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ABSTRACT

Heat treating is the controlled heating and coolicga material to achieve certain
mechanical properties, such as hardness, strengihtlee reduction of residual
stresses. Many heat treating processes requingréiaese control of temperature over
the heating cycle. Typically, the energy used farcpss heating accounts for 2% to
15% of the total production cost. The objectivetlug work is “to analyze thermal
loading for reheating furnace”. The research mawkmgy was based on both
experimental work and theoretical developmentsuding modeling different types
of heat treat furnaces. Experimental validationsingt the CHT model were
conducted to identify the specific problems in @@rent model. An enhanced
furnace model has been developed and validatedn@&tvemodel takes into account
the real time furnace parameters determined frarekperimental data and accounts

for furnace door opening and closing sequence.
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INTRODUCTION CHAPTER -1

Heat treating is the controlled heating and coolifiga material to achieve
certain mechanical properties, such as hardneength, flexibility, and the
reduction of residual stresses. Many heat treapirgcesses require the precise
control of temperature over the heating cycle. Hegditing is used extensively in
metals production, and in the tempering and anngali glass and ceramics products.
Typically, the energy used for process heating actofor 2% to 15% of the total
production cost. Thermal efficiencies can rangenfaver 90% for condensing boilers
to under 10% for small, batch operated, high temipee furnaces like heat treat
furnaces [1]. In order to improve the eneeffjciency and optimize the load
throughput, it's vital to have numerical mbag capability to accurately simulate
the heat treatment processes. Currently there arenercial solutions for modeling
the heat transfer and material properties singlekyptece but none of them have a
furnace model for simulating the thermal profiletoé entire load. A comprehensive
furnace model for different kinds of furnaces isiatal to accurately simulate the
temperature of the load. Furnaces operate witbieffcies as low as 7% as against up
to 90% achievable in other combustion equipmenh sagcboiler. This is because of
the high temperature at which the furnaces haveprate to meet the required
demand. For example, a furnace heating the stod@®°C will have its exhaust
gases leaving at least at 1200°C resulting in aehugat loss through the stack.
However, improvements in efficiencies have beemughd about by methods such as
preheating of stock, preheating of combustion aid ather waste heat recovery

systems
Furnace Energy Supply

Since the products of flue gases directly conthetstock, type of fuel chosen is of
importance. For example, some materials will né¢rade sulphur in the fuel. Also
use of solid fuels will generate particulate mateenich will interfere the stock place

inside the furnace. Hence, vast majority of then&aes use liquid fuel, gaseous fuel
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or electricity as energy input. Melting furnaces $&beel, cast iron use electricity in

induction and arc furnaces. Non-ferrous meltinjags oil as fuel.
Performance Evaluation of a Typical Furnace

Thermal efficiency of process heating equipmenthsas furnaces, ovens, heaters,
and kilns is the ratio of heat delivered to a mateand heat supplied to the heating
equipment. The purpose of a heating process isittoduce a certain amount of
thermal energy into a product, raising it to a @erttemperature to prepare it for
additional processing or change its propertiescdmy this out, the product is heated
in a furnace. This results in energy losses ined#fit areas. For most heating
equipment, a large amount of the heat suppliechsted in the form of exhaust gases.

These furnace losses include:

» Heat storage in the furnace structure

* Losses from the furnace outside walls or strectur

» Heat transported out of the furnace by the laad/eyors, fixtures, trays, etc.
 Radiation losses from openings, hot exposed Jpetts

* Heat carried by the cold air infiltration intoetfurnace

* Heat carried by the excess air used in the barner

Nominal Temperature Level

This is the temperature that the steel needs tbhelaged to give the required
rolling performance. This temperature will depemdat great extent on the billet
quality and mill horsepower available. It is essadrthat the furnace operator knows
this temperature and the correct heating curveHerquality of steel being heated.
There will be several grades of steel rolled in ti# and each of these grades will
have a different heating profile. With the LTR (la@mperature finishing rolling
process), control of billet temperature from reHaatace will be important. It is most

important that the billets are heated uniformlynfrend to end and right through the

12



thickness. The furnace operator should be abledognize temperature differentials,
based on appearance of the heated billets. Theadarpressure control system
maintains a slightly positive pressure at the disgh door by automatically adjusting
the position of the waste gas damper to maintaatgoint of near +0.06 mbar. The
furnace pressure tap is located in the discharge &outh sidewall. The furnace
pressure should be slightly positive at the disghatoor opening at the skid level to
keep cold air from entering the furnace. In trasecthe furnace pressure control has

been designed with redundant pressure transmitters.

T[C] Passive Pre-heating

&

Heating i Soaking
| Targ4 Billet
verage

|
|
| Tag2
|
|
|

Fig. 1.1 :Heating Curve for reheating furnace

Decarburization, a process by which carbon atonestaken out of the outside
surfaces of the steel. A process occurring in cadteels, when heated to sufficient

temperature in an appropriate atmosphere.

1. Temperature: as temperature increases, theofadecarburization increases

decarburization does not take place under 800°C.
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2. Time: the amount of decarburization increasiis time. The duration that the
steel surface is exposed to temperature increas®es amount of

decarburization.

3. Atmosphere: a major influence on decarburizaisahe atmosphere to which
the steel is exposed.

1.1 Objectives and scope of study

The objective of this work is to analyze thermaldmng for reheating furnace.
The current furnace model for continuous furnasestudied in detail. It studies the
different heat terms in the furnace model and hiosy tare calculated. The research
methodology was based on both experimental work thedretical developments
including modeling different types of heat treatnfaces. Experimental validations
using the CHT model were conducted to identifygpecific problems in the current
model. From the experimental data and knowledgen ftbhe experiments, some
improvements to the current furnace model are implged and a new furnace

model is developed and validated.

The main improvements include modeling thermal igmatd present inside the
furnace and accounting for heat loss arising dugaédurnace door openings during
loading and unloading of the furnaces. It is pdssib accurately predict the thermal
profile of the load inside a furnace using the ioyad furnace model. The new model
enables us to improve the furnace efficiency byimaing the load throughputs and
save energy by accurately predicting the cycle tiffike new model takes into
account all the real time furnace parameters detexanfrom the experimental data
and accounts for some of the complex gradientshaading patterns that exist inside

the furnace.

14



LITERATURE REVIEW CHAPTER- 2

This chapter discusses the various researchesidanedeling the heat treat
furnaces and different software models availabtepyforming the heat treat thermal

simulation and their features and limitations.

2.1 HEAT TREATING PROCESS OVERVIEW

Heat Treatment may be defined as heating and apolperations applied to
metals and alloys in solid state so as to obtard@sired properties. Heat treatment is
sometimes done inadvertently due to manufacturneggsses that either heat or cool
the metal such as welding or forming. Heat treatmenoften associated with
increasing the strength of material, but it caro dle used to refine the grain size,
relieve internal stress, to improve machinabilitydaformability and to restore
ductility after a cold working process. Some of tiigectives of heat treatment are

summarized as follows:

* Improvement in ductility

* Relieving internal stresses

* Refinement of grain size

* Increasing hardness or tensile strength
* Improvement in machinability

» Alteration in magnetic properties

* Modification of electrical conductivity

* Improvement in toughness

15
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Fig. 2.1 -Energy Source Breakdown for Key Industrial Process Heating Applications[2]

The energy source for the heat treating industmyase than 80% from gas.
Fig. 2.1 illustrates how fuels are used in severatess heating applications. The
costs of different fuel types can vary widely, whicas a significant impact on the
payback period of efficiency improvement projects.
A heated work piece in a heat-treating furnace willergo a given thermal schedule,

typically, a heating soaking cooling cycle. (FigR@
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Figure 2.2 —A typical heat treatment cycle for a typical catbug process with a
reheat cycle [3]
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2.1.1 Basic requirements of heat treatment process

The main requirement of the heat treatment proisedse accurate control of
the temperature profile. And also soaking/holding specified temperature for
obtaining uniform cross section temperature actoad and workpiece is another
basic requirement of the heat treatment procegzocesses like carburizing once the
load reaches the soaking temperature the enridiydgocarbon gas is added to the
furnace and the load is held at the carburizingoenature for the carbon diffusion to
occur until the required case depth is achievedl #e cooling cycle is determined
by the required microstructure desired. And thelingocan be either liquid or gas

cooling depending on the furnace.

2.1.2 Basic requirements of furnaces

The main requirement of the furnaces in the hesdtitnent process is to
provide the necessary heat input for the load/vpoeke. The furnace also requires a
control system to control the temperature in thrdae accurately. Also a uniform
temperature distribution is desired inside the &g Apart from the temperature
controller there are also several atmosphere dtemsoand material handling

controllers required based on the type of furnaces.

2.1.3 Heat treatment processes
There are several different types of heat treatrpestesses. By controlling the
soak temperature and the cool down rate of thé, steecan determine the process to

be accomplished. Those processes include,

Annealing

Normalizing

Stress relieving

Hardening

17



» Tempering

Annealing

Annealing is the process of heatingdteel to a particular temperature in
the austenite region and cooling down the steey whowly. There are many
derivatives of the annealing process, but generléy process is a slow cool
process. Another derivative of the annealing predssknown as sub-critical
anneal. This process involves soaking at a temperabelow the lower
transformation line, in the region of 1,200°F tdBAQ°F, until the steel has
equalized across its cross-section in temperatalewed by a slow cool. Slow

cooling can mean a cooling rate between 5°F per hpto 50°F per hour.

Normalizing

Normalizing is a process that mattes grain size normal. This process is
usually carried out after forging, extrusion, dragvior heavy bending operations.
When steel is heated to elevated temperaturesmmplete the above operations, the
grain of the steel will grow. In other words, thieed experiences a phenomenon
called "grain growth." This leaves the steel withvery coarse and erratic grain
structure. Furthermore, when the steel is mechbyiceformed by therefore
mentioned operations, the grain becomes elongdieckTare mechanical property
changes that take place as a result of normalizing.

In as much as the normalized steel is soft, butasatoft as a fully annealed
steel. Its grain structure is not as coarse asnaeaed steel, simply because the
cooling rate is faster than that of annealing. WUguhke steel is cooled in still air and
free from air drafts. The process temperature raily the same as for annealing,

but the results are different due to the coolirig.ra
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Stress relieving

Stress relieving is an intermediate heat treatrpemtedure to reduce induced
residual stresses as a result of machining, faiwitand welding. The application of
heat to the steel during its machining or fabraatwill assist in removing residual
stresses that will,unless addressed during the faetowing by stress relieving,
manifest themselves at the final heat treatmentequore.lt is a relatively low
temperature operation that is done in the fereggan, which means that there is no
phase change in the steel, only the reduction siflual stresses. The temperature
region is usually between 800F to 1,300F. Howetee, higher that one goes in
temperature, the greater the risk of surface oxidahere is. It is generally better to
keep to the lower temperatures, particularly if tteel is a "pre-hard" steel. The
hardness will be reduced if the stress relieve tratpre exceeds the tempering

temperature of the steel.

2.2 TYPES OF FURNACES
The furnaces used in the heat treating processbeaanlassified in several

different ways. The most popular classification moetis shown in Fig. 2.3.

Furnace
ClassificatiOn

Figure 2.3 —Furnace Classification
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2.2.1 Classification based on heating method
One of the popular methods of classifying the faesais based upon the
heating or energy input method. And it can be didithto combustion based heating

and electric heating methods.

Combustion-based (Fuel-based) Process Heating

Heat is generated by the combustion of solid, dqur gaseous fuels, and
transferred either directly or indirectly to the ter@al. Common fuel types are fossil
fuels (e.g. oil, natural gas, coal) The combusgases can be either in contact with
the material (direct heating), or be confined amastbe separated from the material

(indirect heating; e.g., radiant burner tube, radanel, muffle).

Electric process heating (Electro technologies)

Electric currents or electromagnetic fields aredugeheat the material. Direct
heating methods generate heat within the work piége either (1) passing an
electrical current through the material, (2) inchgcian electrical current (“eddy
current”) into the material, or (3) by exciting ats/molecules within the material
with electromagnetic radiation (e.g. microwaveditact heating methods use one of
these three methods to heat a heating elemenbeesior, and transfer the heat either

by conduction, convection, radiation or a combmaf these to the work piece.

2.2.2 Classification based on mode of operation

Another classification of the furnaces is basedh@nmode of operation. The
classification is either a batch type operatioa gontinuous operation.
Batch furnaces

The basic batch furnace normally consists of amulated chamber with
anexternal reinforced steel shell, a heating sy$tenthe chamber, and one or more
access doors to the heated chamber. Standard hatwices such as box, bell,

20



elevator, car bottom, and pit types are most contynosed when a wide variety of

heat-hold-cool temperature cycles are requiredctBairnaces are normally used to
heat treat low volumes of parts (in terms of weigét hour). Batch furnaces are also
used to carburize parts that require heavy casthslgmd long cycle times. These
furnaces are either electrically heated or gasit@tl. The gas/oil fired furnaces can

further be classified as direct fired and in-dir@d (radiant tube burners)

Internal resolver-

Cooling fan i| transmitter generator  High-temperature
\5 = high -capacity fan
B o e ]
Top cool — Load
HD' High -temperature
Furnace H radiant tube
vestibule \
— Regenerative burners
Vestibule ] N < -
door R Handler mechanism
%\ pd
Ol quench 7z :?}f/////// T Z i
] o N N I
~ S o
u . . “‘\:
L ™
YAV
e = -]
| ~ 1 "5 High- capacity
NS 2NN N NG NNTNSAZ 2N fft hearth

Figure 2.4 -A schematic of Batch—Integral furnace

Vacuum furnaces (Type of batch furnace)

In most heat-treating processes, when materialshagted, they react with
atmospheric gases. If this reaction is undesirabéework must be heated in the presence
of some gas ogas mixture other than normal air. This is donedanmal atmosphere
furnace processing. The gas or gas mixture mayahed/to cause desirable reactions
with the material being processed or it may be stdliso that no reactions occur. At
different temperatures, different reactions mayuocwith the work and furnace

atmosphere. In most atmosphere furnaces it is osgiple to change the atmosphere

21



composition rapidly enough for optimum reactionstorcontrol the atmosphere
composition with the degree of precision required Jome heat-treating processes.
Vacuum furnaces allow gas changes to be made rapidly because they contain
gases of low weight. Vacuum furnace technology negsamost of the components
associated with normal atmospheric air before amihg the heating of the work.
Fig. 2.2 shows a typical vacuum carburizing cyciéhviime and pressure v/s time

plot.

Continuous furnaces

Continuous furnaces consist of the same basic coens as batch furnaces:
an insulated chamber, heating system, and access.do continuous furnaces,
however, the furnaces operate in uninterruptedesye@s the work pieces move
through them. Consequently, continuous furnaceseadily adaptable to automation
and thus are generally used for high-volume wonkother advantage of continuous
furnaces is the precise repetition of time-tempeeatycles, which are a function of
the rate of travel through the various furnace some multi chamber pusher-type
continuous carburizing furnace system is widelyduseindustry where the heating,

carburizing, and diffusion portions of the cycle separated.

‘Washer

Tempering

oil m Diffusion chamber

quench

Cooling chamber Preheat chamber

‘“_‘-‘_‘_‘--.
(]

Carburize chamber

Press quench
chamber

L

Figure 2.5- Pusher-type and rotary-hearth heat-treat syfi¢m
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2.2.3 Classification based on material handling stem

The selection of the material handling system ddpem the properties of the

material, the heating method employed, the predemede of operation (continuous,

batch) and the type of energy used. An importaatatdteristic of process heating

equipment is how the load is moved in, handled,randed out of the system.

Several important types of material handling systane,

Conveyor, Belts, Buckets, Rollers
Rotary Hearth Furnaces

Walking Beam Furnaces

Pusher Type Furnaces

Car Bottom Furnaces

Continuous Strip Furnaces

FURNACE HEAT INPUT

2.3.1 Indirect fired (Radiant-tube) furnaces

Pyrometer Pyrometer
- 27 m >
zone 1 | zone 2 ] zone 3 I zone 4
- | - 1 - -t - I
| 32 U tubes | 32 U tubes |
> — >
(@) (@) | (@] I Li/ (@] Q (@]
_ _J _ _ 1 # S R
Hearthrolls | | | Stripload
Direct-fired Indirect fired section Control cool
section \\\ \\\ Jk section
Hadmn't tube
Furnace E
Cross section o
s
o~

Figure 2.6 -Schematic of the indirect-fired section of thealmd Steel annealing

furnace [8]
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A Thermal System Model for a Radiant-Tube Contirsu®eheating Furnace’
discusses about a thermal system mathematical numedloped for a gas-fired
radiant-tube continuous reheating furnace (Fig.).2&e treated using a one-
dimensional scheme, and the radiation exchangeeeetihe load, the radiant-tube
surfaces, and the furnace refractories are analysedy the radiosity method. The
continuous furnace operation is simulated undeadstestate conditions. The scope
and flexibility of the model are assessed by pemnfog parametric studies using
furnace geometry, material properties, and opegatonditions as input parameters in
the model and predicting the thermal performancethef furnace. The various
parameters studied include the effects of load r@fichctory emissivity (Fig. 2.7),

load velocities, properties of the stock matei@dl [

Efficiencies
T — T |
. |g———2 encloswre
s E Varyving
. Hrmmmmw = averall
) ! kN

aa

60
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40
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[— f- e P LT EELE S .

20
&
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k] n.2 0.4 k.6 oA [}
€, O E,

Fig.2.7 (a}Variationsin the furnace thermal efficiencies with load and

refractory
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Another study is conducted to access the diffetgmes of radiant tube designs. Fig
2.8 which shows the variations in the load surfereperature for the same net fuel
firing rate in the radiant tubes, indicates that tbad surface temperatures are the
highest for the W-type tube design, followed by théype and then the straight-
through tubes. The lower load surface temperatimethe straight-through tubes in
the furnace is due to the incomplete burning ofl fure the radiant tubes. A
considerable amount of energy is lost in the fofnirdurned fuel at the exhaust of
the straight-through tube. However, in the U-typd &V-type tubes, further burning
of the unburned fuel from the first branch takescpl resulting in a higher average

tube wall temperature in the successive branchésediibe [8].
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2.3.2 Direct fired furnaces

‘The Development, Verification, and Application afSteady-State Thermal
Model for the Pusher-Type Reheat Furnace’ outlthesdevelopment of a steady-
state thermal model for the pusher-type steel teigeéurnace. (Fig.2.9) commonly
encountered energy consumption are analyzed. Thectole of the work is to
provide a means by problems with this furnace tijeeskid mark generation, scale
formation, and high which furnace users might as#es effectiveness of changes to
current operating practice, proposed furnace muatibhns, or new furnace designs
in controlling these difficulties. The model is W¥exd using data obtained in plant
trials on several 32-m furnace reheating slabs, awodlel predictions for steel
temperatures at six locations within the steel @wpared with the experimental

results. The inclusion of a hearth in
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(@) Longitudinal section

- -

e

(h) Transverse section

Figure 2.9-A typical pusher-type direct fired furnace: (a) longitudinal section,
(b) transverse section [9].

the furnace soak zone was found to impose the $eastre skid mark on the product,
reducing the temperature variation over the bottaee from the level of 130
incurred by the best of the soak zone skid conéijons examined, to the level of 85
The results suggest that, in the absence of athsection, the use of a well-insulated,
cold-rider skid system over the majority of therface length, followed by a single
offset of all skids occurring at the transitionashort section of hot-rider skids near
the furnace discharge, is sufficient to suppresditial skid mark to a level very close
to the minimum achievable with that particular skielsign. When assessed on the
basis of minimizing both the final skid mark ane tbnergy loss to the skid system,

this configuration was found to be the best ofgkie layouts examined
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‘Modeling and Parametric Studies of Heat Transfar a Direct-Fired
Continuous Reheating Furnace’ - is a mathematigsilesn model of a direct-fired
continuous reheating furnace. The furnace is madeke several well-stirred gas
zones with one-dimensional (I-D) heat conductiortha refractory walls and two-
dimensional heat transfer in the load. The convedteat-transfer rate to the load and
refractory surfaces are calculated using existingetations from the literature.
Radiative heat exchange within the furnace is ¢aled using Hotel's zone method
by considering the radiant energy exchange betwleetoad, the combustion gases,
and the refractories. The mongrel characteristitsthe@ combustion gases are
considered by using a four-gray gas model to tteat mixture as a radiatively
participating medium. The parametric investigatiomduded in this paper study the
effects of the load and refractory emissivity aine lheight of the combustion space on

the thermal performance of the furnace.

2.4 FURNACE CONTROL

Thermal imaging control of furnaces and combustdeseloped by Gas
Technology Institute [6]. The objective of this @t is to demonstrate and bring to
commercial readiness a near infrared thermal intagiontrol system for high
temperature furnaces and combustdise concept used in this project is to provide
improved control to high temperature furnaces usingear-IR thermal imaging control
system. Initial stages of the Thermlahaging sensor hardware development were
conducted by testing on a laboratory electric fuemdhe complete system was then
tested on a GTI heat treat furnace. A state-ofattteontrol system was installed and

accepted input for control from the thermal imagsygtem.
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Figure 2.11-Comparison of the thermocouples with the thermal imaging system
and the thermal gradient inside the box type furnace [ 6]

The project strategy is to input the thermal imggsystem data into a set of control
system algorithms that would give secondary contrstiructions to burners (air-fuel

ratios, etc.) for tuning control.

2.5 THE NEED TO MODEL FURNACES

A commonly overlooked factor in energy efficiensyscheduling and loading
of the furnace. “Loading” refers to the amount odterial processed through the
furnace in a given period of time. It can have gn#icant effect on the furnace's
energy consumption when measured as energy usaghjpesf production (Btu/lb).
Certain furnace losses (wall, storage, conveyorraddtion) are essentially constant
regardless of production volume; therefore, at ceduthroughputs, each unit of
production has to carry a higher burden of thesedfiosses. Flue gas losses, on the
other hand, are variable and tend to increase ghgduith production volume. If the
furnace is pushed past its design rating, flue lgases increase more rapidly,
because the furnace must be operated at a highpetature than normal to keep up
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with production. Total energy consumption per wfitproduction will follow the
curve in Fig. 2.12, which shows the lowest at 100%furnace capacity and
progressively higher the farther throughputs deviedm 100%. Furnace efficiency
varies inversely with the total energy consumptidhe lesson here is that furnace
operating schedules and load sizes should be sdléxtkeep the furnace operating
as near to 100% capacity as possible. Idle andapartoaded furnaces are less

efficient

High

Fumace Efficiency

Energy Consumption
per Unit of Production

Design High
Production Rate (Units)

Figure 2.12-Impact of production rate on energy consumption per unit of
production[ 2] .

In order to achieve maximum efficiency it is requirto design the furnace
part load to the maximum furnace capacity. A nugariool with a furnace model
helps to achieve this goal. Also another importardlity metric in the heat treatment
processes is soak time (amount of time a load staggyiven temperature) A furnace
model with work piece thermal profile predictionncaccurately predict the time

required to reach the process temperature andotie tsne. So the process can be
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accurately designed eliminating guesses and rerg@anservative recipes.

2.6 CURRENT RESEARCH

The current research to model the heat treatmeeps is focused mostly on
a single part model using the commercially avaddbEM software tools. The topics
discussed in chapters 2.3.1 and 2.3.2 are therobseanducted by E.S Chapman et al

and it focuses on using the FEM method with tentpeeagboundary conditions [9].

Limitations

The major limitations of the single part model @nhel FEM based model are
the determination of the temperature boundary ¢mmdi The temperature
boundary condition is an important input for the delb and the results are
dependent on the accuracy of the boundary conditiBaery furnace is unique in
the heat treatment industry so it's difficult totekenine the boundary condition
without a comprehensive furnace model. Currentlyenof the research is focused
on the furnace model. Also FEM based approach dsmaputation intensive and

consumes several hours for calculating results.

2.7 CURRENT SOFTWARE TOOLS

Process Heating Assessment and Survey Tool (PHASS a software tool
developed at DOE for identifying methods to imprakiermal efficiency of heating
equipment. This tool helps industrial users surpeycess heating equipment that
consumes fuel, steam, or electricity, and iderdifihe most energy-intensive
equipment. Use the tool to compare performance dpfipenent under various
operating conditions and test "what-if" scenariBBlAST constructs a detailed heat
balance for selected pieces of process heatingpegunt. The process considers all
areas of the equipment in which energy is used, tyswasted. Results of the heat

balance pinpoint areas of the equipment in whiclergy is wasted or used
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unproductively.

FurnXpert program is developed to optimize furndesign and operation.
The program mainly focuses on the heat balancéefurnace. The load pattern is
just aligned load pattern with one layer and itrestrdeal with the condition of work
pieces loaded in the fixtures. While, in this cdiwei the work pieces inside the
fixture are heated by adjacent work pieces, naady by furnace. Figure 2.13 shows

an interface of load pattern specifications in Kpart. The result curves are shown

in Figure 2.14
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Figure 2.13 -The load pattern for continuous belt in FurnXpert software [ 10]

SYSWELD, published by the ESI group is another foolthe simulation of heat
treatment, welding and welding assembly procedsd#g into account all aspects of
material behavior, design and process. It can parféEA on any part geometry that
can be modeled through the modeling component,candbe expanded to include
additional process data that has already beennaotaihrough experimentation to
generate accurate results. SYSWELD simulates allluseat treatment processes like
bulk hardening, tempering and hardening, treatnwattt boron, thermo-chemical

treatment like case hardening, carbonitriding,idirtig and nitro-carburising.It can
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also simulate Surface hardening processes liker leesam hardening, Induction

hardening, electron beam hardening, plasma beademag, friction hardening and

flame hardening.
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Figure 2.14 -Theresult illustration of FurnXpert software [ 10]

The software computes distortions of parts, residtrasses, plastic strains and the
yield strength depending on the mixture of phaddebe material in use both during

and at the end of the heat treatment process, thuardness at the end of the
process. But the input for the software has to é&eecpted by the user and need to

determine the furnace boundary conditions.
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2.8 SUMMARY
Heat treatment is an important manufacturing precése furnace is key

element in the heat treat process. The heat tnesegs variations can often be
attributed to temperature variations in the proc&ssa tight control of temperature
during the process is key to achieve minimum pariations during heat treatment.
Also the modeling study is very limited. The cutreesearch is focused mostly on
Finite Element Analysis based approach. And allttoés predict the microstructure
and material properties for a given work piece. Kbg input for these tools is the
thermal profile of the heat treat process and therao comprehensive solution

currently available.
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CHT furnace model CHAPTER - 3

3.1 Overview of current Computerized Heat Treatmen(CHT) furnace model

Common to all process heating systems is the wansf energy to the
material to be heat treated. Direct heating metlgeherate heat within the material
itself  (microwave, induction, controlled exotheomieaction), whereas indirect
methods transfer energy from a heat source to ntlagerial by conduction,
convection, radiation, or a combination of thegactions. In most processes, an
enclosure is needed to isolate the heating proaedsthe environment from each
other. Functions of the enclosure include, butreterestricted to, the containment of
radiation (microwave, infrared), the confinemehtombustion gases and volatiles,
the containment of the material itself, the contifothe atmosphere surrounding the
material, and combinations thereof. Common indaistreat treat process heating

systems fall in one of the following categories:
* Combustion-based process heating systems

» Electric process heating systems

Heat Losses
4 [ [} [} [} [} [} [}

Heat Containment

Heat Generation Heat Transfer Heat
Recovery

Heat Recycling/Recovery

[ Fuel

Energy
Source

o 1'  — i
Handlin landling
g r‘ Losses

Heat | 0sses

Figure 3.1 -Key components of a process heating system [15]
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Temperature control is one of the most importapeets in heat treatment process.
Heat treatment temperature mainly refers to soatengperature and time. The soak
temperature and time significantly affect the mategyroperties of parts. The furnace
productivity and efficiency are maximized by aggies part load design and

optimum thermal schedules.

Currently in the industry part load design is detieed based on experience
and empirical rules. With the advent of several li@amsfer simulation tools it is now
possible to simulate heat transfer of the work gsaa a furnace. Although there are a
lot of commercial FEA tools available for simulatighey all require a boundary
condition for the simulation. Determining the boangd condition is difficult as it

involves a complex furnace model.

The CHT software was developed for predicting therrmal profiles of the
parts inside a furnace based on a hybrid FDM angirezal solution. The core of the
software is the furnace model that was developesedaon several empirical
equations determined through experiments and krimelend expertise derived from
the furnace manufacturers. To accurately calcubsgart temperature it is important
to calculate the furnace temperature and heat talisnthe furnace. Figure 3.2 shows
the flow chart for the calculation of furnace temgiare using the CHT furnace
model.

The CHT furnace model can be divided into furnacergy balance model,

heat transfer model and furnace control model.
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INPUT

< > Part properties calculation: Furnace parameters calc/setting:
* Geometry and sizes * Surface area (A )

¢ Surface area(A) and Volume(V) ¢ Alloys weight (V, p, M_ay0))

e Equival. thickness (t_.z) ¢ Insulation weight (M ;,5,)

-
Furnace

DB

Workpiece

* Weight (M ;) ¢ Cooling air folw capacity (Flow )

Thermal schedule design Part load design
Time —temperature table & profile * Parts quantity and weight
e Parts arrangement in furnace

r==- e - 1
1 Initial/boundary condition setting 1
: * Furnace temperature (7 r.)
1
1
1

PREPROCESSING
H.T. Spec. DB
Material DB

* Part temperature (T 1)
* Medium temperature (T ;)

! Calculation parameters setting
s Calculation intervals (5t)

» Stefan Boltzmann constant (o)

* Emissivity of workpiece (g)

¢ Convection film coefficient (h)

MAIN MODULES

Convection heat transfer Part temperature calculation: | Radiation heat transfer
Coefficient (h) —> e Specific heat calculation (c,) «—] ¢ View factor calculf_ation
* Heat flow calculation * Part Average Temp calculation . | Heat flow calculation

)

Furnace energy calculation

Furnace control: * Effective heat input (q_x)

« Pi control model * Heat loss (g_oss)

o Plparameters setting [ * Gross heat to loads (q_)
(GP, GI) * Fan heat calculation (g_an)

* Furnace cooling (g o)

!

Furnace temperature calculation
¢ Furnace heat storage (qigmage)
* Furnace average temperature
calculation (7 z.)

OUPUT (Thermal Profile)

Figure 3.2- Flowchart for temperature calculation of loadechfice
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3.2 Furnace energy balance model
Heat storage is calculated according to the eneatpnce,

(Heat storage)~ Function of [(Available heat), (Heat to load)&W losses),

(Radiation losses)] (Available Heat)Function of (Gross input)

Table 3.1- Energy terms and their definitions[11]

Energy ltems Definitions
Gross Input The total amount of heat used by theafe.
Available Heat Heat that is available to the fumand its workload, including

work piece, furnace structural components, accesssand heat
losses due to furnace itself.

Heat to Load Heat that ultimately reaches the prboiuthe furnace.

Wall Losses Heat conducted out through the furmeaés, roof and floor due
to the temperature difference between inside atsideri

Radiation Losses| Heat lost from the furnace agsamacenergy escaping through
openings in walls, doors, etc.

Heat Storage Heat absorbed by the insulation andtstal components of the
furnace to raise them to operating temperature.

J_storage= g ht - q.1d -~ O Joss~ O _air T 0_fan (3.1)

where qy is effective heat input; gssis heat loss; g is the heat to the work pieces;
g air IS heat absorbed by atmosphere; angh ts the heat input effect created due to

the increase in convection by fan.
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3.2.1 Energy terms calculation(Indirect gas-fired batch furnace)
Effective heat input (q ) :
g nt = Htg LAHC LO conn (3.2)

where Htg is an adjust coefficient for heat inpithe calculation will be given in the

next section.
AHC is the corrected coefficient to the gross heptit
AHC = AH1 + AH2 + AH3 (3.3)

where, the values AH, AH2 & AH3 are based on theeexnental data:
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Heat to load (qq):

The heat to load, is mainly subjected to the hylmadvection and radiation heat

transfer. It can be calculated using the followamgiation:

=] T [T T eoe e T &0

Heat l0ss (Qioss):

Heat loss depends on the design factor for thé lbea of furnace and the surface

area of furnace. Following is an empirical equation

Q loss= DF {Q ioss_walt Q joss_rad (3.5)
where, DF is the design factor, and;Ais the surface area of furnace.
Furnace wall losses:

Q toss_wall= A fce X f (T _tce) (3.6)

where At is furnace wall area (inside); f (Je) is a function for heat loss, in Bt Hur.
Typical heat loss data are tabulated in Table 3.2

Radiation losses:
Q_ loss_rad= A _openlb * (Tg:s _Tafqb ) (3.7)

where, Qoss rad IS the radiation losses, &en iS the opening area, ¢& is the
temperature of furnace gas,mhis the temperature of ambient outside furnacs,

Stefan-Boltzmann constant.
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Table 3.2 -Heat loss for different furnace walls construct{Biu/hr-ft2)[11]

Wall Hot Face Temperature, °F
Construction 1000 1200, 1400 1600 1800 2000 2200 2400
9" Hard Firebrick 550 705" 86p 1030 12p0 1375 15707681
9" Hard Firebrick +
4.5" 2300° Insulating F.B. 130 168 228 261 296 341390 447
9" Hard Firebrick +
4.5" 2000° Insulating F.B. +
2" Block Insulation 111 128 15b 185 209 244 282 825
4.5" 2000° Insulating F.B. 1856 237 300 3p5 440 521 -
9" 2000° Insulating F.B. 9% 124 159 189 225 266
9" 2800° Insulating F.B. 14p 178 218 264 312 362 164 474
9" 2800° Insulating F.B. +
4.5" 2000° Insulating F.B. 116 140 167 197 232 272307 347
9" 2800° Insulating F.B. +
4.5" 2000° Insulating F.B. +
2" Block Insulation 71 91 112 134 154 184 204 230
9" 2800° Insulating F.B. +
3" Block Insulation 114 142 17p 201 282 264 298 333
8" Ceramic Fiber — Stacked
Strips, 8 #/cu ft Density 27 45 G4 86 114 146 178 16
10" Ceramic Fiber — Stacked
Strips, 8 #/cu ft Density 16 3b 54 16 D4 120 142 217
12" Ceramic Fiber — Stacked
Strips, 8 #/cu ft Density 13 21 43 60 V9 08 118 143
9" Hard Firebrick + 3" Ceramic
Fiber Veneer, 8 #/cu ft Density 177 240 309 383 163642 721 800
9" 2800° Insulating F.B. +
3" Ceramic Fiber Veneer,
8 #/cu ft Density 102 125 151 183 27 274 325 108
Fan heat input effect (g an):
It is calculated based on an empirical equation:
_ 520
Lo =M | 26047
_ fece
where, HPn is the horsepower of re-circulating fan.
Heat absorbed by air (qair)
q_ajr = Clg ‘ FloW_a]r 'p ‘ Cp ‘ (T_fce _T_ajr) (3.9)
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whereClg is the PID control variable,

Flowair is the airflow heated by the fuel gas and itadg|to

Flow , = ﬁ.R.(ﬂ XS i) (3.10)
— hV —

where hv is the gross heating value of commefugllgases, as listed in Table 3.3; R

is the stoichiometric air/gas ratio, listed in Tald.3; QyossiS the gross heat input;

XSair IS the combustion access girjs air density; cp is the air specific heatidis

the furnace temperature; and,fis the air temperature before mixed enter furnace.

Table 3.3 -Combustion properties of typical commercial fuatgs[11]

Air/Gas
Gas type Heating Heating Air/Gag Ratio Ra‘_tio
value value (ft3 air/ft3 (Ib air/lb
(Btu/ft3) (Btu/lb) gas) gas)

Acetylene 1498 21,569 11.91 13.26
Hydrogen 325 61,084 2.38 33.79
Butane (natural gas) 3225 21,640 30.47 15.63
Butylene (Butene) 3077 20,780 28.59 14.77
Carbon Monoxide 323 4368 3.38 2.46
Carburetted Water Gas 550 11,440 4.6 7.36
Ethane 1783 22,198 16.68 15.98
Methane 1011 23,811 9.53 17.23
Natural (Birmingham, AL) 1002 21,844 9.41 15.68
Natural (Pittsburgh, PA) 1129 24,161 10.58 17.31
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) 941 19,599 8.41 13.45
Propane (natural gas) 2572 21,500 23.82 15.3]
Propylene (Propene) 2322 20,990 21.44 14.77

3.2.2 Heat balance in continuous furnace

The calculation deals with static condition. Therefthe heat balance is dynamic. It
is assumed furnace temperature doesn't vary t ¢banges. So the heat storage in
the furnace need not be calculated. The heat tentysrefer to the heat input, heat
absorption by the load and moving accessories @atl lbss. The furnace structure

and accessories are classified into two types:imgoand fixed/shaking. The moving
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accessories take away heat while the fixed or sigaliccessories do not take away

heat.

Heat balance in each zone:

The dynamic heat balance is
Qrot_p T Qfan_p = Qoad_p T Qiix _p T Qatt _p + Quatt toss p T Quone p + Qrt coling
Quput_p - the heat input by furnace
Qtan_p - the heat input by fan
Qo _p -the heat absorption by load
Qsx_, -the heat absorption by fixture
Qua:_p -the heat absorption by belt
Qua loss_p -the heat loss from furnace wall
onne_p -the heat transfer between zones and heat losstfe®mnd zones
Qual_woing_p - the heat absorption by shell cooling water

From the above equation the heat input by furnaoe lie calculated indirectly as

follows,

anut_p = Qoad_p +inx_p +Qbe|t _p +Qwa|| loss _p +onne p +Qshe|| _cooling _p _Qfan p
(3.12)

It is compared with the power of the furnace to gae exceeds the power, which
means the heat balance cannot be maintained. Stutth@&ce temperature control

system such as PID is not considered.
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The heat balance is calculated when a cycle ishid. Then the heat
absorption in each zone is calculated based ometatonship between calculation
domain and zone length. These heat terms areuti@idns of furnace temperature.
The furnace temperature is adjusted to maintaenhibat balance. The heat input
should also be calculated directly by the conrtetiat input and the available heat

coefficient.
Energy terms calculation

In the following equations, p refers to furnace eaumber, i,j,k refers to workpiece
number, m refers to time constant. The followingiagpns discuss the heat balance
in each zone during a time step delta t.

Heat absorbed by the load:
Qoad_p = CIoad_pZ Z Z (pgc)wp(-nn;+l<1_-|-|n;k) (313)
i j k
where Goad _pis the ratio of load held in each zone over theutation domain; the
total of i, j, k is for the calculation domain andt for the whole furnace zone.

Heat absorbed by fixture:

Fixture is defined here as an element that dirdutligls or supports workpieces and
moves forward with workpieces. Fixture doesn’'t ut# belt or conveyor. They
always maintain the same temperature as the fdstattd workpieces.

Qix_p = (We) g friT1 - T (3.14)

Here it is assumed the fixture temperature isanmfin each zone and has the same

temperature of the fastest heated workpiece.

Heat absorbed by moving belt or conveyor:

Qo p = Lo (WO, (T~ Tomt) (3.15)
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Where w is the weight of belt unit length.

It is assumed the belt temperature is uniform icheaone and has the same

temperature of the fastest heated workpiece.

Heat loss from furnace wall:

Teo =T,
oW +LH +HW ce_p  ‘room 3.16
Qoss_p ( p'p T =pllp p p)tl/k1+t2/k2+1/a' ( :

where Tg and Ta are the temperature of furnaceirggde and outside of furnace
respectively; t1 and t2 are the thickness of fwrsdl second insulations; k1 and k2 are
the heat conductivity of two insulations;is the thermal diffusivity from furnace

outside to atmosphere.

Heat absorption by furnace shell cooling water:

Qsell_cooling_p = (P9C) ater V At (T = Ti) (3.17)
wherev is the flow rate.
Heat transfer between adjacent zones and heat loem ends:

Quone_p = Wall height 1K (3.18)

K- constant. The heat transfer between heatingszoae be neglected. While the heat
transfer between hot zone and cold zone, betwedrz@nes and atmosphere cannot

be neglected.

Heat release by circulation fan:

520
=HP_ | ——— |At A
Qfan_p fan (460_'_-'- fceJ (3 9)

where RH is the power of the fan.
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Heat input by the furnace:
che_p = KAH 'qconn At (320)
Net heat input:

Qna_p = KPID_pKAH _pqconn_p At (321)

where Kop p is the constant for PID control; is the constlrt combustion. For
electric furnace K4, is 1. Gonn _p IS the heat connected input by dialoge,XKy is

calculated as follows

(T p~Tiee o) e o~ Too m m
Kep p = Sp_Fp,T =P+ D _pAt =L +|Z(Tsp_p _Tfoe_p)At (3.22)
Tean
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3.3 Heat transfer model

The temperature history of the loaded furnace enhbat treating cycle is a hybrid
convection/radiation heat transfer process. Acogydo the heat transfer theory and
energy balance equation, the heat exchange ofdofadieace can be mathematically
presented in the following model:

_N aT;

q_sxorage - Z £ o NV— (3-24)
= or

where N is the quantity of accessories in the fcend-or convenience, we assume

that all the accessories have the same Let tigpelst k and time calculation interval

bedt. The equation can be rearranged in the time (&&ep) for the average furnace

temperature.

k _Or
_ q_ storage (3 . 25)

Zk+1(,0i cp v T j
or

i=1

k+1 _ 1+
T_fce _T_fce+

where gsworagelS the average storage of heat flux in loadeddoenst is the time
interval; pi, cp, and \ are the density, specific heat, and the volumacoéssory i in
the furnace. These accessories include all the coergs involved in the heat treating
process except for the workpieces. Eq. 3.25 camdael to calculate the furnace
average temperature at time step (k+1). The equaiéturther grouped and rewritten

as:

Ql_(sxoragedr
HC

"~ fee

T =T e+ (3.26)

where, QstoragelS the heat storage in heat-treating furnace; JliS the heat capacity

of furnace components; k is the time step; &nis the time interval.
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3.3.1 Factors that affect the furnace temperatureaiculation

The main factors affecting the furnace temperatmecloads and heat storage. Loads
include parts and all the furnace accessorieshaatistorage is related to the furnace

heat input, furnace control method, and furnace losa as shown in Fig. 3.5
3.3.2 Different loads considered for temperature daulation

In a loaded furnace, many components are involwdtie heat treating cycle besides
workpieces and all are referred as ‘load’. Thestugte furnace alloy, insulation wall,
and heating elements as shown in Figure 3.3. Ginettze loads other than

workpieces are divided into three typesfurnace alloy including grate, firing-ring,

U- tube, fixture, roller, fan and diffuser, et&; heating elementsn insulation.

Effective heat capacity calculation of furnace compnents

HC fce = HC alioy + HC heater + HC insuiation (3.23)
where, HCaioy Is the furnace alloy heat capacity,

HC heaterdS heater heat capacity,

HC insuis furnace insulation heat capacity
3.3.3 Factors that affect the part temperature calglation

There are four main factors affecting part tempeeain heat treatment, they
are part properties, part loading, part materetgl furnace condition and control, as
shown in Figure 3.3. The part temperature historthe heat treating furnace is a 3-D
conduction heat transfer process with hybrid cotieefradiation boundary
conditions. It depends on the furnace temperatwmeaking conditions, and part
properties. Part load patterns and the thermaldsdbealesign are the main tasks in the
heat treatment process planning to guarantee thetreatment quality. In order to

simplify the temperature calculation, three basisumptions are made here first:

* Lumped-mass problem, i.e., temperature in pami®wm,;
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» Air temperature in the furnace space is uniforng an

» Convection heat transfer on the part surface i®umni

Part properties: Part loading:
e Shape and sizes * Weight (M )
e Surface area and volume (A,V) | e Loading patterns

Workpiece
Temperature

Furnace condition and control:

Part materlals: _ « Conductivity (k)
* Physical (p) * Convection (h, T s)
e Thermal (c,, €) * Radiation (F, T f.)

Figure 3.3 -The factors affecting the workpiece temperature

In a heat treating process, parts are subjectdubtio convection and radiation heat

transfer. Apply the energy balance equation tqotin, then,

Estorage: Econvection+ Eradiation (3 . 27)

where, EiworagelS the heat storage in the workpiecgsnfecionand Eadiation are the heat

obtained from convection and radiation heat transéspectively.

Let the volume and surface area of the part aem®& A. The energy terms in

Eq. 3.27 can be calculated using following equation
(1) Convection at ambient temperature Tfce:
Econvection=h- A - (Tree = T ) (3.28)

where h is the convection heat transfer coeffigi€ns the temperature of workpiece,

Tfce is furnace temperature.

(2) Radiation at heat source temperature Theater:

Erediation = £:0-F -A(Tf?;e _T4) (3.29)
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wheree is emissivity,c is Stefan Boltzmann constant, F is view factorween

furnace wall and workpiece, T is the temperature/afkpiece.
(3) Heat storage interior workpiece:

daT
=pc. V— 3.30
P dr (3:39

E

storage

wherep is the density of workpiece, cp is the specifiathandr is the time.
Combine Egs. 3.28, 3.29 and 3.30 into Eq. 3.3% the

dT
cV
Py

—=hA,-T)+eoF AT -T*) (3.31)
T

Since the part is taken as the lumped-mass bodycam imagine an equivalent

workpiece or “visual workpiece” to represent thalreorkpiece. In this way the

calculation can be further simplified.

— NN y

) = X
/
\‘«-._ J// 7
(a) Real workpiece \

(b) equ ivalent workpiece
Figure 3.4 -The equivalent workpiece

Let V = A. t_equ, where t_equ is the equivalemtkhess of the part. Apply
finite difference method to the left-side of Eq3B. then

oT _ TKI-TX

=+ 0() (332)

where Kk is the time step. By combining Egs. 3.31l &B2, at time step k, the

equation becomes,
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Tk+1:Tk+ 52-

[h(T ~T) +ea F () - ()] (3.33)
pCt o,

Eq. 3.33 can be used to calculate the part teryeravith uniform temperature

distributions at any time in a heat treating cycle.

Above equations can be used to calculate the @aperature at arbitrary position in
the furnace. Because there are different work enuient at different positions in
furnace space, the temperatures are differentiftarent parts too. In practice, the
temperature histories of all the parts have to desiclered so as to get the good

products.
The effect of work piece quantity and equivaldémtkness

If lots of parts are treated in a heat treat cyale have to assure that all the parts are
well heated during the process. It is not necessacalculate the temperature-time
profile for every part in furnace. Instead, the pemature-time profiles of some typical
parts are considered in the furnace (such as the glase to furnace wall and in the
middle of furnace). The part load effect on the pemperature is mainly contributed

from the radiation heat transfer and will be disagkin a later section.

The reason to calculate equivalent thicknessasgbmetime we need not only
the surface temperature on the work piece, but @lleccore temperature. This is a
simple method used to calculate the interior teapee of a part. There are several
methods that can be used to calculate the equivdierkness of a workpiece. The

calculation methods will depend on the load condgiand calculation methods:

* The minimum dimension of heaviest cross sectiomark piece

* The value of work piece volume divided by surfammaat_eff = V/A

* The value of 3 times of volume divided by surfapsaat_eff = (3*V)/A

* The value of volume divided by exposition area ¢atkr: t_eff = V/A exposition
In our development of CHT, the first method is uasdiefault value which can be

changed through a user interface.
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The effect of convection heat transfer

In practice, the convection heat transfer arourmtl paface is not uniform. This can
be described using convection film coefficient blléwing is one of the calculation

methods for the coefficient h:
h= (k- Nu) / L* (3.34)

where Nu is Nusselt number, a dimensionless haasfier coefficient, and can be

calculated using an experimental equation[11]:
Nu =c¢ Rem (3.35)
where Re is Reynolds number, a dimensionless gthagactering a viscous flow; the

characteristic dimensions ¢ and m are calculateah fxperimental values. Note that

this equation is only used to gases medium.
Re=(V-LY)/v=(p- -V -L*)/pu (3.36)

where L* is a characteristic length of the pariskhe thermal conductivity; V is air
velocity; v is the kinematic viscosity; is density; angh is dynamic viscosity.

The effect of radiation heat transfer

Because the parts are located in the differenttipasi in the furnace, the heat they
receive from the radiation transfer are differdrttis effect can be represented by the
view factors. The value of view factor is affectedhinly by the distance between

furnace wall and the part, as well as the shadowmgng work pieces. A CAD-based

method of calculating the view factors is develgpbé view factors can be specified

based on the CAD-based calculation method.
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3.4 Furnace temperature control model

The furnaces are controlled by temperature coet®llThe temperature controllers
get their inputs from a thermocouple located ingdiue furnace and send necessary

control action to the burner to maintain the precs=t point.

Temperature Controller |& L l st
Process [t | = ] HEAT : Thermocouple
Value | ,\a__j;.,_—:: 3 A —
£ BURNER Furnace

Figure 3.5 -Schematic of the Temperature controller in a radiabe type furnace.

3.4.1 Commonly used schemes in heat treatment furces

The control action for the temperature controllan de either on/off or proportional.
Process tolerances and the final device being albedrnormally determine the type

of control action.

On/off control is simple to understand. For exanol a heat treat furnace
during the heating process, if the measured psoasperature is below the control
set point, burners are continuously fired by tleatwller. If the measured value
exceeds the control set point, the controller shié burners. Switching the heat on
and off takes place at set point. This type oftmdncauses the process value to
oscillate around the control set point.
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PROPORTIONAL CONTROL

Figure 3.6 -On/Off & Proportional type controllers commonlyegssin furnaces.

Proportional control (PID) is a more sophisticateshtrol approach which results in

tighter control around a setpoint and less proossalation.
Proportional control consists of 3 basic contreldions:

1. Proportional band

2. Reset, or Integral

3. Rate, or Derivative

Proportional band is the process range over whiopgstioning control action takes
place. In a heating situation, if the process tawaipee is below the proportional band,
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burners are continuously fired by the controllérthle process value is above the
proportional band, the burners are shut. Withingheportional area, as the process
temperature increases the amount of heat beingdcdl decreases proportionately.
(where T1, T2, T3... are the proportionally decregsime values)

To determine the proper proportional band settthg, time required to approach
setpoint must be balanced with the processestyalidl withstand overshoot. If
proportional band is too narrow, the heat input mat be cut back soon enough and
the process will overshoot. A wide proportionahll begins cutting back the heat
input sooner. A narrow proportional band (means e@n longer) will approach

setpoint quicker than a wide proportional band.

Reset (Integral) shifts the proportional band ilatien to the desired setpoint. Reset

action is used to compensate for sustained pradféset from the control setpoint.

Rate (Derivative) is used to compensate for initgershoot and sudden process
disturbances. Rate will temporarily compress thapprtional band around setpoint to

bring the process under control.
3.4.2 Controller tuning

It is necessary to tune a controller to a particygeocess. This will enable the
controller to maintain tight control of the proceskhis will remain so even if process
variables (ambient temperature, load size, heash&s condition, etc.) change over

time.

Properly tuning a controller to a process is anokite necessity to ensure tight
control. Manually tuning a controller is a time soming and tedious exercise. There
are several features available in today's contlehich facilitate tuning. Autotune
capability now allows a controller to tune itsalfa process. Autotune will introduce a
minor process disturbance and this enables therallemtto determine how the
process should react to the change and the amétinteorequired to recover. Based

on these parameters the controller determinesdbessary constants.
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Another method of tuning the modern controllersdysusing the Adaptive
tuning. Adaptive tuning is implemented by the colér and results in minor
proportional band, reset, and rate changes. Adaptine does not introduce process
disturbances.

Fuzzy logic is the newest function incorporatei icontrollers. It is supposed
to enable a controller to learn a process, andesuiently react quicker to changes.
Currently the CHT model can accept the PID basedrolber values. The controllers
with adaptive and fuzzy logic based schemes neebetdranslated to PID based

values.

3.4.3 CHT furnace - PID control model

The typical temperature control method in the &mis PID controller. When
the measured temperature is different from thepeeit temperature, the heating or
cooling input is controlled to minimize the errdt.is a typical feedback control

system as shown in Figure 3.7.

. rror output
Setpoint PID *  System

Measured
Temperature

Figure 3.7 -Control feedback loop of PID control

Generally PID method uses following equation totomrthe loop:
_ d
u=P. (TS—TO)+D.E(TS—TO)+I.I (T, =T, )t (3.37)
where Ts is the set point temperature, TO is thmeaite temperature, the error value

e = (Ts - To); P, D, and | are known as proportional gain, diagypand integral gain,

respectively.
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In a PID control process, one of the most impdrtaimgs is to set the P, D,
and I. Tuning these constants so that the weigswied of the proportional, integral,
and derivative terms produces a controller outpat steadily drives the process
variable in the direction required to eliminate tbrror. There are several methods
that can be used to determine the P, D, and levadne of them is Ziegler and
Nichols approach, which is a practical methodstineating the values of K, T, and d
experimentally. Where K is the process gain use@present the magnitude of the
controller's effect on the process variable, Tthis process time constant used to
represent the severity of the process lag, ansl tthe deadtime used to represent
another kind of delay present in many processegh e controller in manual mode
(no feedback), a step change is included in thetralter output and the process
reaction is analyzed. The process gain P can bgrodmated by dividing the net
change of the process variable by the size of thp schange generated by the
controller. The dead time is estimated from therwvdl between the controller step
change and the beginning of a line drawn tangetitéaeaction curve at its steepest
point. They are also used the inverse slope oflihatto estimate the time constant
T.

o_Ll2T
K.d
0.6T

= (3.38)
o= 06T
K

Sometimes, when the sensor measuring the furnampetature is susceptible to
other electrical interference, derivative action cause the heater power to fluctuate
wildly. In this case D = 0, and a PI controlleriéen used instead of PID controller.
The typical application of PD control in furnaceto control heat/cool gases input.

The adjustment coefficient of heat input, Htgsadculated using following equation:

PG PG.IG
Hig =——(T - T )+ —j T o T e (3.39)
span
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where the proportional gain PG=10 and the integgai 1G=0.05.

3.5 Summary

The CHT furnace model is a comprehensive modél witapability to model
several different types of furnaces and controlesos. Currently there are several
proprietary models used internally by the induskrgt is not publicly available. The
CHT model is the most comprehensive model curremtbilable to the industry and
is in use at several CHT member companies sincg.Zl0e model used in the CHT

software system and has been validated with segasal studies.
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FURNACE MODEL ANALYSIS CHAPTER -4

The experiments conducted using the CHT softweeegeouped by Furnace
type and the results are analyzed. The CHT-c/futatled results are compared to the
measured thermocouple results. The comparison battire results are performed by

focusing on the following areas / issues,

* Heat up rate accuracy
» Time taken to reach furnace set point (comparison)
» Accuracy of soak time and temperature

* Abnormal peaks - gradients

Each area with high error percentages was anali@etbétermine the cause of the
problem. Some minor problems were attributed tdwsoe bugs which were fixed
later. The major problems were studied in detad axpert opinion from the shop
floor was requested to further understand the praoblA detailed list of problems in
the current model due to furnace issues like gragigurnace aging, and the model
constraints are documented. The results presentéiuis chapter as based on the
observations and conclusions based on the expdameesults as documented

further.
4.1 Furnace model study

To breakdown the analysis task, the model was etudrom three practical

perspectives,
1. Structural model
2. Control schemes model

3. Process related parameters
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4.1.1 Structural model

The furnace was studied from a structure standtpamd several factors were
classified and important to the accuracy of the ehothe several problems and their

effects are listed below.
Universal furnace

The current model is universal for all furnaceselui this issue its unable to calculate
the heat losses that are more specific to certaiiskof furnace. The effect of having

a universal furnace is in the improvement in theusacy certain heat loses and heat
heat storage in the furnace () if we have more specific furnace categories. (eg:

Vacuum, Box, Pit, etc.,)
Burner locations

Thermal gradient in the furnace due to locatiothefburners and their BTU’s. There
is a thermal gradient inside the furnace and th& B3 not distributed uniformly
inside. Current model assumes uniform furnace tefng. Accuracy issues especially

in Continuous furnaces.
Atmosphere flow

The effect of atmosphere flow and calculating astamt to adjust the heating
parameters due to the heat losses. These resadturacy issues. Case studies done
for validation in the atmosphere furnaces show itfeensistency especially during

heat up.
Incomplete accessory data

Make a generic list of accessories for each kinduohace. Improves the model

accuracy by considering all the furnace elements.
4.1.2 Control model

Similar to the structural model all the elementst thontribute to the furnace control

were studied separately and their effects aredlisedow.
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Furnace controller

In the current model there is no option to spetliy exact control schemes used in
the furnace. This results in approximation of tle&tool scheme that is deployed in

the shop floor.
Multiple controllers

There is no option to specify multiple controllearameters for different zones. Also
the controllers are tuned differently for differembnes based on the process
parameters especially in the continuous furnatksse result in inaccurate thermal

profile calculation.
Control thermocouple

There is often a thermal gradient inside a furrexoe one of the reasons is due to the
location of the control thermocouple. Currently theodel assumes a uniform
temperature distribution. The control thermocoufdeation information helps to

calculate the gradient present inside the furnace.
4.1.3 Process parameters

Several processes require the furnace to be ctadrdifferently. The main
differences are in the atmosphere control and tmmpérature control. The

experiments were conducted for the current ligirotesses,

1. Annealing

2. Tempering

3. Carburizing

4. Brazing

4.2 Problem identification in the current CHT furnace model

A detailed study of the experimental analysis based Furnace classification,

Control schemes and Process related paramete@eadwbe following limitations or
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issues in the current CHT model. Several of thése lmave an effect on the model

accuracy.
1. Universal furnace model

The current model is based on an universal modehlfdurnaces. Hence it cannot
accurately calculate the heat losses that are sp@eific to certain kinds of furnaces.
(eg: Vacuum, Box, Pit, etc.,)

2. Burner locations

Current model assumes uniform furnace temperatofien there is a thermal

gradient in the furnace due to location of the kwrand their capacities.
3. Atmosphere flow

Case studies done for validation in the atmosphereces show the inconsistency
especially during heat up. The effect of atmospliilere and the heat losses and heat

transfer affects the accuracy of the model.
4. Furnace accessories

Furnace accessories like baskets, fixtures, eto,@nsume heat inside furnace along

with the load. The current model uses a genertarfixapproximation.
5. Door operations

The current furnace model does not take into effieetheat loss arising due to the
door operations during charging and dischargingptirés from the furnace. From the
experimental analysis this was not an issue intBatmaces but it had an impact on

the continuous furnaces.
6. Furnace controller

Inability to translate the control schemes usethenfurnace to the PID based control

in the furnace model.
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7. Multiple furnace controllers

The furnaces often use multiple controllers forfedént zones. The controllers are
tuned differently for different zones based onphacess parameters, especially in the

continuous furnaces. Currently CHT model uses aeaunsal controller.
8. Control thermocouple location

It was found a thermal gradient inside the furnanag be present due to the location

of the control thermocouple.
9. Process data

Several processes require operating the furnadésretitly. (For example, in the
carburizing furnace, the enriching gas is addethéofurnace after the load reaches
the temperature. The ability to specify in the Ciddel the amount of gas added in

the cycle improves the calculation of heat losscivits currently not possible)
10. Proprietary furnace control schemes

The furnace and controller manufacturers use skeyeogprietary furnace control
techniques. Its difficult to model these contrdiemes. (for example - its difficult to
determine the PID constants (for CHT model) froncamtroller tuned with an
adaptive tuning algorithm)

11. Furnace deterioration (wear/tear)

The furnace refractory and burners deteriorate tive®, increasing heat losses and
reducing heat available respectively.

12. Faulty or incorrectly tuned burners

The burners need to be tuned properly for commetebustion. An incorrectly tuned
burner or a faulty burner does not produce theipddeat.
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4.3 Summary & conclusions

After analyzing all the list of limitations and frlems in the current CHT furnace
model heat loss due to door operations was detedrtim have significant effect on

the furnace model accuracy.

The heat loss in the furnace due to door operaisora problem more
significant in continuous furnaces than batch faasa With several experimental data
and modeling we can develop new model to incateoin the CHT model to
account for this loss. The thermal gradients preseside the furnace is a complex
phenomenon, it is caused due to several factkedlirner and control thermocouple
location, the furnace construction, etc., and @lso unique to every furnace, so more
detailed study is required to understand and mtidelphenomenon. Furnace wear
phenomenon can be modeled by conducting calibratkperiments with virtual load
and the parameters reverse calculated. These ardetrelopment proposed for the

improvement of the CHT furnace model.
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IMPROVED FURNACE MODEL CHAPTER -5

5.1 Introduction

The Furnace Model Analysis study gave an insighttie current CHT Furnace
model’s shortcomings and opportunities to imprdwe averall accuracy. From one of
the experimental results on a Continuous Pusherdeéer(as seen in Fig. 5-1a) we can
see a significant thermal gradient present insdeftirnace in the holding chamber
and also there was a wave due to the heat loss finendoor openings and the
controller action. This problem is specific to thype of furnace and more due to the

design and arrangement of the burners.
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Figure 5.1a -The thermal gradients inside a Continuous Pusherdee,
experimental data from continuous datapak witheBrtftocouples.
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Based on the furnace model analysis presentedehdolcus was narrowed down to

heat loss due to furnace charge / discharge darabpns.

The new model is represented as follows by additibda new term to the original

equation,

Tk+1 _T +Ache door +AToe gradient (6 Y5 Z)+Ache virtual (5.1)
Tfce - Furnace temperature (at time step, k)
TfOe door ~ FUrNace temperature variation due to door opersition
Te gadient (X Y5 2) - Temperature gradient inside furnace in 3D space

che viia -~ FUrnace calibration using virtual load

Detailed explanation of the term, how it is caddal and used in the model
are described in the following chapters. Experirakoase studies are also conducted

to verify the results.
5.2  The Door Open modeITf'fJe_door)

The CHT model does not calculate the heat losglatieat exchange between zones
that occur as a result of the door operation. Quiyrehe furnace temperature is not
calculated in the continuous furnace model basetherPID control. The calculated
furnace temperature does not reflect the variadioserved in the experiments. This
chapter discusses addition of a heat term to coagterior the heat loss arising out of

door operations.
5.2.1 Introduction

A series of experiments were conducted at the péanlity to evaluate the accuracy
of the continuous furnace model under differentdibons. The experiments were
conducted on a brand new furnace undergoing pradudtials. This helped us

eliminate some of the guess work out of calculaéepecially the heat loss factor due
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to the physical wear and tear of the furnace. rAfienducting the experiments a
significant variation between furnace set-poininperature and the measured work
piece temperature (around 25°C) was noticed. Talee existed a uniform pattern to
the thermal profiles in all the experiments. Thastern matched with that of the door

open sequence. This thermal pattern is shown iFithé.1b.
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Figure 5.1b - The thermal profile of the CHT calculated and nuead work piece
temperature at 6 different locations in a ContirsiBurnace.

The current furnace model (CHT model) was develdpeskd on the batch furnace

model and the main assumptions in the model are,

0] The furnace temperature does not change wattying load conditions. It
always remains same. (So the heat balance is lootiatzd and PID control is

not considered either)

(i) The work piece movement is considered ling@ither step movement or

continuous)
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(i)  The work piece is fixed and the furnace isving. So the thermal schedule is
a function of the movement speed. The furnace temye is the same as

thermal schedule.
(iv)  The heat transfer at the calculated domammlary to other loads is zero.

With the work piece as a reference, the furnacepé&ature involved in the
calculation changes with the work piece row numéded time, the temperature is
calculated for different zones. The furnace temjpeeadistribution is a function of

furnace zone and corresponding transition zoris.dépicted as follows:
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Since the temperature variations observed dutiegetxperiments were significant
from a heat treatment processes stand point,stdeaided to integrate new terms to
the current Continuous Furnace model to improeeftitnace temperature accuracy

to reflect the real world conditions.

There are two modes of heat loss arising due taltioe operation. A radiation heat
loss and heat loss due to the exchange of thedergas between zones and to the
atmosphere in the final zone. There are severalsdoothe furnace between zones.
the door open sequence can be simulated stariomg & fully loaded furnace. The
door 5 is opened through a slot door for quenchihuging this operation there is a
radiation heat loss and also heat loss due toogedf furnace atmosphere. Once the
door 5 is closed the door 4 opens and parts areepus the final zone. During this
operation there is a heat exchange through radiatiepending upon the zone
temperatures and normally there is not a signifieamount of atmosphere exchange.
(Assumed based data on the pressure variationgdtirexdoor operation is presented
later). The same sequence of operations follownguttie operation of doors 3 and 2.
When the door 1 opens a new cold part is loadéderfurnace. We do not model the

first few zones, as there is a significant cold snastering the furnace. There is no
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temperature swings in the first few zones and tmadrs are firing at the maximum

rate to achieve the set-point temperature.

The atmosphere exchange and heat loss in theZore is complex When the slot
door opens, due to the pressure differential tmeaite hot atmosphere escapes the
furnace and at the same time there is cold airiegt¢he furnace due to the vacuum
created inside the furnace. This happens due dwmp in the furnace atmosphere
volume because of the heat loss. It's difficult dalculate the exact volume of
atmosphere lost and air added. Based on expemingsiia presented from a furnace
manufacturer the velocity of hot air leaving thernface is around 500-600 ft/min and
usually this takes place in the top 1/3 space @fstbt door. And the cold air velocity

entering the furnace is around 100-200 ft/min.

5.2.2 Experiments on pressure differences betweenorees & during door

operations

Further experiments were conducted to understaadgds exchange between the
different zones in the furnace and to the atmosplklering the door operations. A
series of experiments were conducted to study tesspre in the different zones in

the furnace and the changes in pressure duringabeoperation.
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Figure 5.2 -The pressure in two different final zones in a @arous Pusher Furnace

Figure 5.2 shows the plot of pressure in Holdinga@her and Dunk Quench
Chamber in inches of water (27.7 inches of Watdr BS| at 62° F). The pressure

inside the furnace is slightly above the atmosigh@nessure. Also the pressure in the

holding chamber is maintained above the dunk quaheamber to prevent the gas

from entering the holding chamber. This is dongtevent decarburization in the

holding chamber.
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Figure 5.3 (b) - The pressure variations as a function of differ@oor operations

events. Quench Chamber

As observed in Fig. 5-3(a) the pressure variatiartbe different zones are plotted as
a function of the different door operation everl@se of the observations is that the
door openings in a zone had an effect on the pressu several different zones. It

had a clear influence on the pressures in the exjamones and this implies that the
intermediate zone doors are not pressure tighthemde there is exchange of gases
that takes place during the door openings.

The negative pressure formed after the door operasi created due to the reduction
in volume of gas. When the door opens a signifiemmount of air enters the furnace

and creates
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combustion of the endothermic gas present in thee.z&When the door closes,
pressure spikes due to the expansion of the gasodhmyher temperature resulting
from the combustion. And the combustion stops oalteéhe oxygen is consumed
from the air and this result in a significant retion in the temperature and volume

causing the pressure to go in the negative.

Based on the experimental data on temperature @sgyre a new term was added to

the current Continuous furnace model to accountifeheat loss.

5.2.3 Modified model to include door open term
q_storage = q_ht - q_loss - q_id - q_cl + q_fan - q _dopn (53)

where, qaopn IS the heat loss caused by radiation and mass dassg doors

operation. , GiopniS also a function of time calculated from the dopen schedule.

Door Open Schedule Chart

door 1 docr 2 door 3

door 4 door 5

Open

Close L

Tim=(min)

Figure 5.4 - The door open schedule based on the furnaceiiagpresented in the

time domain

An assumption was made for creating the door opkadiile. The door is either open
or closed so the intermediate positions are nosidered in the schedule as shown in
Fig.5-4.
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The quopnis calculated based on the following equations,

|9 copn_rad t 9_copn _air _exchange: while the last doc
q_dopn -

; 5.4

d_on_rad» While not the last door (54)

q_dOP”_rad :/7'8'0-'A _open (T)'(ijce _Tjdoor _outside) (5.5)
A 4o m» While door oper

A gen(D)=9 ~ . (5.6)
B 0, while door clos

As shown in equation (5.4) another assumption wadenbased on the experiments
that there is not significant loss of heat in tikeimediate zones due to the air

exchangeq joon air echange 1S CICUlated only for the last zone.

ed®
q_dopn_air _exchange = C\/W(p2 foe pfdoor _outside) (T_foe _T_door _outside) (57)
_ fece

=cky -(T_ te = T _door _outside)

where,

d is the equivalent diameter of the door,

A is the coefficient of heat conductivity,

| is the thickness of the door, R is the gas catsta
P ice IS the pressure in the door,

P door_outsigdhe pressure outside the door, and

kd is the empirical coefficient of heat convectidor the current furnace its 3.5 m/s

based on the pressure experiments.

75



| A CHTE [&

(_ Workpiece definition )

Part load pattern

Soaking Start Time {slnw)

Soaking Stark Temp, [slow): i

F

D:D D:\,> Calculation &
(__Furnace definion ) (__Thermal schedule ) report
ﬁ | Zaleulacion and Report | Temperature-Time Profile \Hsat-ou,tan(a Profile
Fle
l - Temperature-Time Profile ‘ @) reb e \% = ‘fi L
Continuous Furnace Definition 176000 _
Fart Load Design ! v I ! i _
10201 ! Cenra Part Surf. tslow)
dy s f el
3 ! —
{ Time 5, Ditance
= 10500
[ iT‘—‘l‘ Datahase Management @
o Q.
g
3 =
E System Canfiguration 70800
) Heo
total numkering of part
3590 nE b
X e il
" s (N
= & 2 & ¢ 3 § & 3 & 3 oEmil)
Tae (i) '3-'_H‘ [1 \
Snakngsavt Time: (Fast): | .3 ‘mn S_nah'nq Stark Temp. (Fast): | 57 F  Soaking timeifast) ‘
Wersion 3.2

Snaking tlmasluw) rnln

Figure 5.5 -The screen shot of the furnace thermal profile mated by CHT-c/f
software using the improved furnace model

As observed in Fig. 5-5 the new thermal profile poted using the improved furnace
model reflects the furnace temperature drops dileet@oor operation in the first and
the final zones. This plot also shows the effetttlee part temperature due to the

variation in the furnace temperature. Another expent was conducted to verify the

improved furnace model.
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Figure 5.6 -The comparison of the furnace thermal profile categd using improved

furnace model and measurement results.

As seen from the above Fig. 5-6 as well as from &i§ the computed results now
take into account the heat loss due to the furrdom operations. Fig. 5-6 also
illustrates that the calculated furnace thermafilgras in good agreement with the
measured results. This helps in accurate calculaifothe part temperature profile
especially in the last zones where the temperatutiee part is critical in carburizing
operations.
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5.2.4 Conclusions

The new improved model was verified with experinseiottake into consideration the
heat loss involved with the door operations. Theesanodeling method can be used
to determine the heat loss involved with other tgpeontinuous furnaces, but in this
study the model was verified only with the Puslypetcontinuous furnaces. Some of
the problems with this new door model are: to aataly determine the heat loss due
to door opening, and to differentiate the peaksiragi due to the PID controller. The
key to accurately determine the door opening péske understand and filter the

false peaks arising out of the controller activity.
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Results and Discussion Chapter - 6

* The Furnace Model Analysis study gave an insighthencurrent CHT Furnace
model’'s shortcomings and opportunities to improwe overall accuracy. From
one of the experimental results on a Continuousi®&@usurnace (as seen in Fig. 5-
la) we can see a significant thermal gradient pteseside the furnace in the
holding chamber and also there was a wave dueetthélat loss from the door
openings and the controller action. This problempiacific to this type of furnace
and more due to the design and arrangement ofuimeis.

» After conducting the experiments a significant @aon between furnace set-point
temperature and the measured work piece temper@imend 25°C) was noticed.

* The heat loss in the furnace due to door operagi@anproblem more significant in
continuous furnaces than batch furnaces. With séwexperimental data and
modeling we can develop new model to incorporatinénCHT model to account
for this loss. These are the development propasethé improvement of the CHT
furnace model.

» As observed in Fig. 5.3(a,b) the pressure variationthe different zones are
plotted as a function of the different door openatievents. One of the
observations is that the door openings in a zoweadmaeffect on the pressure on
several different zones. It had a clear influennetlee pressures in the adjacent
zones and this implies that the intermediate zarawslare not pressure tight and
hence there is exchange of gases that takes plaicgy dhe door openings.

* The negative pressure formed after the door omerat created due to the
reduction in volume of gas. When the door opensgaifgcant amount of air
enters the furnace and creates combustion of tbetleermic gas present in the
zone. When the door closes, pressure spikes dihe &xpansion of the gas due to
higher temperature resulting from the combustiond #he combustion stops once
all the oxygen is consumed from the air and thssilitan a significant reduction in
the temperature and volume causing the pressye itothe negative.

* Based on the experimental data on temperature eegbyre a new term was

added to the current Continuous furnace modelc¢ownt for the heat loss.
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» The new improved model was verified with experinsaiottake into consideration
the heat loss involved with the door operationse $hme modeling method can
be used to determine the heat loss involved witherottype of continuous
furnaces, but in this study the model was verif@dy with the Pusher type
continuous furnaces. Some of the problems with tl@® door model are: to
accurately determine the heat loss due to dooringeand to differentiate the
peaks arising due to the PID controller. The kepdourately determine the door
opening peaks is to understand and filter the fg@eaks arising out of the

controller activity.
The main issue of current CHT technology lbeean identified as,

» Universal furnace model is used for all furnacesnethough the individual
furnaces are designed differently;

» Even for the same type of furnaces, the performamag vary under different
production environments and at different life tinfedhe furnace;

» Since the furnace model used is an approximati@user can not modify the
model accurately to achieve the desired resuits; a

» There is no method to evaluate the different motielelp diagnose the issue,

and find a solution.

The heat items are empirical equations gained feaperience and essential to the
furnace temperature prediction. However furnagesacé different types, operation

strategies, working conditions etc.
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Figure 6.1 -Error of predicted furnace temperature

Therefore the predicted furnace temperature des/faben the actual measurements in
some cases, as shown in Fig. 6.1. This means tbelatad heat distribution inside

the furnace is not accurate.

Developing a breakthrough technology through agtepthodeling to improve the
simulation accuracy is necessary to commercialiee @HT technology, and thus
promote the market growth for the CHT technologgl Broaden the utilization of the

CHT software tools.
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For CHT technologies, CHT- c/f, an accurate sefuaface rules and knowledge are
essential to simulate and optimize the heat treattrpeocesses. This knowledge is
hard to discover from the limited number of furnatedies, and production data that
are available. Since this data will change frorm&ae to furnace, load to load, a more

flexible furnace model which is adaptable to thelsanges is desired.
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Conclusion CHAPTER -7

The different models used in the CHT software, Bpdralance model, Heat transfer
model and Control model were studied and shown they contribute to accuracy of
the furnace and part temperature profiles. Sevexpkeriments were conducted to
compare and analyze the CHT predictions with thasuesd results in the shop floor.
Based on experimental analysis several problems videntified. Some of the
problems were solved using knowledge from expertaledata. The continuous
furnace model was modified to account for the Heas arising from the door
operations. These specific problems like thermadgnts are prevalent only in
furnaces with certain burner layouts. Taking thenbu location and design into
account two methods for predicting the thermal mgmaid inside the furnace are

proposed.
Limitations

Some of the limitations of the proposed work irsthésearch are the availability of
experimental data. The thermal gradient model getiaon experimental data and is
not possible to represent the gradients, unlessasaeikperiments are conducted at
several locations in the furnace. In the continudusaces it is difficult and

expensive to conduct such experiments. A datapaskcel that has a thermally
insulated data recorder to withstand high tempeeataver the duration of the process
(typically several hours) is required to measure tdmperature inside the furnace.
Also the specifications of the datapack device lfitd®come constraints while

conducting experiments.

The time allowed for the datapack to stay insidefthhnace at a specified temperature
has to be considered while designing the experisndiite control model needs to be
modified to represent more advanced control teatesqused in the industry like
adaptive controllers. The heat transfer model ms$ie load is complex and currently
in this research it was not studied.
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Recommendations For Future Work Chapter 8

» The recommended future work for the project is ittmrporation of a load
optimization routine. Such a routine enables thendoe utilization and
improves furnace efficiency.

» Also models specifically developed to different ggeses enable more
accurate prediction of thermal profiles and alsoefuis for process
optimization.

» Another recommendation is creating furnace specifiodels for different
kinds of furnaces instead of two general models. &ample, a different
model for pit furnace, box furnace, vacuum furnaste,

» Another idea is using FEA as a knowledge input todeh the process
variations once the thermal profile of the loaadadculated. This module will

be helpful in designing processes accurately.
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