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ABSTRACT
The thes's includes fundamenta work in the following,

Development of materids database which includes the main parameters of the various
hesat transfer models

Vdidation and testing of the system capability and accuracy by means of various case
Sudies

A computer aided heat treatment planning sysem (CAHTPS) is developed to
assist the heat treatment process. The temperature digtribution insde the furnace and the
temperature of the various parts in the load can be determined. The various modds for
the heat trestment are andyzed and the various parameters in the equations are classfied.
The mgority of the eguations parameters were properties of various metas and non
metas. Hence an extensive database is developed so asto assist the models.

The remaning physcd conditions dependent parameters of the modds were
andyzed and the effects due to change in the conditions and these parameters are tested
and dudied by various case sudies. The change in the loading pattern effects and change
in the load quantity effects for the various cases are presented.

The thess work establishes the system’s gpplication scope and the accuracy to be

used in the current heat treatment industries.
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Chapter 1 Introduction and Systems Review

Heat treatment processes
Heet tretment is an important $15 billion industry manufacturing process used to

improve and control the qudity of the mechanicd properties of meta pats. A heaed
workpiece in a heat-tregting furnace will undergo a given therma schedule, typicdly, a
heating % soaking % cooling cycle. In this research the heating process is sudied. In
order to peform a quality heat-trestment, the heat source in a furnace is heated first by
the dectric or fired gas (indirect or direct). The heat flux arived a the surfaces of
workpieces through radiation and convection heat transfer and arises the surfaces
temperature of the workpieces. Then the temperature in the interior of a workpiece is
rased in the form of conduction heat transfer. Thus, the heet trestment of workpieces is
such a process that the workpieces are heated up with the radiation/convection hybrid
boundary condition on the surfaces and with the conduction heat transfer interiorly.
The uniformity of temperature didribution and the delay time of insde temperature will
contribute to the materia property control and the heeat trestment qudity. To optimize
the temperature control and load design, it is necessary to study the detal information
about the temperature distribution in furnace and workpieces as a function of time.

The main types of heat treatment applied in practice are

1) Annedling

2) Normalization

3) Hardening and

4) Tempering

The heat treating processes are further classified as follows



Heat Treatment

v
Conventiond

'

'

Anneding

!

Normdizing

1. Homogenization

2. Stress-rdief

3. Spheroidization

1.2

Problem formulation

!

Hardening
1. Brine
2. Water

3. Ol

Non-conventiona
1. Patenting
L 2. Precipitation aging
3. Surface Treatment
Tempering
4. Specid HT
1. Isothermd

2. Non-Isothermal

The qudity of heat trestment for the metd parts depends on many factors,

including part loading and furnace temperature control.

It is desred to predict the

heeting history and temperature digtributions in furnace and in workpiece so that the

part loading design and temperature control can be improved. Unfortunatdy, there is

currently no comprehengve technique which can be used to smulaie heat-treating

process and predict the temperature distribution of workpieces with arbitrary geometry

in a loaded furnace.

In current practice in heat tregting industry, to ensure the qudity,

experimentd methods have to be employed to measure the temperature in the furnace

goace or on the pat surfaces. The following problems exist in current heat tregting

operations.



(1) There is no direct measuring method for the ingde-workpiece temperature
messurement in the hesat tresting process. The temperature of workpieces may vay
with time and location, from surface to interior. Although the workpieces temperature
may be measured by thermocouples set on the workpieces surface at selected points,
the interior temperature of workpieces is dill unknown. In order to obtain a uniform
temperature between the surface and the interior, a delay of time is necessary for heat
conduction after the surface temperature reached the specified temperature. Nowadays
this time deay is determined by experience because there is no andyticd modd
avalable ye. The problem is if the holding time reativey short, the uniform
temperature between the surface and the interior cannot be obtained; but if it is too
long, the mechanicd propety of the surface materid may be changed undesirably.
Also, the production efficiency becomes lower.
(2) There is no direct control of workpieces temperature according to part heating
condition. The qudity of heat trestment is ensured by the furnace performance and
thermal schedule so that the heating process of workpiece cannot be precisdy
controlled. The therma schedule is determined based on experience.
(3) Pat loading design is adso experience based. Since there is no andyticd modd
available to predict the temperature digtribution in workpieces, it is difficult to carry out
an optimization of the part loading. The unreasonable part loading may result in a non
uniformity of temperature distributions in workpiece.

To obtan the temperature digtribution and heating history of workpiece, a
comprehensve mathematical mode needs to be developed for the heat transfer process

in heat treetment. The heat conduction in workpiece can be modeled based on the wel-
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known heat conduction principle.  The difficult is that the boundary condition is
vaying in time and locations of the workpiece surfaces  The boundary condition is
dominated by the convection and radiation in furnace. How to integrate the related
three heat transfer models into a comprenensive model for heat trestment processes is
the emphass of the ressarch. An effective numericadl method is aso necessary for
applying the modd for solutions.
Resear ch objectives

After sudying the heet treatment processes and the current industria practices. The
available sysemsfor the processes was reviewed and found insufficient for the
requirements for the hest treating processes industry. Hence the research objectives set
were asfollows:

To develop physics-mathematicd models based on the heet transfer theory for the

various modes of heet transfer taking place between the furnace and the workpieces

and among the workpieces itself.

To sudy and analyze the various model parameters and their effects and develop a

database containing the above modd parameters that are properties of materias.

To develop auser interface so asto obtain al the necessary datainputs or

parameters for the models.

To vdidate and implement the system in the current industries.

Chapter 2 Heat Transfer Principle, Models and Furnace M odels

2.1 Heat trandfer principle



Transportation of heat energy due to temperature difference is defined as heat
transfer. Heat is a form of energy and is transported fom one body to another due to
the temperature differences in the bodies.

The heat can trandfer by one, or by a combinaion of three separate modes
known as conduction, convection and radiation. Conduction occurs in a dationary
medium; convection requires a moving medium,; radiation occurs in absence of any
medium, diginguishing it as pat of dectromagnetic spectrum. Although they ae
distinct processes, they can occur together.

The heat generated in a diesdl engine, for example, is tranderred from the
combusted gas to the sted cylinder wals by the combined action of radiation and
convection. Heat flows through the cylinder wals by conduction. In turn, the outer
surface of the wall is cooled by convection, and so some extend radiation, owing to
water circulating in the cooling passages. The physcad processes that govern
conduction, convection and radiation are quite different, leading to have a different
approach for each process anadysis.

2.1.1 Conduction heat transfer

Conduction occurs in a daionary medium. It is mogt likely to be of concern in
solids, dthough conduction will be present to some extent in gases and liquids. In
?0lids the mechanism of conduction is due to the vibration of the atomic lattice and
the motion of the free dectrons, the later generdly being a more powerful effect. The
metalic solids are good conductors because of the contribution made by available free
electrons.

Conduction is governed by Fourier’s law, which states



“The rate of flow of heat through a simple homogenous solid is directly
proportional to the area of the section at right angles to the direction of heat flow, and
to change of temperature with respect to the length of the path of the heat flow”

It is represented mathematically by the equation:

Qa A% )

where Q = heat flow through a body per unit time (watts)
A = surface area o heat flow (perpendicular to direction of flow)n?
dt = temperature difference of the faces of block (homogenous
solid) of thickness*dx’ through which hest flows, °C or K
dx = thickness of body in the direction of flow, m
thus,

Adt

Q:‘l. &

)

where ? = congtant of proportionality and known asthermal conductivity
The negdive dgn is to take care of the decreasing temperature dong with the
direction of increesing thickness or the direction of the flow. The temperature gradient

dt/dx is dways negative dong podtive x direction and, therefore the vaue of Q become

pogitive.



2.1.2 Convection heat transfer

Hest transfer due to medium in form of liquid or gas occurs in convection heat
transfer. The convection heat trandfer equation between a surface and an adjacent

medium is prescribed by Newton's law of cooling
Q=hA(,-t,) €))
where, Q = rate of convective hesat transfer (watts)
A = surface area exposed to heat transfer ()
ts = surface temperature,
ts = fluid temperature
h = coefficient of convection hegt transfer
The coefficient of convection hest trandfer ‘h’ is defined as “the amount of hest
trangmitted for a unit temperature difference between the fluid and unit area of surface
in unit timeg’. The vdue of ‘h’ depends on thermodynamic properties (viscosty,
dengty, specific heat etc), naure of fluid flow, and geometry of the surface and
prevailing thermd conditions.

2.1.3 Radiation heat transfer

Radiation heat transfer is concerned with the exchange of thermd radiaion
energy between two or more bodies. Thermd radiaion is defined as eectromagnetic
radiation in the wavelength range of 0.1 to 100 microns (which encompasses the visble
light regime), and arises as aresult of atemperature difference between 2 bodies.

No medium need exist between the two bodies for heat transfer to take place (as
is needed by conduction and convection). Rather, the intermediaries are photons which

travel at the speed of light.



The heat trandferred into or out of an object by thermd radiation is a function of
severd components. These include its surface reflectivity, emissvity, surface areq,
temperature, and geometric orientation with respect to other thermdly participating
objects. In turn, an object's surface reflectivity and emissvity is a function of its surface
conditions (roughness, finish, etc.) and composition.

The equation for radiative heat transfer between a surface and its surroundings

Orad = E XS X AX (T - Taur") (4
where:
drad = hest flux in watts (W).
E = emissvity. E isaratio that describes how well a surface emits radiation
compared to a perfect emitter.
s =5.67x 108 W/ (n? x K %). s isthe Stefan- Bolztmann constant and
characterizes radiation from a perfect emitter.
A = surface areain meters squared ().
Ts = Surface temperature in Kelvin (K).

Tsur = SUrrounding temperature in Kelvin (K).

2.2 Conduction heat transfer model
The workpiece can be classfied into two categories, lumped capacitance and
massive one. For the lumped capacitance the temperature can be assumed to be uniform

during hedting, while there is dgnificant temperature gradient for the massve



workpiece. Therefore the massve workpiece has to be discritized to caculate the
temperature distribution. Bio number is used as criteriato classify the workpiece.

2.2.1 Classification of workpieces

The Bio number means the ratio of outsde heat transfer coefficient to the
conductive heet transfer coefficient insgde the workpiece. It is dways used to assess the

temperature uniformity of the workpiece. The criteriais defined as

. ht, 1 <01 lumped
Bio=—= | . . ®)
I 1 Otherwise massive
where h isthe heat trandfer coefficient of the workpiece surface and environment,
h = hconvection + hradiation
| isthetherma conductivity, tef IS the equivaent thickness of the workpiece.
For different shapes the equivaent thickness caculation is different, asfollows:
t, =Y  Plae ©)
Y . , .
ty = N Cylinder/ bar with rectangular section (7
ty = % Sphere/cubic (8)

whereV is the workpiece volume.

Generdly for naturd convection, h can be obtained by convection mode

convection

explaned in the next section. The radiative coefficient hragiaion Can be defined as

follows

_S exFvX(Te, - T3)

radiation — (T

=5 e xFVXT2 +T2)(T

_ T|d) fce +Tld) (9)

fce
fce



Here the maximum vaue of h,, cion @0 N, g ai0n ShOUld e USED. N giciion e IS

h =S XFV >(Tf<2:e_max + Tlé_max )(che_ max + Tld_ma\x) (10)

radiation_max

2.2.2 Conduction model

Because of no 3-D geometricad modding being used only conduction modds for
gphere, cylinder and plate are given. Therefore the workpiece have to be classfied into
these three shapes. For example the cubic can be classfied as sphere, bar with rectangle
section can be thought as cylinder. For sphere there is conduction in the radid direction
only, for cylinder, conduction in radid direction only (no conduction in the axis
direction), for plate conduction adong the thickness. The differentid equations, discretion
equations and boundary conditions are shown below.

For sphere, the differential equation is

E :I_ ﬂz-lz_ +EE (12)
ft rx qr r qr
wherer isdengty, cisspedfic heat, r isthe radius.
Numerica Smulation equation is
-I-im+1:-|-im +| >Dt(Ti+l - 2Ti2 +Ti-1 + 2Ti+l - Ti ) (12)
r>c Dr r Dr
Boundary conditions are
At the surface:
1T
| —= qrad + qconv (13)
n

where graq ad geonv are the heet rate of radiation and convection, respectively.

At center

10



qr
| —=0 14
n (14)

For cylinder, the differentid equation is

m_ | ‘HZT 19T
o ) (15
Tt rx qr? r I
Numerica Smulaion eguation is
| Ot TV -2T"+T"  1T0-T"
-I-m+1 m i+1 i-1 += i+l i 16
( Dr? r Dr ) (16)
For plate, the differentid equation is
2
.1 1T (17)
Mt rxqx
Numericd Smuldion equation is
Tm+1 -I-m l ><I:1Ti+1' 2Tiz +Ti—1 (18)
r xc Dx
The boundary conditions for cylinder and bar are the same as those of sphere.
The above modd contains main parameters which are properties of materids
that are function of temperature. These al parameters are identified and included in the
database.
2.3 Convection model
In the thermal andysis of workpieces in loaded hegt-tresting furnace,
convection heat transfer is consdered as one of the most important boundary condition.
The heat energy that enter aworkpiece by means of convection heat transfer can be
cdculaed usng
Q = h-As(Thow- Ts) (19)

11



where h is the heat trander coefficient; As is the surface area of workpiece, Trow and Ts
are the temperature of fluid and workpiece surface, respectively. Assuming that the Trow
is gpproximately equd to the furnace temperature, the
cdculation objective of h will be discussed in this appendix. The average convection
heet transfer coefficient, h, is generally calculated by!™!

h :L—k* *NU,. (20)

where k isthe therma conductivity of gas (in WmX); L is the equivaent length of
part related to the part geometry and size; and Nu, . isthe Nussdlt number,

Nup+ =f (Ra, Pr, Geometric shape, boundary conditions).

Natural convection |— | Part with specified shape
(Furnace with no fan)

|

Part with any shape

Classification

Part with specified sh
Forced convection * e
(Furnace with fan)

L, Parts array

Figure 2.1. Classfications of caculation method in different furnace

In the cdculaion h, the key point is how to caculate the Nussdt number Nu-.
The problem can be classfied into two types, natura convection and forced convection,
according to the furnace conditions, as shown in figure 2.1. Each type of convection

can be divided two cases, according to the parts arrangements.

12



Thecdculationsof L™ and Nuy+ are to be presented in the following sections.

2.3.1 Natural Convection

If there is no recirculating fan in the furnace, the problem can be taken as
naturd convection. There is no specific effect of pat arangement on the naturd
convection heat trandfer caculaion. In this passages the cdculation of the equivaent
length of part and the Nussdt number are presented first, and then some effect factors
of convection coefficient is discussed.

Thecdculationsof L™ and Nu, » with specified Part shapes

Figure 2.2 shows some specified part shapes with their arrangements. The

equivaent length can be calculated byt®!:

(a) Sphere (b} Cubel (c) chbe2 (d) Cube3
{e) Bisphere

—

{f) Oblate spheroid {(g) Prolate spheroid

Figure 2.2 Natura convection for various shapes of parts

L" = AY? (21)
where A isthe surface area of part (in mz);

The Nussdlt number is calculated by ¥,

0.67°G.. xRa/*

4/9 !

Nu,. =Nu (for 0 < Ra» <10°) (22)

- [+ (0.492/Pr )]

13



where

Nu’. and; G- ae the conduction limit Nussdt number and the geometric parameter,

repectively. Table 1 ligs the values of these two congants for the parts with different

shape and orientations shown in figure 2.2.
- Pr is Prandtl number,

Pr =n/a

where n iskinematic viscosity of furnace gas (in m?/s);

(23)

a isthermd diffusivity of furnace gas (in m?/s), a=k/(r XCp);

k is conductivity (in WmX), r isdensity (in kg/m®), and Cp is specific hest of

gas(in J/kgK)

Table 2.1. Typica vauesof Nu’. and G« [

Body Shape Nu/. G+

Sphere 3545 1.023

Bi-sphere 3475 0.928

Cube1 3.388 0.951

Cube 2 3.338 0.990

Cube 3 3.888 1.014

Vertical cylinder 3444 0.967

Horizontal cylinder 3444 1.019

Cylinder at 45°C (H=D) 3.444 1.004
Prolate spheroid (C/B = 1.93) 3.566 1012
Oblate spheroid (C/B = 0.5) 3.529 0.973
Oblate spheroid (C/B = 0.1) 3.342 0.768

- Ra,. isthe Rayleigh number,

R, =% AT, - T )% . (for 0<Rau < 10°)

(24)

14



where g is gravitationd acceleration (in mVs?); b is the coefficient of volumetric thermdl
expansion for ided gas (in K1), b=1/273 (Charles' law of voume); T, is sphere

surface temperature (in K); Ty is free-stream temperature (in K); L is the equivaent

length (in m).

Generd eguation for any shape of parts

Because the valuesin table 2.1 do not vary appreciably, agenerd expresson

based on the average values of Nu’. and G+, and valid for Pr 3 0.7 is!®]
Nu,. =3.47+0.51Ra"* (25)

where Ra + can be calculated using Eq. (24)

The effects of naturd convection

According to the equations mentioned above, if the geometry and materia of
workpiece are specified, there are two factors that affect the convection heat transfer
coefficient: the physcad propeties of gas medium, and the temperaiure difference
between gas medium and workpiece. To test ther effects, take a blade as the hedat-
treated part, as shown in figure 2.3. Assume that the furnace gas medium is ar, some

typica properties of air at atmospheric pressure are shown in table 2.2.

Figure 2.3. Part shape and size

15



Table 2.2 Properties of airl!l

T r Co m n k a b
]
(°C) | (kg/in?) | (KIKGXK)| (kg/sxm) | (cn/s) | (W/mK) | (cnTs)
0 1.293 1006 [171 10°| 0132 | 0024 | 0184 072
10 1.247 1006 |176 10°| 0141 | 0025 | 019% 0.72
20 1.205 1006 |181 10°| 0150 | 0025 | 0208 072
30 1.165 1006 |186 10°| 0160 | 0026 | 0223 072
60 1.060 1.008 |200 10°| 0188 | 0028 | 0274 0.70
100 | 0946 1011 |218 10°| 0230 | 0032 | 0328 0.70
200 | 0746 1025 |258 10°| 0346 | 0039 | 0519 068
300 | 0616 1045 295 10°| 0481 | 0045 | 0717 0.68
500 | 0456 1093 |358 10°| 0785 | 0056 1.140 0.70
1000 | 0277 1185 [482 10°| 1745 | 0076 | 2424 072

- The effects of temperature difference

To tes the effect of temperature difference on convection coefficient, we need

to fix the ar temperature to a constant so as to make the physical properties of air keep

congant. In this case the air temperature is fixed to 500 °F and 1000 °F, respectively.

Assume the initid temperature of pat is 70 °F. According to table 2.2, the air properties

at 500 °F are: T =500 °C; r = 0.456 kg/n? ; ¢, = 1.093 KJkgK ; m= 3.58" 10" kg/sxn;

n =0.785 cn?/s, k = 0.056 W/mX: a = 1.140 cn?/s; and Pr = 0.70.

Figure 24 shows the curves. In the figure T.4 is the workpiece heating-up

curve, delta_T is the temperature difference between air medium and workpiece during

hedting-up; and h

difference.

is the convection coefficient corregponding with temperature
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Figure 2.4. Temperature, temperature difference and convection coefficient
(At ar temperature T 4, = 500 °F)

If the air temperature is 1000 °F, the air properties are as follows:
T = 1000 °C ; r = 0.277kgInT ; ¢, = 1.185 KJkgK; m= 4.82 10°kg/sm; n =
1.745cnP/s, k = 0.076W/mK; a = 2.424cn/s; and Pr = 0.72.

Figure 25 dhows the rdationship between temperature difference and
corresponding  convection coefficient. It is shown that the effect of temperature
difference on the convection coefficient is sgnificant. While the temperaiure difference

aises, the vaue of convection coefficient isincreased.
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Figure 2.5. Temperature, temperature difference and convection

coefficient

- The effects of ar medium physica properties
To test the effect of physcd properties on convection coefficient, we need to
fix the temperature difference between ar medium and workpiece. Because the ar
properties vary with the temperature (as shown in Table 2.2), the convection coefficient
will vary with the ar properties. In this test, Sx grades of temperature differences, 20
°F, 50 °F, 100 °F, 200 °F, 300 °F, and 400 °F, are taken respectively to caculate the
corresponding convection coefficients. Figure 2.6 shows the convection coefficients
profiles vs. the ar temperature. It is obvious that the effect of convection coefficients
with ar properties is not so much (the change region is within 0.2 Btu/hr-ft2-F) than
that of the temperature differences. For every fixed temperature differences, convection
coefficients will change within the range of 0.2 Btu/hr-ft2-F. But the change with
temperaure difference is more than 1 Btuwhr-ft2-F if the temperaure differences

change from 20 °F to 400 °F.
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Figure 2.6. Natura convection coefficient vs. ar temperature
with specified temperature difference

2.3.2 Forced Convection

There are two kinds of Stuations in forced convection hegat trandfer, for single
part with specified shapes and for aray of parts. In both cases, the cdculation of
equivdlent length, L", can use equation (21). But there are different methods for the
cdculation of the Nussdt number. It depends on not only the medium properties, but
aso the parts arrangement, i.e., part load pattern.

The cdculaiions of Nu » with specified part shapes

For single part with specified shapesin Figure 2.2, following experimenta
equation can be used to calculation the Nusselt number, Nu,, ™

é 12 U
Nu,. = Nu’ + @.158%?9 xRel’2 + 0,35 Re”5% jxpPrY/? (26)
g ¢ :

2 8]
where
- p isthe maximum perimeter of the part, perpendicular to the flow direction Uy (Uy is

the velocity of flow, in nvs) ;
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- Nu. isthe overal Nussalt number in the no-flow (pure conduction) limit,

representative vaue of this congtant are listed in Table 1.

. Rev+ is Reynolds number, it equalsto [

Re. = U, 4 (27)
n
- Pr is Prandtl number, use equation (23) to caculate.
Note that this equation is recommended for
O<Rg:<2 10°, Pr>0.7,0<C/B<5 (28)

Arrays of parts

For the multiple parts gStuation, there are three kinds of arangements, aigned
pat loads, staggered part loads, and packed part loads. In this paper we will only
discuss the firgt two load patterns. Figure 2.7 shows their arrangements.

Asauuming that the ar fluid velocity is Uy and the temperature of flow & Ty the
transverse and longitudind pitches are Sy and S, respectively, the number of rows of
pats transverse to the flow is N. For convenience, the equivadent length is caled

equivaent diameter, D". The cdlculation of D™ issameasL .

I@ 6} ia GZ: d{@@:@g
U¥ Ty @ @ @ Uy, Ty RN dane
= $boo — 0L,

6600 R

(& Aligned

(b) Staggered

Figure 2.7. Configurations of arrays of parts
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For the calculation of Nuy, , there are two different equations according to the rows

number of parts[1%:
Nu). :%Wué“ if N <10
29
Nup. =F >Nu?,, ifN3 10 (29
where N is the number of rows of parts transverse to the flow; F isan
arrangement factor, it equalsto
v - 0.
- For digned pats. F aligned =1 T 01_5 >(( S_// Sr+(());-)’)2
Y RIS (30)
2
- For staggered parts: F g, pporea =1+ ——
3P,
where S and Sr are shown in figure 3; y isafactor and it is defined as[*Y:
y=1P ifP 3 1
4R,
(31)
vy=1-—P _ ifp<1
4P, P,

where Py isthetransverse pitch, Pt = Si/D’
P, isthe longitudind pitch, P, = S./D°
- Nu, isthe Nussalt number for the first row. Use equation (26) to caculate Nut,. . In
caculaing Rep+, the maximum velodity of fluid in the space between partsis used [:

U o X0 (32)

Re* :
L n

where D" = A2 jsthe equivalent diameter.

The maximum fltid velodity, Uay, is calculated as follows [Y:
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Staggered:UMang:‘:gi for S,.>= (sr+D )
> (33)

__Uos s ,p
Upax = 25, D) forSD*<2(Sr+D)

2 2

where S, = §L+§a§r 3 )
24

Uy isthe average fluid velocity in the furnace working space;

S, Sr,and D* are shown in figure 2.6.

The effects of Forced convection

According to the cdculation equations mentioned above, if the geometry and
the materiad of workpiece is specified, there are three factors that affect the forced
convection coefficient: the physicd propertties of gas medium, the fluid veocity, and
the arrangement of parts (i.e. part loading pattern, including rows number of parts and
the distance between parts). Take the blades as an example here, figure 2.8 shows the

aigned arrangemen.

A

Air

Row 1 Row 2 Row N

Figure 2.8. The arrangement of parts 22



The effects of gas flow physica properties

Take the air flow speed to four grades, say, 4.89 m/s, 7.33 m/s, 9.78 m/s,
and 12.22 m/s, respectively; Fix the parts arangement: St = 51in, § =8in, N = 4.
Figure 2.9 is the temperature profile of ar with time. Input dl the data to system, four
convection coefficient curves can be obtained as shown in figure 2.10. It is shown that,
if the air temperature changes from 70 °F to 2100 °F, then the vaues of convection

coefficient will changes within 2 Btw/hr-ft2-F.

2500

2000

/J

1500

Temp[F]

1000

500

0O 295 595 §9.5 120 150 180 210 240 2F0 300 330 3560
Time[min]

Figure 2.9. Air temperature vs. time profile in forced convection
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Figure 2.10. Convection coefficient vs. time profile in forced convection
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The effects of gas medium velocity

There are two ways to change the gas flow velocity: change the fan speed, and
change the arrangement. Fix § =5in, § = 8in, N = 4, and fix the ar temperature to
500 °F, 1000 °F, 1500 °F and 2000 °F, respectively. Let air speed equals to 4.89 m/s,
7.33 m/s, 9.78 m/s, and 12.22 m/s, then the convection coefficient curves can be shown
in figure 2.11. According to the curves, if the speed changes from 4.89 m/s to 12.22

/s, the maximum change range of convection coefficient will be about 5 Btu/hr-ft2-F.

—
o

- —h_500F
14 4 fE,

& h_1000F
'.5 12 h_1500F
Bp — h_2000F
=

o
L

489 733 a7y 1222
Air zpeed [m/'s]

Figure 2.11. Convection coefficient vs. air speed in forced convection

The effects of rows number of parts

Fix the airflow speed to 4.89 m/s, take the rows number as 4, 6, 8, and 10,
repectively. the convection coefficients vs. time profiles are shown in following figure.
According to the curves, if the row number is changed from 4 to 10, the maximum
change range of convection coefficient will be about 2 Btu/hr-ft2-F. It is note that if the
row number is more han ten, the convection coefficient will keep congant and same as

the value for ten.
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Figure 2.12. Convection coefficient vs. time profile in forced convection

The effects of arrangement of parts

Assume N =4, air fluid speed to 4.89 nV/s, let
Sr=5in,S =8in;

Sr=8in, S =11in;

Sr=11in,S =14in; ad

St =14in, S = 17 in; respectively,

then the convection coefficient curves are shown in Figure 2.13. It is shown that the

distance between parts affects the convection coefficient sgnificantly.

10

q

g 4

h [Btuhr-£2-F]
[y}

—h. 58&
——h_8-11
h_11-14

——h_ 14417

0 233 5958 893 120 4150 180 210 240 270 300 330 360
Titme: [mim)

Figure 2.13. Convection coefficient vs. Time profile in forced

25



24

Radiation model
In the heating of parts there are two kinds of radiation heet transfer: from furnace
to workpiece and from workpiece to workpiece.

Radiation between furnace and workpiece:

4 4
Qrad_fce_wp =s Xy, fce ~ Twp )

wp _ fce

XAXT (34)

where s is Stenfan-Boltzmann condant, Tre is furnace temperature, Tup is furnace
temperature, Fvuyp fce iS View factor from workpiece to furnace, A is the surface area of
workpiece, e isemissvity of the workpiece.

Readiation between workpiece and workpiece:

4

=s e xFv XAXT,0; - Toos ) (35)

Qrad_wp_wp wpl_wp2
where Fvwp1 wp2 IS view factor from workpiece to workpiece.

View factor caculation

The view factor is defined as the fraction of totd radiant energy leaving one
surface and is intercepted by another surface, as shown in Figure 2.14. Mathematicdlly,

The view factor can be expressed by the following eguation:

[

Figure 2.14. View factor cdculation terms
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F,= A (DM(dA)(d A) (36)

The caculation of view factor is one of important subjects in the radiation hest
trander andyss In the cdculaion of view factor for regular geometries, some
andyticd methods and contour integra techniques are quite efficient. For example, the
cdculation of view factor for typicd geometries is wel documented in the standard
textd®1%. For the extremdy irregular geometries, however, the caculaion is quite
complex.

In the above radiation equation, the caculation of view factor s the point. There
are many kinds of methods for the caculation of view factor, integration, Monte Carlo
method ant etc. However al accurate methods for view factor caculation of workpiece
of arbitary shgpe are based on geometricd modds. Here a smple method is given
without geometrical models as the result of a compromise of accuracy and gpplication.

Assume radigion just exits between a workpiece and its sSx neighbor
workpieces, i.e., left, right, front, back, top and bottom ones. The view factors of a
workpiece to each of the sx neighbors are proportional to the redaive surface area
exposed to each other. So the view factor can be denoted by the ratio of exposed area
over the total surface area. For the boundary workpiece, its view factor to the furnace is
the surface area exposed to furnace over the total workpiece surface area The totd

view factor of aworkpieceis 1.0. So,

Fy _eposed surface area of  workpiece to  furnace (37)
P fee total surface area of  workpiece
Ry, o = exposed surface area to each ' other (39)
- total surface area of workpiece
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And assume thet the surface area exposed to each other are proportiond to the
respective surface area of the cubic with the lengths same as the workpiece distance in
row, column and layer direction, as shown in Fig. 215 and 2.16 .Fig. 215 is a 2D
illudraive diagram with two kinds of workpiece shape given. The rectangle
surrounding the workpiece is used to replace the workpiece for the view factor
cdculaion. Therefore the view factor of workpiece to the eastern workpiece is as

follows

L]
L]

|
1]

:‘@4

L1
1
I I

furr)lvace Workpiece(gear)

Fig. 2.15 Radiation between furnace and workpiece, among workpieces

A,
o 39
T T AL AL AL AL TA AL >

where Aie, Ai-w, Ai-ny Ai-s Ait, Aip are the surface areas of the cubic. They are caculated

by the workpiece distances.
Ae=Aw=Dy Dy (40)
A.n=As=Dyy D (41)
A=A, =D’ Dy (42)

where Dyow, Dcol, Diay are the workpiece distances in row, column and layer as shown in
Fig. 2.16.
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Other view factors between a workpiece to its neighbors are cdculated by the

same way.

View factor cdculations from workpiece to furnace are classfied into three

categories, corner, edge and face of the load.

Workpieces located at the corner of load have three faces exposed to the

furnace, while those located at the edge and face of load just have two faces and one
face exposed to the furnace, respectively. So their view factor toward the furnace is

differently caculated.
View factor of corner workpieces and furnace:
+ +
vace_wp A e A n A f

- (A—e+ A1—W +A—n +A—s + A—f +A1-b)
View factor of edge workpieces (except the corner ones) to furnace:;

At A

FVie wp =
- (A—e+A—W+A—n+A—s+A—f+A-b)
or
vace — A—n +A—f
- (A—e+A—W+A—n+A—s+A—f+A-b)
or
vace_wp — A—f + A—e

(A—e+ A1—W +A—n +A—s + A f +A1-b)
View factor of side workpieces (except the corner and edge ones) to furnace:

A

vace wp =
- (A—e+A—W+A—n+A—s+A—f +A-b)
or
vace = A-n
- (A-e+A-W+A-n+A-s+A-f +A-b)
or

A
(A-e+A-W+A-n+A-s+A-f +A-b)

FV fce_wp =

(43)

(44)

(45)

(46)

(47)

(48)

(49)

For the cubic or sphericad workpieces the view factor of workpiece to each

adjacent workpiece is /6.
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Fig. 2.16 load pattern and distances between workpiece and workpiece

The emissivity of the materias play very important role in the caculaion of
radiative hest transfer. The emissvity of various materidsis very difficult to obtain by
experimenta procedures. A database is established for the various materias emissvity
asafunction of temperature and surface finish of the workpiece,

2.5 Furnacetemperature calculation
The Furnace temperaiure caculation is extended to dl types of batch furnaces,

induding indirect-fired furnaces, direct-fired furnace, and eectric furnaces. For dl type

of the furnaces, the average furnace temperature T.sce & time k can be calculated by [2:

k
Q_storage dt
fe — +—
ce

50
— _ fee H C ( )

-I-k+1 _Tk

- fce

where Q sorage IS the heat storage in hest-treeting furnace;
HC ce isthe heat capacity of furnace components;
k isthetime step; and dt isthetimeinterval.
But the caculation methods of heat storage Q sorage @d heat capacity HC tce are
different. There are two types of furnaces will be discussed in the following passages:

Gas-fired batch furnace and dectric furnace. The caculation of Q sorage @d HC fce Will
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be described in following passages. Table 1 ligts the main energy terms in the furnace

heat storage caculation.

Table 2.3. Energy terms and their definitions

Energy Items Definitions

GrossInput  [Thetotal amount of heat used by the furnace.
Heat that is available to the furnace and its workload, including
Available Heat [Workpiece, furnace structural components, accessories, and heat
losses due to furnace itself.
Heat that ultimately reaches the product in the furnace.

Heat to Load

Heat conducted out through the furnace walls, roof and floor
due to the temperature difference between inside and outside.
Heat lost from the furnace as radiant energy escaping through
openings in walls, doors, etc.

Heat absorbed by the insulation and structura components of
the furnace to raise them to operating temperature.

Wall Losses

Radiation Losses

Heat Storage

Heat storage is calculated according to the energy balance,
(Heat storage) ~ Function of [(Available heat), (Heat to load),

(Wall losses), (Radiation losses)]

(Available Heat) ~ Function of (Gross input)

Heet capacity is defined as:

HC e = S Mass of furnace components~ Specific heat of material
Table 2.4 ligs the furnace componentsin the heat capacity calculations.

Table 2.4 Furnace components

Furnace components Definitions
Furnace structural components| Roller rails, grate, fan, supports, conveyor, €tc.
Insulations Furnace walls including firebrick and insulating F.B.
Heating elements Radiant tube, eectric resistance element
Accessories Basket/tray/fixture, firing-ring

2.5.1 Gas-ired Batch Furnaces
Figure 2.17 shows the energy term for direct-fired batch furnace, and Figure

2.18 shows the energy term for indirect gas-fired batch furnace with tube hegting

dements.
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Figure 2.18 Heat balance in an Indirect gas-fired furnace with tube heating
Hesat storage calculation

According to the energy baance equation,
Q_storage = Q_available - (Q_I oad T Q_Ioss_wall + Q_Ioss_rad + Q_air + Q_fan) (51)

Energy terms cdculation

The terms used in heat balance calculations in furnace are;

- Avalable heat input:
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For the naturd gas, available heat input is adjusted by both fuel corrected

coefficient and PID control system:

Q_available = Kpip * Kfuel - Q_gross (52)

where

% Kue isthe fud correct coefficient and reference (2 givesits caculation.

% Kpip isthe PID output and reference ! givesits caculation.

¥ Q gross ISthe given vaue from furnace capacity and it equals to the amount of
fud burned multiplied by its heating vaue. Table 4 gives the heating vdue of some fue
gases.

. Furnace wall Losses[*?);

Q toss wall =A fee ™ T (T fce) (53)
where A tce is furnace wall area (inside); f (T sce) isafunction for hest loss, in Btu/ft-hr.
Typica hesat loss data are tabulated in Table 2.5.

. Radiation Losses[!:

Q 1o 120 = A ™S {Tgee = Tao) (54)
where Q joss rad iSthe radiation losses, A open iSthe opening area, Tyas iS the temperature
of furnace gas, Tamb IS the temperature of ambient outsde furnace, s is Stefan-

Boltzmann condant.
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Table 2.5 Hest loss for different furnace walls construction (Btu/hr-ft?)

Wall Construction Hot Face Temperature, °F
1000 | 1200 | 1400 | 1600 | 1800 | 2000 | 2200 2400
9" Hard Firebrick 550 705 862 1030 | 1200 | 1375 | 1570 1768
9" Hard Firebrick +
45" 2300° Insulating F.B. 130 168 228 251 296 341 390 447
9" Hard Firebrick + Heat
4.5" 2000° Insulating F.B. +2" 111 128 155 185 209 244 282 325
Block Insulation abso
4.5" 2000° Insulating F.B. 185 237 300 365 440 521 - -
9" 2000° Insulating F.B. 95 124 159 189 225 266
9" 2800° Insulating F.B. 142 178 218 264 312 362 416 474 rbed
9" 28007 Insulating F.B. + 115 | 140 | 167 | 197 | 232 | 272 | 307 | 347
4.5" 2000° Insulating F.B. by
9" 2800° Insulating F.B. +
4.5" 2000° Insulating F.B. + 71 91 112 134 154 184 204 230 .
2" Block Insulation ar
9" 2800° Insulating F.B. +
2" Block Insulation 114 142 172 201 232 264 298 333 [12]
8" Ceramic Flper — Stacked Strips, 27 a5 64 86 114 146 178 216
8 #/cu ft Density
10" Ceramic Fiber — Stacked
Strips, 8 #/cu ft Density 16 35 54 76 94 120 142 172
12" Ceramic Fiber — Stacked
Strips, 8 #lcu ft Density 13 27 43 60 79 98 118 143
9" Hard Firebrick + 3" Ceramic
Fiber Veneer, 8 #/cu ft Density 177 240 309 383 463 642 721 800
9" 2800° Insulating F.B. + 3"
Ceramic Fiber Veneer, 8 #/cu ft 102 125 151 183 227 274 325 408
Density

where hv is the gross heating vdue of commercid fud gases, asliged in

Table 4%); R is the stoichiometric air/gas ratio, listed in Table 2.6; Q.gross IS the gross

heet input; XSgir IS the combustion access air; r is ar dendty; cp is the ar specific hed;

T tce IS the furnace temperature; and T 4 is the ar temperature before mixed enter

furnace.

Table 2.6. Combustion properties of typicd commercid fuel gases

Gastype Heating value| Heatingvalue | Air/GasRatio | Air/GasRatio

(Btu/ft3) (Btu/lb) (ft® air/ft® gas) | (Ibair/lb gas)
Acetylene 1498 21,569 1191 13.26
Hydrogen 325 61,084 2.38 33.79
Butane (natural gas) 3225 21,640 3047 15.63
Butylene (Butene) 3077 20,780 28.59 14.77
Carbon Monoxide 323 4368 338 246
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Carburetted Water Gas 550 11,440 4.60 7.36
Ethane 1783 22,198 16.68 15.98
Methane 1011 23811 9.53 17.23
Natural (Birmingham, AL) 1002 21,844 941 15.68
Natural (Pittsburgh, PA) 1129 24,161 10.58 1731
Natural (Los Angeles, CA) 1073 20,065 10.05 14.26
Natural (Kansas City, MO) 974 20,259 9.31 14.59
Natural (Groningen, Netherlands) A1 19,599 841 1345
Propane (natural gas) 2572 21,500 23.82 15.37
Propylene (Propene) 2322 20,990 2144 14.77
- Fan heat input:

It is cal culated based on an empirica equation [*2);

520 O
Q_ fan — HP_ fan —: (57)
460+ T (.
where HP tan isthe horsepower of re-circulating fan.
Effective heat capacity cadculation of furnace components
HC_fce = HC_aIon + HC_heater + HC_insuIation (58)
where HC a0y iSthe furnace dloy heat capacity, it equalsto
HC ailoy = M alloy~ Cp-alioy (59)

where M a0y isthe totd mass of furnace dloys including grate, fan, basket/tray/fixture,
conveyor, and supports; Cp_alloy IS their specific hedt.
HC neater isheater heat capacity, it equalsto
HC heater = M heater ~ Cp- heater (60)
where M heater 1S the mass of heater, Cp- heater 1Sits Specific heet.
HC jns isfurnace insulaion hest capacity, it equals to
HC insu = M insu ~ Cp_insu (61)
where M ing, isthe mass of insulation, ¢ insu IS oecific heet.

2.5.2 Electric Batch Furnaces

Q—I 0ss
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Figure 2.19. Heat baance in an dectric heat treating furnace

Heat storage caculation

From Figure 2.5, the storage heat Q storage Can be got:

Q_storage = Q_available— (Q_Ioad + Q_Ioss_wa]l + Q_Ioss_rad) (62)

Enerqy terms caculation

- Available heat input:
For dectric furnace, available heat input is equd to the furnace gross heat input:

Q_available = Kpip * Q_gross (63)

. Furnace wall Losses 13!

T,-T,
Q—Ioss = 3'6XA-e<t x :

/K A (&

where Tgy and T, are the temperature of furnace gas in furnace and out of furnace;

t1 and t, are the thickness of first and second insulations;
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ky and k; are the heat conductivity of two insulations;

a isthethermd diffusivity from furnace outsde to atmosphere, Table 2.7 gives some

typicd a vdues,
A o iSthe furnace outsde area;

3.6 isatime congtant when use C-hr-kg-m unit system; the value will be 1.142 when
use F-hr-Ib-ft unit sysem.
Table 2.7 Thermd diffusvity (a) from furnace outside to atmosphere
(atmosphere temp: 20 °C, a unit; W/n?-°C)

Furnace outside | Sdewadls | Topwall | Bottomwal
wall Temp (°C) | (stedl plate) | (steel plate) | (stedl plate)
0 9.48 10.72 7.82
3 10.09 1147 8.26
40 10.59 12.07 8.63
45 11.04 12.60 8.9%6
50 11.44 13.08 9.26
55 1181 1352 955
60 12.17 13.93 9.83
65 1250 14.32 10.09
70 12.83 14.69 10.35
75 13.14 15.05 1061
80 1345 15.40 10.86
85 13.75 15.74 1111
0 14.04 16.07 11.35
95 14.34 16.40 11.60
100 14.62 16.72 11.84
105 14.91 17.04 12.09
110 15.20 17.35 12.33
115 15.48 17.66 1258
120 15.76 17.97 12.82
125 16.04 18.28 13.07
130 16.33 1859 1331
- Radiation Losses[*I:
Q. =365 xAdt AT - T7) (65)

where A isthe opening area of furnace;

dt isthe opening rate, i.e,, the times of furnace that is opened per hour.
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Effective heat capacity calculation of furnace components

HC fce = HC alioy + HC heater + HC insuiation (66)
where HC 10y isthe furnace aloy hest capecity,

HC ailoy = M alloy ™ Cp-alloy (67)
where M a0y iSthe tota mass of furnace aloysincuding grate, fan, basket/tray/fixture,
conveyor, and SuUpports, Cp alloy IS their specific heat.

HC neater iSsheat capacity of eectric heating eement,

HC heater = M heater ~ Cp- heater (68)

where M peater iSthe mass of heating dement, Co. heater 1S its Specific hest.

HC insu isfurnace insulaion hest capacity, it equals to

HC insu = M insu ~ Cp_insu (69)

where M jnsy IS the mass of insulation, ¢, jnsy IS Specific hedt.
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*VVolume(V)
* Surface area(A)

« Weight (M )

Workpiece properties calculation:

* Equivalent thickness (t «)

Furnace parameters cal cul ation/setting:
* Surface area (A )
* Alloysweight (M ajioy)
* Insulation weight (M insu)
» Cooling air folw capecity (Flow ¢)

Thermal schedule design (& Set point):

Time —temperature table & curve

Part loading design:
* Parts quantity and weight
* Parts arrangement in furnace

Initial/boundary condition setting:
* Furnace temperature (T fce)
» Workpiece temperature (T ;q)
» Medium temperature (T ai)

Convection heat transfer:

Calculation parameters setting:
* Calculation intervals (dt)
* Stefan Boltzmann constant (s)
» Emissivity of workpiece (e)
» Convection film coefficient (h)

\Workpiece temperature calculation:

Radiation heat transfer:

» Coefficient (h) —» * Specific heat calculation (c,) | * View factor calculation

» Heat flow calculation

* WP Average Temp calculation

Furnace control:
« P| control modd

Furnace temperature calculation:
* Furnace hest storage (q_storage)

* PI parameters setting
(GP, GI)

™ « Furnace average temperature
calculation (T 1ee)

» Heat flow calculation

Furnace energy calculation:
* Effective heat input

* Heat loss

* Gross load heat

* Fan hest calculation

* Furnace cooling

Thermal schedule/Part load eval uation:
* Max/Min soak temperature error of workpiece
* Max/Min soak time error of workpiece
» Temperature uniformity of workpiece

* Furnace performance verificaion

A

End

Figure 2.20. Flowchart for temperature of loaded furnace
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The furnace model developed has many parameters which are included in the
database. The effect of the various parameters are anayzed and studied.
2.6 Workpiece temperature calculation
There are five main factors that affect the workpiece temperature during heat
tresting cycle, including part properties, therma schedule, radiation hest transfer, and

convection heat transfer, as shown in figure 2.21.

Part properties Thermal schedule
(r y €, va V’ A) (T_htr)
\ / Conduction
Gy
Radiation Convection
(F, T_fce) (h’ T_gas)

Figure 2.21 The effect of workpiece
The temperature history of workpiecesin the heet treating furnaceis athree

dimensiona conduction heet transfer process with hybrid convection/radiation boundary
conditions. Part load patterns and the thermal schedule design are the main work in the heat
treatment process design used to guarantee the heat treatment quality.
In the heat treating process, the workpieces are subjected to both convection and
radiation heat transfer. Apply the energy baance equation to the workpiece, then,
Estorage = Econvection + Eradiation (70)
Where Egorage IS the heat storage in the workpiece. Econvection @ Eradiation are the
heat obtained from convection and radiation hegt transfer, respectively. Let the volume
and surface area of workpiece are V and A. the energy termsin equation (70) can be

cdculaed usng following equation:
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(1) Convection a ambient temperature Tnediun:

E =hxA >(Tmedium - T) (71)

convection
where h isthe convection heat trandfer coefficient, T is the temperature of WP, Tmedium
is the medium temperature in furnace.

(2) Radiation at heat source temperature Theater:

zes’s XF xAXT?

radiation heater

E - T (72)
where eis emissvity, sis Stefan Boltzmann congtant, F is view factor between heater
and workpiece, workpiece to workpiece, Theater IS the heater temperature.

(3) Heat storage interior workpiece:

dT

E =r N — 73
o (73)

storage
where ?isthe dengty of workpiece, ¢ isthe specific heat, and t isthe time. Combine
equation (71), (72) and (73) into (70), then

Y x%:hxm(T- Toegun)+€6 XF XAT4- T, ) (74)

Since the workpiece are taken as the uniform heating body, we can imagine an
equivaent workpiece or “visud workpiece’ to replace the red workpiece, as shown in

figure 2.22. In thisway the cdculation can be further smplified.
N\ ;

- =

(a) Real WP (b) Equ. WP

Figure 2.22. Equivdent workpiece
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let V = A-t equ, Wheret equ isthe equivalent thickness of workpiece.

Apply finite difference method to the left-side of equation (74), then
- +0(dt) (75)

wherek is the time step. Combine equation (74) and (75). Rearrange the equation (74),

then a time step k, the equation becomes,

T =Tk +r><((:j—>::_eq[h X(Tnliedium' Tk)+e>s xF >((Th|;ater )4 - (Tk)4)] (76)

Equation (76) can be used to calculate the temperature of workpiece with
uniform temperature digtributions a any time in a heet tregting cycle.
(2) About radiation hesat transfer and view factor calculation

Because the workpieces are located in the different postions in the furnace, the
surface temperature around the workpiece is different. We can present this effect by the
view factor.(Refer section 2.3).

(3) Workpiece interior temperature and core temperature:

It is noted that equation (76) is a smple and effective method to the smal sze
parts. As for the large Sze parts or big equivaent thickness parts, the temperatures on
the surface and in the center are hig different. We need to caculate both of them. The
temperature a an interior point can be cdculated usng both FEM andyss and
andytica method.

For the andyticd method, The other method is “visud sphereé’ method (Refer

2.2) isauseful way used to caculation the center temperature in aworkpiece.
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31

Chapter 3: System Structure, Interface and Database

System function and objectives

CAHTPS is a software tool used to smulate the parts heating process design and
predict the hest-tregting results. The smulating results can be used to evduate the part
loading pattern or therma schedule.

There are five modulesin the system:

- Process design module, including part load design, thermal schedule design, part and

furnace definition, and some process parameters definition;

- Temperature caculation and eva uation module, including both workpiece and furnace

temperature caculaion;

- Database/Knowledge system, including data search, data management for workpiece,

furnace, part loads, and therma schedule;

- Output, the results process and graphic/evaluation output;

- CAD based user interface: used for information input/output and interactive

The system main functions include:

- Theamulation of heating process of workpiecesin loaded furnace;

- The calculation of the furnace average temperature for various types of furnaces,
- The cdcuation of energy baance for furnace heat-treating process,

- The design and optimization of the thermd schedule and part loading; and

- Database management system for heat-treat process design.

The objective of this research is to establish a knowledge-based computer-aided

heat treat planning software system for the heat trestment process optimization. The
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3.2

system can be used to predict the temperature history of workpieces under given part
loading paitern, thermal schedule and work conditions. And provides the necessary
information for the optimization of pat loading and thema schedule in heat treating
process, and hence get the uniform quality of the product and promote the productivity
and efficiency.
System structure

The software conggs of manly five function modules workpiece definition,
furnace definition, load peattern, thema schedule and cdculation & report. The file
management and database& database management serves the foundation of the
software. Its dructure is shown in Fig. 3.1. The contents included in each module are
lised in Table 3.1.

The entry of the software and its main interface are shown in Fig.3.2 and Fig. 3.3

repectively.

=N

Sl CELET Calculation

Workpiece Thermal
definition schedule

File management
Database & database manage

Fig. 3.1 Software structure




Table 3.1. Software main structure and contents

Workpiece definition Furnace definition Load pattern Thermd schedule | Resultsand Database

report management

Workpiece name Furnace name Fixture shape Input method | - Initid - Materid

Workpiece materia Atmosphere Fixture I: time- conditions Furnace

type Fuel number, rows, temperature Cdculation Fud/gas

Workpiece materia Preheated air columns, points Temperature- Atmosphere

Material surface temperature layers Input method time curves Workpiece

condition Excess air Workpiece [I: rampsand Hedt rate-time User

Weight Furnace shape & size number in each levels curves

Material emissivity Operating fixture: rows, PID control Fuel flow

f(T) temperature columns and congtants rate- time

Workpiece shape & Gross load layers curve

Sze definition: Power Totd Report

critical vaues, Heating method Workpi ece

Shape picture Vacuum or not Quantity

Surface external Cooling condition Totdl load

surfece area Recirculation fan weight

Totdl surface area Accessories weight &

Workpiece shape materia

classfication

Furnace wal materid
& thickness
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3.3

System Interface

Fig. 3.2 User login

Fig. 3.3 Main interface
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3.3.1 Workpiece definition

Workpiece definition includes workpiece materid and weight  definition,

workpiece materid emissvity edition and Workpiece shape &dSze definition, which

are shown in Figs. 34-3.6. Workpiece materia, material properties and workpiece

shape are loaded from database directly. The thermal properties such as densty,

specific heat and conductivity are disposed behind the surface. Because emissvity is

very important and vaues from references vary gredtly, user can change the vaue

from the interface.

ok Pt Disfin oy {uiowe e Ers sy | tiloeh s Shae Sz D frdkion |

Rie
-+ Work Piecs Definkstion
orpece Defi ndion
Fusrexn el infion
e
WP lawa:
W Mabarlal Ty
WO Pt mrid
WF I e R
Laknbasa Mansgerard
e Wighl:
Heg
Ex:

e

il phia T Eamaann Al s

f Express Confim

Fig. 3.4 Workpiece definition pagel

’Emh‘m



Fig. 3.6 Workpiece definition page3—workpiece shape and size definition
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3.3.2Furnace definition:

Furnace definition includes four pages. Furnace image and dl the other three

pages are loaded directly from the furnace database. User can check and edit the

vaues according to users request, as shown in Figs. 3.7-3.10. Fuel, atmosphere

settings are independent on the furnace database. Fud type, atmosphere and other

materid sdections are directly lined with respective database.

B
Lk

Ak

‘Wethpmcs Dafrdion

Fuaniace Defiration

Part Lasd Designy

Thar e 5: hach i D

Cadn oo Pasilile

Dottt o Manag e

Edk

Betch Pl e Do | Fumacs Badic 0 3 | Fumaca Aocaccoos Data | Fumaca walfiaea |

= Batch Furnace Definition

Pual,

Furnace Hawe | Verticdl P fmacedSuface T

Furmace rage:

Fig. 3.7 Furnace definition pagel

L’ Opan 5 Savm

tronphars Tatting

& e

LA T

FeiTpe: | ETENERTTETR )

dmvophenst [ 1o tnceptese

Combassion fir barparsiura: [ G5G

Ex owms Combabon B | 45

’f Emqnéce Confiein
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Fig. 3.8 Furnace definition page2

esories

Fig. 3.9 Furnace definition page3—furnace
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Baich Fumace Pefindian | Furmace B iata | Fumacs tocessaies Data 'WHFWMI |
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# Confime
Fig. 3.10 Furnace definition paged --- furnace wal
3.3.3Load pattern:

Load patern are classfied into rectangular and round fixture shape and
aranged and randomly packed categories. In this verson only arranged load pattern
is presented. It is made up of fixture definition and workpiece arangement in
fixtures. Fixture peattern includes rows, columns and layers. Pat configuration

includes rows, columns and layers of workpiecesin each fixture.
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{__Fumace definiion ) £

Pur! Inad pattem

(Thermal schedde ) > 1= (D

Pt Lnad Deen |
Fils

| =  Past Load Pattern % oo .\5 S ﬂ Lk
“Workpsew Dufirdion — o i L=
| 1 prvenged A7 Heoey |
Furriace Def nfion
Past Load Degn | -
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Tokal Park Waight: 212,00 b
31:1 ico f Confim

Fig. 3.11 Load pattern definition

3.3.4 Thermal schedule:

Two methods of input of therma schedule are given, one is by points of time

and temperature, the other is by ramps and levels. PID control is included in this

page. There is an option for PID control, yes or no. If the answer is yes, PID congtants

are needed. For some old furnaces or smdl furnaces used in the lab there is aways no

PID contral.
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(L Fumace definiion ) LV Thermal schedule __,.}_,_ Ld l. repon ]

Thar sl 3 chmcd e Consgn |
Fils
= Thermal Schedule Design .j_L‘J e g ZEin] ﬂ H
“Workmsca Cufindian [} 15 e
g et hod Sele dtion
Fumace Def i on = Ha. 1 " ho. 2
Psrt Load Design
Thamal Zchackis Dasgn LRl il
Tarree . i) Temparatue F Initial Teng. : F
s Fii Jon [70n =ndaTerg F Soaking Timedman]
Pz [m 1400 Al | snabrg 11 |
- - pz [z [vam Pz | Zaabing 2:| |
N ET [1200 Ramce | Zostrg 3| [
L BT 1200
el = = P
H’_:' |a2m FIT: Contd Perameter Settmg —————
Fr: [z [zzm T 24w f:
=% 2 | | Propostipnalzan: | 10
P | | Invegralan [ 0.06 Ly
St | | Darpirg: [ =

Fig. 3.12. Therma schedule and PID control

3.3.6 Results & reports

The cdculdion pageisilludrated in Fig. 3.14.
1) Realts
Resultsinclude:
Temperature higtories of critical parts (Static curves given directly) and any
part (Dynamic curves given indirectly)
Rate changes of dl heat terms
Fud flow rate — time curve (for gas-fired furnace)
They are shown in Figs. 3.13-3.17. Static curves include set point temperature

(thermal schedule), furnace temperature, fastest workpiece temperature, dowest
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workpiece temperature, and temperatures of the six centers of edges and faces. For
the user’s convenience, any workpiece temperature —time curve can be plotted by just

giving the row, column and layer number.

The curves can be highlighted by thickening or zoomed in. The curves can dso be
saved into bitmap files.
2) Report file

The input information and caculation results can be saved into text file as shown

inFig. 3.18.

# Heat Treatment Design Studio — Worcester Polytechnic Institute, 2002
i Warkpiece definition | b |f: Fart load pattem = ) Tk, l Calculation &
(_ Fumace definilion ,.:' it { Thermal schedule ) &7 V1 rapor ]

clvodaticn arel Repor: | Terpevature-T i Profile | Hest-Trme Profie | Fusi P Rsts-Trvs Profi | |

B~
=  Calculation & Report :E_-_-_] e g S £.| i
ﬁ “Workgsee Cufiriicn | s une
e
1 Furriace Def nfion
] Pt Load Disign
Irdisd Lowd Tenge |70 r
L 3 Thamnal IchachisDasgn
Tire Intervel; | BO00 nn wE
ﬁ‘] Cadrulator Roadic
Dababaca Managanend Shaw B esils Graphicaly R Dty
o Hek:
b
X Bt
Cudral Rapork
[ me= ]

Fig. 3.13 Calculation and report page
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WORKPIECE TOTAL SURFACE AREA [FT30: 0.4
WORKF1ECE EQUIVALEWT THICEMEST [FTII SN
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WORKPIECE EMTSECWITE:
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HEATING METHOO! [MOIRECT GAS-FIREDR -
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RESULTS:=

HEAT TERMS TOTAL HEAT (METU) & RATIO LM TOTAL HEAT (X3):

TOTAL HEAT IMFUT 1.5 109,

FAl HELT THFUT

HEAT ABSORPTION BY LOAD

HEAT STORAGE IN THE FURMACE

HEAT LOSS FROM WALLL

HEAT LOSS FROM OPEMING
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MET HEAT INFUT
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FORCED COMVETION MUSSEL NUMEER f

MAT URAL CONVECT IOMN COEFFICLENT 0.0

HATURAL CONVETION HUSSEL RAMNBER P

TEMPERATURE DIFFEREMCE BETWEEM FOSTEST WORKFIECE ANMD THERMAL SCHEDULE (F): L

TIME T AEACH HIGHEST LAOD TEMPERTURE (Fl: 3

SOAKIHG START TIME OF FASTREST HEATED WORKPIGCE(HTIn: 3

TOAKING START TEMPERLTURE OF FOSTEST HEATED WORKPIEZE (F) 21
3
1
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= 10000 O vt O D0 T
i
B

nooo
HFooo

TEMPERATURE DIFFEREMCE BETWEEM SLOWEST wORKFIECE AMD THERMAL ZCHECDULE {F):

SOAKIHG START TIME OF SLOWCET HEATED WORHPIECE (mdn]:

SOLKING START TEMFEROTURE OF SLOWEST HEATED WORKPIEZE (F) 2
MEED FUEL (ft3]): 114872,

HS o koo

L]

Fig. 3.18 Report file

3.3.7 Management of analysis case environment

The whole cdculation environment, i.e, dl the inputs consging from the
interface and database can be saved into files. Therefore the anadysis of an old case
can be done just by load from cdculation environment from the saved files. In the file
menu there are new dedgn, loading a exiged design and saving design three
functions. Pages with respect to each menu item can dso be saved into file separaiely.
And thefile can be loaded into the pages as well.

3.3.8 Unit change

There two unit systems, Metric and US, can be sdlected. The change between
these two systems can be peformed a any time by just pressing the button a the
right top corner of each didog. The vaues and the units as well will change when
unit system is changed. The user can input the vaues under ther favorite unit system,
even different unit sysem for items on the same page. An example is shown in Figs.

3.8 and 3.19.
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Pt of Shall Cooling ‘Wabar: :o_] malfran
Indet Tesmps. of Shedl Capliige {21 L
Dokt Terp, of Sk Cocdnp |77
# Cordimn

Fig. 3.19 Unit change
3.3.9 Onlinehep
The hdp file is made into html files, when the user press the help key in each
didog the rdaive hdp file will appear in web syle.
Database and database management

3.4.1 Use of Database

Every sysem cannot function independently on the programs. It needs to have
sorage capability and retrieva cgpability of data used as inputs to the programs. This
data gtored is to be kept in a proper format for editing and additions. This storage of
datain an organized manner with relationshipsis caled a database.

The CAHTPS works on many data vaues of materid properties, furnace
materids and etc. This daa is stored in an easy format for editing and adding usng

Microsoft Access. The database is developed with the rdationships among the
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various properties. The database management system makes it easy to add new data
and edit the existing data.

3.4.1 Contents of the database

The CAHTPS database contents the following:
1. Workpiece materia and properties [15-26,28]
2. Workpiece shape
3. Furnace Data (Case studies, Surface Combustion)
4. Furnace atmosphere [26,25]
5. Furnace fuels[26,29]

3.4.2 Sructure

As mentioned earlier, in the database contents various types of data vaues and
some of these vaues ae interdependent and inter-related (specific hest, thermd
conductivity dependert on temperature). The data in a database is stored in form of
tables. Each table has st entities which represent a column in a table. Each table
contains records stored in it which are input by the user. One or more of the entities in
a table maybe related to other table entities. The rdationship between dl the tables is

shown below in Fig3.20.
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MATERIALTYPEDB
PK,I1 | MT_INDEX

MT_TYPE
y

MATERIALDB

PK,I1 | MA_NAME

FK1,12 | MT_INDEX
4 A

FURNACE_DB

FURNACE_NAME

EPSILONSTATUSDB

PK,12 |EP_EPSILONSTATUSINDEX

FK1,11 [ MA_NAME
EP_EPSILONSTATUS

A

EPSILONVALUEDB

PK,I3 | EP_EPSILONVALUEINDEX

FK1,12 | MP_INDEX
FK2,11 | EP_EPSILONSTATUSINDEX
EP_VALUE

A
MATERIALPARAMETERSDB

PK,I1 MP_INDEX

FK1,FK2,12 | MA_NAME

MP_T
MP_LAMDA
MP_CP
MP_LO

PK
11
11
Furnace Geometry
11
Fan Information
FUELDB workpiec\eSQ -
PK,I1 | EUELDB_NAME PK | workpiece na}re
FUELDB_HEATCONTEXT 11 ID
FUELDB_A1 material_type p
FUELDB_A2 material
FUELDB_A3 weight
FUELDB_B1 surface_finish
FUELDB_B2 shape_type
FUELDB_B3 image_file ~
FUELDB_FAR Ext_surfac_area
total_surface_area [
discretization
egivalent_thickness
D1
D2
D3
D4
D5
D6
— D7
ATOMOSPHEREDB D8
D9
PK,I1 | AT_NAME D10
Y Furnacewadls 1
TEMPERATUREDB
PK,I1 |IE_TEMPINDEX
FK1,12 | AT_NAME
TT WPShapeDB
T_CP
T_LAMDA PK_[ShapeName
T_LO .
T MU ImageFile \
ACCESSOrI€es |

FURNACE_TYPE
FURNACE_SHAPE
OVERALL_W
OVERALL_L
OVERALL_H
WORK_SPACE_L
WORK_SPACE_W
WORK_SPACE_H
GROSS_LOAD
Connected_INPUT
MAX_OPERATION_TEMP
MIN_OPERATION_TEMP
FAN_DIAMETER
FAN_Height

FAN_SPEED

FAN_Blade

FAN_HP

Fan_mat

Fan_WEIGHT
Fan_cooling_water_rate
Fan_cooling_water_inlet_Temp
Fan_cooling_water_outle_temp
A_opening
HFACE_TOP1_MAT
HFACE_TOP1_THICK
HFACE_TOP2_MAT
HFACE_TOP2_THICK
HFACE_TOP3_MAT
HFACE_TOP3_THICK
HFACE_TOP4_MAT
HFACE_TOP4_THICK
HFACE_TOP5_MAT
HFACE_TOP5_THICK
HFACE_sidel_MAT
HFACE_side1_THICK
HFACE_side2_MAT
HFACE_side2_THICK
HFACE_side3_MAT
HFACE_side3_THICK
HFACE_side4_MAT
HFACE_side4_THICK
HFACE_side5_MAT
HFACE_side5_THICK
HFACE_Bottom1_MAT
HFACE_Bottom1_THICK
HFACE_Bottom2_MAT
HFACE_Bottom2_THICK
HFACE_Bottom3_MAT
HFACE_Bottom3_THICK
HFACE_Bottom4_MAT
HFACE_Bottom4_THICK
HFACE_Bottom5_MAT
HFACE_Bottom5_THICK
shell_cooling_rate
shell_cooling_inlet_temp
shell_cooling_outlet_temp
GRATE_WEIGHT
Cooling_tube_WEIGHT
Heating_element_WEIGHT
SUPPORT_WEIGHT
RAIL_WEIGHT
Otherl_weight
Other2weight
GRATE_Mat
cooling_TUBE_Mat
Heating_element_Mat
SUPPORT_Mat
RAIL_Mat

Otherl_Mat

Other2_Mat

vacuum

image_path

Figure3.20 Database Structure

As seen from above Fig 3.20 some of the tables are related to each other,

whereas some tables are sngle (FURNACE _DB) or have only oneto one relation

with another table.
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3.4.3 Materials and properties database

The material DB conggs of dl kinds of metas as shown below in figure 3.22.

The maerids database is used for defining the workpiece materid, the fixture

materid, the furnace accessories maeia and the furnace wal materid. Different

properties of the materids are required to be input in the system for cadculations. The

property values are stored in the database and can be viewed and modified as required

by the user. The database currently holds data of more then 2000 materids and its

properties.

MT_INDEX |

| F | F | FHVE | FE L EE

Figure 3.21: Types of materialsincluded in the database

il Carbon Steel

2 Alloy Stesl

3 Tool Steel

4 Stainless Steel

B Cast Aluminum

7 W rought Aluminum

8 Pure/Low Alloy Mickel

9 Mickel-copper Alloy
10 ManMetals

11 Mi-Cr & Mi-Cr-Fe Alloy
12 Fe-MNi-Cr Alloy

13 Controlled Exp Alloy(Mi)
14 Mi-Fe Alloys

15 Pure Titanium Alloys
16 Alpha Titanium Alloys
17 Mear Alpha Ti Alloys
18 Alpha-Beta Ti Alloys
19 Beta Ti Alloys
20 Zinc Allays
21 Other Alloys
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Materials database

Sed & alloys

A complete list of stedd materias classfied as carbon, aloy, stainless and tool steels
is stored in the database. The AISI nomenclatureis used for the identification.
Aluminum & alloys

Both cast and wrought duminum dloys are included in the database. ANS
desgnation system is used in the database.

Nickel alloys

Nickel copper, Ni-Cr, Ni-Cr-Fe, Controlled expansion Ni dloys & Ni-Fedloysare
included in the database.

Nonmetals

Nonmetals contain all the furnace wall materials and insulations used. The most
commonly used insulations and furnace walls materias are included in the database.
Titanium & alloys

Pure, dpha, near dpha, dpha beta and beta titanium dloys are included in the
database.

Other alloys

Other dloysincdude other commonly used aloys like molybdenum, tungsten and

tantalum dloys.

80



Materia Properties

The various materia propertiesincluded in the database are:

Specific heat (MP_CP)
Thermal Conductivity (MP_LAMDA)

Density (M_LO)

Emissvity (EP_VALUE, dso function of surface finish EPSILONSTAUSINDEX)

Non Metals properties

The above properties of the materids are a function of temperature MP_T and
hence temperature dependent values are input in the database, the temperature scae
for different materids is different. The materid properties are useful to cdculae the
heat transfer and Storage in the load. The wadls materids properties are useful to

determine the heat storage in the furnace and the heat |oss in the furnace.

| MT_INDEx | MT TYPE

= 1 Carbon Steel

Figure 3.22: Materid properties included in the database

| hld NAME
P |- 1005
| MP_INDEX = MIFE_LAMDA, MP_CP
k- 1 210 33.42 0.11845 491
EP_EPSILOMYALUEINDEX | EP_EPSILONSTATUSINDEX | EP_WALUE
] 1060 8 .
] 1061 g 06
I 1062 10 0.z
hd 1063 11
| M (AutoMumber)
|| 2 570 28.56 0.1371 491
[ 3 930| 237 0.1692 431
| 4 1110 207 0.18 491
[ = 5 1290 19.13 0.2485 431
|| B 1380 17.4 0.26 491
[ 7 1560 16.59 0.2055 431
| 8 1830
A I (AutaMumber)
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Material 5132

Soecific Heat
Units Btu (therm)/Ib-°F
Converson used: 1 Btu (therm)/Ib-°F = 4184 JKg-K

The data in the database is collected from the references listed in the end. A
generd plot of the specific vaues is shown below from 122 deg F to 1652 deg F. As
observed from the curves, the variation in the specific heat vaues with temperature, 8

points were selected to input in the database.

Temp F_| Cp (BTU/Ib-F) 040 Spectlic Hext

122 0.12

212 012 035 o

302 013 " [

392 013 & 030

182 013 5 / \

572 0.13 E 025

BR2 0.14 Py / \_,..\
752 0.14 § 020

542 016 = ),_,/\'/ \
552 0.1 £ 010 S P
1022 0.18 5

1112 018 & Bl

1202 0.20 005

1292 036

13582 022 [ [N e S T R e R T R R
1472 0.22

1562 0.14 S O W \n‘ﬂ' ﬂ‘i’q' P\@q' ,s??’
1652 0.14 Temp

Figure 3.23: Specific heat vaues and curves (given data)

The 8 points selected to be included in the database are 210, 570, 930, 1110,
1290, 1380, 1560 & 1830. Some temperature vaues of some materids were not
avalable from the references, hence interpolated or curve vaues were input into the
database.

Some materids do not have the list of vaues for dl the temperature scde.

Hence interpolated vaues are input in the sysem. Also for some materids with no
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vaues avalable from the references the values of materid with Smilar or dose
composition are assgned to these materids. Materids are grouped and the materias
in one group are assigned the same vaues.
Thermal Conductivity
Units Btu/h.ft. °F
Conversion used: 1 W/m.K = 0.5782 Btu/h.ft. °F

The datain the database is collected from the references listed in the end. A

generd plot of the thermd conductivities vauesis shown below from 122 deg F to

1830 deg F.
Material 1008 s
Temp F_[Larnda (BTUMRCAF] G Thermal Conductivity
7, 53 50 :
212 57 80
332 5320 p B0.00
572 49.40 £ \
752 15 60 £ 5000
532 41.00 = \\
112 3680 @ 4000
1292 3310 z \\
1472 28 50 S 3000
1032 77 60 2 e
2192 29.70 E 2000
<
" 1000
0.00

32 212 392 572 V42 932 111212921472 1832 2192
Temp F

Figure 3.24: Therma conductivities values and curve

The temperature values for thermal conductivities recorded in the database are
as specific heat (210, 570, 930, 1110, 1290, 1380, 1560 & 1830)
As observed from the above curve thermd conductivity of a materid

decreases with increase in the temperature and follows aliner path.
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A dmilar interpolation technique as followed for the specific heat vaues is
followed to get the vaues of therma conductivities as some points.
Density
Units 1b/ft®
The density of dl the materials is considered to be constant with temperature.
Hence a congant value at dl points of temperature is input in the database. These

values can be edited and changed as per the user requires.

| MT INDEX | MT_TYPE
= 1 Carbon Steel
| MA_NAME
P |- 1005
| MP_INDEX MP_T P _LAWDA, MP_CP hP_LO
2 1 210/ 335.42| 0.1185 451
BE 2 570 28.56 0.1371 491
NE 3| 530 23.7| 0.1692 451
e 4 1110 20.7| 0.18 451
B 5 1290 19.13 0.2485 491
BE B 1380 17.4 0.26 491
E 7 1560 16.5 0.2055 451
e i) 1830 1595 0.165 451
. (AutoMurnber)
||+ 1008
||+ 1008
||+ 1010
||+ 1011
- 1012
| MP_INDEX MP_T MP_LAWDA, MP_CP hP_LO
e 41 210/ 34,85 0.1185 451
BE 42 570 28.91 0.1371 491
HE 43 5930 2312 0.1692 451
e 44/ 1110 2541 0.18 451
LB 45 1290 22 54 0.2485 451
BE 45 1380 20 0.26 491
BE 47| 1560 17.4, 0.2055 451
e 45 1830 1578 0.165 451
. (AutoMurnber)

Figure 3.25: The dengty is considered constant with temperature for seds



Emissvity

The emissvity of the materid is recorded as to be temperature aswell as surface
finish. The various surface finishes are

1. Forged/cast

2. Machined

3. Smooth (Smooth finish by meachining operations milling, turning or sand
jpolished)

4. Polished (polishing or finishing operation honing, lapping etc)

| MT_INDEX | MT_TYPE
= 1 Carbon Steel
| hd, RAME
|- 1005
| MP_INDEX MP_LAMDA, MP_CP MP_LO
2 1 210 33.42 0.1185 491
=) 2 570 2856 0.1371 491
EP_EPSILONVALUEINDEX | EP_EPSILONSTATUSINDEX | EP_WALUE
il 1064 5 0.8
il 1085, ] 0.6
= 1066 10 0.22
Il 1067 1]
N (AutoMumber)
HE 3 930 237 0.1692 491
HE 4 1110 207 0.18 491
HE 5 1290 19.13 0.2485 491
L E B 1380 17 .4 026 491
HE 7 1560 165 0.2085 491
HE 8 1830
N (AutaMumber)
||+ 1008
|+ 1008
+1010

Figure 3.26; Emissvity vaues a function of surface finish and temperature
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The Non metals properties

The non metas contan the refractory materids properties like kaowool, fire
bricks etc used to deifne the furnace wals and the insulations.

The properties of these materidslisted are:

1. Specific Heat
2. Densty
3. Thermd Conductivity

All the above properties are function of temperature as shown in below Fig 3.27.
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MT_INDEX |

MT_TYPE

1 Carbon Steel

2 Alloy Steel
3 Tonl Steel

4 Stainless Steel
B Cast Aluminum
Z 1ot Aluminur
8 PuredLow Alloy Mickel
8 Mickel-copper Alloy

ﬁ.DiNDnMetaIs

|BI_1500F
+ BI_2000F
+ CF_Al_Si_2200F

+ CF_Al_Si-Cr_2600F
+ CF_Al_Si-fr_2480F
+ CF_Kaowool _1500F

MA_MAME

- CF_Kaowaol_2200F
| MP_INDEX i MP_LAMDA
L 2003 SO0 0.115 0.043
L= 20 1ang) H TG 0oy
L& 2005 1500 0.115 0.151) 10
I 11 =) 2000 0.115 0.224 10
* (AutoMumber)

+ CF_Kaowool_2450F
+ CF_Kaowoo|_2500F

+ CF_“eneen_2150F
(CF_Weneen ZA00F
'CF_‘eneen_2450F

CF_Veneen_2500F

\CF_‘eneen_2800F

Figure 3.27 Non metd materidls and properties
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3.4.4 \Wor kpiece shapes database

The workpiece shapes database is used to define the geometry of the
workpiece so as to cdculae the volume and other geometric parameters for
cadculations. Heet treatment is carried out on a variety of types of workpieces with
different shapes and sizes. The geometry of the workpieces can be divided into two

following types:

Standard shapes

These shapes include the most common standard shapes like the cube, sphere,
cylinder etc. The various dimensons input by the user are used to cadculate the

volume, area and other parameters.
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D1

D1

D2

D3

Cube

I | D3

D2

Hollow Cylinder

Specid shapes

D1

Cy

linder

D2

Dl

D3

F 3

L 4

Cone

Figure 3.28 Some standard workpiece shapes

Some kinds of workpieces cannot be represented by standard shapes, like step

shafts, hollow step shafts and etc. Hence we have some speciad shapes which can be

used to define the workpieces with non standard or additiona features. Give below is

some of the specia shapesincluded in the database.
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D1 D2 D3

D4 _D§_ ~ |obs

Stepped shaft

I
Hollow cone with shaft
D1

bz PEL
e, o
—— :
! D3
| D3 e #
i
i il L4
| [
, D4
| . B
! 7 D5
: ' D5 ‘ -
Ds
Hollow stepped shaft Blocks Steps

Figure 3.29 Specia shapes for workpieces

3.4.5 Furnace data

The furnace database is used to dtore the furnace information of a furnace.
This dsored information can be used different times. If furnace being used for the
process is same and if the information is stored in the database, the used can directly
get the information from the database indead of typing al the information each time

for acase.
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Bakch Furnace Definition | Furnace Basic Data | Furnace Accessoies Data | Furnace Wall Data

= Batch Furnace Definition

Furnace Mame:

Furnace Image:

| |

Allcase

Batchmaster

BIO Allcase

Bodyooke-350

ZHTE lah

Power Convection

Power Convection-1HYP 24-36-24PC
Power Convection- 1HYP-36-45-36Pd
RMT 36-48-36EL

RNT 36-45-30GL

Super Allcase 36-48-36{proelectric)
Super Allcase 36-45-36(radiant tube
Wertical Pit furnace 5-6

Vertical Pit FurnacefSurface Combush

Fuel

cor

Figure 3.30: Ligt of the furnaces along with the basic data, accessories data, stored in the

CAHTPS database shown in the system interface for easy use

The furnace data in the database contains dl the detalled information of the

furnace (the type, shape, wal specifications, size, geometry, workspace, capacity,

maximum & minimum temperaures, load capacity, accessories & their weights and

etc).
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FLURMACE MAME

| TYPE | SHAPE | TOTAL WIDTH | TOTAL LEN| TOTAL HT | WorkSpace L |J§

|Allzcase

| Batchraster

| Bodycote-350

JCHTE lah

|Power Convection
|Power Convection-1HYF
FPower Convection-1HYF
RWT 36-48-36EL

A RYT 36-48-36GL

| Super Allcase 36-48-36]
| Super Allcase 36-45-36i
|*ertical Pit fumace 5-6
|¥erical Pit furnace(Surf

| Y R R R R N R R R R T R R R

et R 50 N S0 R SR TR SN R L SR T TR ) S TN R T

11 10.5 18.5

7 10.5 1

6.8 6.7 0
0.65 0.7 0.6
13 16 11
13 19.3 10
16 20 11
96 96 0
96 96 0
11.25 10.85 10.8
11.25 10.85 10.8
16 1.5 1]
16.6 146 0

Figure 3.31: Furnace data stored in the database

3.4.6 Furnace atmosphere

35
36
3B

4
3B
24
36
3B
K5
3B
35
GO
G

The various aimospheres usad in the furnace are stored in the database. The

properties of these gases required for the caculation are aso included in the database.

The users can add or edit the atmosphere data.

Thelist of amospheresincluded in the database is shown below in the Fig

3.33.

AT NAME |

Ammaonia
Argan

Carbon dioxide
Carbon monoxide
DiLean)
DE(Rich)
Heliurn
Mitrogen

no atmosphers
Cxygen

R

Figure 3.32: List of atmosphere gases included in the database
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Properties of atmosphere

The properties of the atmosphere included in the database for cdculations are
specific heat, conductivity, dendgty and dynamic viscosty. All these properties are

temperature dependent as shown in the Fig 3.33 below.

| AT MAME
B |- air
TE_TEMPINDEX e T CP T LAMDA T LO T MU

| i 100 0240277097 0.01503 0.0307 1937 0.0462
- 2 500 0.244815134) 0026 0.04657 1263 0.0675
- 3l 13000 0.2459592015 003122 0.035455632 0.101

4 2200 0261056528 0.037  0.028467156 0.124

* (AutnNum.hef)

- Amrmonia
TE_TEMPINDEX AEaE JECE T_LAMDA T LD T MU

B 5 100/ 0518 0.014 0.043 0.0396
B 5 225 0.538 0.022 0.033 0.046
] 7| 300 0.555 0.027 0.0305 0.053

E 400 0.58 0.032 0.0265 0.0584

#* [ﬁ\utnNumEer
_|* Argon
+| Carbon dioxide

Figure 3.33: Atmosphere properties
The properties of the aimospheric gases are specific heat (T_CP), therma
conductivity (T_LAMDA), dendty (T _LO) and dynamic viscosty (T_MU) dl a
function of temperature (T_T). The atmosphere properties are essentid to caculate
the heat convection by these gases.

3.4.7 Furnace fuels

Some common fuels used in the furnace are stored in the database. The user
can add and edit this database. The lig of fuds input in the database and the

properties of the fuels included (heat content and etc) are shown below in Fig 3.35.
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FUELDE_MNAME | FUELDBE_HEATCON

TEXT | FUELDE_A1 | FUELDE_AZ| FUELDE_A3 | FUELDE_E1| FUELDE B2 | FUELDE_B3 | FUELDE_FAR

lene

_|Blast Fumace Gas

__|Butane(MNatural Gas)

Butylene

Carbon Monoxide
Carburetted Water 3
Caoke Cven Gas

__|Digester(Sewage Ga

Ethane

__|Hydragen

hethane

_|natural_gas _Pittshu

natural_gas_Birming
natural_gas_Groning
MNatural_gas_Kansas
Matural_gas_Los An

: Producer(ellman-C

Propane
Propene (Propylens)

__ | Sasol(Zouth Africa)

YWater Gag(bituminm

1493
92
3225
3077
323
550
574
G50
1783
325
1011
1129
1002
941
974
1073
167
2872
2322
500
281

0.904
0.504
0.504
0.504
0.504
0.904
0.504
0.904
0.504
0.504
0.504
0.504
0.904
0.904
0.504
0.504
0.504
0.504
0.504
0.904
0.904

-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001524
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001554
-0.0001524
-0.0001554

-1.605E-08
-1.605E-08
-1.605E-08
-1.605E-058
-1.605E-058
-1.605E-08
-1.605E-058
-1.605E-08
-1.605E-08
-1.605E-08
-1.605E-058
-1.605E-058
-1.605E-058
-1.605E-05
-1.605E-08
-1.605E-08
-1.605E-08
-1.605E-058
-1.605E-08
-1.605E-058
-1.605E-058

-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104
-0.01104

Figure 3.34: Furnace fudl and properties

0.0001816
0.0001816
0.0001816
0.0001816
0.0001816
0.0001816
0.0001316
0.0001816
0.0001816
0.0001816
0.0001816
0.0001816
0.0001816
0.0001318
0.0001816
0.0001816
0.0001816
0.0001816
0.0001816
0.0001816
0.0001316

7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09
7.322E-09

The heet input for the gas furnace is cdculated from the formulae given below:

AHC(T ., T, X, ) = AHL(T,

AHL(T)=a, +a,T +a,T?

AH2(T)=b, +b,T +b,T?

ce

)+ AH2(T, )+ X, )- AHZ(T

fce

a; = FUELDB_A1, a, = FUELDB_A2, az = FUELDB_A3

b; = FUELDB_B1, b, = FUELDB_B2, b; = FUELDB_B3

FUELDB_HEATCONTEXT isthe heat content of the fuel.

M Xea

11.91
0.65
30.47
23.59
2.38
46
4.99
6.41
16.66
2.38
9.53
10.6
94
3.41
9.31
10.05
1.3
23.82
21.44
413
2.01

The database management functions are shown in Fgs 3.36-340. In the database
management records can be changed, deleted and added.
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# | Type Mame :I
D 3 Cortralled Exp Allap(Mi] J # | b4 aterial N ame | Material Type | ﬂ
4 HiFedlops Oz 1139 Carbon Steel
CI5  Pure Titanium Allays 0133 1140 Carbon Steel -
CI6  Alpha Titanium Allops (m RET 1141 Carbon Steel
C17  Meardipha Tidloys O 1144 Carbon Steel
Clc  alphaBeta TiAlloys Oz 1145 Carbon Steel
P AR _l;| Rk 1151 Carbon Steel
4 | B 013 1211 Carbon Stes!
O3 1212 Carbon Steel =
Type Mame: Type Index: — J
- Selection Name: Mew Mame:
Ji-Fe Allays J14
[1145 |
Mew Type Narme: ISupper Allay Selection Type: Mew Type:
ICarbon Steel ICarbon Steel j
@ Add % Update a Remove [ =
Add Update Bemove | = | Parameters
V3 Refresh / oK & reen B
Fig3.35. Materid type management Fig. 3.36 Materid name management
batenal Mame: |41 0750 Wlaterial Type:  [1iCrd MiCrFe Alloy
# | T emperature | E pzilon Status | Lamda | CP | E pzilon YWalue | Lo |
E1 5.0 Forge/Cast £.93 0103 0.85 516
=2 200.0 Forge/Cast £.93 0103 0.85 516
E 3 5.0 tachined £.493 0103 0.4 51E
E 4 200.0 Machined £.93 0103 0.4 516
&5 75.0 Smooth £.93 0103 0.21 516
E [ 200.0 Smooth £.493 0103 0.1 51E
ES 200.0 0103 012 516
T: 750 = MNew T:  [750 F
Conductivity |53 BTU hr-f-F Conductivi:  [5.93 BTU hr-ft-F
CP: 0.103 BTLAbF MewCP: (0103 BTU/b-F
Densit:  [G16 Ib/ft3 Density:  [51g b3
suface condiion [P olizhed Surface condition: Puolished
Erissivity  |012 Emissivity: {012
E Add % Update % Bemove
G R B

Fig.3.37 Materid therma properties management



urmace Parameter Database Manager
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Fig. 3.38 Furnace database management
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Work Piece Parameters

# | WP Mame | 1D | Materi... | I aterial | weight I Surfac... I Shape...l Image | Eut. Su...l TotaIS...l Dizeret... | Equiva... I
5 | blsde Stainke.. | 403 [ 33 [ Foged.. | box lesth. [ 00 | 00 | 1 | 00
DZ veszel 11329, Alloy5.. wessel.. 53810  Forged. shell Areshs.. | 275350 | 27535.0 1 0.0
DB test 11328, Alaoy 5. 4140 018 Faorged... cylinder  eshc.. 0.0 0.0 1 0.0
«| | i3
‘wWorkpiece: |blade 1D: |1 Wwiorkpiece: |blade D: 1
Material Type: |Stainless Steel Material: {403 Material Type: |Stainless Steel Matenal: (403
Surface Finish: m Wieight: 3_3—Ib Surface Finish: m Weight: 3_3—Ib
in2 Image; | \resibos bmp in2 Image: W
Ext Surf. Arear |00 inZ  Discrefization: [ Ext Surf, Area; [0.0 N2 Discretization; |1
Total Surf &rea: {1 in2  Eq Thickness: mj—in Total Surf Area: uu—in2 Eq. Thickness: UU— i
Shape Tvpe: [how 0 IB.?S—in Shape Type: [how D1: |5?5— i
D2 [i5 in 0¥ f5 B2 | T 03 E5
D4 oo in D5 [fo i D& oo D& oo i
D& [on  in D% [f0 in DEfag i S T E—
D& oo in D% [fo in D& fon 1y —
o1o [gn oo oo n
@ Add % Update % Bemave
@ Refresh / ok

Fig. 3.39 Workpiece database management
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Chapter 4 System Validation and Testing (Case Studies)

4.1. Purpose
The models developed based on various heat transfer principles are integrated
to form CAHTPS. The vaidation of the system is carried out by case studies 0 asto:
Test the system capability and accuracy.
Identify the scope of gpplication of the system.
Effects of change in the load quantity are sudied and recommendeations given for
the thermd schedule redesign.
Effects of change in arangement are dudied and the optimd load pettern is
determined from the calculated temperature values.
4.2.  General Information
The following cases sudies are caried out to vaidae the temperaiure
cdculation mode for CAHTPS, adso the effect of different loads and the loading

pattern was to be studied.

The furnace for the case sudies 1 &2 is shown below:
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Fig 4.1 Furnace geometry and workspace

Manufacturer: ABAR BM889

Modd: HR50 (Horizontd, Refer to Appendix A)

Totd Sze: 50 Diameter © 48”

Workspace: 36" “~ 48"~ 30" ht

Heat input/Electric KW: 330Amps, 480V alts, 3Ph, and 60Hz
Heaters. Graphite Heating Elements (18 Qty, 54" length, 1701bs)
Insulation: 1" Fiber Form, 1" Kaowool, 9" Firebrick

Maximum operating temperature: 2400°F

Minimum operating temperature: 1000°F

Gross Load: 3000 Ibs

Fixture/Supports 3 Molly Rails (42’ X3 © 2", 100Lbs, Cp = 0.16BTU/Ib.F),

12 support bars (2’Dia” 8”Ht, 100 |bs)
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The workpieces used for the case studies are:

Weight: 3.3 Ibs
Q Material: Stedl 403 CB

/ Density = 490 Ibs/Ff®
/ ﬁf
i / Surface Area: 57.125 in?

o,

Volume 9.8125in°

Bl S

\/ Fig 4.2: Workpiece 1, used for case study 1

(Smplified and loading orientation)

\
AN

T
\ Material = 403 CB Steel
suttace Area= 11222 m2
Weight = 5.1 Ibs
T equ=1.001mch

%

3
—

Figure 4.3 Workpiece 2, used for case study 2
(Smplified and loading orientation)

A different type and quantity of the above workpieces are used in the 2 case studies.

A brief description of the case studiesis given below in table 4.1.
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Table 4.1 Case studies

Casel Case?
Workpiece Quantity 492 523
Type 1 2
Basket sze 34'X22"'X4.5" 17" X22'12"
Basket Quanti
Quantity 8 (55) 8 (50)
(Each Basket wt )
Totd weight 2200 Ibs 3100 Ibs
L oad ter minology

The temperatures calculated by the system are at the six centersthe 3 edges and 3 faces. The

various locations are shown below in the Fig 4.4.

1. Edgel center
2. Edge2 center

row e 4 1
3. Edge3 center 2

column
4. Facel cent =)
. Facel center 5 @ 3 @

5. Face2 center layer
6. Face3 center

Figure 4.4 Load points
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4.3. CaseStudyl
General Case
The objective of this case study is to compare the measured and the caculated
temperature vaues and determine the accuracy
In this case, the workpiece | is used as the load. The quantity being 492. The

loading pattern of the workpiecesin the basket is shown below in figure 4.5:

The thermocouples are located in the center in three baskets in a column. The firsg TC
is located in the center of the top
basket, the second at the center
of the center basket and the third
at the center of the bottom basket

shownin Fg 4.5.

Basket 9ze 34X 22" X4.5"

Quantity of basket: 8
Loading: 2 row, 1 column &
4 layers

Figure 4.5 Workpiece arrangement, thermocouple positions & Furnace Loading
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Observations and calculations

Using the above furnace data and the workpiece data as input to the system,
the temperature values for the load were ca culated.

The measured temperature values at the top layer of the load (edge2) and the
center of the load (face?) are given beow in table 4.2. Also the caculated
temperature vaues by the sysem are given in the table. The difference between these
two and the RMS vaues are given in the table 1 bdow. The % vaiaton of the

caculated temperature values from the measured temperature values a each time step

isaso shown intable 4.2.
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Table 4.2 Measured and caculated values, RM S values and % variation (Units: Time (mins), Temperature (°F))

‘Time |SetPoint| Fumace| Fast | Slow | Meas1 |CalEdge2| Meas2 | CalFace2|DiffEdge | DiffFace | SqrEdge | SqrFace | %Var | %Var

0 70 70 70 70 70 70 70 70 0 0 0 0 0.0 0.0
15 | 3205 | 2129 | 76.9 70 20 71.9 72 70.9 3.1 1.3 65.61 1.21 10.1 1.5
30 | 571.7 | 480.9 | 1388 | 70.1 95 90 30 79.3 5 07 25 0.49 5.3 0.9

45 823 | 7438 | 3384 | 70.9 150 153.6 120 109.1 -3.6 10.9 1296 | 118.81 | -24 9.1

60 110743 9703 | 6676 | 73.8 | 290 298.1 150 179.1 -8.1 -291 | 6561 | 84681 | -28 | -194

75 | 1325.5]11168.5| 9655 | 83.1 | 500 541.5 260 3108 | 415 | -508 |1722.25[12580.64| -8.3 | -19.5

90 |1409.9]1342.3]1206.9| 112.8 | 800 851.7 420 530.3 -51.7 | -110.3 [2672.89|12166.1| -6.5 | -263

105 | 1409.9 | 13948 1334.7| 204 960 | 10991 | 665 2154 | -139.1 | -1504 | 19348.8]22620.2| -14.5 | -22.6

120 | 1409.9 ] 1399.911366.8| 3575 | 1050 | 12123 | 810 1028 | -162.3 | -218 |26341.3| 47524 | -15.5 | -26.9

135 | 1409.9 | 1402.7 | 1381.9| 660.8 | 1130 | 1270.3 | 540 | 1143.1 | -140.3 | -203.1 | 19684.1[41249.6| -124 | -21.6

150 | 1409.9 | 1404.4 ]| 1390.7| 9174 | 1190 | 13039 | 1050 | 12116 | -113.9 | -161.6 [ 12973.2| 261146 -96 | -154

165 | 1409.9 | 1405.7 | 1396.7| 1111 | 1250 | 13304 | 1145 | 12678 | -804 | -1228 |6464.16]15079.8| -64 | -10.7

180 | 1409.9 | 1406.7 | 1401 |1235.6] 1300 | 1354.7 | 1215 | 13159 | -547 | -100.9 | 2992.09|10180.3| -4.2 -8.3

195 | 1409.9 | 14074 | 1404 |1310.3] 1330 | 13745 | 1275 ] 13519 | -445 | -76.9 |1980.25]|5913.61| -3.3 -6.0

210 | 1509 | 1479.9]1438.1|1354.6| 1380 | 14017 | 1320 | 13827 | -21.7 | -627 | 470.89 | 3931.29] -1.6 -4.8

225 | 1809.1 ] 1691.8|1641.4|1434.7| 1560 | 1559.5 | 1425 | 1507.5 0.5 -82.5 025 |6806.25| 0.0 -5.8

240 | 1809.9 | 1804.6 | 1788.1|1600.7| 1655 | 1727.5 | 1540 | 1679.8 | -725 | -139.8 | 5256.25]| 19544 | -4.4 -9.1

255 | 18099 | 1807 | 18028 |1728.5| 1720 | 17786 | 1650 | 1760.1 | -586 | -110.1 |3433.96]| 12122 | -34 -6.7

270 | 1809.911807.9|1806.5|1780.3] 1745 | 17975 | 1705 | 1791 -52.5 -86 | 2756.25| 7396 -3.0 -3.0

285 | 1809.911808.2| 1807.8|1798.8] 1775 | 18046 | 1750 | 18024 | -296 | -524 | 876.16 |2745.76| -1.7 -3.0

300 | 18099 | 18084 | 1808.2|1805.1| 1786 | 1807.1 | 1763 | 18064 | -21.1 | -434 | 44521 | 1883.56| -1.2 -2.5

315 | 20344 | 20065]1975.8|1860.2| 1935 | 1928.8 | 1870 | 1899.7 6.2 -297 | 3844 | 88209 | 03 -1.6

330 | 2110 ] 2106.6|2100.2 |2017.5] 2045 | 20727 | 2000 | 2051.7 | -27.7 | -51.7 | 767.29 | 2672.8%| -14 -2.6

345 | 2110 | 2108.1]2107.1|2088.7| 2080 | 21007 | 2050 | 2096.1 | -207 | -46.1 | 42849 |2125.21] -1.0 -2.2

360 | 2110 | 21084 ]2108.2|21044| 2090 | 21069 | 2075 | 21059 | -169 | -309 | 28561 | 95481 | -0.8 -1.5

375 | 2110 | 2108.5| 2108.5|2107.7] 2105 | 2108.2 | 2102 | 2108 -3.2 -6 10.24 36 -0.2 -0.3
109117 | 245497
RMS Values 64.783 | 97.171
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Edge Curves
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Figure 4.6 Comparing measured and cal culated edge vaue curves
Face Cuves
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Figure 4.7 Comparing measured and calculated face value curves
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Temperature F
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Figure 4.8 The Difference
Results and conclusions:

An observation of the measured edge and face curve values (Fig 4.6
&4.7)obtained by system caculations, show that the differences between the two
vaues are higher below the first holding period (1410°F), avariation of about 15% in

the edge curves and 25% in the face curves is observed.

After the initid holding period, the variation decreases below 10% for both

the edge and face curves. A vaiation of less than 5% is observed in the find 100

mins of the thermd schedule
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Change in loading arrangement

The CAHTPS has the cgpability to andyze the effects by changein the loading
pattern of the load. This change in the load patterns effects are shown and discussed
below.
With the given basket dze (34'X22'X45%), workpiece dze, & the
workpieces can be aranged insde he basket in 2 ways as shown below in Fig 4.9.
The loading arrangement in dl the basketsis changed from:

2rows, 31 columns, 1 layer > 15rows, 4 columns, 1 layer

Column

|

° 2 rows, Row 15 rows,
31columns, — 4columns,
1 layer 1 layer

[

[

[

[

Old Arrangement Changed Arrangement

Figure 4.9 Old and New arrangements

Calculations and Observations
Usng the same furnace and workpiece and therma schedule input to the

CAHTPS, the change in the loading pattern temperature vaues were ca culated.
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The values of temperature obtained earlier with the old pattern and by change
in the loading pattern are shown below, in table4.2 & Figs4.10, 411 & 4.12,

A plot of the two same points in the loads (the face 2 & edge 2) is used to
compare the results for both the loading pattern Fig 4.10 & 4.11. Also the plot of the
fastest workpiece and the dowest workpiece in both the cases are cadculated and
plotted below Fig 4.12.

As obsarved from the temperature curves of the edge and face (Figs 4.10
&4.11), it can be concluded that the new arangement is better then the old/normadl
arrangement since the parts heat up faster comparatively.

But an observation of the fast and dow curves plotted in Fig 4.12 we can see
that athough there is very less difference in the fast temperature curves, a large
difference in dow part temperature curves is observed. The new arangement's dow

part islagging behind the norma arrangement curve.
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Edge Curves
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Figure 4.10 Edge curves
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Figure 4.11 Face curves
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Table 4.3 Caculated vaues for change in arrangement (Units: Time (mins), Temperature (°F))

Tine |ZetPomnt|Fumnmace| Fast | FastBECL | Slow  |SlowEBECL| CalEdge2 | ChangeE CL | CalFaceZ | changeRCL
] 70 70 70 70 70 70 70 70 70 70
1> 3205 2129 769 T6.8 70 70 71.9 T6.3 709 754
20 5717 | 480% | 138.8 138 6 701 701 80 1332 78.3 1247
45 823 F43 8 | 3354 T3 70.9 T0.5 1536 3184 1081 287 6
Al 1074 3 | 9703 | 6676 H67 738 F2.2 298 1 6373 1791 86 4
75 12255 [ 1168.5 | 2655 968 2 231 T 241.5 9355 210.8 Hez 2
a0 1409 9 [ 13423 | 12065 12199 1128 928 851.7 1184 5 5303 1123 6
105 1409 9 [ 1334 8 | 13347 | 13263 204 137.3 10251 1296 3 2154 12359 4
120 14099 [ 13599 | 1366 8| 13584 3975 2342 12123 13353 1028 12877
135 14099 [ 14027 | 1381, | 1374.8 660 8 389.5 12703 13569 11431 13201
150 14085 [ 14044 | 13907 | 13848 89174 5844 13039 13708 1211.6 13244
165 1408 9 [ 14057 | 13967 | 13913 1111 7871 13204 13807 1267 .8 1262
180 1405 5 [ 14067 | 1401 1396 12356 967.9 1354 77 1388.3 13159 13735
195 14099 [ 14074 | 1404 13995 | 13103 | 11113 15374 5 1394 2 13519 13855
210 150% | 14799 | 14381 [ 14336 | 135346 | 12163 14017 14279 13827 14187
225 18091 [ 16318 | 16414 | 16356 | 14347 | 1323 4 1559 5 1623 5 15075 1602 5
240 18099 [ 18046 | 17881 | 17828 | 16007 | 14907 17215 17729 1679 8 17552
255 1809 % [ 1807 | 1802 8| 17995 | 17285 | 164873 17786 17251 17601 1787 8
270 18099 [ 1807.9 | 18065 | 18046 | 17803 | 17341 17975 1802 8 1791 17959 5
285 1808 9 [ 1808.2 | 18078 | 18068 | 17988 | 17772 1804 & 1806 1802 .4 1804 8
300 1809 9 [ 18084 | 1808.2 | 18077 | 1805.1 | 17951 1807.1 1807 4 1806 4 18069
315 20344 | 20065 19758 | 19756 | 18602 | 18404 1928 B 19687 18997 1956 5
230 2110 [ 21066 | 21002 | 2098 1 | 2017.5 | 19797 20727 20937 20517 20861
345 2110 [ 2108.1 | 21071 2106 20887 | 2067 8 21007 2104 9 20961 21031
260 2110 [ 21084 | 21082 | 21078 | 2104 4 | 2094 8 21069 2107.5 21059 2107
375 2110 [ 21085 | 21085 | 21083 | 21077 | 21052 2108 2 2108 2 2108 21081

110



Slow and fast Curves
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Figure 4.12 Fast and Slow curves for arrangement change
Results and Conclusions
Although it is observed from the edge and the face curves (Figs 410 & 4.11)

that the new loading arrangement is better, since it heats up the parts fagter. No
ggnificant change is observed in the fast pat curves. But from the dow part
temperature curves it can concluded, that dthough the edge and face temperatures
reach the faster then the normal/old ones, the dowest part temperature lags behind by
avey high range as compared to the normd loading. In fact the dow part in the new
arrangement doesn't even come within the temperature tolerance range a the end of
the initid soaking period (the lower limit vaue being 1350), the dow pat (new
arangement) temperature is 1210°F, well beow the range limit. There is a large

variation in the fastest and dowest part showing no uniformity of temperature.
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4.5

Hence even if the edge and face part reaches the temperature limit fagter, the
dow pat curve lagging vaues recommend that this loading pattern is not better then
the earlier pattern used.

Changein load quantity

The CAHTPS has the capability to analyze the effects by change in the load
quantity (492 to 620 parts). This change in the load quantity effects are shown and
discussed below. The same therma schedule used earlier for 492 parts is used s0 as to
find the new therma schedule required for the increased |oad.

Calculations and observations

Usng the same furnace, workpiece data and therma schedule input to the
CAHTPS, the change in the load quantity temperature values were caculated. Earlier
the loading arangement had only 4 layers of baskets, it has being increased to 5
layers.

The values of temperature obtained using the 492 load and thermd schedule
for the 620 |oad are shown below, in tabled.4.

As observed there is no significant change in furnace, edge and the fast curves
(Fig 4.13). But some vaiation in the edge curves and large variations in the face
curves are observed as shown in Fig 4.14. The temperature vaues for the face and the

dow curves during the end of the initid soaking period are given below table 4.4.
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Table 4.4 Temperature vaues a end of holding period

, , Set Point Face Norma Face 620 Sow Normal Slow 620
Timg(mins) . . . . .
(°F) (°F) (°F) (°F) (°F)
80 1410 385 333 93 78
205 1410 1375 1330 1345 1245

Redesign the thermal schedule

As observed from the table 4.4 and the plots of the face and edge (Fig 4.13

&4.14) curves, the temperature values a these points a the end of the first soaking

period are observed to be below the lower limits, hence a incremental of 15 mins to

the initid soaking period in the theemd schedule (Fig 4.15) is given and the effects

are shown below.

Table 4.5 Redesigned thermd schedule

Old TS Time mirs Old TS Temperature New TS Time New TS Tempearture

(°F) (ming) (°F)
0 70 0 70

80 1410 80 1410

205 1410 220 1410

225 1810 240 1810

300 1810 315 1810

320 2110 335 2110

375 2110 375 2110
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Table 4.6 Change in load temperature vaues (Units Time (mins), Temperature (°F))

Time | SetPoint | FumnacelN [Fumace62(] FastlN |Fast620| Slow [Slow620| Edge2N [edge2620] FaceN [face2620
0 70 70 70 70 70 70 70 70 70 70 70
15 320.5 212.9 212.7 76.9 76.9 70 70 71.9 721 70.9 70.9
30 571.7 480.9 4797 1388 | 1386 | 70.1 70.1 90 91.8 79.3 78.8
45 823 743.8 736.7 3384 | 336.1 | 709 70.4 153.6 160.3 | 109.1 | 106.7
60 1074.3 | 970.3 9492 6676 | 6527 | 73.8 71.5 298.1 309.9 | 179.1 | 169.2
75 13255 | 11685 1133.2 9655 | 9355 | 831 74.7 541.5 | 5503 | 3108 [ 278.9
90 1409.9 | 1342.3 12939 | 1206.9 | 1161.5| 1128 84 8517 | 841.5 | 5303 [ 4475
105 | 1409.9 | 1394.8 13907 | 13347 | 1321.7 | 204 1105 | 1099.1 | 1091.9 | 8154 | 680.2
120 | 1409.9 | 1399.9 1397.8 | 1366.8 | 1362.2 | 3975 | 181.7 | 12123 | 1210.9 | 1028 | 908.5
135 | 14099 | 1402.7 1401.2 | 1381.9 | 13787 | 660.8 | 3346 | 12703 | 1267.6 | 1143.1 | 1060.8
150 | 1409.9 | 14044 1403.3 | 1390.7 | 1387.9 | 917.4 582 | 1303.9 | 1300.2 | 1211.6 | 1144
165 | 1409.9 | 1405.7 1404.7 | 1396.7 | 13941 | 1111 862 | 13304 | 13235 | 1267.8 | 1202.3
180 | 1409.9 | 1406.7 1405.9 1401 | 1398.6 | 1235.6 | 1079.4 | 1354.7 | 1343.3 | 1315.9 | 1257
195 | 1409.9 | 14074 1406.8 1404 | 1401.9 | 1310.3 | 1213.8| 1374.5 | 1361.5 | 1351.9 | 1305.7
210 1509 1479.9 1476.9 | 1438.1 | 14358 | 1354.6 | 1293.9| 14017 | 1391.1 | 1382.7 | 1349.2
225 | 1809.1 | 1691.8 1673.2 | 16414 | 1626 | 14347 | 1377.9| 15595 | 15462 | 1507.5 | 14676
240 | 1809.9 | 1804.6 1802.9 | 1788.1 | 1782.3 | 16007 [ 1531.2 | 1727.5 | 1715.7 | 1679.8 | 1635.2
255 | 1809.9 1807 18064 | 1802.8 | 1801.1 | 17285 | 1685 | 17786 | 1771.9 | 1760.1 | 1735
270 | 1809.9 | 1807.9 1807.6 | 1806.5 | 1805.7 | 1780.3 | 1759.8| 1797.5 | 17933 | 1791 | 17786
285 | 1809.9 | 1808.2 1808.1 | 1807.8 | 18074 | 1798.8 [ 1789.9| 1804.6 | 1802.5 | 18024 | 1796.9
300 | 1809.9 | 1808.4 1808.3 | 1808.2 | 1808.1 | 1805.1 [ 1801.4 | 1807.1 | 1806.2 | 1806.4 | 1804.1
315 | 20344 | 2006.5 19974 | 19758 | 19689 | 1860.2 [ 1845.1| 19288 | 1926.4 | 1899.7 | 1886.8
330 2110 2106.6 2105.9 | 2100.2 | 2098.4 | 2017.5 | 1988.6 | 2072.7 | 2068.9 | 2051.7 | 2033.2
345 2110 2108.1 2107.9 | 2107.1 | 2106.6 | 2088.7 | 2077.3 | 2100.7 | 2098.5 | 2096.1 | 2089.1
360 2110 21084 2108.3 | 2108.2 | 2108.1 | 2104.4 | 2101 | 2106.9 | 2106.1 | 2105.9 | 2103.8
375 2110 2108.5 2108.5 | 2108.5 | 21084 | 2107.7 | 2106.7 | 2108.2 | 2107.9 | 2108 | 21074
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Table 4.7 Change Thermal Schedule temperature values (Units: Time (mins), Temperature (°F))

Time | SetPointll | Setpt(TSch) | Fum620N |FumaceTSCh | Slow620N | SlowTSCH | face620 N | faceTS ch
0 70 70 70 70 70 70 70 70
15 320.5 320.5 212.7 212.7 70 70 70.9 70.9
30 L =¥ § 4797 479.7 70.1 70.1 78.8 78.8
45 823 823 736.7 736.7 70.4 70.4 106.7 106.7
60 1074.3 1074.3 949.2 949.2 1.5 71.5 169.2 169.2
75 13255 1325.5 1133.2 1133.2 74.7 74.7 278.9 278.9
90 1409.9 1409.9 1293.9 1293.9 84 84 447.5 447.5
105 1409.9 1409.9 1390.7 1390.7 110.5 110.5 680.2 680.2
120 1409.9 1409.9 1397.8 1397.8 181.7 181.7 908.5 908.5
135 1409.9 1409.9 1401.2 1401.2 334.6 334.6 1060.8 1060.8
150 1409.9 1409.9 1403.3 1403.3 582 582 1144 1144
165 1409.9 1409.9 1404.7 14047 862 862 1202.3 1202.3
180 1409.9 1409.9 1405.9 1405.9 1079.4 1079.4 1257 1257
195 1409.9 1409.9 1406.8 1406.8 1213.8 1213.8 1305.7 1305.7
210 1509 1409.9 1476.9 1407 4 1293.9 1293.5 1349.2 1342.9
225 1809.1 1509 1673.2 1478.9 1377.9 13414 1467.6 1374.8
240 1809.9 1808.9 1802.9 1677.5 1531.2 1407.3 1635.2 1484.9
255 1809.9 1809.8 1806.4 1803.4 1685 1550 1735 1646.3
270 1809.9 1809.8 1807.6 1806.5 1759.8 1693.9 1778.6 1740
285 1809.9 1809.8 1808.1 1807.6 1789.9 1763.3 1796.9 1780.7
300 1809.9 1809.8 1808.3 1808 1801.4 1791.1 1804.1 1797.6
315 2034.4 1809.8 1997 4 1808.2 1845.1 1801.9 1886.8 1804.3
330 2110 2034.1 2105.9 1997.7 1988.6 1845.3 20332 1887.1
345 2110 2109.8 2107.9 2105.9 2077.3 1988.9 2089.1 20334
360 2110 2109.8 2108.3 2107.8 2101 2077.3 2103.8 2089.1
375 2110 2109.8 2108.5 2108.2 2106.7 2101 2107.4 2103.7
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4.6

Results and conclusions
With a prolonged soaking period of 15 mins, the temperature values of the face and
the dow part (Fig 4.15 & 4.16) are observed to be above the lower imit. Also snce
the end soaking time is more then sufficient for 492 loads, the whole load can be
heeted to the same temperature range within the same time periods. This means the
time required for 492 pats and 620 pats is gpproximaely the same, with dight
changes in the therma schedule.
Case Study 2

The objective of this case study is to compare the measured and the caculated
temperature values and determine the accuracy

In this case, the workpiece 2 is used as the load. The quantity being 523. The
loading pattern of the workpiecesin the basket is shown below Fig 4.17:

The thermocouples are located in the center of two baskets in a column. The

firg TC is located in the center of the top basket, the second a the center of the

bottom basket.

Basket 5ze

17" X22"X12"
Quantity of basket: 8
Loading: 2 row, 2

column & 2 layers

Figure 4.17 Furnace
Loading
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Observations and calculations

Using the above furnace data and the workpiece data as input to the system,
the temperature values for the load were ca culated.

The thermocouple parts location in the load can be identified as row 11,
column 2 & layer 1 for the top the second a row 11, column 2 & layer 2. The
caculated temperatures at both these points are the same. Hence comparison of both
the measured temperature vaues is done with this sngle cdculated temperature
values.

The measured temperature vaues a the top layer of the load and the bottom
of the load are given below in table 4.8. Also the calculated temperature vaues by the
sysem are given in the table. The difference between these two and the RMS vadues
are given in the table 4.8 elow. The % variation of the caculated temperature vaues

from the measured temperature values at each time step is a'so shown in table 4.8.
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Table 4.8 Measured and caculated vaues, RM S values and % variation (Units: Time (mins), Temperature (°F))

Time | SetPt | Furnace| Fast Sow | CALC| Measl | Meas2 | Diffl | Diff2 Sorl Sr2 | %Var | % Var

0 70 70 70 70 70 70 70 0 0 0 0 0.00 0.00

15 | 330.2 | 218.2 78.6 70.4 70.4 75 72 4.6 1.6 21.16 2.56 6.13 2.22

30 | 591.2 | 4959 | 1562 | 745 74.6 85 75 10.4 0.4 108.16 0.16 1224 | 053

45 | 8524 | 757.2 | 3913 89 89.3 130 40.7 -9.3 165649 | 8649 | 3131 | -11.63

60 | 11134 978 7096 | 121.7 | 123 275 152 2 23104 4 55.27 1.60

75 | 13744 | 11678 | 9715 | 180.2 | 1852 | 500 3148 | 99.8 99099 | 9960.04 | 6296 | 35.02

105 | 14099 | 1389.6 | 1313.7 | 3909 | 4395 | 925 4855 | 1455 | 235710 | 21170.3| 5249 | 24.87

80
125
285
90 | 14099 | 1324.7 | 11844 | 270.7 | 2874 | 815 450 5276 | 162.6 | 278362 | 26438.8 | 64.74 | 36.13
585
780

120 | 14099 | 1395 | 1350.7 | 5188 | 622.3 | 1010 387.7 | 157.7 | 150311 | 24869.3| 38.39 | 20.22

135 | 14099 | 13985 | 1369.7 | 653.6 | 810.9 | 1075 925 2641 | 1141 | 697488 130188 | 2457 | 1234

150 | 14099 | 1401.1 | 1381.3 | 7954 | 979.2 | 1125 1035 | 145.8 558 | 21257.6| 311364 | 1296 | 5.39

165 | 14099 | 1403.1 | 1389.2 | 936.3 | 11094 | 11/5 | 1115 | 65.6 5.6 430336 | 31.36 5.58 0.50

180 | 1409.9 | 1404.6 | 1394.8 | 1063.2 | 1202.6 | 1212 1175 9.4 -27.6 8836 | 761.76 | 0.78 -2.35

195 | 14099 | 14058 | 1399 | 1166.3| 1268.8| 1240 | 1220 | -288 | -488 | 82944 | 238144 | -232 | -4.00

210 | 14099 | 1406.7 | 1402 | 12439 13152 | 1265 | 1255 | -50.2 | -60.2 | 2520.04 | 3624.04 | -3.97 | -4.80

225 | 14099 | 14074 | 1404.1 | 1299.1 | 1347.1| 1290 1285 | -571 | -621 | 326041 | 385641 | -443 | -4.83

240 | 1409.9 | 1407.8 | 1405.6 | 1337 | 13685| 1334 | 1310 | -345 | -585 | 1190.25| 342225 | -259 | -4.47

255 | 1709.1 | 16184 | 1567.1 | 1397.3 | 1423.5| 1490 1385 66..5 -385 | 442225 | 148225 | 4.46 -2.78

1809.9 | 1786.7 | 17444 | 1516.4 | 1552.4| 1600 | 1500 | 47.6 -52.4 | 2265.76 | 2745.76 | 2.97 -3.49

270
285 | 1809.9 | 18054 | 1795.6 | 1647.1 | 1685.7 | 1665 1585 | -20.7 | -100.7 | 42849 | 101405| -1.24 | -6.35
300 | 1809.9 | 1807.1 | 18035 | 1729.2 | 1754.2 | 1705 1655 | -49.2 | -99.2 | 2420.64 | 984064 | -2.89 | -5.99

315 | 1809.9 | 1807.9 | 1806.4 | 1771.7 | 17848 | 1740 | 1710 | -448 | -748 | 2007.04| 5595.04 | -257 | -4.37

1809.9 | 1808.3 | 1807.6 | 1791.9 | 1798.2| 1755 1745 | -432 | -53.2 | 1866.24 | 2830.24 | -2.46 | -3.05

1809.9 | 1808.5 | 1808.2 | 1801.2 | 1804.1| 1790 1760 | -141 | -44.1 | 19881 | 194481 | -0.79 | -251

1959.5| 19488 | 19238 | 1841.8 | 1849.4| 1955 | 1880 | 1056 | 30.6 | 11151.4| 936.36 | 5.40 163

375 | 21095 | 2097.8 | 2073.3 | 19499 | 19688 | 2040 | 1980 | 71.2 11.2 | 506944 | 12544 | 349 0.57

390 | 2110 | 21074 | 2104.2 | 2050.6 | 2066.3 | 2070 | 2035 3.7 -31.3 1369 | 97969 | 0.18 -1.54

2110 | 2108.3 | 2107.5 | 2090.1 | 2096.5| 2090 | 2058 -6.5 -38.5 4225 | 148225 | -031 | -1.87

420 | 2110 | 2108.6 | 2108.3 | 2103 | 2105.2| 2100 | 2074 -5.2 -31.2 2704 | 97344 | -025 | -1.50

435 | 2110 | 2108.7 | 2108.6 | 2107 | 2107.7| 2101 | 2085 -6.7 -22.7 4489 | 51529 | -0.32 -1:09

921528 | 152333

RMSValues | 175.26 | 71.258
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Figure 4.20 The Difference

Results and conclusions:

Observation of the measured vaues with the caculated ones (Fig 4.19 &
4.20), show that the differences between the two vaues are higher for the top part
temperature before the end of the firg soaking period (1410°F). After the initid
holding period, the variation decreases below 5% for both measured values.
Changein loading arrangement

The CAHTPS has the capability to andyze the effects by change in the
loading pettern of the load. This change in the load patterns effects are shown and
discussed below. With the given basket size (17°X22"X12"), and workpiece Sze, the
workpieces can be arranged inside he basket in 2 ways as shown below in Fig 4.21.

The loading arrangement in al the baskets is changed from:
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3rows, 22 columns, 1 layer - 17 rows, 4 columns, 1 layer

| | | | column | [ ][]
I [ [ |
I I I | L 17 rows,
I [ [ | 4columns,
I [ [ | 1 layer
I I I |

o 3 rows, ninlm

o 22columns, cecee

° 1 layer

[ ] 1

i Row

.>
Old Arrangement Changed Arrangement

Figure 4.21 Old and New arrangements

Calculations and Observations

Usng the same furnace and workpiece and therma schedule input to the
CAHTPS, the change in the loading pattern temperature values were caculated.

The vaues of temperature obtained earlier with the old pattern and by change
in the loading pattern are shown below, in table 4.9.

A plot of the two same points in the loads (center of the front top basket) is
used to compare the results for both the loading pattern. Also e plot of the fastest
workpiece and the dowest workpiece in both the cases are calculated and plotted
below (Fig 4.25& 4.26).

A large difference between the cdculated points and the dow workpiece is
obsarved during the initid phase No ggnificant difference in the fast workpiece

temperature values is observed.
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Resultsand Conclusions

As observed from the table 4.9 and the temperature curve(Fig 4.22 & 4.23),
the center part in the top layer and the bottom layer of the new arrangement heats up
faster as compared to the old arangement. Also the dowest pat in the new
arrangement load heats up faster then the dowest part in the old arrangement load.

Hence it can be concluded tha a change in the old load pattern will yield

better temperature uniformity and reduction in time.
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Table 4.9 Caculated vaues for change in arrangement (Units: Time (mins), Temperature (°F))

Time | Setpt | furnace | fastRCL | SowRCL | CALRCL Fast Sow CALC | DiffFest | Diffdow | DiffCALC
0 70 70 70 70 70 70 70 70 0 0 0
15 330.2 218 78.6 70.6 70.6 78.6 70.4 70.4 0 -0.2 -0.2
30 591.2 | 4945 156.9 76.4 76.7 156.2 74.5 74.6 -0.7 -1.9 2.1
45 8524 | 7455 | 3914 96.4 98.4 391.3 89 89.3 -0.1 -74 -9.1
60 | 11134 | 947.2 704.8 139.7 149.6 709.6 121.7 123 4.8 -18 -26.6
75 | 13744 | 11141 | 955.2 2134 252.9 9715 180.2 185.2 16.3 -33.2 -67.7
90 | 14099 | 12534 | 11481 322.7 4435 1184.4 270.7 287.4 36.3 -52 -156.1
105 | 1409.9 | 13744 | 1301.8 472.1 721.9 1313.7 390.9 439.5 11.9 -81.2 -282.4
120 | 1409.9 | 1392.8 | 1361.8 654.4 982.1 1350.7 518.8 622.3 -11.1 -135.6 -359.8
135 | 1409.9 | 1398 | 1380.3 855.9 1141 1369.7 653.6 810.9 -10.6 -202.3 -330.1
150 | 1409.9 | 1401.7 | 1391 1049.5 1240.9 1381.3 795.4 979.2 -9.7 -254.1 -261.7
165 | 1409.9 | 1404.3 | 13978 | 11955 1307.7 1389.2 936.3 1109.4 -8.6 -259.2 -198.3
180 | 1409.9 | 1406 | 14022 | 12884 1350.7 13948 | 1063.2 | 1202.6 -7.4 -225.2 -148.1
195 | 1409.9 | 1407.1 | 14049 | 13428 1376.5 1399 1166.3 | 1268.8 -5.9 -176.5 -107.7
210 | 1409.9 | 1407.7 | 14065 | 13732 1391.2 1402 12439 | 1315.2 -4.5 -129.3 -76
225 | 1409.9 | 1408.1 | 14074 | 1389.7 1399.2 14041 | 12991 | 13471 -3.3 -90.6 -52.1
240 | 1409.9 | 1408.3 | 1407.9 | 13985 1403.6 1405.6 1337 1368.5 -2.3 -61.5 -35.1
255 | 1709.1 | 1611 | 1570.6 | 1449.7 1471.7 1567.1 | 1397.3 | 14235 -3.5 -52.4 -48.2
270 | 18099 | 17712 | 17399 | 15779 1624.3 17444 | 15164 | 15524 45 -61.5 -71.9
285 | 1809.9 | 1805.8 | 18004 | 17141 1749.9 17956 | 1647.1 | 1685.7 -4.8 -67 -64.2
300 | 18099 | 1807.6 | 1806.2 | 1776.4 1790.4 18035 | 1729.2 | 1754.2 -2.7 -47.2 -36.2
315 | 1809.9 | 1808.2 | 1807.8 | 1798.2 1802.9 1806.4 | 17717 | 1784.8 -1.4 -26.5 -18.1
330 | 1809.9 | 18084 | 1808.3 | 1805.3 1806.8 1807.6 | 17919 | 1798.2 -0.7 -13.4 -8.6
345 | 18099 | 1808.6 | 18085 | 1807.5 1808 1808.2 | 18012 | 1804.1 -0.3 -6.3 -3.9
360 | 19595 | 1948.2 | 19278 | 1856.8 1872.6 19238 | 18418 | 18494 -4 -15 -23.2
375 | 21095 | 20974 | 2078.7 | 1985.6 2013.2 2073.3 | 19499 | 1968.8 -5.4 -35.7 -44.4
390 2110 | 2107.8 | 21064 | 20814 2092.6 2104.2 | 2050.6 | 2066.3 -2.2 -30.8 -26.3
405 2110 | 21085 | 21083 | 2103.6 2105.9 21075 | 20901 | 2096.5 -0.8 -13.5 -9.4
420 2110 | 2108.6 | 21086 | 2107.7 2108.2 2108.3 2103 2105.2 -0.3 -4.7 -3
435 2110 | 2108.7 | 2108.7 | 21085 2108.6 2108.6 2107 2107.7 -0.1 -15 -0.9
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Chapter 5. Summary and Future Work

SUmmary

This thes's presented a computer- aided heat treatment planning sysem

(CAHTPS) design and the various models used for the analyss. A number a cases

studies were presented with different analysis results and compared with actud

indudtrid results.

1

Phys cs-mathematical models based on the hest transfer theory for the various
modes of heat transfer taking place between the furnace and the workpieces
and among the workpiecesitself are developed and the various parametersin
the modd are identified and classified.

The various model parameters and their effects are studied.

The various models are integrated to form a system to predict the temperature
digtribution inside the load of a furnace and hence can identify the temperature
uniformity insde the load. The dowest part and the fastest part temperature
can be obtained from the system.

A database containing the above modd parameters and the various properties
of materiads asafunction of temperature is developed for reference and usein
the system.

The system application scope and accuracy of the system is tested.

The various effects due to change in load pattern and load quantity are studied
and presented in the case studies.

The application scope is for awide variety of workpieces of shapes and sizes,

Different kinds of furnaces and load arrangements.
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Future work

1

Some more cases studies with different kinds of furnace and conditions are to
carried out.

Random loading pattern modd for the load to be developed and andyzed by

the case studies method.

System can be expanded to the cooling of the workpieces in the furnace with

gasor air.

The database can be expanded to more materias and gases and furnaces.

The systems could be expanded for continuous furnaces.
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