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Abstract

Introduction: In the course of the study, we examined energy-efficient and environmentally friendly heat-insulating
materials based on gypsum and gypsum-containing primary components. Purpose of the study: We aimed to assess
the effectiveness of using gypsum materials in wall structures, by using the finite element method based on the ANSYS
Steady State Thermal module. Porous materials of different densities (structural, structural and heat-insulating, and heat-
insulating gypsum concrete) were used as wall materials. These materials were obtained as a result of the interaction
between residual sulfuric acid adsorbed on the grains of “acidic” fluoroanhydrite and carbonate flour. Methods: The finite
element method based on the ANSYS Steady State Thermal module was used. The thermal conductivity of the structures
was evaluated in a three-dimensional coordinate system. The experimental values of thermal and physical characteristics
were adopted for the walling fragments. Results: The problem was solved numerically, by using the finite element method
based on the ANSYS Steady State Thermal module. We established that the developed structural and heat-insulating
gypsum concrete is more effective since, under the set design conditions, the temperature of the inner surface of such a
wall at the minimum (510 mm) and maximum (770 mm) structure thickness exceeds the temperature of the inner surface

of walls made of different materials.
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Introduction

To implement the strategic tasks of resource and
energy saving, we need to search for innovative
technologies and justify the likelihood of improving
the competitiveness of materials used for walling
insulation. Among the currently used materials,
energy-efficient and environmentally friendly
heat-insulating materials based on gypsum and
gypsum-containing primary components can be
mentioned. Materials based on gypsum binders
are characterized by high strength, heat and sound
insulation properties, as well as fire and water
resistance (Chernyshov et al., 2016; Pukharenko and
Kharitonova, 2018; Zavadsky et al., 2003).

To reduce the average density of gypsum
materials, porous aggregates as well as gas- and
foam-forming admixtures can be used. Besides,
admixtures generating gas in chemical reactions are
also quite popular. This method is not new. Many
researchers have been exploring this direction
(Belov et al., 2012; Garkavi et al., 2018). However,
their approaches to gas formation processes differ.
We suggest using fluoroanhydrite raw materials

as a pore-forming admixture, with sulfuric acid
adsorbed on its grains and additional components
generating gas in reactions with acid (Anikanova et
al., 2020, 2021; Volkova and Anikanova, 2020). The
implementation of this approach made it possible
to develop structural, structural and heat-insulating,
and heat-insulating gypsum concrete. However,
evaluation of their effectiveness (as compared with
traditional materials) is a labor- and time-consuming
task. To assess the effectiveness of using gypsum
materials in wall structures, we applied the finite
element method based on the ANSYS Steady State
Thermal module.

Materials and methods

Normally hardening gypsum of medium grinding,
G-5 All grade (State Standard GOST 125-2018),
was used to manufacture wall materials. As a
pore-forming component, “acidic” fluoroanhydrite
(Specifications TU 2141-030-07622928-2019)
was used together with calcium carbonate
(State Standard GOST 32802-2014). According
to the results of preliminary studies, without
additional processing and chemical modification,
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fluoroanhydrite cannot be used to manufacture
building products due to slow hydration and setting
as well as poor strength characteristics. We used
acidic fluoroanhydrite modified in a disintegrator,
with sulfuric acid adsorbed on its grains, where
fluoroanhydrite served as the “carrier” of the acid.

As a plasticizer, we used Steinberg
superplasticizers with a concentration of 1, 1.6, 2,
5, and 10%, calculated with reference to the dried
substance. They were introduced into the gypsum
binder together with mixing water. The technical
characteristics of Steinberg MP-4 and Steinberg PR-
1S(A) superplasticizers were described by Lesovik
et al. (2012) and Ponomarenko and Kapustin (2011).
Citric acid (State Standard GOST 908-2004) was
used as inhibiting the setting time of gypsum plaster.

The optimal amount of water was determined
empirically until the normal consistency of gypsum
dough was reached (according to State Standard
GOST 125-2018). Using these materials, we formed
standard samples of structural, structural and heat-
insulating, and heat-insulating gypsum concrete and
studied those in combination with masonry.

The problems were solved numerically, by using
the ANSYS Steady State Thermal module, which
is based on the finite element method. The thermal
conductivity problems were solved in a full three-
dimensional formulation. The experimental values of
thermal and physical characteristics were adopted
for the walling fragments.

As part of the calculation of temperature fields, a
finite element (FE) mesh was assigned for each of
the walling options.

Results and discussion

As a result of the research, we obtained samples
of wall materials with adjustable characteristics
(strength and average density). The porous structure
of the material was formed as a result of the
interaction between residual acid and carbonate flour.
Since fluoroanhydrite represents a waste product
of hydrofluoric acid production, and carbonate
flour was obtained by grinding natural limestone,
the cost of the materials is reduced significantly.
Having analyzed the impact of the superplasticizers

on the strength of the samples, we established the
following: the use of Steinberg MP-4 plasticizer in
the amount of 2% of the gypsum weight is optimal
to ensure high strength, which is 27 MPa. This is
due to a decrease in the water demand of the raw
mixture and the participation of polycarboxylate in
the gypsum stone structure formation (Fedorchuk,
2005; Garkavi et al., 2018). A gradual decrease in
strength with a plasticizer concentration of more
than 2% in the mixture is due to the impact of
the polycarboxylate component on the hardening
kinetics and stone structure. The admixture
ensures additional entrainment of air bubbles and,
therefore, makes it possible to obtain a less dense
composite structure (Anikanova et al., 2018, 2019).
The use of Steinberg PR-1S(A) plasticizer reduces
the strength characteristics of the samples. The
maximum strength, which is 7.4 MPa, was obtained
at a plasticizer concentration of 2% of the gypsum
weight, which is 2.5 times lower than the reference
value (Erofeev et al., 2020; Medvedeva and Sautkina,
2019). The heat engineering characteristics of the
structure were studied in accordance with Table 1.

The thermal conductivity problems were solved in
a full three-dimensional formulation. Figures 1-3 show
options of walling models considered in the study.

The geometric parameters of solid masonry
(option 1) (figure 1) are as follows: thickness (a): 510,
640, and 770 mm; the height (b) and length of the
samples were taken as 1000 mm.

The geometric parameters of three-layer masonry
(option 2) (figure 2) are as follows: total thickness (a):
490, 620, and 750 mm; the height (b) and length of
the samples were taken as 1000 mm; thickness of the
bearing layer (1, ¢): 250, 380 510 mm; thickness of the
insulation layer (2, d): 120 mm for all cases; thickness
of the facing layer (3, c): 120 mm for all cases.

The geometric parameters of masonry with
plastering (option 3) (figure 3) are as follows: total
thickness (a): 560, 690, and 820 mm; the height (b)
and length of the samples were taken as 1000 mm;
thickness of the bearing layer (1, c): 510, 640,
770 mm; thickness of the plaster layer (2, d): 50 mm
for all cases.

Table 1. Initial characteristics of the wall materials

Material Thel_’n}al conductivity Heat capacity, c Density, p
coefficient, A (W/(m-°C)) (J/(kg-°C)) (kg/m3)
Masonry 0.64 880 1600
Structural gypsum concrete (type 1) 0.51 1090 1900
Structural and heat-insulating gypsum concrete (type 2) 0.23 840 1300
Heat-insulating gypsum concrete (type 3) 0.12 840 500
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Figure 1. General view of a 3D model of a solid wall (option 1): thickness (a); height (b);
solid wall material (1) — masonry, gypsum concrete (type 1, type 2)
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Figure 2. General view of a 3D model of a three-layer wall (option 2): thickness (a); height (b);

bearing layer (c); insulation layer (d); facing layer (e); bearing layer material (1) — masonry; insulation
layer material (2) — gypsum concrete (type 3); facing layer material (3) — masonry
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Figure 3. General view of a 3D model of a wall with plastering (option 3): thickness (a); height (b); bearing layer (c); insulation
layer (d); bearing layer material (1) — masonry; plaster layer material (2) — heat-insulating gypsum concrete (type 3)
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As part of the calculation of temperature fields, a
finite element (FE) mesh was assigned for each of
the walling options (figure 4). For option 1, the size
of the FE mesh was 50 mm; for option 2 (insulation
and facing layers) — 60 mm; for option 3 (plaster
layer) — 12.5 mm. Thus, depending on the option as
well as the varying thickness of the walls and layers,
the dimension of the problems ranged from 4000 to
30,964 FEs.

A low order SOLID70 element, which has a 3D
stationary or transient thermal conduction capability,
was used as a FE (Znobishchev and Shamraeva,
2019). The element has eight nodes with a single
degree of freedom (figure 5).

Initial and boundary conditions

As initial conditions in the computational domain,
a temperature field was determined for each element
(layer) of the structure, corresponding to the solution
of the following stationary problem:

, ‘1’ =0=¢, (x,y,z), i=l,..,N, x,y,z€Q.
All inner and outer surfaces of the considered
structural fragments are characterized by boundary

conditions of the third kind, which take into account
heat exchange between these surfaces and the

a) b)

environment. For inner surfaces, they can be written
in the following form:

o,
= aint (tint - tsurf,ext )’

where n — the direction of the normal to the
corresponding surface; m — the number of the
structural element that contacts with internal air;
4, — thermal conductivity coefficient of the element
material; t..— the temperature of the contacting
surface.

At the interface of two adjacent elements,
boundary conditions of the fourth kind were
applied. In accordance with these conditions, the
temperatures and heat fluxes shall be equal:

rf

bound ’

ot, ot

bound ,m bound = tbound,mH

m+1
n,m+1 a .
n bound

For all ends of the considered structural
fragments, symmetry conditions, corresponding to
boundary conditions of the second kind with zero
heat flux density, were established:

n,m
an bound

c)

Figure 4. General view of the FE mesh for the options under consideration: option 1 (a); option 2 (b); option 3 (c)

Figure 5. General view of the SOLID70 FE mesh
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External temperature was ¢_, = -39°C and internal
temperature was ¢, = 23 °C. The problems take into
account the convection component in accordance
with Regulations SP 50.13330.2012 “Thermal
performance of the buildings”. The heat transfer
coefficients were as follows: on the outer surface —
a,,, = 23 W/(m2-°C), on the inner surface — a, , =
8.7 W/(m-°C) (figure 6).

Conclusions

Following the calculations, we obtained
temperature fields for each of the considered
walling options and materials used. The paper
presents the results for design options with a
maximum thickness of 770 mm. Figure 7 shows the
temperature distribution for three walling options with
a thickness of 770 mm. To compare the results of
the temperature fields, Figure 7a shows an option of
masonry with the required thickness.

According to the results presented in Figure 7,
the inner surface of the walls has the following
temperatures: in the case of option 1, 17.76 °C (a);
in the case of structural and heat-insulating gypsum
concrete — 20.97 °C (b); in the case of three-layer
masonry with heat-insulating concrete — 19.72 °C
(c); in the case of masonry with plastering using heat-
insulating concrete — 18.99 °C (d).

Based on the presented research results, the
following conclusions can be drawn:

1. Heat engineering problems can be solved

numerically, by using the ANSYS Steady

¢ =23°C;
o =8.7 W/(m°C)

State Thermal module, which is based on
the finite element method, to assess the
effectiveness of using gypsum concrete in
wall structures.

2. For the presented types of structural,
structural and heat-insulating, and heat-
insulating gypsum concrete with the
particular thermal conductivity coefficients,
heat capacity, and average density (Table 1),
we developed three options of 3D walling
models, calculated temperature fields for
each of the considered walling options and
materials used with a thickness of 770 mm,
and compared the results with those in the
case of masonry.

3. The presented model options in terms of
temperature distribution throughout the wall
thickness are comparable with masonry and
make it possible to increase the temperature
of the inner surface of walls from 17.76
(masonry) to 20.97 °C when using structural
and heat-insulating gypsum concrete, without
masonry of the same thickness.

Thus, in terms of the temperature of the inner
surface of walls, the results obtained are comparable
with those for masonry with a standard thickness
of 770 mm. The developed structural and heat-
insulating gypsum concrete (type 2, Table 1) is more
effective than masonry since, under these particular
design conditions, the temperature of the inner
surface of a wall exceeds the temperature of the
inner surface of masonry by 3 °C on average.

b)

i =-39°C;
a,, =23 W/(m=C)

Figure 6. General principle of applying boundary conditions: the inner surface of the wall (a); the outer surface of the wall (b)
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a) b)
G: (Type 2) 770
I: Masonry 770 Temperature
Temperature Type: Temperature
Type: Temperature Unit: °C
Unit: °C Time: 1
Time: 1 18.04.2021 19:25
18.04.2021 19:17
20.968 Max
17.766 Max H 1439
B
-04961 1.2346
-6.5834 w5343
-12.671 -11.921
-18.758 -18498
-24.845 -25.076
-30.933 -31.654
-37.02 Min -38.231 Min
c) d)
O: Masonry 770 + plaster (type 3)
L: Three-layer (masonry 770 + type 3) Temperature
I)e/:ep‘)?rrear:nupr:ratu re Type: Temperature
o Unit: °C
U,nlt c Time: 1
Time: 1

18.04.2021 19:22

n

18.04.2021 19:34

19.723 Max 18.994 Max
13336 5 12.718
6.9488 6.4429
0.56174 0.16762
-5.8253 -6.1077
212212 -12.383
-18.599 -18.658
-24.986 -24.934
-31.373 -31.209
-37.76 Min -37.484 Min

Figure 7. Temperature distribution in a 770 mm thick wall: option 1, masonry (a); option 2, structural
and heat-insulating gypsum concrete (b); option 3, three-layer masonry with heat-insulating concrete
(c); option 4, masonry with plastering using heat-insulating gypsum concrete (d)
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AHHoOTauuA

M3yyeHne aHeproadpeKkTNBHbIX 3KoNornyeckn 6esspeaHbiX TENTON3ONALMOHHBIX MaTepMarnoB Ha OCHOBE rMMNCOBbIX U
rMNCOCOAEPXaLUMX NCXOAHbIX KOMMOHeHTOB. Llenb nccneposanua: OueHka 3 HEKTUBHOCTN MPUMEHEHNS TMNCOBbIX
MaTepuanoB B CTEHOBbIX KOHCTPYKLMSAX, MCNONb3yst METOA KOHEeYHbIX anemeHToB moaynsa STEADY-STATE THERMAL
nporpammHoro komnnekca ANSYS. B kayecTBe CTEHOBbLIX MatepmnarnoB MCMNOMb30BaH NOPM3OBAHHbBIV MaTepuan
pa3HON NNOTHOCTbLIO (KOHCTPYKLUMOHHbINA, KOHCTPYKLMOHHO-TENNTOU30NSALNOHHBIA U TEMIOU30NALMOHHBLIN TMNCOOETOH),
NornyyYeHHbI NyTemM B3aMMOAENCTBUA OCTaTOYHOW CEPHOW KMCNOTbl, afcopObnpoBaHHOW Ha 3epHaX «KMCNOro»
pTopaHrugpuTa n kapboHaTHOM MyKK B NpOLLeCCe NPOTEKaHUSA XMMUYECKON peakunn B3anmogernicteums. Metoabl: Metoq
KOHe4HbIx anemeHToB Moayns STEADY-STATE THERMAL nporpammHoro komnnekca ANSYS. PelueHne 3agay oueHkn
TEeNNonpPOBOAHOCTU KOHCTPYKLIMIN OCYLLECTBIIANOCH B TDEXMEPHOW CUCTEME KOOpAMHAT. [Insg (hparMeHTOB orpaxaatoLlen
KOHCTPYKLMUN MPUHATBI SKCMEPUMEHTarbHbIe 3Ha4YeHns Tennoduranyeckne xapaktepuctuku. Pesynbratbl: YucneHHoe
pelueHmne 3agaym ¢ nomoubio Moayna STEADY-STATE THERMAL nporpammHoro komnnekca ANSYS, paboTa kotoporo
OCHOBaHa Ha MeToAe KOHEeYHbIX 3N1eMEHTOB, MoKa3ano, YTo pa3paboTaHHbIA KOHCTPYKUMOHHO-TENTON30NALNOHHBIN
rmncobeToH ABnseTca 6onee addPeKTUBHLIM, MOCKOMbKY MPU AaHHbLIX YCNOBMAX pacyeTa Temnepartypa BHYTPEHHeWN
NOBEPXHOCTU CTEHbI MPU MUHUMAaNbLHON TONWMNHE KOHCTPYKUnn (510 mm) n makcumansHon (770 mMm) npeBbiiaeT
Temnepartypy BHYTPEHHEN MOBEPXHOCTN CTEH U3 Pa3fiMyHbiX MaTeprarnos.

KnioueBble cnosa

CDTopaHrm,qpm, rmnco6eToH, CoeAMHEHUS KanbLuus, npoueccobl CprKTypoo6pa3osava, MeTO[ KOHEYHbIX 3J1EMEHTOB,
CTEHOBOM Matepuan, TennonpoBoAHOCTb.
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