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The thickness of the lining is reduced from 230 mm to 80 mm due to long-term wear, resulting in low thermal
efficiency of the rotary kiln. The thermal resistance, which is positively correlated with the thickness of the lining,
is one of the most important factors determining the thermal efficiency of the rotary kiln. The thermal efficiency of
the rotary kiln can be improved by introducing insulation material with lower thermal conductivity into the lining.
The average heat flux is used as the thermal efficiency evaluation index of the 4x60 m rotary kiln under no-load
conditions in this work. A numerical experiment was conducted for the temperature and heat flux of the inner
surface of the lining, as well as the temperature of the outer surface of the shell during the wear of the lining. There
are two cases considered, one with and one without insulation materials in lining. According to the analysis, when
the lining in the high temperature zone of the rotary kiln wears to 80 mm, the average heat flux of the inner surface
of the lining increases by /05.03%. However, after the addition of insulation material, the average heat flux on the
inner surface of the lining increases by 40.38% (wears to 80 mm). Compared to the thermal efficiency of the rotary
kiln without heat insulation material, the average heat flux of the inner surface of the lining is reduced by 36.36%
(230 mm), and it is reduced by 99.01% (wears to 80 mm). A significant advantage of this solution is that it can
increase the thermal efficiency of the rotary kiln, improve the insulation performance of the lining, reduce heat loss
to the environment through the shell, and the results obtained can be used for the latest equipment design and
existing equipment improvements.

Keywords: rotary kiln, thermal efficiency, average temperature, heat flux, insulation material.
1. Introduction

Modern cement [1] has always been considered an indispensable building material in the field of
housing and infrastructure [2, 3], which evolved on the basis of ancient cementitious materials [4]. Rotary
kilns, which are widely used [5] in the cement industry where they are well suited for the cement clinker
burning processes that require high temperatures at near-atmospheric pressure [2, 6], are industrial thermal

equipment working in the temperature range between 200 — 2000°C [7]. Due to excellent mixing performance,
efficient heat transfer capability and great installed capacity of the rotary kiln [8], it is employed in many
engineering applications such as drying, cement making, melting, cooling, recycling of waste and destroying
of hazardous substances [9-12].

During long-term operation of the rotary kiln, the thickness of the lining gradually decreases from
230mm to 80mm and due to wear [13] between the bulk raw material and the lining, resulting in the
breakdown of the working layer of the lining and the fall of the refractory brick from the lining after wear of
about 30 —40% [14]. At the same time, the thermal resistance of the lining also decreases accordingly, because
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it is positively correlated with the thickness of the lining. This is why the thermal efficiency of the rotary kiln is
low which means a corresponding increase in energy consumption, electricity usage and greenhouse gas
emissions [15]. Approximately 20 to 35% of the total heat from the combustion of the fuel is released into the
environment through the shell of the rotary kiln [16-18]. In Ukraine, most cement clinkers are processed in rotary
kilns, which have a low fuel utilization rate from 55 to 60% . Therefore, improvement of the thermal efficiency
in a rotary kiln is extremely crucial for the nation, region and the building sector, meanwhile finished product
quality, cost of rotary kiln making, service life and environmental protection all must be taken into consideration.

The purpose of this work is to investigate the impact of the wear of the lining on the thermal efficiency
of the rotary kiln based on the absence of filling of the bulk raw materials and to propose a realistic solution
to prevent the thermal efficiency reduction. To properly analyze the thermal efficiency of the rotary kiln during
the wear of the lining, the thermal resistance, temperature field, and heat flux of the rotary kiln are examined
in this work using the first and second laws of thermodynamics. Thermal resistance [19] is well known to be
one of the most prominent factors determining the heat transfer capacity or insulation performance in the rotary
kiln [22, 24] and the parameters that influence thermal resistance are the distance of heat transfer and thermal
conductivity. Thermal resistance of the rotary kiln steadily diminishes with wear of the lining, diminishing the
thermal efficiency of the rotary kiln. Since the thickness of the lining is reduced from the original 230 mm to
80 mm because of wear, in this work we study the thermal efficiency of the rotary kiln with the thickness of
the lining of 230mm , 200mm , 170mm , 140mm , 110mm and 80mm , respectively. This uniqueness of this
work was that it also examines the thermal efficiency of the rotary kiln following the addition of the trapezoidal
insulation material which has a better stability than other shapes with the height of the lining corresponding to
the above mentioned. The trapezoidal insulation material was built in the center area of the refractory brick of
the lining for fabricating a more heat-resistant lining of the rotary kiln [25, 26]. Without making significant
changes to the design of the rotary kiln, this solution can reduce the heat loss of the rotary kiln to the
environment through its shell and improve its thermal efficiency. The necessary relevant data were collected
from a simulation of the VESNA created by the Department of HPSM at the National Technical University of
Ukraine, and part of the data came from the Kryvyirig Cement Plant in Ukraine.

2. Material and methods

Thermal resistance of the lining is determined by both the height A/ and thermal conductivity of the
lining. The thicker the height HI of the lining and the lower thermal conductivity of the lining, the bigger the
thermal resistance, and thus the higher the thermal efficiency of the rotary kiln. However, as the lining thins
because of long-term wear of both the lining and bulk raw materials, the heat transfer distance shortens,
lowering thermal resistance and thermal efficiency. In this work, to increase the heat resistance of the lining
of the rotary kiln, and hence increase the efficiency, insulation materials with lower thermal conductivity must
be introduced into the rotary kiln.

Given that the rotary kiln can be divided into distinct temperature zones, such as the drying zone,
preheating zone, calcining zone, burning zone, and cooling zone, it is worth noting that the temperature in the
burning zone can reach higher levels (ranging from /300 to 1700°C') than in the other zones. Thus, this work
was carried out specifically on the burning zone, where the kiln operates under extreme conditions without
bulk raw material present, to conduct a comprehensive investigation of the thermal processes that occur within
the rotary kiln and to assess the thermal efficiency of the rotary kiln. Two different cases were considered,
namely: with and without insulation materials in the lining of the rotary kiln.

Because the temperature field and heat flux of each annular area of the rotary kiln are the same without
filling bulk raw materials, therefore, in this study, only one refractory brick from the burning zones in the
rotary kiln and the corresponding shell were taken as the research object. The thermal efficiency of the rotary

kiln can be numerically described employing T- i)/ TE" (i), TS i)/ T2 (i) and ¢, (i) /g% (i) as shown

in Fig.1. When TE(i)/ T5 (i) rises, T2 (i)/ TS (i) drops, and ¢ (i)/ ¢ (i) reduces, this means that the

ayv
thermal efficiency increases. Additionally, the maximum temperature is distributed on the inner surface of the
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lining, while the minimum temperature is distributed on the outer surface of the shell due to the principle of
heat transfer from a higher temperature medium to a lower temperature medium.

2 3
A-A
L1
! !
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Fig.1. Scheme of heat exchange in the transverse and longitudinal sections of the rotary kiln:
1 - the shell; 2 - the lining; 3 - the trapezoidal insulation material.

The rotary kiln utilized in the Kryvyirig cement plant in Ukraine has a radius of 2m . This study set
the shell materials as hydrocarbon steel, the lining to be Chamotte, and the insulation material as Chamotte,

and the insulation material as Mullite-silica fiber, as shown in Tab.1.

Table 1. Physical property parameters.

Thermal conductivity(\) W/m-K Maximum temperature °C
Hydrocarbon Steel 45.5 (hg) 538
Chamotte 1.16 (A;) 1600
Mullite-Silica Fiber 0.15(\p,) 1400

During the operation of the rotary kiln, 7= (i) /X" (i), TS (i) /T3H7 (i) and T™ (i) cannot exceed

max max max

the maximum temperature of its own physical properties, otherwise it will fail and cause major safety accidents.

The heat transfer process of the rotary kiln in this study involves heat convection, heat conduction, and
heat radiation [8]. Heat convection occurs at the contact surface between the high-temperature hot gas flow
and the lining, as well as the environment and the shell. At the contact surface between the environment and
the shell, heat radiation occurs. Here conduction occurs in the lining, shell, and insulation material (if included).
The thermal conductivity of the lining, shell, and insulation material is shown in Tab.1. In this study, the
Dirichlet boundary condition is used in the rotary kiln because the initial temperature of the rotary kiln is given
(T =T 0) . The initial temperature of the inner surface of the lining (inner boundary) was determined by the

temperature of the high-temperature gas flow inside the rotary kiln from experimental dependences, in this
work the initial temperature of the inner surface of the lining was taken to be 7/700°C as extreme condition,
while the initial temperature of the outer surface of the shell (outer boundary) was determined by the
temperature of the environment (20°C ) .

Since the linear expansion coefficient of the lining is 5-6 times higher than that of the shell, the lining
is in full contact with the shell [26, 27], the insulation material is also in full contact with the lining.
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Accordingly, the boundary conditions of the contact area between the lining and the shell are:

TL—OuterSur |r=&+HI = TS—InnerSur r=&+[—11 >
2 2

2.1)
7\‘14 aTL—Oute;’Sur — 7\’5 aT.S‘—]nnerSur
or r=PP h or r=PP i Hi
2 2
In the contact area of the lining with the insulation material:
aTL aTIn
Tolvcs 3= Tnlyeps 130 Mo 2 ~Mm : (2.2)
" lr=H3,13 " lr=H3, 13

The efficient heat transfer coefficient /g_, , between the corresponding shell and the environment was given [10, 20]:

Expression [21] can be used to calculate the efficient heat transfer coefficient /4,_,; from the high-
temperature hot gas flow to the inner surface of the lining:

h . 5.688L 8, TG * _ 8” TL—InnerSur * " 0418 . }\.G (DGDP 007 (2 4)
LT T “L1o0) "0 100 D v ST
G L—InnerSur P G

Formula (2.3) can be used to calculate the thermal resistance R with the length L/ of the refractory
brick from 0mm to 150 mm without the insulation material.

R(;H_OH_;F D<x<I, 2.5)
hG—>L 7\‘L }‘S hS—>E

The thermal resistance R, is calculated after introduction of the trapezoidal insulation material:

- for OSXSﬂ
2
R1n=[ L HG H ]E, (2.6a)
hG—)L 7”L 7‘S hS—)E X
- for L1 <X£L1_L3
2 2
; Hj(i)—L2H3L (X-15) L2H3L (X-15) i ;
R, + 23 + 23 +—24 (2.6b)

hG—)L }\‘L 7\‘1n 7\‘S hS—)E ’



D. Zeng et al. 129

gor BTl xhitls
2 2
) — X-45
R[ ! HO-H; Hy Hy JQ (2.60)
hG—>L )‘L A‘In }“S hS—>E (X_45)
for Lt oy Bty
2 2
Hj(i)—H3+L2H3 (X-105) H;- 2H; (X-105) i ;
Ry, = + 275 + 23 +—2+ . (2.6d)
he y; Ap M As  hs g
- for L]+L2 XSL[
2
- X-135
R1n=[ I H@ H 1 j( ) (2.6¢)
hG—)L 7”14 7‘S hS—)E (X_135)

The rate of change 1, in the thermal resistance of the refractory brick based on both with and without
the insulation material can be calculated by the following formula.

np =B B[ h =) @.7)

Regardless of whether the insulation material was included as the lining of the rotary kiln wear, the
thermal resistance of the rotary kiln decreased proportionally according to Eqs (2.5)-(2.6). However, after
introducing the insulation material, the thermal resistance of the rotary kiln increases greatly compared to the
case without the insulation material. In this study, as the lining thickness changed from 230mm to 80 mm , the
rate of change mn, in the thermal resistance increased from 7/50% to 550% . The extreme importance of the

introduction of the insulation material in the rotary kiln is illustrated by the changing trend of the rate despite
the wear of the lining.

To evaluate the thermal efficiency of the rotary kiln during wear, in this work, 7% i)/ T2 (i), 7;5; @)

S+In /. L /. L+In /- . . . .. .
/T (@) and g, (1) /q;, " (i) were used as indicators for analysis. The analysis is carried out based on three

av

cases: (1) independent analysis n’ (i) without insulation material based on refractory brick height

Hli (1 ) = 230mm , (2) independent analysis n/**" (i) with insulation material based on refractory brick height

j<In

Hli (1)=230mm and (3) comparative analysis (i) for both cases with and without the insulation

material, where j is L, S and q.
For analysis of case (1), (2) and (3), the following formula can be used to analyze, respectively:

T -T5"G)

L<>In ( ) — TaLv+[n (l) B Taf; (l) L+In n (l)
Ta[;+1}'l (1) ’ av

N TR -TLG)
av gy (i) = = e cavil

T (1)

» (2.8)
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The VESNA was used to create 3D models, simulate the temperature field of the rotary kiln, and
calculate heat flux of the inner surface of the lining with heights of 230mm, 200mm, 170mm , 140mm,
110mm and 80mm for both cases with and without the insulation material. For the calculation, a curvilinear
three-dimensional nodal 8-terminal element was used. The grid model for calculating the thermal process in
the rotary kiln with the lining height of 230mm is shown in Fig.2. The total number of finite elements is

216353 . Figure 2a shows the grid model of the rotary kiln and Fig.2b shows the lining structure with insulation
material.

b)

Fig.2.Grid model of the rotary kiln for modeling the thermal process. A total of 276353 finite elements
were used.

a) — grid model of the rotary kiln; b) — detailed model of the lining with insulation material.
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3. Results and discussion

A simulation is performed [9] on the temperature filed based on the wear of the rotary kiln with help
of VESNA. Figure 3 shows the results of calculating the temperature fields in the rotary kiln with the lining
made of the refractory brick with dimensions of 230x/50x74mm . The insulation material used has
dimensions L2 =120mm, L3 =90mm, H3 =60mm (as shown in Fig.1). For a convenient comparison, the

relevant results of both heat flux and temperature are also given based on two cases. As can be seen, the high
temperature is distributed on the inner surface of the lining of the rotary kiln, while the low temperature is
distributed on the outer surface of the shell of the rotary kiln.
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Fig.3.Temperature field of both the rotary kiln and the lining (230 mm) with insulation material and standard
refractory bricks (for comparison).

The average temperature and average heat flux of the inner surface of the refractory brick as well as
the average temperature of the outer surface of the corresponding shell were chosen as indicators in order to
more accurately assess the thermal efficiency of the rotary kiln, while taking the maximum temperature of the
lining, shell and insulation material into consideration is quite necessary in a rotary kiln to prevent exceeding
the maximum temperature of its own physical properties. The relevant simulation data from VESNA are shown
in Tab.2.

As can be seen from Tab.2, as the lining of the rotary kiln gradually becomes thinner due to wear, the
average temperature, and maximum temperature of the inner surface of the refractory brick decrease and the
average heat flux of the inner surface of the refractory brick, the average temperature and maximum
temperature of the outer surface of the corresponding shell increase whether or not it contains the insulation
material as shown in Fig.5(a, d, g). Furthermore, the maximum temperature of the insulation material also
increases. According to the simulated data of the height A/ of the lining of the rotary kiln, here H1=230mm,

200mm, 170 mm, 140mm, 110mm , and 80 mm , it is shown that the wear of the lining is one of the most
important factors affecting its thermal efficiency.
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Table 2. The data of the average and maximum temperature and average heat flux.

Average temperature of the
inner surface of the refractory

Average temperature of the outer
surface of the corresponding shell

Average heat flux of the inner
surface of the refractory brick

brick

T () 5 () " (i) T (0) e (i) qu, (i)
230 1578.76 1534.81 248.27 292.09 4843.25 6599.24
200 1570.1 1516.86 259.28 310.15 5188.74 7316.12
170 1560.04 1494.06 272.04 332.08 5589.06 8227.18
140 1548.36 1464.02 286.28 359.05 6048.63 9427.32
110 1535.61 1422.54 302.74 393.42 6530.81 11084.38
80 152595 1361.31 321.67 439.74 6798.93 13530.61

Maximum temperature of the inner
surface of the refractory brick

Maximum temperature of the outer
surface of the corresponding shell

Maximum temperature of
the insulation material

Tl (i) T (0) Tl (i) T (0) T (i)/°C
230 1578.83 1534.79 251.1 292.09 961.25
200 1570.33 1516.88 262.36 310.15 1034.01
170 1560.87 1494.08 2754 332.08 1119.28
140 1551.53 1464.02 289.98 359.05 1220.42
110 1547.74 1422.57 306.85 393.42 1342.87
80 1570.16 1361.33 326.28 439.47 1496.89

With the help of VESNA, the thermal process of the rotary kiln was solved, the temperature field of
the rotary kiln was determined, and the maximum temperature of the inner surface of the lining was obtained
at 1579°C when the height of the lining is 230 mm . This result is in full agreement with that given in the work
of Shubin V.I. [28] and is explained by the fact that the technology requires bulk raw materials subjected to a
temperature of /450°C for a period of time in the sintering zone. In the sintering zone, the temperature of the
hot gas flow is about 7/700°C, and the results are also quite consistent, with an 8% difference from the work
of Li et al. [29], where the maximum temperature is /439°C . The reason for this difference is that this work
considered the more extreme case of the rotary kiln. In addition, the lack of processing materials also
contributes to the increase in lining temperature.

It is obvious that the thermal resistance of the refractory brick has increased significantly after the
introduction of insulation material as shown in Fig.4(a) based on the same conditions. With the help of formula
(2.6), it can be calculated that the thermal resistance of the refractory brick with trapezoidal insulation material
presents a "hat shape" distribution with length L/ of the refractory brick from 0 mm to 150 mm , as shown in
Fig.4(a), while in refractory bricks without trapezoidal insulation material, the thermal resistance of the
refractory brick remains unchanged, which can be obtained with the help of formula (2.5) as shown in Fig.4(b).

Thermal resistance refers to the resistance that heat encounters on the heat flow path, reflecting the
heat transfer capacity among heat transfer media. The larger the thermal resistance in the refractory brick, the
smaller the heat transfer ability. According to the thermal resistance distribution curve of the refractory brick
in Fig.4(a, b), it is easy to obtain the condition of the temperature distribution of the inner surface of the
refractory brick and the outer surface of the corresponding shell in the length L7 from Omm to 150mm as
shown in Fig.4(c, d, e, f).

In refractory bricks containing insulation material, if the thermal resistance of the refractory brick is
higher, the temperature of the inner surface of the refractory brick is higher, and the temperature of the outer
surface of the corresponding shell is lower. The temperature distribution on the inner surface of the refractory
brick is like the thermal resistance distribution of the refractory brick, showing a "hat shape" distribution in
the length LI from Omm to 150mm; this "hat shape" temperature distribution becomes less and less
pronounced, and the temperature on the inner surface of the refractory brick decreases as the wear of the lining,
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as shown in Fig.4(c), while the temperature distribution on the outer surface of the corresponding shell is
opposite to the thermal resistance distribution of the refractory brick, showing a "pot shape" distribution in the
length L1 from Omm to 150mm as shown in Fig.4(e). As the lining wears, this "pot shape" temperature
distribution becomes more and more pronounced, and the temperature on the outer surface of the
corresponding shell increases. However, in refractory bricks without insulation material, the temperature of
the inner surface of the refractory brick and the outer surface of the corresponding shell remains unchanged,
respectively, in the length L7 from O0mm to 150 mm , as shown in Fig.4(d, f).
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Fig.4. Thermal resistance and temperature of the refractory brick and corresponding shell: a, b - thermal
resistance of the refractory brick both with and without the insulation material, c, d - temperature field
of the refractory brick both with and without the insulation material, e, f - temperature field of the
corresponding shell for the refractory brick both with and without the insulation material.

Table 3. The rate of change in temperature and heat flux.

The rate of change in the | The rate of change in the
average temperature of the | average temperature of the
inner surface of the refractory | outer  surface  of  the

The change rate of change in the
average heat flux of the inner surface

brick corresponding shell of the refractory brick

UGN ORI ORI ORI ORI ON I RS OB I OB I RO
230 2.78 0 0 17.65 0 0 36.26 0 0
200 3.39 055 117 19.62 444 619 40.99 7.13 10.86
170 4.23 119 265 2207 9.57  13.69 47.20 15.39 24.67
140 545 193 461 2542 1531  22.98 55.86 24.89 42.85
110 7.36 273 731 2995 2194  34.69 69.72 34.84 67.96
80 10.79 335 1130 36.62 _ 29.57 5046 99.01 40.38 105.03

According to Fig.4, the thermal efficiency of the rotary kiln gradually declines when the lining of the
rotary kiln wears. Under the same degree of wear of the lining, the thermal efficiency of the rotary kiln after
the introduction of the insulation material is higher than that before the introduction of the insulation material.
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In this work, the average rate of temperature change on the inner surface of the refractory bricks, the
average temperature rate of change on the outer surface of the corresponding shell and the average heat flow
rate of change on the inner surface of the refractory bricks were calculated for each of the three cases mentioned
above to reasonably analyze and evaluate the thermal efficiency of the rotary kiln during wear of the lining.
Table 3 shows the results of the calculation for the three above mentioned cases employing formulas (2.8),
(2.9) and (2.10).

The average temperature of the inner surface of the refractory brick decreases as shown in Fig.5(a),
while the average heat flux of the inner surface of the refractory brick and the average temperature of the outer
surface of the corresponding shell increase as shown in Fig.5(d, g). Compared with the rotary kiln without
insulation material, the rotary kiln with insulation material has the following characteristics when the wear
degree of the lining is the same (i.e. HI=230mm, 200mm, 170mm, 140mm, 110mm , and 80mm): (1)
Ty () < T, (1), Ty () > T, (i) and g, (D) > g™ (i) as shown in Fig.5(a, d, ), @)n/*"" (i) < n’ ()

av

as shown in Fig.5(b, e, h) and (3) n/ 1" (i) increases as shown in Fig.5(c, f, i), where j is L, S and g.
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Fig.5. The average temperature and average heat flux and change rate.

It can be observed in Fig.5 that with the wear of the lining, the thermal insulation performance of the
lining of the rotary kiln deteriorates and the heat dissipation capacity increases. When the wear of the lining
reaches 80 mm in this study, we consider the refractory brick both without and with the insulation material.
The average temperature of the inner surface of the refractory brick can be changed by 71.3% and 3.35%, the
average heat flux of the inner surface of the refractory brick increases by 705.03% and 40.38%, and the average
temperature of the outer surface of the corresponding shell increases by 50.46% and 29.57%. Furthermore, the
maximum temperature of the insulation material is /496.89°C when the lining wear reaches 80 mm, exceeding
the maximum physical temperature of 1400°C. The insulation material in the lining has failed due to the
maximum temperatures during the operation of the rotary kiln exceeding the maximum temperature of its own
physical properties. Thus, the lining of the rotary kiln needs to be regularly inspected and repaired to prevent
an increase in energy consumption due to reduced thermal efficiency.
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4. Conclusions

In this work, insulation materials with lower thermal conductivity were added into refractory bricks to
manufacture more heat-resistant lining. With the help of VESNA, the thermal efficiency of the high-
temperature zone of the unloaded 4 x60 m rotary kiln was studied, and two cases with and without an insulation
material were considered. It can be concluded that: (1) when the refractory bricks do not contain heat insulation
material, the maximum temperature in this area is /534.81°C and the average heat flux on the inner surface of
the lining increases by /05.03% when the lining wears to 80 mm; (2) when refractory bricks contain heat
insulation materials, the highest temperature in this area is /578.76°C and the average heat flux on the inner
surface of the lining increases by 40.38% when the lining wears to 80 mm; (3) compared to the rotary kiln
without the insulation material, the average heat flux on the inner surface of the lining is reduced by 36.26%
(230 mm), and the average heat flux on the inner surface of the lining is reduced by 99.01% when the lining is
worn to 80 mm. The proposed design solution is conducive to improving the thermal efficiency of the rotary
kiln, reducing the overall weight of the rotary kiln, and reducing heat loss to the environment. The obtained
results can make contributions to the latest equipment design and improvement of existing equipment.

Prospects for further research.

Further plans include assessing the stress-strain state of the lining and reconfiguring fire-resistant
bricks.
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Nomenclature

Dp — the inner diameter of the rotary kiln, m.
H1(i) - the lining thickness, initial thickness H (1) is 230 mm.

H?2 — the shell thickness, 20 mm.
H3 - the height of the trapezoidal insulation material, 60 mm.

i —index, i =1, 2,...6, corresponding to 230 mm, 200 mm, 170 mm, 140 mm, 110 mm and 80 mm.
L1 - the length of the refractory brick, 150 mm.

L2 —the length of the bottom edge of the trapezoidal insulation material, /20 mm.
L3 —the length of the top edge of the trapezoidal insulation material, 60 mm.

TE i)/ TE (i) — the average temperature of the inner surface of the refractory brick based on both without and
with insulation material, °C.

T; —the temperature of the high-temperature hot gas flow, °C.
T}, - the temperature of the insulation material when in contact with the refractory brick,°C.
T; —the temperature of the refractory when in contact with insulation material, °C.

T; _punersur — the temperature of the inner surface of the refractory brick, °C.

T;_Owersur — the temperature of the outer surface of the refractory brick, °C.
TE () /TEH" (i) — the maximum temperature of the lining based on both without and with insulation material, °C.

T. r{;;x (i) - the maximum temperature of the insulation material, °C.
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Tasv @/ Tasv”” (i) — average temperature of the outer surface of the corresponding shell based on both without and

with insulation material, °C.

T3 (i) /T3HM (i)  — the maximum temperature of the corresponding shell based on both without and with insulation

material, °C.

Ts_owersur — the temperature of the outer surface of the corresponding shell, °C.
Ts_pmersw — the temperature of the inner surface of the corresponding shell, °C.

q gv (i) —the average heat flux of the inner surface of the refractory brick without insulation material.

L+1In (l)

v — the average heat flux of the inner surface of the refractory brick with insulation material.

W  — the circumferential angle of the refractory brick, 2°.

og — the velocity of the high-temperature hot gas flow.

vg — the viscosity of the high-temperature hot gas flow, m’ /s

A; —the thermal conductivity of the lining, W/m-K.

Ag —the thermal conductivity of the shell, W/mK.

Mg, —the thermal conductivity of the trapezoidal insulation material, W/m K.
A — the thermal conductivity of the high-temperature hot gas flow, W/m K.
g; —the emissivity of the refractory brick when T'= TL.

g; —the emissivity of the high-temperature hot gas flow when 7 = TG.

n];:_)h’ @/ n‘z‘f_ﬂ" @/ an’]"(i) — are the rate of change of the average temperature of the inner surface of the refractory brick, the

average temperature of the outer surface of the corresponding shell and the average heat flux of
the inner surface of the refractory brick based on the comparison of the refractory brick with the
insulation material with the refractory brick without the insulation material, %.

n];:'ln @/ ni:[" @/ nq”" (i) —therate of change of the average temperature of the inner surface of the refractory brick, the average

temperature of the outer surface of the corresponding shell and the average heat flux of the inner
surface of the refractory brick compared with the height of the refractory brick H1(1) = 230 mm
based on the comparison of the refractory brick with the insulation material, %.

niv @/ n‘:v (1)/m? (i) - the rate of change of the average temperature of the inner surface of the refractory brick, the average

temperature of the outer surface of the corresponding shell and the average heat flux of the inner
surface of the refractory brick compared with the height of the refractory brick H1(1) = 230 mm
based on compared with the refractory brick without the insulation material, %.
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