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Àííîòàöèÿ. Èñïîëüçóåòñÿ ðàíåå ïîñòðîåííàÿ ïðîñòðàíñòâåííàÿ òðåõìåðíàÿ ìî-
äåëü òåïëîâëàãîïåðåíîñà â íàðóæíûõ ñòåíàõ çäàíèé èç óòåïëåííîãî áðóñà ïîâûøåí-
íîé ïðî÷íîñòè ñ êîííåêòîðàìè èç ôàíåðû. Âûïîëíåíà îöåíêà âëèÿíèÿ ïðîöåññîâ
âëàãîïåðåíîñà íà íàêîïëåíèå âëàãè â óòåïëåííûõ áðóñîâûõ êîíñòðóêöèÿõ, ïðåäó-
ñìàòðèâàþùèõ èñïîëüçîâàíèå êîííåêòîðîâ, ïðè íèçêèõ òåìïåðàòóðàõ íàðóæíîãî
âîçäóõà. Ïðåäñòàâëåíû ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ òåïëîìàññîîáìåí-
íûõ ïðîöåññîâ â õàðàêòåðíûõ ôðàãìåíòàõ ñòåí èç ïðîôèëèðîâàííîãî óòåïëåííîãî
áðóñà. Ðàññ÷èòàíû ïîëÿ âëàãîñîäåðæàíèÿ è îòíîñèòåëüíîé âëàæíîñòè âîçäóõà â âû-
áðàííûõ íåîäíîðîäíûõ ôðàãìåíòàõ. Ïîêàçàíî, ÷òî ìàêñèìàëüíîå óâëàæíåíèå â ñòå-
íàõ èç óòåïëåííîãî ïðîôèëèðîâàííîãî áðóñà ëîêàëèçîâàíî âáëèçè âíåøíåé ïîâåðõ-
íîñòè ñòåíû. Óñòàíîâëåíî, ÷òî â áðóñîâûõ êîíñòðóêöèÿõ ñ âíóòðåííåé ïðîäîëüíîé
ëàìåëüþ âîçìîæíî îáðàçîâàíèå îáëàñòåé ñ ïîâûøåííîé âëàæíîñòüþ âáëèçè ìåñò
êðåïëåíèÿ êîííåêòîðîâ ê ëàìåëÿì. Ðåçóëüòàòû ðàñ÷åòîâ ïîçâîëÿþò ñäåëàòü âûâîä îá
îòñóòñòâèè â âûáðàííîì ðàñ÷åòíîì ôðàãìåíòå çîí, â êîòîðûõ âîçìîæíî íàêîïëåíèå
ñâîáîäíîé (íåñâÿçàííîé) âëàãè.
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Original article

ASSESSMENT OF THE POSSIBILITY OF FORMATION
OF WET ZONES IN ENVELOPED STRUCTURES

FROM INSULATED BEAM WITH CONNECTORS

Nikolay A. Tsvetkov, Aleksandr V. Tolstykh, Dmitriy N. Tsvetkov,
Yuliya N. Doroshenko

Tomsk State University of Architecture and Building, Tomsk, Russia

Abstract. A previously built spatial three-dimensional model of heat and moisture
transfer in the outer walls of buildings made of insulated timber of increased strength with
plywood connectors is used. An assessment was made of the influence of moisture transfer
processes on the accumulation of moisture in insulated timber structures, involving the use
of connectors, at low outdoor temperatures. The results of numerical simulation of heat
and mass transfer processes in characteristic fragments of walls made of profiled insulated
timber are presented. The fields of moisture content and relative air humidity in the selected
heterogeneous fragments are calculated. It is shown that the maximum moisture in the
walls of the insulated profiled timber is localized near the outer surface of the wall. It
has been established that in timber structures with an internal longitudinal lamella, it is
possible to form areas with high humidity near the places where connectors are attached
to lamellas. The results of the calculations allow us to conclude that there are no zones in
the selected computational fragment in which the accumulation of free (unbound) moisture
is possible.

Keywords: insulated profiled timber, physical and mathematical model, heat and
moisture transfer, moisture conductivity, vapor permeability, thermal conductivity,
moisture sorption
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1. Ââåäåíèå. Ïðèìåíåíèå ðàçëè÷íûõ êîíñòðóêöèé èç äðåâåñèíû ïðè
âîçâåäåíèè çäàíèé ñâÿçàíî ñ åå ñâîéñòâàìè, ïîçâîëÿþùèìè èñïîëüçîâàòü
ýòîò ìàòåðèàë êàê ýêîëîãè÷åñêè ÷èñòîå è âîçîáíîâëÿåìîå ñûðüå ïðè ïðîèç-
âîäñòâå ñòðîèòåëüíûõ ìàòåðèàëîâ è èçäåëèé. Ïðîôèëèðîâàííûé óòåïëåííûé
áðóñ, èìåþùèé äîïîëíèòåëüíûé ñëîé óòåïëèòåëÿ èç ñîâðåìåííûõ ïîëèìåð-
íûõ ìàòåðèàëîâ [1], ÿâëÿåòñÿ áîëåå ïåðñïåêòèâíîé êîíñòðóêöèåé äëÿ ñðåäíåé
êëèìàòè÷åñêîé çîíû [2] ïî ñðàâíåíèþ ñ áðóñîì, âûïîëíåííûì òîëüêî èç
êëååíîé äðåâåñèíû. Èñïîëüçîâàíèå óòåïëåííîãî áðóñà ïðèâîäèò ê óìåíüøå-
íèþ ðàñõîäà ìàòåðèàëüíûõ è ôèíàíñîâûõ ðåñóðñîâ ïðè ñòðîèòåëüñòâå è ýêñ-
ïëóàòàöèè äåðåâÿííûõ äîìîâ.

Ïðè èññëåäîâàíèÿõ ýêñïëóàòàöèîííîé íàäåæíîñòè áðóñîâûõ ñòåí [3]
îòìå÷åíî, ÷òî â ïðîãíîçèðîâàíèè äîëãîñðî÷íîé ýêñïëóàòàöèè êîíñòðóêöèé
èç äåðåâà èëè äëÿ îáíàðóæåíèÿ òåêóùèõ ïðîáëåì íåîáõîäèìî ó÷èòûâàòü
âëàãîïåðåíîñ è âîçìîæíîå íàêîïëåíèå âëàãè â ïðîöåññå ýêñïëóàòàöèè.
Èñêëþ÷èòåëüíî âàæíî ïîíèìàòü ïðè÷èíû óâëàæíåíèÿ òîé èëè èíîé îãðàæ-
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äàþùåé êîíñòðóêöèè, òàê êàê ýòî ÿâëåíèå îòíîñèòñÿ ê îñíîâíûì ôàêòîðàì,
ïðèâîäÿùèì ê èçìåíåíèþ ïðî÷íîñòíûõ ñâîéñòâ äåðåâÿííûõ ýëåìåíòîâ
îãðàæäàþùèõ êîíñòðóêöèé [4, 5]. Â [6, 7] ðàññìîòðåíû ÷àñòè÷íî èçîëèðî-
âàííûå äåðåâÿííûå ÷àñòè çäàíèé, êîòîðûå êðèòè÷åñêè îöåíèâàþòñÿ ñ òî÷êè
çðåíèÿ âîçìîæíîé êîíäåíñàöèè âëàãè. Àâòîðû [8] ðàññìàòðèâàþò âëèÿíèå
öèêëè÷åñêè èçìåíÿþùèõñÿ òåìïåðàòóðû è âëàæíîñòè îêðóæàþùåé ñðåäû
íà ïîâåäåíèå äåðåâÿííûõ ñòðîïèëüíûõ êîíñòðóêöèé ñ ìåòàëëè÷åñêèìè êðå-
ïëåíèÿìè, ïðèíèìàÿ êîýôôèöèåíò âëàãîîòäà÷è ïîñòîÿííûì, íå çàâèñÿùèì
îò òåìïåðàòóðû è âëàæíîñòè äðåâåñèíû. Â ðàáîòå [9] ïðèâåäåíû ñëó÷àè,
êîãäà ïðè ðåçêîì èçìåíåíèè ãðàíè÷íûõ óñëîâèé íà ïîâåðõíîñòÿõ îãðàæ-
äàþùèõ êîíñòðóêöèé èç äåðåâà îáíàðóæèâàëèñü ñóùåñòâåííûå ðàçëè÷èÿ
ìåæäó èçìåðåííûìè è âû÷èñëåííûìè çíà÷åíèÿìè õàðàêòåðèñòèê òåïëî-
âëàæíîñòíûõ ðåæèìîâ.

Òàêèì îáðàçîì, ìîäåëèðîâàíèå êîìáèíèðîâàííîãî òåïëîîáìåíà è âëàãî-
ïåðåíîñà â ñëîæíûõ îãðàæäàþùèõ êîíñòðóêöèÿõ çäàíèé ñ äåðåâÿííûìè
ýëåìåíòàìè, ïðåäóñìàòðèâàþùåå ó÷åò âëèÿíèÿ âñåõ ðåàëüíûõ ïðîöåññîâ,
ïðîèñõîäÿùèõ â õîëîäíûõ êëèìàòè÷åñêèõ óñëîâèÿõ, òðåáóåò äàëüíåéøèõ
èññëåäîâàíèé. Ñëåäóåò çàìåòèòü, ÷òî íàèáîëåå àäåêâàòíûå ìîäåëè òåïëîâëà-
ãîïåðåíîñà â äðåâåñíûõ ìàòåðèàëàõ âêëþ÷àþò â ñåáÿ ýìïèðè÷åñêèå çàâèñè-
ìîñòè, îñíîâàííûå íà ýêñïåðèìåíòàëüíûõ äàííûõ ïî èçîòåðìàì ñîðáöèè
âëàãè [10]. Ñ èñïîëüçîâàíèåì äàííûõ [10] è àáñîëþòíîãî ïîòåíöèàëà âëàãî-
ïåðåíîñà [11], õàðàêòåðèçóþùåãî âîçìîæíîñòè ïåðåìåùåíèÿ âëàãè â äðåâå-
ñèíå, ïðåäëîæåíà îäíîìåðíàÿ ìîäåëü òåïëî- è âëàãîïåðåíîñà â íàðóæíûõ
äåðåâÿííûõ îãðàæäàþùèõ êîíñòðóêöèÿõ [12, 13]. Åå ãëàâíîé îòëè÷èòåëüíîé
îñîáåííîñòüþ ÿâëÿåòñÿ ó÷åò çàâèñèìîñòè êîýôôèöèåíòà âëàãîïðîâîäíîñòè
äðåâåñèíû îò òåìïåðàòóðû, ÷òî îáóñëîâëèâàåò ñïåöèôèêó âëàãîïåðåíîñà
â  íàðóæíûõ îãðàæäàþùèõ êîíñòðóêöèÿõ. Â ðåçóëüòàòå äàëüíåéøåãî ðàçâè-
òèÿ ìîäåëåé [12, 13], õîðîøî çàðåêîìåíäîâàâøèõ ñåáÿ ïðè ðàñ÷åòàõ òåïëî-
âëàæíîñòíîãî ðåæèìà íàðóæíûõ îãðàæäåíèé, áûëà ïîñòðîåíà ïðîñòðàíñò-
âåííàÿ òðåõìåðíàÿ ìîäåëü òåïëîâëàãîïåðåíîñà [14] â íàðóæíûõ ñòåíàõ
çäàíèé, âûïîëíåííûõ èç óòåïëåííîãî áðóñà ïîâûøåííîé ïðî÷íîñòè [15]
ñ êîííåêòîðàìè èç ôàíåðû.

2. Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ. Òåïëîìàññîïåðåíîñ ìîäåëèðîâà-
ëè â ðàñ÷åòíûõ ôðàãìåíòàõ áðóñîâûõ ñòåí (ðèñ. 1) ðàçìåðîì 0,225´0,3´0,21 ì.
Ëàìåëè, èñïîëüçóåìûå â îáû÷íîì óòåïëåííîì áðóñå, èìåþò òîëùèíó 0,04 ì.
Äëÿ ñòåí èç áðóñà ñ ïîâûøåííîé ïðî÷íîñòüþ òîëùèíà ëàìåëåé íà âíóòðåííåé
è íàðóæíîé ïîâåðõíîñòè ñòåíû ñîñòàâëÿåò 0,012 ì. Òîëùèíà ôàíåðíîé âêëåé-
êè, ïðèëåãàþùåé ê íàðóæíûì ëàìåëÿì, 0,012 ì. Òîëùèíà äîïîëíèòåëüíîé
ïðîäîëüíîé ëàìåëè â áðóñå ïîâûøåííîé ïðî÷íîñòè ðàâíà 0,025 ì. Ìàòåðèàë
ëàìåëåé – ñîñíà ñ êîýôôèöèåíòàìè òåïëîïðîâîäíîñòè, çàâèñÿùèìè êàê îò
âëàãîñîäåðæàíèÿ, òàê è îò òåìïåðàòóðû. Îáùàÿ òîëùèíà ñëîÿ óòåïëèòåëÿ
ñ òåïëîïðîâîäíîñòüþ lins = 0,033 Âò/(ì · Ê) èçìåíÿëàñü îò 0,11 äî 0,187 ì.

Â êà÷åñòâå çíà÷åíèé òåìïåðàòóðû è âëàæíîñòè íàðóæíîãî âîçäóõà èñ-
ïîëüçîâàëèñü âåëè÷èíû, õàðàêòåðíûå äëÿ ñàìîãî õîëîäíîãî ìåñÿöà (ÿíâàðÿ)
â ã. Òîìñêå. Òåìïåðàòóðà è îòíîñèòåëüíàÿ âëàæíîñòü íàðóæíîãî âîçäóõà
ñî ñòîðîíû ïëîñêîñòè I ïðèíÿòû ðàâíûìè: –39 °Ñ è 0,8; âíóòðåííåãî âîçäóõà
(ñî ñòîðîíû ïëîñêîñòè II): 20 °Ñ è 0,5. Íà ïëîñêîñòè I çàäàí êîýôôèöèåíò
òåïëîîòäà÷è 23 Âò/(ì2 · Ê), íà ïëîñêîñòè II – 8,7 Âò/(ì2 · Ê). Êîýôôèöèåíò
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ïàðîîòäà÷è [16] ñî ñòîðîíû ïëîñêîñòè I ðàâåí 2,09 · 10–8 êã/(ì2 · ñ · Ïà); âíóò-
ðåííåãî âîçäóõà (ñî ñòîðîíû ïëîñêîñòè II) – 1,04 · 10–8 êã/(ì2 · ñ · Ïà).

Òåïëîïåðåíîñ â ðàññìàòðèâàåìûõ ðàñ÷åòíûõ ôðàãìåíòàõ áûë ñìîäåëè-
ðîâàí ñ ïîìîùüþ òðåõìåðíûõ íåñòàöèîíàðíûõ óðàâíåíèé òåïëî- è âëàãîïå-
ðåíîñà â äåêàðòîâûõ êîîðäèíàòàõ ñ èñïîëüçîâàíèåì ìîäåëè [14]. Îñíîâíûå
çàìûêàþùèå ñîîòíîøåíèÿ äëÿ ýòîé ìîäåëè âëàãîïåðåíîñà, êîòîðûå ëèøü
÷àñòè÷íî ïðåäñòàâëåíû [14], íåîáõîäèìî äîïîëíèòü àïïðîêñèìàöèîííûìè
çàâèñèìîñòÿìè [17], ïîçâîëÿþùèìè ïðè âûïîëíåíèè êîìïüþòåðíîãî ìîäå-
ëèðîâàíèÿ, âû÷èñëÿòü ïåðåìåííûå òåïëîôèçè÷åñêèå õàðàêòåðèñòèêè ýëåìåí-
òîâ áðóñà èç äðåâåñèíû, ôàíåðû è óòåïëèòåëÿ.

Äëÿ âû÷èñëåíèÿ èçìåíåíèÿ òåïëîïðîâîäíîñòè ýëåìåíòîâ èç ôàíåðû lp

ïðè íàêîïëåíèè âëàãè èñïîëüçîâàëèñü äàííûå [18] (ðèñ. 2), èñõîäÿ èç êîòî-
ðûõ áûëà ïîëó÷åíà àïïðîêñèìàöèîííàÿ ôîðìóëà:
ïðè ïîëîæèòåëüíûõ òåìïåðàòóðàõ

l p pw= +0 132169 0 388456, , ; (1)

ïðè îòðèöàòåëüíûõ òåìïåðàòóðàõ

l p pw= +0,131992 1,104732, (2)

ãäå wp – âëàãîñîäåðæàíèå ôàíåðû â äîëÿõ åäèíèöû, êã/êã.
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Ðèñ. 1. Ðàñ÷åòíûå ñõåìû ôðàãìåíòîâ ñòåí èç óòåïëåííîãî êëååíîãî áðóñà
à – ôðàãìåíò ñòåíû èç óòåïëåííîãî áðóñà ñ ãîðèçîíòàëüíûìè êîííåêòîðàìè; á – ôðàãìåíò
ñòåíû èç ïðîôèëèðîâàííîãî óòåïëåííîãî áðóñà ñ âåðòèêàëüíûìè Í-îáðàçíûìè êîííåêòîðàìè;
â – ôðàãìåíò ñòåíû èç ïðîôèëèðîâàííîãî óòåïëåííîãî áðóñà ñ ïîâûøåííîé ïðî÷íîñòüþ ñ âåð-

òèêàëüíûìè Í-îáðàçíûìè êîííåêòîðàìè è öåíòðàëüíîé ëàìåëüþ

1, 2 – ïðîôèëèðîâàííûå ïðîäîëüíûå ëàìåëè; 3, 4 – ñëîè ôàíåðû; 5 – ñëîè óòåïëèòåëÿ; 6 – âíóò-
ðåííÿÿ ïðîäîëüíàÿ ëàìåëü; 7 – êîííåêòîð Í-îáðàçíîé ôîðìû; I – íàðóæíàÿ ïîâåðõíîñòü ñòåíû;
II – âíóòðåííÿÿ ïîâåðõíîñòü ñòåíû; h – âûñîòà ðàñ÷åòíîãî ôðàãìåíòà áðóñîâîé ñòåíû; l – äëèíà
âûñîòû ðàñ÷åòíîãî ôðàãìåíòà áðóñîâîé ñòåíû; d – âûñîòà ðàñ÷åòíîãî ôðàãìåíòà áðóñîâîé

ñòåíû

Fig. 1. Design models of fragments of walls made of insulated glued laminated timber
à – an element of the wall made of insulated timber with horizontal connectors; b – an element of
the wall made of insulated timber with vertical H-shaped connectors; c – an element of the wall
made of insulated timber of higher strength and vertical H-shaped connectors and central lamella

1, 2 – profiled longitudinal lamellae; 3, 4 – layers of plywood; 5 – layers of an insulator; 6 – internal
longitudinal lamella; 7 – H-shaped connector; I – the external surface of the wall; II – internal surface
of the wall; h – the height of the calculated fragment of timber wall; l – length of the calculated

fragment of the timber wall; d – timber wall thickness



Êîýôôèöèåíò òåïëîïðîâîäíîñòè
óòåïëèòåëÿ (ïåíîïîëèñòèðîëà) lins

ðàññ÷èòûâàëñÿ ïî çàâèñèìîñòè

l lins ins dr insw= +, ( )1 6 , (3)

ïðèâåäåííîé â [19] (wins – âëàãîñîäåð-
æàíèå óòåïëèòåëÿ â äîëÿõ åäèíèöû,
êã/êã, l ins dr, – êîýôôèöèåíò òåïëîïðî-
âîäíîñòè ñóõîãî ïåíîïîëèñòèðîëà,
ïðèíèìàëñÿ ðàâíûì 0,033 Âò/(ì·Ê)).

Äðóãèå õàðàêòåðèñòèêè, èñ-
ïîëüçîâàâøèåñÿ ïðè ìîäåëèðîâàíèè
òåïëîâëàãîïåðåíîñà â ýëåìåíòàõ
áðóñîâîé êîíñòðóêöèè, ñëåäóþ-
ùèå: êîýôôèöèåíòû ïàðîïðîâîäíî-
ñòè óòåïëèòåëÿ è ôàíåðû – 0,012 è
0,02 ìã/(ì · ÷ · Ïà); òåïëîåìêîñòü
óòåïëèòåëÿ è ôàíåðû – 1300 è
2300 Äæ/(êã · Ê); íà÷àëüíàÿ ïëîò-
íîñòü äðåâåñèíû ëàìåëåé –
500 êã/ì3; ïëîòíîñòè óòåïëèòåëÿ
è ôàíåðû – 30 è 650 êã/ì3 ñîîòâåò-
ñòâåííî. Íà÷àëüíîå âëàãîñîäåðæà-
íèå ìàòåðèàëîâ ïðèíèìàëîñü ðàâíîâåñíûì ïðè òåìïåðàòóðå âíóòðåííåãî
âîçäóõà 20 °Ñ è îòíîñèòåëüíîé âëàæíîñòè 0,5.

Äëÿ òîãî ÷òîáû âû÷èñëèòü çíà÷åíèÿ ïàðöèàëüíûõ äàâëåíèé âîäÿíî-
ãî ïàðà â ðàñ÷åòíîì ôðàãìåíòå ñòåíû ñ âëàãîñîäåðæàíèÿìè, ñëåäóåò
âîñïîëüçîâàòüñÿ óðàâíåíèÿìè èçîòåðì ñîðáöèè [10]. Ñ ðîñòîì îòíîñè-
òåëüíîé âëàæíîñòè j îò íóëÿ ñíà÷àëà ïðîèñõîäèò óâåëè÷åíèå àäñîðáèðî-
âàííîé âëàãè, à çàòåì ïðè j > 0,7 íà÷èíàåòñÿ çàïîëíåíèå ìèêðîêàïèëëÿ-
ðîâ. Ïðè j = 0,99 êîëè÷åñòâî âëàãè, ñâÿçàííîé â äðåâåñèíå, äîñòèãàåò
ìàêñèìàëüíîé âåëè÷èíû ws, êîòîðóþ íàçûâàþò ïðåäåëîì ãèãðîñêîïè÷íî-
ñòè [20]. Ýòà ÷àñòü èçîòåðìû ñîðáöèè íå ñâÿçàíà ñî ñâîéñòâàìè ðàçëè÷íûõ
ïîðîä äðåâåñèíû è äëÿ j ³ 0,45 ìîæåò áûòü àïïðîêñèìèðîâàíà çàâèñè-
ìîñòüþ èç [21]

w t= - + -0 512 0 217 273 1000 1 22, [ , (( ) ) ] ( ,/ /2 j). (4)

Ñ äàëüíåéøèì óâåëè÷åíèåì j îò 0,99 äî 1,0 ïðè ìàêñèìàëüíîì çàïîëíå-
íèè ìàêðîêàïèëëÿðîâ âëàãîñîäåðæàíèå äîñòèãàåò ìàêñèìàëüíîãî çíà÷åíèÿ
wmax. Âåëè÷èíà wmax â îòëè÷èå îò ws íå çàâèñèò îò òåìïåðàòóðû, íî ñâÿçàíà
ñî ñâîéñòâàìè êîíêðåòíîé ïîðîäû äðåâåñèíû. Ýòà ÷àñòü äèàãðàììû ñîðáöèè
îáû÷íî ïðåäñòàâëÿåòñÿ â âèäå ëèíåéíîé çàâèñèìîñòè

w w w ws s= + - -100 0 99( )( , ).max j (5)

Ïðè òåìïåðàòóðàõ ìåíüøå íóëÿ ÷àñòü ñâÿçàííîé âëàãè çàìåðçàåò, è ïî-
ýòîìó çàâèñèìîñòü (4) äîïîëíÿåòñÿ âûðàæåíèåì çàâèñèìîñòè êîëè÷åñòâà
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Ðèñ. 2. Çàâèñèìîñòè êîýôôèöèåíòà òåïëî-
ïðîâîäíîñòè ôàíåðû lp îò âëàãîñîäåðæà-

íèÿ wp

1 – ïðè ïîëîæèòåëüíûõ òåìïåðàòóðàõ; 2 – ïðè
îòðèöàòåëüíûõ òåìïåðàòóðàõ

Fig. 2. Dependence of thermal conductivi-
ty of plywood lp on moisture content wp

1 – for positive temperatures; 2 – for negative
temperatures



íå ïðåâðàòèâøåéñÿ â ëåä ñâÿçàííîé
âëàãè wbm îò òåìïåðàòóðû. Ñîãëàñíî
äàííûì [22], âåëè÷èíó wbm (ïðåäåë
ãèãðîñêîïè÷íîñòè ïðè t < 0 °Ñ) ìîæíî
âû÷èñëèòü ñ ïîìîùüþ ôîðìóëû

w w tbm s= - +( , ) , ( , ).0 195 0 195 0 055exp (6)

Âëàãîñîäåðæàíèå âëàãîñòîéêîé ôàíåðû èç øïîíà ìîæíî îïðåäåëèòü ñ
ïîìîùüþ èçîòåðì ñîðáöèè (ðèñ. 3), ïðèâåäåííûõ â [18]. Äëÿ àïïðîêñèìàöèè
èçîòåðì âëàãîñòîéêîé ôàíåðû áûëè ïîëó÷åíû ñëåäóþùèå ñîîòíîøåíèÿ:
èç øïîíà, íàìàçàííîãî ôåíîëôîðìàëüäåãèäíîé ñìîëîé

w p p p

p

= + -

- +

0 00 0 0 0 0

1 248699 0

2

3

, , ,

, ,

8115 + 25 231 3 8411j j

j 965118 ;j p
4

(7)

èç øïîíà, ïðîïèòàííîãî ñïèðòîðàñòâîðèìîé ôåíîëôîðìàëüäåãèäíîé ñìîëîé

w p p p

p

= - + -

- +

0 004546 0 0 977389

2 498734 1

2

3

, , ,

, ,

047302j j

j 738939j p
4 .

(8)

Âåëè÷èíà âëàãîñîäåðæàíèÿ wins â ñëîÿõ ïåíîïîëèñòèðîëà, èñïîëüçóþùå-
ãîñÿ â êà÷åñòâå óòåïëèòåëÿ â ðàññìàòðèâàåìûõ áðóñîâûõ êîíñòðóêöèÿõ, â çà-
âèñèìîñòè îò îòíîñèòåëüíîé âëàæíîñòè âîçäóõà j ins îïðåäåëÿëàñü ïî àï-
ïðîêñèìàöèîííîé çàâèñèìîñòè (ðèñ. 4)

wins ins ins= - × + × -

-

8 716160 2 120306 10 1 904561 103 5 2, , ,j j

7 083122 10 9 443725 106 3 7 4, , .× + ×j jins ins8
(9)

Ôîðìóëà (9) áûëà ïîëó÷åíà ïðè îáðàáîòêå äàííûõ ïî èçîòåðìàì ñîðáöèè
êîíñòðóêöèîííîãî ïåíîïîëèñòèðîëà, ïðåäñòàâëåííûõ â [23, 24], äëÿ èíòåðâà-
ëà èçìåíåíèÿ îòíîñèòåëüíîé âëàæíîñòè âîçäóõà 0,4 £ j ins < 1.
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Ðèñ. 3. Êðèâûå ðàâíîâåñíîé âëàæíîñòè
ôàíåðû ïðè 20 °Ñ

1 – ôàíåðà, èçãîòîâëåííàÿ èç øïîíà, íàìà-
çàííîãî ôåíîëôîðìàëüäåãèäíîé ñìîëîé; 2 –
ôàíåðà èç øïîíà, ïðîïèòàííîãî ñïèðòîðàñ-
òâîðèìîé ôåíîëôîðìàëüäåãèäíîé ñìîëîé

Fig. 3. Equilibrium moisture content cur-
ves for plywood at 20 °Ñ

1 – plywood made of veneer sheet treated with
phenol-formaldehyde resin; 2 – plywood made
of veneer sheet treated with alcohol-soluble

phenol-formaldehyde resin

Ðèñ. 4. Çàâèñèìîñòü ðàâíîâåñíîé ñîðá-
öèîííîé âëàæíîñòè ïåíîïîëèñòèðîëà
îò îòíîñèòåëüíîé âëàæíîñòè âîçäóõà

Fig. 4. Dependence of equilibrium sorpti-
on moisture of expanded polystyrene on

relative humidity



3. Ðåçóëüòàòû è îáñóæäåíèå. Â ðåçóëüòàòå ÷èñëåííîãî ìîäåëèðîâàíèÿ
òåïëîìàññîîáìåííûõ ïðîöåññîâ áûëè ïîëó÷åíû ñòàöèîíàðíûå ïîëÿ âëàãî-
ñîäåðæàíèÿ è îòíîñèòåëüíîé âëàæíîñòè (ðèñ. 5–7) äëÿ õàðàêòåðíûõ ñå÷åíèé
óòåïëåííîãî ïðîôèëèðîâàííîãî áðóñà â âåðòèêàëüíîé ïëîñêîñòè ñèììåòðèè
êîííåêòîðîâ.

Êàê âèäíî èç ðèñ. 5, à è 7, à ìàêñèìàëüíîå óâëàæíåíèå (w » 0,12 êã/êã)
â  áðóñîâûõ ñòåíàõ, êîíñòðóêöèÿ êîòîðûõ ïðåäóñìàòðèâàåò èñïîëüçîâàíèå
ãîðèçîíòàëüíûõ êîííåêòîðîâ è âåðòèêàëüíûõ êîííåêòîðîâ ñ âíóòðåííåé
ïðîäîëüíîé ëàìåëüþ, ëîêàëèçîâàíî íà âíåøíåé ïîâåðõíîñòè, êîíòàêòèðóþ-
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Ðèñ. 5. Âëàãîñîäåðæàíèå è îòíîñèòåëüíàÿ âëàæíîñòü âîçäóõà â âåðòèêàëüíîé ïëîñêî-
ñòè ñèììåòðèè êîííåêòîðîâ äëÿ áðóñà ñ ãîðèçîíòàëüíûìè êîííåêòîðàìè

à – âëàãîñîäåðæàíèå; á – îòíîñèòåëüíàÿ âëàæíîñòü

Fig. 5. Moisture content and relative humidity of air in the vertical plane of symmetry of
the connectors for timber with horizontal connectors

a – moisture content; b – relative humidity

Ðèñ. 6. Âëàãîñîäåðæàíèå è îòíîñèòåëüíàÿ âëàæíîñòü âîçäóõà â âåðòèêàëüíîé ïëîñêî-
ñòè ñèììåòðèè êîííåêòîðîâ äëÿ áðóñà ñ âåðòèêàëüíûìè Í-îáðàçíûìè êîííåêòîðàìè

à – âëàãîñîäåðæàíèå; á – îòíîñèòåëüíàÿ âëàæíîñòü

Fig. 6. Moisture content and relative humidity of air in the vertical plane of symmetry
of  connectors for timber with vertical H-shaped connectors

a – moisture content; b – relative humidity



ùåé ñ íàðóæíûì âîçäóõîì. Íåñêîëüêî áîëüøåå ìàêñèìàëüíîå óâëàæíåíèå
(w » 0,12–0,13 êã/êã), ëîêàëèçîâàííîå íà ðàññòîÿíèè ïîðÿäêà 2 ñì îò íàðóæ-
íîé ïîâåðõíîñòè, äîñòèãàåòñÿ â áðóñîâîé êîíñòðóêöèè ñ âåðòèêàëüíûìè
êîííåêòîðàìè áåç âíóòðåííåé ëàìåëè (ðèñ. 6, à). Êðîìå òîãî, ðàñïðåäåëåíèå
âëàãîñîäåðæàíèé (ðèñ. 5–7, à) ïîêàçûâàåò, ÷òî â êîíñòðóêöèÿõ, òèï êîòîðûõ
ïðåäñòàâëåí íà ðèñ. 1, à, â, â ìåñòàõ êðåïëåíèÿ êîííåêòîðîâ ê ëàìåëÿì îáðà-
çóþòñÿ çîíû èçáûòî÷íîãî óâëàæíåíèÿ, ãäå âëàãîñîäåðæàíèå äîñòèãàåò
0,11 êã/êã.

Â êîíñòðóêöèè áðóñà, ïîêàçàííîé íà ðèñ. 1, á, çîíû ñ îòíîñèòåëüíî âûñî-
êèì óâëàæíåíèåì íå íàáëþäàþòñÿ, âëàãà â âåðòèêàëüíîé ïëîñêîñòè ñèììåò-
ðèè êîííåêòîðîâ ðàñïðåäåëÿåòñÿ áîëåå ðàâíîìåðíî, ïîñëîéíî.

Êàê âèäíî èç äàííûõ ïî îòíîñèòåëüíîé âëàæíîñòè âîçäóõà, âî âñåõ
ðàñ÷åòíûõ ôðàãìåíòàõ áðóñîâûõ ñòåí ìàêñèìàëüíûõ çíà÷åíèé (0,87–0,9) ýòà
âåëè÷èíà äîñòèãàåò íà íàðóæíîé ïîâåðõíîñòè ñòåíû. Â çîíàõ, çàïîëíåííûõ
óòåïëèòåëåì, îòíîñèòåëüíàÿ âëàæíîñòü âîçäóõà èçìåíÿåòñÿ â äèàïàçîíå
îò 0,4 äî 0,55.

Âî âñåõ âàðèàíòàõ ðàññìîòðåííûõ êîíñòðóêöèé áðóñîâûõ ñòåí îòñóòñò-
âóþò òàê íàçûâàåìûå «ìîêðûå» çîíû, â êîòîðûõ îòíîñèòåëüíàÿ âëàæíîñòü
ðàâíà åäèíèöå. Òàêèì îáðàçîì, â îãðàæäàþùèõ êîíñòðóêöèÿõ, âûïîëíåííûõ
èç óòåïëåííîãî áðóñà ñ ôàíåðíûìè êîííåêòîðàìè, íå ïðîèñõîäèò íàêîïëåíèå
ñâîáîäíîé (íåñâÿçàííîé) âëàãè, êîòîðîå ìîæåò ïðèâåñòè ê ñóùåñòâåííîìó
ñíèæåíèþ èõ òåïëîçàùèòíûõ õàðàêòåðèñòèê.

4. Âûâîäû. 1. Íà îñíîâå èñïîëüçîâàíèÿ ôèçèêî-ìàòåìàòè÷åñêîé ìîäåëè
ñîâìåñòíîãî òåïëîâëàãîïåðåíîñà â ñòåíàõ èç óòåïëåííîãî áðóñà ñ êîííåêòî-
ðàìè, ãëàâíîé îñîáåííîñòüþ êîòîðîé ÿâëÿåòñÿ ó÷åò çàâèñèìîñòè êîýôôèöè-
åíòîâ âëàãîïðîâîäíîñòè, òåïëîïðîâîäíîñòè è òåïëîåìêîñòè äðåâåñèíû, ðàñ-
ñ÷èòàíû ïîëÿ âëàãîñîäåðæàíèÿ è îòíîñèòåëüíîé âëàæíîñòè â õàðàêòåðíûõ
ôðàãìåíòàõ áðóñîâûõ ñòåí.
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Ðèñ. 7. Âëàãîñîäåðæàíèå è îòíîñèòåëüíàÿ âëàæíîñòü âîçäóõà â âåðòèêàëüíîé ïëîñêî-
ñòè ñèììåòðèè êîííåêòîðîâ äëÿ áðóñà ñ âåðòèêàëüíûìè Í-îáðàçíûìè êîííåêòîðàìè

è öåíòðàëüíîé ëàìåëüþ
à – âëàãîñîäåðæàíèå; á – îòíîñèòåëüíàÿ âëàæíîñòü

Fig. 7. Moisture content and relative humidity of air in the vertical plane of symmetry
of  connectors for timber with vertical H-shaped connectors and a central lamella

a – moisture content; b – relative humidity



2. Ìàêñèìàëüíîå óâëàæíåíèå â ñòåíàõ èç óòåïëåííîãî ïðîôèëèðîâàííî-
ãî áðóñà ëîêàëèçîâàíî íà âíåøíåé ïîâåðõíîñòè ñòåíû èëè íà íåáîëüøîì
ðàññòîÿíèè îò íåå â íàðóæíîé ëàìåëè.

3. Â áðóñîâûõ êîíñòðóêöèÿõ ñ âåðòèêàëüíûìè êîííåêòîðàìè (ïðè íàëè-
÷èè âíóòðåííåé ïðîäîëüíîé ëàìåëè) âîçìîæíî îáðàçîâàíèå îáëàñòåé ñ ïîâû-
øåííîé âëàæíîñòüþ âáëèçè ìåñò êðåïëåíèÿ êîííåêòîðîâ ê ëàìåëÿì.

4. Âî âñåõ âàðèàíòàõ ïðîâåäåííûõ ðàñ÷åòîâ â âûáðàííîì ôðàãìåíòå
áðóñîâîé ñòåíû îòñóòñòâóþò çîíû ñî ñâîáîäíîé (íåñâÿçàííîé) âëàãîé, â êî-
òîðûõ îòíîñèòåëüíàÿ âëàæíîñòü ðàâíà åäèíèöå.
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Âêëàä àâòîðîâ: âñå àâòîðû ñäåëàëè ýêâèâàëåíòíûé âêëàä â ïîäãîòîâêó ïóáëèêàöèè.
Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà èíòåðåñîâ.

Contribution of the authors: the authors contributed equally to this article. The authors
declare no conflicts of interests.

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 10.03.2022 The article was submitted 10.03.2022
Îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 07.04.2022 Approved after reviewing 07.04.2022
Ïðèíÿòà ê ïóáëèêàöèè 14.04.2022 Accepted for publication 14.04.2022

Section of scientific methodology

98


