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Abstract

The coat in the burning zone play an important role in cement industry and energy

keeping, not only it protect the refractory bricks but also affect the type of clinkers
produced so it is a good idea to make some researches about this coat
In this papers the model produced by Sepehr Sadighi et.al. 2011 depending on the
measured process variables and scanned shell temperature, will reviewed to estimate the
thickness of coating at Kufa cement kilns. The Aging factor will be entered to represent
the phenomena when fused clinkers transform to solid and calculate the time required for
making this coating.
The estimation of thickness in this model was depending mainly on the difference
between the inside temperature gotten from the model and outside temperature measured
by kiln shell scanner at burning zone. The model was applied on two kilns (2 and 3) at
Kufa plants. The difference between theoretical and practical results for measuring
thickness at kilns 2and 3 was 4.43 and 3.92 cm respectively , the time required for
formation the stable coating was 24 hr or 960 rpm.
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1-Introduction
Coating in the burning zone ,is a mass of clinker or clinker dust particles that

adheres to the lining, having changed from a liquid to a solid state, Figure 1 shows the
different zones of the kiln, the zone under study and types of bricks used for each zone.
Figure 2 shows the coating, brick and shell at the burning zone.
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Fig(1) : The cement kiln zones and temperature distribution (Operational Parameters:(Kufa Cement

Factory) , Wet Production Method , Six Stages ,Radius (5.25-5.75)m , Length (175)m, (1.5-2.25)
rpm.).[Kufa Cement Plant/Kilns Department)
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Fig.2 : The coating at the burning zone (Kufa cement plant, Kiln No. 2).
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The solidified material adheres to the refractory surface when no coating exists, or
adheres to the surface of coating, as long as the temperature of these surfaces is smaller
than the solidifying temperature of the liquid phase. Coating continues to form until its
surface reaches this solidifying temperature (define as the reference temperature). When
the kiln operates under such conditions at equilibrium ,the coating will maintain itself.
This mean theoretically no new coating is formed. When this temperature is exceeded
,the material on the surface of coating change again from a solid to a liquid state ,and the
coating will start to come off.[ Ashley 2004]

Without coating the kiln shell temperature in the burning zone goes up with the following
deleterious consequences [Geraldo 2002]:

e The most refractory products would not resist temperatures above 1500°C in the

presence of fluxes.

e Increased the heat losses through the refractory bricks.

e Faster alkali vapor infiltration into the refractory brick and faster kiln shell

corrosion.

e A faster wear of refractory brick by clinker abrasion and thermal fatigue.

Problem Statement

The thickness of coating in the burning zone is very important for cement industry ,thin
coating mean that more energy losses and refractory brick wear, thick coating partially
prevent clinker from exit and hinder the cement production.

The costs of not optimum coating thickness may include:

1. Kiln downtime.

2. Removing the not good coat.

3. Reduced production (about 1000-1400 tone of clinker / day)..

Research Purpose

The main purpose of this research is to Numerically determine the optimum thickness of
coating in the burning zone and make comparison with practical side and also make
recommendations in order to control the thickness of coating.

Research Objectives

e Studying the formation factors of coating at the burning zone.

e Make Recommendations to control the cement kiln operation conditions in order to get
the ideal thickness of coating.

e Using a numerical method previously used by Sepehr Sadighi et.al. 2011 depending on
the measured process variables and scanned shell temperature but including the Aging
factor practical data of heat generated and released and the flame length, as well as , make
a comparison with the practical results.

Influencing Factors on Coating Formation and Maintenance:

Heat always travels from a place of higher temperature to a place of lower temperature.
As there is a temperature drop between the coating surface and the kiln shell, the heat
flows in direction of air. This heat transfer is governed to a great extent by the
conductivity and thickness of both refractory and coating[].

Heat passing through the kiln shell must be constantly replenished by the flame inorder to
maintain a condition of equilibrium necessary for coating formation, so that the flam play
important role in coating formations.

As the coating consist of clinker material which has changed from liquid to a solid state,
the amount of any kiln feed liquefies at clinkering temperature plays a very important
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role in coating formation. This means that a kiln feed with a high liquid content at
clinkering temperature is more effective for coating formation than a feed low in liquid.

Several variables can affect the maintenance of this coating[Goswami 2011]:

e Large fluctuations in raw meal parameters and poorly nodularized clinker can
result in liquid phase segregation, which reduces the thickness and stability of the
coating.

e The use of high-sulfur fuels, combined with poor combustion engineering, can
lead to a higher sulfate compound volatilization and ring formation buildups.

A number of factors can cause coating to disappear completely, with a resulting tendency
for the brick to become weak and friable due to thermomechanical fatigue. Amongst
them are[Goswami 2009]:

e Production of high SiO, clinker,

e Production of sulfate-resistant clinker with 3%C3;A as result of Fe,O3 addition,
e Prolonged thermal overload,

o Frequent shifting of fuel type,

e White cement production.

Aging and Temperature Effects:

Materials are said to age when their properties change with time, the aging processes of a
physical nature ( aging due to temperature effects) will be treated in this paper .Williams,
Landel and Ferry [David Roylance 2001] have proposed that the variations in relaxation
time are not primarily due to thermal activation, but to thermal expansion, i.e. the
expansion of free volume V; with increasing temperatures and by using an equation
proposed by Doolittle these authors derived the famous WLF equation:

|Og aT — _M (1)
C,+T T ©

T=exp(ay) )

a; -WLF shift factor, c; ,c; -WLF eqn. constants, T-current temperature, T.; -reference

temperature

7 -current shifted time.

This equation will be used to coverage the temperature effect and time required to aging
phenomena which occur during transformation of coating from liquid to solid in each
turn of cement kiln.

Literature Review

Sepehr Sadighi et. al. 2011 produced a model to estimate the coating thickness in the
burning zone of a rotary cement kiln by using measured process variables and scanned
shell temperature. Them model could simulate the variations of the system, thus the
impact of different process variables and environmental conditions on the coating
thickness could be analysed. They mainly derived the model from heat and mass balance
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equations using a plug flame model for simulation of gas and/or fuel oil burning. The
heat transfer value from shell to the outside was improved by a quasi-dynamic method.
They suggested that the model predicted the inside temperature profile along the kiln,
then by considering two resistant nodes between temperatures of the inside and outside,
the latter measured by shell scanner, it estimated the formed coating thickness in the
burning zone. The estimation of the model was studied for three measured data sets taken
from a modern commercial cement kiln. The results gotten confirmed that the average
absolute error for estimating the coating thickness for the cases 1, 2, and 3 are 3.26, 2.82,
and 2.21cm, respectively.

(Yadagri et al 2012) discussed the controlling of temperature in the burning zone
and its effect on the coating formation and bricks damage.They found that the reducing in
the amount of coal in cement kiln head is appropriate to reduce the wind flow and
increase the outflow wind that the flame is elongate, alleviate the cement kiln temperature
too high.They also found that the cement kiln material with low altitude and along the
surface of refractory bricks to fall, no adhesive material divergence, fine particles, clinker
fCaO high, the burning zone temperature is too low, should increase the cement kiln head
and coal consumption, and increase the wind flow, a corresponding reduction in outflow
wind, so that the flame is shortened, firing with relatively concentrated, increase the
temperature of the burning zone, so that the clinker node grains tend to be normal.

(June Ma et al 2012) Suggested a method to control temperature and coating of
burning zone inrotary cement kiln. They found that burning zone temperature and torque
measurements generate a total process error apportioned to fuel and speed control for the
kiln. The control system responds to short-term process disturbances to maintain thermal
stability in the kiln and the contributions of the burning zone temperature and torque
measurements are modified in accordance with thermal stability. Feedback representing
expected variations in the measurements is provided. Unusual or adverse conditions are
sensed to generate override signals. The effect of torque in the chain section of the wet
kiln is also considered in control

( Lu et al 2004) developed a computational fluid dynamics (CFD) based models to
simulate rotary cement kiln But, it was not an applicable method for the coating thickness
estimation in practice, because of the considerable calculation time to integrate the
scanned shell temperature with the kiln model.

(Mujumdar et al.2007) developed a kinetic base models for the kiln .Such models
were shown promising capabilities in capturing the overall behavior of cement Kilns.
However, most of the reported models did not account for the estimation of the coating
thickness.

(Bokaian 1994).established a method for estimating the coating thickness which was
the transient kiln model. In this method, the inside temperature of the kiln was considered
as the average temperature of gas and solid. After measuring the shell temperature, the
coating thickness was estimated by considering two resistant nodes between the inside
and outside temperatures. The results were not reliable because there was no calculation
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for temperature profiles inside the kiln. Moreover, the heat transfer between the shell and
the environment was calculated by a simple equation.

In this paper the model produced by (Sepehr Sadighi et. al. 2011) will applied to
estimate the coat thickness with operation conditions in two kilns at Kufa cement plant
but including the aging factor to calculate the time required for coating formation ,as well
as, the values of flame length (m), heat generation by chemical reaction (W/m?®) and heat
released by fuel combustion (J/s) will be taken practically from kiln department and
chemical analysis laboratory, while in Sepehr model these values was gotten by using
some equations depending on (Gorgo et al model 1983).The formed coating thickness in
the burning zone will be estimated by considering two resistant nodes between the inside
calculated wall temperature and the outside scanned shell temperature.

2-Method of Work (The Mathematical Model)

The system inside the burning zone is highly nonlinear because of the complex heat
and mass transfer. The coating is formed on the refractory bricks after several chemical
reaction and temperature differences ,as well as, it required energy for calcinations and
melt formation, so that some assumptions was made to keep the structure as simple as
possible and in the same time didn’t affect the accuracy of the model. These assumption
are:[ Sepehr 2011]

o A steady-state one dimensional model was developed for calculating the wall
temperature profile in the kiln.
« The inside and outside diameters of the kiln were constant.

e The specific and reaction heats were independent of temperature and they were
constant along the axial direction.

« Conduction in gases and solid materials in the axial direction of the wall was
neglected.

« Coefficients of convection and emissivity were independent of temperature and
position.

« The height and speed of solid materials were constant at each cross-section of the
kiln.

« The transported solids by gas stream were not included in the model.
« The average value of coating conductivity was assumed to be equal to 0.73W/m.°C
« The conductivity of the bricks lining kiln could be estimated by Equation (3) which

was correlated from the experimental data, given by the refractory vendor for the
magnesite-fired brick type:

k, =3200 x T, ©)
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« The conductivity of metallic shell (carbon steel alloy) was considered equal to
43 W/m.°C

« The thickness of refectory brick was constant at the burning zone and equal to 20 cm.

« The number of scanned shell temperature points for a complete rotation of the kiln
was twenty five. The temperature of each calculation point through axial position was
assumed an average mathematical value of all points. The scanned shell temperatures
was taken every week to capture the aging phenomena. This make our model a quasi-
dynamic and allowed considering the variations in convective heat transfer
coefficient dependent both on time and longitudinal distance.

The first steps for establishing our model is to make the energy balance equations for
gas, solid and wall as follows:[ Sepehr 2011]

Forgas: AC,p,.v, % =BT, —T,)+ Bo(T, = T,) + Qe 4)
. oT,

For SOIId : &Cpspsvs 8_25 = ﬂz (Tg _Ts) +183(Tw _Ts) + &Qc (5)

For wall: ﬂl(Tg _Tw) +ﬁ3(Ts _Tw) +ﬂ4(Ta _Tw) =0 (6)

Qcomb Qc are the heat released by the flame (J/s) and the heat generated by chemical
reaction (W/m? ) respectively and taken from kiln department charts.(81, 2, s, fs) are
nonlinear functions of temperatures, convection, and radiation heat transfer coefficients,
and geometry which can be calculated by the following Equations [Sepehr 2011] :

Heat transfer coefficient between the gases and the inside wall is as follows:

B, =1.7307r, p[f, +1.73x10°(1-h))&,&, (T, +T2 )T, +T,)] (7
Heat transfer coefficient between the gases and the solid is as follows:

B, =3.4314r, sin(g)[fz +1.73x10° (L, )&, &, (T2, + T2 )(T, +T,)] (8)
Heat transfer coefficient between the wall and the solid is as follows:

Bo=r 2r—p)[f,+1.73x10°h g,& (T? +T2, )T, +T,)] 9)

Heat transfer coefficient between the outside wall and the ambient temperature is as
follows:

B, =2rxf,r, (10)
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The accuracy of the model will be increased by assuming that the heat-transfer
coefficient of the outer shell is the sum of convective and radiative heat transfer
coefficients as following:[ Sepehr 2011]

0.1k, Pro®

hcsh—a = (0.5 Re§)+ ReZ+ Gr)0.35 a
T T T
gy ={L =2+ (2) + (22) Ye0T (12)
Rsh T, T, T, 0O lgn
hsh—a = hcsh—a + hRsh—a (13)

The convective and radiative heat transfer coefficients are strongly depending on
temperature so that the temperatures distribution of the kiln shell will be recorded
Practically by a simple device called kiln shell temperature scanner (Field located
analyzer that measures the temperature of a kiln shell.) as shown in Figure 3, this device
connected to computers in the control room using special software called (Data
Temperature CS100 ).This program measure the radiation temperatures for the shell at
burning zone of the kiln.

Kiln shell scanner

Fig 3: Kiln shell scanner

The coating formation is an accumulative process depending mainly on the reference
temperature and time required to form one layer while the kiln turn around itself .When
the temperature of liquid clinker reach the reference temperature (Tef) it will transform to
the solid state and one layer of coating will be deposited on the refractory brick and we
can say it exposed to aging phenomena. WLF equation can capture the aging of coating
process:
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¢(T-T )
loga. = _&, r =exp(a.
9o z C+Ti — T o) Plar)

noting that T, =T
The burning zone was divided into “n” slice of equal size and will be calculated as:

ne Flame Length (FL)
Mesh step size (AZ)

(14)

Flame length was taken practically from charts of kiln department. Mesh step-size
obtained by meshed the length of kiln to a known number of steps, the mesh step-size
will be taken=0.05m.

The previous set of differential and algebraic equations were solved by MATLAB5
software to get wall temperature. The profile of the wall temperature T,, (The temperature
of the inside wall of the kiln) after solving the model will be then used to get the coating
thickness by using another set of equations which will be formed in the coating equations
model.

Modeling of Coating Equations:

Firstly some assumptions were made to get a model ,as simple as, possible without
increasing the complexity and decreasing the accuracy:

e The heat transfer through layers of the kiln wall was steady state.
e Heat flow via conduction in z-direction was neglected.
e In each longitudinal segment, the wall temperature in z-direction was lumped.

So that the heat flow equation in cylindrical coordinates (no heat generation) will be as
follows [Kaminski 1977]:

o°T 10T

- 4+ =0 15
or® ror (15)

Figure 4 shows the resistant layers between the inner wall surface and the environment.
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Fig(4): (a) Wall layers in burning zone of cement kiln.

Kiln Center

Fig(4): (b) Resistances of layers.

The boundary conditions according to Fig 3b can be written as follow:
1-Coating layer r=r, T,=T .,
2-Refractory layer r,=r T, =T , =r  T,=T
3-Shell layer L=r, T,=T, , L=r T,=T,

The heat flow passed from inside the kiln to outside for each layer considering the
above boundary conditions and using Equa.15 can be written as follows:
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 27AZK (T, -T.)

1-Heat flow from wall to coat: Q, . = . (16)
In(-==)
rW
2-Heat flow from coat to brick: Q_, = 27AZk, (T, ~T,) 17)
r
In(->)
rC
3-Heat flow from brick to shell: Q, , = 27AZky (T, ~Toy) (18)
rsh
In(—=")
rb
4-Heat flow from shell to air:  Q,_, =22AZr, h,, (T, —T,) (19)
Qtotal = Qw—c = Neb — Qb—sh = Qsh—a (20)

The inside wall temperature of the kiln (T,,) was calculated by solving Equations (4)-
(14) simultaneously. Then, by using Equations (20),(19),(18) and (17) Qota, T, and T
could be calculated, respectively. Finally the coating thickness (thcea: ) in each step (AZ)
can be estimated by calculating r,, from Equation (16) and implementing of that in the
following Equation:

thcoat =r—-r (21)

To compare the theoretical and practical data of coating thickness , absolute average error
(AAE) from the following equation were calculated:

theo 41, pract
— abS (thcoat thcoat (22)
N t

AAE

3-Results and Discussion

Data input:

Cpg = 1173.82 (J/kg. °C),Cps =1089.97 (J/kg. °C),fy = fo = f3 = f, =22.71 (W/m. °C)

ho =0.0757, p=(31/2), rin = 5.1 (M), Fou =5.2 (M) ,rc=4.9 m, py =0.24 (kg/m*), ps =905
(kg/m®)4Z =0.05 (m), £,=0.5,€,=0.8, £,=0.9 , 0= 5.6697 x 10 W/m?. °C * FL,=12
m, FL,=11 m, brick thickness=20 c¢cm, Burning zone Length =35 m, k= 43 W/m. °C,
k.=0.73 W/m. °C, ky-function of reference temperature as in Eqau.(3), T,=30°C,Ts, —
measured from kin shell scanner (Fig. (5),(6) ), v4=3.2 (m/s), vs=2.1 (m/s) ,Q.=45000
(W/m3) ,Qcomp=92(\]/8) ,C]_= 18 ,C2=1000 OC, Tref(c)z 9010C.

Coating thickness will be estimated at the burning zone only (from the burner toward the

middle of the kiln) as no coating is found in others zones . Temperature inside the kilns
(Tw) was calculated from equations (4)-(14) because it was impossible to be measured by

555



ESTIMATING THE THICKNESS OF COATING IN THE Dr.Abdulkadhum J K Al-Yasiri
BURNING ZONE OF CEMENT KILNS INCLUDING Montadher A. Muhammed
THE AGING FACTOR

any instrument. The practical work was started in 9 March 2011 when a the maintenance
process Figure 5 (replacing of magnesia in burning zone) was finished for Kiln
No0.2&3.The time required to study the coating in this paper was about 6 months. Then
after shutdown and cooling the kilns, the thickness of coating were measured in various
positions.

Figures 6,7 represent the first and second kiln shell temperature distribution. It was
shown that the position of temperature is approximately constant along the radial
direction than the axial direction. This depending to the position of bricks and coating
from the burner flame ,as well as, the thickness of coating in various positions of burning
zone. The shell temperature in any required point on the surface could be correlated by
making an interpolation between the curve points of figures 6,7 as in the following Eqns.:
Kiln No. 1 Tey(z)= -0.0818 z+2.3452 7°-17.628 7°+18.732 z +303.5 (23)
Kiln No. 2 Ts)(z)=-0.0723 z+1.92 7°-16.594 7°+17.457 z +301.4 (24)

Fig 5 :Refractory Brick Re-building at Kufa Cement Factory (Kiln No.2).
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Fig 7 : The Second Kiln Shell Temperature distribution.

The temperatures profiles for gas ,solid and wall for kiln 2&3 are showed by Figures
8 and 9 .The shape of these curves was in agreement with Sadigi Model. Besides, it could
be seen that the temperature pick points of gas, solid and wall curves were at the end of

557



ESTIMATING THE THICKNESS OF COATING IN THE Dr.Abdulkadhum J K Al-Yasiri
BURNING ZONE OF CEMENT KILNS INCLUDING Montadher A. Muhammed
THE AGING FACTOR

the flame. This phenomenon was reported in the experimental data of some researchers
(Witsel et al.,2000).

1300 /\.
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< 1100 ——Tg
5 / / / —=Ts
&
o 1000 e ——Tw
o
g / /
= 900 / /
700 n T T T T T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30 33 34 35
Burning Zone (m)
Fig. 8: The temperatures profile for kiln No.2
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Fig. 9: The temperatures profile for kiln No.3.
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The comparison of theoretical and practical data of coating thickness was showed in
Figures 10,11 for kilns 1 & 2 respectively. The theoretical data showed an acceptable
compatibility with the practical data especially in the region near the flame zone where
the thickness of coating was more important than the other sections. The Absolute
Average Errors (AAE) for the kilns 2 and 3 were 4.43 and 3.92cm, respectively. The
main source of this error may be due to the instability of the created coating before the
flame. The unstable coating layers in this region were prone to collapse during shutting
down and cooling procedures. Another source of the error might be assuming constant
coating conductivity at 0.73W/m.°C for all sections which might be changed from 0.5 to
1W/m.°C.
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Fig(10): Comparison of actual coating thickness with the theoretical data for kiln No.2.

N
S

N
[y

« practical

* * [] . u theoretical

*
*
*

=

[oe]
]
*
]
*
]

Coating Thickness (m)
[
[6;]
n
R 2
.
.
n

=
N
.

6 T T T T T T T T T T T

0 3 6 9 12 15 18 21 24 27 30 33 36

Burning zone length (m)

Fig(11): Comparison of actual coating thickness with the theoretical data for kiln No.3.
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The variations in shell temperature measured by kiln shell scanner showed in Figures
6 and 7 are of course the reason of the alteration of the coating thickness. Figures 10 and
11 illustrated when there was increasing in shell temperature, there was proportional
decreasing in coating thickness and vice versa. the curves of Figures 10,11 proved that to
maintain the coating thickness in ranges of 20-25 cm (which is ideal for the protection of
refractory in all areas of the burning zone), the shell temperature should be held between
200-250 °C. According to equations 1-2 ,the theoretical value for time required to make
a constant coating in the kiln No.2 is about 24 hr or 960 rpm.

The coating thickness can be correlated with time in each times that data taken from
kiln shell scanner. In each times the wall temperature and coating thickness were
calculated.

Figurel2,13 showed the relation between time and coating thickness in kilns 2 and 3
respectively. It is shown that there are a rapid coating thickness progress in the period 3-
16 weeks of coating life. It is recommended to make some researches to discuss this
phenomena.

/”M"
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N
[y

Coating progress (cm)
= 5
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1 2 4 6 8 10 12 14 16 18 20 22 24
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Fig. 12: The relation between time and coating thickness in kiln 2 .
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Fig 13:The relation between time and coating thickness in kiln 3 .
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4-Conclusions and Recommendations:

e The coating thickness was estimated by using a heat transfer resistant model in
adjacent to cylindrical layers. The mathematical steady-state model used
previously by Sadighi et. al. 2011 was formulated to estimate the temperature
profile of the inner surface of the wall of cement kiln .

e The first step for making the model was done by calculating the temperature
profile along the kiln length and the measured temperature profile of the outer
surface .

e |t was concluded that the difference between the estimated values by model with
practical data could be from the coating conductivity in the burning zone and the
breaking down of unstable coating during shutting down and cooling process

e The comparison of model results and two sets of data which were gathered from
Kufa industrial kilns, confirmed that the model had good capability to calculate
the coating thickness.

e The results of curves demonstrated that to have an acceptable coating thickness
from the viewpoint of solid flow along the kiln and refractory protection, the shell
temperature between 200-250-C was satisfactory.

e Lower temperature cause in hindering for movement of solids along the kiln and
the upper value is harmful for the refractory layer.

e |t is shown that there are a rapid coating thickness progress in the period 3-16
weeks of coating life and it is recommended to make some researches to discuss
this phenomena.

e The theoretical value for time required to make a constant coating in the kiln No.2
is about 24 hr or 960 rpm.

e It is recommended to make researches about designing the flame of kiln shell to
get the suitable temperatures profiles and in turn the ideal coating thickness.
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Appendix
Ay area of gas at given cross section (m?)

As Area of solid at given cross section (m?)

A area of wall at given cross-section (m?)

Cpg specific heat of gas products 1173.82 (J/kg.°C)

Cps specific heat of solid 1089.97 (J/kg.°C )

C,,C,.WLF Equation constants.

f, coefficient of conduction—gas to wall 22.71 (W/m.°C)

f, coefficient of conduction—solid to gas 22.71 (W/m.°C)

f3 Coefficient of conduction-wall to solid 22.71 (W/m.°C)

f, coefficient of conduction-wall to outside air 22.71 (W/m.°C)
h, fraction of radiation 0.0757

hehs heat transfer coefficient of shell surface to air (W/m?.°C)
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kp conductivity of the lining break or refractory (W/m.°C)
k. conductivity of coating (W/m.°C)

ksh conductivity of shell body (W/m.°C)

N¢ number of measured points in each case.

p angle subtended by surface of solid (37/2)

Q. heat generated by chemical reaction (W/m°)

Qcomb heat released by fuel combustion (J/s)

rin, inside radius of kiln 5.1 (m)

l'out ,Fsh outside radius of kiln 5.2 (m)

rp radial distance from kiln center to shell surface (m)

r. radial distance from Kiln center to refractory surface (m)
rw radial distance from kiln center to coating surface (m)
T, air temperature (°C)

Ty temperature of lining brick (°C)

T, temperature of coating (°C)

T4 gas temperature (°C)

Tssolid temperature (°C)

Trer(c) Coating reference temperature (°C)

Tsn temperature of shell surface (°C)

Twinside wall temperature of the kiln (°C)

vg velocity of gas (m/s)

vs velocity of solid (m/s)

B1, B, B3, Baheat transfer coefficients (W/(°C))

pq density of gas 0.24 (kg/m?’g

ps density of solid 905 (kg/m”®)
AZ solver step-size (m)

& -the emissivity of the system,0.5 for shell,0.8 for brick,0.9 for coating
o the constant of Stephan-Boltzmann (5.6697 x 10 W/m2.°C%).

Gr- Grashof number = (d*(0%g o OT/00%)

Pr-Prandtl number (Pr) = (c,[1/k)

Re —Renold No. Re=p u d/ u

[0 Cviscosity Pa.s, a- coefficient of thermal expansion which for gases = I/T by Charles
Law., g- the gravitational acceleration =9.8 m/s’.
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