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TEMPERATURE DEFORMATIONS OF PVC WINDOW
PROFILES WITH REINFORCEMENT

Ivan S. Aksenov, Aleksandr P. Konstantinov
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Abstract. Modern window structures made of PVC profiles can experience significant temperature deformation
during both winter and summer operation. This effect is not considered in the current engineering methods of
PVC windows calculation, which causes a number of problems in their operation (freezing and blowing through
the windows, the failure of fittings, etc.). The use of laboratory methods of testing windows for temperature
loads is limited due to their labor intensity and the high cost of testing equipment. We propose to develop an
engineering method for calculating the mechanical operation of PVC windows under the action of temperature
loads, which can be used at an early stage of design. One of the stages of its creation is a theoretical description
of the temperature deformation of a PVC window profile when it works together mechanically with a
reinforcing core. The article describes the nature of the forces transmitted by the PVC profile on the core during
thermal bending (the case of temperature deformation at negative outside temperatures is considered). It was
proposed to decompose these forces into two components: longitudinal, caused by different values of
temperature shrinkage of PVC profile and reinforcing core, and transverse, caused by thermal bending of PVC
profile. Mathematical models have been developed to calculate both force components and temperature
deformation of the profile at different numbers and spacing of attachment points. A physical model has been
proposed for implementation in the numerical calculation program, which allows a more accurate description of
the temperature deformation of a long profile. Calculation of the test problem according to the proposed
methodology and by means of full-fledged three-dimensional finite-element modeling in the COMSOL
Multiphysics program was performed. A comparison of the results showed a discrepancy of less than 10%. It
was found that the key influence on the deformations of PVC window profiles with a reinforcing core will have
characteristics of the outermost joints "PVC profile — reinforcing core", because the greatest forces arise in them
under the action of temperature loads.

Keywords: PVC windows, temperature deformation, finite-element modeling, COMSOL Multiphysics,
PVC profiles.

TEMIIEPATYPHBIE JE®OPMAIIMA OKOHHBIX TPOPUIEN
IIBX C YHETOM APMHUPOBAHUA

HU.C. Axcenos, A.Il. Koncmanmunog

HannonanbHelil neecnenoBaTenbckuil MOCKOBCKHI TOCYIapCTBEHHBIN CTPOUTENBHBIN YHUBEpPCUTET, T. MOCKBa,
POCCHA

Annoranusi. CoBpeMeHHbIe OKOHHBIE KOHCTpYKIMH n3 [IBX mpoduiell MOTYT UCTIBITHIBATh 3HAUUTEIBHBIC
TEeMIIepaTypHble JeOopMaliy Kak B 3UMHMH, TaKk M JIETHHH Nepuoj SKcruryatanuu. JlaHaeni s¢dekr ne
YUUTBIBAETCS B IEHUCTBYIOUIMX MHKEHEPHBIX MeToAax pacuera okoH [IBX, uTo craHOBHUTCS MPUUYMHOM psia
npo0JIeM MpH MX dKCIuTyaTanuu (IpoMep3aHue U MpoayBaHUE OKOH, HapyIIeHHe padoThl PYpHUTYPHI U T.JI.).
[Tpumenenne 1abOpPaTOPHBIX METOAOB HCIBITAHMH OKOH HA JEHCTBHE TEMIICPaTypHBIX HArpy30K HOCHUT
OTPaHMYCHHBIN XapakTep M3-3a MX TPYAOEMKOCTH M BBICOKOH CTOMMOCTH HCITBITATEIIEHOTO 000pYyJOBaHHS.
[Ipemmaraercst k pa3paboTKe WHKEHEPHBIA METO]] pacdyeTa MexaHndeckoi pabotel [IBX okoH mpu neifcTBun
TEMIIEpaTypHONH Harpy3Kd, KOTOpPBIH MOXKET OBITh HCIOJBb30BaH HA paHHEH CTajuM NPOEKTHPOBAHUS
MOJOOHBIX KOHCTpyKIMi. ORHUM W3 3TAaloOB €ro CO3JaHUs SBISIETCS TEOPETHYECKOE OINMCAHUE
TemrepaTypHbix aedopmanuii okonHoro [IBX mpodmuis npu ero coBmecTHO MexaHudeckod pabore ¢
apMUPYIOLIMM CeplieuHHKOM. B crarhe ommcan xapakrep ycwinii, nepenaBaembix [IBX mpodunem Ha
CepICYHUK IIpU TEMIIEpPaTypHOM u3rube (paccMOTpeH ciydail TeMmmneparypHbIXx Jedopmanuii mpu
OTpHLATENIBHBIX TEMIlepaTypax HapyKHOro Bo3ayxa). [Ipe/uloskeHO pas3iiokKHUTh OTH YCWIIUS Ha JBE
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KOMIIOHEHTHI: TIPOJOIBHYI0, 00YCIIOBICHHYIO PA3IMIHON BEIMYUHON TeMmepatrypHoi ycanku [I1BX mpodus
1 apMHPYIOIIET0 CEepACYHHKA, M MONEPedHyl0, 00yCIOBICHHYIO TeMnepaTrypHbM n3ruoom IIBX mpodus.
Pa3paboTaHbl MaTeMaTHYECKHE MOJICNH, MO3BOJISIONINE PACCUUTATh KaKk 00¢ KOMIIOHEHTHI YCHIIMH, TaKk U
TeMIeparypHsle aedpopmanuy TpoduiIs IPH PA3INIHOM KOJIMYECTBE U IIare Touek kperuieHus. [lpenioxena
¢du3nyeckas MoIenb Ui peaM3alyid B [porpaMMe YHCICHHOTO pacyera, MO3BOJSIONIas 0ojiee TOYHO
ommcaTh TeMIeparypHsle nedopmanny npodus OoNbIION IIHHBL. BBINONHEH pacdeT TecTOBOI 3ajadul 1o
NPEAJIOKEHHOH  METOIMKE W CPEJACTBAMHM  IOJHOLEHHOIO  TPEXMEPHOrO0  KOHEYHO-3JIEMEHTHOI'0
moaenupoBanust B nporpamme COMSOL Multiphysics. CpaBHeHHE pe3ysIbTaTOB IMOKA3aji0 PacXOXKICHUE
menee 10%. YcraHOBIEHO, 4YTO KIIOYEBOE BIMSHHME Ha Jedopmanuu OKOHHbIX mpoduieir [IBX c
apMUPYIONIMM CEpACYHUKOM OyIyT OKa3blBaTh XapaKTEPHCTHKH KpailHuX y3ioB coequHeHus «[1BX
poHIb — apMHUPYIOIINHA CEPACUHUK», T.K. UMEHHO B HUX BO3ZHHMKAIOT HAHMOOJBIINE YCHJIHS TPH ACHCTBUU
TEMIIePaTYPHBIX Harpy3oK.

KaroueBsie cioBa: [IBX oxHa, TemrepaTypHble ieopMalini, KOHEYHO-3JIEMEHTHOE MOJICITUPOBAHHUE,
COMSOL Multiphysics, IIBX mpo¢umm.

1. INTRODUCTION

Currently, the quality assessment of windows is
based on the use of declared (nominal) values of
their technical and operational characteristics.
Nominal technical and operational characteristics
of windows are determined under standard
laboratory test conditions without reference to the
actual climatic conditions of operation [1]. Thus,
most standards for test methods of air
permeability of windows (EN 1026 in Europe,
ASTM E283 — in North America, GOST 26602.2
— in Russia) requires tests at the same and constant
temperature on both sides of the window [2-4].
This approach is reasonable and appropriate for
the purpose of comparing the products of
individual manufacturers with each other.
However, this does not correspond to the real
operating conditions of windows during the cold
season, when their tightness becomes an important
factor influencing the quality of the microclimate
in the room [5-8]. Temperature loads lead to
deformation of the profile elements of the
window. This leads to a decrease in the
compression force of window seals, which
violates the tightness of the window and can
increase its air permeability by several times
compared with the results of standard tests [9,10].
For the first time this phenomenon was studied in
1970 in the work [11] where it was found
experimentally that the air permeability of
windows with double vertical sliding sash
increases with decreasing outside air temperature.
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A very important work in the topic under study is
the work [12]. It discusses the disadvantages of
the method used in the USA (at the time of 1985
year) for determining the air permeability of
window structures (ASTM E283). One of the
criticism points 1is precisely the lack of
consideration of temperature loads. The author
proposed to develop a new method for testing the
air permeability of windows, taking into account
the temperature load. This method has been
implemented in the new ASTM E1424 — 91
standards, which now runs parallel to ASTM
E283. In the Russian Federation, the methodology
for determining the air permeability of window
structures with regard to temperature effects was
patented in 2012 [13], but it has never become
mandatory.

Studies on the subject in Western Europe and
North America have ceased since the publication
of the work [10] in 1998. The work evaluated the
effect of changes in the air permeability of
windows when the outside temperature decreases
on the energy balance of the building. As a result,
it was concluded that this phenomenon has an
insignificant effect on the energy balance of the
building and therefore in the daily design
activities it can be neglected. However, these
results were obtained at the design temperature
of the outside air during the heating period of -
5°C, which is acceptable for the countries of
Europe, but unacceptable for countries with cold
climate [14—16]. In the Russian Federation the
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problem of temperature deformation of window
structures and their impact on air permeability,
on the contrary, began to receive attention in
recent years. A number of experiments have been
conducted, which confirm the conclusions of
earlier studies — the air permeability of window
structures may increase 3-10 times when the
outside air temperature decreases to -30...-50°C
[17-20]. The works [21,22] show that
temperature deformation of modern PVC and
aluminum windows in winter conditions can be
comparable to deformations from wind load. In
the work [23], which was the result of a large
number of laboratory tests, it is proposed to
develop a set of criteria for the applicability of
windows for different climatic operating
conditions, and the temperature deformation are
considered in this case as one of the mandatory
factors to be taken into account.

Methods of experimental investigation of window
temperature deformation, with all their obvious
advantages, have significant limitations: the
complexity and high cost of the necessary test
equipment, significant time and labor costs to
conduct tests. Accordingly, it seems appropriate to
develop a theoretical method for calculating the
temperature deformation of windows, which
would allow the engineer to make effective design
decisions. To date, only a limited number of
papers have attempted to study the temperature
deformation of modern windows by analytical or
numerical methods. The authors of this paper
previously published an article [24] in which they
examined in detail the bending process of
unreinforced PVC window profile from the action
of temperature load, taking into account the actual
temperature distribution in its cross section. The
present article deals with the joint operation of the
PVC profile and the reinforcing core.

2. METHODS

In winter conditions, there are temperature
differences on different sides of the window.
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Its value depends on the climatic region of
construction, and in the Russian Federation
can reach up to 60°C. As a consequence, the
profile elements of the window undergo a
bend in the direction of the warm room. The
presence of steel reinforcing core significantly
affects the nature of deformation of PVC
window profile under temperature load. PVC
profile is connected to the core by means of
self-tapping screws, the number and pitch of
self-tapping screws may vary depending on
the length of the profile. As it was found out
[24], the temperature field arising in the cross
section of the steel core 1is practically
homogeneous (due to the large value of the
thermal conductivity coefficient of steel [25]).
This means that the core experiences only
longitudinal temperature deformations and
remains straight, while the PVC profile tends
to bend. For simplicity, let us assume that the
forces between the core and the PVC profile
are transmitted only at the joints of the self-
tapping screws (in other words, we will not
consider the contact interactions, which in the
general case may occur in the problem under
consideration). Since the stiffness of the
reinforcing core is many times greater than the
stiffness of the PVC profile, at the first stage
we will consider the core as an absolutely
rigid body. Let us also neglect the fact that the
locations of the self-tapping screws (and,
therefore, the forces occurring in them) are
eccentric with respect to the neutral axes of
the PVC profile and the core, and we will
consider these forces to be centrally applied.
The forces occurring at the connection points
of the profile and the core will have both
longitudinal and transverse components (see
figure 1). Transverse components are due to
the tendency of the PVC profile to bend, they
compensate for this bend. The longitudinal
components are due to the difference in
longitudinal temperature deformations of the
profile and the core.
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Figure 1 — Forces transmitted from PVC profile to reinforcing core (at 4 attachment points)

To determine the magnitude of these forces, we
use the superposition principle. Let us assume
that due to the smallness of the deformations of

the PVC profile, their longitudinal and
transverse  components can be  found
independently of each other.

2.1 Determining the longitudinal force
components

Assume that the profile and the reinforcing core
experience only longitudinal temperature

deformations. We will look for the solution in

general form (see Figure 2). Let the PVC profile
has an arbitrary length and is connected to the
reinforcing core with m fasteners (the distances
between the fasteners can also be arbitrary).
Each fastener has two points: one referring to
the core (we will denote the coordinate of this
point by a capital letter "X"), the other referring
to the PVC profile (we will denote the
coordinate of this point by a lowercase letter
"x"). Initially, the X and x coordinates are the
same in each fixture: X; = x;

Up to longitudinal temperature deformation

sy s
| | | | | X
X X2 X3 = Xm
After longitudinal temperature deformation
X'y X' >|<'3 T X'm
P —
; : ; | , "
X X2 X3 = X'm

Figure 2. Physical model for determining the longitudinal forces at the attachment points

As a result of temperature stresses, the
reinforcing core changes its length (its
corresponding attachment points move and
occupy a new position X’). Since the core is
regarded as an absolutely rigid body, then:

X', = X;(1+ ay(T), ~ T,p))

(*)
X, =0= X" =0

PVC has a much higher coefficient of linear
thermal expansion than steel, so when PVC
cools down, the profile shrinks much more
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than the core (in the problem at hand we
calculate exactly for winter operating
conditions). Free shrinkage of the PVC profile
is prevented by the forces generated at the
fixing points. The PVC profile is stretched in
this process. As a result of the deformation,
the attachment points belonging to the PVC
profile move from the old position x to the
new position x'. At the same time, due to the
supposed suppleness of the mount, the points
X' and x' belonging to the same mount can
move relative to each other, and a force occurs

between them |Hi|:§x-|X'i—x'i|. The
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conditions described above are
mathematically expressed by the following
system of equations:

x'h=x'1=(x —x1)kgfc(—Nl +1)
Epypc

x'3=x'y =(x; —xz)kfz[;c(—Nz +1)
Epye

N, _
x'm_x'm—l =(xm_xm—l)kZ£C(E m-] +1) (**)
PVC
Ny =& (x'1=X")
Ny =N =& (x'—X")
Nm—l _Nm—Z = gx(x'm—l_X'm—l)
“Vm-1 :fx(x'm_X'm)

where k' =gl —1 is the coefficient of

longitudinal deformation of the PVC profile
axis at unconstrained temperature deformation
(see [24]) and N; is the longitudinal force
between the 1 and 1+1 attachment points.
Equations (**) with account of (*) form a linear
closed system that can be solved by the matrix
method. By solving this system, we can find the
vector of unknown quantities and determine the
magnitude of longitudinal forces arising in the
PVC profile.

2.1 Determining the traverse force
components

Assume that the PVC profile attachment points
to the reinforcing core can slide freely along the
core axis. Then, when bending the PVC profile
at the connection points only transverse forces
will occur. Consider a few cases:

1. PVC profile is connected to the core with 2
self-tapping screws (true for short profiles);

2. PVC profile is connected to the core with 3
self-tapping screws;
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3. PVC profile is connected to the core with 4
self-tapping screws;

4. PVC profile is connected to the core with
more than 4 self-tapping screws.

2.2.1 Two attachment points

In the first case, no transverse force will occur
at the two connection points. PVC profile will
curve freely with the curvature Kune (profile
curvature at unconstrained temperature
deformation — see [24]), the distance between
the mounting points will be reduced (because
they can freely slide along the core). Now
apply a force N to the sliding attachment
points, determined by the method described in
the previous section. This takes into account
that the PVC profile at the same time as
bending also experiences tension. After the
longitudinal force is applied, the deflection of
the PVC rod will decrease. Calculation of
deflections, in which the influence of the
longitudinal force is taken into account, will
give more accurate results, but will also lead
to more complex calculation formulas. On the
contrary, neglecting the influence of the
longitudinal force will result in simpler
calculation formulas, but at the same time a
less accurate result Table 1 shows a
comparison of the analytical solution for
bending of the profile axis in two these
statements. The calculation scheme of the
problem is shown in Figure 3. The calculation
takes into account that in the case of small
displacements, the curvature of the profile is

equal to the second derivative of the
deflection function.
- ulx) /
A A — “"/L-u,\
N T o

Figure 3 — Calculation scheme
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Table 1. Analytical solution for different formulations of the problem

Taking into account N (1) Excluding N (2)
The analytical u(x) = K. .EIl ™ + L) 1 u(x) = Kone 2o K. L .
solution N 1+e%F 2 2
oL
. e 2
The maximum K, El (1-¢2 ) N = KineL
deflection Uy =— N : L1 = E m 8

The maximum possible step between the screws
when attaching the reinforcing core to PVC
profiles is determined by the technological
recommendations of PVC profile manufacturers,
but usually not more than 400 mm. Comparative
calculations on specific examples showed that the
difference between the values of maximum
deflection calculated according to formulas (1)
and (2) of Table 1 is the greater the parameter L
is. At L = 0.4 m this difference is about 1.5% (the
maximum deflection in this case reaches about 1
mm). Such a difference can be neglected and the
deflections can be calculated using the simpler
formulas (2) in Table 1. Note that if the maximum
deflection of the PVC profile is less than the gap
that exists between the reinforcing core and the
PVC profile, then there will be no contact between
them, otherwise the PVC profile will be pressed
(central part) into the wall of the reinforcing core
and the calculation scheme will change, in the
joints there will be transverse forces.

2.2.2 Three attachment points

In the second case, the central fixing point will
prevent the free bending of the PVC profile.
This will result in balanced lateral forces at the
attachment points (see Figure 4).

In the previous example, it was found that the
longitudinal force does not significantly affect
the deflections of the profile. In this and the
following sections of the paper, in addition to
deflections, the transverse reaction forces (R) at
the attachment points will also be determined.
The attachment points of the PVC profile to the
reinforcing core may in general also be
malleable in the transverse direction. This
allows them to shift relative to the center line of
attachment. Let us assume that the value of this
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displacement is proportional to the shear force
occurring in the anchorage |Rl~| =¢, |ul| To

estimate the most significant factors in
determining the transverse reaction forces, the
problem will be solved in 4 formulations:

1. Without taking into account N / Without
taking into account compliance

2. Without taking into account N / Taking into
account compliance

3. Taking into account N / Without taking into
account compliance

4. Taking into account N / Taking into account
compliance

Since the problem is symmetrical, there will be
no longitudinal force at the central attachment
point: the same tensile force N will act
throughout the PVC profile. Due to the
symmetry of the problem, it is sufficient to
consider only half of the profile. Results of the
analytical solution for the described statements
of the problem are shown below, computational
schemes are shown in Figure 4.

/UM VR
N ——

R IWynhj

F 4

‘R/gz‘

.
X

ulx) on
.\_a_sr/ — J;/ZR/T~
R

N//

y ¥
[ obj quj

Figure 4. Calculation diagram (top — without
taking into account compliance, bottom — taking
into account compliance)
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The equation for determining R:
1. Without consideration of compliance /
without consideration of N:

3K, El
2L

R=

2.  Without consideration of compliance / with
consideration of N:

2
_ [0)
R__KuncEI_ (1 ¢ ) . — ﬁ
L 201 O\ Er
it P
ol

3. With consideration of compliance / without
consideration of N:

R=

-1
K, .El |2 6FEI
L 3 re
4. With consideration of compliance / with
consideration of N:

pe Kl -]

L ’ 2oL
(ezwL +1)(1+2]\2]—e . !
.
z

A comparative calculation on specific examples
showed that the longitudinal forces have little
effect, including on the values of transverse
reaction forces (difference of about 3%). That is
why here and in the following calculations they
can be disregarded. At the same time, the joint
compliance significantly reduces the value of
transverse forces (by ~30%), so it must be taken
into account in the calculation.

2.2.3 Four attachment points

The calculation scheme for the considered case
is shown in Figure 5. As justified above, the
longitudinal forces will not be taken into
account in determining the transverse reaction
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forces. The analytical solution for R is
following:
R:_KuncE[_ Ll +L2
L 4E12 +2L1 +L,
&L 3
2
ulx)
R R Xop
R = ‘/Yoh,- \/Rr
L1 L2

Figure 5. Calculation scheme

2.2.4 Joint compliance factor

In this article, two coefficients of the joint
compliance "PVC profile — reinforcing core"
were introduced in the calculations: longitudinal
& and  transverse & The  longitudinal
compliance  coefficient is caused by
deformations of the connection node (local
deformation of the profile wall, rotation of the
screw under the action of the shear force).
Calculations of the mechanical work of the
profile together with the reinforcing core in the
elastic formulation using a three-dimensional
finite-element model allowed to estimate the
value of &. It can be taken as 4.3...5-10° N/m.
The question of the effect of PVC plastic
properties on the value of & remains open. The
transverse compliance coefficient is due in large
part to the bending stiffness of the reinforcing
core itself — with transverse loads, the core
bends and the attachment points shift relative to
the center line. The value of this displacement is
directly proportional to the value of the shear
force (which corresponds to the introduced
definition of the value &). These considerations
allow us to obtain the equations for &:

E1
for three attachment points — &, =9—3+
L
for four attachment points — &, = £, és . 12L
L7 2432
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With this in mind, the equations for R can be
rewritten.

2.2.5 More than 4 attachment points

With a larger number of attachment points, the
outermost two (at the opposite ends of the
profile) remain the most stressed, while there
are almost no transverse forces at the central
points. However, the redistribution of forces
between the attachment points leads to a change
in the shear forces arising at the extreme points
with respect to those values determined by the
formulas from the previous sections. The
appearance of new attachment points violates
the linear character of &, results in its increase
(the core bends less at the same temperature
moment), also the pairing of forces is violated:
in the second attachment point from the edge,
the shear force module will be slightly higher
than in the first (by 8% tentatively). If this
difference is neglected, then in first
approximation we can assume that the pair of
forces arising between the first attachment

K, El
Rly=-K,, ,El = R = -~

h

A more accurate determination of the transverse
components of the reaction forces with a large
number of attachment points is possible using a
numerical solution. We can use the same
physical model from which the formulas in
section 2.2.4 were derived: two rods with
different bending stiffness are connected at the
attachment points by hinges, one of the rods
tends to bend under the temperature load and
bends the second rod by acting on it through the
attachment points

3. RESULTS AND DISCUSSION

To check the correctness of the proposed
methodology, a comparative calculation of the
reinforced profile Veka system SL70 (see figure
6) on the temperature load was carried out. The
same problem was solved analytically, as well

—

Ef (;nmt::nt El‘ge Pc\c;r(r;p ergsﬁail?ZecttiI:)ell' temperature o ih the finite element modeling program
P ‘ COMSOL Multiphysics.
1060
50 300 300 300 50
0 1000 0

Figure 6. PVC profile with a length of 1,060 mm with a core of 1,000 mm, fastened with self-
tapping screws in 4 places with the pitch of 300 mm

The calculation was performed for the
following conditions: tex = -20°C; tin = 20°C;
oz = 8.7 W/(m? °C); 0w = 23 W/(m? °C). For
the profile in question its thermal resistance is
known Ro = 0.77 (m? °C)/W. The paper [24]
described in detail how to use these data to
calculate the temperature field in the cross
section of the PVC profile (taking into
account the reinforcing core) and to determine
its parameters of free temperature deformation
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under the effect of this temperature field: the
curvature  (Kunc) and the longitudinal

deformation coefficient (k.. ). The results of

the calculation using this method are shown in
Figure 7. In this case, Kunc = -0,02567 1/m;

kU¢ = 0.998348 .

Let us write down all other necessary data for
the calculation (see table 2).
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Table 2. Calculation data
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L 103m Apve 19.05 cm?2 Solving the system of equations (*) and (**), we
b 03m Epve | 2.7-10° Pa find: N, =1446 N; N, =1855 N; N5 =1446 N.
L |2.13cm* apve | 7-10° K! Next, we determine the transverse force
Es |2-10''Pa & 14.3:10°N/m components:
Os 1.2:10° K! Tm | -1.54°C
Irvc | 58.62 cm* Trer | 20 °C
—_— . . 9 . . _8
Re— 0.02567 2.701;) 58.62-10 " . 0.3+0.32 e 1185 N
: 203403 |1+ —2
3 200-2.13
T 15.05°C
-1.54°C
10
-18.13°C
219mm 328 mm 153 mm| g
0
-5
-10
reinforcement -15

Figure 7. Temperature field

Thus, the forces acting on the reinforcing core
from the PVC profile side will have the value
shown in Figure 8.

409N MBS N

MeSN, LI N
| LGN TESN WBSN  1hh6N |
Figure 8. Forces acting on the core from the
PVC profile side
In the COMSOL Multiphysics program

(hereafter COMSOL), a similar problem was
posed. The model created in COMSOL reflected
the real three-dimensional geometry of the PVC
profile and the core, all elements in it were
considered to be perfectly elastic, at the points
of self-tapping between the PVC profile and the
core were given hinged connections. In the
cross section of the profile elements, a
temperature field similar to that shown in Figure
7 was set (see Figure 9).
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core
hinge

Figure 9. 3D model of the reinforced profile and
the temperature field in it (legend in °C)

To ensure the uniqueness of the solution, the
boundary conditions of the "Rigid Connector"
type were imposed on the end faces of the
PVC profile in a flexible type of connection:
on one end, connections were imposed for
movements in all directions and for rotation
around the longitudinal axis of the profile (x
axis), on the other end, only for movements
along the y and z axes (free rotations). Such
boundary conditions do not create any
obstacles for internal deformations of the
profile, but provide its fixed position in space.
The results of the simulation are shown in
Figure 10. The reaction forces in the joints
connecting the PVC profile and the core are
shown in the table 3.
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0 20 40 60

mm

Figure 10. Deformations (legend in mm)

As can be seen, the results of the manual
calculation according to the proposed method
are in good agreement with the results of
numerical modeling. The observed
discrepancies are primarily due to the fact that
the attachment points of the profile to the core

(and consequently the application points of the
reaction forces) are eccentric with respect to the
neutral axes of the core and the profile itself,
which causes: torsion (to which the metal core
is more subject) and bending of the profiles not
only around the z axis (axis position — see
Figure 10), but also around the y axis. However,
as part of the structure of the window, the PVC
profile has less free deformation conditions. In
this way the end edges of PVC profiles are
rigidly connected to each other by welding, such
a connection prevents the torsion of the profiles
and their bending around the second axis
(thereby bringing the real picture of the stress-
strain state of the profile even closer to the
model that was developed in this article). These
prerequisites will make it possible to determine
the forces occurring in the corner joints of PVC
windows, which will be a topic for further work
by the authors.

Table 3. Comparison of calculation results

Based on simulation Based on manual Divergence, %

No. of results calculation results ’
joint | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
component | component | component | component | component | component
1 1325 H 1103 H 1446 H 118.5 H -9.1 -7.4
2 447 H -110.3 H 409 H -118.5H 8.5 -7.4
3 -447H -110.3 H -409 H -118.5 H 8.5 -7.4
4 -1325H -110.3 H -1446 H 118.5H -9.1 -7.4

4. CONCLUSION

In this work, a method of analytical calculation
of the temperature deformation of a PVC profile
reinforced with a metal core was proposed, thus:
1. The nature of the forces occurring at the
attachment points of the reinforcing core to the
PVC profile was described. The greatest forces
occur in the extreme fasteners that fix the PVC
profile to the reinforcing core. The compliance
of these joints has a decisive influence on the
deformation of PVC profiles under the action of
temperature loads.
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2. A mathematical model was developed to
calculate the longitudinal components of the
forces in the attachment points due to different
values of temperature shrinkage of PVC profile
and reinforcing core;

3. A mathematical model was developed to
calculate the longitudinal components of the
forces in the attachment points caused by the
thermal bending of the PVC profile;

4. In order to increase the calculation accuracy
with a large number of attachment points (for
long profiles), a physical model of the joint
mechanical operation of PVC profile and core
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was proposed, this model is planned to be
implemented in the numerical calculation
program;

5. A comparative calculation of the bending of
a reinforced PVC profile with a length of 1 m
using the proposed methodology, as well as
with the full three-dimensional finite-element
modeling in the program COMSOL
Multiphysics was carried out. Comparison of
the calculation results showed convergence with
an error of less than 10%.

The theoretical conclusions proposed in this
article are part of a more extensive, currently
under development methodology for calculating
the mechanical operation of modern window
structures with regard to temperature loads. This
methodology will allow engineers to make
effective decisions early in the design process
and greatly reduce the amount of expensive and
time-consuming laboratory testing.

In what follows, the authors propose to consider
the following issues:

1. Influence of plastic properties of PVC on the
value of the coefficient of transverse
compliance of joints "PVC profile — reinforcing
core" &;

2. Oblique bending of PVC profiles (this
problem is especially acute for PVC profiles
with a marked asymmetry of the cross-section);

3. Static operation of the nodes connecting the
profile elements of the window with each other;

4. Influence of rigidity of translucent filling
(insulating glass unit) and bracing elements of
fittings on deformations of profile window
elements.
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