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for reliable and failure-free operation of special equipment at low tempera-
tures. Based on this, an important problem that affects the efficiency of the
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Introduction

The most important task in the development of ground special equipment and aircrafts is to ensure
their effective and reliable operation. One of the most important components is the preservation of the
strength, protective properties and transparency of the cabin glazing in a wide range of temperatures under
various strength effects, which are specified in the technical specifications for the product [1-3].

Multilayer packages made of glass (silicate, organic) and connected to each other with adhesive
polymer materials are used for glazing of special equipment [4]. Polyvinyl butyral (PVB), ethylene vinyl
acetate, polyurethane or ionomers can be used as adhesive materials for glass [5]. Most often, PVB, which
has high plasticity and adhesion to glass, is chosen for transport engineering [6].

If, as a rule, triplexes are used for ordinary motor vehicles glazing, then for armored vehicles, civil
and military transport aircrafts those are packages with a significantly greater number of layers and, accord-
ingly, package rigidity. To reduce the probability of damage to the carriage by shrapnel and to increase the
bullet resistance of the glazing, anti-shrapnel films or an additional layer of polycarbonate can be glued to
the outer surface of the inner layer of the package [7, 8].
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For reliable and failure-free operation of special equipment
at low temperatures, electrically heated glazing is used, which pre-
vents its icing [9, 10]. Such glass protects the viewing area from fog-
ging and getting covered with frost. Based on this, ensuring the reli-
able operation of electric glass heating is an important problem, the
implementation of which affects the efficiency of the use of special
equipment.

Electric heating is applied to the inner surface of the outer
layer of glass [9, 10]. The heating element can be of single- or

multi-section, film or mesh type. As a rule, the heated segment has ||

a rectangular shape, the corners of the glass remain unheated,
which can lead to icing if the electric heating power is insufficient.
Fig. 1 shows icing forming on unheated areas of the glass.

The glass must withstand the temperature difference, as
there is a difference between it in the cabin and outside, overheating
when the thermostat fails, as well as thermal shock when the electric
heating is turned on during the cold season. In addition, the outer
layer of glass is subjected to significant temperature loads, which is
explained by a significant temperature difference along the thickness
of the layer and on the surface of the glass near the electric heating
zone border, which can lead to the cover glass cracking.

The described phenomenon is typical for the aircraft glaz-
ing, where the temperature difference inside and outside the cabin is
even higher than in the glazing of ground special equipment. Fig. 2
shows the cover glass cracking that may occur in aircrafts. In addi-
tion, glass overheating can lead to boiling of the adhesive layer or a
change in its adhesive properties, which can cause a decrease in
transparency and even delamination in the case of errors in the glass
design and the wrong method of its fastening. At the same time, it is
known that the strength of the entire glass block depends signifi-
cantly on the quality of the adhesive layers.

As shown in papers [6, 11, 12], the mechanical properties
and adhesion of PVB depend on the adhesive layer thickness and sig-
nificantly decrease with temperature increase. Thus, when the tem-
perature increases from 20 °C to 40 °C, the tensile strength decreases
by almost 4 times for glue with a thickness of 2.28 mm and by about
2 times with a glue thickness of 0.76 mm [11]. Therefore, the glass
heating system, as a rule, includes a temperature relay, which pre-
vents overheating of the glass block and strengthening of the contact
between the layers. Fig. 3 shows a characteristic defect in the form of
delamination, which was formed during the glass operation.

Fig. 1. Icing on the glass

£ 4

Fig. 3. Glass delamination

In the general case, the multilayer glazing delamination can occur for various reasons: violation of
the package manufacturing technology; unacceptable operating temperature modes, which lead to the loss of
adhesive properties of the glue; incorrect fastening of the glass block along the contour, etc.

Since electrically heated glass is used for modern aviation equipment and land transport and operates
in different climatic conditions, the study of temperature fields and stresses in glazing when the temperature

of the surroundings changes is a relevant problem.

In this paper, with the help of original software developed for the analysis of the thermal stress in 3D
formulation of structures [13], which allows to consider a wide class of practical problems of varying com-
plexity [14, 15], the problems of non-stationary and stationary thermal conductivity and thermal elasticity are
solved for the trapezoidal frontal electrically heated multilayer glazing.
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Problem statement 1 I

A multilayer package of heated
glass is considered, its dimensions (in
mm) are shown in Fig. 4. It is needed to
add that there are 11 layers of glass in the 2
package, 9 of which have a thickness of
6.44 mm, and the others have a thickness
of 2 — 5.8 mm. The glass is glued with a
film of polyvinyl butyral with a thickness
of 0.36 mm.

The heating element with a power
of 90 W and a size of 438x426 mm is lo- 438
cated between the first and second layers
of glass. The case when the thermostat is
missing (or does not work) is considered.

The thermophysical characteristics of silicate glass were taken as follows [13]: coefficient of thermal
conductivity Kyas=0.0161 W/(cm-°C); volumetric heat capacity pcgs=1.875 J/(cm®-°C); for polyvinyl bu-
tyral — Kg,e=0.0017 W/(cm-°C); pcgue=1.6 J/(cm3~°C).

Mechanical characteristics of glass [9] — material density pglass=2.5-10'6 kg-s*/cm®; elasticity modulus
E4,5=64000 MPa; Poisson's ratio vg,=0.22; coefficient of linear thermal expansion ocgk,ss=9-10'6 l/OC; for glue —
Poiue=1 2:10° kg-sz/cm4 E =280 MPa; v,=0.39; ocgme=8.3-10'5 1/°C, respectively. It is assumed that at the tempera-
ture of 10 °C there are no residual stresses in the package.

The first layer of glue on the outside contains a thermal element, which is considered as a volumetric
heat source [13] with a power of

613 | =732 —

Fig. 4. Heated glass package

0= %0 =1.34 W/enr'.
43.8-42.64-0.036

Boundary conditions of heat exchange at
the ends of the package were set equal to 7,,=10 °C,
a7=0.00001 W/(cm2~°C). From the inside, the heat | T,°C
exchange of the multilayer glazing with air at a
temperature of 10 °C was carried out by natural

Table 1. Physical properties of air depending on temperature
Kl 02’ Pair, CP airs Vair 1 067 P .
W/(m°C) | kg/m® | kJ/(kg°C) | m%/s rair
-40 2.12 1.515 1.013 10.04 | 0.728
-30 2.20 1.453 1.013 10.80 | 0.723

convection, and from the outside the unit was |= 28 1395 1.009 1179 10716
blown with cold air. _ 0 | 236 | 1342 | 1.009 | 1243 | 0712

Physical properties of air at a pressure of |7 5 44 1.298 1.005 1328 1 0.707
760 mm Hg are given in the Table I [16], Kur — | 10 251 1247 | 1.005 14.16 | 0.705
thermal conductivity coefficient, p,; — density, Cyi | 20 2.59 1.205 1.005 15.06 | 0.703

— heat capacity, v,; — kinematic viscosity, P, .; —

. 20
Prandtl number. Table 2. Value of heat exchange coefficients «,;, W/(m”-°C)

The heat exchange of a package blown . m/s Air temperature Tyr, °C
. . . . o -40 -30 | 20 | -10 0
with air at a velocity ®,;,, m/s, was determined
using criteria dependencies [16]: I 71 761 73| 71| 7.00
) 4 23.60 | 22.9 | 21.6 | 21.0 | 21.00
o, =R \yimiec), 8 | 41.10 | 40.0 | 38.3 | 37.4 | 36.86
l 16 71.60 | 69.8 | 67.0 | 65.1 | 64.20

o, -/
where Nu = 0.032- Re®? , Re=—"— Nu — Nusselt number, Re — Reynolds number, [ — the length of the wall that is
Y

air

equal to 0,5 m.

The obtained values of the heat exchange coefficients depending on the temperature and air velocity
are given in the Table 2.
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With natural air convection, the Nusselt number:
Nu=0.15-(G,-P.)">,

Grashof number G,

46.10

41.49]

36.88

46.10)

41.49)

36.

32.27

_ BPgAT

r 2 ? 27.66, ‘ \
v air ‘

G

23.05
where 3 — temperature coefficient of volume expansion of air,

1=0.5 m, g=9.81 m/s’, AT — characteristic temperature drop. 1544 “ = 154
Nu=0.15-(021-0.705-10° =732, st H \\ \\
e :Mz 3 W/(m>°C). ST m B e s b
0.5

Fig. 5. The calculation scheme
of the multilayer glazing

Since the glass structure is symmetrical and the boundary conditions are the same, calculations were
performed for half of the package. The calculation scheme of the multilayer glazing with discretization into
finite elements is shown in Fig. 5. In the plane X=0, there are boundary conditions of symmetry u,=0;
7,.=1.,=0 — for the mechanics problem, g= — thermal insulation for the thermal conductivity problem.

Primary research results

The non-stationary thermal conductivity problem was solved for the following time values: =60 s,
120 s, 240 s, 480 s, 900 s, 1800 s, 3600 s, 7200 s. The solution of the stationary thermal conductivity prob-
lem was also considered.

It should be noted that the thermal conductivity of the multilayer glazing materials is so low that even
after two hours the temperature field is far from stationary. This is also explained by the low power of the heat-
ing element. A significant part of the heat from the heating element leaves through the plane, which is blown by
air from the outside. In this regard, for each value of the outside air temperature, it is possible to estimate the
velocity at which the flow around multilayer glazing will begin to freeze, i.e. the temperature of the external
surface in the stationary mode will be equal to 0 °C. The heating power per 1 m” of the surface is:

90
0.438-0.4264

The flow of heat through the outer surface in the middle part of the multilayer glazing is equal to [17]:
G0l gtass — Lair) =~Olair 1, =0.0482 W/em’.

Using this ratio, a table of heat ex-
change coefficients at which icing begins is
made (Table 3).

Using the Table 2, it is possible to
find the air velocity at which icing will occur
by interpolation.

The Nusselt number at which icing of

q =482 W/m’.

Table 3. Values of heat exchange coefficients
at which icing begins
-40 -30 -20
12.00 | 16.08 | 34.10

T, airy °C
Oy, W/(m*°C)

-10
48.20

-5 0
96.00

Table 4. The value of the air velocity at which icing will occur,
depending on the temperature

the outer surface of the multilayer glazing will Tair, °C -40 -30 -20 -10
occur is Oyir, M/S 1.72 2.55 4.42 10.61
Nu = Oy -/ Table 5. Values of air velocity at which icing will occur,
K, ’ with a power of the heating source of 270 W
the Reynolds number is equal to Lair, °C -40 -30 -20 -10
Oyir, MV/S 6.80 10.06 17.45 42.00
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Nu 1.25 o, -l 1.25
Re= = —— .
0.032 K, -0.032

Knowing the Reynolds number Re, the velocity of the air flow is calculated according to the follow-
ing relation:

Re-v
CO‘ — air

air
[

The value of the air velocity at which frosting of the outer surface of the multilayer glazing will oc-
cur at the power of the heating source of 90 W is given in the Table 4.

The case when during heating the current strength was 10.4 A at a voltage of 26 V was considered as
well. In this case, the power of the heating source will be 270 W, which is 3 times more than indicated
above. At the same time, the velocity of the air flow at which icing of the outer surface of the multilayer
glazing will occur will increase by 3.95 times (Table 5).

The temperature distribution ,y
at a wind velocity of 4 m/s and an
air temperature of -10 °C and -20 °C | **
on the outer surface of the multi- | sess
layer glazing is shown in Fig. 6 and
Fig. 7. And in the layer of the heat-
ing element placement, with a | 27
power of 90 W, it is shown in Fig. 8 | s
and Fig. 9.

However, it should be em-
phasized that in the case of natural air | 1343
convection (at a flow velocity of
0 m/s and a heat exchange coefficient
of 5 W/(m*°C), for the case when the ,
power of the heating element is 90 W, 06T 92 TS 54 305 266 461 922 13.83 18.44 23.05 27.66
the temperature of the outer surface of

(14
46.10]

Yoo,

—oWELAwKO O N

41.49

36.88

"
L2 ohd hbio= 0
W o wn

©o
78

32.27]

27.66

23.05)

18.44

9.22

4.61

th Ttil lazi ¢ i g Fig. 6. Temperature distribution Fig. 7. Temperature distribution
¢ muitl a%ler g zjzmg at an ag 'enll- on the outer surface of the multilayer on the outer surface of the multilayer
perafure 0, -40°C . and indefinitely glazing at air temperature -10 °C glazing at air temperature -20 °C
long heating (stationary mode of . .
46.10| 46.10] 0

thermal conductivity) can reach
+32°C, and in the layer where the | 41
heating element is placed it can reach
+34°C. At an air temperature of
+30 °C, these temperatures can reach
+86 °C and +88 °C, respectively. 27,64

For the case of the heating
element with a power of 270 W,
these temperatures are much higher | '+
and reach 127 °C, 130°C and 197 °C, | 1353
200 °C, respectively. For PVB, such
temperatures are unacceptable, the
limit temperatures for PVB are 45— | ¢

41.49;

36.88 36.88

[TV VR Y

32.27]

Bbido sty S, G2

SR whUAaeo o N

23.05

9.22

75 °C. Given this, in order to avoid x x
overheating of the multilayer glazing e oL T s e
in the room or at a pOSItlve tempera_ Fig. 8. Temperature distribution Fig. 9. Temperature distribution
ture of the outside air, it is advisable in a layer of multilayer glazing in a layer of multilayer glazing
to install thermocouples to measure with a heating element at air with a heating element at air

temperature -10 °C temperature -20 °C

the temperature of the multilayer
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glazing and a relay that would turn off the heating element when the temperature reaches a certain unaccept-
able value.

Temperature differences in the multilayer glazing are very small, so the level of temperature stress is
also low. The maximum tensile thermal stresses in the adhesive layers in the direction of the multilayer glaz-
ing thickness are about 0.2 MPa, which does not exceed the permissible value of 40 MPa.

The calculations expected that the physical properties of glass and PVB do not depend on tempera-
ture. The change in the resistance of the heating element when the temperature increases or decreases, which
affects the power of the heating element, was also not taken into account. In addition, the residual stresses
that occur during the manufacture of the multilayer glazing and are summed up with the operational stresses
are unknown.

Conclusion

Electrically heated glass is widely used on land transport and aircrafts to avoid icing and fogging of
translucent structures. Studying the operation of the electric heating system and the thermal stress state of the
glass allows to reduce the risk of the glass damage during operation and choose rational parameters of the
electric heating even at the design stage. This is important to ensure reliable and efficient operation of vehi-
cles in various weather conditions.

Calculated studies of the thermal stress state of multilayer glazing with an electric heating system
when used in winter and summer conditions were carried out. Calculations were performed for a 21-layer
package consisting of 11 layers of silicate glass connected by PVB layers.

It has been established that the glass heats up significantly during long-term electric heating, and
this, in turn, leads to overheating of the PVB layer, which is unacceptable, because it can lead to the package
delamination, since the adhesive properties of PVB are significantly dependent on temperature, or even to
the boiling of PVB, which is manifested in the formation of bubbles in the adhesive layer. Based on this, the
glass should be equipped with a thermoregulation system to prevent such overheating.

In the future, it is planned to study the thermal stress state of the glass block, taking into account the
thermostat operation and determining the temperature sensors location points, as well as changes in the
physical properties of materials and the power of the heating element with temperature changes.
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IcruryT npobiem mMamuHoOynyBanHs iM. A. M. Ilizropuoro HAH Yxkpainu,
61046, Ykpaina, M. XapkiB, ByJ1. [loxkapcbkoro, 2/10

3abesneuennsn epexmusnoi pobomu i Hadiunoi besneunoi excniyamayii HazeMHol cneymexHiKu pizHux euodis,
JIMAnbHUX anapamis € 8axCIUBOI0 Ui aKMyanibHo 3a0auero. 30epedcenta MiyHoCmi, 3aXUCHUX 8lacmusocmell i npo3o-
pocmi CKIiHHSA KAOIH MeXHIKU 8 WUPOKOMY OIanasoni memMnepamyp npu PizHUX CULOSUX 8NIUBAX — OOHA i3 KAIOUOBUX
cKAa0o8ux yici npobaemu. /[na cKuiHHA CneymexHiKu 3acmocosyromscsa 6azamouaposi nakemu, wo 8Ue0MmosisAomscsa 3
PIBHUX 8U0I8 CKIA, KT 3'€0HYIOMbCs MIdic 00010 KetloguMu NoJiMeprumu mamepianramu. J[ns Haoiinoi 1 6e38i0M08HOT
pobomu cneymexHiki 8 YMOBAX HUSLKUX MeMNepamyp 8UKOPUCTHOBYEMbCA CKIIHHA 3 e1eKmpoobiepieauHaM, WO 00380-
JIAIE YHUKHYMU 11020 00A€0eHIHHA, 4 MAKONC 3aXUCTUmMU 0215008y 30HY 8i0 3anomisanis. Buxoosauu 3 ybo2o, 8axciusum
3A80aHHAM, WO BNIUBAE HA eeKMUBHICMb BUKOPUCMAHHA CHeYmMexHiKy, € 3abe3neuents Haoditinoi pobomu eirekmpo-
0biepigy ckaa. 3a 00NoMo2010 NPOSPAMHO20 KOMNAEKCY, PO3POOIEHO20 HA OCHOBL Memood)y CKIHUEHHUX eleMeHmis O
aHANi3zy MPUBUMIDHO20 MEPMOHANDYHCEHO20 CIMAHY KOHCMPYKYIU, Wo 00380JA€ PO32AA0AmU WUPOKULL KIAC NPAKMUY-
HUX 3404y Pi3HOT CKIAOHOCMI, PO38 A3aHi 3a0a4i HeCMmayioHapHoi 1l CMayioHapHoi MenjionpogioHOCmI il MEPMONPYHC-
HoCcmi 07151 mpaneyiesuono2o 100608020 enekmpooobicpienoco ckionaxema. I[Iposedeno docniodcenms mepmoHanpytce-
HO20 CMAHY CKIIHHA i3 CUCMEMOIO eleKmpoobiepisy, AKa 003601A€ YHUKHYMU 3AMeP3aHHA CKId, WO NPAYIOE 8 YMO8AX
HU3bKUX memnepamyp. Busnaueni npuuunu, 3 AKux modce 8i00y8amucsa po3uapy8aHHs CKIOnaKema (Henpunycmumi
MeMNnepamypHi pexdcumu, Mexauiuni cuiosi 6NausU, NOpPyuweHHs ymog excniyamayii). bacamowapose cKuiHuA i3 cuc-
memor0 e1eKmpoobiepigy 8UKOPUCTNOBYEMbCA O NIMANbHUX ANApPamis, ilicbKO80i MexXHIKU, HA3eMHO20 MPAHCNOPMY,
SAKI MOJMCYMb eKCNIyamyeamucs npu pisHux memnepamypax. 3 02110y HaA ye 00CHIONHCeHHA iX MepPMOHANPYHCEHO20
CMaMy Ul GU3HAYEHHS MOJICIUBUX NPUYUH PO3ULAPYBAHHS 00360JA€ 3abe3neuumu HAditUHICMb pobomu Ut NIOSUWUNMU
ehekmusHicmsb 3aCMOCY8AHHA CReYMexXHiKU 8 PI3HUX KAIMaAmuyHux ymoseax. Ilnanyemoca npogedents nooanbuux 0o-
COMHCEHb MEPMOHANPYHCEHO20 CMAHY CKI0ONIOKA 3 YPAXYBAHHAM POOOMU MepMOope2yIamopd i 6U3HAYEHHAM MOYOK
PO3MAULYBANH MEPMOOAMYUKIG, A MAKONC 3MIH QIZUUHUX 81ACMUBOCTIEN MAMEPIANIE | NOMYIHCHOCMI HASPIBATbHO20
enemenma 3i 3MiHOI0 memnepamypu.
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JMHAMIKA TA MILIHICTb MAIIINH

Kniouogi cnosa: 6azamowapose ckno, enexmpoooicpis, 3anedeHints, memnepamypHi nojis, mepmoHanpyice-
HUL CMAH.
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