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Abstract. The article considers the specific
features of the numerical assessment of the fire
resistance of a spatial joint connecting tubular
elements with a ring flange and radial stiffening
ribs. The relevance of the study is due to the fact
that, in steel structures under fire conditions, the
limit state is often governed not by the overall
strength of the main cross-section, but by the local
behavior of joints, where a complex interaction
occurs between the base metal, welds, bolts, contact
zones, and stiffeners. It is precisely the joints that
are the most sensitive to the reduction in the
physical and mechanical properties of the material
when heated, since stresses are concentrated in
them, the force transfer pattern changes, and local
failure mechanisms manifest themselves more
rapidly. The aim of the study is to determine the
influence of the fire-protective layer on the
temperature regime and load-bearing capacity of the
investigated joint under standard fire exposure in
accordance with the R60 fire resistance
requirement.

The study was carried out in two successive
stages. At the first stage, a fire analysis of the joint
without fire protection was performed using the
following initial parameters: the standard fire curve,
convective heat transfer coefficient o =25 W/m3K,
steel surface emissivity em = 0.80, and fire
environment emissivity & = 1.00. The analysis
showed intensive heating of the joint components to
temperatures of approximately 935.86-942.88°C.
However, after the introduction of contour fire
protection with the following parameters: layer
thickness dp = 30 mm, thermal conductivity Ap = 0.2
W/(m-K), specific heat capacity cp = 1700 J/(kg-K),
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and density pp = 800 kg/m?, the temperature
decreased to the range of 221.43-380.97°C.
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PROBLEM STATEMENT
For steel structures, the issue of fire
resistance is traditionally associated with the

reduction in the physical and mechanical
properties of the material when heated, which

89


mailto:standartbc@gmail.com
mailto:2glitin@ukr.net
mailto:s.radetskiy@gmail.com

ISSN 2522-4182

leads to a decrease in the strength, stiffness, and
load-bearing capacity of the elements.

In most cases, when analyzing the behavior
of structures under fire conditions, the main
attention is paid to bar elements — beams,
columns, braces, and posts — whereas joints are
often considered in a simplified manner or are
even assumed to automatically provide the
required level of reliability. However, it is
precisely the joints that, in many cases, are the
most vulnerable parts of the structure, since a
complex stress-strain state is formed in them,
local forces are concentrated there, contact
interactions arise between individual parts, and
the load is transferred through a system of
plates, bolts, welds, and ribs.

For tubular elements with flange joints, this
problem is especially relevant. Such joints are
characterized by spatial behavior, complex
geometry, local zones of stress concentration,
and a significant dependence of the load-
bearing capacity on the performance of
individual components. Under fire conditions,
heating occurs unevenly, which leads to a non-
uniform temperature field in the tubes, flanges,
stiffening ribs, bolts, and welds. As a result,
within the same joint, individual elements may
operate under different temperature conditions,
and the overall limit state may be governed not
by the base metal, but by local failure of the
welds, loss of bolt performance, or excessive
deformations in the contact zones.

Design practice shows that the use of
generalized engineering approaches for
assessing the fire resistance of joints does not
always provide a reliable result. Simplified
methods based on the average temperature of an
element or on checking only individual cross-
sections do not allow the actual force transfer
pattern in the joint, the specific features of local
heating, and the mutual influence of all
structural components to be fully taken into
account. This is especially important for flange
joints, where, under elevated temperatures, the
properties of the base metal, weld metal, the
contact stiffness of the joint, the behavior of
bolts in tension and shear, as well as the
deformation pattern of the strengthening
elements, change simultaneously.

Another important issue is that, when

90

assessing the fire resistance of a joint, it is
necessary to analyze not only the thermal action
itself, but also its consequences for the
mechanical behavior of the connection. That is,
the problem is of a complex nature and includes
two interrelated stages: determining the
temperature field in the joint elements for a
specified fire scenario, and then verifying the
load-bearing capacity of the heated structure
while taking into account the reduction in the
physical and mechanical properties of the
material when heated. Only such an approach
makes it possible to determine which particular
component is decisive in the formation of the
limit state and whether the joint ensures the
required standard fire resistance rating.

For the investigated flange joint of tubular
elements, the task is further complicated by the
need to assess the effectiveness of fire
protection. In the absence of a protective layer,
the steel elements of the joint can quickly heat
up to high temperatures, which causes a sharp
reduction in their load-bearing capacity. At the
same time, the application of a fire-protective
material changes the intensity of heat transfer,
reduces the rate of steel heating, and potentially
makes it possible to ensure the required fire
resistance class. However, the quantitative
assessment of such an influence requires a
special numerical analysis, since the
effectiveness of fire protection depends not
only on its presence, but also on the layer
thickness, thermal conductivity, heat capacity,
density, and application pattern.

The scientific and practical problem lies in
establishing the patterns of change in the
temperature state and load-bearing capacity of
the flange joint of tubular elements under
standard fire exposure, as well as in
determining the influence of the fire-protective
layer on satisfying the R60 fire resistance
requirement. Solving this problem makes it
possible not only to assess the serviceability of
a specific joint, but also to formulate an
approach to substantiating the fire-protection
parameters for similar steel connections in
which the limit state is governed by the local
behavior of individual components.

ANALYSIS OF PREVIOUS RESEARCH
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In studies devoted to joints and connections,
it has been shown that the joint zone is one of
the most complex regions for analysis, since it
combines local thermal effects, a complex
stress-strain state, contact interaction between
individual components, and nonlinear effects.
In particular, the study on 3D modeling of steel
structure joints emphasizes the expediency of
combining frame bar analysis with detailed
joint modeling in a BIM environment and in
specialized computational software packages. It
is shown that such an integrated approach
makes it possible not only to reproduce the
geometry of the connection, but also to take into
account the actual behavior of elements within
the joint zone under thermal exposure, as well
as to use the results to refine the structural
solution, reduce steel consumption, and
rationalize load-bearing capacity reserves [1].

In the study of a fire-protected steel floor
beam, a step-by-step calculation procedure in
the LIRA-SAPR software package is presented,
taking into account the nonlinear dependence of
thermal conductivity, heat capacity, and
convective heat transfer on temperature. The
obtained results showed that accounting for
material nonlinearity significantly affects both
the temperature distribution and changes in
stiffness  characteristics. The  presented
comparison of calculations with linear and
nonlinear properties demonstrated that the error
in temperature determination may reach 26%,
while the error in determining the modulus of
elasticity may reach 65.9%, which directly
affects the reliability of the mechanical
verification [2].

Some studies prove that fire resistance
assessment cannot be limited only to checking
the strength of an isolated element. Of
particular importance is the consideration of
secondary effects associated with changes in
the stiffness of heated elements, thermal
deformations, and the subsequent redistribution
of internal forces within the structural system
[3,5].

Alongside studies of steel elements and
joints, an important line of research is
represented by works that consider different fire
temperature regimes and the limits of
applicability of simplified methods. Thus, for
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the hydrocarbon fire regime, it has been shown
that it is characterized by significantly higher
intensity, rapid temperature rise to about 1100
°C in the first minutes, and therefore requires
the use of advanced calculation methods. These
studies emphasize that tabulated data and
simplified approaches may be used only for the
standard temperature regime, whereas more
severe scenarios require full thermal modeling
and subsequent verification of residual load-
bearing capacity [4, 8].

The further development of this topic is
associated with the formation of the general
theory of structural fire engineering, within
which the behavior of a steel structure under
fire conditions is considered as the result of the
interaction of thermal and mechanical
processes. These studies have shown that under
the effect of high temperature, not only are the
elements heated, but there is also a reduction in
the physical and mechanical properties of the
material when heated, a change in the stiffness
of the system, the development of additional
deformations, and a redistribution of internal
forces. This approach has become the basis for
the transition from simplified code-based
checks to a deeper engineering analysis focused
on the actual behavior of the structure in a fire
scenario [9-14].

In studies devoted to heat transfer in steel
elements, particular attention has been paid to
determining the temperature field as the basic
stage of fire analysis. It has been shown that the
accuracy of temperature assessment in a
structure directly affects the reliability of the
subsequent mechanical analysis. It has been
established that for exposed steel elements, the
decisive role is played by the total heat transfer,
which includes convective and radiative
components, whereas in the presence of a
protective layer, its thermal conductivity, heat
capacity, density, and application pattern
become of significant importance [15-17, 20].

A significant part of previous studies is
devoted to the behavior of steel joints at
elevated temperatures. These works have
shown that under fire conditions a joint changes
not only its stiffness, but also the very
mechanism of force transfer between its
constituent elements. It has been found that
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when heated, the role of local plate
deformations increases, the behavior of bolts
changes, the condition of welds has a
significant influence, and failure often has a
local component-based character. As a result, it
is advisable to consider the joint not as a
conventionally homogeneous element, but as a
multicomponent system in which each
component responds differently to increasing
temperature. It is precisely this approach that
has formed the basis for the development of
component-based and  spring-component
models of connections in fire [18-19, 21-23,
25].

Some studies demonstrate that the
temperature state of a joint may differ
significantly from the temperature state of the
adjacent bar elements. This is especially
important for unprotected or partially protected
connections, in which individual components
have different massiveness, different heating
conditions, and different heating rates. Under
such conditions, the use of an average
temperature for the entire joint does not allow
its serviceability to be assessed reliably. That is
why contemporary works emphasize the need
to take into account the actual temperature
distribution within the joint, since local
temperature differences directly affect the load-
bearing capacity of individual components and
the formation of the limit state [24, 26].

An important direction is the study of
connections in which the main attention is paid
not only to strength, but also to deformability,
robustness, and the ability to maintain
serviceability under a complex stress state in
fire conditions. It has been established that even
those joints which at normal temperature are
designed mainly for shear or local force transfer
may, in fire, be subjected to additional tensile,
compressive, or bending actions caused by
thermal deformations and interaction with the
entire structural system. This means that the fire
verification of a joint should take into account
not only the traditional strength criteria, but also
the ability of the connection to deform without
brittle failure, to retain rotational capacity, and
to allow redistribution of forces between
components [27-28].

One publication is devoted to the study of
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the fire resistance of steel floor beams during
the reconstruction of the UN office building in
Ukraine. Available bibliographic data indicate
that the authors analyze the increase in the fire
resistance rating of load-bearing beams,
compare fire-protection options, and, after the
thermal analysis stage, proceed to the strength
calculation. The study also takes into account
the influence of an air gap between the
protection boards and the structure, which is
important for more accurate modeling of heat
transfer. This source is valuable for your paper
because it demonstrates an example of applied
fire analysis of steel elements in a real
reconstruction project and confirms the
expediency of combining thermal and static
analysis [29].

Another paper describes in detail an
algorithm for analyzing a steel floor beam
under high-temperature effects using the LIRA-
SAPR software package. The author solves the
problem of transient heat conduction, obtains
the temperature distribution across the cross-
section, and then uses these results to assess the
stress-strain state of the beam. Importantly, the
study takes into account the nonlinear variation
of the thermophysical properties of steel and
fire-protective material, and also presents a
comparison of numerical results with a full-
scale experiment. For your study, this paper is
useful primarily as an example of a consistent
transition from the thermal problem to the
mechanical verification of a structure under fire
conditions [30].

The issue of the fire resistance of steel
structures in contemporary research is
considered as a complex problem that combines
regulatory  support, thermal  modeling,
assessment of the stress-strain state, and
verification of the load-bearing capacity of
elements and joints during fire exposure. The
basis of this approach is formed by regulatory
documents that define the principles of
structural design based on limit states, the
procedure for considering fire action, the
requirements for steel elements under fire
conditions, as well as the rules for the design of
connections. It is precisely in these sources that
the approach is established according to which
fire design must take into account not only the
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temperature regime of the environment, but
also the actual preservation of the load-bearing
capacity of the structure for a specified period
of time [31-32].

PRINCIPAL RESEARCH

The aim of the study is to assess the
influence of the fire-protective layer on the
load-bearing capacity of the flange joint of
tubular elements under fire conditions in
accordance with the R60 requirement.

To achieve this aim, the following tasks
were set:

- to develop a calculation model of the

joint;

- to define fire exposure according to the

standard fire curve;

- to perform the analysis of the joint
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without fire protection;

- to perform the analysis of the same joint
with contour fire protection;

- to compare the temperature fields and
integral performance indicators;

- to identify the critical elements of the
joint for each stage of the analysis.

The investigated joint is a connection
between two tubular elements of the lower
chord of the truss, joined by means of a ring
flange, radial stiffening ribs, bolts, and welds.
The transfer of forces from one tubular element
to the other is carried out through the flanged
system with ribs. In the model, an axial load is
applied along the longitudinal axis of the
elements (Fig. 1).

Fig. 1. Model of the flange connection of the lower chord of a steel truss
Puc. 1. Mogens ranIieBoro 3’ €IHAHHS HIKHBOTO TOSICY CTaJIeBOi hepMu

To determine the temperature of the fire
environment, the standard fire curve was used:

8,(t) = 20 + 345log;((8t + 1) (1)
where 6, (t) - gas  environment
temperature, °C;
t - time, min.

Equation (1) describes the standard increase
in temperature over time and serves as the basis
for determining the thermal effect on the
surface of the steel elements of the joint.

The total heat flux to the element surface is
defined as the sum of the convective and
radiative components:

q=4qc+4qr (2)
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qc = ac(eg — ) 3)

qr = smefa[(eg +273)* — (0, +
+273)*] )
where «, - convective heat transfer
coefficient, W/m2K;
0, - steel surface temperature, °C;
&m - emissivity of the steel surface;
g - emissivity of the fire
environment;
o - Stefan—-Boltzmann constant.

Thus, we obtain:

q= ac(eg —b) + SmeO'[(Hg + (5)
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273)* — (65 + 273)4]

Equation (5) defines the instantaneous
thermal effect on the steel element.

In the general matrix form, the thermal
problem is written as follows:

[Cen]6 + [Ken]6 = Q(2) (6)

[C:] - heat capacity matrix;

[K.,] - thermal conductivity and
surface  heat  transfer
matrix;

{6} - vector of nodal temperatures;

{Q(t)} - vector of heat fluxes.

where

For a simplified assessment of the heating of
an unprotected steel element, the heat balance
can be written as:

deo
pacan—ta = Amq (7)
where p, - density of steel;
c, - Specific heat capacity of steel;
V - volume of the steel element;
A,, - heated surface area;
6, - steel temperature.

Substituting (5) into (7), we obtain:

a6,
pacavg = Am[ac(gg —0,) +

. a8
emero((0, + 273)* — (6, + 273)4)]

Equation (8) shows that the rate of steel
heating increases with increasing heated
surface area and decreases with increasing heat
capacity of the element.

In the presence of a fire-protective layer, the
heat flux to the steel decreases. In a simplified
engineering formulation, the thermal resistance
of the protective layer can be expressed as:

R =2
p Ap (9)
where d,, - thickness of the protective
layer;
A, - thermal conductivity coefficient
of the protection material.
94

The thermal inertia of the protective layer is
determined by the expression:

Cp = ppCpdy (10)

where p, - density of the fire-protective
material;
cp - its specific heat capacity.

The greater R, and C,, the more slowly the
steel heats up.

After determining the temperature field, the
mechanical verification of the joint is
performed. In general form, the equilibrium
equation is written as:

[K(®)]u=F (11)

where [K(0)] -temperature-dependent stif-
fness matrix;
{u} - displacement vector;

{F} - external load vector.

For nonlinear step-by-step analysis:

[K:(0)[{Au} = {AF} (12)

The temperature-induced degradation of
mechanical properties is taken into account
through reduction coefficients:

fy,H = ky,@fy (13)
Eg == kE’gE (14)
fy: E - yield strength and modulus of
elasticity at normal
temperature
fy,e: Eg - corresponding properties
at temperature 6,
kyo, kgg - temperature reduction
coefficients.

where

Similarly, for an individual component of
the joint, the serviceability condition can be
written as:

_ SEgai

<1.0 (15)

n = =
Ryp;

where  Sgp;; - design force in the i-th
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component;

Ryg; - its design load-bearing
capacity at temperature 6;

n; - utilization factor.

Stage 1. Analysis of the joint without fire
protection.

At the first stage, the following fire analysis
parameters were adopted:

- Fire resistance class: R60;

- Fire curve type: Standard fire;

- a. = 25W/m’K;

- &n = 0.80;

- Ef = 1.00.

No protective layer was applied to the joint
elements.

The analysis showed that by the end of the
considered fire exposure, the temperatures of
the joint elements had reached:

Ormin1 = 935.86°C (16)
Omax1 = 942.88°C (17)

The obtained temperature range indicates
almost complete heating of the steel joint to the
temperature level of the fire environment. This
means a significant reduction in the mechanical
properties of all steel components.

For the welds, we have:
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Nwa = 1.002 > 1.0 (18)

For the bolts:
Np1 = 0.992 =~ 1.0 (19)

For the plates:
Mp1 = 0.018 (20)

From (18-20), it can be seen that the load-
bearing capacity of the joint without fire
protection is governed not by the plates, but by
the local force-transfer elements — primarily the
welds and bolts.

At temperatures close to 940°C, the base
metal, welds, and bolts undergo severe
temperature-induced degradation. As a result:

- the yield strength of steel decreases;

- the modulus of elasticity drops sharply;

- local deformations increase in stress

concentration zones;

- the redistribution of forces in the joint

becomes unfavorable;

- the weakest links are the welds and bolted

elements.

Thus, the first stage confirmed that without
fire protection, the joint does not satisfy the
required R60 fire resistance rating (Fig. 2).

lemperahars U

W20

Fig. 2. Calculation result without applying the fire protection layer
Puc. 2. PeaynbraT po3paxyHky 0e3 BBEeJICHHs BOTHE3aXHUCHOTO IIapy

Stage 2. Analysis of the joint with contour
fire protection.
At the second stage, a fire-protective layer
with the following parameters was introduced:
Encasement: Contour;
cp = 1700J/(kg K);
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- d, =30mm;

- Ay, = 0.2W/(m-K);

- pp = 800kg/m’.

Then, in accordance with (9):
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0.03
Rp = W = 0.15 mzK/W (21)

In accordance with (10):

Cp = ppcyd, = 800 - 1700 - 0.03 =

40800 J/(m>?K) (22)

C,The values in (21) and (22) indicate that

the protective layer has both sufficient thermal
resistance and noticeable thermal inertia. This
Is precisely what physically explains the
reduction in the heating rate of the steel
elements.

After the introduction of fire protection, the
following temperature range was obtained (Fig.
3):

lemperalure™s

nLy

Fig. 3 Calculation result after applying the fire protection layer
Puc. 3 Pe3ynbTatr po3paxyHKy 3 BBEACHHIM BOTHE3aXHUCHOTO LIapy

Opminz = 221.43°C (23)
Omax2 = 380.97°C (24)
The maximum temperature reduction
compared with the first stage is:
Abrax = emax,l - Hmax,z = (25)

942.88 — 380.97 = 561.91°C

The relative reduction in the maximum
temperature is:

942.88 — 380.97
= -100% =

09 = 942.88 (26)
= 59.6%

Thus, the applied fire-protective layer
ensured a reduction in the maximum
temperature by almost 60%.

After introducing the protection, the
following utilization factors are obtained:

Tlp2 = 0.000 (27)
My = 0.127 (28)
w2 = 0.477 (29)

Let us compare the change in the utilization
factors.
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For the bolts:

Mpa 0992
2l " ~781
M2 0127 (30)

That is, the utilization level of the bolts
decreased by approximately 7.8 times.
For the welds:

Nw1 1.002
—— =——=2.10
Nwe 0477 GD

Therefore, for the welds, the utilization level
decreased by more than two times.

The analysis shows that, in the investigated
joint, it was precisely the introduction of fire
protection that became the key factor in the
transition from an unsatisfactory result to full
compliance with the R60 requirement. This
makes it possible to draw an important
conclusion: for joints of this type, the
effectiveness of fire protection should be
assessed not only by the reduction in
temperature, but also by the change in the
utilization  factors of the individual
components, primarily the bolts and welds.

Taking into account (11-15), it is possible to
trace a consistent cause-and-effect sequence.
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At the first stage:
dy=0=>R,—>0 (32)
which leads to a rapid increase in 6, and
consequently to a reduction in f,, y and Ejy, that

IS:

6 1= kyg »L,kEg =
! ’ 33
= [K(8)] L Ry, ¢ (33)

With the external load {F} unchanged, this
means an increase in the utilization factors:

Sgai

Ragii=n; = T (34)

Rup,

At the second stage:
d,>0,Ay,crip,>R,1T,C,T  (35)
and therefore:

O1=>kyg T, kpog 7= Ryp; T= 1 L (36)

Equations (32-36) formally explain the
obtained numerical result: fire protection does
not change the external load, but it changes the
temperature regime, and through it, the stiffness
and load-bearing capacity of all components of
the joint.

CONCLUSIONS AND PERSPECTIVES
FURTHER RESEARCH

1. It has been established that the flanged joint
of tubular elements without fire protection
does not satisfy the R60 fire resistance
requirement. In this case, the joint elements
are heated to temperatures of 935.86-
942.88°C, while the critical components
are the welds and bolts.

2. According to the results of the first stage of
the analysis, the following values were
obtained: Analysis = 17.2%, Plates = 1.8%,
Bolts = 99.2%, Welds = 100.2%. This
indicates the loss of the required
serviceability of the joint as a result of the
temperature-induced degradation of the
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local force-transfer elements.

3. The introduction of contour fire protection
with the parameters d, =30 mm, A, =
0.2W/(m-K), ¢, = 1700J/(kg'K), p, =
800kg/m? provided a significant reduction
in temperature to 221.43-380.97°C. The
maximum temperature decreased by
561.91°C, or approximately 59.6%.

4. After the introduction of fire protection, the
joint fully satisfied the R60 requirement:
Analysis = 100.0%, Plates = 0.0%, Bolts =
12.7%, Welds = 47.7%. Therefore, the
applied fire-protective layer is sufficient to
ensure the serviceability of the joint under
the specified fire exposure.

. It has been shown that for joints of this type,
the governing components under fire
conditions are not the plates, but the welds
and bolted elements. Therefore, when
assessing the fire resistance of joints,
primary attention should be paid
specifically to the local force-transfer
components.

6. The proposed approach, which combines
the thermal problem, the temperature-
dependent mechanical formulation, and the
comparison of cases without protection and
with protection, is suitable for the practical
substantiation of fire-protection parameters
for complex steel joints.
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OLIIHKA BOTHECTIMKOCTI
®JIAHIIEBOT O BY3JIA
CTAJIEBOI ®EPMU
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Cepeiii PAIIELIBPKUH

AHoOTaNis. Y crarti po3rIsiHyTO 0COOIMBOCTI
YUCEJIbHOI OIIIHKM BOTHECTIMKOCTI MPOCTOPOBOTO
By3Ja CTHKYBAaHHS TpyO4acTUX eNeMEeHTIB i3
KibeBUM  ¢uiaHIeM 1 pafiadbHEMU pedpamu
JKOPCTKOCTI. AKTyanbpHICTh JTOCITITKEHHS
3yMOBJIEHa TUM, IO y CTaJ€BUX KOHCTPYKLISX B
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YMOBax TOXEKiI TpaHWYHWA CTaH  4acTo
BU3HAYAETHCA HE 3arajibHOK0 MILHICTIO OCHOBHOTO
nepepizy, a JOKalbHOK pOOOTOI0 BY3IIB, [€
BiOyBa€Tbcs CKJIagHa B3a€EMOJISl OCHOBHOTO
MeTaly, 3BapHUX IIBiB, OOJITiB, KOHTAKTHHUX 30H 1
pebep xopctkocti. Came By3am € HaWOLIBII
YYyTIUBAMH JO 3HIKCHHS (Hi3UKO-MEXaHITHUX
BJIACTHBOCTEH MaTepiaiy pH HarpiBaHHi, OCKIIbKH
B HUX KOHIIEHTPYIOTHCSI HAIMPY)KEHHS, 3MIHIOETHCA
cxeMa  IepeljaBaHHsS  3yCWiIb 1 IIBUJALIC
MIPOSIBIISTFOTHCS JIOKATBbHI MEXaHI3MH PyWHYBaHHS.
Mertoro  poOOTH €  BCTAHOBJICHHS  BIUIUBY
BOT'HE3aXHCHOTO IlIapy Ha TeMIEPaTyPHUN PEKUM i
HECyYy 3JaTHICTh JOCIIKYBaHOTO BY3Ja MPH il
CTaHJAPTHOT MOXEXKI BiJMOBIIHO 10 BUMOTH KJIacy
BorHecTiikocTi R60.

JlocmipkeHHsT BHUKOHAHO Yy JBa TMOCHIJIOBHI
etann. Ha mepmoMy etarri mpoBeeHO MOKEXHHH
pO3paxyHOK  By3nma  0e3  BOTHE3axXUCTy 3
BUKOPHCTAaHHIM TaKWX BHXIJHUX TMapaMeTpiB:
CTaHAapTHA  TOXEXHa  KpuBa,  Koe]imieHT
KOHBEKTHBHOTO TEIDIOOOMIHY oc = 25 W/m?K,
KoeQiIieHT BUIPOMIHIOBaJIBHOT 3aTHOCTI
moBepxHi crami en = 0,80 Ta koedimieHT
BUIIPOMIHIOBAHHS TIOKEXKHOT'O CEPEAOBHUINA & =
1,00. Po3paxyHOK IMOKa3aB iHTEHCUBHE HarpiBaHHS
eJIEMEHTIB By3Ja JIO TeMIeparyp NpUOIU3HO
935,86-942,88°C. Opmmak  micis  BBEICHHS
KOHTYPHOTO BOTHE3aXUCTY 3 TAKMMU ITapaMeTPaMH:
toBiyHA mWapy dp = 30 MM, TEIUIONPOBIIHICTE Ay =
0,2 Bt/(m'K), muroma Temmoemuicth cp = 1700
Jx/(xr-K) Ta rycruna pp = 800 kr/m3, Temmeparypa
3HM3MIACS 110 niana3zony 221,43-380,97°C.

KarouoBi cioBa: BOIHECTIMKICTH, CTajeBl

KOHCTPYKIIil; BOTHE3aXUCT, METOJl CKIHYCHHUX
€JIEMEHTIB.
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