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Abstract

The theoretical studies considered in this work reflect the development of thermal insulation protective
means applied on the aircraft. The purpose of the work consists in studying the possibilities of enhancing
thermal insulation characteristics of the aircraft being operated under extreme temperatures. Namely, the
article tackles the option of a multilayer structure suggested as a thermal insulator for its application on the
aircraft. This structure consists of the composite material layers, porous material and aluminum-magnesium
alloy layers. Theoretical study of heat exchange of this structure and existing thermal insulating structures
employed on the aircraft is being conducted for comparison and evaluation of the considered multilevel
structure application effectiveness.

The extreme temperatures are being determined in this work from the aircraft flight mode conditions,
at which these excessively high temperatures occur.

The thermal conductivity studies of the proposed multilayer structure and conventional heat-insulating
structures considered in this work were being performed numerically by the finite-difference method.

The numerical study results of the unsteady thermal conductivity revealed that a multilayer structure
was twelve times superior in thermal insulation to all other existing thermal insulation structures considered
in the work. Besides, the results of studying thermal conductivity of the structures under consideration
demonstrate that:

– The layers of materials in the element do not operate separately from each other, but they all operate
in the common heat exchange system;

– The monotony of the temperature distribution in the elements depends on the of the materials’ thermal
conductivity coefficients ratio.

The results of this work may be recommended for application in real designs of the state-of-the-art aircraft.
Keywords: multilayer thermal insulation structure, composite polymer materials, porous materials, thermal

insulation, non-stationary thermal conductivity, thermal conditioning systems.
For citation: Maskaykin  V.A., Makhrov V.P. Thermal conductivity research of the aircraft heat-insulating

skin under flight conditions. Aerospace MAI Journal, 2021, vol. 28, no. 4, pp. 118—130. DOI: 10.34759/
vst-2021-4-118-130

Ââåäåíèå

×òîáû îáåñïå÷èòü óìåíüøåíèå ïðîöåññà òåï-
ëîïåðåäà÷è è òåðìè÷åñêîãî ñîïðîòèâëåíèÿ ëåòà-
òåëüíîãî àïïàðàòà (ËÀ), ñóùåñòâóåò áîëüøîå ðàç-
íîîáðàçèå êîíñòðóêòîðñêèõ è èíæåíåðíûõ ðåøå-
íèé. Íàïðèìåð, çàäà÷ó ïî ïîääåðæàíèþ ýêñïëó-
àòàöèîííîé òåìïåðàòóðû ËÀ ðåøàþò ïóòåì èñ-
ïîëüçîâàíèÿ ñèñòåì òåðìîñòàòèðîâàíèÿ [1]. Òàê-
æå ïðîâîäÿòñÿ ðàáîòû ïî èññëåäîâàíèþ è ñîçäà-
íèþ ìàòåðèàëîâ è êîíñòðóêöèé, îáåñïå÷èâàþùèõ
ýêñïëóàòàöèîííóþ òåìïåðàòóðó ËÀ èëè åãî àãðå-
ãàòîâ, íàõîäÿùèõñÿ â óñëîâèÿõ ýêñòðåìàëüíûõ
òåìïåðàòóðíûõ ðåæèìîâ [2—4]. Òåïëîèçîëÿöèÿ â
òàêèõ ìàòåðèàëàõ è êîíñòðóêöèÿõ äîñòèãàåòñÿ
ïóòåì ââåäåíèÿ ðàçëè÷íûõ ñõåì àðìèðîâàíèÿ,
äèñïåðñíîñòè ìàòåðèàëîâ, à òàêæå ñòðóêòóðû ïî-
ñòðîåíèÿ ìàòåðèàëîâ â êîíñòðóêöèè [5—7].

Â äàííîé ðàáîòå ïðîâîäèòñÿ èññëåäîâàíèå
ïðåäëàãàåìîé â êà÷åñòâå òåïëîèçîëÿòîðà ìíîãî-
ñëîéíîé êîíñòðóêöèè. Îïðåäåëÿþòñÿ ïðåèìóùå-
ñòâà è àêòóàëüíîñòü èñïîëüçîâàíèÿ â ËÀ ðàññìàò-

ðèâàåìîé êîíñòðóêöèè ñ ñóùåñòâóþùèìè òåïëî-
èçîëÿöèîííûìè ìàòåðèàëàìè è êîíñòðóêöèÿìè.

1. Ìåòîä èññëåäîâàíèÿ
è îïèñàíèå èññëåäóåìîãî ïðåäìåòà

Ðàññìàòðèâàåìàÿ ìíîãîñëîéíàÿ êîíñòðóêöèÿ,
êîòîðàÿ ïðåäñòàâëåíà íà ðèñ. 1, ñîñòîèò èç êîì-
áèíàöèè ñëîåâ:

Ðèñ. 1. Ðàññìàòðèâàåìàÿ ìíîãîñëîéíàÿ êîíñòðóêöèÿ
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– ñòåêëîïëàñòèêà 1;
– ìèíåðàëüíîé âàòû 2;
– àëþìèíèé-ìàãíèåâîãî ñïëàâà 3.
Äëÿ ñðàâíåíèÿ è îöåíêè ýôôåêòèâíîñòè èñ-

ïîëüçîâàíèÿ ðàññìàòðèâàåìîé ìíîãîñëîéíîé
êîíñòðóêöèè ïðîâîäèòñÿ òåîðåòè÷åñêîå èññëåäî-
âàíèå òåïëîîáìåíà äàííîé êîíñòðóêöèè è ñóùå-
ñòâóþùèõ òåïëîèçîëÿöèîííûõ êîíñòðóêöèé,
èñïîëüçóåìûõ â ËÀ â êà÷åñòâå òåïëîèçîëÿòîðîâ
[8—14].

Èç êîìïîçèöèîííûõ ïîëèìåðíûõ ìàòåðèàëîâ
ðàññìàòðèâàåòñÿ òåïëîïðîâîäíîñòü óãëåïëàñòè-
êîâ, ñòåêëîïëàñòèêîâ â ñîâîêóïíîñòè ñ ìèíåðàëü-
íûìè, ñòåêëîâîëîêíèñòûìè, ïîëèìåðíûìè, ïî-
ðèñòûìè íåãîðþ÷èìè ìàòåðèàëàìè. Òåïëîèçîëÿ-
öèîííûå õàðàêòåðèñòèêè äàííûõ ìàòåðèàëîâ
ïðåäñòàâëåíû â òàáë. 1 [15—18].

Äëÿ èññëåäîâàíèÿ òåïëîîáìåíà êîíñòðóêöèé,
îïðåäåëèì âíåøíèå ôàêòîðû, äåéñòâóþùèå íà
ËÀ â ïîëåòå. Ðàññìîòðèì, íàïðèìåð, ðåæèì ïî-
ëåòà ËÀ, â êîòîðîì âîçíèêàþò ýêñòðåìàëüíûå
òåìïåðàòóðû, à èìåííî ïðè ðåæèìå ïîëåòà ËÀ ñ
÷èñëîì Ìàõà, ðàâíûì 2,5 íà âûñîòå 12 êì. Ïðè

òàêîì ðåæèìå ïîëåòà îñíîâíûìè ôàêòîðàìè,
äåéñòâóþùèìè íà ËÀ, ÿâëÿþòñÿ àýðîäèíàìè÷åñ-
êèé íàãðåâ è ðàäèàöèîííîå òåïëî, ïàðàìåòðû
êîòîðûõ óêàçàíû â òàáë. 2 [19].

×òîáû ïðîâåñòè èññëåäîâàíèÿ íåñòàöèîíàð-
íîé òåïëîïðîâîäíîñòè êîíñòðóêöèé, ðàññìîòðèì
îáëàñòü ðåøåíèÿ çàäà÷è, ïðåäñòàâëåííîé íà
ðèñ. 2. Â îáëàñòü ðåøåíèÿ çàäà÷è âõîäÿò: îáðàçåö
ìíîãîñëîéíîé êîíñòðóêöèè (ÎÌÊ) (ðèñ. 2,à);
îáðàçåö êîíñòðóêòèâíîãî ýëåìåíòà (ÎÊÝ) â êîì-
áèíàöèè ðàçëè÷íûõ ìàòåðèàëîâ (ðèñ. 2,á); ÎÊÝ
ñî ñïëîøíûì ìàòåðèàëîì (ðèñ. 2,â). Òîëùèíû
äàííûõ êîíñòðóêòèâíûõ ýëåìåíòîâ (ÊÝ) çàäàäèì
îäèíàêîâûìè, ðàâíûìè 16 ìì (Y), øèðèíà ÊÝ

20 ìì (Õ), íà÷àëüíàÿ òåìïåðàòóðà T0   25 °Ñ.  Ïðè
èññëåäîâàíèè òåïëîîáìåíà ÊÝ ïðèíèìàþòñÿ äî-
ïóùåíèÿ: ìåæäó ñëîÿìè ìàòåðèàëîâ â ÊÝ îáåñ-
ïå÷èâàåòñÿ àáñîëþòíûé êîíòàêò; õàðàêòåðèñòè-
êè òåïëîïðîâîäíîñòè ìàòåðèàëîâ (òàáë. 2) ÿâëÿ-
þòñÿ ïîñòîÿííûìè â ïðåäåëàõ çàäàííûõ òåìïå-
ðàòóðíûõ óñëîâèÿõ; ñòåïåíü ÷åðíîòû ε  çàäàíà äëÿ
âñåõ ìàòåðèàëîâ îäèíàêîâîé, ε = 0,9.

Òàáëèöà 1

Òåïëîèçîëÿöèîííûå õàðàêòåðèñòèêè ìàòåðèàëîâ

Ìàòåðèàë 

Хàðàêòåðèñòèêè 

Ïëîòíîñòü,  
êã/ì3 

Óäåëüíàÿ òåïëîåìêîñòü,  
Äæ/(êã·îÑ) 

Êîýôôèöèåíò 
òåïëîïðîâîäíîñòè, Âò/(ì· îÑ) 

Ïëèòû èç ìèíåðàëüíîé âàòû íà 
ñèíòåòè÷åñêîì ñâÿçóþùåì 140 840 0,039 

Ïëèòû èç ñòåêëÿííîãî 
øòàïåëüíîãî âîëîêíà íà 
ñèíòåòè÷åñêîì ñâÿçóþùåì 

190 840 0,057 

Ïëèòû èç ðåçîëüíîôå-
íîëôîðìàëüäåãèäíîãî ïåíîïëàñòà 

80 1680 0,044 

Óãëåðîäíîå âîëîêíî 1800 1100 100 

Ñòåêëîâîëîêíî 2500 840 1 

Òåðìîðåàêòèâíàÿ ñìîëà 1400 900 0,2 

Àëþìèíèé-ìàãíèåâûé ñïëàâ  2670 920 188 

Òàáëèöà 2

Ïàðàìåòðû âíåøíèõ ôàêòîðîâ

Ïàðàìåòð Зíà÷åíèå 

Òåìïåðàòóðà âîçäóõà â ïîãðàíè÷íîì ñëîå TÏÑ, îÑ 300 

Êîýôôèöèåíò òåïëîîòäà÷è α, Âò/(ì2 îÑ)  410 

Òåïëîâîé ïîòîê ñîëíå÷íîãî èçëó÷åíèÿ J0, Âò/ ì2 1200 

Èíôðàêðàñíàÿ ÷àñòü ñîëíå÷íîé ýíåðãèè Inf, % 51 
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2. ×èñëåííûå èññëåäîâàíèÿ òåïëîîáìåíà
ðàññìàòðèâàåìûõ ÊÝ

Îáùàÿ ìàòåìàòè÷åñêàÿ ïîñòàíîâêà çàäà÷è íåñòà-
öèîíàðíîé òåïëîïðîâîäíîñòè ÊÝ èìååò âèä [20]:

2 2

2 2
,n n n

n n n

T T T
c

t x y
ρ λ

Ê ˆ
Á ˜Á ˜Ë ¯

∂ ∂ ∂
= +

∂ ∂ ∂             (1)

ãäå n – êîëè÷åñòâî ðàñïðåäåëåíèé â ÊÝ, çàâèñÿ-
ùåå îò ââåäåííûõ õàðàêòåðèñòèê ìàòåðèàëîâ; t –

âðåìÿ; λ  — êîýôôèöèåíò òåïëîïðîâîäíîñòè ìà-
òåðèàëà; ñ – óäåëüíàÿ òåïëîåìêîñòü ìàòåðèàëà.

Äëÿ ñôîðìóëèðîâàííîé çàäà÷è (1) íà÷àëüíûå
óñëîâèÿ èìåþò âèä:

T(x, y, 0) = T0.                     (2)

Çàäàþòñÿ ñëåäóþùèå ãðàíè÷íûå óñëîâèÿ:

– íà ãðàíèöå y = Y ïðè 0 ≤ x ≤ X âûïîëíÿåòñÿ
óñëîâèå

4 4
ÏÑ ÏÑ 0( ) ( ) ;

Ò
T Ò T Ò J Inf

y
α εσ ε

∂
= - + - +

∂   (3)

– íà ãðàíèöå y = 0 ïðè 0 ≤ x ≤ X çàäàíû óñëî-
âèÿ òåïëîèçîëÿöèè

0;
Ò
y

∂
=

∂                         (4)

– íà ãðàíèöàõ ìåæäó ñëîÿìè ìàòåðèàëîâ âû-
ïîëíÿþòñÿ óñëîâèÿ

1

1
1

( , , ) ( , , ),

;

n n

nn
n n

T t x y T t x y

TT

y y
λ λ

+

+
+

=Ï
Ô
Ì ∂∂
- = -Ô

∂ ∂Ó
                (5)

– íà ãðàíèöàõ x = 0, X çàäàåòñÿ óñëîâèå

0

.
x x X

Ò Ò
x x= =

∂ ∂
=

∂ ∂               (6)

Êðàåâàÿ çàäà÷à äëÿ óðàâíåíèÿ (1) ñ ó÷åòîì
(2)—(6) ðåøàëàñü êîíå÷íî-ðàçíîñòíûì ìåòîäîì

íà ðàâíîìåðíîé ñåòêå ñ èñïîëüçîâàíèåì íåÿâíîé
äâóõñëîéíîé ñõåìû [21, 22]. Äëÿ ÷èñëåííîãî ðå-
øåíèÿ êðàåâîé çàäà÷è äëÿ óðàâíåíèÿ (1) ïðèìå-
íÿëàñü ëîêàëüíî-îäíîìåðíàÿ ñõåìà Ñàìàðñêîãî
[23]. Äèñêðåòèçàöèÿ êîíâåêòèâíûõ è ëó÷èñòûõ
ñëàãàåìûõ ïðîâîäèëàñü íà îñíîâå ìîíîòîííîé
àïïðîêñèìàöèè Ñàìàðñêîãî [23].

Ïîñêîëüêó â èññëåäîâàíèè ó÷àñòâóþò êîìïî-
çèöèîííûå ìàòåðèàëû, òðåáóåòñÿ îïðåäåëèòü èõ
õàðàêòåðèñòèêè.

Äëÿ óïðîùåíèÿ îïðåäåëåíèÿ òåïëîïðîâîäíî-
ñòè êîìïîçèöèîííîãî ìàòåðèàëà ðàññìàòðèâàåò-
ñÿ åãî äâóíàïðàâëåííàÿ ïðÿìîóãîëüíàÿ ñõåìà àð-
ìèðîâàíèÿ. Èñõîäÿ èç ýòîãî êîýôôèöèåíò òåïëî-
ïðîâîäíîñòè áóäåò îïðåäåëÿòüñÿ ïî ôîðìóëå [24]:

2 2 2 2
1 2 2

4 (1 )
(1 ) ,

1

m m
m m

ν
λ λ ν

ν
-È ˘

= + - +Í ˙+Î ˚
    (7)

ãäå 1λ  – òåïëîïðîâîäíîñòü âîëîêîí; m2 =0,5 –
ïîðèñòîñòü òêàíè; ν = 2 1/λ λ ; 2λ  – òåïëîïðî-
âîäíîñòü âåùåñòâà ïîð.

Ïëîòíîñòü êîìïîçèöèîííîãî ìàòåðèàëà îï-
ðåäåëÿåòñÿ ïî ôîðìóëå [20]:

2 2 1 2(1 ),m mρ ρ ρ= + -                  (8)

ãäå 1ρ  – ïëîòíîñòü âîëîêíà; 2ρ  – ïëîòíîñòü âå-

ùåñòâà ïîð.
Àíàëîãè÷íî îïðåäåëÿåòñÿ òåïëîåìêîñòü êîì-

ïîçèöèîííîãî ìàòåðèàëà:

2 2 1 2(1 ).ñ ñ m ñ m= + -                    (9)

2.1. Ðåçóëüòàòû ÷èñëåííîãî èññëåäîâàíèÿ
òåïëîîáìåíà ðàññìàòðèâàåìûõ ÊÝ

Ðåçóëüòàòû ÷èñëåííîãî èññëåäîâàíèÿ íåñòà-
öèîíàðíîãî òåïëîîáìåíà ÊÝ ïîêàçûâàþò, ÷òî

Ðèñ. 2. Îáëàñòü ðåøåíèÿ çàäà÷è

à)                                               á)                                               â)
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ÎÌÊ (ñì. ðèñ. 1) ïðåâîñõîäèò ïî òåïëîèçîëÿöèè
âñå îñòàëüíûå àíàëîãè (òàáë. 3). À èìåííî çà
îäèí ÷àñ òåïëîâîãî âîçäåéñòâèÿ òåìïåðàòóðà

ÎÌÊ íà ãðàíèöå y = 0 óâåëè÷èëàñü íà 0,3 °C. Â
îñòàëüíûõ ðàññìàòðèâàåìûõ ÎÊÝ (ñì. ðèñ. 2,á è â)
íà ãðàíèöå y = 0 íàáëþäàåòñÿ óâåëè÷åíèå òåìïå-

ðàòóðû äî 300 °C çà 10 ìèí.
Ñëåäóåò îòìåòèòü, ÷òî òåìïåðàòóðû íà ãðàíè-

öàõ y = 0 è y = 16 ìì ó êàæäîãî ÊÝ ðàçëè÷íû (ñì.
òàáë. 3). Íàïðèìåð, ÎÊÝ ñî ñïëîøíûì ìàòåðè-
àëîì — óãëåïëàñòèê — çà âðåìÿ òåïëîâîãî âîç-
äåéñòâèÿ 10 ñ èìååò òåìïåðàòóðû íà ãðàíèöàõ

y = 0 è y = 16 ìì 48,3 °C è 79,4 °C. À ÎÊÝ ñ óã-
ëåïëàñòèêîì â êîìáèíàöèè ñ ìèíåðàëüíîé âàòîé

èìååò òåìïåðàòóðû 38,5 °C è 109,3 °C. Ýòî ãîâî-
ðèò î òîì, ÷òî ñëîè ìàòåðèàëîâ â ÊÝ ó÷àñòâóþò
â ðàáîòå íå îòäåëüíî äðóã îò äðóãà, à â îáùåé ñè-
ñòåìå òåïëîîáìåíà [25].

Ðåçóëüòàòû ÷èñëåííîãî èññëåäîâàíèÿ íåñòà-
öèîíàðíîãî òåïëîîáìåíà ÊÝ â ãðàôè÷åñêîì âèäå
ïðåäñòàâëåíû íà ðèñ. 3—8.

Èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ìî-
íîòîííîñòü ðàñïðåäåëåíèÿ òåìïåðàòóðû â ÊÝ çà-
âèñèò îò îòíîøåíèÿ êîýôôèöèåíòîâ òåïëîïðî-

âîäíîñòè ìàòåðèàëîâ. Òàê, íà ðèñ. 7,à, ðàñïðåäå-
ëåíèå òåìïåðàòóðû â ÎÊÝ ïðîèñõîäèò ìîíîòîí-
íî, ïîñêîëüêó îòíîøåíèå êîýôôèöèåíòîâ òåïëî-
ïðîâîäíîñòè ñòåêëîïëàñòèêà ê ñòåêëÿííîìó øòà-
ïåëüíîìó âîëîêíó ðàâíî 8. Ïðîòèâîïîëîæíûå
ðåçóëüòàòû èìååò ÎÊÝ, óêàçàííûé íà ðèñ. 8,à.
Îòíîøåíèå êîýôôèöèåíòîâ òåïëîïðîâîäíîñòè
óãëåïëàñòèêà ê ñòåêëÿííîìó øòàïåëüíîìó âîëîê-
íó ðàâíî 443.

Ðåçóëüòàòû ÎÊÝ ñ êîìáèíàöèåé ñòåêëîïëà-
ñòèêà è ìèíåðàëüíîé âàòû, ðåçîëüíîôåíîëôîð-
ìàëüäåãèäíûì ïåíîïëàñòîì íå ïîêàçàíû, ïî-
ñêîëüêó ãðàäèåíò òåìïåðàòóð îäíîòèïåí ÎÊÝ,
óêàçàííîìó íà ðèñ. 7,à,á,â, è çíà÷åíèÿ òåìïåðà-
òóð íà ãðàíèöàõ y ýòèõ ÎÊÝ ïðàêòè÷åñêè îäèíà-
êîâû (òàáë. 3).

Ðåçóëüòàòû ÎÊÝ ñ êîìáèíàöèåé óãëåïëàñòè-
êà è ìèíåðàëüíîé âàòîé, ðåçîëüíîôåíîëôîðìàëü-
äåãèäíûì ïåíîïëàñòîì òàêæå íå óêàçàíû.

Âûâîäû

Ðàññìîòðåííûå òåîðåòè÷åñêèå èññëåäîâàíèÿ
îòðàæàþò ðàçðàáîòêó òåïëîèçîëÿöèîííûõ çàùèò-
íûõ ñðåäñòâ, ïðèìåíÿåìûõ â ËÀ. Áûë ðàññìîò-
ðåí âàðèàíò òåïëîèçîëÿöèîííîé ìíîãîñëîéíîé

Òàáëèöà 3

Ðåçóëüòàòû òåïëîîáìåíà ÊÝ ïðè òåïëîâîì âîçäåéñòâèè

Èññëåäóåìûå ÊÝ 

Âðåìåííîå òåïëîâîå âîçäåéñòâèå, ñ 

10 600 3600 

Òåìïåðàòóðà íà ãðàíèöå y = 0; 16 ìì 

Ìíîãîñëîéíàÿ êîíñòðóêöèÿ 25;156.6 25;157.5 25,3;161.4 

Ñòåêëîïëàñòèê  25;209 161,1;289,6 301,3;301,3 

Óãëåïëàñòèê  48,3;79,4 301;301,1 301,3;301,3 

Ìèíåðàëüíàÿ âàòà íà ñèíòåòè÷åñêîì ñâÿçóþùåì 25;293 197,5;300,5 301,1;301,3 

Ñòåêëÿííûå øòàïåëüíûå âîëîêíà íà ñèíòåòè÷åñêîì 
ñâÿçóþùåì 

25;289,6 206;300,3 301,3;301,3 

Ðåçîëüíîôåíîëôîðìàëüäåãèäíûé ïåíîïëàñò 25;291,8 195,7;300,5 301,3;301,3 

Ñòåêëîïëàñòèê â êîìáèíàöèè ñ ñòåêëÿííûì øòàïåëüíûì 
âîëîêíîì  

25;213 285;300 301,3;301,3 

Ñòåêëîïëàñòèê â êîìáèíàöèè ñ ìèíåðàëüíîé âàòîé 25;213,2 284;300 301,3;301,3 

Ñòåêëîïëàñòèê â êîìáèíàöèè ñ ðåçîëüíîôå-
íîëôîðìàëüäåãèäíûì ïåíîïëàñòîì 

25;213 284.6;300 301,3;301,3 

Óãëåïëàñòèê â êîìáèíàöèè ñî ñòåêëÿííûì øòàïåëüíûì 
âîëîêíîì  

43;109,3 301,3;301,3 301,3;301,3 

Óãëåïëàñòèê â êîìáèíàöèè ñ ìèíåðàëüíîé âàòîé 38,5;109,3 301,3;301,3 301,3;301,3 

Óãëåïëàñòèê â êîìáèíàöèè ñ ðåçîëüíîôå-
íîëôîðìàëüäåãèäíûì ïåíîïëàñòîì 

39,8;109,3 301,3;301,3 301,3;301,3 
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êîíñòðóêöèè (ñì. ðèñ. 1) äëÿ ïðèìåíåíèÿ åãî â
ËÀ. Äëÿ îïèñàíèÿ ýôôåêòèâíîñòè ïðèìåíåíèÿ
ìíîãîñëîéíîé êîíñòðóêöèè áûëè ïðîâåäåíû
÷èñëåííûå èññëåäîâàíèÿ òåïëîïðîâîäíîñòè äàí-
íîé êîíñòðóêöèè ñ ñóùåñòâóþùèìè (ñì. ðèñ. 2)
ìàòåðèàëàìè è êîíñòðóêöèÿìè. Ðåçóëüòàòû ÷èñëåí-
íîãî èññëåäîâàíèÿ (ñì. òàáë. 2 è 3 è ðèñ. 3—8)
ïîêàçàëè, ÷òî ìíîãîñëîéíàÿ êîíñòðóêöèÿ â 12 ðàç
ïðåâîñõîäèò ïî òåïëîèçîëÿöèè âñå äðóãèå àíàëî-
ãè, ðàññìîòðåííûå â ðàáîòå. Ýòè ðåçóëüòàòû ìî-
ãóò áûòü ðåêîìåíäîâàíû äëÿ èñïîëüçîâàíèÿ â
ðåàëüíûõ êîíñòðóêöèÿõ ñîâðåìåííûõ ËÀ.

Ñïèñîê èñòî÷íèêîâ

1. Øèëêèí Î.Â., Êèøêèí À.À., Çóåâ À.À., Äåëêîâ À.Â.,
Ëàâðîâ Í.À. Ïðîåêòèðîâàíèå ñèñòåìû ïàññèâíî-
ãî îõëàæäåíèÿ áîðòîâîãî êîìïëåêñà êîñìè÷åñêîãî
àïïàðàòà // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî
èíñòèòóòà. 2021. Ò. 28. ¹ 2. Ñ. 96-106. DOI:
10.34759/vst-2021-2-96-106

2. Áàáàøîâ Â.Ã., Âàððèê Í.Ì. Òåïëîèçîëÿöèîííûå
ìàòåðèàëû äëÿ ñîâðåìåííûõ ëåòàòåëüíûõ àïïàðà-
òîâ // Íîâîñòè ìàòåðèàëîâåäåíèÿ. Íàóêà è òåõíè-
êà. 2016. ¹ 3(21). URL: https://materialsnews.ru/
plugins/content/journal/uploads/articles/pdf/201.pdf

3. Attalla M. Experimental investigation of heat transfer
and pressure drop of SiO2/water nanofluid through
conduits with altered cross-sectional shapes // Heat
and Mass Transfer. 2019. Vol. 55, pp. 3427–3442.
DOI: 10.1007/s00231-019-02668-0

4. Zhang Y., Zhang X., Li M. et al. Research on heat
transfer enhancement and flow characteristic of heat
exchange surface in cosine style runner // Heat and
Mass Transfer. 2019. Vol. 55, pp.  3117-3131. DOI:
10.1007/s00231-019-02647-5

5. Áóêè÷åâ Þ.Ñ., Áîãäàíîâà Ë.Ì., Ñïèðèí Ì.Ã., Øåð-
øíåâ Â.À., Øèëîâ Ã.Â., Äæàðäèìàëèåâà Ã.È. Êîì-
ïîçèöèîííûå ìàòåðèàëû íà îñíîâå ýïîêñèäíîé
ìàòðèöû è íàíî÷àñòèö äèîêñèäà òèòàíà (IV): ïî-
ëó÷åíèå, ìèêðîñòðóêòóðà è ñâîéñòâà // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2021. Ò. 28.
¹ 2. Ñ. 224-237. DOI: 10.34759/vst-2021-2-224-237

6. Ìàñêàéêèí Â.À., Ìàõðîâ Â.Ï. Èññëåäîâàíèå êîí-
âåêòèâíîãî òåïëîîáìåíà ñòðóêòóðèðîâàííîãî,
íåîäíîðîäíîãî ýëåìåíòà, ñëóæàùåãî êàê òåïëî-
èçîëÿöèîííûé ñëîé îáøèâêè àâèàöèîííûõ èçäå-
ëèé // Òåïëîâûå ïðîöåññû â òåõíèêå. 2021. Ò. 13.
¹ 5. Ñ. 230-237.

7. Ïðîêîôüåâ Ì.Â., Æóðàâëåâ Ñ.Þ. Èññëåäîâàíèå
âëèÿíèÿ ðàçìåðà è ôîðìû íàíîäèñïåðñíûõ ÷àñ-
òèö ãðàôèòà íà ýëåêòðè÷åñêóþ ïðîâîäèìîñòü è
òåðìîñòîéêîñòü óãëåðîäíûõ ïîêðûòèé // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2016. Ò. 23.
¹ 2. Ñ. 167-174.

8. Ñûòûé Þ.Â., Ñàãîìîíîâà Â.À., Íèêîëàåâà Ì.Ô. è
äð. Îãíåñòîéêèé ñëîèñòûé çâóêîòåïëîèçîëèðóþ-

ùèé ìàòåðèàë. Ïàòåíò RU 2465145 C1. Áþë. ¹ 30,
27.10.2012.

9. Àâèàöèîííûå ìàòåðèàëû: Ñïðàâî÷íèê. Â 12 ò. Ò.
9. Òåïëîçàùèòíûå, òåïëîèçîëÿöèîííûå è êîìïî-
çèöèîííûå ìàòåðèàëû, âûñîêîòåìïåðàòóðíûå íå-
ìåòàëëè÷åñêèå ïîêðûòèÿ / Ïîä îáù. ðåä. Å.Í.
Êàáëîâà. — Ì.: ÂÈÀÌ, 2011. Ñ. 31.

10. Wierzbicki M., Miller K.B., Fernando J.A. Multi-layer
fire protection material. Patent US20110126957A1,
02.06.2011.

11. Horrocks A., Anand S.C., Hill B.J. Fire and heat
resistant materials Patent GB2279084A, 21.12.1994.

12. Shumate M.W., Stacy J.W. Reinforced Insulation
Product and System Suitable for Use in an Aircraft.
Patent US7278608B2, 09.10.2007.

13. Movsesian S., Patel J.D., Workman T., Deramo M.A.
Modularized insulation, systems, apparatus, and
methods. Patent US7083147B2, 01.08.2006.

14. Hosaain Z., Borumand K., Sharma N. et al. Aircraft
insulation systems and methods. Patent EP2236412B1,
31.03.2010.

15. ÃÎÑÒ 9573-2012. Ïëèòû èç ìèíåðàëüíîé âàòû íà
ñèíòåòè÷åñêîì ñâÿçóþùåì òåïëîèçîëÿöèîííûå.
Òåõíè÷åñêèå óñëîâèÿ. – Ì.: Ñòàíäàðòèíôîðì,
2019. – 12 c.

16. ÃÎÑÒ 10499-95. Èçäåëèÿ òåïëîèçîëÿöèîííûå èç
ñòåêëÿííîãî øòàïåëüíîãî âîëîêíà. Òåõíè÷åñêèå
óñëîâèÿ. – Ì.: ÈÏÊ Èçäàòåëüñòâî ñòàíäàðòîâ,
1996. – 12 ñ.

17. ÃÎÑÒ 20916-87. Ïëèòû òåïëîèçîëÿöèîííûå èç
ïåíîïëàñòà íà îñíîâå ðåçîëüíûõ ôåíîëîôîðìàëü-
äåãèäíûõ ñìîë. Òåõíè÷åñêèå óñëîâèÿ. – Ì.: Èçä-âî
ñòàíäàðòîâ, 1987. – 9 ñ.

18. Êåðáåð Ì.Ë. Ïîëèìåðíûå êîìïîçèöèîííûå ìàòå-
ðèàëû. Ñòðóêòóðà. Ñâîéñòâà. Òåõíîëîãèè: Ó÷åáíîå
ïîñîáèå. – ÑÏá.: Ïðîôåññèÿ, 2008. – 560 ñ.

19. Ïè÷óëèí Â.Ñ., Ñìèðíîâà Ã.À. Ðåãóëèðîâàíèå òåïëî-
âîãî ñîñòîÿíèÿ ïèëîòà ìàíåâðåííîãî ñàìîëåòà //
Òðóäû ÌÀÈ. 2012. ¹ 52. URL: http://trudymai.ru/
published.php?ID=29441

20. Ëûêîâ À.Â. Òåîðèÿ òåïëîïðîâîäíîñòè: Ó÷åáíîå
ïîñîáèå. — Ì.: Âûñøàÿ øêîëà, 1967. – 600 ñ. 

21. Áåðêîâñêèé Á.Ì., Íîãîòîâ Å.Ô. Ðàçíîñòíûå ìåòîäû
èññëåäîâàíèÿ çàäà÷ òåïëîîáìåíà. – Ì.: Íàóêà è
òåõíèêà, 1976. – 144 ñ.

22. Êóçíåöîâ Ã.Â., Øåðåìåò Ì.À. Ðàçíîñòíûå ìåòîäû
ðåøåíèÿ çàäà÷ òåïëîïðîâîäíîñòè: Ó÷åáíîå ïîñî-
áèå. – Òîìñê: Èçä-âî ÒÏÓ, 2007. – 172 ñ.

23. Ñàìàðñêèé À.À., Âàáèùåâè÷ Ï.Í Âû÷èñëèòåëüíàÿ
òåïëîïåðåäà÷à. – Ì.: Åäèòîðèàë ÓÐÑÑ, 2003. –
785 ñ.

24. Äóëüíåâ Ã.Í., Çàðè÷íÿê Þ.Ï. Òåïëîïðîâîäíîñòü
ñìåñåé è êîìïîçèöèîííûõ ìàòåðèàëîâ: Ñïðàâî÷-
íàÿ êíèãà. – Ë.: Ýíåðãèÿ, 1974. – 264 ñ.

25. Äóëüíåâ Ã.Í., Íîâèêîâ Â.Â. Ïðîöåññû ïåðåíîñà â
íåîäíîðîäíûõ ñðåäàõ. – Ë.: Ýíåðãîàòîìèçäàò,
1991. — 247 ñ.



130Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹4 Aerospace MAI Journal, vol. 28, no. 4

Â.À. Ìàñêàéêèí, Â.Ï. Ìàõðîâ V.A. Maskaykin, V.P. Makhrov

References

1. Shilkin O.V., Kishkin A.A., Zuev A.A., Delkov A.V.,
Lavrov N.A. Passive cooling system designing for a
spacecraft onboard complex. Aerospace MAI Journal,
2021, vol. 28, no. 2, pp. 96-106. DOI: 10.34759/vst-
2021-2-96-106

2. Babashov V.G., Varrik N.M. Novosti
materialovedeniya. Nauka i tekhnika, 2016, no. 3(21).
URL: https://materialsnews.ru/plugins/content/
journal/uploads/articles/pdf/201.pdf

3. Attalla M. Experimental investigation of heat transfer
and pressure drop of SiO2/water nanofluid through
conduits with altered cross-sectional shapes. Heat and
Mass Transfer, 2019, vol. 55, pp. 3427–3442. DOI:
10.1007/s00231-019-02668-0

4. Zhang Y., Zhang X., Li M. et al. Research on heat
transfer enhancement and flow characteristic of heat
exchange surface in cosine style runner. Heat and Mass
Transfer, 2019, vol. 55, pp. 3117-3131. DOI: 10.1007/
s00231-019-02647-5

5. Bukichev Y.S., Bogdanova L.M., Spirin M.G.,
Shershnev V.A., Shilov G.V., Dzhardimalieva G.I.
Composite materials based on epoxy matrix and
titanium dioxide (IV) nanoparticles: synthesis,
microstructure and properties. Aerospace MAI Journal,
2021, vol. 28, no. 2, pp. 224-237. DOI: 10.34759/vst-
2021-2-224-237

6. Maskaikin V.A., Makhrov V.P. Teplovye protsessy v
tekhnike, 2021, vol. 13, no. 5, pp. 230-237.

7. Prokof’ev M.V., Zhuravlev S.Y. The study of nano-
dispersed graphite particles size and shape effect on
electrical conductance and thermal resistance of
carbonaceous coating. Aerospace MAI Journal, 2016,
vol. 23, no. 2, pp. 167-174.

8. Sytyi Yu.V., Sagomonova V.A., Nikolaeva M.F. et al.
Patent RU 2465145 C1, 27.10.2012.

9. Aviatsionnye materialy: spravochnik v 12 t. T. 9.
Teplozashchitnye, teploizolyatsionnye i kompozitsionnye
materialy, vysokotemperaturnye nemetallicheskie
pokrytiya (Aviation materials: handbook in 12 vols.
Vol. 9. Heat protection, thermal insulation and
composite materials, high-temperature non-metallic
coatings), Moscow, VIAM, 2011, p. 31.

10. Wierzbicki M., Miller K.B., Fernando J.A. Multi-layer
fire protection material. Patent US20110126957A1,
02.06.2011.

11. Horrocks A., Anand S.C., Hill B.J. Fire and heat
resistant materials. Patent GB2279084A, 21.12.1994.

12. Shumate M.W., Stacy J.W. Reinforced Insulation
Product and System Suitable for Use in an Aircraft.
Patent US7278608B2, 09.10.2007.

13. Movsesian S., Patel J.D., Workman T., Deramo M.A.
Modularized insulation, systems, apparatus, and
methods. Patent US7083147B2, 01.08.2006.

14. Hosaain Z., Borumand K., Sharma N. et al. Aircraft
insulation systems and methods. Patent EP2236412B1,
31.03.2010.

15. Plity iz mineral’noi vaty na sinteticheskom
svyazuyushchem teploizolyatsionnye. Tekhnicheskie
usloviya. GOST 9573-2012 (Thermal insulating plates
of mineral wool on synthetic binder. Specifications.
State Standard 9573-2012), Moscow, Standartinform,
2019, 12 p.

16. Izdeliya teploizolyatsionnye iz steklyannogo shtapel’nogo
volokna. Tekhnicheskie usloviya. GOST 10499-95 (Heat
insulating products made of glass staple fiber.
Specifications. State Standard 10499-95), Moscow,
Standartinform, 1996, 12 p.

17. Plity teploizolyatsionnye iz penoplasta na osnove
rezol’nykh fenoloformal’degidnykh smol. Tekhnicheskie
usloviya. GOST 20916-87 (Foam plastic heat-
insulating slabs based on resol phenol-formaldehyde
resins. Specifications. State Standard 20916-87),
Moscow, Standarty, 1987, 9 p.

18. Kerber M.L. Polimernye kompozitsionnye materialy.
Struktura. Svoistva. Tekhnologii (Polymer composite
materials. Structure. Features. Technologies), St.
Petersburg, Professiya, 2008, 560 p.

19. Pichulin V.S., Smirnova G.A. Trudy MAI, 2012,
no. 52. URL: http://trudymai.ru/eng/published.
php?ID= 29441

20. Lykov A.V. Teoriya teploprovodnosti (Theory of
thermal conductivity), Moscow, Vysshaya shkola,
1967, 600 p.

21. Berkovskii B.M., Nogotov E.F. Raznostnye metody
issledovaniya zadach teploobmena (Difference methods
for studying heat transfer problems), Moscow, Nauka
i tekhnika, 1976, 144 p.

22. Kuznetsov G.V., Sheremet M.A. Raznostnye metody
resheniya zadach teploprovodnosti (Difference methods
for solving heat conduction problems), Tomsk, TPU,
2007, 172 p.

23. Samarskii A.A., Vabishchevich P.N Vychislitel’naya
teploperedacha (Computational heat transfer),
Moscow, Editorial URSS, 2003, 785 p.

24. Dul’nev G.N., Zarichnyak Yu.P. Teploprovodnost’
smesei i kompozitsionnykh materialov (Thermal
conductivity of mixtures and composite materials),
Leningrad, Energiya, 1974, 264 p.

25. Dul’nev G.N., Novikov V.V. Protsessy perenosa v
neodnorodnykh sredakh (Transfer processes in
heterogeneous environments), Leningrad,
Energoatomizdat, 1991, 247 p.

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 27.09.2021; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 20.10.2021; ïðèíÿòà ê
ïóáëèêàöèè 20.10.2021.

The article was submitted on 27.09.2021; approved after reviewing on 20.10.2021; accepted for publication
on 20.10.2021.


