersofprevioustimestep.


hr,i(t+ıt)=


εiεr,i×



AiTis(t)4 fr,i→is−Ar,iTr,i(t)4 fis→r,i






Ai×(Tis(t)−Tr,i(t))[1−(1−εi)(1−εr,i)fis→r,ifr,i→is] (29)


Long-waveradiativeheattransferbetweenexternalsurfaceandsurroundingscanbecalculatedbyEqs.(30)and(31)[9]:


Attimestep1,hr,ecanbecalculatedbyEq.(30)assumingthemeantemperatureofTr,eandTosisoutdoorairtemperatureTo.


hr,e1=4εTo3 (30)


Aftertheﬁrsttimestep,dynamicsolutioncanberealizedinEq.(31),calculatinghr,ewiththeparametersofprevioustimestep.


hr,e(t+ıt)=ε(Tr,e4 −Tos4)


Tr,e−Tos (31)


3.3.3. Temperatureandsolarradiation


Fig.6showstheindoorandtheoutdoorenvironmentdatameasuredintheexperiments.Ifthemethodisusedinpracticeproject,the
 outdoorweatherdatashouldbethereferenceweatherdataofthelocationsordeﬁnedbytheusers.Theindoorenvironmenttemperatures
 couldbesetbytheusersaccordingtotherequirementofthebuildings.Inordertosimulatethefac¸adeindifferentorientations,theglobal
 solarradiationshouldbeconvertedfordifferentorientations[16].


Skytemperaturecanbecalculatedasfollowing:


Tr,e=0.05532To1.5 (32)


ThesolarabsorptionsoloandsolioftheexternalandtheinternalglazinglayerscanbecalculatedbyEqs.(33)and(34).


solo=˛e1Qdir+˛e1,difQdif (33)


soli=˛e2Qdir+˛e2,difQdif (34)


AccordingtoEN410[12]˛e1and˛e2arecalculatedbyEqs.(35)and(36)indoubleglazingunit.Spectralpropertiesofglazingcanbe
 obtainedfromISO9050[15]andWIS[4].


˛e1=




2500nm
 300nmS





˛1()+˛11−() 1()2()
 1()2()






()




2500nm

300nmS()


(35)



(9)Fig.7. Thecalculatedandmeasuredinternalsurfacetemperatureoftheglazinginthetestcellandthedeviationbetweenthem.


˛e2=




2500nm
 300nmS



 ˛2() 1()
 1−1()2()





()




2500nm

300nmS()


(36)


Thesolarabsorptionofdifferentpanesandsolartransmittanceofthewholeglazingsystemarecalculatedtakingincidentanglesof
 solarradiationintoaccount.ThesolarabsorptioncoefﬁcientsarecalculatedbyEq.(37)[11].


˛(˛in)=1−e,gzgx (˛in)− e,gzg(˛in) (37)


where[10]


e,gzg[˛in]≈ e,gzg[0◦]






1−aroos




˛

in


90◦




˛roos

−broos




˛

in


90◦




ˇroos

−croos




˛

in


90◦




roos


(38)


e,gzgx [˛in]≈1− e,gzg[˛in]−[1−xe,gzg(˛in=0◦)− e,gzg(˛in=0◦)], ˛in≤75◦ (39)


e,gzgx [˛in]≈1− e,gzg[˛in]−˛x(˛in=0◦)˛in−90◦


15◦ , ˛in>75◦ (40)


wherearoos,broos,croos,˛roos,ˇroos,roosarecalculatedin[10].


ThesolartransmittanceandreﬂectanceundernormalincidentsolarradiationcanbecalculatedbyEqs.(41)and(42)[12].


e,gzg[0◦]=




2500nm

300nm S ()()




2500nm

300nmS()


(41)


e,gzgx [0◦]=




2500nm

300nm S()()




2500nm

300nmS() (42)


Thesolarincidentangleatdifferenttimestepscanbecalculatedaccordingtothelongitudeandlatitudeangleofthesunandthe
 orientationofthefac¸ade[16].


4. Result


Fig.7showstheoverallresultsofthesimpliﬁedmethodcomparedwiththemeasuredperformanceduringallthedayswhenthe
 measurementswereconducted.Itshowsthatwhenthereislittleornosolarradiation,thesimpliﬁedmethodoverestimatestheinternal
 surfacetemperaturewithadeviationoflessthan1◦C.Duringsunnydaysitunderestimatestheinternalsurfacetemperature,whichis
 probablybecauseitunderestimatesthesolarabsorptionoftheinternalpane.


ThecalculationresultsofthesimpliﬁedmethodarecomparedwiththeperformancecalculatedbyWISsoftware.Becauseitistime
 consumingtocarryoutthecalculationofdifferenttimesteps,calculationsinWISsoftwarewereonlyconductedon28thand30thof
 January.The28thofJanuarywasatypicalovercastdaywithlittlesolarradiationwhilethe30thofJanuarywasatypicalsunnydaywith
 highsolarradiation.ThecalculationscarriedoutinWISusedthesameinputsoftheexternalandtheinternalairtemperatureandthe
 outdoorandtheindoorsurroundingtemperaturesasthatofthesimpliﬁedmethod.TheheattransfercoefﬁcientsusedinWIScalculations
 weretakenfromEN673[17].Figs.8and9showtheinternalsurfacetemperaturescalculatedbythesimpliﬁedmethodandWISprogramme
 [7].Thetemperatureswerecomparedwiththatmeasuredinthetestfacility.


Thecomparisonsshowthatduringthetimeoflittleornosolarradiation,theresultofthesimpliﬁedmethodwasclosertothemeasured
performancecomparedwiththatoftheWISsoftware,withadeviationofapproximately0.5◦C.Thereasonfortheoverestimationofthe
internalsurfacetemperaturebyWISsoftwareduringthecloudydaywasprobablybetheoverestimationoftheinternalconvectiveheat
transfercoefﬁcient(3.6W/m2K)accordingtoEN673[17].Itcouldalsobetheoverestimationofthedefaultemissivitybetweentheinternal
paneandtheinternalsurroundsurfacesεr,iusedinWIS,whichcouldresultinmoreheatexchangebetweentheinternalpaneandthe
internalsurroundings.



(10)Fig.8.TemperaturecomparisonamongWIS,measurementandthesimpliﬁedmethodconsidering(Tisdynamic)andnotconsidering(Tisstatic)thermalmassofglazingon
 28thJanuary2011.


Whenthesolarradiationwashigh,thesimpliﬁedmethodunderestimatedtheinternalsurfacetemperature,whichwaspossiblybecause
 oftheunderestimationofthesolarabsorptionoftheinternalpane.Thereasonforthedifferencebetweentheresultsofthesimpliﬁed
 methodandtheexperimentscouldalsobethetoleranceoftheinternalconvectiveandradiativeheattransfercoefﬁcient,whichcould
 signiﬁcantlyinﬂuencethecalculationresult.Ontheotherhand,WISoverestimatedtheperformancemostofthetime.Thereasonforthe
 overestimationofWISsoftwareduringthesunnydaywasprobablybetheoverestimationoftheangle-dependentsolarabsorptionofthe
 panes.TheinternalsurfacetemperaturecalculatedbyWISwasalmostthesameundersolarradiationatdifferentincidentangles.


Thesensitivityonthethermalmassoftheglazingwasalsoanalysedforthesimpliﬁedmethod.Theresultcalculatedconsideringthe
 heatcapacityoftheinternalandtheexternalpane(dynamic)wascomparedwiththatcalculatedwithoutconsideringtheheatcapacity
 ofthepanes(static).Figs.8and9showthecalculationresultsof“Tisdynamic”and“Tisstatic”on28thand30thJanuary.Accordingto
 theﬁgures,itindicatesthat“Tisdynamic”hasrelativelygentlercurvethan“Tisstatic”asthechangeofindoorandoutdoorenvironment.


However,thedifferencebetween“Tisdynamic”and“Tisstatic”isnotsigniﬁcant,whichbecausetheheatcapacityoftheglazingisnotbig
 enough.


4.1. Validationofthesimpliﬁedmethod


TheaccuracyofthemodelisvalidatedthroughtheR2-value[19].ThisvalueindicateshowaccuratethemethodandWISprogrammeﬁt
 themeasurements,bycomparingthevaluesateachtimesteptothemeasurementsanddeterminingthelevelofaccuracyasanevaluation
 oftheoveralldifferencesbetweenthem.TheR2valueisnotonlyameasureofhowwellthepatternofthemodelfollowsthepatternof
 themeasurements,butalsoameasureofaccuracydeterminingtheerrorateachtimestep.


Eqs.(43)–(45)showthecalculationoftheR2 value.Whereyiisthemeasuredvalue;fiisthecalculatedvalue; ¯yisthemeanofthe
 measuredvalue.


R2=1−SSerr


SStot (43)


SSerr=




n
 i

(yi−fi)2 (44)


SStot=




n
 i

(yi−y)¯ 2 (45)


Fig.9.TemperatureComparisonamongWIS,measurementandthesimpliﬁedmethodconsidering(Tisdynamic)andnotconsidering(Tisstatic)thermalmassofglazingon
30thJanuary2011.



(11)Fig.10.Comparisonontheinternalsurfacetemperatureoftheglazingamongthesimpliﬁedmethod,WISprogrammeandthemeasurementsinthewholeweek.


Fig.11. Comparisonontheinternalsurfacetemperatureoftheglazingbetweenthecalculationandthemeasurementson28thJanuary2011.


ThecalculationresultofthesimpliﬁedmethodforthewholeweekisR2=0.83.


Fig.10showsthelinearregressionofthecalculationresultbythesimpliﬁedmethodinthewholeweekwhenthemeasurementswere
 conducted.Thetemperaturecalculatedbythesimpliﬁedmethodcorrespondswiththemeasurementsmuchbetterwhenitisbelow20◦C
 (whentherewaslittleornosolarradiation).


Figs.11and12showthelinearregressionofthecalculationresultbythesimpliﬁedmethodandWISprogrammeon28thand30th
 January.Accordingtotheﬁgures,thesimpliﬁedmethodhasbetterperformancethanWISprogrammeoncloudydays.Moreover,the


Fig.12. Comparisonontheinternalsurfacetemperatureoftheglazingbetweenthecalculationandthemeasurementson30thJanuary2011.



(12)simpliﬁedmethodunderestimatestheinternalsurfacetemperaturewhenthesolarradiationishigh.WISoverestimatestheinternal
 surfacetemperaturewhenthesolarradiationishigh.


Thecalculationresultofthesimpliﬁedmethodon28thisR2=0.85.


ThecalculationresultoftheWISprogrammeon28thisR2=−1.14.


Thecalculationresultofthesimpliﬁedmethodon30thisR2=0.83.


ThecalculationresultoftheWISprogrammeon30thisR2=0.88.


5. Conclusion


Anewsimpliﬁedcalculationmethodisdevelopedtocalculatetheenergyandcomfortperformanceofthedoubleglazingfacade.The
 totalenergyexchangethroughthedoubleglazingfac¸adebetweeninsideandoutsidecanbecalculated.Furthermoretheinternalsurface
 temperaturecanbecalculatedwithreasonableaccuracyaccordingtothemeasurementsconductedinthetestfacility.Themethodisa
 dynamiccalculationtoolwhichcanbeusedforwholeyearenergyperformancecalculationsconsideringangleandspectraldependence
 ofsolarradiation.Accordingtothecalculationandthevalidation,itshowsthatthesimpliﬁedcalculationmethodhasbetterperformance
 intermsofcalculatingtheinternalsurfacetemperaturethanWISduringthetwoselectdays.


Thismethodcanbeusedintheearlydesignstageofbuildingandfac¸adetopredicttheenergyandcomfortperformanceofthedouble
 glazingfacade.ComparedwithsoftwarelikeWIS,itrequireslesstimeandprofessionalknowledgetoinputtheparametersandbuildthe
 model.


Themethodcanalsobeimplementedatanynumberoftimesteps,savingmuchtimecomparedwithWISsoftwarewhichcanonly
 calculatetheperformanceofonetimestepineachsimulation.


Sensitivityanalysisonthethermalmassoftheglazingshowsthatthemethodincludingheatcapacityoftheglazinghasslightlybetter
 accuracythanthestaticsituationandslightlycloserresulttothereality.


However,thevalidationwasonlyforthedoubleglazingwiththepaneoflow-Ecoating.Moreworkneedtobedonefortheglazingwith
 panesofothertypeslikesolarcontrol,etc.Accordingtotheresults,themethodworksbetterforcloudydays.Andtheexperimentswere
 conductedinaweekinwintertimeonlyonthesouthfac¸ade.Therefore,theerrorsbetweenthecalculatedresultsandthemeasurements
 canbegreaterinsummerwhenthesolarradiationishigher.Futureworkneedstobedoneforthefac¸adesonotherdirectionsofthebuilding.


Inaddition,moredeepinvestigationaboutwhytheseerrorsoccurredwhenthesolarradiationwashighneedstobeimplemented.
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