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Nomenclature K: : Absorption coefficient ft-1 or m™?
a:’,a; : Weighting factor, dimensionless L :Pathlength, ft or m

A;, B:,C:, D; : Coefficients of finite difference equ- * Nusselt number, dimensionless
ation

: Specific heat, Ws/m °K

: Radius, m
: Radius, dimensionless

: Direct surface to surface exchange area

C
Feg : Fg Operator
G

S : Direct gas to surface exchange area

|

S : Total gas to surface exchange area
: Heat transfer coefficient, W/m? °K
: Thermal conductivity, W/m °K
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: Total surface to surface exchange area
: Time, sec

: Temperature, °K

: Temperature, dimensionless

: Time, dimensionless

: Density, kg/m?

: Total emissivity, dimensionless

: Total absorptivity, dimensionless
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o . Stefan Boltzmann constant, 1,798x10°8 W/m?
K4
Subscript
1 : Outer surface of supporting shaft
2 : Inner surface of sleeve roll for coke briquette

- Outer surface of sleeve roll for coke brique-

tte
avg : Average
c : Convective heat transfer
cond : Conduction
conv : Convection
c+w :CO,—H,0 gas mixture
in : Initial temperature
ref : Reference temperature
4 : Radiative heat transfer
t : CO, —H,O-transient species-soot gas mixture

1. Introduction

A wear mechanism of the outer surface of
sleeve roll coke briquette is occurred by a com-
bined abrasion wear of both sliding and rolling
friction. To improve this kind of abrasion wear
resistance, it is required to have a hard outer
layer in the surface with fine and uniform
distribution of carbide (M:C;) under the base
structure of martensite, and a tough pearlite
tissue in the sublayer of the sleeve roll to
resist a shock®™.

These different properties in the outer and
inner lavers of the roll could be obtained by
differential heat treatment with a rapid heating
in the surface since the hard or tough properties
of the material are dependent on a heating and
cooling rate. Therefore, it is very important to
predict the temperature distribution in the sleeve
roll during heating and cooling to satisfy the
required specification. An assembly for the
production of the sleeve roll is heated rapidly
in the furnace to raise only the temperature of
outer surface layer, and then, this assembly is
cooled down at the atmosphere without air

blowing to prevent cracking due to the thermat
stress. In addition, the sleeve roll is rotated
slowly to achieve uniform properties through
the roll circumference during both heating and
cooling.

The combined heat transfer problem of gas
radiation and heat conduction in the sleeve roll
is solved by the numerical integration of finite
difference method. The net heat flux to be
absorbed through the outer surface of the roll
from the combustion gas in the furnace is
calculated by utilizing the “Zone Method” where
the total emissivity and absorptivity is expre-
ssed with the weighted sum of gray gases.
Here, Fr Operator is used to represent the
radiation characteristics of real combustion gas.
The calculated results were compared with the
experimental data obtained from the heat tre-
atment of the prototype. In both cases of hea-
ting and cooling, the predicted results showed
a good agreement with the measured data. The
convection effect of rotating speed of the roll
on cooling rate was also examined.

Using these results, we can establish the
optimal heat treatment condition of real large

diameter roll which will be manufactured®-®.

2. Experimental Procedure

A series of procedure given in Fig. 1 was
taken as an intended heat treatment cycle for
the rapid heating in furnace and air cooling in
the atmosphere. The temperature in Fig. 1 re-
presents the temperature value in the targeted

83gc A’ Heating in preheating turnace | SOC/Hr)

B : Rapid heating in split furnace (200-220°C/Hr}

C Rotcting air cooling

Fig. 1 Differential heat treatment operational
cycle
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Table 1 Chemical composition of supporting shaft and sleeve roll

Comp. e si | Mn | P s | o | wi { Mo | Al | Cu
Sleeve | 247 0.54| 0.89 0.023 | o.oz| 18| no2| om| — | —
Shaft { 0.32 | 0.24’ 0.80 | o.ou| o.oi2| 176| og2] o21) o.00a] 0.2
I Supporting shaft
I: Air gap
O I: Roll sleeve
T

1

Fig. 2 A cross section of assemply for heat
treatment of sleeve roll for coke briquette

surface hardness depth (in the present case,
about 60 mm).

An assembly for the production of roll for
coke briquette is shown in Fig. 2, where a
chemical composition for an inner supporting
shaft and an outer sleeve roll is listed in Table
1 and an air gap fills between them. In Fig.
2, 71(=0.4035 m), 72(=0.447 m) and 7 3(=0.
603 m) are radius of the supporting shaft, the
inner and outer radius of the sleeve roll respe-
ctively. The more detailed explanation for this
assembly is given in ref. (2).

A measurement of temperature distribution of
roll was performed by constructing the equ-
ipment shown in Fig. 3 using the ring and
brush. Here, a chromel-alumel sheathed the-
rmocouple was used for the high temperature
part in the furnace. As shown in Fig. 4, copper
powder was filled for the good contact between
a measuring point and the hot junction of
thermocouple. The temperature of combustion
gas by firing the municipal propane gas was
controlled in the main control box connected
with the split furnace.

According to the heat treatment condition in
Fig. 1, an assembly in Fig. 2 is heated rapidly
in furnace and, then, if the temperature of the
outer surface of sleeve roll reaches the required

a: hot junction
c: thermocouple metal I{alumel)
e: indicator

d: roll body

Fig. 3 An outline diagram of temperature
measurement equipment in roll

4

p___
o —

: Thermocouple protecting tube

: Fireproof mortar or fiber

: Copper powder

: Junction

: Body

Fig. 4 A measurement point of temperature in
roll

X O >

value (in the present case, about 910°C), this
assembly is taken out from the furnace and
cooled down at the atmosphere; and this asse-
mbly is rotated with very slow speed for the
purpose of maintaining the uniform circumfere-
ntial temperature in both cases of rapid heating
and cooling.

3. Prediction of Temperature for Rapid
Heating and Cooling

To predict the temperature distribution for
this assembly, the 1 dimensional unsteady heat

b: thermocouple metal [ {chromel)
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conduction equation was solved by using the
finite difference method based on the control
volume and the simulation results were comp-
ared with the experimental ones performed for

the real sleeve roll.

3.1 Governing Equation and Non-Dimen-

sionalization

1-dimensional unsteady heat conduction equ-
ation for the infinitely long cylinder in which
the thermal property varies according to the
temperature takes the following form;

o(TYC(T)aT/at=(1/r) (9/0r)
(rk(T)(@T/or)] 1)
where p(T), C(T) and k(T) represent respe-
ctively a density, specific heat and thermal
conductivity as a function of temperature.

The values of thermal conductivity 2 and
specific heat C of supporting shaft and sleeve
roll having the chemical composition shown in
Table 1 used the following temperature polyno-
mial expression obtained by the linear regression
method for the data in ref. (6) and (7). The
polynomial expression of thermal conductivity
and specific heat for the supporting shaft beco-
mes

k=15.8581+0. 817327 X 107"

T—0.162445%x 107 T*

+0. 858248 <1077 T° 2)
C=96.1065+1.02906 T (2-1)

Similarly, the polynomial expression for sleeve

roll is
k=22.3933-+0.109955X 107!
T—0.8116337 x107° T*
+0.192662x1078 T (3
C=7104.77—33. 3131
T—0.58904x 107 T*
—0.42721x107* T°
+0.108901x 107 T* 3-1

And, the expression for density used the fo-

llowing one for both shaft and roil.

p=T7710/[1. +16.7x107 (T—298)7*

at 208 K<T<973 K )
0=8070/[1. +16.2x107® (T—1093)°
at T>>1093 K (4-1)

Here, 16.7%x107% and 16.2%107® represent
respectively linear thermal expansion coefficient
at the specified temperature range and are the
measured values using a dilatometer in KHIC.
As a temperature exists between 973°K and 10
93°K, the linear thermal expansion coefficient
can’t be exactly measured due to the phase
transformation and the medium value is used
for density®®.

We choose the nondimensional variables as
follows;

R=r/r,
6=(T-T.)/(Tiu—T.) (5)
=Lt/ (ry)?
where
Lo=k(Tia) [ p(T1a)C(Tn) (5-1)

Here, T, is an initial temperature of roll;
and 7. represents an ambient temperature at
the atmosphere. Then, the 1 dimensional dime-
nsionless unsteady heat conduction equation
becomes

Lo (TC(T)ab /or
=(1/R) (3/2R)[RE(T) (36/2R)] (6

3.2 Initial and Boundary Condition

(1) Initial condition

For 0<r<rs,

70, 7)=/(r) (7

where f(r) represents the temperature profile
in the assembly of Fig. 2 at the initial simul-
ation time; and as an initial condition was used
the uniform preheating temperature (in the
present case, the measured value is about 450°
C) before heating rapidly in the split furnace.

(2) Boundary condition

(1) Inner shaft (0<r<r,)

From the symmetry condition, at #=0
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oT/or=0 ®
At r=7y,
— k0T [or="hy (T1— Tasg)
ho (Ti—T) ©)
where

Tae=(T1+T2)/2 (9-1

In equation (9), . represents a heat tran-
sfer coefficient for the natural convection of air
gap beiween an inner shaft and outer sleeve
roll and the following value from Goldstein and
Kuehn was used®,

Ao = (Raic/271) [ (Nitcona) ¥
+ (Nibcony) ¥V (9-2)
where, ka.ir means the thermal conductivity
of air gap.

And h,, represents a heat transfer coefficient
due to the radiative heat transfer between an
outer surface of inner shaft and an inner one
of outer roll.
a(T2+TeET,+ T\ T2+ T5%)

1/e,+ (71/72) (1/e2—1)
where ¢, and &, represent respectively the

hr]: (9_3)

emissivity of outer surface of shaft and inner
one of sleeve roll; T, and 7T, represent respe-
ctively the dimensional temperature of outer
surface of shaft and of inner one of roll.
(i) Outer roll for coke briquette (#,<r<rs)
Like the outer surface of steel shaft,
at =7,
— k0T /3r =her(To— Tavg) ~ e (T —T1) (10)
where
Heg=(Raie) 27 2) [ (Nitcona) ¥+ (Nitoons) ]V
(10-1)
(TA+TPAT + T, T2+ T
1/ei+ (71/72) (1/e2—1)

The boundary condition of the outer surface

/7r2: (10_2)

of voll surface (r=7,) can be expressed as fo-
llows;
‘—kaT/ar:hcg(Ts— Tref)
+hr3(T3“Tref) (11)

Here, T, is the temperature of outzr surface
of sleeve roll; Tt is the temperature of comb-
ustion gas in rapid heating and of ambient
atmosphere in cooling. In rapid heating, because
the effect of convective heat transier was very
small compared to the radiative one, the first
term of equation (11) was neglected in rapid
heating; and the evaluation of the radiative
heat transfer, #., of equation (11), in the furn-
ace will be explained in details in section 3.3.
After taking out the sleeve roll from the he-
ating furnace, the sleeve is cooled down at
atmosphere without air blowing. During cooling
process, it is considered that there exists radi-
ative heat transfer between hot surface of the
roll and surrounding room temperature and
convective heat transfer due to the rotation of
the sleeve roll and the movement of heated
surrounding air. Therefore, the following expre-
ssion of A.; and 4., in cooling are used in this

study;
By =0. 095(0. 5 Re?--Gr)*® v3/ks 12)

where
Re=2w(73) /v (12-1)
Gr=gp(Ts—T:e) (273)*/1* (12-2)

and,
Hra =0 { T3+ T Tret+ To T et + Toer) (13)
Equation (12) is the correlation by Carmi®;
Re and Gr represent respectively the Reynolds
and Grashopf number calculated at the film
temnperature; w is the angular velocity of sleeve
roll; &, and T, of equation (13) represent re-
spectively the total emissivity and the temper-
ature of the outer surface of sleeve roll.

3.3 Calculation of Radiative Heat Transfer
Coefficient K., in Heating Furnace
The radiative heat transfer coefficient 7,3 of
equation (11) in heating in furnace is expressed
as follows;
—kaT/af—’:hrs(Tg—Tref):Qs/As (14)
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where, A, is a surface area of sleeve roll;
@, represents the net heat flux to be absorbed
through the outer surface of sleeve roll. Using
zone method®®, @, can be expressed as follows;
Q:=>a:(T.) (G.Sy) 0T

Uyt

+Zai (T) (STSs) Tt —Ageso Tt (15)

where

(G.Sy): : The total exchange area between
a gas volume # and a surface
zone 3 for a gray gas

(S,S3): : The total exchange area between
a surface zone 7 and a surface
zone 3 for a gray gas ¢

a;’ : Weighting factor for various gray
gases contributing to the emissivity
of real gas

a; : Weighting factor for various gray

gases contributing to the absorpti-
vity of real gas

To calculate @; using the zone method of
equation (15), the following items should be
determined first;

(i) Calculation of absorption coefficients and
weighting factors to represent the total emissi-
vity and absorptivity of real combustion gas.

(i) Calculation of total exchange area.

(1) Calculation of absorption coefficients and
weighting factors

If the fossil fuel is combusted and ideally
converted to CO, and H,O gas mixture, the
total emissivity e... and absorptivity Z... for
the CO,—H,O gas mixture can be expressed
with the weighted sum of gray gases as follo-

WS;(”)
M
€c+w(Tz) :%(gi’)uw(l—g"fﬂ) (16)
where

N
(ai,)c+w:§(bik,)c+wTk‘lg (16'1)

and.

M
gﬁ,,,,(T_,)Zg‘?(ai)c+w(1—€_’(il‘) (17)
where

N
(ai)c-}-w:kX:].:(bik)c.f.wTk_ls (17'1)

K; in equation (16) and (17) means the
absorption coefficient; (@:)ciw and (@:)ci» re-
present the weighting factor corresponding to
the absorption coefficient K; for CO,—H,0 gas
mixture; M and N represent respectively the
total number of gray gases and maximum
polynomial degree to show the functional relat-
ionship with temperature; T, and T, are respe-
ctively the temperature of combustion gas and
of surface surrounding the combustion gas.

However, to calculate the total emissivity of
real combustion gas to be produced in furnace
or combustor, the contribution of transient spe-
cies and soot in addition to the CO,—H,0O gas
mixture should be considered.

The total emissivity &(7,) and absorptivity
Z(Ts) of CO,—H,0-transient species-soot gas
mixture can be expressed as follows using “F'r
Operator” which implies the influence of tran-
sient species and soot; 112

&(T)=[Fe—~14¢ecsu(T)]/Fz (18
L(T)=[Fe—1+ZLc1u(T)]/Fx (19

Using equations (18), (19) and the procedure
explained in ref. (11), the total emissivity e
(T,) and absorptivity Z¢(T,) of CO,—H,0O-
transient species-soot gas mixtures can be expre-
ssed with the weighted sum of gray gases as

follows;
M+l -
se(Tg)Zgl(a.-’)f(l—e"“L) (20)
where
N
(af')tIZ(bm’):Tk‘lg (20-1)
and,
LUATY=22(a) (1€ k) @1
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A
5 3
ol _
L H
I: Steel shaft 3 :surface of roll
I: Air gap 4,5and 6 : adiabatic

I: Roll for coke briguette furnace wall

Iv: Combustion gap layer
Fig. 5 Geometry for rapid heating

where

(ai),zé;(bfk)m*a @1-1)

Here, the weighting factors (a:’): and (a:).
and absorption coefficients K, are the values
calculated according to the solution procedure of
ref. (11). These values are used as weighting
factors a;” and a: of equation (15).

(2) Calculation of total exchange area

In order to calculate the total exchange area
during rapid heating, the surfaces were divided
into 4 zones (Zone 3; the outer surface of slee-
ve roll, Zone 4,5 and 6; adiabatic furnace wall);
and combustion gas was considered to be one
zone.

The quantity of net heat transfer to be abso-
rbed through the outer surface of sleeve roll by
the radiative heat transfer is made up of the
sum of direct heat transfer from the combustion
gas and of reflected one from the adiabatic wall
surrounding the combustion gas for the geome-
try shown in Fig. 5 for the rapid heating of
the present sleeve roll. The direct surface to
surface exchange area corresponding to the
absorption coeffictent K; for the boundary surf-

aces surrounding the combustion gas becomes
e"‘"cosﬁ .c0os8;
551, §, S s o

The above equation (22) was integrated by
the composite Gaussian Legendre numerical me-
thod. The direct gas to surface exchange area
G:S; is obtained by using the above S;S; corre-

&4

sponding to the respective gray gas K; and the
following equation (23);
ZG;’S;'-{—;S};S(:Ai (23)

The total gas to surface exchange area G:S;
and surface to surface exchange area S.S; are
derived by using the above direct exchange
area and the explicit matrix expression by No-
ble(13).

4. Method of Solution

A solution of equation (1) satisfying the given
initial and boundary condition is obtained from
the integration over the control volume shown
in Fig. 6 and a finite difference equation integ-
rated over the control volume becomes; %

Ai&i_1"“+Bi§i"+l+czﬂi+1"+1:Di 24)
where
pe Rein BitL,
T (Ri—Ri.)  (pi7 CTZ)
Cie Riiiss ki,

i= (R;-H‘_R) (plv+l "H-go)
Ri(Ri.u/z‘“Ri—l/z)

Bi=—A;—~C;— e
_ R (R, 1/2"‘Rz 1/2) v _
Di=— + i 0 (24-1)
Here, we used a fully implicit scheme for

time and calculated the thermal property (the-
rmal conductivity, specific heat and density) in
a forward time step (v+1). A consideration of
the boundary condition is given from the solu-
tion of heat balance over a half control volume
shown in Fig. 6 and this can be categorized as
follows;

(i) Given boundary temperature.

(ii) Given boundary heat flux.

(iii) Boundary heat flux specified via a heat
transfer coefficient and the temperature of the

Half control volume

Typical control volume
e ot the outer bdry

Heif control volume
ot grid i

at the inner bdry

VZI
—H—

HOE ST Mo Med

Fig. 6 Grid schematic



Prediction of Tempszrature Distribution for Heat Treatment of 2.5% C-15% Cr Sleeve Casting------ 415

Determine the absorption coefficient and weighting factor |

[
[Determine tre total exchange area

t =0

Solve the finite differerce equation (24} for rapid heating J—

Fig. 7 Flow chart

surrounding temperature.

A solution of the above finite difference equ-
ation (24) was obtained through the execution
of the program developed according to the flow
chart shown in Fig. 7.

5. Results and Discussion

The number of grid used to obtain the solu-
tion of the finite difference equation (24) was
40 and the accuracy of results didn't have any
variations compared to those of the larger
number of grid; the dimensionless time interval
were increased by 0.0002; the convergence
criteria of this nonlinear equation was within
the value of 0.0001.

For the calculations of radiation heat transfer
from the combustion gas, the following parame-
ters were evaluated. A fuel to be used for rapid
heating in the combustion furnace is a municipal
propane gas which is made up of the following
chemical composition;

CH, :0.001%
C.Hs :2.29%
C:Hs; :94.85%

CHy:2.82%

The total emissivity & (7,) and absorptivity
Z:(T,) produced by combusting this fuel was
expressed with the weighted sum of the six
gray gases by adding the infinitely large abso-
rption coefficient (K-—o0) corresponding to the
optically thick limit in addition to the absorption
coefficients of CO,—H,0 gas mixture. The ab-
sorption coefficients and weighting factors calcu-
lated for the present fuel are listed in Table 2.

For the data in the Table 2, 1.3 as the
value of Fz Operator in equations (18) and
(19) is used since it predicts very well the me-
asured temperature distribution in the sleeve
roll during heating; and the temperature poly-
nomial expression for the weighting factors
used the third degree. The total exchange area
GS and SS corresponding to the respective gray
gas to be calculated for the geometry (H=1.
7m, 73=0.603m, 7,=1.35m) shown in Fig.
5 are listed in Table 3. For total surface emi-
ssivities, 0.8 was used for the surface of sleeve
roll and 0 for the remaining adiabatic surface
of furnace. Therefore, the remaining total exch-
ange area values except G,S; and S;S; result
in 0 from the explicit matrix relation by No-
ble(l.S).

As a temperature of combustion gas for the
evaluation of the above parameters was used
the surrounding average temperature measured
by thermocouples in the furnace. The measured
and calculated temperature distribution for the
heat treatment of sleeve roll is shown in Fig.
8. In Fig. 8, the highest temperature line from
start is the measured temperature of combustion-
gas in the furnace in which temperature is rai-
sed from about 900°C to about 1050°C for an
hour, and then, the constant temperature of 10
50°C is kept until heating is finished. The solid
line and marked points in the right side of Fig.
8 represent the measured and predicted tempe-
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Table 2 Values of the coefficients Kx and buy to express the total emissivity and absorptivity of the
municipal propane gas; Pc=0.116 atm.; Pw=0. 154 atm; Pi:=1atm; Fz=1.3

‘ M Ku ) bus ‘ bus X 10° \ Bus X 107 ‘ Bue X 101
1| o | 042313 | —3.4027 | 1. 6499 —1.9968
2 0.00485 |  —0.05039 | 24155 |  —0.08024 1.3325
] 3 0.03366 | 0.24761 | 16379 |  —0.58753 | 0. 35619
4 0.32257 | 0.12025 | 0.48773 |  —0.41847 | 0. 65226
5 3.64058 | 0.14146 |  —0.11357 |  —0.14961 0. 25453
6 o | 0.23077 | o | 0 0
1 o | 0.0511 | —2.2005 | 1.8930 —2,5683
2 0.00485 |  —0.10640 5.8218 —2.8617 | 3.6736
- 3 0.03366 | 0.91554 —5.1133 15829 | —1.8845
4 0.32257 | —0.00374 2.5085 —1.1478 | 1.4437
5| 3.64058 | 0. 14896 —0.35642 —0.03424 | 0. 10590
6 | o | 02300 | o | o | 0

Table 3 Values of total surface to surface exchange

area S3;S; and gas to surface exchange area G,S;

for the gray gas in Table 2 [Unit : m?)
M| 1 | 2 | 3 | s | s |
55, | 4.95190 4.51990 | 2.88530 | 0. 29149 ] 0.00127 | 0.0
G:S, 0.0 0.30426 |  1.54990 ] 4.38060 | 5.19470 ] 5. 15270

rature profiles in the locations of 0, 30,60, 90
and 140 mm depth from the outer surface of
sleeve roll, and the outer surface of supporting
shaft during rapid heating. As we used 1.3 as
a value of Fr Operator, the simulation results
of heating curves show a good agreement with
the measured temperature curves. When the
temperature of the outer surface of sleeve roll
reaches the required value, the assembly of the
sleeve roll is picked out of the furnace and
cooled down at the atmosphere room temperat-
ure.

In cooling, the simulation results calculated
by using the equation (12) and (13) as a bou-
ndary condition are compared with the experi-

mental values in the left side of Fig. 8 for the
temperature distribution of 0, 30, 60, 90 and 120
mm depth from the outer surface of sleeve roll,
and the outer surface of supporting shaft. The
predicted results agree well with the measured
ones like the rapid heating.

As seen in Fig. 8, the temperature of the
outer surface of sleeve roll is decreased very
rapidly just after taking out the assembly from
the furnace due to the radiative heat transfer
of high surface temperature. About 15 minutes
later from the start cooling, the cooling rate
by radiative heat transfer of surface temperat-
ure becomes smaller as the temperature of outer

surface becomes decreased. The prediction of



Prediction of Temperature Distribution for Heat Treatment of 2.5% C-15% Cr Sleeve Casting-+++-

c)
1100

Furnace Averagg Temperalure

Experimgmal

x surface 1000

© 30mm
=60mm 2 90r¢n | Cakuicted ace.
1 1k0mm J &%3 m
° > 60mi
L WA ¥ 800

pob ) Se AN T
m% QMN -
90;@' : );i*vce £0Am \\ X
% > o
5 oo gShatt ; .

*60me S \‘\

900

4 S,
N - F—i500
72 \Q.‘—
2=t ’
2= "
Cooling Rapd heatng

200

‘ TIME, HOURS
Fig. 8 Calculated and experimental heating and

cooling curves of assembly for the produc-
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Fig. 9 Variation of cooling curve according to
the variation of angular velocity; Fe=1.3

outer surface temperature of the supporting
shaft, which were increased and decreased very
slowly in both rapid heating and cooling due
to the influence of the air gap, is also good
agreement with the measured temperature.

As the temperature of the outer surface beco-
mes lower after long time from the start of
cooling, a convective heat transfer has gradual
effect on the cooling characteristics compared
to the radiative one.

In order to know the cooling characteristics
according to the variations of angular velocity

of this assembly, the cooling curves at the

outer surface of sleeve roll, 60 mm from the
outer surface of sleeve roll, the inner surface
of sleeve roll and the outer surface of suppo-
rting shaft are shown in Fig. 9. As seen in
Fig. 9, there are no differences between curves
for angular velocities of 1 and 10 rpm. When
the angular velocity is increased to 100 rpm,
there are a little differences which mean that
the effect of rotating speed does not have much
influences on the heat transfer of the sleeve
roll. Therefore, it can be concluded that it is
enough to select the angular velocity to maint-
ain circumferential temperature for the operatio-
nal condition of the roll production.

6. Conclusions

The solutions of unsteady heat conduction
equation with boundary conditions of radiation
and convection for both heating and cooling
were sufficient to predict the temperature pro-
file for the heat treatment of the large diameter
sleeve roll. We have reached the following con-
clusions from the comparisions of the predicted
results with the measured ones for both rapid
heating and cooling curves;

(1) 1 dimensional unsteady heat conduction
equation with convective and radiative boundary
condition was solved by the numerical simul-
ation using the finite difference method based
on the control volume and a corresponding
computer program was developed.

(2) The “Zone Method” was used to calcul-
ate a radiative heat transfer by a combustion
gas produced by firing the municipal propane
fuel in furnace in case of rapid heating and 1.
3 among the values of “Fz Operator” used to
represent the radiative property (total emissivity
and absorptivity) of this flame predicted very
well the experimental results.

(3) In cooling, the predicted results using
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equation (12) and (13) as a boundary condi-
tions for the convective and radiative cooing at
the atmosphere were well in accord with the
measured valus for the natural cooling at the
atmosphere.

Because the variation of angular velocity of
sleeve roll doesn’t have much effect on the
cooling characteristics, it is required to select
the angular velocity to maintain the uniform
circumferential temperature of the sleeve roll.

(4) Consequently, it is expected that the te-
mperature profiles can be controlled in the
sleeve roll to obtain the better material prope-
rties since the prediction of the temperature
distribution during the heat treatment is very
well performed.
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