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HEAT EXCHANGE SIMULATION IN ENERGY
ZONES OF A ROTARYKILN WITH CHANGE
OF HEAT RESISTANCE OF THE BODY

O6’ckmom docniddcenns € GUCOKOmeMnepamypi meniogi azpezamu — obepmosi neui. O6epmosi neui 6uxo-
PUCTIOBYIOMBCA 6 PISHUX 2AY3AX NPOMUCL080CMI. Braszane obraonanms 60100ie 6eiukumu enepzosumpamamii,
Wo 00YMOBIEHO YMOBAMU (DYHKUIOHYBAHHS NIYHUX azpezamie no OOMPUMAHHIO PSOY MEXHOLOZIUHUX 8UMOZ 0O
menn060z0 pexcumy. [pu ypomy npobiema UCOKOT eHep2oEMHOCTIE NOCUTIOEMBC HUSHKUM PIBHEM KOPUCHO20 BUKO-
pucmanms enepzemuunux pecypcie. Q0numu 3 HalbinvuL NPOOIEMHUX MICUb € MENIOMEXHIUNT A eKCNLY AMAYLIHI
xapaxmepucmuxu 06epmosux nevetl, a maxoic GUKOPUCIANHSA (Pymepyeanis 3i 30LIbUeHUM MENIOGUM ONOPOM.

B x00i docnidacenist suxopucmosysanucs Gisuxo-mamemamuyni mooeii. Y pobomi 3anpononosano po3paxosy-
samu 06epmosy niu 0nst BUPOOHUYMEA Uemenmy po3mipom 5x185 m ma npodyxmuenicmio 75 m/200. Ompumarno
Mamemamuuny Mooens Ons KOMN10MepHoz0 MoOeI08ANHS MEeXHOL0ZIUNUX NPOUECi8 6 00EePMOBUX UeMEHTHUX
nevax. Posensinymi MOMAUBOCME 3MEHULEHHSL BUMPAT NATUEA WILAXOM NIOBUUEHHSL MENL08020 ONOpY pymepisKu
06epmosoi neui. Busnaueni nailbiivuii enepzoemui 300U ma Npoanarizoeano 6NAUe na meniogy eQhexmuenicmn
suxopucmanis 000amxo60i menioi30Nauii 6 Pi3HUX enepzemuunux 301nax 6 obepmosii neui. Hasedeni pospaxynxu
ma pe3yibmamu 4ucio8020 excnepumenmy. Busnaveni naiibinvwi pauionanvii 3onu 0as suxopucmanis Qgymepie-
Ku 3 000amK08010 Menjoiszonsiyiero. Bcmanosieno, wo npu KOMIICKCHOMY 3ACMOCY8AHHI NPONOHOBAH020 MeMOody
UMPAMU NATUBA 8 MENLOBOMY AZPezami MOJCAUBO smenwumu na 9 %. A sbinvuenns mepmoonopy gymepisku,
BCMAHOBLEHOT 8 30HAX BUCOKUX MeMnepamyp, 00360JUmv NiOBULUMU eHeP2oePeKMUBHICb MENT08020 AzZPezamy.
Cymmesor nepesazor 6Ka3an0z0 Memoody € moi Qaxmop, wo 30LvuenHs NPoOYKMUSHOCMI neui He 8UMazae
000amKo6uUX 6uUmMpam naiued, niosuwenis memnepamypu ado 30ivents enmairenii npooyKkmie 20pins.

B nodanvuwomy naanyemocst 00CrioneHHs MEXAHIZMY BCMAHOBLCHHS MENI0I30IAUTUHO20 WAPY 8 BOZHEMPUBU
pymepieKu, susnavenis ix onmuMaibroi menniosoi epexmusnocmi ma Hanpyrceno-0ehopmosanozo cmamny 0is
BUKTIOUEHHS MONCIUBOCMEL PYUNYBAHHS. A MAKONC BUSHAUEHHS ONMUMATLHOT KOHCMPYKMUBHOT PopMU 802He-
mpusy ma KOMIpKU 3 Menaoi30aAYier.
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1. Introduction

A large number of chemical, food, metallurgical, mining,
biological and other industries are associated with the
processing of finely divided bulk materials. These materials
have a number of specific properties — caking ability, low
gas permeability, vigilance, and others that impede the
flow of chemical reactions and heat and mass transfer
processes. Therefore, when choosing equipment for their
processing, after analyzing functional, economic, environ-
mental, ergonomic and other criteria, the advantage is
most often given to drum-type machines, such as rotary
kilns, dryers, granulators, cooling drums, crystallizers. In
total, 32 types of stock items are produced in rotary kilns.
However, they were most widely used in the building
materials industry, where they are the main plants for
the production of clinker, expanded clay, lime, perlite and
other materials [1-3].

Despite the wide range of use of rotary kilns in various
industries, this equipment has significant energy consump-
tion, which is due to the operating conditions of the kiln
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units in compliance with a number of technological require-
ments for thermal conditions. At the same time, the problem
of high energy intensity is aggravated by the low level of
useful energy resources. For example, the thermal efficiency
of a large number of rotary kilns for the production of
some building materials does not exceed 55-60 % [1-3].
Large productivity, power, dimensions and high temperatures
make it difficult to directly study processes in thermal units
and related structural elements of machines in real plants.
Therefore, model and numerical experimental studies are
of particular importance [4-6]. This work is dedicated to
solving an important problem focused on the development
of mathematical modeling methods in a comprehensive
study of energy-intensive high-temperature thermal units,
where issues aimed at improving efficiency and reducing
energy consumption are of particular relevance.

The energy efficiency of rotary kilns largely depends on
the rational use of fuel [1, 7, 8]. Its value is determined
mainly by the thermal energy from combustion and the
amount that is not used in the working space of the unit.
The indicated parameters are characterized by heat capacity,
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temperature of exhaust gases and heat losses through the
lining into the environment [9, 10].

There are several ways to increase the efficiency of
using rotary kilns:

— increasing the completeness of fuel combustion due

to more rational modes and choosing the optimal posi-

tion and direction of the burners [1, 7];

— reduction of heat loss with exhaust gases, due to

improved heat transfer between the kiln gases and the

processed material through the establishment of vari-

ous heat exchangers [11];

— reduction of heat through the kiln by increasing

the thermal resistance of the lining [12—14].

One of the promising directions on the way to inten-
sifying the operation of the kiln is to reduce heat loss to
the environment through the body, by installing additional
thermal insulation in the lining and, accordingly, increas-
ing the thermal resistance of the body. So, for example,
in cement kilns, these losses reach 20-35 % of the total
calorific value of the fuel. It should be borne in mind
that the external thermal insulation of the body is not
effective, since increasing the temperature of the metal
body significantly reduces its bearing capacity.

However, the unresolved question remains how effective
the installation of additional thermal insulation along the
length of the kiln will be, that is, how effective will be
its use in various energy zones. The maximum heat loss in
the body is located in the area of high-temperature zones.
In these places for cement kilns they reach 40 % of the
total consumption through the body. The temperature of
the outer surface of the kiln is 300-400 °C, and in some
cases reaches even 550 °C. Thus, even insignificant heat
losses significantly affect the overall heat consumption.
However, the reduction of heat loss through the body is
not a guarantee of its effective use for processing mate-
rial. A fraction of the stored heat enters the gas stream,
increasing the temperature of the gas leaving the Kkiln,
thereby increasing energy consumption. Therefore, the
object of research is high-temperature thermal units —
rotary kilns. Thus, the aim of research is a comprehensive
study of the impact on the process of additional thermal
insulation and determine in which energy zones it will be
most effective for improving the thermal and operational
characteristics of rotary kilns.

2. Methods of research

For research and design work of rotary kilns, the zone
calculation method is widely used [1, 7]. This method is
used to determine a number of characteristic properties
of a thermal unit: specific heat consumption, dimensions,
amount of raw materials, and others. The kiln is condi-
tionally divided into 8 energy zones, which include:

1 — cooling;

— sintering;

— exothermic reactions;
— decarbonization;
dehydration;

— drying;

— evaporation;

— heating.

However, in the indicated calculation models, the tem-
perature of the exhaust gases and heat loss through the
kiln body are entered into the calculation as experimen-

CO 1O Ul Wi
|

tally determined constant parameters. The above does not
allow to fully determine the thermal efficiency and take
into account the effect. Factors such as a decrease in the
thickness of the lining during its wear, which occurs during
operation of the thermal unit, also do not allow to establish
the effect of additional thermal insulation in individual
energy zones. Thus, the zonal calculation method requires
additions with dependencies that take into account and
determine the indicated values.

Let’s consider the heat balance equation for a rotary
kiln [2, 7]:

Q=Q1+Q2+Q's(f5)+Q4+Q5+Q6(tu(’;)+Q7y (1)
where Q — the heat input; Q; — the thermal effect of clinker
formation; Q5 — the water evaporation heat; Q3 — losses with
exhaust gases; Q — losses with clinker; Qs — losses with air
coming out of the refrigerator; Qg — heat loss with removal,
Q7 — losses to the environment through the body; ¢§ — tem-
perature of the exhaust gases from the kiln.

The heat input in (1) is determined by the dependencies:
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where P, — kiln productivity; Q7 — net calorific value of fuel;
Cq,t, — heat capacity and temperature of dust; G¢ — amount
of raw material; ¢, — heat capacity of the raw material; ¢,, —
temperature of the raw material enters the kiln; V;,, Cy, ty —
the amount, heat capacity and temperature of the primary
and secondary air entering the kiln; V, — working volume
of the kiln; R, — fuel consumption; Dy — kiln diameter; T; —
material temperature at the exit from the i-th zone; T, —
theoretical temperature of fuel combustion; T — temperature
of the gas stream; ®, — rate of combustion products; F, —
general heat exchange surface; 6 — emissivity of a black
body; X — heat use degree; GM — practical consumption of
heating and conversion in the material relative to the zone;
PM — heat loss to the environment relative to zones and
others, which are determined from the material balance or
calculation of fuel combustion.

Heat consumption for the formation of clinker Qj,
for the evaporation of water Q,, with clinker Q4 and air
leaving the refrigerator Qs are determined by known de-
pendences [3, 7].

According to the zonal method of calculation, the en-
thalpy of the gas stream at the outlet of the rotary heat
unit is determined from the relation:

».R
Q=i+ Z Ly (G -po),

P i=1

(4)
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where g§ — amount of heat entering the kiln with fuel,
that is, the object Q- depends on the fuel consumption. In
addition, the temperature of the exhaust gases from the
iln ¢§ can be determined using the selection method accord-
ing to the following relationship:

G R G R, M
VHZ() P +VHZ() Cuzo(t)"' V(()l P "'V(oZ
Q=

x Cco, (t)"'v(o2 D,

, (9)
COZ( )

where V¢, V¥ — yield of combustion products and raw ma-
terials constituting HyO, CO4, Os, Ny; C — the specific heat
of HZO, COQ, 02, N2.

Heat loss during dust removal is determined by the
formula:

Qs =G}t +(GG —Gh)-Cy (8§ —t4) (6)

example, mullitesilica wool or basalt fiber. It is taken into
account that the thermal conductivity of the heat-insulating
material is extremely small relative to the refractory mate-
rial and there is no heat flux through the cell boundary
with the heat-insulating material 07/dn=0. The heat flux
through the kiln body is determined with the dependence:

TKli _TKZi TK1i _TOC
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where T, — temperature of the environment; L, H — height
and length of the refractory; A; — thermal conductivity of the
refractory in the correspondmg zone; AL, AH — cell size with
thermal insulation; R; — integral thermal resistance of the lining,
Lining surface temperature relative to energy zones:

where G§; — heat capacity of HyO, CO,, Og, Ny.

Heat losses to the environment through
the body, based on the heat balance (1), are:

Q =Q-[Q+Qy+Qy(t§)+ Qi +Q5+Qs (5]

At the same time, losses to the environment through
the body can be determined with respect to losses by
energy zones:

)
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where T — gas temperatures at the boundaries of the zones;
Tx1i» Txo; — temperature of the inner and outer surfaces of the
lining by zones; R; — thermal resistance of the kiln body by
zones; 8; — thickness of the components in the body (j) in
relation to the energy zones (i); A; — thermal conductivity
of the components in the body (j) in relation to the energy
zones (i); oo — heat transfer coefficient from the body to the
environment for rotary kilns is determined by the dependence:

(X:A+B'TK2i'

When using iterative calculation methods, instead of
the indicated system of equations (9), it is advisable to
use the analytical method to determine the temperature
of the kiln body, taking into account the introduction of
additional thermal insulation into the lining [14, 15]. An
effective solution to the problem is the use of a refractory
with cells filled with fibrous heat-insulating material, for

. JRMA+BT,) +2-R(A+2 BT, ~B-T,)+1+ B-R T, —A-R -1
K2i —

2-B-R, (12)

where A, B — the components of the heat transfer coefficient
from the body to the environment.

When determining the temperature of the gas stream
at the boundaries of the zones, the well-known equations
of the zonal methods are used with respect to the tech-
nological method that is being studied [3, 7].

Almost always, when simulating heat transfer in rotary
kilns, the temperature field is determined by known heat
fluxes. Moreover, the zonal heat balance equations are
nonlinear with respect to unknown temperatures.

Thus, in equations (1)—(9) let’s obtain a closed sys-
tem of nonlinear equations in which unknowns are shown
in italics. These include: working fuel consumption Rj,
temperature of gases t§, leaving the kiln, temperatu-
res Ty...,Tj, heat loss relative to zones in the environ-
ment P;, and others. The resulting system of nonlinear
equations is solved by the Newton’s iterative method.
The temperature on the «hot» (Txy) and «cold» (Txs;)
surfaces of the lining is determined from the subsystem
of nonlinear equations solved by the tangent method. In
this case, the temperature along the boundaries of the
zones T is determined by the ratios known from the
zonal method of calculating. Taking into account the values
of thermal resistance (Rl-) in different zones of the kiln
makes it possible to simulate different amounts of wear of
the refractory and the ability to install a heat-insulating
layer of the lining.

3. Research results and discussion

To test the given mathematical model, a rotary kiln for
cement production with a size of 5x185 m is calculated,
with a productivity of 75 t/h. The results of calculating
the temperature of the gas stream, the inner surface of the
lining and the metal body of the kiln are shown in Fig. 1.

Analyzing the calculation results, it is found that the
maximum discrepancy in the data obtained as a result of
a numerical experiment and the calculations given in [7]
does not exceed 8 % for the temperature of the exhaust
gases, and 10 % for fuel consumption.
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Fig. 1. The calculation of the rotary kiln

Fig. 2 shows the results of calculating the temperature
of the exhaust gases from the kiln and fuel consumption
when changing the thickness of the lining.
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Fig. 2. Gas flow rates and flue gas temperature when
changing the lining thickness

Fig. 2 shows the dependence of gas flow on the degree
of lining wear. As can be seen from the graphs in Fig. 2,
a decrease in the thickness of the lining significantly affects
the temperature regime of the kiln unit. So, with a liner
thickness of 230 mm, the gas flow rate is 13931.6 nm3/h,
the temperature of the exhaust gas is 268.3 °C. With
a decrease in thickness to 80 mm, the flow rate increases
and amounts to 16528.6 nm3/h at a gas temperature of
296.4 °C. The data obtained from computer simulation are
in good agreement with each other and with the results of
practical studies of similar thermal units. In the process of
wear of the lining, fuel consumption and the temperature
of the gas stream leaving the kiln increase. This phenom-
enon is associated with an increase in heat loss to the
environment, which occurs due to losses through the body,
as well as with gases that exit the kiln. In this case, heat
losses increase in proportion to losses through the body.

To determine the effect of thermal insulation installed in
various energy zones on the thermal efficiency of the unit,
theobtained data are compared with the results for a kiln with
a standard lining and a lining with increased thermal insula-
tion. The specific efficiency of using the heat-insulating layer
relative to the energy zone is determined from the dependence:

Ri-R,
r

Ei= (13)

where R! — gas flow rate when installing insulation in the
i-th zone; R, — gas consumption with a standard design of the
kiln lining; I — length of the plot with thermal insulation.

Additional thermal insulation is modeled by a section
whose length corresponds to the length of the energy zone.
In this case, fuel consumption is determined at constant,
basic kiln productivity. Reducing fuel consumption E’,
relative to the running length of the lining with additional
thermal insulation and taking into account the degree of
wear is shown in Fig. 3. The relative length of the kiln is
indicated along the abscissa (scale not taken into account).

The calculation is performed for the lining thickness of
230 mm, 200 mm, 170 mm, 140 mm, 110 mm, 80 mm. As
can be seen from the graph in Fig. 3, the greatest effect is
achieved by the installation of additional thermal insula-
tion in high-temperature zones. The maximum reduction
in fuel consumption occurs in the zones of decarbonization
and exothermic reactions. Thus, when installing insulation
in the decarbonization zone, fuel economy is 7.85 nm?/m
per linear meter of the enclosed lining, and at 80 mm it
increases to 16.8 nm?3/m. This is primarily due to a decrease
in heat loss to the environment due to thermal insulation
casing and reduction in heat loss with exhaust gases. It is
worth noting that with a decrease in heat loss, an increase
in the performance of a rotary unit is possible.
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Fig. 3. Fuel consumption reduction when using additional thermal insulation
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Fig. 4 shows the change in fuel consumption with ad-
ditional thermal insulation depending on the degree of
lining wear in various energy zones.

From the obtained graphs in Fig. 4 it can be seen that
the efficiency of additional thermal insulation increases
with decreasing lining thickness. When installed in low
temperature zones, the efficiency of its use is reduced. For
example, in the eighth zone, the maximum fuel economy
is 2.4 nm® with a thickness of 230 mm and 4.2 nm® with
large wear of the lining up to 80 mm. Low energy ef-
ficiency of low-temperature zones is explained by low
working capacity, fuel exergy in these zones. The latter is
explained by the maintenance of a normal thermal regime
in the high-temperature zone; it requires an increase in
fuel consumption with a decrease in the thermal resis-
tance of the lining. Due to this, at the exit from the
zone, the enthalpy of the gas stream increases, however,
the additionally received heat is not used effectively in
the preparatory zones.

determination of such factors as the temperature of the
exhaust gases and the change in the thickness and thermal
resistance of the lining. This allowsto determine the effect
of additional thermal insulation on the performance of
a rotary kiln. The specified model allows for more com-
plete calculations and determines the thermal efficiency
of the kiln in a complex setting.

When studying the efficiency of using a kiln with
additional thermal insulation, it is found that its use in
high-temperature zones makes it possible to reduce fuel
consumption by 3—-4 %. It is also possible to increase the
productivity of the kiln. With the full use of these ap-
proaches, the overall energy efficiency of a thermal unit
can be increased by 9 %. Due to the reduction in fuel
consumption, losses to the environment through the body
and with the gases escaping are reduced, that is, its utili-
zation rate increases. Thus, the analysis makes it possible
to determine the effect of additional thermal insulation
installed in various energy zones on the thermal efficiency of

a rotary kiln. As a result, it can be concluded

that an increase in the thermal resistance
of the lining installed in high temperature

18 I [ [ I
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zones makes it possible to increase the energy
efficiency of the thermal unit. A significant
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Fig. 4. Change in fuel consumption from lining wear

The temperature of the gas stream in the simulation
of fuel consumption and constant performance does not
significantly affect the temperature of the exhaust gases
from the kiln. Comparing the data for gases only, the
exhaust and obtained when calculating the heat balance
for the 4th energy zone, it is possible to note that with
lining of 230 mm the temperature of the gases decreases
slightly, and varies from 268.3 °C to 266.3 °C. Moreover,
the decrease in heat loss is 1503.8 MJ/h. For a lining with
a thickness of 80 mm, the temperature of the gases varies
from 296.4 °C to 293.1 °C, which gives a heat saving
of 2941.9 MJ/h. Significant savings in thermal energy
with exhaust gases are associated with a slight decrease
in the amount of gas. But mainly, with a decrease in the
amount of primary and secondary air, the amount of which
in this case is 11.02 nm3/m? of gas.

It should be noted that for rotary kilns operating ac-
cording to the «dry» method, that is, they have energy
zones in the kiln unit 1-4, the use of thermal insulation
will be effective for complete thermal insulation of the
entire kiln, with the exception of the cooling zone.

4. Conclusions

In the course of the work, a more detailed mathemati-
cal model is developed and implemented to study energy-
intensive high-temperature thermal units with a numerical

additional fuel consumption, an increase in
temperature, or an increase in the enthalpy
of combustion products.

In the future, it is planned to study the
mechanism for establishing a heat-insulating
layer in the refractories of the lining, deter-
80 mining their optimal thermal efficiency and
stress-strain state to eliminate the possibility
of destruction. As well as determining the
optimal structural form of the refractory and
the cell with thermal insulation.
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