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3. Pa3pab6oTKa nerkoBecHbiX KOMMNO3UTOB
Ha ocHoBe CaS0,-H,0

3.1 BeepeHune

[Tpy npousBOACTBE TMIICOKAPTOHA MAJIA IMUfipaTa-
nuu B-reMurugpara 06bI9HO TpebyeTcst n36BITOUHOE KO-
JIMYeCTBO BOABL, B TO BpeMs KaK /ISl IIOIHOV TYJ[paTaliun
reMUTHUIpaTa He0OXOAUMO COfep>KaHue BOIBI Ha yPOB-
He Bcero muub 0,186 ot maccel remurugpara [1]. Ilpu-
CYTCTBUE U3IVIIKOB BOABI IIPUBOMUT K CYILIECTBEHHOMY
YBe/IMYCHUIO MOTPeO/IeHNA S9HEPIUY NpU ee YHaTIeHUN
M BBICOKOJI KOHEYHOII mopuctocTu npopykra [1]. Kpo-
Me TOTO, BBICOKAs IIOPUCTOCTD MOApasyMeBaeT HU3KYIO
IUIOTHOCTD M YXYJIIeHMe MeXaHNYeCKUX CBOJICTB — CHU-
JKeHMe IPOYHOCTHU U TelIonpoBofHocTH. Huskas npou-
HOCTb He TOJIbKO OTPaHM4YMBAeT BO3MOXKHOCTY IIpUMe-
HEHUs TUIICOKAPTOHA, HO TaK)Xe IPUBOAUT K OBICTPOMY
CHIVDKEHMIO YCTOMYMBOCTY BO BpeMs I0XKapa, YTO MOXKeT
BbI3BaTh obOpyIeHne KoHCTpyKuuit. C fgpyroit ctopo-
HBI, HM3Kas TeNJIONPOBOJHOCTb IPUBOAUT K CHUKEHIIO
CKOPOCTM TeINIo0OMeHa MeXXIy BHYTPEeHHell I BHEIIHel
Cpefoll, YTO MOBBIIIAET YPOBEHb KOMGOpTa BHYTpPHU IIO-
MeIeHN s, a TaKKe IIOBBIIIaeT OTHECTOMKOCTb MaTepuana.

B HacrosiIeM pasfenie pacCMaTpUBaEeTCsl BOIPOC
PaspaboTKM 9KOMOrMIeCcKy 6e30MaCHBIX JIETKUX KOMIIO-
3uTOB Ha ocHoBe CaSO,, o6mamamu X BBICOKOI OrHE-
CTOIKOCTBIO, JOCTATOYHOIT IIPOYHOCTBIO M CIIOCOOHOCTHIO
yIydIIaTh Ka4eCTBO BO3[yXa BHYTPY IOMelieHMit. s
HO/TyYeHNsI HU3KOIT TEIIONPOBOJHOCTI, B KadeCTBe 3a-
HOJTHITEJIST JI/IS1 TOTO HOBOTO KOMITO3MTA MCIIOIb30BAJICS
YTy 4IeHHBII IErKIiT 3aII0/THUTENb, KOTOPBIl COCTOUT U3
3aKPBITHIX HOMBIX cdep, ¥ TAKUM 06pasoM rapaHTHpyeT
HUBKYIO IVIOTHOCTD U 3P PEeKTUBHYO TEIIOU30/IALNIO.

3.2 [MpoeKkTnpoBaHue cmecun
PaspaboTaHHBIe CMeCV OCHOBBIBAIOTCS HA MORUGM-

L[MPOBaHHOI KpMBOI Afipeacena n AHfiepceHa [2], koTo-
past OIUCBIBAETCS Clefyoeit popMyoi:
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3. Development of CaSO,-H,0 based
light-weight composites

3.1 Introduction

A high amount of excess water is usually needed for
the f-hemihydrate hydration to produce gypsum plaster-
board, while for a full hemihydrate hydration only a water
content of 0.186 by mass of hemihydrate is necessary [1].
The removal of the excess water leads to a large consump-
tion of energy and a high porosity [1]. Moreover, a high
porosity is strongly related to a low density and poor me-
chanical properties such as low strength, but also to a low
thermal conductivity. The resulting low thermal conductiv-
ity contributes to a slow heat transfer between the indoor
and outdoor environment, which leads to a better indoor
thermal comfort, as well as a good fire resistance. However,
a low strength causes not only a limitation of the applica-
tion of the gypsum board but also very swift strength deg-
radation during a fire, which then leads to a quick failure
of the structure.

The present section aims at the development of envi-
ronmentally friendly CaSO,-based light-weight composite
with a good fire resistance, sufficient strength, and indoor
air quality improvement properties. To obtain a low thermal
conductivity, a regenerated light-weight material is used for
this new composite as aggregates. The light-weight material
consists of closed hollow spheres, therefore it assures a low
density but also a good thermal insulation.

3.2  Mixdesign

The developed mixes are based on the modified An-
dreasen and Andersen curve [2], which reads as:
D‘I_ D:nn
P(D) = Dq _Dq > (4)

max min

where D,,, and D,,. are the maximum and min-
imum particle sizes, respectively, g is the distribution
modulus.
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Tabnuua 4. CocTaBbl YeTbipex pa3paboTaHHbIX cmecelt (Ha 1 m°)

Table 4. Compositions of four designed mixes (per 1 m?)

Matepuan // Material Cmecb 1/ Mix 1
Macca (kn) //  Obbem (M) //
Mass (kg) Volume (m?) Macca (kr)
B-remurugpat // B-hemihydrate 665.8 0.254 593.8
LWA 0.1-0.3 Mm // mm 65.8 0.081 102.9
LWA 0.25-0.5 Mm // mm 16.4 0.031 15.8
LWA 0.5-1.0 mm // mm 57.5 0.128 396
LWA 1.0-2.0 mm // mm 16.4 0.047 39.6
Bopa // Water 4294 0429 3859
Bozpyx // Air 0.0 0.030 0.0
ClM/remuruppar (Bec/Bec, %) // 020
SP/hemihydrate (wt./wt., %) '
Bopa/remurugpar (Bec/sec) // 0,60
Water/hemihydrate (wt./wt.) ’
Mogynb pacnpeaenenus (q) // 0.20
Distribution modulus (q) :
D-D?.
P(D) = ———mn ©)
Dmax - Dmin
rae D, u D,,,. — MaKCUMabHble U MUHUMAaIbHbIE

pasMepbl YaCTUIL, @ § — MOJY/Ib PacIpe/ie/IeHN .

Ha ocHoBaHuM TpeOoBaHMII K IPOEKTUPOBAHNIO
cocTaBa caMOYIIOTHAMUXCS 6eToHHBIX cMecelt (SCC)
IJIs IPOM3BOACTBA U 9KCITyaTanuu [3], a Takxe Ha oc-
HOBaHMM paboOThI [4] MPOBOAUTCS MOATOTOBKA CMECH [/
CaMOYIUIOTHSIONIETOCS TUIICOBOTO JIETKOTO KOMITO3UTA
(SGLC) [5], ocHOBaHHasI Ha METOIOTIOT UM TPOEKTHPOBAHNS
6eToHHOIT cMecH [6, 7]. B maHHOM cry4yae BOJOIOTPeOHOCTD
TBEPAbIX MHIPUJMEHTOB IIPOEKTUPYEMOTO KOMIIO3UTA
OIIpefieIsieTcsi Mo ocafke KoHyca XarepmanHa. Ilogpo6-
HOe OIMCaHNe TECTA Ha PACTEKAHNE PACTBOPA I METOIMKA
pac4eToB ImpeAcTaBaeHbl B pabore [1]. losupoBka cymep-
wractudukaropa [8] onpenensercs UCXops U3 TpebyeMoit
CTeIeHN pacTekaHMs pacTBopa [5]. B Tabm. 4 mpepcraBe-
HO HECKOJIBKO CMeCeNi C pas/IMYHbIM 3HaYeHIEeM MOAYIIA ¢.

3.3  CoiicTtBa paspaboTtaHHoro SGLC

3.31  TlopuCTOCTb M NNOTHOCTb

Bce 06pasubl oc/e BbleMKY 13 Ipecc-(popMbl BbI-
IepXXMBAJIVCH B €CTECTBEHHBIX YCTIOBUSX B TEIEHIIE CEMII
nHell (BbleMKa U3 Ipecc-(hopM 0ObIYHO IPOU3BOJUTCS de-
pes iBa 4aca nocie GopMOBaHuUA 0OPa3IOB), @ 3aTeM HOf-
Beprajinch CylIKe B BEeHTU/INPYEMOM CYIINIbHOM IIKady
npu 40 °C 10 mony4eHusa HOCTOAHHOI Macchl. Pesynbrars
IIOKa3aHbI B TA0IL. 5.

Ha pwuc. 8 mokasaHo cOOTHONLIEHME MEX/Y 9KC-
IepUMEHTA/IbHBIMU JAaHHBIMMU 110 B/IATOCOfEP>KaHUIO U
IIOTHOCTU. [IIOTHOCTD CHMIKAETCsI TMHENHBIM obpa-
30M IIpY MOBBIILIEHNN BIarOCOfiep>KaHus, B TO BpeMs KaK

Cmecb 2 // Mix 2

WwabnoH | template

Cmecb 3 // Mix 3 Cmecb 4 // Mix 4

O6bem (M) Macca (kr)  Obbem (W) Macca (kr) Obbem (W)

0.227 532.6 0.203 474.0 0.181
0.127 97.5 0.121 94.8 0.117
0.029 525 0.097 421 0.078
0.088 26.3 0.058 351 0.078
0.113 413 0.118 56.2 0.160
0.386 372.8 0.373 355.5 0.356
0.030 0.0 0.030 0.0 0.030

0.25 0.30 0.30

0.65 0.70 0.75

0.25 0.30 0.35

Using the self-compacting concrete mix design re-
quirements given by [3] for SCC regarding specification,
production and use, and [4] as references, a mix design
procedure for self-compacting gypsum light-weight com-
posite (SGLC) is applied [5], based on a concrete mix de-
sign methodology [6, 7]. Here, the water demand of the
solid ingredients of the designed composite is determined
by the mini-slump flow test employing a Hiagermann cone.
A detailed description of the mini-slump flow test and the
calculation procedure is presented in [1]. The dosage of su-
perplasticizer [8] is determined based on the desired slump
flow value [5]. Several mixes developed using different mod-
uli g are presented in table 4.

3.3 Properties of developed SGLC

3.3.1  Porosity and density

All the samples are cured at ambient conditions for
seven days after demolding (here demolding is performed

Tabnuua 5. ConocTaBneHvie 3Ha4YeHNIN NIOTHOCTE, MONYYEHHbIX MO
pe3ynbTaTaM MOAENNPOBaHWA 1 SKCNepUMeHTa
Table 5. Density comparison between the model predictions and

experimental results

MnotHocTb (r/cm?) // Density(g/cm?)
Mogynb pacnpepenenus (q) //

Distribution modulus () MopenvposaHue // = SKCnepyMeHT //
Computed Measured

0.20 0.98 097

0.25 093 0.93

0.30 0.88 0.89

0.35 0.81 0.82
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MnotHocTb SGLC// Density SGLC
MnotHocTb runca // Density gypsum
Mogaynb pacnpenenetua // Distribution modulus

09 T

MnotHocTb, r/cm’ // Density, g/cm’

Moaynb pacnpegenetns, g // Distribution modulus, ¢

07 t t t 01
0.58 0.6 0.62 0.64 0.66

Bnaroconepatve // Void fraction

Puc.8. ConocraBneHune NIOTHOCTY, BaroCoOAep)aHua 1 NCnoNb30BaHHOTO
mopayna pacnpegenenua ana SGLC n gna runcokapToHa (3HaueHnA B3ATbl
13 paborbi [1])

Fig.8. The comparison of the density, void fraction and the used distribution
modulus of SGLC and gypsum board (values taken from [1])

BJIATOCOfiep>KaHIE TNHEITHO MOBBIILIAETCS C YBENINYEHIEM
MOy pacupepeneHus. Puc. 8 mokasbiBaeT Takoke, 4TO
3aBUCUMOCTD MEX/Y IVIOTHOCTBIO ¥ BJIATOCOAEPKAHMEM
HOBOT'O KOMIIO3MTa aHA/IOTMYHA U [/ TUIICOKAPTOHA, YTO
OBIIO leTanbHO U3y4YeHo B pabore [1].

B pabote [1] mpoBofMIOCh CpaBHEHNE IJIOTHOCTH
SGLC u 06BIYHOTO TMIICOKAPTOHA OTHOCUTETIBHO COfep-
xaHus Bogsl (puc. 9). [Ipu Bcex sHaueHnsax B/I' mnoTHOCTD
HOBOTO KOMIIO3)Ta SIBHO HIXe, YeM IVIOTHOCTDb TPAgUIU-
OHHOTO ruIcokapToHa. Hanpumep, npu ornomenun B/I" =
0,60 OBITO ONTYYEHO CHVKEHNE IIIOTHOCTY Ha 20 %. JTo
JaeT BO3MOXKHOCTDb IIPOM3BOAUTD Oojlee JIeTKMil CTPOu-
TeNIbHBII MaTepyal, UCTIO0Nb3Ys JaHHYI0 KOHIENINIO O/ -
6opa cmecn.

332 [lpoyHOCTb

HPO‘{HOCTI) MaTepyajioB Ha OCHOBE BAXYLINX
BC€IIECCTB, TAKUX KakK 6eTOH UNn TUIIC, CBA3aHaA C UX
MJIOTHOCTBIO. B AJaHHOM Ci1y4ae Tpe6OBaHOCb IIony-
9UTb HOCTATOYHYIO IPOYHOCTD IIPU COXPAHEHUN HU3-
KO MI0THOCTU. B HAaCTOALIEM pa3lejie IpeacraBIeHbl
pe3ynbTaThbl NCCIEAOBaHMA MEXaHNYECKNX ITOKa3aTe-
Jielt HOBOT'O KOMITO3MTa, BKAKYA s IIpenenbl IPOYHOCTI
IIpy CKaTum n ]/ISI‘I/I6€, a TaKJXe€ BAMAHNMA Ha HUX MOIY-
I pacnpeneneHmnsd.

IIpenen mpoyHOCTN TPy U3rKbe oIpenensieTcs Ha
obpasie ¢ pasmepamn 160 X 40 x 40 MM MeTOJIOM Tpex-
TOYeYHOro uaruba. Pe>xum BbIjep>KUBaHUA 00pa3lioB
TaKoOJl Xe, Kak B paspene 3.3.1. [Insa obecredyeHns Ha-
IeXXHBIX Pe3y/IbTaToOB pasMep oOpasiia CTPOro KOHTPO-
nupyetcs [9]. Harpyska mogaeTcs BepTUKaIbHO C TIOMO-
MbI0 IVMIMH/PA Ha 3a/[HIOI0 CTOPOHY 006pasiia-6anmoukn
HIpy cKkopocTu yBenudenus Harpysku (50 + 10) H/c mo
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usually two hours after casting the samples), and then dried
in a ventilated oven at 40 °C until the mass is constant. The
results are shown in table 5.

Fig. 8 shows the relation between the measured void
fraction and density. The density decreases linearly with
the increase of the void fraction, while the void fraction
increases linearly with the distribution modulus. Fig. 8
shows another interesting finding, i.e. that the relation be-
tween the density and the void fraction of the new com-
posite is in line with the gypsum board, which is investi-
gated in detail by [1].

The density of the SGLC is compared to the tradition-
al gypsum board [1]. The comparison is carried out based
on the initial water content, as shown in fig. 9. It is shown
that, under all the water content conditions, the density of
the new composite is clearly lower than that of the tradi-
tional gypsum board, for instance, a reduction of 20 % is
obtained at a Wi/H, of 0.60. This provides a possibility to
produce a lighter building material using the employed
mix design concept.

332 Strength

The strength of the cementitious materials such as
concrete or gypsum is linked with its density. The objec-
tive here is to achieve a sufficient strength while keeping a
low density. In this section, the mechanical properties of
the new developed composite are investigated, including
the compressive and flexural strengths. The effect of the
distribution modulus is investigated as well.

The flexural strength is measured on the sample with
a dimensions of 160 mm x 40 mm x 40 mm using again the
three-point bending method. The curing condition of the
test samples is the same as discussed before. The size of the
sample is again strictly controlled to assure a representative

[uncokaptok // Gypsum board

SGLC

06 +

MnotHocTs, r/cm’ // Density g/cm’

03 T

0.6 0.65 0.7 075

B/I /1 W/H,

Pnc.9. Conoctasnenne nnotHocTy SGLC v runcokapToHa
(3HaueHua B3ATbI 13 paboTbl [1])

Fig.9. The density comparison between the SGLC and gypsum board
(values taken from [1])
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NpourocTb npu cxatuw, H/mm? // Compressive strength, N/mm?

8 f f f f
05 02 025 03 035 04

Mogynb pacnpenenetua, g // Distribution modulus, g
(a)

WwabnoH | template

MpourocTb npu u3rube, H/mm’ // Flexural strength, N/mm?

[ f f f f

015 0.2 0.25 03 035 04
Mogynb pacnpeaenetns, ¢ // Distribution modulus, ¢

(b)

Puc.10.  3aBMCMMOCTb Npefena NPOYHOCTU OT MOAYNA pacnpefeneHuna: (a) NPOYHOCTb Npwn cxaTuy; (b) NPoYHOCTbL NpuW 13rnbe

Fig. 10. The strength versus the distribution modulus (a) compressive strength; (b) flexural strength

paspyureHus obpasna. [IpoIHOCTD Ipu CXKATUM OIpese-
JISUIach Ha [OIOBMHKAX 00pasoB-6anmoveK, 0CTaBLUINXCS
IIOCJIe TECTOB Ha M3ruo.

Pesynbrarhl ncnipiTaHNI IpefCcTaBIeHbl Ha puc. 10.
[Tpenensl TPOYHOCTY TP CXKATUM U U3TMOE CHIDKAIOTCA
IIpM yBEeNMYEHUN MOLY/Ls pacnpefienienus. IIpu atom mpou-
HOCTb CHIDKAeTCsI 60/Iee 3HAYUTENNBHO IIPU 6071ee BHICOKIX
3HAYEHMAX MOAIY/IA paclpefeneHn.

IIpoynoCTb NpM CXKAaTUM CHU3UIACH MUIID Ha 3,6 %
npu yBenudeHun Mmopyng pacunpegenenns ¢ 0,20 go 0,25
u Ha 18,5 % Ipy MOBBIIIEHUN MOJ YA paclpefieleHUs OT
0,25 o 0,30, Ipyu 9TOM IPOYHOCTD TIPY U3THOE CHIDKAECTCS
Ha 8,8 % 1 32,2 %, cooTBeTCTBeHHO. TakuM 0b6pasom, A
obecredeHnst 6ojiee BHICOKOI IPOYHOCTY PEKOMEHAYETCs
6osee HU3KUIT MORLY/Ib pacIipele/IeHN L.

ABTOpBI paboTs! [1] M3y4anu BAUsHME BIaroco-
HepyKaHMs TUIICA HA ero IPOYHOCTb U 0OHAPYKUIN CTe-
[EHHYIO 3aBUCUMOCTDb MEX Y HIMI. BbII0 mOKasaHo, 4T0
B/IaTOCOfiep)KaHNe OKa3blBaeT OOJIbIIOe BIAMAHME TaKXKe
M Ha HOBBIJI KOMIIO3KT. [03TOMY OBIIM IPOBEfEHbI MC-
ClIeOBaHUsI, Pe3yIbTaThl KOTOPBIX IPeACTaBICHbl Ha
puc. 11. BuHO, 4TO IPOYHOCTH (kax TIpY CKATUY, TaK U
13rmube) HaXOAUTCSA B CTEIIEHHOM 3aBUCMMOCTY OT 00IIe-
rO B/IaroCofep KaHusi B IMIICOBOM KaMHe I JIETKOM 3a-
HOTHUTeIe. DTI JAaHHBIE COOTBETCTBYIOT 3aBUCUMOCTH
MPOYHOCTM TUIICA OT BIATOCOTEP>KAHMS, KOTOPbIE Tpef-
craByeHsl B pabore [1].

bpo Tak>Xe mpoBeneHO CpaBHEHME IIPENENIOB
MIPOYHOCTY HOBOTO KOMITO3UTA ¥ TUIICOKapTOHa (puc. 11).
B manHOM crydae 3HaueHMe IPOYHOCTH /1S TUIICOKapTOHA
B35TO M3 CTEIIEHHOII MOJie/IN, TIpe/iCTaBlIeHHO B paboTe
[1]. MO>XXHO OTMETUTH, HAIIPUMEP, YTO IIPU BIATOCOMEP-
»KaHuY Ha yposHe 0,60 y HOBOTO KOMII03MTa (KOTOPBI 13-
TOTOBJIEH C MOAyIeM pacnpepenennsd 0,25 U MIOTHOCTHIO,
KaK y OOBIYHOTO TMIICOKapTOHa, 0,93 r/cM’) HpOYHOCTD

value [9]. The load is applied vertically by means of a load-
ing roller to the opposite side face of the prism with a rate
of (50 + 10) N/s until fracture. The compressive strength
is measured with the half prisms remaining after the flex-
ural strength test.

The measured compressive and flexural strength are
shown in fig. 10. Both compressive and flexural strength
decreases with the increase of the distribution modulus.
But the strength is influenced more significantly at a big-
ger distribution modulus range.

The compressive strength decreases only 3.6 % when
the distribution modulus increases from 0.20 to 0.25, but it
decreases another 18.5 % when the distribution modulus
increased to 0.30, while the related flexural strength de-
crease is 8.8 % and 32.2 %, respectively. This finding indi-
cates from the point of strength that a smaller distribution
modulus is more suitable and recommended.

The effect of the void fraction of gypsum on its
strength was investigated and a power relation between
them was found in [1]. It is indicated that the effect of the
void fraction on the developed composite is also significant.
It is the reason why it is investigated here. The results are
plotted in fig. 11. It is shown that the strength (both com-
pressive and flexural strength) has a exponent law relation
with the total void fraction of gypsum paste and of light-
weight aggregates. This is in line with the finding of the
void fraction and the strength of gypsum [1].

The strength of the new developed composite and
the gypsum board is also compared, and the results are
also shown in fig. 11. Here the strength value for gypsum
board is taken from the power model derived from [1]. It
can be seen, for instance, that with a void fraction of 0.60,
the new developed composite (designed with the distribu-
tion modulus of 0.25, which has a similar density as the
traditional gypsum board of 0.93 g/cm’), has obtained

INTERNATIONAL ANALYTICAL REVIEW "ALITINFORM”  Ne2 (24) 2012
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=147 S0l

fr=09 —— [uncokaptoH // Gypsum board

NpouHocTb npu xatuw, H/mm? // Compressive strength, N/mm?

3 t t t t t
0.56 0.58 06 0.62 0.64 0.66
Bnaroconepxanue // Void fraction

(@)

y=027x°" Sle

=098 —— [uncoxapTo // Gypsum board

N/mm?

MpounocTb npu n3rube, H/mm’ // Flexural strength

1 t t t t t

0.56 0.58 0.6 0.62 0.64 0.66
Bnarocogepxanue // Void fraction

(b)

Puc. 11.  3aBUcMMOCTb Npefiena NPOYHOCTM HOBOTO KOMMO3MTa U FTMNCOKapTOHa OT PacYeTHOrO 3HaUeHKA BRarocofiepaHuio: (@) NPouHOCTb Npu cxatuu; (b) npouHocTs Npn

n3rnbe

Fig. 11.  The strength comparison of the new composite and gypsum board versus the computed void fraction (a) compressive strength; (b) flexural strength

Py CKaTUM U U3rube yBenmuuaach Ha 73,3 % u 70,0 %
COOTBETCTBEHHO.

Takum o6pa30M, IIOKa3aHO, 9TO, XOTA ITPOYHOCTDb
HOBOTO KOMIIO3UTa U INOAYMHACTCA TOMY XK€ IIpaBUITYy
(T. €. IPOYHOCTD U BJIATOCOTEPIKaHNE HAXOOATCA B CTEIIEH-
HO SaBI/ICI/IMOCTI/I), A1 HOBOTO KOMIIO3MTa MOXXHO ITIOTY-
YUTh HAMHOTO Oosee BBICOKYIO ITPOYHOCTD IIPpN COXPaHE-
HUU I/IJIGHTI/I‘IHOI?[ H]IOTHOCTI/I/HOPI/ICTOCTI/I.

333 Tennodusmueckme CBONCTBA

B nccneoBaHmAX, MOCBAILICHHBIX CTPONTEIbHBIM
TEXHOJIOTMAM, 0C000e BHUMaHMe BCeria yhenseTcs Or-
HeCTOMKOCTY MaTepUasoB, TaK KaK 3TO CBOJCTBO UTIpa-
eT pelIAIYI0 POib B 06ecedeH I IPOTUBOIIOKAPHOI
6esomacHocTu. Bo n3bexxaHne mpesxaeBpeMeHHOr0 06py-
IIeH S [IPY HaTPeBaHUM OCHOBHbIE KOHCTPYKIIMHU COOPY-
KeHsI JOTDKHBI UMeTb 3¢ )eKTUBHYIO IIPOTUBONIOKAPHYIO
sawuty. [I71s1 obecriedenst BbICOKOI OTHECTOMKOCTI KOH-
CTPYKILUIT 3faHNIT OY€Hb Ba>KHO HOOMTHCS OINTUMAIbHBIX
TeroPU3NYeCKUX MOKa3aTesell, TaKuX KakK, HalpyMmep,
HM3Kasl TeIUIONPOBOAHOCTD. C APYrOil CTOPOHBI, HM3Kas
TEIIONPOBOJHOCTD CTPOUTEIBHBIX KOHCTPYKI[UIT TaKXKe
CIIOCOOCTBYET YTy4IIEHNIO TeIIOBOro koMdopTa B IIoMe-
weHny 671arofaps HUSKOMY TeIJIOOOMEHY MeX/1y BHYTPeH-
HVMMU [OMEILIEeHUAMM 1 HAPY)KHBIM BO3JYXOM.

YnenpHas TENI0EMKOCTb — 3TO KOTMYECTBO 9HEP-
TUH, KOTOPO€ TPeOyeTCst [/isl IOBBILIEHNS TEMIIEPATYPbI
e[IMHMLIBI KONMMYECTBA BEIleCTBA Ha ONpeJle/IeHHYI0 Be/u-
YJHY, B TO BpeMs KaK TeIl/IONIPOBOSHOCTD ABIAETCs CBOJ-
CTBOM MaTepuaja, KOTOpoe OIIpefesisieT ero CIoOCOOHOCTD
npoBOfuTh Terto. I[loaTomy oba 3Ty moxasaressi O4eHb
Ba>KHBI JJIs1 0becIiedeH)s1 IPOTUBOIIOXKAPHOI besomac-
HOCTH U BHICOKOTO YPOBHSI TEIIOBOTO KOMBOpPTa BHYTPU
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improvement of 73.3 % and 70.0 % in compressive and
flexural strength, respectively.

Hence it is demonstrated here that although the
strength of the new composite has the same rule, i.e. the
relation of the strength and the void fraction is a power
law, a much higher strength can be reached while keep-
ing a similar density/porosity in this newly developed
composite.

3.3.3 Thermal properties

Being one of the key topics in building technolo-
gy research, fire resistance is always receiving the special
attention due to its very important role in the fire safety.
To prevent the premature collapse when heated, the main
building structures should have good fire separations. To
assure an excellent fire resistance of a building structure,
good thermal properties like low thermal conductivity is
very important to be obtained. On the other hand, the low
thermal conductivity of the applied building structure
also contributes to a good thermal comfort due to the low
heat transfer through it between the indoor and outdoor
conditions.

The specific heat capacity is the measure of the en-
ergy required to increase the temperature of a unit quan-
tity of a substance by a certain temperature interval, while
the thermal conductivity is the property of a material that
indicates its ability to conduct heat. Hence both properties
are very important to assure a good fire safety as well as
a high indoor thermal comfort. The thermal conductivity
of one material is related with its density and composition,
which is already extensively studied [10-13]. Here, the ther-
mal conductivity and the volumetric specific heat capacity
of the newly developed SGLC are investigated.
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3paHuA. TenyIonpoBOgHOCTL MaTrepnuasa 3aBUCUT OT €ro
IJIOTHOCTHM ¥ COCTaBa, YTO YyKe OBbIIO MCCIeLOBAHO [O-
cTaToyHO mypoko [10-13]. B maHHOI cTaTbe M3ydaeTcs
TEIIONPOBOHOCTD M 00'beMHAsl TEMIOEMKOCTb TOMBKO
4yTO paspaborannoro SGLC.

31ech CHOBA MPUMEHATCSA IPOMBILIIEHHbII aHa-
nusarop teronepenauu (ISOMET mopenn 2104). s
MCCTIeloBaHNA OB M3TOTOB/IEH obpasel pasmepamu 200
x 100 x 30 MM, KOTOpPbIJ1 CHayajia BbIEP>KUBAJICA B YCIIO-
BIUAX OKPY>KaIOIEel Cpefibl Ha MPOTSXKEHUM CEMU CYTOK
IIOCJIe PacIajyOK, a 3aTeM BBICYIINBAJICA B BEHTHU/IIPYe-
MOM cyinnbHoM mkady mpu 40 °C 0 TOCTOSHHOI MacCHl.

3aBUCHMOCTD K09 PUI[HEHTA TeITIONPOBOTHOCTI
OT MOJIY/IA paclpefiefieHns MoKasaHa Ha puc. 12a. Ilpu
YBeNTNYIEHNI MOLYJLS PACIIpe/ie/IeHNsI TeMIONPOBOLHOCTD
CHauasa CHYDKAETCs, a 3aTeM OCTAeTCsl CTabMIIbHOI, IpK
3TOM MUHUManbHoe 3Havenue 0,19 Br/(m - K) gocturaercs
npy Mopyne pacupepenenus 0,30. Ha puc. 12b nokasana
3aBUCUMOCTD MEXY IVIOTHOCTBIO KOMIIO3UTa 1 K03 du-
IIVIEHTOM TEIIONpoBOfHOCTI. OUeBU/IHO, YTO TEIIONIPOBO-
IHOCTD OCTAeTCsI CTAOM/IBHON IPY HU3KOI IVIOTHOCTH Ma-
Tepuaa, a 3aTeM OBICTPO MOBBIMIAETCS P €€ YBeTNIeHNIL.
STy BBIBOJIBI COOTBETCTBYIOT Pe3y/IbTATAM MCC/IEOBAHMIT
aBTOPOB pabor [10, 12], KoTOpble MPULIIK K 3aKTI0YEHNIO,
YTO TEIIONPOBOJHOCTD 3aBUCUT HE TOJIBKO OT IJIOTHOCTH,
HO 1 JOBOJIBHO CHJIPHO — OT COCTaBa MaTepuaa.

Cnengyer OTMETUTDb, YTO HM3KasA TEIIONPOBO-
THOCTDb JOCTUTAETCA He TOJABKO 33 CUeT CHIDKEHUA IJIOT-
HOCTHU. B manHOM crty4dae ko9 puiineHT TemI0IpoBOgHO-
cti 0,21 Br/(m + K) 6bL1 IONy4eH Npy BIarocofepKaHum
0,604 (c mmoTHOCTBIO 0,93 T/CM®), B TO BpeMs KaK IpU TOM
»Ke BIIATOCOJeP>KaHUM J/IsI OOBIYHOTO TUIICOKAPTOHA Te-
I0IpoBOFHOCTD coctasisieT 0,30 Br/(m - K) (cm. pasden
2.2.2 6 Nel (23), 2012) [12]. Taxum 06pa3om, Mbl BUJVIM, 9TO

035 +

03 T

02 +

TennonposoaHocTb, BT/(m - K) // Thermal conductivity, W/(m - K)

01 t t t t t
015 0.2 025 03 035 04
Mogynb pacnpeaenetua, g // Distribution modulus g

(@)

WwabnoH | template

The commercial heat transfer analyzer (ISOMET
Model 2104) is again deployed here. For the measure-
ment, a sample is produced with a unified size of 200 mm
x 100 mm x 30 mm, and the sample is always first cured
at ambient conditions for seven days after demolding, and
then dried in a ventilated oven at 40 °C until the mass is
constant.

The measured thermal conductivity versus the ap-
plied distribution modulus is shown in fig. 12a. The ther-
mal conductivity first decreases and then remains stable
with the increase of the distribution modulus, whereas
a minimum value of 0.19 W/(m - K) is reached at a dis-
tribution modulus of 0.30. Fig. 12b shows the relation
between the density of the composite and the relevant
thermal conductivity. It is clear that the thermal conduc-
tivity remains stable at a lower density and then increases
quickly with the increase of the density. This is in line
with [10, 12], who reported that the thermal conductiv-
ity is related not only with the density, but also strongly
with the composition.

It should also be pointed out that to reach a lower
thermal conductivity, it is not enough only to consider the
reduction of the density. Here, a thermal conductivity of
0.21 W/(m - K) is obtained at a void fraction of 0.604 (with
the density of 0.93 g/cm®), while in the previous section the
thermal conductivity of 0.30 W/(m - K) is obtained at the
same void fraction for normal gypsum board [13]. Hence,
it can be seen that a 30 % reduction of the thermal conduc-
tivity is reached with the new developed SGLC.

The measured volumetric specific heat capacity is
listed in table 6. It can be noticed that the density is again
not linked linearly with the volumetric specific heat capacity,

and an optimal value is obtained at the distribution mod-
ulus of 0.25. Compared to the normal gypsum board, the

035 —+

025 +

02 +

TennonpoBoaHoCTb, BT/(M - K) // Thermal conductivity, W/(m - K)

0.1 t t t t
0.8 0.85 09 0.95 1

MnotHoctb, r/em’ // Density, g/cm’

(b)

Puc. 12.  3aBncumocTb K03ddrLMEHTa TENTONPOBOAHOCTY OT MOAYNA PacnpeAeneHns KomnoswuTa (a) u nnotHocTu (b)

Fig.12.  The measured thermal conductivity (a) versus the used distribution modulus of composite; (b) versus the density
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Tabnuua 6. Tennodumsmyeckme ceoncTsa SGLC npy KOMHATHOW

Temneparype
Table 6. The thermal-physical properties of the SGLC at room
temperature
[MnotHocTb (/ew’) // ObbemHasa
Mogyrb pacnpepse- Deeimsisy (g Tennoenixmomb
o (/- K) 7/
nenwA (q) // Distribu- SKCnepUMeH- Vol 4
tion modulus () PacyeTHas // olumetric
Computed TaneHas // heat capacity
Measured /3 K)
0.20 0.98 0.97 1.04 x 10°
0.25 093 093 1.05 x 10°
0.30 0.88 0.89 0.89 x 10°
0.35 0.81 0.82 0.73 x 10°

IIpY MCTIONIb30BaHMM HOBOro komnosuta SGLC Tennonpo-
BOJTHOCTD CHIKaeTcs o 30 %.

PesynbTaThl MccefoBaHMs 00BEMHO TEIIOEMKO-
CTU IpUBEJieHbl B Ta06M. 6. MO>XXHO OTMETUTD, YTO 3/IeCh
CHOBA HET JIMHEHON 3aBUCUMOCTY MEX/Y IIJIOTHOCTHIO
1 00'beMHOIl TENMI0EMKOCTBIO, IIPY 3TOM OITUMAaIbHOE
3Ha4eHNe JOCTUTAeTCs IpU Mofye pacnpenenenus 0,25.
ITo cpaBHEHMIO C OOBIYHBIM TUIICOKAPTOHOM OObeMHas
TeIJIOEMKOCTDb HOBOTO MaTepnana SGLG HeMHOTO HIKe
[IpU TOM )Xe Brarocopep>xaunu (rrorHoctu). Hanpumep,
0o0'beMHas TEIIOEMKOCTh KoMmo3suTa SGLG cocrasiser
1,05 x 10° Ix/(m’ - K) mpm mmotHocTH 0,93 r/cM’, B TO Bpe-
Ms1 KaK y OOBIYHOTO T'MIICOKAPTOHA OTMEYAeTCs TEIIO0-
eMKocTh 1,20 x 10° [I>x/(m’ - K) mpm mpakTudecku Takoit
xe notHocTH (0,96 r/cM®). DTO, BEpOSTHO, MOXXHO 00D-
SICHUTD PasindueM COCTaBOB OOBIYHOTO I'MIICOKAPTOHA
n SGLC, y4uTbIBas Hanu4ue B IOC/IEIHEM JIETKOTO 3a-
IIOJTHUTEIS.

4, Paspa6oTKa runcosoro pacreopa,
ounwaoLero Bo3ayx

B maHHOM pasjiere pefcTaB/IeHbl pa3pabOTKH TUII-
COBOTO PAacTBOPa, CIIOCOOHOTO OYMINATH BO3AYX. /s 1mo-
JIy9eHNsI TAKO BO3MOXXHOCTY IIPUMEHSIETCSI TEXHOIOT S
OKJCTIeHM IIpU reTeporeHHoM ¢orokartanuse (PCO).

4.1 Pa3paboTtka maTepuranos

@oTOKaTaNnM3aTOP UIPaeT BaXKHYIO PONb IPU IPU-
MeHeHuu texHonoruu PCO, HO TpafUILIMOHHO UCIONb3Y-
emblit TiO, HeBO3MOXXHO aKTMBMPOBATh B AMAIa30HE BU-
IVIMOTO CBeTa IO MpuYIHe 60Jiee MIMPOKOI 3aIIpeleHHO
30HbI [14]. Tak KaK BHYTpU HOMEIeHNIT IPAKTUIECKI He
ObIBaeT yIBTPA(IONIETOBOrO USYIeHNUs, B HACTOSAIIEM HUC-
C/Ie[IOBaHNM B KadecTBe (POTOKATA/IM3aTOPa VICIIONIb30BaI-
cs1 MopuUUMPOBaHHBI oKcuy TuTaHa Ti0,.

Takum OTOKaTaNM3aTOPOM SIBIISETCS JIETUPO-
BaHHBIII yriaepopoM TiO,, mox Hassanmem KRONOClean
7000 (Kronos, I'epmanus1), KOTOpBLI IPOU3BOJUTCA IIyTEM
CMELIMBAHUA M3Me/IbYEHHOIO TUTAaHA C OPraHMYECKUM
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volumetric specific heat capacity of the new SGLC is slightly
lower at the same void fraction (density), for instance, the
volumetric specific heat capacity is 1.05 x 106 J/(m’- K) with
a density of 0.93 g/cm’, whereas it is 1.20 x 106 J/(m*- K)
with a similar density (0.96 g/cm’) in case of normal gyp-
sum board. This probably can be explained from the dif-
ference between the composition of normal gypsum board
and the developed SGLC, especially considering the applied
light-weight aggregates.

4, Development of air purifying gypsum plaster

In this section the development of a gypsum plaster
with air purifying ability is presented. This is achieved by
applying the technology of heterogeneous photocatalysis
oxidation (PCO).

4. Materials development

Photocatalyst plays an important role in the PCO
application, but traditional TiO, cannot be activated under
visible light range due to its larger band gap [14]. Accord-
ingly, a modified TiO, is used as the photocatalyst in the
present study since there is almost no UV light available
in indoor conditions.

This photocatalyst is a carbon-doped TiO, named
KRONOCIean 7000 (Kronos, Germany), which is produced
by mixing a fine grained titanium compound with an or-
ganic carbon compound and subsequent thermal treatment
at temperatures up to 350 °C [15]. The cut-off wavelength
is shifted from 388 nm (band gap of 3.20 eV) to 535 nm
(band gap of 2.32eV) after this process which corresponds
to bluish green light [16].

The modification indicates that only 2.32 eV waves
to be absorbed which means the visible light can be used
to activate the powder as photocatalyst. The basic physi-
cal properties of the employed photocatalyst are shown in
table 7 (values are taken from Kronos).

Tabnuua 7. ®usnyeckre nokasatenn NCNonb30BaHHOTO
doTokaTanmsaropa

Table 7. The physical properties of the used photocatalyst

QdoTokaTanusatop //

MapameTp // Parameter Photocatalyst

Copepratrue TiO, (ISO 591) //

0y o)
TiO, content (ISO 591) PEIS WU >G5 %

aHaTasHaa popma //
anatase

39 r/em?//
39g/cm?

Mopudwkauma kpuctanna // Crystal modification

MnotHocTb (ISO 787, YacTb 10) //
Density (ISO 787, Part 10)

npwobn. 15 HM //
approx. 15 nm

>225m /1 //
>225m’/g

Pasmep kpuctannuta // Crystallite size

YnenbHana nnouwanb nosepxHoctu (BET) //
Specific surface area (BET)
O6bemHan NNoTHoCTb // Bulk density 350r/n//350g/1

Makc. Temnepatypa 06paboTkn //

Max. processing temperature 50

YposeHb pH npv npumeHeHnn//

Application pH-range 49
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Tabnuua 8. CocTaB cMecu rmncoBoro pactTsopa co ceoncTeamu PCO
Table 8. Mix design for the PCO gypsum plaster

B-remn- doTokaTa- AKTVBa-
Matepviansl // rvapat (r)//  nusatop () // Boma )/  Top (N)/
Materials B-hemi- Photocata- Water (g) Accelera-

hydrate (g) lyst (g) tor (g)
Cwmecb 1/ Mix 1 2559 7.68 166.3 0
Cwmech 2 // Mix 2 2559 12.8 166.3 0
Cmecb 3/ Mix 3 2241 6.73 190.4 1.68
Cwmecb 4 // Mix 4 2241 11.21 1904 1.68
STanoH // Ref 2559 0.0 166.3 0

YIJIepOJHBIM COCTaBOM M IOCIHEAYIOIel Tena0Boi 06-
paboTKoIt Ipu TeMIlepaTypax, gocruratomux 350 °C [15].
ITocne aroro mpolecca KpUTUYECKas IJIMHA BOTHBI CMe-
maercs ¢ 388 HM (3ampereHHas 30Ha 3,20 3B) 1o 535 HM
(3amperennas 30Ha 2,32 3B), 4TO COOTBETCTBYeET ToOnNy60-
BaTO-3€/ICHOMY CBeTy [16].

Mopudukanysa IpUBOJUT K TOMY, YTO IOIJIOLIA-
I0TCSI TOMBKO BOJHBI C 9Hepruen 2,32 sB, uTo o3Haya-
€T BO3MOXXHOCTD JICIIO/Ib30BAaHM BUAVIMOTO CBETa s
aKTUBAaIMM IOPOIIKA B KadecTBe (POTOKATaNIM3aToOpa.
basoBble (pmsnyeckme CBOVCTBA MCIONb30BaHHOTO Ho-
TOKaTa/IN3aToOpa IpefiCTaBIeHbl B Ta6I. 7 (JaHHbIE KOM-
na"nuu Kronos).

doTokaranusaTop f006aBIAETCA K TUIICOBOIN CMe-
CU TIpHU IepeMelMBaHUM C APYTUMU TBEPABIMU MH-
rpepueHTaMu. Jlo3nposKa GOTOKATaMIN3aTOPa paccyu-
TBIBAeTCA KaK JIOJIS OT BSDKYIIETo (B ZJaHHOM CIydae
pB-remuruppara). IlpuroraBauBanoch iBa Bija cocTaBa
TUIICOBOM CMeCH, C BOJJOTUIICOBBIM COOTHOIIeHMeM B/
I'= 0,65 1 0,80 o macce. TexHOMOTUA NepeMelINBaHNUA,
KaK U METOJMKA BBIIEPKKN TaKMe Ke, Kak B pabore [1].
CocTaB cMecu ¥ KOMn4ecTBO GOTOKATaIM3aTOpa Mpef-
CTaBJICHBI B TA6II. 8.

Puc. 13.  Cxema ycTaHOBKW GpOTOKaTanuTMyeckoro pasnoxenua: 1. — Mopayva rasa
NO. 2. — lMopava raza NO,. 3. — CuHTeTUYECKMi1 BO3aYX. 4. — Mpunbop
[INA U3MEePEeHNA Maccbl. 5. — YBnaxHWUTeNb. 6. — Perynatop BnaxHocTu.
7.— [laTunK ana onpeaeneHnsa TemnepaTypbl U OTHOCUTENbHO
BNAXXHOCTU. 8. — UcTouHNMK cBeTa. 9. — PeakTop. 10. — AHanuzatop NO,.
11. — KomnbioTep. 12. — [a300TBOA

Fig.13. Schematic diagram of photocatalytic degradation set-up. . — NO gas
supply. 2. — NO, gas supply. 3. — Synthetic air. 4. — Mass controller
meter. 5. — Humidifier. 6. — Humidity controller. 7. — Temperature and
relative humidity sensor. 8. — Light source. 9. — Reactor. 10. — NO,
analyzer. 11. — Computer. 12. — Vent
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Here, the used photocatalyst is applied to the gyp-
sum plaster by mixing it with the other solid ingredients
in the mixing process. The dosage of the photocatalyst is
calculated based on the proportion of the used binder (i.e.
pB-hemihydrate here). Two types of gypsum plaster are
prepared with different water/hemihydrate ratio by mass
(Wy/H,), namely 0.65 and 0.80. The mixing procedure as
well as the curing method is the same as introduced in [1].
The mixes and the dosage of the photocatalyst are listed
in table 8.

4.2  Experimental set-up

A test set-up is developed based on ISO standard
22197-1: 2007. The experimental set-up is composed of
the reactor, visible light source, target gas pollutant sup-
ply, transport gas supply, analyzer, mass controller meters,
relative humidity valve, and parameter measurement appa-
ratus such as temperature and relative humidity. The sche-
matic diagram of the set-up is shown in fig. 13. The reactor
is made from non-adsorbing plastic materials with a size
of 100 x 200 mm’ (W x L) which allows a planar sample
to be embedded, as shown in fig. 14.

After placing the testing sample in it, the top of
the reactor will be tightly covered with a glass plate made
from borosilicate allowing the UV or visible light to pass
through with almost no resistance. A more detailed de-
scription is presented in [14]. The reactor height, the dis-
tance between the paralleled surface of the testing sample
and the covering glass plate, can be adjusted by the screws
in the bottom of the reactor. In the present experiments,
the height of 3 mm is used as the standard height. The tar-
get pollutant gas can only pass through the reactor along
the longitudinal direction by means of appropriate sealing.
Visible light is used here. The applied light source consists
of three cool day light lamps of each 25 W (Philips, The
Netherlands), emitting a visible radiation in the range of
400-700 nm. The irradiance can be adjusted by a light
intensity controller. The light intensity is measured with
a VIS-BG radiometer (Dr. Grobel UV-Elektronik GmbH,
Germany). The VIS-BG radiometer measures a wavelength
range of 400-600 nm with the maximum relative sensitiv-
ity at around 460 nm.

The reason that the VIS-BG radiometer with this
measurement range is chosen lies in the characteristics
of the photocatalyst used in the experiment. The devel-
oped carbon-doped TiO, can be activated in the bluish
green light region which is the same as the measurement
range that the radiometer has. The VIS-BG radiometer
has a measuring range up to 2000 W/m’ with the resolu-
tion of 0.1 W/m”.

NO is used as target pollutant, the used gas consists
of a certain amount of NO (10-50 ppm) stabilized in ni-
trogen (N,). Because of the final target NO concentration
ranges in the orders of ppb, as transport fluid synthetic air
is used, which is composed of 20.5 vol. % of oxygen (O,) and
79.5 vol. % of N,, which is humidified by flowing through a
demineralized water filled bottle. The target concentration
of NO is adjusted by the mass controller meters.
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4.2 TloprotoBKa 3KCnepuMeHTa

YcraHOBKa /11 TeCTa COOMPanach B COOTBETCTBUY CO
craggaproM ISO 22197-1: 2007. OHa cOCTOATIA U3 peaKTopa,
MCTOYHMKA BUIVIMOTO CBeTa, ICTOYHMKA KOHEUHOTO ra3a-
3aTpA3HUTENA, UCTOUHMKA Ta3a-HOCUTeNA, aHAIN3aTopa,
nprbopa [IIst KOHTPOIISI MACCHI, K/TallaHa OTHOCUTETbHOI
BNIA)KHOCTY U allllapaTa Ji/id U3MepeHus TeMIlepaTyphl U
OTHOCUTENIbHOI BlIa>kHOCTU. CXeMa YCTaHOBKM ITOKa3aHa
Ha puc. 13. PeakTop m3rorosreH u3 HeabcopOMpPyoOIMX
mwracTMacc u umeet pasmepst 100 x 200 mm? (III x [T), uto
[I03BOJIsIET YCTAHOBUTD BHYTPYU IUIOCKMIT o6pasel, KaK
IIOKa3aHo Ha puc. 14.

ITocre ycTaHOBKM 06pasiia B peaKTOp ero BepXHsis
9acTh IIOTHO 3aKPBIBAETCST CTEK/ITHHOI IIACTUHOM 13 60-
pocunmkara, Kotopas npomyckaeTr YO-myyun uny BUUMYIO
YacTh CBeTA MIPAKTIYECKY 6e3 KaKMUX-T160 OrpaHNYeHMIL.
Boree nogpo6HOe onmcaHme METOTVKI UCTIBITAHSI IIPES-
craBjeHo B pabote [14]. BoicoTa peakTopa, paccTosiHue
MeXJ1y BepXHell HOBEPXHOCTBIO MCIIBITyeMOTro obpasia u
IIJIACTVHOI 3aI[MTHOTO CTEKJIA PEeTYINPYIOTCA IPU MOMO-
LM BUHTOB B HIDKHEN 9acTy peakTopa. B jaHHOM 3KcIe-
PUMEHTe B KadeCTBe CTAaHZApTa MCIIOIb30BaTACh BHICOTA
3 MM. a3-3arpsasHuTesnb MOT IPOXOAUTD Yepe3 peakTop
TOJIbKO B IIPOfIO/IbHOM HaIIpaB/IeHUM BBUJIY COOTBETCTBY-
IOIMX OrpaHuYeHnit. [I1a sKcrepuMeHTa UCIO0/Ib30Bajl-
Cs1 BURMMBIIT cBeT. VICTOYHMK CBeTa MpemCTaB/sI CO60IT
TP JIaMIIBI XOJTIOIHOTO JHEBHOTO CBETAa, 110 25 BT Kaxkaas
(Philips, Hunepnanpasl), KOTOpble U3Ty4aay CBET B BULU-
MoM crieKTpe 400-700 HM. VIHTeHCMBHOCTD U3NTyYEHM S Ha-
CTpamBasaach Ipy IOMOIIM KOHTPOJJIEpa NHTEHCUBHOCTH
cBeTa. VIHTeHCMBHOCTD CBeTa M3Meps/Iach pafilioMeTPOM
VIS-BG (Dr. Grobel UV-Elektronik GmbH, I'epmanus),
KOTOPBII CTIONIb3YeTCs /INA U3MEPEHMA JITMHBI BOJTHBI B
puanasoHe 400-600 HM IIpyM MaKCUMa/IbHOV OTHOCUTE/Ib-
HOJ YyBCTBUTENBHOCTU OKOTIO 460 HM.

IIprunHa ucnonb3oBanuA pagnomerpa VIS-BG ¢
TaKUM JMalla30HOM M3MEPEHUIT 3aK/II09aeTCA B XapaKTe-
pucTuKax GpoToKaTaIM3aTOpa, KOTOPBII IPUMEHSICS BO
BpeMs aKcIepuMeHTa. JlermpoBanHblit yriaepogom TiO,
MOXXeT OBITh AaKTHBMPOBAH B 30HE roMybOBaTO-3€/IEHO-
IO CBETA, KOTOPasA COOTBETCTBYET [IMANa30HY U3MEPEHNI
papnometpa (o 2000 Br/m* ¢ paspeutennem 0,1 Br/m?).

B kauecTBe 3arpssHuTens ucmonbszosancsi NO,
kotopeiii coctosn u3 NO (10-50 MUJUIMOHHON KONN),

Tabnuua 9. YcnoBus NpoBeAeHNs SKCNepUMEHTOB
Table 9. The experimental conditions employed in the tests

Ycnosua ncnbitaHni //

MapameTpebl // Parameters Test conditions

BbicoTa peakTtopa (Mm) // Reactor Height (mm) 3.0

M3HauanbHasa kKoHueHTpaumna NO (MUNAIVOHHbIE
[ONv Ha eanHKLY obbema) // 0.5
Initial NO concentration (ppmv)

ObbemHbIN pacxogd (N / MuH) //

Volumetric flow rate (L / min) 30
OTHOoCUTENbHaA BNaxXHOCTb (%) // 500
Relative humidity (%) :

VHTeHcBHOCTb cBeTa E (BT / m?) // 100

Light intensity E (W / m?)
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(TeknAHHaA
nnactuHa (3
6opocunukara)
1/ Glass plate
(borosilicate
glass)

XuMuuecky akTusHan

nosepxxocT // Reactive
surface (87x192 mm?
/I mm?)

V30nupytovLuii
cocTas // Sealing
compound

PesnxoBad
usonauua //
Rubber seals

PeakTopHas Aueiika

(ycToityngan k
Bo3geiicTamio YO-A)
/I Reactor cell (UV-A

resistant)
O6pazeu //
Sample

Pnc.14. Cxema peakTopa [17]
Fig. 14. Schematic diagram of the reactor [17]

Pollutant (NO) and total NO, are measured using a
chemiluminescent NO, analyzer (HORIBA 370, Japan). The
analyzer, with a detection limit of 0.5 ppbv, measures the
concentration in steps of 5 seconds while the correspond-
ing NO, concentration is computed by the difference of NO,
and NO. During the measurement, the analyzer constantly
samples gas with a rate of 0.8 I/min.

43 Results

The standard test conditions are based on ISO
22197-1 (2007), to measure the performance of photocata-
lytic gypsum plaster, as listed in table 9.

Fig. 15 shows a typical concentration change of NO,
during the PCO reaction.

The photocatalytic oxidation efficiency of NO is cal-
culated from

Cyomn—C
NO.,in NO,out % 100%, (5)

NO,in

NO.,, (%) =

con

where Cyo.. is defined as the average NO concen-
tration of the last five minutes in the measurement time.

However, NO, is generated during the oxidation
reaction of NO (fig. 15). Not all the produced NO, can be
oxidized to HNO; because a small part of it is released into
the air due to desorption. So in case of even NO as single
pollutant, the exit pollutant is composed of undegraded
NO and the formed intermediate NO..

The overall PCO efficiency of NO, removal is cal-
culated by

Cyo 0 —C
NO, (%) = —22 T 5 100% (6)
NO, in

where Cyoso is defined as the average NO, concentra-
tion at exit of the last five minutes in the measurement time.
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cTabunusupoBanHoro B aszore (N.). V3-3a xonebanuii us-
MepseMolt KoHneHTpauuyu NO Ha ypoBHe MMUIIMAPAHON
TONN B Ka4eCTBe ra3a-HOCUTeIA MICIIONIb30BaJICA CUHTETH-
JecKMiT BO3/IyX, KOTopbIi Ha 20,5 06. % cOCTOSANM U3 KIC-
nopopa (O.) u Ha 79,5 06. % 13 N, U YBIaXKHANCA IIyTeM
IIPOKAYKM Yepe3 eMKOCTD C leMIHepann30BaHHOI BOJOI.
Heobxonumas xonuentpaus NO perymnpoBanace mpu-
6opaMu M3MepeHNUsT MaCCHL.

Konnuectso sarpssuutens (NO) u obuiero o6bema
NO, onpepensanocy mpy IOMOIIY aHAIN3ATOPA XEMUIIIO-
munecueHun NO, (HORIBA 370, fImonmns). AHanusatop
¢ pefenoM ToYHOCTH B 0,5 MUIIMApAHBIX fOIEN Ha efy-
HHUIYy 06beMa M3MepsieT KOHIIEHTPAIMI0 C MHTePBaIoM
nAaTh cekyH/. CooTBeTcTByMOmaA KoHeHTpanusa NO,
ompepensnach kak pasHuna NO u NO.. Bo Bpemsa nsme-
pEeHMIT aHa/MM3aTop MOCTOSIHHO GepeT IMpoOBI Taza ¢ Imo-
kasarenem 0,8 1/MuH.

4.3  Pe3ynbratbl

CraHpapTHBIE YCIOBUS 9KCIIEPUMEHTa OCHOBBIBA-
10TCsI Ha TpeboBaHmAx crangapra ISO 22197-1 (2007) ps
nsmepennst 9pPpeKTUBHOCTU POTOKATATUTUIECKOTO TUII-
COBOTO PacTBOpPa, KaK YKa3aHo B TA0I. 9.

Ha puc. 15 noxasaHo TUNINYHOE M3MEHEHNE KOH-
unentpayuu NO, Bo Bpems peakuun PCO.

9dPeKTUBHOCTD POTOKATATUTUIECKOTO OKICTIE-
HuA NO paccunTbiBaeTcA 0 Gpopmyiie

CN(),in B CNU,ouz %1 00%’ (5)

NO,in

NO,,,(%) =
rae Cyooun OTIPEIeNAeTCA KaK CpefHAA KOHI[eHTpa-
uusa NO B oceffHMe AT MUHYT CHATHUA U3MEPEHNIL.

Mesxay TeM BO BpeMst peakunu okuciaeHus NO 06-
pasyerca NO; (puc. 15), mpu 3TOM He BeChb IIO/Ty4aeMblil
MVOKCUT a30Ta MOXKeT OKMUCIAThCsA 1o HNO;, Tak kak He-
6obLIIast €T0 YaCTh BBIOPACHIBAECTCS B BO3MYX 110 IIPUYMHE
mecopbuuu. Takum ob6pasoM, gaxke B crydae mogadn NO

0.6
—N0

Mocr 3akpuiT // Bridge closed E—7

/

057
T (et kioyen // Lights on

04 7

03 7T

wf /

Ceet Bbikouer // Lights off

KonuewTpauua NO,, man™ // NO, concentration, ppm

Bpema, MuH // Time, min

Puc.15. Cxema usmeHeHus koHueHTtpauun NO, B npouecce
3KCrnepumeHTa

Fig. 15. Diagram of the NO, concentration change during a measurement
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Tabnuua 10. Pe3ynbratbl ucnbitaHuin PCO ¢ doToKaTanuTnyeckum
rMNcoBbIM PacCTBOPOM

Table 10. PCO test results with the photocatalytic gypsum plaster

O6pasel} // Sample Ne NOc (%) NOycon (%)
Cmecb 1/ Mix 1 15.0 89
Cmecb 2 // Mix 2 332 237
Cmech 3 // Mix 3 220 149
Cmeck 4 // Mix 4 325 227

ST1anoH // Ref 0.0 0.0

Tabnuua 11. [Jo3mpoBka poToKaTanmnsatopa
Table 11.  The dosage of the photocatalyst

®doTokaTanusaTop // Photocatalyst

O6pa‘38|-l Ne 7/ B/T // Wy/Ho O6bemHoe
Sample No. [o3vpoeka // COOTHOLEeHWe //
Dosage (%) Volumetric
proportion (%)
Cmeck 1/ Mix 1 0.65 3 0.74
Cmech 2 // Mix 2 0.65 5 1.23
Cmecb 3 // Mix 3 0.85 3 0.62
Cmecb 4 // Mix 4 0.85 5 1.03

The NO, conversion is used to study the influence of
the different reaction conditions since the NO, is an unde-
sired intermediate pollutant and it is considered too.

The experimental results are listed in table 10. It can
be clearly seen that firstly the idea of usage photocatalyst
to degrade the indoor air pollutant is working. With a dos-
age of only 3 % by mass of the -hemihydrate, samples of
Mix 1 and Mix 3 already show a considerable NO and NO,
conversion. This indicates that the photocatalytic oxidation
technique can be a promising technology for the indoor air
quality improvement.

[14] studied the effect of the volumetric flow rate
on the PCO effect and reported the relation between NO,
conversion and the volumetric flow rate follows an expo-
nential law, reading

NO, (%) = axe™"?, )
where a and b are parameters with positive values.
In the present study, a flow rate value of 3.0 L/min
is used, while in normal indoor air conditions the flow rate
is much lower, which will result in a much higher NO and
NO, conversion according to the expression presented above.
The photocatalytic oxidation reaction is a surface

reaction, i.e. the reaction only occurs at the surface of
the photocatalyst. Therefore the PCO performance would
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KaK eITHCTBEHHOTO 3arpsA3HNUTeEIA, OOIINIT COCTaB 3aTrps3-
HITesI Ha BBIXOJIE TIPefiCTAaB/IsAeT COOO0I HEOKUCTUBILINIICS
NO u o6pasoBaBureecs: mpoMexxyTouHoe coenuuene NO..

O6mas sa¢pdexrnBrocts PCO B m1aHe yhaneHUs
NO, paccunrsiBaercs 1o popmyie

NO,,in

C C
NO, ,out xlOO% , (6)

NO,in

NO

%) =

riie Cyosou OIIPETENAETCA KaK CPe/IHAA KOHIIEHTpa-
1usa NO, Ha BbIXOfIe B ITOC/I€IHME NIATh MUHYT CHATUSA U3~
MepEeHNUIL.

ITpeo6pasosanne NO, UCIIONb3yeTCs AJA OIpefe-
JIeHVA BIIMAHMA Pa3IMYHBIX YCIOBUI PeaKIN, TIOCKOJIb-
KY TaK>Ke C/IefiyeT YIYUTbIBaTh, 4T0 NO, ABNIAETCSA HeXerna-
Te/IbHBIM IIPOMEKYTOYHBIM 3aTPA3HAIINM BEIeCTBOM.

PesynbTaThl 9KcIepyMeHTa pyUBeneHsl B Ta0I. 10.
OueBUJHO, YTO NepBOHAYA/IbHAA MJed IpUMeHeHns do-
TOKATaIM3aTOpa J/Is1 pa3Io>KeHNA 3ar pASHUTENA BO3yXa
BHYTpU NOMelleHnil paboTaeT. B cmydae, korga nmpucyr-
cTBUe (POTOKATA/IN3ATOPA COCTABIAET BCETO 3 % OT MacChl
B-remuruppara (cmecu 1 u 3), 3HauNMTEeIBHOE IIPEOHPA30-
BaHue NO u NO, yxe 3aMeTHO. ITO TOBOPUT O TOM, 4TO
TEXHOJIOI A (POTOKATATUTIYECKOTO OKVICIECHNA MOXKET
OBITH BeChbMa MHOTOOO€IAIOIIelt /I/Is1 OYMCTKI BO3AyXa
BHYTPU IIOMEIIEHMIL.

B pa6ore [14] n3y4eHo BnusiHye 06beMHOIO Pacxo-
na Ha pesynbTaTel PCO u cfieflaH BbIBOJ], UTO TOKa3aTesb
npeobpasosanus NO, HAXOLUTCS B 9KCIIOHEHIIVAIBHOI
3aBUCUMOCTHI OT 0OBEMHOTO PACXO/a, YTO MOXKHO BBIpPA-
3uTh POPMYJION

NO, (%) =axe™"?, 7)

rope a n b — TTapaMeTpbl C ITOTOXXNUTETbHBIMI 3HA-
YCHUAMU.

B HacToAmeM nccienoBaHNy 3HaUEHME Pacxofa co-
craBndAet 3,0 1/MUH, B TO BpeMs KaK IpJ HOPMa/IbHbBIX yC-
JIOBUSIX BHYTPMU IOMEI|EHNUII PacXOf BO3/jyXa 3HAYUTENIb-
HO HMIXKE, YTO IIPUBOANUT K 60}166 BBICOKIUM ITOKa3aTeIAM
npeob6pasoBauusi NO u NO,, COI/IacHO IpefjCTaBIeHHOMY
BbIIlIe YPaBHEHMUIO.

Peaxijust pOTOKATaMUTUIECKOTO OKUCICHUS SIB-
JIA€TCA MCKIIYUTEIbHO IOBEPXHOCTHON peaKuuen, T. €.
[IPOTEKAeT TOJIbKO Ha IOBEPXHOCTHM (POTOKATANIN3ATOPA.
TakuMm obpasom, adpdextuHocTs PCO 6ymeT Bbllile IpK
yBe/IMYeHNN HO3UPOBKM (HOTOKATANMNZATOPA, YTO IHOJ-
TBEPIKAAETCST COIIOCTAB/IEHIIEM Pe3y/IbTATOB /ISl CMeceil
1 n 2, a Takxe 3 u 4, COOTBETCTBEHHO. BripoueM, 910 He
O3HAYaeT, YTO YeM Oo7blile POTOKATAIN3ATOPA, TEM BbIIIIe
apdexrusrocts PCO. [Iporecc poTokaranmsa Takxe 3a-
BUCHUT OT MHOTMX APYIUX (paKTOPOB, BKIIIOYAsS IIJIOLIA/b
HOBEPXHOCTH (HOTOKATANINZATOPA, IOPUCTOCTH IOAIOKKI,
IIEpOXOBATOCTD €€ MMOBEPXHOCTM U T. Ji.

B Ta6n. 11 nokasaHa JO3MPOBKa MCIIOIb30BAHHO-

Tro q)OTOKaTaTH/ISaTOpa B MaTpuie N3roTOBJIEHHOIO I'NIICO-
BOIr'o paCcTBOpa, KOTOpasA pacCYNUTbIBAETCA 110 006 bEMHOIT
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increase if the dosage of the photocatalyst increases, which
is confirmed by the present data (results of Mix 1 and Mix
2, and of Mix 3 and Mix 4, respectively). However, this
does not mean that the more photocatalyst is used, the
higher PCO efficiency is followed. PCO is also related with
many other factors including the photocatalyst surface
area, the porosity of the substrate, and surface roughness
of the substrate, etc.

Table 11 shows the dosage of the used photocata-
lyst in the matrix of the produced gypsum plaster, which
is calculated from the volumetric proportion (VP) of the
photocatalyst. It can be seen that although the VP of Mix
3 is lower than that of Mix 1, the PCO efficiency of Mix
3 is higher. This probably can be explained by the larger
porosity of the gypsum plaster produced from Mix 3 (a
higher wu/h,), which contributes a higher pollutant ab-
sorption which in turn leads to a higher degradation
rate of NO..

5. Conclusions

The present paper addresses the (de-)hydration of
CaSO,-H,O systems, the development of CaSO,-based
light-weight composites, and of air purifying of CaSO,
-based materials. The following conclusions can be drawn:

> The hydration of the f-hemihydrate is studied us-
ing a ultrasonic sound velocity method, and the hy-
dration process of the B-hemihydrate is analyzed;

> The heat evolution during the hydration of the
B-hemihydrate is studied and a relation between
the temperature and microstructure change is found,
and the effect of the initial water content on the hy-
dration behaviour is analyzed;

> A link between the volumetric specific heat capac-
ity of the dihydrate and the initial water content is
found. A model is derived to describe the thermal
conductivity of the gypsum boards and the void
fraction, considering both the particle shape and
the free moisture, and it is validated by experiments;

> The change of the thermal properties of gypsum
board is caused not only by the void fraction, but
also considerably by the particle shape in the sys-
tem. The thermal conductivity value for both non-
porous dihydrate and nonporous anhydrite were
derived. Also, the derived particle shape factors
(C) are in line with SEM observations and values
presented by [10];

> A mix design methodology, originally developed for
concrete mix design, is employed; and several mixes
of light-weight aggregates are designed using differ-
ent distribution moduli g;

> The density as well as the void fraction of the devel-
oped composite in its hardened state is studied by
both modelling and experiments; a relation between
the void fraction and the density is found;
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nponopuuy GpoToKaTanusaTopa. MoXXHO BUJETb, YTO, XOTA
06beMHast IPOIOPIVS CMeCH 3 HIDKe, 4eM 00 beMHas Ipo-
nopuusa cMmecu 1, apdextuBHOCTE PCO cMecn 3 BbllIe.
BeposiTHO, 3TO MO>KHO OO'BSICHUTD 60JIee BBICOKOIT IIOPH-
CTOCTBIO TUIICOBOTO PAacTBOpa 13 cMecu 3 (6omee BbICOKOE
ortHouteHne B/I'), 4To NpUBOJUT K H0/ee BBICOKOMY IIOTTIO-
IIEHNIO 3aTPASHUTEILA, U lajlee — K IOBBIIIECHNUIO CTEIIeHN
pasnoxenus NO,.

5. 3aknoyeHmne

B maHHOJ cTaTbhe pacCMaTPUBAIOTCA BOIPOCH fie-
ruppupoBaHus u ruppartanuu cucrem CaSO,-H,0, paspa-
60TKa JIETKOBECHBIX KOMITO3UTOB Ha ocHoBe CaSO,, a Tak-
e CIOCOOHOCTD MaTepnanos Ha ocHoBe CaSO, K 0YMCTKe
BO37yXa. MOXHO CJie/IaTh C/IefyIOIIie BbIBOJIbI:

> T'mpparanns f-reMUrnpparta 1N3y4aeTcs ¢ UCIONb-
30BaHMEM MeTO/Ia OIpe/ie/IeHNsI CKOPOCTH PacIipo-
CTpaHEHUA y)’IpraSByKOBbIX BOJH, a IIpo1ecc rm-
ApaTanuu 3-reMUrnapaTa mogBepraeTcs aHaansy;

> B paMKax mccieoBaHys ObIIO U3Y4EHO BbIfiese-
HUe TeIl/Ia BO BpeMs I'UjpaTallyiyl -TeMUTUpaTa,
ob6Hapy>KeHa 3aBUCHMOCTD MEX]Y M3MEHEHUAMMN
TeMIIepaTypbl I MUKPOCTPYKTYPBHI, a TAK)XKe Ipoa-
Ha/IM3MPOBAHO BIMAHME HAYaIbHOTO COTEpPIKaHMA
BOJIbI Ha ITOBeJIeHNe T/l paTallI;

> O6Hapy’keHa CBsA3h MEX/y 00BEMHOI yIenbHO
TEIIOEMKOCTBIO AUTUAPATA VM HA4aIbHBIM COfiep-
JKaHMeM BOJbl. BeIBefieHa MOJie/b /ISl ONMCAHMS
TEIIONIPOBOJHOCTY TUIICOKAPTOHA ¥ BIATOCOfEp-
JKaHUS C YI€TOM KakK (POPMBI YaCTHIL, TAK U COfep-
JKaHUs BJIaTH, MOJIe/Ib IO TBEP>KIeHA SKCIIePUMEH-
TQJIBHBIM ITyTEM;

> VsMeHeHe TEIIOBBIX CBOJCTB IMIICOKAPTOHA CBSA-
3aHO He TO/IBKO C BJIATOCOJEPXKAHMEM, HO TAKXKe B
3HAYMTE/IbHON CTEeIeHN C (1)0pM0171 YacTUIl B CUCTe-
Me. [TomydeHo 3HaYeHME TEIIONPOBOTHOCTH M/
HEMIOPUCTOTO JUTUAPATA Y HEOPUCTOTO aHT U PU-
ta. Kpome Toro, monyuenusie GpakTopsl GOPMBI da-
cruier (C) coorBercTByIOT HabmofeHnsM SEM u
3Ha4YeHNAM, KOTOpPbIe IIpefCcTaBIeHsl B pabore [10];

> brita ncronbsoBaHa MeTOHOMOTUS ITOATOTOBKI
CMecCH, KOTOpasi M3Ha4a/IbHO pa3pabarbiBaaach As
IOATOTOBKM OGETOHHOI CMeCH; IOATOTOB/IEHbI He-
KOTOpbIE CMECH C JIETKOBECHBIMY HAIIOJIHUTEIAMM
C pasIMYHBIMU ITOKa3aTeNAMU MONY/A paclpepe-
NIeHNA g

> [T10THOCTD, paBHO KaK U B/IarOCOAepKaHue MOMy-
YeHHOTO KOMIIO3UTa B 3aTBepHeBIIeM COCTOSHUI,
U3ydJasach MyTeM MOAENMPOBAHNUA U IIPOBEJeHM A
9KCIIEPYIMEHTOB; OOHApPY)KeHa 3aBUCYMOCTD MEX]TY
BJIarocofiep>kKaHyeM ¥ IITIOTHOCTDIO;

> M3y‘{eHbI MeXaHMYeCcKle CBOICTBA HOBOTO KOMIIO-
3ITA, BBIIIOJIHEHO CPAaBHUTE/IDbHOE MCCIENOBAHIE
IIPOYHOCTY KOMIIO3UTA 1 OOBIYHOTO TUTICOKApPTOHA;
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> The mechanical properties of the new composite
are investigated, a comparative study on strength
is performed on the composite and traditional gyp-
sum board; and the effect of the applied distribution
moduli on the strength is discussed;

> The thermal physical properties of the new compos-
ite are investigated. The effect of the used distribu-
tion moduli is analyzed; a link between the density
and the thermal properties is derived;

> The distribution modulus g of 0.25 seems to provide
a material with optimum mechanical and thermal
properties;

> The gypsum with air purifying properties is devel-
oped. The test results indicate that the photocata-
lytic oxidation (PCO) technology can be successfully
used in gypsum plaster to improve indoor air qual-
ity. The comparative study also shows the effect of
the used substrate on the pollutant degradation rate.
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IIPOAHAN3NPOBAHO BIMAHNME UCTIONb30BAHHBIX MO-
ILy7eit pacripefieieH sl Ha IPOYHOCTD;

> Vsydenbl TepModuU3NdecKue CBOICTBA HOBOTO
kommnosuta. IIpoananusmupoBaHo BIUAHUE UC-
IO/Ib30BAHHBIX MOJIYJIE/l paclpejeNIeHNs; BbIsAB-
JICHA CBA3b MC)KJIy IIJIOTHOCTBIKO U TEIIJIOBBIMIN
CBOJICTBAMI;

> Monynp pacnpenenenns q = 0,25, 04eBULHO, 00e-
CIEYMBAET ONTHMAIbHbIE MEXaHNYECKIE U TEIIO-
BbI€ CBOJICTBA JI/IS1 MaTepuaa;

> PaspaboTaH rumc, CrocoOHbII OYNIIATh BO3AYX. Pe-
3y/IbTAThI MCIIBITAHUI [TOKA3a/IM, YTO TEXHOMTOTUU
dborokaranutudeckoro okuciaenus (PCO) MOXHO
VCIIEIIHO MICIO/Ib30BaTh IIPY IIPOU3BOJCTBE TUIICO-
BOTO PacTBOpa [/Is HOBBILIEHNs KauecTBa BO3JY-
xa B noMenteHusAX. CpaBHUTEIbHbBIE MICCTIETOBAHNA
TaKXKe TeMOHCTPUPYIOT BIUAHNE MCIIOTb30BAHHON
MTOJJTOKKM Ha CKOPOCTDb PA3/IOXKeHMs 3arps3HsIIo-
III€TO BEIIECTBA. <
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