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AHHOTALUMA

BegeHwue. lMNpennoxeH MeTod MoAenMpoBaHns €CTECTBEHHOTO OCBELLEHUSI B MOMELLEHNSIX C HOBbIM TUMOM CMapT-OKOH
C PeLUEeTOMHbIM ONTUYECKUM PUNLTPOM. MHOroOUMCRNEeHHbIE KOMMbIOTEPHbIE NporpamMmbl BPS He MMeT COOTBETCTBYOLLUMX
yHKUMIA AN MOAENUPOBaHWS B NMOMELLEHNSAX C PELLUETOYHBIMU CMapT-OKHAMU B CUIY UX OTIIMYUTENbHbIX 0COBEeHHOCTel
1 HOBM3HbI. MoanduumMpoBaH MeETOA pacyeTa aBTOHOMHOCTU HEMpPepPbLIBHOrO ectecTBeHHoro ceeta (CDA) 1 Ha ero ocHoBe
NpPOBEAEHO YNCNEHHOE MOAENMPOBaHMe.

Matepuanel u meToabl. [peacTaBneHbl MeTOAbI pacyeTa reoMeTpU4eCKyX NapameTpoB PELLETOMHOrO (hunsTpa u BpeMeH-
HbIX XapaKTepUCTUK CBETOMNPOMNYyCKaHWs cMapT-OkHa, pa3paboTaH MeTo pacyeta nokasatens cDA B nomeLlleHumn co cmapT-
OKHOM C peLueTkamu, pacrnosioXeHHbIMU Nof ONTUMarbHbBIM YoM, NMPUCNOCOBNEHHBIM K TpaekTopumn ABuxeHns ConHua
OTHOCUTESNBHO OKHA.

Pe3ynbraThl. [MonyyeHbl pesynbraTbl YMCNEHHOTO MOAENVMPOBaHWS No pa3paboTaHHOMY MeTody Ans OKHa C TPOMHbIM
OCTEKMEeHNEM C MPUMEHEHEM TEPMOXPOMHOIo Matepuana ¢ TemnepaTtypou nepekntodeHms 25 °C B noMeLLeHnn 34aHus
B T. OpeHbypre. [1ns Hanbonee xapkoro neprvofa — B UIOHE, UIOe U aBrycTe nokasartens cDA paccuuTaH B OKpaLLlEHHOM CO-
CTOSIHUM TEPMOXPOMHOro MaTepuana punsTpa, A8 ocTanbHbIX MecsLeB B3SiTO ero obecLBedeHHoe cocTosiHMe. [okasaHo
NPEenMyLLEECTBO PELLETOYHbIX CMapT-OKOH Nepes TPaAULMOHHBIMY B BUAE YBENUYEHUSI OCBELLEHHOCTU Kak B OKpaLLEHHOM,
Tak 1 06ecLBE4EHHOM COCTOSIHUAX TEPMOXPOMHOIO Matepuana. 3a cHeT nponyckaHusi 6onbLUEro KonnyecTea paccessHHOro
cBeTa npu GNoKMpOBKe NPSIMOro CBETa B 3apaHee 3afjaHHOe BPeMs peLLeToYHble OkHa obecneynBatoT bonee paBHOMepPHOe
KpyrnoroauyHoe pacnpefeneHvie oCBeLLeHHOCTH Mo rybuHe nomeLLeHus.

BbiBoabl. PelueTouHble cMapT-OkHa pekoMeHAyeTcsl NPUMEHSITb Ha BOCTOYHbIX, HOXHBIX M 3anafHbix dacajax 3haHui
C pexuMoM paboTbl B AHEBHOE BpeMs A5 AOCTKeHWs Bonee KOMOPTHbIX YCIIOBUIA €CTECTBEHHOMO OCBELLEHWS Ha pabo-
YMX MeCTax ¥ MUHMMM3aLMKN SHEPronoTpedbneHns 1 3aTpaT Ha OTOMNeHNe, BEHTUNALMIO, KOHAULIMOHMPOBaHWE.
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ABSTRACT
Introduction. A method for modelling natural lighting in rooms with a new type of smart windows with lattice optical filter is
proposed. Numerous BPS computer programmes do not have appropriate functions for modelling in rooms with grating smart
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windows due to their distinctive features and novelty. The method for calculating the Continuous Daylight Autonomy (cDA)
was modified and numerical modelling was carried out on its basis.

Materials and methods. Methods for calculating the geometric parameters of the grating filter and the temporal character-
istics of the light transmission of a smart window are presented, and a method for calculating the cDA index in a room with
a grating smart window located at an optimal angle adapted to the trajectory of the Sun relative to the window is developed.
Results. The results of numerical modelling according to the developed method for a triple-glazed window with thermochro-
mic material with a switching temperature of 25 °C in a building in Orenburg were obtained. For the hottest period in June,
July and August, the cDA index is calculated in the coloured state of the thermochromic filter material, for other months its
uncoloured state is taken. The advantage of lattice smart windows over traditional ones is shown in the form of increased
illumination both in the colored and uncoloured states of the thermochromic material. By letting in more diffuse light while
blocking direct light at a predetermined time, grating windows provide a more uniform year-round distribution of illumination
throughout the depth of the room.

Conclusions. Lattice smart windows are recommended for the eastern, southern and western facades of buildings with
daytime operation mode to achieve more comfortable daylight conditions at workplaces and minimize energy consumption
and costs for heating, ventilation, air conditioning.

KEYWORDS: smart window, grating optical filter, light transmission, natural light, building performance modelling, lighting
comfort, daylight index
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BBEJEHUE

MogenmupoBanue xapakTepucTuk 3panus (BPS)
OJTHO3HAYHO OTIpeessieT Hanbomuee Y3Pp(eKTHBHBIN U yC-
TOWYMBEIA BapUaHT MPOCKTUPOBAHUS 3MaHHA U o0ecIIe-
YMBACT HAAEKHOE NMPOTHO3UPOBAHUE €TI0 OyIyIINX Xa-
PAKTEPUCTHUK C YIETOM SKOJIOTHIECKH 3HAUMMOTO ITOTEH-
IMana M psaaa BaKHBIX II00aTbHBIX TPAHUYHBIX YCIIO-
BUI, B TOM YHCJIe POCTa HacelIeHNs U ypOarm3armu [1].
3a nocneiHue IECATHIICTHS pa3padoTaHbl MHOTOUHCIICH-
HbIE KOMITBIOTEpHBIE Iporpammbl BPS, oxBareiBaromiye
TOJIBKO OlpesieieHHble yacti BPS (ananu3 kimmara, mo-
TPeOHOCTH B DHEPTUH, TEIIOBOI KOM(OPT, BU3yalbHbIH
KOoM(OPT, BO3IEHCTBHE Ha OKPY’KAOLIYIO CPEJLy, 3aTpaThl
U T.J1.) WIK BCECTOPOHHE MOJICIHMPYIOLIHE BCE 3T KITIO-
YeBbIE TIOKA3aTeIH 3AHUsL.

HWccnenoBans! KOMIUIEKCHBIN [2] U pyuHoit [3] Me-
TOJbI YIPABICHUS THEBHBIM M AJIEKTPUYECKHUM OCBE-
IICHUEM JIJTs1 CO3/IaHus YHEPro3(hpHeKTUBHOTO MPOCKTA
3aHUS ¢ MAaKCUMAaJbHBIM HCIOJIh30BaHHEM PECYPCOB
COJIHEYHOU 3Hepruu. MoJenupoBaHue €CTECTBEHHO-
IO OCBEIICHHUS NMOMEUICHUS Ha OCHOBE KOMITBIOTEP-
HBIX TIporpamMm BPS MoeT ObITh BBITIOTHEHO IS T10-
MEIIEHUH ¢ OOBIYHBIMU OKHAMH C ITPUMEHEHUEM KaITko-
31 WJIH JJPYTHX YCTPOMCTB, & TAKXKE C TPAJULIUOHHBIMU
CMapT-OKHaMH, TOKPBITBIMU OJHUM CIIOE€M aKTUBHOTO,
Kak IPaBHII0, XPOMOTEHHOTO MaTepHania.

AKTHBHO H3y9acMble HECKOIIBKO JECATUIIETHH CMapT-
okHa [4] Ha OCHOBE XPOMOTCHHBIX WIH IPYTHX TEPEao-
BBIX TEXHOJIOTHH SIBIISFOTCS] BOYKHEHIIIMM KOMITOHEHTOM
TIOBBIIIICHUS YHEPTOA(PPEKTHBHOCTH 3TaHHUI M KOM(POPT-
HOCTH €CTECTBEHHOTO OCBCIICHHSI BHYTPU ITOMEIICHUN
[5-8]. Crexiio TpagMLUMOHHOIO CMapT-OKHA, TOJTHOCTHIO
TIOKPBITOE AKTHBHBIM MaTepHalioM, U3MEHSET CBETOIPO-
IIyCKaHHE B 3aBUCHMOCTH OT M3MEHEHHUS BHEIIHUX YCIIO-
BUIi (TeMHeparypsl I TepMOXPOMHBIX [9—11] u Tepmo-
TponHbIX [12, 13] cTekoin, nHTeHCUBHOCTH YD-131yueHust
Jutst OTOXPOMHBIX [14—16] cTeKo), MPUIOKEHHOTO Ha-
HpspKEeHUs (EKTPoXpoMHbIe cTekna [17-19]), usmenenus

KOHIIGHTPALIMH I'a30B B KaMepe OKHa (ra30XpOMHBIE CTEKIIa
[20, 21]) u T.n. MozmenupoBaH¥e TS TIOMEIICHHIH C TaKU-
MU CMapT-OKHAMH OTIIMYACTCA TOJIBKO TEM, YTO OHU UMCIOT
JiBa WK OoJiee (ANEKTPOXPOMHOE CTEKIIO) PEKMMA CBETO-
MIPOITYCKAHUsI, TO3TOMY PacueThl TPEOYIOTCS U KKI0TO
pexuma. Kpome Toro, TpaIMIiMOHHbBIE CMapT-OKHA HE UMe-
10T YIJIOBOH CENEKTUBHOCTH TPOITyCKAHFS M MOT'YT HCTIONb-
30BaThCSI COBMECTHO C JKaJIIO3H U JIPYTUMH YCTPOHCTBAMH,
JUI1 KOTOPBIX IOCTATOYHO MPUMEHATH JOCTYIHBIC METO-
Jibl MozienupoBanusi BPS.

B nannoii pabote paccmaTpuBaeTcs 3a1ada MOJCTH-
POBaHMSI €CTECTBEHHOTO OCBEILICHHSI B TIOMELIEHHUSIX C HO-
BBIM THIIOM CMapT-OKOH, KOTOpbIe OTIIMYAIOTCS OT Tpa-
JMILHOHHBIX TE€M, YTO UMEIOT HE OJIMH CILUIONIHOMN aKTHB-
HBII CJIOH, a JIB€ PELUETKU C IIapauleJIbHbIMU I10J10Ca-
MH XPOMOTEHHOTO WJI JPYrOoro aKTHBHOTO Marepuaa
Ha Pa3HbIX OKOHHBIX MOBEPXHOCTSIX, IPEACTABIISIOLINE
coOoi onTryecKuil GUIBTp HOBOTO THIA. 3ajada yc-
JIOXKHSCTCSI TEM, UTO TaKHe CMapT-OKHA UMEIOT PEIICTKH,
PAacCION0KEHHBIE IO JIIOOBIM YTIIOM, TIPUCTIOCOOTICHHBIM
K TPAeKTOPHUHU JBMIKEHHUS COJIHI[A OTHOCHUTEIBHO OKHa,
a HE TOJIbKO TOPH30HTAILHO MJIM BEPTUKAIIBHO, KaK jKa-
mro3u. st hopMHUpOBaHNs aKTUBHBIX ITOJIOC IBYX pElIIe-
TOK MOT'YT UCIIOJIb30BAaThCA Pa3HbIC MAaT€pualibl U TCX-
Hosnoruu [4-21]. MHorouncieHHble KOMIbIOTEPHbIE
nporpammsl BPS He nmeroT cooTBeTcTBYIOMMX (HyHK-
LII/Iﬁ U1l MOACJIMPOBAaHMS JTHEBHOT'O CBETA B IIOMCUICHU-
SIX C PEIICTOYHBIMU CMapT-OKHAMH B CHITy MX OTJIHYH-
TENBHBIX 0COOeHHOCTEN. M cciieroBanms ¢ 1IETBIO IIONCKA
ONTUMAJIBHBIX KOHCTPYKLIUI U Pa3MEPOB OKOH U UX pas-
MEIIEHHsI, OTPaHNUYCHUS TTOTIA/IaHuUs] IPSIMON COTHEYHON
paauanuy B IOMEIIEHUE, TPEIOTBPAILICHUSI CIIEMTIMOCTH
1 NEpcHAINpaBJICHUA ITIOTOKOB CBETA Brﬂy6b IIOMCUIICHUA
C ITOMOUIBIO COJIHIIE3ALIUTHBIX W TIEPECHANPABIISIONINX
YCTPOUCTB TpeOyroT pa3paboTKH COBPEMEHHBIX MOIXO0-
JIOB K HOPMHPOBAHHUIO €CTECTBEHHOTO OCBEIleHHUs [22].

Crioco0 yIioBOro CEJIeKTHBHOTO PETYINPOBAHUS
HAIPaBJIEHHOTO CBETOMPOITYCKaHNUs, 3aI1aTeHTOBAaHHBIN
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aBropamu [23, 24], nookeH B OCHOBY pa3pabOTKH HO-
BBIX ONTHUYECKHX (DHIBTPOB M CMapT-OKOH HA UX OCHOBE
[25-30]. Pa3paboTansl METOABI pacyeTa ONTUMAIBEHOTO
yIila HaKJIOHa PEIIETOK ONTHYECKOro (puibTpa AJs pe-
IIETOYHBIX CMAPT-OKOH, IIUPUH IPOMYCKAIOIINX 1 He-
MPOIYCKAIONIHX (PAaCCEHBAIOIINX, OTPAKAIOIIUX MU T10-
IJIOIIAIOIINX) MOJIOC 00EUX PEIIeTOK U UX B3aUMHOTO
PacIONIOKEeHUS TSI MUHUMU3AIUN CBETOIPOITYCKaHUS
B 3aJIaHHBIN JICHb TOJIa ¥ BPeMS CYTOK C Y4E€TOM a3uMyTa
OKHa, reorpau4ecKuxX KOOPAMHAT 31aHMs, CE30HHOIO
U CYyTOYHOTO PACHPEIENICHHsI HHTCHCUBHOCTH COJIHEY-
HOTO M3ny4deHus [25, 26]. IlepBoHadaIbHBIE METOIBI
pacuera (GUIBTPOB C MPOITYCKAIOIIMMH 1 HEIPOITY CKa0-
MMM T10JI0CaMH 000O0IIEHBI ¥ PaCIIMPEHBI IS (HHITh-
TPOB C XpOMOreHHbIMU nonocamu [27]. CmapT-okHa
C PEIIETOYHBIM ONITHYECKUM (HIBTPOM 00ECIEeUNBAIOT
KpPYIIOTOAMYHBIN AMHAMUYECKUI KOHTPOJIb €CTECTBEH-
HOTO OCBEIIEHMsI 0€3 UCTIONB30BAHMS KATIO3H | T.II. [28]
1 0COOCHHO MMEIOT NMPENMYINECTBa Ul ONTHMHU3AINN
€CTECTBEHHOTO OCBEIICHHS ¥ MHCOJSIMY 3aHUH ¢ KpH-
BoNMHEHHBIMU (acagamu [29]. [IpemnoxeHa HOBas ap-
XUTEKTYpHAs! TUIIOJOTHS 3aHUH C MHIMBHIYaIbHBIM
MPOMYCKaHUEM KaXKJJOTO PEIIeTOYHOr0 CMapT-OKHa
0e3 HCII0Ib30BaHUS JIOTIOJIHUTEIBHBIX YCTPOUCTB 3a-
TEHEHHUs/TIepeHaIpaBIeHuUs! JTHEBHOTO CBETA, ajlrOPUTM
KOTOPO# peasin30BaH IMyTeM pacdyeTa reOMETPHUECKUX
mapaMeTpoB (GUIBTPOB TSI PA3TUYHBIX (hacamoB, Bpe-
MEHHBIX XapaKTEPHUCTHK CBETONPOIYCKaHMS U MOKa3a-
TeJel ectecTBeHHOro ocrerenus [30].

Lenb nccienoBanust — 10pabOTKa METOJIOB pac-
4yeTa reoMEeTPUYECKUX MapaMeTPOB PEIIETOUHOTo (u-
JBTPa, BPEMEHHBIX XapaKTepPUCTUK CBETOIPOIyCKa-
HUS CMapT-OKHA M MOKa3aTeJieil eCTeCTBEHHOTO OCBe-
IICHUs B MOMELIEHUH C PEIIETOYHBIM CMapT-OKHOM
C MOCIEAYIOUIEH TPOBEPKON 3TUX METOIOB € TIOMOILBIO
YHCIEHHOTO MOJICIMPOBAHMS ISl JOCTHIKCHHUS KOM-
(OPTHBIX YCIOBHH OCBEIIEHHUS 1 MUHUMH3AINU dHEP-
rornoTpedeHust 1 3aTpar Ha OTOIUICHHE, BEHTHIISIHIO,
kouunuonuposanue (OBK).

MATEPHWAJIBI U METO/JbI

YeTpolicTBO cMapT-OKHA € TPOMHBIM OCTEKIIEHUEM,
HMEIOIIMM PEIICTOYHBIA ONTHICCKUI (PUITBTP ¢ apasuie-
JIbHBIMM XPOMOTI'E€HHBIMH I10JIOCAMH, MEKIY KOTOPBIMHU
HaxoJATCsl HAlPaBJIEHHO MPOILYCKAIOIINE MOJIOCHI, T.€.

HeoOpaboTaHHas 4acTh CTEKJa, MOKa3aHo Ha puc. l.
Pemerku cMapT-oKHA HaKJIOHEHBI MOJI YTJIOM, ajar-
TUPOBAHHBIM K TPAaeKTOpPHUHU JBIKeHUsT COJHIIA OTHO-
CUTENIbHO OKHa. Pa3pe3 okHa MOKa3aH B IJIOCKOCTH,
NepHEeHANKYISIPHON ToJIocaM penieTok. Ouierp nmeer
TaKHE TEOMETPUUECKUE MapaMeTpPhl, KaK yroJl HaKJIoHa
MOJIOC Y, PACCTOSIHUE MEX/y PELIeTKaMH S, IIUPUHBI
TPOITYCKAIOIIKX MOJIOC ¢, U C,, ITAPHUHBI XPOMOTEHHBIX
T0JIOC ¢, U C,, XapaKTepUCTHYECKUH yron ® , nokasbl-
BAIOIINI CMENICHNE BXOJHOW M BBIXOJHOW PEIIETOK
JIpyT OTHOCHUTENIBHO ApYra IIyTeM TPacCHPOBKH JIyda,
MPOXOJSIIIEro Yepe3 LEHTPHI MOJI0COK 00enx perie-
ToK (puc. 1). I300pakeHHBII QIIBTP UMEET pemeT-
KN C OAMHAKOBBIMHU IMHPUHAMH BCECX IIOJOC, TO3TOMY
NP XapaKTEPUCTUYECKOM yTIIE TaJeHUs Ialalonini
MPSIMOI COTHEYHBIA CBET MOJIHOCTHIO OJOKUpPYETCH,
IIPU IPYTOM YIJIE NMaJE€HU B Ty XK€ TOUKY Ha INIOCKOCTU
BXOJHOHM PELIETKH JIyd MPOXOAUT Yepe3 BCe TPH CIIOS
OCTEKJICHHS. DTO WILTIOCTPUPYET YITIOBYIO CEIEKTHUB-
HOCTb CBETOIPOITYCKaHUs (PUIIbTpa.

OnTuManbHBIA YroJl HaKJIOHA PEIIeTOK (HIBTpa
ompeenseTcs Mo alaropuTmMy [25], BKIOUAIOMIEMY:
1) pacuer BbICOT CTOSIHUS U a3uMyTOB COJIHIIA B BBI-
OpaHHBIN A€HB TO/1a P 33IaHHBIX IIUPOTE U JOITOTE
31anus; 2) onpeaenenue Tpaektopuu CoiHIla OTHOCH-
TEJIBHO OKHA C YYETOM €ro a3uMyTa; 3) allpoKcuMa-
IIUIO ATOHM TPAaeKTOpHUU B BBIOPAaHHOM MHTEpBAJIE Bpe-
MeHH. ONTUMAJIBHOCTh HAKJIOHA PEIIETOK O3HAYaeT,
YTO COJIHEYHBIC JIydH OyIyT MaaaTh MPEUMYIIECTBEHHO
B MJIOCKOCTSIX, MEPIEHANKYIAPHBIX TonocaM (puc. 1),
T.€. PEryJMpOBaHUE CBETONPOITyCKaHUs OyaeT Haubo-
nee 3¢ ¢dexkTHBHBIM. [T0CKONBKY TPAaeKTOPHS ABIKEHHS
COJ'IHLIa MCHACTCA B TCUHCHUE AHA U I'oJia, YTOJI HAKJIOHA
pemeTok (GMIbTPa pacCUUTHIBACTCS AJISI BHIOPAHHOTO
BPEMEHH CYTOK BBIOPAHHOW pacyeTHOH AaThl C «HAH-
XyALIMMY CIIEHapUeM, Korna TpedyeTcsi MaKcuMallbHast
3ammra ot ConHna. B 3aBHCHMOCTH OT MECTHBIX KITH-
MaTHUYECKUX YCIOBHI 32 PACUETHYIO JIaTy MOXKET ObITh
HPUHAT JIeHb C MAKCUMAJIbHOM MHTEHCHBHOCTBIO COJI-
HEYHOTO M3JIy4EHHUS! WM MAaKCUMaJIbHOW TeMIIepary-
poii. 3a pacyeTHOE BpeMsi MOKHO MPUHSATH BpeMs MakK-
CHUMaJIbHOW MHTEHCUBHOCTH COJTHEYHOTO M3ITyUYCHHS,
3€HUTHOTO nojokeHus1 CoNTHIa, COBIAICHNS a3UMYTOB
ConHua 1 oKkHa (Korja COJHEYHbIE JIy4d HanOouiee riry-
00KO IPOHHUKAIOT BIITyOB TIOMEIIICHHS).

Puc. 1. PemeToyHoe cMapT-OKHO C TPOHHBIM OCTEKIEHHEM: ®  — XapaKTepUCTHYECKHH yron GuibTpa; 6 — mpoeknus yria

TaJIEHNs; § — PACCTOSHUE MEKIY PEIIETKAMH; Y — YTOJl HAKIIOHA PENIETOK; ¢, — IMMPHHBI MOJOC
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OnTuUMH3aIUsS CBETONPOITYCKAHHUS PELIETOYHOTO
CMapT-OKHA 3aKJII0YaeTcsl B 00eCIeYeHNH MUHUMAIb-
HOTO TMPOITYCKaHUsI MPSIMBIX COJIHEYHBIX JIy4ed B BbI-
OpaHHOE BpeMsI CYTOK 1 TO/ia B OIIPE/IENICHHOM YIIIOBOM
JIIana3oHe CHMMETPUYHO OTHOCHTENBHO XapaKTepUCTH-
YECKOTO yIiIa, KOTja IUpPUHA IIPOIYCKAIOMEH ITOJI0CH
BXOJIHBIX PEIIETOK OOJIbIlIe IMPUHBI HEMPOITY CKAIOIeH
(XpOMOTEHHOI) MOJOCH BBIXOIHBIX PEHICTOK, JTHUOO
MIPU PaBEHCTBE IIUPHUH ITHX MOJOC (HYJIEBOE MPOITy-
CKaHME, T.C. MOJHAS OJIOKMPOBKA MPSIMBIX COMHEYHBIX
Ty4ei).

Mertox pacueTa XapaKTepUCTHIECKOTO yIia (HiIb-
Tpa [25-27] ocHOBaH Ha 00ecTieYeHUH MUHIUMAJILHOTO
CBETOIPOITYCKaHUs IIpU yIiie majaeHus 0, xoraa ero
poeKLust O Ha TIOCKOCTb, NEPIESHANKYIISIPHYIO PELIeT-
KaM, COBIIAJIAET C XapaKTEPUCTUIECKMM yIIoM (© = 0)
B 3a/IaHHBII MOMEHT BPEMEHHU C HEOOXOIUMOI MaK-
CUMAaJIbHOM 3aIUTON OT coyHua. i1 BEpTUKAIbHOTO
OKHA yTOJI TaJeHHUsI COTHEUHOTO JIy4a PAcCUUTHIBACT-
Cs TI0 YaCTHOMY CJIy4alo II€PBOM TeOpeMbl KOCHHYCOB
JUTS TPEXTPaHHOTO YIVIa, KOTJa ABYTPAHHBIN yToJ epes
pacUeTHBIM IIJIOCKUM YIJIOM paBeH 90°:

® = arccos(coshcosa),
rae i — BbicoTa ctosiHust CoJIHIA; 0. — Pa3sHOCTh MEX-
ny asumyTtamu Comana 4 wokna 4 (o =4 -4 ).
[Mocne ynpouenust u3 pabotsl [27] nmonydaem dop-
MyIy AJIsl pacdeTa NpOEKIUH yIa HaJeHus Ul CMapT-
OKHa C TPOWHBIM OCTEKJICHHEM:!

2 J—
0 = arctan< 4|/tan’o + M x
cos’al

(1

sino

X COS| Y+ arctanw .

[IupuHbI M0JIOC BXOAHON U BBIXOJHOW PEUIETOK
[25-27] nyst cmapT-OKHA C TPOMHBIM OCTEKIEHHEM pac-
CUHTBIBAIOTCS 110 (hopMyIam:

¢, =2stan®_ — 2stanO  ;

_ [Cs (1= )]

4 5
T o 2)

€ =C T (C3 + 04);

¢ =c+c,—Cy,

TIe @my_ — 3aJJaHHBIN CpeTHNIN YToJl TaJICHUs (@my_ < (~)C),
MpH KOTOPOM KOI(PQUIIMEHT MpornycKkanus Gpuiabrpa
TOJDKEH MMETh CPEIHEE 3HAYECHHE T =u0,5 (T T T
T . MT_ — 33JaHHble MUHUMAJIbHBIH 1 MaKCHMaJlb-
HBIH TeopeTnyeckre KOdIPPUIUEHTH MPOMyCKaHUs
(6e3 yueTa OTpayKeHUS U MOTIIOIICHHUS ).

Kak cnemyer u3 gpopmyin (2), mmprHa BceX MOI0C
YMEHBIIACTCS C YBEJIIMYCHUEM CPEJHEro yria mnaje-
Hust. [Ipy 0THOM M TOM ke cpelHeM yTile najienus © ,
a TaKXKe IUPUHE NPOITYCKAIOIIEH MONIOCH BHIXOAHBIX
PEIETOK C,, PacTIpeIENeHNe MUPUH OCTAIBHBIX MOJI0C
3aBHCHT OT 33JIaHHBIX MUHIUMAJILHOTO U MaKCHMaJIbHO-
TO TEOPETHUECKUX KOI()(PHUINEHTOB TPOITyCKaHUs. DTO

HEOOXOIMMO YUUTHIBATh MIPH BBIOOPE 3HAYCHUH O | T .

av min

1T . MUHAManbHBIA U MaKCHUMAJbHBIH TEOpPETHYE-

CKHe KO3 PHUIIMEHTHI POITYCKAHUS CIIEeIyeT yCTaHaB-
JIMUBATh C YYETOM CJIEIYIOIIUX COOTHOIIEHUH [25-27]:

¢ —c

T =-L 4.

min

- b
¢ +c 3

c
Tpge =———-

¢ +c,

TeopeTudeckass BpeMeHHasi XapaKTePHUCTHUKA
k03 PUIHMEeHTa CBETONPOIYCKAaHUSI OKHA INPE/ICTaB-
asieT coO0l 3aBUCHMOCTh TEOPETHUYECKOTO KOI(-
(¢uuMeHTa NponycKaHUsi OT BPEMEHH CYTOK, KOrJa
CoHIe IBMKETCS 0 CIOXHOW KPUBOIMHEHHOM Tpa-
extopur. Takyro XapaKTepUCTHKY MOXXHO ITOCTPOHTH
10 3HAYEHUSIM COJIHEUHBIX a3MMYTOB U BBICOT, OIIpe-
JeJSIEeMBIX 4epe3 KaXAblH 4ac s CHHXPOHU3AIHUH
naHHbIX ¢ daitmom TMY (THNIHYHBIE METEOPOJIOTH-
YecKHe JaHHbIe Tofa) Ajsd JAaHHOTO paioHa 3emid,
Uit 6oriee TOYHON XapaKTEPUCTHKH BPEMEHHBIC MH-
TepBaJBl MOKHO COKpaTuTh 1m0 5 mnm 10 muH. Xa-
PaKTepUCTUKA HMEET 4Yepelyloluecs quana3oHbl
C TIOCTOSTHHBIM MMHHUMAaJIbHBIM, BO3PaCTAIOLINM, I10-
CTOSIHHBIM MaKCHMaJbHBIM U yObIBaromnM ko3ddu-
ONUECHTAaMU NPONYyCKaHHA, 3aKOHOMEPHOCTU KOTOPBIX
moxpoOHO paccMOTpeHs! B Tpyne [25]. JAnamasons
C MOCTOSTHHBIM MHHUMAJIBHBIM 1 MaKCUMAJIBHBIM KO3 (-
(unueHTaMu MpoITyCKaHNs PACCUNUTBIBAIOTCS 110 (o-
pmynam (3). [lnana3zoHsl ¢ yMEHBIICHHEM U yBEIHYe-
HUEM KOA((GUIIMEHTOB TPOINYCKAHNS PACCUUTHIBAIOT-
¢ [26] o popmyste:

(|A] = 0,5¢,+ 0,5¢;)

(¢ +¢)
rae A — CIBUT MEKIY ClI€aMH BXOIHBIX PEIIETOK
Ha MOBEPXHOCTHU BBIXOHBIX PEIICTOK MPHU XapaKTepH-
CTHYECKOM YIJI€ U IPOU3BOJILHOM YTJIE TTaJIeHus. DTOT
caBwr omnpezaessiercs [26] mo dpopmyie:

A=s(tan®, —tan6). (5)

Tocne Momudukarmu GOpPMYITbI s KOPPEKIIUH Te-
OpETUYECKON BPEMEHHOM XapaKTEPUCTUKHU ITPOITY CKaHHS
oKHa [26], ¢ yaeToM oTpakeHus 10 ypaBHeHUsIM Dpene-
JIs1, @ TaK’Ke MOMIOLIEeHHs 110 3akoHy byrepa — Jlambepra,
JUISL OKHA C TPOWHBIM OCTEKJICHHEM TTOITy4aeM:

T=

) 4)

6

tan’ (® - ®n)
+
tan’(© + O,)

(6)

rjie T, — CKOPPEKTUPOBAHHBIH KO3 PUIMEHT IpoITy-
CKaHUs; T — TEOPETHYECKUH K0I(DPHUINEHT IPOITyCcKa-
HHsl, paccYUTaHHbId o Gpopmynam (3) u (4); © — yron
MPEJIOMJICHHSI, COOTBETCTBYIOIIMN YTy HajeHus ©;
n — TOKa3aTesb MPEJOMIEHUS CTEKNa; 0, — CPeJ-
HUH HaTypaNbHBIN KOA(PHUITHECHT MOTIIOMCHIS CTeKIIa
B JiMaria3oHe JUTHH BOJIH (MM ); 5y — oO11as ToJINHA
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BCEX OKOHHBIX CTEKOJ, MM. JIJisi BUIMMOIO CBETa KO-
(hUIHEHT MoTIoIeHNs OepeTcs B Tuarna3oHe IpUMEpHO
ot 380 1o 750 uMm.

@opmynsl (3) u (4) npeaHa3HAYEHBI A pacyeTa
ko3 durmenTa mpomyckaHus QUIBTPa C MPOIYCKA0-
MU 1 HETIPOITY CKAIOMNMH TTorocamMu. OUIBTp ¢ Xpo-
MOTEHHBIMH TTOJIOCaMH KaK B OKPAIICHHOM (3aTeMHEH-
HOM), TaK ¥ B 00CCIIBEYCHHOM COCTOSTHAN XPOMOTE€HHBIX
MOJIOC, TTOMUMO TIPOITYCKaHUS TPSMOTO CBETa uepes
MIPOITYCKAIOIIHE MOJIOCH 00X PeIIeToK, T.. Yepes
MIPO3pavyHOE CTEKJIO, MMPOIMYCKACT OKPAIICHHBIA MPSIMON
CBET Yepe3 XPOMOTEHHBIE TIOJIOCH! (Ha puc. | He Toka3a-
HO). JI7151 XpOMOTE€HHBIX (IIIBTPOB B UCCICIOBAHUH [27]
MOTY9IeHBI (DOPMYITBI JUISl pacueTa TUara30HOB C MUHH-
MaJIbHBIM, MaKCHMAJIbHBIM U YMEHBIIAIOIIMCS/BO3pAC-
TAIONMM KO3 HUIIMEHTOM MPOITy CKaHUSL:

_ [cl T T — €y (1 ~ Ten )] .
min s

¢ +c,

_ [Clrchﬂ +C T Tenr 165 (1 ~Towa ):I .
max 5
Cl +C2
[(lAl —0,5¢, +0,5¢, )(1 Tt ™ Yoz Tonrt Tana ) +
Cl + CZ

+ T T T Tan 165 (Tchrl o Cenra )]

5

T

T

()

T=

¢ +c,

e T, U T, — KOOQOUIUEHTH CBETONPOMYCKa-
HUsI (TP HOPMAJIBHOM TAaJ€HUH) XPOMOTEHHBIX TO-
JIOC BXOJHOW U BBIXOJHOW PELIETOK B OKpalI€HHOM
WA 00ECIIBEYCHHOM COCTOSHUH.

3 MHOIMX NOKa3aTenel eCTECTBEHHOIO CBETA, yCTa-
HOBJICHHBIX POCCHHACKUMHE 1 MEKTyHAPOTHEIMIA HOPMAMU
W CTaHAapTaMH, PACCMOTPHUM METOIHKY pacueTa aBTO-
HOMHOCTH HETIPEpBIBHOTO €CTECTBEHHOTo cBeTa (cDA)
MPUMEHHUTEIFHO K MIOMEIICHHSIM C PeIIEeTOYHBIMU CMapT-

okxHamu. J{7st pacuera cDA npenoxkeno ypasaenue [31]:

wf, -t
cDAzLE[O,l];
2ii
lL,eemm E, 2 E,_, ®)

Y=k JE

lim >

ecmn E, < E|

lim >
rie wf, — BecoBoi Ko QUIMEHT, 3aBUCAIIMIH OT nopora
OCBEILEHHOCTH; ¢, — KaK/Ibli 9ac paboThl B rofy; £, —
TOPU30HTAJIbHAS €CTECTBEHHAS! OCBEIIEHHOCTD B TAHHOU
TOYKE, JIK; F, — 3a[aHHbIH IOPOT OCBEILEHHOCTH, JIK.
J1nst pacyeTa ropu30HTaIbHOMN OCBEIIEHHOCTH B pac-
YETHOI TOYKE Ha OCHOBE JaHHbIX (aitia TMY u 3akoHa
kocuHycoB JlamOepra mosydaem HopMyITy ISl [IOMEIIe-
HUI1 C PELIETOYHBIMU CMAPT-OKHAMMU:

E, =(Epgt,, sinh + Ey,1,Q) x

cor

) 0.85F,(CR, +5R, ) 9)
F(1-R) '
rac EDNI — HpsAMasa HOpMaJibHAsA OCBCIICHHOCTD, JIK;

E,, — maddysHas ropuzoHTaIbLHAS OCBENIEHHOCTD,
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JIK; T, — nuQy3HbIi KOOQPUIMEHT MPOITYCKaHUs OKHA;
) — TenecHbIN yroa 0030pa HeOa U3 PaCUCTHON TOUYKH,
cp; F, — mutomais okHa, M*; C— axrop Heba 11t okHa; R ’
1 R — cpennne Ko3(QHUIMENTHI OTpasKeHHUs TTOBEPXHO-
CTei HIDKE W BBIIIC TOPU30HTAIH Yepe3 LeHTP OKHA; F —
00IIast TIIOMIa1b TIOBEPXHOCTEH MOMEIIeH s, M2, R —
cpenHuii KOOPQUITUEHT OTPaXKEHUsI TOBEPXHOCTEH MoMe-
IICHHUSI.

[lepBbIii wieH CyMMBI TIEPBOTO MHOXKHTEIS B (hOP-
Mmyne (9) — 4YacTh TOPU3OHTAIBHOW OCBEIIEHHOCTH,
co3JaBaeMas MPsSMOH HOPMalbHOH OCBEUIICHHOCTHIO
¢ yueToM ko3¢ unrenTa mpomycKkaHus IPsSMbIX COJ-
HEYHBIX Jy4eil U ymia naaeHus. Bropoil wieH — 4actb
TOPU30HTAILHOM OCBEIIEHHOCTH, CO3/aBaeMasi pac-
CEesIHHBIM CBETOM HeOa (IIpU OTCYTCTBHH ITPOTHBOCTO-
SIMUX 3JaHUI), pacCUNTaHHAs Yepe3 TuPPy3HYIO To-
PU30HTAIBHYIO OCBEUIICHHOCTH C YUETOM TP PY3HOTO
K09 pUIMEHTA IPOITYCKaHUsA T, U TEIECHOTO yIia 00-
30pa Heba u3 pacueTHoU Touku. [list pacuera kodphu-
1MEnTa T, 3 GopMyIbl (6) IPH HOPMATLHOM TIaIEHUH
coJiHeuHBbIX Jiydeid (O = 0°, sin ® = 0) ¢ yueTom cooT-
HOIIEHHS HINPUH I0JI0C 00EHX PELIETOK MOIydaeM:

cl + CZTchrl C3 + C4Tchr2

T =
¢ ¢ +e, e te,
n—1)° (10)
x exp(—a s, ).
(n+1j p( “ 2)

J1J1st HEXPOMOTEHHBIX PEIIETOYHBIX OKOH (OpMY-
na (10) ynpomaercs ipu t, , =0n 1, , = 0. Tenecuprii
yroin o63opa Heba Q. (105151 HeGECHOTro CBOJIA) M3 pac-

YEeTHOUN TOYKHU AIMMIPOKCUMHUPYEM BBIPAKCHUCM:

W H, cosB
Q=—r—"— D’ > (11)
rae W — mupuHa OKHa; H  — TpeBbIIEHHE BbICO-

Thl OKHA HaJ] paC4eTHON rOPU30HTAIHON MIIO0CKOCTHIO;
B — yron mexy nuHMElN, TPOXOAILEH Yepes3 3T JBE
TOYKH, 1 HOPMAJIBIO K OKHY; D) — paccTosHUE MEXITY
pacueTHON TOYKOM M LIEHTPOM OKOHHOTO RJIEMEHTA
HaJl pacue€THOM TOPU30HTAIBLHOM TIOCKOCTHIO.

Bropoit MEHOXuUTENDb B hopmysie (9) yuUThIBACT BHYT-
PEHHE OTPa’KEHHYIO COCTABIIAIOIIYIO JHEBHOM OCBelle-
HHOCTH I10 METOY, peAcTaBIeHHOMY B pabore [32],
UCXO/ M3 BHYTPEHHMX Pa3MepoB U (POPMBI TIOMeIe-
HUS, pa3Mepa U PacloiIoKEHHs BCeX OKOH, KO HUITH-
€HTOB OTPa)KEHMsI ITOTOJIKA, CTCH U 110J1a, U PACTIOIOKE-
HUs pacuyeTHbIX Touek. KoadunuenTt Heba it OkHa
OTpeJIeNAeTCs B 3aBUCHUMOCTH OT YITIa 3aTEHEHUS MEX-
Jly TOPU30HTAJIBIO U JINHUEH KPBILIU IPOTUBOIIOIOAKHO-
TO 3JIaHNsI.

PE3YJIBTATHI HCCJIEJOBAHUA

YucaeHHOE MOJCITMPOBAHKUE BBIMOJIHEHO IS YC-
noBuii . Opendypra, Poccus (51,7727° c. m., 55,0988°
B. 1., GMT+05:00), 115t roro-BocTouHOTO (hacasa 3naHus
¢ azumyToM 120° Ha 15 uroHs, KaKk JHS ¢ MaKCUMaJlb-
HOW MHTCHCHBHOCTHIO CONHEYHOU pammanuu B OpeH-



MoaennpoBaHme eCTeCTBEHHOIo OCBELLEHUS B MOMELLEHMM C PELLETOYHbIM CMapT-OKHOM

C. 70-88

Taéu. 1. Pacuer ko3 duipenTa npomyckanus 1uisi OKHa ¢ a3umyTom 120°

Koadhpunment npormyckanust

Bpewms, OkpallleHHOE COCTOsIHHIE OO0ec1BEeYEHHOE COCTOSHUE

o M A,rpan. | h,rpag. | o,Tpax. | ©,rpap. . . -
¢bunsTp (bPIJfIgI:Tp 061:.15;'Hoe © TP (bHJ;HI:Tp 06LIgnHoe

6:49 69,40 13,53 -50,60 51,89 0,0631 0,0325 0,0232 | 0,5442 | 0,2804 | 0,2782
7:19 74,90 17,95 —45,10 47,82 0,1504 | 0,0818 | 0,0245 0,5644 | 0,3070 | 0,2937
7:49 80,43 22,48 -39,57 44,58 0,2116 0,1187 | 0,0252 | 0,5787 | 0,3247 | 0,3030
8:19 86,07 27,09 -33,93 42,38 0,2512 | 0,1433 0,0257 | 0,5878 | 0,3354 | 0,3081
8:49 91,92 31,73 —28,08 41,37 0,2711 0,1557 | 0,0258 | 0,5924 | 0,3402 | 0,3101
9:19 98,09 36,35 -2191 41,65 0,2707 | 0,1552 | 0,0258 | 0,5924 | 0,3396 | 0,3096
9:49 104,71 40,90 -15,29 43,19 0,2456 | 0,1393 0,0255 0,5865 | 0,3327 | 0,3063
10:19 111,98 45,30 -8,02 45,85 0,1827 | 0,1014 | 0,0250 | 0,5719 | 0,3174 | 0,2996
10:49 120,08 49,47 0,08 49,47 0,045 0,0240 | 0,0240 | 0,5400 | 0,2880 | 0,2880
11:19 129,29 53,29 9,29 53,85 0,2156 | 0,1074 | 0,0224 | 0,5796 | 0,2886 | 0,2689
11:49 139,82 56,60 19,82 58,81 0,3861 0,1706 | 0,0199 | 0,6191 0,2736 | 0,2387
12:19 151,85 59,21 31,85 64,23 0,4267 | 0,1522 | 0,0161 0,6286 | 0,2243 0,1927

Oypre, BEIOPAHHOTO T10 JJAHHBIM O TOZI0BOM H3MEHEHHHU
IpsIMOIl HOpMAJIbHOM, paccestHHON TOpU30HTANIBHON
U CyMMapHO# ropu30HTaJIbHOM COJIHEYHOH pajaua-
L[1U TPH SICHOM HeOe, PUBEICHHBIM B CIIPABOYHHUKE'.
JI1s 3 THUX yCcIOoBUI ONTUMAJIBHBIN YO HAaKJIOHA pellie-
TOK (riibTpa 42° nonyueH [26] myTeM anmnpoKCUMaIu
Tpaexropuu Conxua ¢ 7 4 49 mun 10 12 9 19 muH.
A3zumyTbl A 11 BBICOTHI cTosiHMSE /2 CONHIA B pacyeTHBIN
JIeHb uepe3 Kajk/ble I014aca CBETOBOIO JAHsI OTHOCH-
TEJBHO BPEMEHU COBIaieHHs a3uMyToB CoJIHIa U OKHA
A=A, =120° mpuesensl B Tab. 1. Paccunranbl yribl
nageHust ® u pazHocTH o Mexay azuMmyTramu ConHna
U OKHa.

XapakTepuCTHUECKUI YroJl puibTpa onpeeneH
1o dopmyre (1): ® = 40,89°. Yncnennoe Mosieanposa-
HUe 110 (hopmynam (2) NpoOBEAECHO PU MUHUMAJILHOM
1 MakCUMaJIbHOM T€OPETHYECKUX Ko duIeHTax mpo-
nyckanus punsTpat  =0wmt = 0,5 c Henpio momy-
YEHUsI OJIMHAKOBBIX MIMPUH BCEX MOJIOC (Kak Ha puc. 1):
¢, =c,=c,=c,= 10 MM, Juist 4ero CpeiHUiN yroi naje-
HUs 3a]1aH CO 3HaueHueM © = 28,9611°.

Teopernyeckue k03(pHUIHEHTH CBETOIPOITYCKa-
HUSL paccuuTaHbl 1o Gpopmynam (7) U CKOPPEKTHPOBAHBI
o hopmyie (6) aist pemeToqHoro GUIbTpa ¢ noioca-
MU U3 XPOMOT€HHOTO MaTepuaja ¢ UHTerpUPOBaHHON
B TOHKYIO IJICHKY JIMTaH/I000MEHHON TEPMOXPOMHOU
CUCTEMO}, UMEIOIIIeH TOCTENEHHOE YMEHBIIIEHUE TPo-
nmyckanus ¢ 54 10 4,5 % B BUIUMOM AMaTa3oHe U ¢ 22,5
1o 4,5 % B UK-nnana3oHe npu NOBBIIICHUU TeMIIe-
parypsl ot 25 o 85 °C [12]. Dror marepuan BeIOpaH
11 o0eux pewerok, re. 1, =1, =0,045ut, =1, =
= 0,54 B OKpalIeHHOM U 00CCIIBEYCHHOM COCTOSHUSIIX
COOTBETCTBEHHO. J[)1s1 00BIYHOTO CMapT-OKHA C ITpUMe-
HEHHUEM TOr0 K€ XPOMOIE€HHOro MaTepuaja CKOppeK-

! Hayuno-npukaanoi cnpaBounuk 1o kiumary CCCP. Bor-
myck 12. Tatapckas ACCP, VnesnoBckas, KyiiObimeBckas,
[Nensenckas, Caparosckas u OpenOyprekas oonacta. JI. : ['n-
npomereonsnar, 1988. 647 c.

TUPOBAaHHBIE KOI(PGUIIMEHTHI CBETONPOITYCKaHHsI pac-
cuuTassl 110 Gpopmyse (6) npu noacraHoske T = 0,045
u t = 0,54 B OKpaniecHHOM U 00ECIIBCUCHHOM COCTOSI-
HUSIX COOTBETCTBEHHO. Koppekruposka kos(duumen-
TOB MPOMyCKaHus 1o Gpopmyiie (6) MpoBe/IeHa IpH 0, =
=0,02 mm ', s = 12 MM (Tpu cTeksIa 110 4 MM TOIIMHO)
un=1,5. Pe3ynbrarsl pacueToB NpuBeeHbI B Ta0MI. 1.

Ha puc. 2 npezacraBieHbsl BpeMEHHbIE TEOPETU-
yeckue (JTMHUU 1) U CKOPPEKTHpOBaHHBIE (JIMHUH 2)
XapaKTEePUCTUKHU CBETONPOINYCKAHHUS PEIIETOYHBIX
(UIBTPOB M CKOPPEKTUPOBAaHHBIE (JINHUM 3) XapakTe-
PUCTHKH OOBIYHBIX CMapT-OKOH, HOJHOCTHIO MOKPbI-
TBIX aKTHBHBIM CJI0€M. XapaKTePUCTUKU IPUBE/ICHBI
JUISL OKPAIIEHHOTO U 00eCIIBEYEHHOT0 COCTOSIHUH Tep-
MOXPOMHBIX I10JIOC U CJIOEB.

Ha puc. 3 noka3ansl miaH U pa3pe3 MOMELEHUs
C OKHOM B IOT0-BOCTOYHOM (hacajie 31aHus Ul pacyera
cDA u pesynbrarsl pacyera. JinHa (n1yOuHa), uprHa
U BBICOTA PACUETHOTO MOMEIEHUSI COCTAaBISIOT 5,5, 4
u 2,6 m. lupuna u BeicoTa okHa 2 u 1,5 M, BeIcOTa I10-
nokonHuka 0,8 M. KoadduuneHTsr oTpaxkeHus 1moros-
Ka, CTEeH U I1ojia MpuHUManuch paBHeiMu 0,8 (cBeTiio-
cepslit), 0,6 (cpenne-cepsiit) u 0,4 (TemHo-cepsblit). cDA
paccunTas 1o ¢popmyse (8) pu Mopore OCBEIEHHOCTH

3

0.3 g =0 I
1 9T 10:49 — Bpems c Tpe- [~
\4(>‘°a

OyeMbIM MHHIMaJIbHBIM ™

0,2 nponycrgglil\czlL T
: ~o
0.1 e N f
L~ 1, \. /
&l o—ot—o—o1—o—of A o ol o
8:00 10:00 12:00
Bpewms aus, 4 Mun

Koadhpunment npormyckanus

Puc. 2. BpemeHHBIE XapaKTEPHCTUKY TIPOITycKaHust: 1 (risTp)
1 2 (cToit) B OKpameHHOM cocTostHUY; 3 (hustp) u 4 (cnoii)
B 00€CIIBEYCHHOM COCTOSIHUH
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Howmep Toukn

Puc. 3. [Tnan u pazpes momenieHus 17 pacaera cDA u pe3ynb-
Tatel pacueta: 4 u A — asumyThl CONHIA U OKHA; 0L — pas-
HOCTP a3uMyToB COJHIIA B OKHA; /1 — BbIcoTa cTOstHUST CoTHIIA

500 nx s 12 pacyeTHBIX TOYEK HAa TOPU3OHTAIBHON
wtockoctu Ha Beicote 0,8 M ot mona. ['opu3oHTanpHAS
OCBEIIEHHOCTh paccunTana mo ¢opmyne (9) Ha oc-
HOBE MHOTOJIETHUX JAaHHBIX O MPSIMOH HOPMaJbHOU
U paccesHHON rOpU30HTaIbHON paauaruu A . Open-
Oypra'. TTockoNbKy TaHHBIC O paJHAIlMU MPUBEICHBI
JUISL COJTHEYHOTO BPEMEHH Yepe3 KaxKIblii yac, HaunHas
¢ 6 4 30 MuH, a pa3HHIIA MEXAY COJTHEUHBIM U JIEKPET-
HbIM BpemeHeM B OpenOypre (GMT+05:00) cocrasis-
et 1 4 20 MuH, Bce pacueThl IPOBECHBI JUIsl pa0b0YrX
gacoB ¢ 7 4 50 muH 1o 16 1 50 mun. {nsa cpaBHeHUs
oTIpenieNieHsl 3HaYeHNs CDA 1711 peIeToqHoro 1 00BIY-
Horo cMapt-okHa. [Ipu pacuerax cDA yuTeHO, YTO BbI-
OpaHHBIH TEPMOXPOMHBII MaTepHal MePeKII0YaeTCs
13 00eCIBEYCHHOTO COCTOSIHUS B OKPAILICHHOE IIPY Ipe-
BBIIEHUH TemmepaTypbl 25 °C — 1j1s WIOHSI, WO
U aBTYCTa CO CPEJHUM MaKCHMYMOM TEMIIEpaTyphl
27,5,29,0 u 27,4 °C cOOTBETCTBEHHO, MIPHUHSATHI KO3(-
(MIMEHTBI CBETOIPOITYCKAaHHSI B OKPAILIEHHOM COCTOSI-
HUM MaTtepuaia. B octambHble Mecslbl KO3 GHUIMEHTHI
paccYUTaHBbI Ul 00CCLBEYEHHOTO COCTOSHHUS.

JUis pemeToYHoro cMapr-okHa KOd(G(GUIUEHT
Iu(y3HOro MponyckaHus T, pacCIMTaHHBIA 1O (op-
myne (10), coctaBmser 0,1681 u 0,3651 B okparien-
HOM M OOECIIBEYEHHOM COCTOSIHUSIX COOTBETCTBEHHO.
JLiist 0OBIHOTO CMapT-OKHA CKOPPEKTUPOBAHHBIE KOA(-
(DULMEHTBI IPSIMOTO MPOITYCKaHUs pacCUUTaHbI 1o (op-
MyJte (6) Tpr (JaKTHYECKHX yIIax NaJeHusA TP T= 1T, =
=0,045ut=1, =0,54 B OKpareHHOM 1 00ECIBEUEH-
HOM COCTOSIHHSIX COOTBETCTBEHHO. A K03()(DUIIMEHTHI
muddysnoro npormyckanus 0,0277 u 0,3325 mis oObr4-
HOT'O CMapT-OKHA B OKPAILIEHHOM U 00€CIIBE4EHHOM CO-
CTOSIHHUSIX COOTBETCTBEHHO IMOTydeHsbI 1o hopmyire (10)
IIpU MOACTaHOBKE BMECTO IMMPOU3BEACHUA JIBYX IIEPBBIX
BBIpaXKEHHH B CKOOKax 3Hauennid t=1, = 0,045 nt=
=1, =054

3HaueHHs ayb0e10 NOBEPXHOCTH 3eMJIM TIPUHSTO
0,8 B MecsIIbI CO CHETOBBIM TIOKPOBOM C HOSIOPSI TIO MapT
n 0,3 11t ocTaNbHBIX MecsteB. J[ist onpenenenus Tene-
CHOTO yrita 0630pa Heba o (opmyte (11) npesbimienue
BbICOTBI HW OKHa Haj pacueTHOM rOpU30HTAIBLHOM I1J10-
CKOCThIO cocTanisieT 1,5 M. Paccrosinust D Mexay kax-
JIOM pacueTHON TOYKOM U LIEHTPOM OKOHHOTO 3JIEMEHTa
HaJ pacueTHON TOPU3OHTAIBHOMN TIOCKOCTHIO (/17151 Ha-
IIEro Cilydas IEHTPOM OKHA) M YIIIbl B MEXIy JHHUS-
MU, MIPOXOAAIIUMHA Y€PE3 OTU ABE TOUYKH, U HOPpMAJIBIO
K OKHY IpuBe/ieHbI B Ta0i. 2. Ha puc. 3 mokasaHn nopsi-
JIOK OIPENEICHNs PACUCTHBIX APAMETPOB ISl TOUKH 7:
paccTosHus D, a3uMyTaJIbHBIX YIVIOB Hayana b, 1 OKoH-
4aHus b, MHCONANMY (OT HaNpaBIIEHHs CEBEpPaA), yIia
OTpaHNYEHHs BBICOTHI CcTosiHus Conuua 1 yrios /i,
¥ 0., Ul pacdera no Qopmyine B = arccos(coshcosa).

OcrarnbHbIe TapaMeTpsl T pacdeTa o opmyre (9)
cocrapisior: F =3 M, F'= 93,4 Mm%, R = 0,5, R =0,7
u R = 0,6. ®axrop meba mia okaa C = 39 onpenerncH
o padore [32] npu yrie 3areneHus 0°, T.e. IPU OTCYT-
CTBHUY NPOTUBOCTOSIIIIETO 3/1aHMs ¢ (hacajoM, IPEBbIIIAL0-
LM FOPU30HTAIbHBIA yPOBEHb LIEHTpa okHa. IIpu aTnx
napameTpax BTOpoil MHOKHUTeNb B (hopmyste (9) paBeH
2,57. TIocKombKyY B CIIpaBOYHKKE! TIPUBEICHBI TaHHBIE
0 NPsIMOM HOPMAJIBHOM, PacCesIHHOW IOPU30HTAIbHOU
U CyMMapHOW TOPH30HTAJIBHONW COJHEYHON pajnaivun
B BT/M?, 1151 epeBozia B SAMHHUILY H3MEPEHHST OCBEILCHHO-
CTH UCIIOJIB30BAJICS MIEPEBOAHON Koaddurment 1 Br/m? =
= 120 mx [33]. Pesynbrars! pacdera cDA mo dhopmye (9)
MpeICTaBIIeHb! HA PUC. 3 U B Ta0M. 2.

Taou. 2. PacueT aBTOHOMHOCTH HETIPEPHIBHOTO €CTECTBEHHOTO cBeTa cDA

Howmep Toukn 1 2 3 4 5 6 7 8 9 10 11 12
D, m 1,76 | 0,95 1,76 | 2,66 | 2,21 2,66 | 394 | 3,64 | 394 | 533 | 512 | 533
B, rpan. 71,8 53,6 | 71,8 | 39,7 | 20,5 | 39,7 | 25,5 11,8 | 25,5 | 18,5 8,6 18,5

Q, cp. 0,302 | 1,973 | 0,302 | 0,326 | 0,575 | 0,326 | 0,174 | 0,222 | 0,174 | 0,1 | 0,113 | 0,1
h_.»TPaj. 42,1 67,0 | 42,1 29,8 | 353 29,8 21 22,4 21 15,8 | 16,3 | 15,8

b,, rpan. 166 63 43 134 95 71 128 105 86 125 109 94

b,, rpan. 196 177 73 169 145 106 154 136 112 145 131 114
cDA ¢dunspa, % 97 97 97 97 97 97 95 96 96 93 94 93
cDA crnos, % 87 97 87 88 96 89 79 82 80 73 75 74
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3AKJTIOYEHHUE U OBCYXJIEHHUE

B nau6ornee xapkuii neproa roaa (Jj1s pacueTHOM
TEPPUTOPHUH ITO HIOHB—ABTYCT), KOTJIa TEPMOXPOM-
HBIA MaTepual MojIoc PUIBTPa HAXOTUTCS B aKTUBHOM
(OKpaIIeHHOM) COCTOSIHUY, BpEMCHHAS XapaKTePUCTH-
Ka CBeTompomnyckanus (InHus 1 Ha puc. 2) pemeTod-
HOTO CMapT-OKHA MMEET MUHUMYM TOYHO B 3aJJaHHOC
BpeMs 10 1 49 MuH, B OCTaIbHOE BpEeMs MPOMYCKaHHE
3HAYUTECJIbHO BBIIIC, YEM Y TPpaAUIIMOHHOI'O CMapT-
OKHAa, y KOTOPOTO B TeUeHHE pabouux 4acoB Kodpdu-
[UCHT CBETONPOIMYCKAHUSA (JIMHHUS 2) MPaKTHYECKU
HE M3MCHSACTCS ¥ 3aBUCHUT TOJBKO OT M3MECHEHUS YITIOB
MaJIeHNs COJHEYHbIX Jydyel Ha okHO. JInnus 1 moka-
3BIBACT, UYTO PCIICTOYHBIA (PUIBTP 007aaeT YIIOBOH
CCJICKTUBHOCTBIO TPOITYCKAHUS, TaK KaK B TCUCHUE JTHS
YIVIBI MAJICHUS Jydel HempepblBHO u3MeHstoTcs. [o-
CKOJIBKY M3HAuaJbHO ObUI 3aJlaH HYJIEBOW TeopeTHYe-
CKMI MUHHUMYM CBETOIIPOIYCKaHUs, TO B HA3HAUEHHOE
BpeMs (PUIBTP MONHOCTHIO OJIOKHPYET MPSIMBIC JTyUH,
MIPOMyCKast TOJIEKO pacCesTHHBIC. XapaKTEPUCTHKH TT0-
CTPOCHBI B MIEPBYIO TOJIOBUHY padodero JHs, KOrma
B FOTO-BOCTOYHOE OKHO PAacYeTHOTO TIOMCIICHHS ITOTIa-
JTAFOT TPSIMBIC COTHEYHBIC JTy4YH, 3AIUIIATh OT KOTOPBIX
U MpeIHA3HAYCH MPEe/IaracMblil ONTHYCCKUI (QUITBTP.
VYBeJIIMYEHHOE CBETONPOINYCKaHue (QHUIbTPa MO CPaB-
HEHHUIO C OOBIYHBIM OKHOM OOECIIeUuMBACTCS 3a CUET
MIPOITyCKaHMS PAacCeSHHOTO cBeTa HeOa MpH OJIOKHPO-
BaHWUU TIPSMBIX JIy9eH, UTO 3HAYUTEIHHO MOBLIIIACT
KOM(OPTHOCTH OCBEIICHUS — IIPU BHICOKOM yYPOBHE
OCBEIICHHOCTH CHUYKACTCSI BEPOSITHOCTH OCIICTUICHHO-
CTH OT NpsIMOi1 costHeuHoH paguanuu. Kpome Toro, ato
CHOCOOCTBYET HEKOTOPOMY CHHIKEHHIO TEMITEpaTyphl
B IIOMCUICHUU U COOTBCTCTByIOHIeﬁ 3KOHOMUU HAa KOH-
JULMOHUPOBAaHUU BO314yXa. BpeMeHHble XapakTepu-
CTHUKHU PENIeTOYHOTO W TPAaTWIHOHHOTO CMapT-OKHA
(nmueNM 3 1 4 Ha puc. 2) TOKA3BIBAIOT MPEUMYIIIECTBO
MpUMEHEHUS (QUIBTPA TaKXKE U B OCTAIHHOE BpEMs
rojia, Koraa QIIBTP HAXOAUTCS B 00CCIIBEYCHHOM CO-
CTOSTHIH — €TO CBETOIPOITYCKaHUE HECKOJIBKO BBIIIIC.

Pesysbrarel pacyeTa aBTOHOMHOCTH HEIIPEPBIBHO-
T0O €CTECTBEHHOTO cBeTa DA, npoBeneHHsbIe i 12 me-
csueB (tabm. 2, puc. 3), TOATBEPKIAIOT KPYIIOTOANY-
HYIO0 3((EeKTUBHOCTh OKHA C PEIICTOYHBIM (PHIBTPOM
TI0 CPaBHEHUIO C TPATUIIMOHHBIM CMapT-OKHOM TIPH TIPH-
MEHECHUH OJHOTO U TOTO JK€ XPOMOTEHHOTO MaTepHaa.
Pabodas ropu3oHTaNBHAS TIOCKOCTH Ha BBICOTE 80 cM
OT I10J1a IMEET OYCHB BBICOKHC 3HAUCHHUS OCBEIIICHHOCTH
Y PELIETOYHOr0 OKHA MO BCEH IIIONIa 1 MOMEIICHHS —
oT 93 10 97 % pabodero BpeMeHH B TOAy OHA IPEBBI-
I1aeT yCTaHOBIEHHBIH mopor B 500 JIK, T.e. IPOLIEHTHOE
pacmperenieHne paBHOMEPHOE TI0 BCel ITyOMHE oMeTIIe-
HUSL, TIPHYEM 3a CUET MPOITyCKaHuUs KoM(OPTHOTO pacce-
STHHOTO cBeTa HeOa. CrieyeT IMETh B BUJLY, YTO PACUCTHI

CAETaHbI A JaHHBIX O COJIHEUHOW pajuaIfy MpH sic-
HOM HeOe, BKITIoYasi 3MMHHE MECSIIbI (CPeTHsST POIO0I-
YKUTEITFHOCTh COJIHEYHOTO CUSIHUS B Toy B OpeHOypre
cocrasisier 2198 4). B momenienny ¢ 0ObIYHBIM OKHOM
97 % pabouero BpeMEHHU C MPEBBIIICHHEM yCTaHOB-
JICHHOTO ITOPOTa OCBEIIEHHOCTH HaOIIOAAETCS TOIBKO
B OJTHOW pacdyeTHOH TOYKE 2 HEMOCPEICTBEHHO Y OKHA,
B MIyOMHE MOMEIIeHUs MoKa3arenb najnaet Ao 73 %.
B oronuTenbHBI NEpUOJ PEMIETOYHOE CMApT-OKHO
npoIryckaer 0oliblliee KOJMYECTBO COHEYHOM pajua-
LM, YTO CIIOCOOCTBYET HEKOTOPOH SKOHOMHH PacXoyioB
Ha OTOIUICHHE.

B cBsI3u ¢ HOBM3HOH PENIETOYHBIX ONTHYECKHX
(hUIBTPOB U CMapT-OKOH Ha UX OCHOBE, MOJJOOHBIE UC-
CJICJIOBAHUSI IPYTUMHU aBTOpaMU HE TPOBOJIMIINCEH, a Me-
TOZIOJIOTUSI MOZIEINPOBAHNS €CTECTBEHHOIO OCBELICHHS
B MOMEILIEHUSAX C UX NPUMEHEHHEM OTCYTCTBOBAJA.
B mpesxneii padore [30] aropamu OpUTa Hagara paspa-
00Tka MeToy1a ¥ TIPOBEPEHA YUCIIEHHBIM MOJICIIMPOBAHH-
€M JUTS IOMEUIEHHSI ¢ OKHOM C IBOWHBIM OCTEKJICHHEM
MIPY HaJIMYUH IPOTUBOCTOSIIETO 31aHus. B HacTodmeM
MCCIIEIOBAaHNH PAacUeTHBIE (POPMYITBI MOANDHUITPOBAHBI
1 YTOUHCHBI, ITIO3TOMY IMOJYUYCHHBIC JaHHLIC OTJIMYar0T-
cs1. [IporieHTHOE paciipeseneHne Mo rTyOnHe moMerie-
HUS 30H C MPEBBIIICHUEM TIOPOTa OCBEIIEHHOCTH B Te-
YEHHE IroJJ0BOTr0 paboyero BpeMEHH 110 HOBBIM pacyeTaM
3HAUUTEIBHO PaBHOMEpPHEE, B TOM YHCIIE U JUTs TIOMeIlie-
HUS C OOBIYHBIM CMapT-OKHOM.

IomydeHHbIe pe3ynbTaThl NPEACTABISIOT AT UC-
CJIEZIOBATEIIHCKOTO COOOIIECTBA OOIIHI METO/ MOZIEITPO-
BaHUS JUIsl HOBOTO THIIA CMApPT-OKOH, 00€CTIEUNBAIOIINX
YIJIOBOE CENEKTUBHOE PETrYTUPOBAHIE CBETONPOITY CKaHUSI
0e3 MPIMEHEHNS JKaTI031 U TIOOOHBIX TOTIOJTHUTEIIBHBIX
ycTpoicTB. C mpakTUYECKOW TOYKH 3PEHUS YITydIIaTcs
9PrOHOMHYECKHE CBOHCTBA (OTCYTCTBHE HEOOXOANMOCTH
PYy4YHOTO MM aBTOMAaTHYECKOrO YNPaBICHUS, MOHTaXa
1 9KCIUTyaTalluy JOTIOJHUTEIIBHBIX YCTPOHCTB), @ TaKKe
OKOJIOTUYCCKHEC (yMeHI)I_HeHI/Ie BJIMAHUA TOBIIX U JIPY-
TUX aTMOC(EpHBIX SBICHHI, OTCYTCTBHE MaTepHAaJIOB
JUTSL yTHIIN3ALMN TI0CIIE UCTIONB30BAHMS) U 3CTETHUECKUE
(0co0OeHHO B MaHOPAaMHBIX OKHAX OOJBLION TUIOIIA/H, T/Ie
3aTPYIHATENHFHO MCIIOIB30BAHNE JKAMIO3U U T.11.) (PaKTO-
pbl. PerieTounble cMapT-0KHA PEKOMEHYETCsl IPUMEHSATh
TIPH BOCTOYHBIX, FOXKHBIX 1 3aIaAHBIX a3UMyTaxX OPHUCHTA-
MM (acajioB 31aHUH C TPeJIIoaraeMbIM PeXUMOM pabo-
THI B THEBHOE BPEMsI JUISI IOCTIDKEHHS O0s1ee KOM(OPTHBIX
YCIIOBH €CTECTBEHHOTO OCBEILCHHUS Ha pabOunX MecTax
W MUHUMH3AIAN SHepromnoTpedinenns u 3arpar Ha OBK.
HccnenoBanus OyayT MpOIOIKEHBI aBTOPAMHE C 1IEJIBIO
Oornee 1ETaIBHOTO U3YYEHHS TOJIOBOH MTPOM3BOJHUTEIh-
HOCTH (DyHKITMOHHPOBAHUS PEIIETOYHOTO (DIIIETPA M 3KC-
MEPUMEHTAIILHOTO MCIIBITAHNS pealIbHBIX MOJIENIel CMapT-
OKOH B HAaTYPHBIX yCJIOBHSIX.
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INTRODUCTION

Building performance modelling (BPS) unambigu-
ously determines the most efficient and sustainable buil-
ding design option and provides reliable predictions of fu-
ture performance, taking into account environmentally
relevant potential and a number of important global bound-
ary conditions, including population growth and urbaniza-
tion [1]. Over the last decades, numerous BPS computer
programmes have been developed covering only certain
parts of BPS (climate analysis, energy demand, thermal
comfort, visual comfort, environmental impact, costs, etc.)
or comprehensively modelling all these key building per-
formance indicators.

Integrated [2] and manual [3] daylighting and elec-
tric lighting control methods are investigated to create
an energy efficient building design maximizing the use
of solar energy resources. Modelling of natural room
lighting based on BPS computer programmes can be
performed for rooms with conventional windows using
blinds or other devices, as well as with traditional smart
windows covered with a single layer of active, usually
chromogenic material.

Actively studied for several decades, smart win-
dows [4] based on chromogenic or other advanced
technologies are an essential component of improv-
ing the energy efficiency of buildings and the comfort
of natural light indoors [5—8]. The glass of a traditional
smart window, fully coated with an active material,
changes light transmission in response to changes in
external conditions (temperature for thermochromic
[9-11] and thermotropic [12, 13] glasses, UV intensi-
ty for photochromic [14—16] glasses), applied voltage
(electrochromic glasses [17—-19]), changes in the con-
centration of gases in the window chamber (gaschro-
mic glasses [20, 21]), etc. Modelling for rooms with
such smart windows differs only in that they have
two or more (electrochromic glass) light transmission
modes, so calculations are required for each mode. In
addition, traditional smart windows do not have angular
transmittance selectivity and can be used in conjunction
with blinds and other devices for which it is sufficient to
apply available BPS modelling techniques.

This paper considers the problem of modelling
natural lighting in rooms with a new type of smart win-
dows, which differ from traditional ones in that they
have not one continuous active layer, but two grids with
parallel strips of chromogenic or other active material
on different window surfaces, representing a new type
of optical filter. The task is complicated by the fact
that such smart windows have gratings arranged at
any angle adapted to the trajectory of the sun relative
to the window, not only horizontally or vertically like
blinds. Different materials and technologies can be used
to form the active bands of the two grilles [4-21]. Nu-
merous BPS computer programmes do not have appro-
priate functions for daylight modelling in rooms with
louvered smart windows due to their distinctive fea-
tures. Studies to find optimal designs and sizes of win-
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dows and their placement, to limit direct solar radiation
into the room, to prevent glare and to redirect light stre-
ams into the interior of the room with the help of shad-
ing and redirecting devices require the development
of modern approaches to the regulation of natural ligh-
ting [22].

The method of angular selective control of direc-
tional light transmission patented by the authors [23, 24]
is the basis for the development of new optical filters
and smart windows based on them [25-30]. The meth-
ods for calculating the optimal angle of inclination
of optical filter gratings for grating smart windows,
widths of transmitting and non-transmitting (scattering,
reflecting or absorbing) strips of both gratings and their
mutual arrangement to minimize light transmission
on a given day of the year and time of the day, taking
into account the azimuth of the window, geographical
coordinates of the building, seasonal and daily distri-
bution of solar radiation intensity [25, 26] have been
developed. The original calculation methods for fil-
ters with transmissive and non-transmissive bands are
generalized and extended for filters with chromogenic
bands [27]. Smart windows with grating optical filters
provide year-round dynamic control of natural light
without the use of blinds, etc. [28] and are particularly
advantageous for optimizing the natural light and in-
solation of buildings with curved facades [29]. A new
architectural typology of buildings with individual
transmittance of each louvred smart window without
the use of additional daylight shading/directing devices
is proposed, whose algorithm is implemented by calcu-
lating the geometrical parameters of filters for different
facades, temporal characteristics of light transmittance
and natural light performance [30].

The aim of the study is to refine the methods for
calculating the geometric parameters of the grating
filter, the temporal characteristics of the light transmit-
tance of the smart-window and the indicators of natural
lighting in a room with a grating smart-window with
subsequent verification of these methods using numeri-
cal simulation to achieve comfortable lighting condi-
tions and minimize energy consumption and heating,
ventilation, air-conditioning (HVAC) costs.

MATERIALS AND METHODS

The device of a triple-glazed smart window having
a grating optical filter with parallel chromogenic strips, be-
tween which there are directionally transmissive strips, i.e.
the untreated part of the glass, is shown in Fig. 1. The grids
of the smart window are tilted at an angle adapted to
the trajectory of the Sun relative to the window. The win-
dow section is shown in a plane perpendicular to the bars
of the gratings. The filter has geometrical parameters such
as the angle of inclination of the bars vy, the distance be-
tween the gratings s, the widths of the transmission bars
¢, and c,, the widths of the chromogenic bars ¢, and c,,
the characteristic angle ® , showing the displacement
of the input and output gratings with respect to each other
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Fig. 1. Lattice smart window with triple glazing: ® — characteristic angle of the filter; 0 — projection of the angle of incidence;

s — distance between the gratings; y — angle of inclination of the gratings; ¢, — band widths

by tracing a ray passing through the centres of the bars
of both gratings (Fig. 1). The filter depicted has gratings
with equal widths of all fringes, so at the characteristic
angle of incidence the incident direct sunlight is complete-
ly blocked, at a different angle of incidence at the same
point on the plane of the entrance grating the beam passes
through all three layers of glazing. This illustrates the an-
gular selectivity of the filter light transmission.

The optimal angle of inclination of the filter grids
is determined by the algorithm [25], which includes:
1) calculation of the standing height and azimuth
of the Sun on the selected day of the year at the given
latitude and longitude of the building; 2) determina-
tion of the Sun’s trajectory relative to the window, tak-
ing into account its azimuth; 3) approximation of this
trajectory in the selected time interval. The optimality
of the grids’ inclination means that the sun rays will fall
mainly in the planes perpendicular to the strips (Fig. 1),
i.e. the light transmission regulation will be the most
effective. Since the Sun’s trajectory varies throughout
the day and year, the angle of inclination of the filter
grids is calculated for the selected time of day of the se-
lected design date with a “worst-case” scenario, when
maximum protection from the Sun is required. Depend-
ing on local climatic conditions, the day with maximum
solar radiation intensity or maximum temperature can
be taken as the design date. The time of maximum so-
lar radiation intensity, the zenith position of the sun,
the coincidence of the azimuths of the sun and the win-
dow (when the sun’s rays penetrate deepest into the in-
terior of the room) can be taken as the design time.

Optimization of light transmittance of the lattice
smart-window is to ensure minimum transmittance
of direct sunlight at the selected time of day and year
in a certain angular range symmetrically relative to
the characteristic angle, when the width of the trans-
mittance band of the input gratings is greater than
the width of the non-transmittance (chromogenic) band
of the output gratings, or when the widths of these
bands are equal (zero transmittance, i.e. complete
blocking of direct sunlight).

The method of calculating the characteristic angle
of the filter [25-27] is based on ensuring minimum light
transmission at the angle of incidence ®, when its pro-
jection 0 on the plane perpendicular to the gratings coin-

cides with the characteristic angle (®,= 0) at a given mo-
ment of time with the required maximum protection from
the sun. For a vertical window, the angle of incidence
of the sun ray is calculated by a special case of the first
cosine theorem for a trihedral angle, when the dihedral
angle in front of the calculated plane angle is 90°:

® = arccos(coshcosa),

where 4 is the Sun’s standing altitude; o is the differ-
ence between the Sun’s azimuth 4 and the window
A(a=A4-4).

After simplification from [27], we obtain a formula
for calculating the projection of the angle of incidence
for a triple-glazed smart window:

2 J—
0 = arctan \/tanza + M
cos’a
(1)
x cos| v+ arctansii
! tan(®—|a|) '

The strip widths of the entrance and exit grids
[25-27] for a smart triple-glazed window are calculated
using the formulas:

c; =2stan®, — 2stan @ ;

4 i

T (2)
€ =6~ T (c3 + c4);

¢ =c+c,—C,,

where © is the specified mean angle of incidence
(®,,<0), at which the filter transmittance should have
amean value t, = 0.5 (t  +t ) 7t andt  are
the specified minimum and maximum theoretical trans-
mittances (excluding reflection and absorption).

As follows from formulas (2), the widths of all
bands decrease with increasing average angle of inci-
dence. At the same average angle of incidence © , as
well as the width of the transmission band of the output
gratings c,, the distribution of the widths of the other
bands depends on the given minimum and maximum
theoretical transmission coefficients. This must be taken
into account when choosing the values® ,t . andt

min ax”
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The minimum and maximum theoretical transmission
coefficients should be set taking into account the fol-
lowing relations [25-27]:

GG,
min:c+c H
1 2

3)

G

™ e,

The theoretical temporal characteristic of the win-
dow transmittance is the dependence of the theoretical
transmittance on the time of day when the Sun moves
along a complex curvilinear trajectory. Such a charac-
teristic can be constructed from the values of solar azi-
muths and altitudes determined every hour to synchro-
nize the data with the TMY file (typical meteorological
data of the year) for a given area of the Earth, for a more
accurate characteristic the time intervals can be re-
duced to 5 or 10 min. The characterization has alternat-
ing ranges of constant minimum, increasing, constant
maximum and decreasing transmittance, the patterns
of which are discussed in detail in [25]. The ranges with
constant minimum and maximum transmission coeffi-
cients are calculated by formulas (3). The ranges with
decreasing and increasing transmittance coefficients are
calculated [26] by the formula:

(|A] = 0.5¢, + 0.5¢,)

T=
(¢ +¢)

; “4)

where A is the shift between the traces of the input grat-
ings on the surface of the output gratings at characteris-
tic angle and arbitrary angle of incidence. This shift is
determined [26] by the formula:

A=s(tan®, —tan0). (5)

After modification of the formula for correction
of the theoretical time characteristic of window trans-
mittance [26], taking into account reflection by the Fres-
nel equations and absorption by the Bouguer — Lambert
law, we obtain for a window with triple glazing:

=2 _ 2 _ 6
mefrodfslo=e), wito-oa]”

sin(@+0,) tan’(@+0,)

(6)
Jn? —sin’ @ |

where T, is the corrected transmittance; 7 is the theoret-
ical transmittance calculated from formulae (3) and (4);
®  is the angle of refraction corresponding to the angle
of incidence O, n is the refractive index of the glass; o,
is the average natural absorption coefficient of the glass
in the wavelength range (mm™); s is the total thickness
of all window panes, mm. For visible light, the absorp-
tion coefficient is taken in the range of approximately
380 to 750 nm.

Formulas (3) and (4) are intended to calculate the trans-
mission coefficient of a filter with transmissive and non-
transmissive strips. A filter with chromogenic bands
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both in the coloured (darkened) and uncoloured state
of the chromogenic bands, in addition to transmitting di-
rect light through the transmitting bands of both gratings,
i.e. through transparent glass, transmits coloured direct
light through the chromogenic bands (not shown in Fig. 1).
For chromogenic filters, formulas for calculating the bands
with minimum, maximum and decreasing/increasing
transmittance are derived in the study [27]:

_ [cl FC T — Cy (1 T2 )] )

Tmin s
Cl +02
A [CITC}WZ T T Tana 165 (1 ~Tewa ):| .
max 5
cl + CZ
A[-0.5 0.5 1 )
(| |_ . c2 +0. C3 )( - Tchrl - Tchr2 + Tchrlrrhr2)+
T=
Cl +C2
T O Tar T C T Tama 163 (Tchrl T Cema ):|
9
Cl +C2

where T, and T, , are light transmission coefficients (at
normal incidence) of the chromogenic bands of the in-
put and output gratings in the coloured or uncoloured
state.

Of the many natural light indicators established by
Russian and international norms and standards, let us
consider the methodology for calculating the autonomy
of continuous natural light (cDA) as applied to rooms
with lattice smart windows. The equation [31] is pro-
posed to calculate cDA:

A== o)

.,

LifE,>E, | ®)
wf, =

E,/E,..ectu E, <E,_,

where wf, — weight coeflicient depending on illumi-
nance threshold; #,— each hour of work in a year; £, —
horizontal natural illuminance at a given point, lux;
E, — specified illuminance threshold, lux.

To calculate the horizontal illuminance at the de-
sign point based on TMY file data and Lambert’s law
of cosines, we obtain a formula for rooms with lattice
smart windows:

E, = (EDNITcor sinh + EDHITdQ) x
0.85F, (CR, +5R, ) )

1
1 F(1-R) '

where £ — direct normal illuminance, lux; £ — dif-
fuse horizontal illuminance, lux; t, — diffuse transmit-
tance of the window; Q — solid angle of view of the sky
from the design point, av; F/ — window area, m*; C —
sky factor for the window; R and R, — average reflection
coefficients of surfaces below and above the horizontal
through the centre of the window; F'— total area of room
surfaces, m? R — average reflection coefficient of room
surfaces.
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The first term of the sum of the first multiplier in
formula (9) is a part of horizontal illuminance created by
direct normal illuminance taking into account the trans-
mittance coefficient of direct sunlight and the angle
of incidence. The second term is a part of horizontal il-
luminance created by diffuse sky light (in the absence
of opposing buildings), calculated through diffuse hori-
zontal illuminance taking into account diffuse transmit-
tance coefficient t, and solid angle of view of the sky
from the design point. To calculate the coefficient t,
from formula (6) at normal incidence of sunlight (® =
0°, sin® = 0) taking into account the ratio of strip widths
of both gratings we obtain:

,rd — (Cl +02Tchr1 ][03 +C4rchr2] x
¢ +e, ¢, +e,
n—1Y)

X(n+1j exp(—o,s; ).

For non-chromogenic lattice windows, formu-
la (10) is simplified at T, , = 0 and 7, , = 0. The solid
angle of view of the sky Q. (sky vault fraction) from
the design point is approximated by the expression:

W H, cosB
= (11

where W is the width of the window; H  is the ex-
cess of the window height over the design horizontal
plane; B is the angle between the line passing through
these two points and the normal to the window; D is
the distance between the design point and the centre
of the window element over the design horizontal plane.

The second multiplier in formula (9) accounts
for the internally reflected component of daylight-
ing according to the method presented in [32], based
on the internal dimensions and shape of the room,
the size and location of all windows, the reflection co-
efficients of the ceiling, walls and floor, and the location
of design points. The sky coefficient for a window is

(10)

Q:

determined depending on the angle of shading between
the horizontal and the roof line of the opposite building.

RESEARCH RESULTS

Numerical modelling was performed for the con-
ditions of Orenburg, Russia (51.7727°N, 55.0988°E,
GMT+05:00), for the south-eastern facade of the build-
ing with an azimuth of 120° on 15 June as the day with
the maximum intensity of solar radiation in Orenburg,
chosen according to the data on the annual variation
of direct normal, scattered horizontal and total horizon-
tal solar radiation under clear skies given in'. For these
conditions, the optimal filter grating tilt angle of 42° was
obtained [26] by approximating the Sun’s trajectory from
7 h 49 min to 12 h 19 min. The azimuths 4 and stand-
ing heights % of the Sun on the calculated day at each
half-hour of daylight relative to the time of coincidence
of the Sun’s azimuths and the window 4 = 4 = 120° are
given in Table 1. The angles of incidence ® and the dif-
ference a between the azimuths of the Sun and the win-
dow are calculated.

The characteristic angle of the filter is determined
by formula (1): ®, = 40.89°. Numerical modelling using
formulas (2) was carried out at the minimum and maxi-
mum theoretical filter transmission coefficients t . =0
andt_ = 0.5 in order to obtain the same widths of all
bands (as in Fig. 1): ¢, = ¢, = ¢, = ¢, = 10 mm, for which
the mean incidence angle is set with the value @, =
=28.9611°.

The theoretical light transmission coefficients were
calculated using formula (7) and corrected using for-
mula (6) for a grating filter with bands of a chromogenic
material with a ligand-exchange thermochromic system
integrated into the thin film, which has a gradual decrease

! Scientific and applied reference book on the climate of the USSR.
Issue 12. Tatar ASSR, Ulyanovsk, Kuibyshev, Penza, Saratov and
Orenburg regions. L., Gidrometeoizdat, 1988; 647.

Table 1. Calculation of transmission coefficient for a window with azimuth 120°

Transmission coefficient
Tim.e,h 4, deg. h, deg. o, deg. 0, deg. Coloured condition Uncoloured state
min T T T T T
strainer straciolger conve;;{ional © filter stre{iolger conve;]{ional

6:49 69.40 13.53 -50.60 51.89 0.0631 | 0.0325 0.0232 0.5442 | 0.2804 0.2782
7:19 74.90 17.95 —45.10 47.82 0.1504 | 0.0818 0.0245 0.5644 | 0.3070 0.2937
7:49 80.43 22.48 -39.57 44.58 0.2116 | 0.1187 0.0252 0.5787 | 0.3247 0.3030
8:19 86.07 27.09 -33.93 42.38 0.2512 | 0.1433 0.0257 0.5878 | 0.3354 0.3081
8:49 91.92 31.73 -28.08 41.37 0.2711 | 0.1557 0.0258 0.5924 | 0.3402 0.3101
9:19 98.09 36.35 -21.91 41.65 0.2707 | 0.1552 0.0258 0.5924 | 0.3396 0.3096
9:49 104.71 40.90 -15.29 43.19 0.2456 | 0.1393 0.0255 0.5865 | 0.3327 0.3063
10:19 111.98 45.30 -8.02 45.85 0.1827 | 0.1014 0.0250 0.5719 | 0.3174 0.2996
10:49 120.08 49.47 0.08 49.47 0.045 0.0240 0.0240 0.5400 | 0.2880 0.2880
11:19 129.29 53.29 9.29 53.85 0.2156 | 0.1074 0.0224 0.5796 | 0.2886 0.2689
11:49 139.82 56.60 19.82 58.81 0.3861 | 0.1706 0.0199 0.6191 | 0.2736 0.2387
12:19 151.85 59.21 31.85 64.23 0.4267 | 0.1522 0.0161 0.6286 | 0.2243 0.1927
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Fig. 2. Transmittance time characteristics: 1 (filter) and 2 (layer)
in the coloured state; 3 (filter) and 4 (layer) in the uncoloured
state

in transmittance from 54 to 4.5 % in the visible range
and from 22.5 to 4.5 % in the infrared range as the tem-
perature increases from 25 to 85 °C [12]. This material
is chosen for both gratings, i.e. 7, =1, ,= 0.045 and
T, = To = 0.54 in the coloured and uncoloured states,
respectively. For the conventional smart window using
the same chromogenic material, the corrected light trans-
mission coefficients were calculated using formula (6) by
substituting T = 0.045 and t© = 0.54 in the coloured and
uncoloured states, respectively. Correction of transmit-
tance coefficients according to formula (6) was carried
out at o, = 0.02 mm, s, = 12 mm (three 4 mm thick
glasses) and n = 1.5. The results of calculations are given
in Table 1.

Fig. 2 shows the temporal theoretical (line 1) and
corrected (line 2) light transmission characteristics
of lattice filters and the corrected (line 3) characteristics
of conventional smart windows fully covered by the ac-

B 5.5 o
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3% 95 A S %~ 9T% ) || —
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75%°82%  C96%| <979 z
93%n96%  9T%|  ,97%
12000800 Os0w  Ss7v
Y

grating window
conventional window

Points 1-12 are located every
1.5 and 0.5 m from walls

Point number

Fig. 3. Plan and section of the room for cDA calculation
and calculation results: 4 and A — azimuths of the Sun
and the window; a — difference of azimuths of the Sun and
the window; # — Sun’s standing height
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tive layer. The characteristics are given for the coloured
and uncoloured states of the thermochromic bands and
layers.

Fig. 3 shows the plan and section of the room with
a window in the south-eastern facade of the building
for the cDA calculation and the results of the calcula-
tion. The length (depth), width and height of the calcu-
lated room are 5.5, 4 and 2.6 m. The width and height
of the window are 2 and 1.5 m, and the height of the sill
is 0.8 m. The reflection coefficients of the ceiling, walls
and floor were assumed to be 0.8 (light grey), 0.6 (me-
dium grey) and 0.4 (dark grey). cDA was calculated ac-
cording to formula (8) at illuminance threshold of 500
lux for 12 design points on a horizontal plane at a height
of 0.8 m from the floor. Horizontal illuminance is cal-
culated by formula (9) on the basis of long-term data
on direct normal and diffuse horizontal radiation for
the city of Orenburg'. Since the radiation data are given
for solar time in every hour starting from 6 h 30 min,
and the difference between solar and daylight saving
time in Orenburg (GMT+05:00) is 1 h 20 min, all cal-
culations were performed for working hours from 7 h
50 min to 16 h 50 min. For comparison purposes, cDA
values for lattice and conventional smart windows have
been determined. The cDA calculations take into ac-
count that the selected thermochromic material switch-
es from an uncoloured to a coloured state when the tem-
perature exceeds 25 °C — for June, July and August
with average maximum temperatures of 27.5, 29.0 and
27.4 °C respectively, the light transmission coefficients
in the coloured state of the material were adopted. In
other months the coefficients are calculated for the un-
coloured state.

For the lattice smart window, the diffuse trans-
mittance coefficient 1, calculated using formula (10),
is 0.1681 and 0.3651 in the coloured and uncoloured
states, respectively. For the conventional smart win-
dow, the corrected forward transmittance coefficients
are calculated by formula (6) at actual incidence angles
att=t, =0.045and 1 =1, = 0.54 in the coloured and
uncoloured states, respectively. And the diffuse trans-
mittance coefficients of 0.0277 and 0.3325 for the con-
ventional smart window in the coloured and uncoloured
states, respectively, are obtained by formula (10) when
substituting the values t =1, =0.045andt =1, =
= 0.54 instead of the product of the first two expressions
in parentheses.

The albedo value of the ground surface is assumed
to be 0.8 in months with snow cover from November to
March and 0.3 for other months. To determine the sol-
id angle of view of the sky according to formula (11),
the excess of the height H of the window over the cal-
culated horizontal plane is 1.5 metres. The distances D
between each design point and the centre of the window
element above the design horizontal plane (in our case,
the centre of the window) and the angles B between
the lines passing through these two points and the nor-
mal to the window are given in Table 2. Fig. 3 shows
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Table 2. Calculation of autonomy of continuous natural light cDA

Point number 1 2 3 4 5 6 7 8 9 10 11 12
D, m 1.76 | 0.95 1.76 | 2.66 | 2.21 266 | 394 | 3.64 | 394 | 533 | 5.12 | 533
B, deg. 71.8 536 | 71.8 | 39.7 | 20.5 39.7 | 255 11.8 | 255 | 185 8.6 18.5
Q, av. 0.302 | 1.973 | 0.302 | 0.326 | 0.575 | 0.326 | 0.174 | 0.222 | 0.174 | 0.1 | 0.113 | 0.1
h. deg. 42.1 67.0 | 42.1 29.8 | 353 29.8 21 22.4 21 158 | 163 | 158
b,, deg. 166 63 43 134 95 71 128 105 86 125 109 94
b,, deg. 196 177 73 169 145 106 154 136 112 145 131 114
cDA of the filter, % 97 97 97 97 97 97 95 96 96 93 94 93
cDA of the layer, % 87 97 87 88 96 89 79 82 80 73 75 74

the procedure for determining the design parameters for
point 7: distance D, azimuthal angles of the beginning
b, and end b, of insolation (from the north direction),
the angle of limitation of the Sun’s standing height
hmax and angles /2 and o, for calculation by the for-
mula B = arccos(cos/cosa).

The remaining parameters for calculation by formu-
la (9) are: F/ =3 m? F=93.4m’ R.= 0.5,R =0.7 and
R =0.6. The sky factor for the window C = 39 was deter-
mined according to [32] at a shading angle of 0°, i.e. in
the absence of an opposing building with a fagade higher
than the horizontal level of the window centre. At these
parameters, the second multiplier in formula (9) is 2.57.
Since the study' provides data on direct normal, diffuse
horizontal and total horizontal solar radiation in W/m?,
a conversion factor of 1 W/m?= 120 lux [33] was used to
convert to the illuminance unit. The results of cDA calcu-
lation by formula (9) are presented in Fig. 3 and Table 2.

CONCLUSION AND DISCUSSION

In the hottest period of the year (for the design
area it is June-August), when the thermochromic mate-
rial of the filter strips is in the active (coloured) state,
the temporal characteristic of light transmission (line 1
in Fig. 2) of the grating smart window has a mini-
mum exactly at the set time of 10 h 49 min, at the rest
of the time the transmittance is significantly higher
than that of the traditional smart window, which dur-
ing the working hours the light transmission coefficient
(line 2) practically does not change and depends only
on the change in the angles of incidence of sunlight
on the window. Line 1 shows that the grating filter has
angle selectivity of transmittance, since the angles of in-
cidence of the rays change continuously during the day.
Since the theoretical minimum light transmission was
initially set to zero, the filter completely blocks di-
rect rays at the designated time, allowing only scat-
tered rays through. Characteristics are built in the first
half of the working day, when the south-east window
of the calculation room gets direct sunlight, to protect
against which the proposed optical filter is designed.
Increased light transmittance of the filter in comparison
with a conventional window is provided due to the pas-
sage of diffused light of the sky while blocking direct
rays, which significantly increases the comfort of light-
ing — at high levels of illumination reduces the likeli-

hood of glare from direct solar radiation. It also con-
tributes to some reduction in room temperature and
corresponding savings on air conditioning. The tem-
poral characteristics of the grille and traditional smart
window (lines 3 and 4 in Fig. 2) show the advantage
of applying the filter also during the rest of the year,
when the filter is in an uncoloured state — its light
transmission is slightly higher.

The results of the cDA continuous natural light
autonomy calculation for 12 months (Table 2, Fig. 3)
confirm the year-round efficiency of the grille window
compared to the traditional smart window when using
the same chromogenic material. The working horizon-
tal plane at a height of 80 cm from the floor has very
high illuminance values at the grille window over
the entire room area — from 93 to 97 % of the work-
ing time of the year it exceeds the established thresh-
old of 500 Ix, i.e. the percentage distribution is uniform
over the entire depth of the room, and at the expense
of the transmission of comfortable diffused sky light.
It should be borne in mind that the calculations are
made for solar radiation data under clear skies, includ-
ing winter months (the average duration of sunshine per
year in Orenburg is 2,198 h). In a room with a conven-
tional window, 97 % of the working time with exceed-
ing the established illuminance threshold is observed
only in one calculation point 2 directly at the window,
in the depth of the room the index drops to 73 %. Dur-
ing the heating period, the louvred smart window lets in
more solar radiation, which contributes to some savings
in heating costs.

Due to the novelty of lattice optical filters and
smart windows based on them, similar studies by other
authors have not been carried out, and there was no
methodology for modelling natural lighting in rooms
with their application. In a previous work [30], the au-
thors initiated the development of the method and
verified it by numerical modelling for a room with
a double-glazed window in the presence of an opposing
building. In the present study, the calculation formulae
are modified and refined, so the data obtained are differ-
ent. According to the new calculations, the percentage
distribution along the room depth of the zones with ex-
ceeded illuminance threshold during the annual work-
ing time is much more uniform, also for the room with
a conventional smart window.
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The results provide the research community with
a general modelling method for a new type of smart win-
dow that provides angle selective light transmission control
without the use of blinds and similar additional devices.
From a practical point of view, ergonomic properties will
be improved (no need for manual or automatic control, in-
stallation and operation of additional devices), as well as
environmental (reduced influence of dust and other atmo-
spheric phenomena, no materials to dispose of after use)
and aesthetic (especially in large area panoramic windows

where the use of blinds etc. is difficult) factors. Lattice
smart-windows are recommended to be used at east, south
and west azimuths of orientation of facades of buildings
with the expected mode of work in the daytime to achieve
more comfortable conditions of natural light at workplac-
es and minimize energy consumption and HVAC costs.
The research will be continued by the authors in order to
study in more detail the annual performance of the grat-
ing filter operation and experimental testing of real smart-
window models in full-scale conditions.
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