
The 1st Work Shop 30-31 Jan, 2009

Turbine Maintenance

JICA Study Team for Enhancing Efficiency of Operating Thermal Power Plants in NTPC-India

Nobuchika KOIZUMI

J-POWER

1

The 1st Work Shop 30-31 Jan, 2009

Inspection Item at Periodical Maintenance
1. Main turbine 
(1) Turbine rotor
• Cleaning by honing 
• Detailed inspection and repair of the disk, the rotating blades and 

the rotor
• Measurement of run-out and centering of the shaft 
• Inspection and repair of the coupling bolt 
(2)   Ejection Holes and Partitions 
• Cleaning by honing
• Detail inspection and repair of the stationary blades and labyrinths 
(3) Casing 
• Measurement of the clearance of the inside and the outside of 

casing
• Detail inspection
• Measurement of the level of the horizontal flange
• Measurement of the alignment of the casing
• Maintenance of the bolts, hardness test
(4) Bearing
• Adjustment of the contact of the white metals
• Measurement of the bearing gaps
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Inspection Item at Periodical Maintenance

2.  Equipment attached to the turbine body 
(1) Main Valves (MSV, CV, RSV, ICV) 
• Maintenance and inspection of the inside and the outside of the 

valves, the valve rods, the valve seats, and the valve bodies 
• Measurement of bend and the gaps of the valve rods 
• Inspection of the bolts
(2) Speed Governor and Emergency Stopping Device
• Inspection of the speed governor mechanism and the piping for the 

control oil
(3) Turning Device 
• Detailed and precision inspection of the gears and the bearings
• Inspection of the clutch mechanism
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Inspection Item at Periodical Maintenance

3.  Turbine lubricating oil device  
(1) MOP,  AOP, JOP and EOP 
• Overhaul, repair and detailed and precision inspection 
(2) Main Oil Tank and Oil Cooler 
• Cleaning and oiliness test of the inside of the tank 
• Cleaning of the oil cooler piping and the water chamber 
(3) Oil filter, oil purifier
• Cleaning of the inside and replacement of the filter
• Overhaul and repair 
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Inspection Item of Condenser (1)

VITo check marine creatures and 
dirty matter adhered
To check the connecting part

The tube plate 3

VIErosion, damage The outer surface of the 
cooling tube 

2

VI
PHT

Swell, separation, damage, or a 
pin hole on the rubber lining  
Marine creatures and dirty matter 
adhered

The inside of the water 
chamber 
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VI
ET

Clogging, corrosion, erosionThe inside of the 
cooling tubes 

1

METHODPURPOSEITEMNO

VI: Visual Inspection ET: Eddy Current Test PT: Liquid Penetrant Test 
WT: Leak Test by Filling Water    ST: Hardness Test PHT: Pin Hole Test 
DI: Dimensional Inspection MT: Fluorescent Magnetic Test DM : Thickness measurement
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Inspection Item of Condenser (2)

VI,
PT

CrackNozzle for steam pipe7

VI
ST

DeteriorationRubber expansion joint6

VI
PT

Erosion, damage ,scale, dust The parts inside of the 
main body shell 
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METHODPURPOSEITEMNO

VI: Visual Inspection ET: Eddy Current Test PT: Liquid Penetrant Test WT: 
Leak Test by Filling Water    ST: Hardness Test PHT: Pin Hole Test 
DI: Dimensional Inspection MT: Fluorescent Magnetic Test DM : Thickness measurement
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Inspection Item of HP Feed Water Heater

VI, DMErosionShell5

VI, PT, MTCrackWater chamber3
VI, DIDeformationWater chamber partition4

ETCrackTube (cu attribute)2

VI, DMErosionNozzle6

VI, DIInlet attackTube (steel)1

METHODPURPOSEITEMNO

VI: Visual Inspection ET: Eddy Current Test PT: Liquid Penetrant Test WT: 
Leak Test by Filling Water    ST: Hardness Test PHT: Pin Hole Test 
DI: Dimensional Inspection MT: Fluorescent Magnetic Test DM : Thickness measurement
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Inspection Item of LP Feed Water Heater

VI, DMErosionShell4
VI, DIDeformationWater chamber partition3
ETCrack, ammonia attackTube (cu attribute)2

UT, ETErosionTube (steel)1

METHODPURPOSEITEMNO

VI: Visual Inspection ET: Eddy Current Test PT: Liquid Penetrant Test WT: 
Leak Test by Filling Water    ST: Hardness Test PHT: Pin Hole Test 
DI: Dimensional Inspection MT: Fluorescent Magnetic Test DM : Thickness measurement
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Turbine Shut Down and Preparation Works

1. Turbine Forced Cooling

2. Heater Leak Check

3. Operation and Maintenance 
Coordination
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Turbine Forced Cool Down 

Pres

(Barg)

Temp

(C)

Load

(%)

60 120 180 2400

Time (min)

538

340

166

80
100

0 0 0

500

50

25

Normal Shut Don

1 hr. 500C
Forced Cool Down

4 hrs. 340C
MSP

MST

Load
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Heater Leak Check 
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•Empty Shell Side after Shut down 

•Test Pressure  :  60 � 90 Barg

•Check Leak at Drain Line

Leak Check !

Open
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HP Turbine Inspection Points

1. Outer Casing 

Body, Casing Bolt, Flange
3. Flange (MSP and X/O Pipe)

6. Balance Weight Hole

2. Inner Casing

Nozzle Box, Seal Ring, Diaphragm, 

Flange, Bolt

3. Rotor

Body, Blades(Shroud) Thrust Collar, 

Journal,Vibration Monitor, Oil Pump 

4. Bearing

5. Welding Joint
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HP Turbine Major Inspection - (1)

HP Turbine 1st Blade Erosion - Boiler Scale

Example (Wear due to Scale)
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HP Turbine Major Inspection - (2)

Example (Wear due to Scale) Unit 2 (Foreign Material) 
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HP Turbine Major Inspection - (2)

Typical Erosion MSV Strainer
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HP Turbine Major Inspection (3) 

Example - Outer Casing
(Stress Concentration)

Unit 2 HP Inner Casing

Corner Area
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HP Turbine Major Inspection - (4)

Creep - Shrouds and Roots 

Damage Example - Shrouds Typical Creep Damage Area
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LP Turbine Inspection Points

1. Casing 

Body, Cross Over Flange

Diaphragm, Structural 

Welding, Spray Nozzle 

3. Coupling 

Coupling Bolt & Nuts 

Spacer, Coupling

4.Ground Packing 

2, Rotor

Body, Journal, Blade (Shroud), Stellite

5. Balance Weight Hole 
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LP Turbine Major Inspection (1)

Unit 4 LP Last Blade - Stellite

Light Erosion !
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LP Turbine Major Inspection (2)

Casing Structure Welding

PT !

Stiffener

Cone

Rib

Stay
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Turbine Major Inspection - Other Area (1)

Diaphragm Seal Ring Erosion
(Efficiency Loss)

Steam Flow

Erosion
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Turbine Major Inspection - Other Area (2)

Balance Weight Flange

Check !
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Turbine Major Inspection - Other Area (3) 

Cleaning

Thread Inspection

PT
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Turbine Major Inspection - Other Area (4)

White Metal Bonding Condition

Radial Bearing Thrust Bearing
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Turbine Piping Inspection

FW Pipe
PT/ MT on Drain Pipe Bend 
and Instrumentation Pipe 
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Deaerator Steam Pipe
Thickness Check
PT on Drain Pipe Welding

HP Heater
Thickness Check on Drain 
Pipe and PT on CV Body

BFBP Inlet/Outlet
Stub Welding of DA Outlet
Pump Inlet Joint Welding
Drain, Vent, Instrumentation   
BFBP Minimum Flow Line
Thickness Measurement

Extraction 
Pipe
PT/MT Drain
and Vent

CEP Recalculation Line
PT or MT on 1m after CV
and CV Body

CW Pipe
Pipe Thickness 
T/L-Bow, Pump Outlet
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Turbine Auxiliary Inspection Point
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HP Heater
Jet Cleaning
Eddy Current Test
Air Leak Test

Condenser
Jet Cleaning
Eddy Current Test

Hotwell
Check Sedimentation
and Record Keeping 

CW Pipe
Live Materials
Damage
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Turbine Commissioning

1. Heater Leak Test

2. Condenser Tube Leak Test

3. Condenser Vacuum Test

4. Turbine Steam Admission & AOP/EOP Test

5. Turbine Overspeed Test

6. Unit Interlock Test (MFT, Unit Trip)
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Turbine Commissioning - Vacuum Test

Elapsed Time (min) 

Vacuum
(mmHg)

Main Ejector Reference Start Point

60 120

Reference Performance Curve

. Max Vacuum and Required Time

Main Ejector Failure Poor Performance

Start-up Equipment Poor Performance 

System Leak

28

The 1st Work Shop 30-31 Jan, 2009

Turbine Overhaul Improvement - Acceleration Work

1. Overhaul Period (300MW Class)

- J-Power P/S  45 days 

2. Area of Consideration

- Work Schedule Improvement

- Equipment Improvement

- Oil Flushing Improvement
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Work Schedule Improvement

1. Turbine Cool Down Acceleration

2. Work Sequence Improvement 

1. HP Turbine Casing Bolt

Loose Before Turning Gear

2. Turbine Forced Cool Down

Disassemble Flow Guide 

earlier and lift LP Casing

3. Lay down Area 

Disassembly Improvement

Overhaul Schedule Optimization
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Turbine Overhaul Improvement - Induction Heater (1)

Heating with Burner New Type - Induction Heater
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Resistance Wire
Saving Time 

= 30min X 34 times = 1020 min (17 hrs)   

Turbine Overhaul Improvement - Induction Heater (2)
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Turbine Overhaul Improvement - Turbine Oil Flushing
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Step 1 Oil Flushing before Bearing Assembly

Step 2 Oil Flushing after Bearing Assembly

Step 1

Step 2
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TECHNICAL REPORT ON PHASE 3 S/B

Thank You !
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This document shall not be reproduced, transmitted, disclosed or used in whole or in part without 
the written authorization of Electric Power Development Co.,LTD. Japan.
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TURBINE RLA ASSESMENT
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EXAMPLE OF ASSESMENT
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EXAMPLE OF ASSESMENT
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EXAMPLE OF ASSESMENT
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TECHNICAL REPORT ON PHASE 3 S/B

Thank You !
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This document shall not be reproduced, transmitted, disclosed or used in whole or in part without 
the written authorization of Electric Power Development Co.,LTD. Japan.
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ASSESMENT OF PUMP
BOILER FEED WATER PUMP

CIRCULATING WATER PUMP

1

The 1st Work Shop 30-31 Jan, 2009

2

The 1st Work Shop 30-31 Jan, 2009

3

The 1st Work Shop 30-31 Jan, 2009

TECHNICAL REPORT ON PHASE 3 S/B

Thank You !
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This document shall not be reproduced, transmitted, disclosed or used in whole or in part without 
the written authorization of Torishima Engineering Co.,LTD. Japan.
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RETROFIT OF 200 KHI

BOILER FEED WATER PUMP
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Thank You !
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LEAK BUSTER
(Detection technology of air leak into condenser)
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LEAK BUSTER
Detection technology of air leak into condenser

Features
1. Air leak points of the vacuum portion can be 

accurately detected during  operation

2. The applox. air leak volume can be 
measured.

3. The measurement can be made without 
dismantling the heat insulation.

4. Measuring work is completed in a few days.

5. No major set up of equipment is required.
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LEAK BUSTER
Detection technology of air leak into condenser

System configuration

TURBINE

CONDENSER
HELIUM GAS 

CYLINDER

MOISTURE
REMOVER

SAMPLE GAS

ANALIZER

VACUUM PUMP
EJECTOR
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LEAK BUSTER
Detection technology of air leak into condenser

How to asses air leak volume?

Helium spraying

Air leak volume:
Equivalent to 5.0kg/h

Max. value

Base level
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LEAK BUSTER
Detection technology of air leak into condenser
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LEAK BUSTER
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-Diagnosis of Transformer-
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Contents

1. Main components of transformer

2. The sorts of transformer diagnosis

3. Condition check diagnosis
(Dissolved Gas Analysis)

4. Deterioration diagnosis &
Remaining life diagnosis
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Main Components of Transformer

Oil deterioration
preventing apparatus

(Conservator)
Surge hydraulic
pressure relay

Rubber bag

Pitot relay or

Oil level gauge

Buchholtz
relay Oil

cooler

Winding
thermometer

Oil pump
Oil flow meter

Breather

Insulating
oil

IPB

Pressure release valve
Gas detector

Oil flow

Bushings

Terminal
connection in oil

Oil filled cable
Core

Windings
Tank

Basic configuration of shell-type
transformer
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Internal Structure of Transformer

Laminated core

Eddy
current

Single core

Eddy
current

Magnetic
flux

Pressboard

Insulating
paper

Laminated core

Coil conductor

In order to get induced electromotive
force, transformer coils consist of
conductor wound many times.
Besides, coils are insulated from each

other in each loops of wires.

Magnetic
flux
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Inspection & Diagnosis of Transformer (in Japan)

Dissolved Gas AnalysisOnce/yearDissolved gas analysis
(DGA)

Protection relay performance test, etc.Once/6 yearsPI (detail inspection)
Megger testing, Visual inspection, etc.

Oil temp., oil level, Oil leak, abnormal
sound, smell, rust, etc

Inspection contents

Depending on the results of DGAPI (special inspection)

Once/2 yearsPI (simple inspection��

Once/dayPatrol inspection

FrequencyInspection

Furfural analysis( )
Carbon dioxide�CO2�CO�analysis

Dissolved Gas Analysis
Methods

Deterioration diagnosis
(Life-remaining diagnosis)

Condition check diagnosis
Diagnosis

Transformer inspection

Transformer diagnosis
PI: Periodical inspection

�adaptable for insulating paper made from kraft pulp
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Dissolved Gas Analysis (DGA) (1)

��Various gases are generated by heat decomposition of insulating
paper and insulating oil, when abnormal condition such as
electric discharge and over heating occurs in a transformer.

�Abnormal condition is estimated and analyzed from the gas
components, the gas volume and the ratio of generated gas.

H2 CH4 C2H4 C2H2 CO CO2
Electric discharge at
solid insulator

H2 CH4 C2H4 C2H2
Electric discharge in
insulating oil

H2 CH4 C2H6 C2H4 C2H2 CO CO2
Over heating at solid
insulator

H2 CH4 C2H6 C2H4 C2H2
Over heating insulating
oil

Main generated gasAbnormal condition
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*TCG: Total Combustible Gas, the sum of CO to C2H2

Criteria of DGA (in Japan)

(1)C2H2 5
or

(2)Both C2H4 100 &
TCG at least 700

or
(3) Both C2H4 100 &

TCG increase
70 ppm/month

(1)C2H2 0.5
or

(2) Both C2H4 10 and
TCG 500

500TCG*
-C2H2

10C2H4

150C2H6

100CH4

400H2

300CO
Abnormal levelCaution levelCaution I levelGas

Caution I level The level that transformer is out of normal condition although
it is not judged to be abnormal and dangerous condition

Caution II level The level that transformer becomes abnormal condition
gradually

Abnormal level The level that transformer is clearly abnormal condition.
(aggravating further from Caution level)

Unit : ppm

Dissolved Gas Analysis (DGA) ( )
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DGA

Caution II
level

Caution I
level

Abnormal
level

Aspect diagnosis (1)(2)(3)Aspect diagnosis (1)(3) Aspect diagnosis
(1)(2)(3)

Follow-up
study

required
Urgent Urgent

Operation and repair
history investigation

Operation and repair
history investigation

Discussion with
manufacturer

Internal
inspection
required

Electrical test

Comprehensive
diagnosis ( )

Comprehensive
diagnosis ( )

Transformer
shutdown
required

Normal

DGA follow-up study

Internal inspection and
repair

Follow-up interval
set to "next month or

two weeks later"

Yes

Yes

Yes

Yes

No

No

No

No

NoYes

Yes

Normal

Follow-up interval
set to "1/4 of periodic

inspection"

Follow-up interval
set to "1/2 of periodic

inspection"

No

Yes

Yes

No

No

Comprehensive diagnosis ( )
� Operation history, repair history investigation
� General external inspection, general

characteristics of oil
� DGA remeasurement

Aspect diagnosis (1): Gas pattern
Aspect diagnosis (2): Composition ratio (abnormality diagnostic diagram)
Aspect diagnosis (3): Diagnosis according to specific gas

Comprehensive diagnosis ( )
� Condition of internal abnormality (phenomenon,

extent, degree of development)
� Feasibility of operation continuation
� Determination of necessity and method of internal

inspection

Diagnosis Flowchart with DGA
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One Case of Transformer Troubles

Burst-out of insulating oil

After disassembling
transformer, the iron core and
windings were burnt out.
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Analysis of the Transformer Trouble

Decline of insulating paper
mechanical strength due to
deterioration

Damage to insulating paper
due to damage factor

Layer short

Overheating/internal
pressure up of insulating oil

Burst-out of insulating oil

If any measures had been
taken to comprehend internal
condition of transformer, this
trouble might have been
avoided.

Long term plant outage &
Large amount of repair cost
is required

� Operation loss because high efficiency plant has to stop.
� Energy loss because low efficiency plant has to operate.
� Insufficient power supply because of plant outrage

Important
Comprehending the condition
Implementing preventive maintenance
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Deteriorating Phenomenon of Transformer

Deterioration of mechanical strength
(tensile/ compressive)
Decrease in breakdown voltage
Generation of combustion gases, etc.

Insulating materials
Insulating paper,
Pressboard, etc.
Insulating oil

There are almost no mechanical/electrical
deteriorating tendencies.

Metal materials
Conductor, silicon steel
plate, etc.

Deteriorating phenomenonMaterial type

In transformers, deterioration of insulating materials are
rather remarkable than that of metals
In insulating materials, deterioration of mechanical

function is proceeding faster than that of electrical.

Insulating materials deteriorate faster than metal materials
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Life of Transformer

Among insulating materials, deteriorating severity of insulating oil
is milder than others. Additionally, its function can be refreshed by
degassing filtration treatment or exchanging to new one.

Pressboard reaches its service limit slowly than insulating paper,
because its temperature elevation is generally lower than insulating
paper and its necessary function is compressive strength.

When the insulating paper mechanical strength is decreased, there
is an increased risk of breaking paused by electromagnetic force
arising from surge current at the time of external short circuit fault
and other accidents.

Basically, it is impossible to re-wind the insulating paper and to
replace the transformer coils. Thus the insulating paper life means
the transformer life.

End of insulating paper life
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Mechanical & Electrical Strength of Insulating Paper
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�Diaphragm type

�Floating tank type

Operation years of transformerOperation years of transformer
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Insulating strength:
Mechanical strength deteriorates faster than electrical strength
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Insulation Paper Strength and Degree of Polymerization

Service years (Years)

Te
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Service years (Years)

A
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g
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Measuring the strength of insulating paper in a fully inspection
costs a lot and  is difficult to do accurate because of the
insulation paper core set.

The degree of polymerization (DP) is the fiber density of
insulating paper and is closely related with the mechanical
strength of insulating paper.
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Weakening process of insulation paper strength
(Generation of organic constituents)

Chemical structural
formula of cellulose Glucose ring

Hydroxyl group of glucose ring Aldehyde group Carboxyl group

Oxidation Oxidatio
n

Oxidation

Example of glucose ring
opening

The decrease of insulating paper mechanical strength is caused by
chemical changes (glucose bond breaking and ring opening) of the
cellulose.
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Organic constituents extracted from insulating
paper aging

Furan methyl carboxylic acid, acetic ether (CH3COOC2H5),
furan (C4H4O), 2-acetyl furanOthers

Formic acid, 2-furan carboxylic acid, acidum tartaricum,
butyric acidAcid

Acetaldehyde, furfural, 5-methylfurfural, 5-hydroxymethyl-2-
furfural, acetone, methyl ethyl ketone

Aldehyde/
Ketone

Ethyl alcohol, furfuryl alcoholAlcohol

CH4Methane, ethane, propane, propyleneHydrocarbon

H2O, CO, CO2Inorganic

The quantity of organic constituents marked by this symbol has
close relevance with mechanical strength of insulating paper.

Various organic constituents are produced by chemical changes of
the cellulose.

CO,CO2 and Furfural are closely related with insulating paper strength
Remaining life diagnosis is conducted with the relation.
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Average DP survival rate and deterioration indicator
substances
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Average DP remaining life rate (%)
Average DP remaining life rate (%)
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g)

The qty. of (CO+CO2) and the qty. of furfural are closely related with
the average DP remaining life rate of insulating paper. They can be
therefore treated as deterioration indicators (the components which
deterioration level can be measured).
One of the main reasons for the data spread is difference in the load
factor of transformers.
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Judgment Criteria for Remaining Life Diagnosis
(Deterioration Diagnosis) (Japanese case)

Average DP of insulating paper Average DP of insulating paper
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0.015 (mg/g)0.0015 (mg/g)Furfural qt.

2.0 (ml/g)0.2 (ml/g)CO2+CO qt.
Level of dangerLevel of caution

Average DP and CO2+CO quantity Average DP and furfural quantity

Reference values for the
remaining life of insulating paper
is set to �Average DP 450�
Based on this, the judgment

criteria of deterioration
indicators is developed.
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Applicability of Gas Analysis

This method cannot be applied to open type transformers,
because CO and CO2 in the transformer is released to the
atmosphere.

Applicability of CO and CO2
method

Applicability of furfural method

Furfural is a liquid of 161 in boiling point and dissolves to
insulating oil.
Therefore, it can be detected even in an open type transformer.
When adsorbing materials exist in a transformer, this method
cannot be applied to because furfural is adsorbed to it.
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How to correct?

Degassing correction method

Gas quantity is decreasing
at the time of insulating oil
exchange, degasification,
etc. Therefore, degassing
correction is needed.

Make clear the quantitative
changes of deterioration
indicator substances along
with time in the event of
insulating oil exchange,
degasification, etc. Then,
make corrections by linking
balanced properties after
degasification to those
before degasification.

Why need degassing correction?
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Remaining Life Diagnosis of Transformer

The average DP is estimated by sampling approach, CO/CO2
method or furfural method, and the remaining life of transformer is
calculated by Acker�s regression formula.
Remaining life diagnosis of transformer enable trouble prevention,
reflection to replacement planning and so on.

Remaining life diagnosis method by average DP

LR = L0 ( 1 - r ) n

LR�DP
L0�Initial DP
r �coefficient estimated the

results of diagnoses
n�Operating years

Acker�s regression formula

A
ve

ra
ge

D
P

Service years of transformer
(Years)

1000

800

600

400

200

0

1000

800

600

400

200

0
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Flowchart of Transformer Preventive Maintenance

O
il-im

m
ersed

transform
er

During
stop

During
operation

During
operation

Transformer
deterioration diagnosis

Trouble prevention,
Reflection to the
replacement planning

Transformer remaining
life diagnosis

Measure DPDiagnosis by
sampling
insulators

Estimate DP
from furfural
quantity

Diagnosis by
analyzing furfural

Estimate DP
from gas
quantity

Diagnosis by
analyzing
(CO+CO2) gases

Considering the
load factor of
transformer

Old-style diagnosis

Thank You !

The 1st Work Shop 30-31 Jan, 2009

Quoted from
Maintenance Management for Oil-immersed Transformer Vol. 54 No. 1 (Part 1)
Published by Electric Technology Research Association Japan)

No part of the contents of this presentation shall be reproduced or copied
without the permission of Electric Technology Research Association Japan)
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1

Diagnosis Boiler Problem 

Current Boiler Problems for Vindhyachal # 7

• Vindhyachal Unit 7 Boiler has the problem of lower Main 
Steam (MS)/High Reheter Steam (HRH) temperature than 
design value and Left/Right side unbalance in MS/HRH 
temperature since commissioning.  

2

Diagnosis Boiler Problem

Vindhyachal # 7 side view

3

Diagnosis Boiler Problem

The modification history of Boiler up to now is as follows; 

Step I
- Addition of wall superheater on the front wall (area: 922 

m2, consisting of 216 tubes)
- Removal of outer tube in each of the 74 reheater (area: 

722 m2）
Step II
- To reduce the high metal temp of reheater, out of 74 nos, 

44 nos. of off-set bend piping (54 mm) in pent house was 
replaced by 44.5.mm piping to avoid the Reheater tube 
overheating.

- 75% size orifices were installed at reheater outlet 
header(LHS) to reduce the Left/right steam temp 
imbalance.

4

Diagnosis Boiler Problem 

5

Diagnosis Boiler Problem 

Flue Gas temperatures measured
with online instruments at Div SH 
outlet, platen SH outlet etc. 
However, those are not only one 
point measurement data.

It is necessary to verification of 
L & R flue gas temperatures 
unbalance in across the 
cross-section considering data
with regard to steam temperature, 
SH/RH metal temperature, mill 
combination and
angle of burner tilt.

6

Diagnosis Boiler Problem 

Cross connection of the left and right side of superheater
header connecting pipes
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7

Diagnosis Boiler Problem

Recommendation

• Increase in the superheater heat transfer area

In order to reduce furnace heat absorption and to increase 
heat absorption in superheter section, to add wall SH left and 
right sides of furnace. 

• Cross connection of the left and right side of superheater
header connecting pipes

Those modification are required to review and re-design of 
total heat balance of boiler by the original boiler supplier.
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Combustion Simulation 

1. About Combustion Simulation

2. Preparation of Condition

3. Preliminary/Base Case Study
＊Cross Connection between Dev SH & Platen SH 

4. Simulation Study
＊Steam Temperature difference

Increased O2% and Gas Recirculation
Additional air port and OFA
Division SH modification 

＊SH and RH steam temperature 
Division SH modification

Coal Combustion
Simulator

(3)Gas Phase
Reactions

Eddy-break-up
Arrhenius  Expression

(2)Particle Motion
Lagrangian form
Eulerian form

De-coupled option
NO formation

(5)Heat Transfer
Convective
Radiative(P1,DTM)

(1)Fluid Mechanics
RANS(K-ε), LES

(4)Particle Phase
Reactions

Devolatilization
Char Combustion

Figure 2.1   Sub models incorporated into Coal Combustion Simulator

Geometric data
+Height, Depth, Width
+Burner, Air Port
+Dumper structure
+Dumper pattern

Operation Data
(1)Conditions

+Coal Feed Rate
+Coal Size Distribution
+Primary ,Secondary Air

Flow Rate, Temp.
+Oxygen Conc. In Flue Gas

(2)Coal Properties
+Proximate (TM,VM,FC,Ash)
+Ultimate (C,H,O,N,S)
+Net Calorific Value

The Other Data
(1)Adjustable Parameter

+Heat Transfer Coeff.(Wall)
+Surface Temp.(Wall)
+Adsorption Coeff.    ..etc

(2)Kinetic Data
+VM∞, High Heating Rate
+Devoratilization Rate Const.
+Char Combustion Rate

Pre-Tool (Excel)

Calculated Data
(1)Calculation Cells

+P, U, V, W, T, E, D
+Mass Fraction of Chemical Species
+Particle Concentration
+Properties (Temperature Dependent)

(2)Wall Boundary Cells
+Heat Flux

(3)Particle Phase data
+Unburned Carbon

(1)Mesh Data
+Node, x, y, z
+Cell pattern

Wall, Inlet, Outlet
(2)Conditions

+Air Distribution: 
U,V,W,P,T,E,D (each Inlet)

+Coal Particles
x, y, z, U,V,W,T, Mf, Dp

(3)Gas Properties
+VM,O2,CO,CO2,H2O,

SO2,N2
+Viscosity
+Thermal Conductivity
+Specific Heat Capacity
+Molecular Weight
+Formation Enthalpy
+Reaction Stoichiometry

(4)Particle Properties
+VM∞, FC, Ash
+Latent Heat, Volatile
+Heat of Reaction, FC
+Stoichiometry, FC
+Kinetic Data
+Dp change Data

(5)Thermal Condition
+Heat Transfer Coeff.(Wall)
+Surface Temp.(Wall)
+Adsorption Coeff. 

Input Data
(1)Data Translation Tool(Excel)

(2)Combustion Simulator
(a) Fluid Mechanics
(b) Heat Transfer
(c) Combustion Reaction

Evaluation(Visual & Quantitative)
(1)Gas Temperature (Furnace Exit)
(2)Wall Heat Flux
(3)Unburned Carbon
(4)NO, SO2

(3)Visualization
Integration
Tool (C++)

Figure 2. 2  Summary of the Input/Output Data in the combustion simulation  Figure 3.2   Unit 7&8 Mesh used for the base simulations 

I(x)=43

k(z)=53

J(y)=135

Total : 307665 Cells

Table 3.1 Comparison of the Heating Areas etc. 
between Vindyachal Unit7&8 and Simulation model

Unit 7&8 *3) Simulation Model note

Unit Effective Value Total Value

Furnace Volume [m3] 16424 17813   *1)

Surface Area

  Economiser [m2] 13105 Out of Domain

  Furnace [m
2
] 4837 4140   *2)

  Wall Super Heter [m2]  No Information 411

  LTSH(Stage #1) [m
2
] 6864 Out of Domain

  Divisional Panel(Stage #2) [m2] 1319 1644

  Platen(Stage #3) [m2] 1385 1428

  Reheaters [m
2
] 6018 1833

Assembly

  Economiser [-] 138 Out of Domain

  Wall Super Heter [-] 4 4

  LTSH(Stage #1) [-] 124 Out of Domain

  Divisional Panel(Stage #2) [-] 48 24

  Platen(Stage #3) [-] 25 14

  Reheaters [-] 74 28

*1) This value is the total volume of the simulation model.

      The volume except Reheater zone is 16141[m3].

*2) This value does not include the area of Wall Super Heater. 

*3) 15Boiler_Technical_details.pdf

(Water wall)

Figure 3.1   Unit 7&8 structure used for the base simulations 

*These values were obtained by measuring of the drawings
Port Total Area 1st Area 2nd Area Wind Box

Name [mm
2
] [mm

2
] [mm

2
] [mm

2
]

OFA 320800  ---- 320800 579500

OFA 320800  ---- 320800 579500

TOP-EA 190400  ---- 190400 207400

COALK 512000 347593 164407 738100

OIL+AIR 243136  ---- 243136 555100

COALJ 512000 347593 164407 738100

INT-AIR 371200  ---- 371200 555100

COALH 512000 347593 164407 841800

OIL+AIR 243136  ---- 243136 591700

COALG 512000 347593 164407 841800

INT-AIR 371200  ---- 371200 591700

COALF 512000 347593 164407 841800

OIL+AIR 243136  ---- 243136 591700

COALE 512000 347593 164407 841800

INT-AIR 371200  ---- 371200 591700

COALD 512000 347593 164407 841800

OIL+AIR 243136  ---- 243136 591700

COALC 512000 347593 164407 841800

INT-AIR 371200  ---- 371200 591700

COALB 512000 347593 164407 841800

OIL+AIR 243136  ---- 243136 591700

COALA 512000 347593 164407 841800

BTM-EA 190400  ---- 190400 207400
Gas 
Recirculation
23012400[mm2]

Additional Air
300000[mm2]
4 x 2stage

AAhigh=46919[mm]
AAlow =45702[mm]

Boiler Top
71593[mm]

Boiler bottom
9300[mm]

W=15797[mm]
D=19177[mm]

4.4[m/s],623[K]
at 10% of the Flue gas
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Figure 3.3   Configuration of the Additional Air(AA) Ports  

Additional Air
300000[mm2]
4 x 2stage

AAhigh=46919[mm]
AAlow =45702[mm]

L

D

α β

D[mm] 1600
L[mm] 12197
α[deg] 53.5
β[deg] 61.6

77.5[m/s], 623[k] at 20% of the total air  

Figure 2. 5   Calculation procedure of the Coal Combustion Simulation

(1)Gas Velocity (2)Particles 
+Motion
+Reaction

(3)Gas Phase
Reaction

(4)Heat Transfer
Temperature     Wall Heat FluxOxygen Conc.Velocity Vector Trace Lines

Calculation Loop

Table 3.2  Base condition for combustion simulation
Summary of the Simulation Cases   

Burner pattern: Bottom、Middle、Top
Bottom No Service Mill: JK
Middle No Service Mill: EF
Top No Service Mill: AB
Bottom2 No Service Mill: GH
Top2 No Service Mill: CD

Tilt angle: -30,-10,0,+30 

Table 3.4   Case number of all simulations (102 cases) Table 3.5   Case number of additional simulations (16 cases)
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1. Preliminary/Base Case Study

2. Simulation Study

20

25

30

35

40

45

50

0 500 1000 1500 2000

Heat Recovery %

Heat Transfer Coeff. , W/m2/K

Figure  4.1.1   Preliminary Simulations for adjusting 
the heat recovery percentage of the furnace

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]

Middle, Tilt = -10 deg
Super Heater :500[W/m2/K], 750[K]

33% in design

200[W/m2/K] is employed for Base Cases.

Correspond to ash free condition

In this area, heat recovery percent would be
fluctuated by soot blow etc.. 

K
G
D
A

AA
Nose

SHZ

Bottom Tilt=0 deg

Figure 4.1.2      Typical Flow Pattern in tangential fired boiler(1)     

Gas Velocity Vector Particle LinesVelocity [m/s]

The injected air from lower burner
flows into the furnace center.

The injected air from 
upper burner flows 
near the furnace wall.

Figure 4.1.3     Typical Flow Pattern in tangential fired boiler(2)     

A               B               C              D               E F                G              H    

Particle lines injected from each burners    

Flows in the boiler center    Flows near the wall    

Figure 4.1.4     Typical Flow Pattern in tangential fired boiler(3)     

Tilt        -30                     -10                    0                     30

Bottom Pattern     

Tilt    -30         -10            0          30

Bottom (Mill) Pattern Top (Mill) Pattern

Middle  Pattern

Figure 4.2.1   Velocity Vector of each cases

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]

Velocity [m/s] Velocity [m/s]

Tilt    -30         -10            0          30

Tilt    -30         -10            0          30

Velocity [m/s]
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Tilt    -30         -10            0          30

Temp. [deg.C] Bottom (Mill) Pattern Top (Mill) Pattern

Middle  Pattern
Tilt    -30         -10            0          30

Tilt    -30         -10            0          30
Figure 4.2.2   Temperature profiles of 

each cases

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]

Temp. [deg.C]

Temp. [deg.C]

Figure 4.2.3     Typical Flow Pattern in tangential fired boiler(4)     

Bottom Top Middle Bottom Top Middle Bottom Top Middle
Gas Velocity Particle Lines Temperature

Effect of the burner pattern to the flow field

Gas flows

Wall side Center

Particles passes

Wall side Center

Coal flame is in

Wall side Center

Tilt = -10 deg.

25

30

35

40

-40 -30 -20 -10 0 10 20 30 40

Bottom

Bottom2

Middle

Top2

Top

Tilt Angle, deg.

Figure 4.2.4  Predicted Heat Recovery Percentage of the Furnace

33% in design

Estimated from 
unit 7 data(24.06.2009)

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]

1000

1100

1200

1300

1400

1500

-40 -30 -20 -10 0 10 20 30 40

Bottom

Bottom2

Middle

Top2

Top

Tilt Angle, deg.

Figure 4.2.5   Predicted Temperature in nose level (SH-IN)

1400[deg.C] in design

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]

Right Rear View Left

Figure 4.2.7   A cause of the Right & Left steam temperature difference(2)

Isothermal Surface = 1000 deg.C

Expression     Top 
(No Service)     (JK)
Top Mill
Tilt = -10 deg.

Div. Panel Zone
Platen IN

RH(R) IN
RH(C) IN

Front side

Rear side

A large temperature gradient was
predicted in the Super Heater.

Right & Left steam temperature difference 
would be made by such temperature distribution.

Left side

Right side

Figure 5.2.6  A cause of the Right & Left steam temperature difference(1)

In the super heater zone, 
tangential flow in nose level is changed into 

the uniform flow in RH zone.
As a result, complex flow pattern is formed.
The division panels are located in this complex flow. 

Recirculation 
zone

Div panel zone has very 
complex flow pattern!!

Top Mill
Tilt = -10 deg.
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Heater0
Original
Div. Panel

Z-Left

Z-Center

Z-Right

X-Near WSH

Top Mill
Tilt = -10 deg.

Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.2.8  Isothermal Surface = 1000 deg in SH Zone

Expression     Bottom            Bottom2              Middle    Top2                 Top
(No Service)     (JK)                 (GH)                   (EF)                 (CD)                  (AB)

6.9[%]                3.8[%]               27.2[%]            11.4[%]              -4.9[%]

12.2[%]              11.9[%]            -12.5[%]            16.1[%]               7.7[%]

3.5[%]                 7.4[%]             14.5[%]              5.6[%]              15.2[%]

5.3[%]               13.6[%]             16.1[%]              3.5[%]               6.8[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)

Good Condition:   Small Deflection & Flat Isothermal lines 

X

△

△

？

R L

Figure 4.2.9   R & L deflection of each super heaters

0

10

20

30

40

50

Average(ABS(df%))

Max(ABS(df%))

Min(ABS(df%))

Super Heater

Div 1st Row     Div 2nd Row      Platen          Total

Figure 4.2.10  Improvement of the R&L deflection by changing the heater combination(1)

Straight
(Original)

Left

Right

Div
L1

Div
L2

Div
R1

Div
R2

PltL

PltR

Front

L=LLL

R=RRR

Cross1

Front

R=RRL

L=LLR

Left
Div
L1

Div
L2

Div
R1

Div
R2

PltL

PltR
Right

Cross 3

R=RLR

L=LRL

Left

Right

Div
L1

Div
L2

Div
R1

Div
R2

PltL

PltR

Cross2

R=RLL

L=LRR

Div
L1

Div
L2

Div
R1

Div
R2

PltL

PltR
Right

0

5

10

15

20

25

30

Average(ABS(df%))

Max(ABS(df%))

Min(ABS(df%))

Pattern

Straight          Cross1          Cross2        Cross3

Figure 4.2.11   Improvement of the R&L deflection by changing the heater combination(2)
Figure 4.3.1   Velocity Vector of each cases

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]
Middle, Tilt=-10 deg

Velocity [m/s]

Gas Volume
= 1.12 X (base)

Gas Volume
= 1.11 X (base)

Gas Volume
= 1.22 X (base)

Base Case             O2=5%               GR=10%              GR=20%
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Figure 4.3.2  Oxygen concentration distribution of each cases

O2 Conc. [Volf]

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]
Middle, Tilt=-10 deg

Base Case             O2=5%               GR=10%              GR=20%

The oxygen conc.  
increases

Figure 4.3.3  Temperature distribution of each cases

Temp. [deg.C]

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]
Middle, Tilt=-10 deg

Base Case             O2=5%               GR=10%              GR=20%

The temperature decreases.

Figure 4.3.4   Heat Flux distribution of each cases

Heat Flux [W/m2]

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]
Middle, Tilt=-10 deg

Base Case             O2=5%               GR=10%              GR=20%

The wall heat flux decreases.
Table 4.3.1 Comparison of the Furnace Heat Recovery Percent 

Table 4.3.2 Comparison of the Furnace exit gas temperature (nose level)

O2=5%：
2% of HRf is decreased.
GR=10%:
5% of HRf is decreased
GR=20%:
8.5% of HRf is decreased

O2=5%：
40deg.C is decreased.

GR=10%:
5deg.C is  decreased.

GR=20%:
30deg.C is decreased

Table 4.3.3 Comparison of the SH Heat Recovery Percent 

Table 4.3.4 Comparison of the RH IN gas temperature

O2=5%：
1% of HRsh is decreased.
GR=10%:
HRsh is almost equal.
GR=20%:
1% of HRsh is decreased

O2=5%：
Temp. is almost equal.

GR=10%:
20deg.C is  increased.

GR=20%:
40deg.C is increased

Table 4.3.5 The effect of the oxygen conc. & gas recirculation
to the heat recovery pattern 

Note1:SH (Wall Heater + Div + Platen)
Note2:RH data are reference value. 

Arrow: Red is good,  Blue is bad. 
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Figure 4.4.1   Velocity Vector of each cases

Heat Input = 1.2E9[kcal/h]
Coal Flow = 323[ton/h]
Middle, Tilt=-10 deg

Base Case                       AA=20%                         OFA damper
=50%

Velocity [m/s]

OFA

AA

OFA

AA

OFA

AA

AA=77.5[m/s] OFA=53[m/s]

Figure 4.4.2 Average R&L Deflection of the Super Heaters

Base             AA=20%      OFAd=50%
0

5

10

15

20

Original

Cross1

Cross2

Cross3

Two staged air pattern

Figure 3.4   Configuration changes in the division panels   

Area Assembly Area Assembly Area Assembly

[mm2] [-] [mm2] [-] [mm2] [-]

Unit 7&8 1319 48 1385 25 6018 74

Heater0 1644 24 1428 14 1833 28

Heater1 1633 12 1428 14 1833 28

Heater2 1634 12 1428 14 1833 28

Heater3 822 12 1428 14 1833 28

  Divisional Panel   Platen   Reheaters

Heater 0 Heater 1 Heater 2 Heater 3

0

5

10

15

20

Bottom

Middle

Top

Heter Pattern

Heater0 Heater1 Heater2 Heater3

Figure 4.5.1   R & L deflection of heat recovery percent in each heater

Detailed calculations were 
executed about Heater1.

Tilt Angle
= -10 deg.

Figure 4.5.2   Concept of the Heater 1

Heater 0
Original Div Panel

Heater 1
Modified Div Panel

Very complex flow in 
the first row div. panel

Velocity Vector

Temperature

Lower temp. in
recirculation zone

Promote to make the rise
flow into no-heater space

Temperature

Higher temp. 
in no-heater space

Heat Flux
Distribution

Heater0
Original
Div. Panel

Z-Left Heater1
Modified
Div. Panel

Z-Center

Z-Right

X-Near WSH Figure.
Comparison of the
Velocity VectorTop Mill

Tilt = -10 deg.
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Heater0
Original
Div. Panel

Z-Left Heater1
Modified
Div. Panel

Z-Center

Z-Right

X-Near WSH

Low 
Temp. Zone

Figure.
Comparison of the
Gas Temperature
Distribution

Top Mill
Tilt = -10 deg.

Heater0
Original
Div. Panel

Heater1
Modified
Div. Panel

1300 
deg.C

1150 
deg.C

1000
deg.C

Figure.
Comparison of the
isothermal faceTop Mill

Tilt = -10 deg.

Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.5.3   Isothermal Surface = 1000 deg in SH Zone

Expression     Bottom            Bottom2              Middle    Top2                 Top
(No Service)     (JK)                 (GH)                   (EF)                 (CD)                  (AB)

-8.0[%]              -11.4[%]              5.0[%]             -6.0[%]              -9.1[%]

3.7[%]               5.4[%]             -29.4[%]               6.4[%]               0.5[%]

1.0[%]                7.3[%]              11.1[%]              -3.7[%]              -0.2[%]

-3.3[%]               -23.3[%]             -0.5[%]              3.9[%]               20.6[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)

Good Condition:   Small Deflection & Flat Isothermal lines 

R L

Table 4.5.1   Effect of the Heater1 to the Right & Left Deflection

Table 4.5.2  Effect of the Heater1 to the Heat Recovery Pattern

Figure 4.5.4  Effect of the Heater1 to the Right & Left Deflection

Heat Flux around the boiler top is increased by no heater space.

No heater space

When the part of the furnace side wall is also replaced to wall SH,  
the heat recovery fraction of SH will be able to be increased a little more. 

Original Case:
Heater0

Improvement:
Heater1

Heat Flux [W/m2]
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Figure 4.5.5   Effect of the Heater combination to  the Right & Left Deflection

Straight
(Heater1)

Left

Right

Div
L

Div
R

PltL

PltR

Front

R=RR

L=LL

R=RL

L=LR

Left

Right

Div
L

Div
R

PltL

PltR

Ref.  1         Effect of each operations to the heat recovery percent of the re-heaters

Note:
The prediction of the convection heaters is not so accurate in this simulation.
These data is submitted as a reference value.  

Recommendation

1. L & R deflection

• The Bottom pattern and the Tilt -10 degree operation for L & R deflection

Carry out trial operation by applying the best parameters written above to 
the current boiler.  For further mitigation of temperature imbalance,  

• Modify the boiler by applying the cross-connecting pipes between 
Division SH and Platen SH.

2. SH and RH steam temperature

• To increase SH and RH steam temperature, remove front Division SH, 
and add the same heating surface to rear Division SH by modification of 
rear Division SH.  
In addition, apply wall SH at left and right sides of furnace where Division 
SH is located.  

Removal of front Division SH is also effective for mitigation of
temperature imbalance.

Boiler Combustion Simulation  

Simulation of Air and Fuel Bias 

●Additional Request to improve the R&L deflection 
(1)Right & Left 2nd Air Bias 

by changing the wind box draft.
(2)Right & Left   Fuel Bias (1st Air) 
(3)Right & Left   Fuel Bias (1st Air) +  2nd Air Bias

Note: Simulation Conditions same as previous study report.

Simulation of Air and Fuel Bias Boiler Combustion Simulation  
Case number of all simulations (20 base cases)

Bottom No Service Mill: JK
Bottom2 No Service Mill: GH
Middle   No Service Mill: EF
Top2      No Service Mill: CD
Top        No Service Mill: AB
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Case number of all simulations (240 Bias cases)
Boiler Combustion Simulation  

Cases are considered SH cross connection patterns

Figure 3. 3  Heater combination Patterns
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L=LRR

Div
L1

Div
L2

Div
R1

Div
R2

PltL

PltR
Right

Cross2

R=RLL

L=LRR

Div
L1

Div
L2

Div
R1

Div
R2

PltL

PltR
Right

Improve the R&L deflection 
(1)Right & Left 2nd Air Bias 

by changing the wind box draft.

Figure 4.2.1   Effect of the Right & Left 2nd Air bias(1-1) 
Bottom Mill pattern , Tilt= -10[deg],  Burner A 

Temperature

Velocity
Vector

Bias(L) = 0%Bias(L) = -10% Bias(L) = +10%

Bias(R) = 0%Bias(R) = +10% Bias(R) = -10%

Bias = -20% Bias = 0% Bias = +20%
Bias =
Bias(L)-Bias(R)

Figure 4.2.2   Effect of the Right & Left 2nd Air bias(1-2) 
Bottom Mill pattern , Tilt= -10[deg],  Burner A 

Bias = -20%         0%                 +20% Bias = -20%         0%               +20%

TemperatureVelocity Vector

The difference in lower burner region was found.
But, the results in nose level  were almost same.   
The reason is that the swirl pattern in the furnace does not change basically. 
It is understood the this boiler is stable against the fluctuation.
It would be essentially good point in this boiler.

Figure 4.2.3   Effect of the Right & Left 2nd Air bias(2-1) 
Top Mill pattern , Tilt= 30[deg], AA Level 

Temperature

Velocity
Vector

Bias(L) = 0%Bias(L) = -10% Bias(L) = +5%

Bias(R) = 0%Bias(R) = +10% Bias(R) = -5%

Bias = -20% Bias = 0% Bias = +10%
Bias =
Bias(L)-Bias(R)
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Figure 4.2.4   Effect of the Right & Left 2nd Air bias(2-2) 
Top Mill pattern , Tilt= 30[deg],  Burner A 

Bias = -20%         0%                 +10% Bias = -20%         0%               +10%

TemperatureVelocity Vector

On the other hand, the difference was also found in Div. Panel region
under the condition of Top Mill & Tilt = 30[deg] 

The reason is that the good swirl would not be get in this condition. 
It would be very difficult to control R&L deflection by this operation. 

Figure 4.2.5  Isothermal Surface = 1000 deg in SH Zone by changing 2nd Air Bias

Bias = -20%

Bias =    0%

Bias = +20%

Bias = -20%

Bias =    0%

Bias = +10%

Top Mill pattern , Tilt= 30[deg]Bottom Mill pattern , Tilt= -10[deg]

Comparably Stable Big changing was found in tilt=+30deg

Figure 4.3.1  Effect of 2nd Air Bias on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Various Profiles were Predicted!
It would be difficult to control R&L Deflection.  

Tilt = -30 deg Tilt = -10 deg

Tilt = 0 deg Tilt = +30 deg

Stable by Plus side !!
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Bias Fraction[%]

-40

-20
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20

40

-30 -20 -10 0 10 20 30

Bottom
Bottom2
Middle
Top2
Top

Bias Fraction[%]

Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
2nd Air Bias Cases: Expression     Bottom     (No Service Mill)     (JK)

16.6[%]               12.5[%]               6.8[%]           -21.5[%]             -17.5[%]

9.1[%]              10.4[%]             12.2[%]            2.7[%]                 2.1[%]

8.9[%]                5.0[%]              3.5[%]             7.6[%]                16.6[%]

-11.1[%]              -7.3[%]             5.3[%]            -21.1[%]             -31.2[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

△

△

△

△

R L

Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.3.3  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
2nd Air Bias Cases: Expression     Bottom2     (No Service Mill)     (GH)

6.9[%]                 4.7[%]               3.8[%]            -19.7[%]             -26.4[%]

10.1[%]                9.6[%]              11.8[%]            10.4[%]              -6.3[%]

10.5[%]              26.9[%]               7.4[%]            11.9[%]                5.5[%]

-10.6[%]            -35.5[%]            13.5[%]             -6.9[%]              32.8[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

△

X

△

△

R L Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.3.4  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
2nd Air Bias Cases: Expression     Middle     (No Service Mill)     (EF)

25.7[%]             31.9[%]              27.2[%]              7.8[%]            -17.7[%]

15.8[%]              11.5[%]             -12.5[%]            -19.8[%]             16.7[%]

11.7[%]              10.3[%]             14.5[%]            13.9[%]               11.0[%]

14.8[%]              28.8[%]            16.1[%]           -22.2[%]              19.5[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

X

X

△

△

R L
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Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.3.5  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
2nd Air Bias Cases: Expression     Top2     (No Service Mill)     (CD)

8.3[%]               13.9[%]              11.4[%]           -46.9[%]              -9.2[%]

11.0[%]              19.5[%]              16.1[%]          -12.4[%]                2.9[%]

14.0[%]              19.5[%]               5.7[%]             4.0[%]               19.9[%]

3.1[%]                 9.2[%]             3.5[%]              3.3[%]              14.6[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

X

△

△

△

R L Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.3.6  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
2nd Air Bias Cases: Expression     Top     (No Service Mill)     (AB)

28.0[%]               23.4[%]              -4.9[%]            -33.2[%]            -2.0[%]

19.0[%]              13.8[%]                7.7[%]             4.5[%]              -7.9[%]

11.3[%]              17.7[%]             15.2[%]             4.8[%]                8.4[%]

-0.5[%]                  7.5[%]             6.8[%]             -2.1[%]              13.8[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

X

△

△

△

R L

Table 4.3.1  Effect of 2nd Air Bias on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Straight Straight Straight Straight Straight
-20 -10 0 10 20

Bottom -30 -11.09 -7.26 5.32 -21.13 -31.15 
(JK) -10 8.86 5.04 3.48 7.58 16.57

0 9.12 10.44 12.19 2.73 2.12
30 16.60 12.54 6.81 -21.47 -17.45 

Bottom2 -30 -10.56 -35.46 13.56 -6.97 32.81
(GH) -10 10.51 26.68 7.37 11.90 5.54

0 10.19 9.57 11.84 10.41 -6.33 
30 6.92 4.69 3.79 -19.69 -26.42 

Middle -30 14.77 28.75 16.10 -22.15 19.48
(EF) -10 11.68 10.28 14.51 13.93 11.04

0 15.81 11.52 -12.53 -19.81 16.65
30 25.65 31.01 27.20 7.83 -17.76 

Top2 -30 3.11 9.21 3.45 3.29 14.61
(CD) -10 14.00 19.51 5.57 3.98 19.86

0 11.01 19.53 16.13 -12.36 2.90
30 8.34 13.91 11.36 -46.92 -9.20 

Top -30 -0.50 7.53 6.78 -2.13 13.82
(AB) -10 11.28 17.70 15.16 4.79 8.44

0 18.98 13.82 7.66 4.53 -7.87 
30 28.00 23.44 -4.92 -33.22 -2.01 

12.35 15.90 10.29 13.84 14.10
28.00 35.46 27.20 46.92 32.81
0.50 4.69 3.45 2.13 2.01

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)
Max(ABS(df%))
MIN(ABS(df%))

Figure 4.3.7  Effect of the heater combination on the R & L Deflection
under the bias condition

●R & L deflection seems to be minimum in non-bias condition (Bias Fraction=0%).
●Effect of the Cross Combination 2 and 3: 

+ Cross combination 2 and 3 is very effective to minimize the deflection 
under a lot of operating conditions.

+Cross combination 1 is also effective, 
but a big deflection is sometimes found in bias condition.

●It would be better to take non-bias condition with the cross combination.

0

5

10

15

20

-30 -20 -10 0 10 20 30

Straight(2ndBias)

Cross1(2ndBias)

Cross2(2ndBias)

Cross3(2ndBias)

Bias Fraction[%]

Table 4. 3.2  Effect of 2nd Air Bias with Cross 1 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross1 Cross1 Cross1 Cross1 Cross1
-20 -10 0 10 20

Bottom -30 -3.44 -7.45 2.50 -17.17 -16.76 
(JK) -10 8.10 7.62 2.33 21.34 9.04

0 1.81 7.70 8.78 16.14 7.57
30 6.18 5.73 4.83 -5.18 -8.53 

Bottom2 -30 3.13 -13.02 -0.73 20.91 1.13
(GH) -10 -2.89 8.89 1.85 17.37 9.38

0 -2.05 4.78 6.96 3.04 6.22
30 4.72 3.01 3.74 4.06 -19.46 

Middle -30 0.91 8.55 8.25 -9.68 6.25
(EF) -10 4.34 4.28 7.41 20.79 7.94

0 9.31 0.36 -14.29 -21.76 7.03
30 9.76 11.95 11.73 25.57 -11.12 

Top2 -30 14.77 6.32 -0.53 7.69 4.72
(CD) -10 4.13 11.27 6.98 17.78 9.50

0 6.49 8.59 8.64 -1.04 7.64
30 6.43 8.86 6.87 -29.61 -9.14 

Top -30 10.58 10.43 4.83 6.83 3.80
(AB) -10 7.24 6.88 6.81 14.48 7.36

0 6.40 4.16 8.14 0.73 5.95
30 12.13 10.54 -8.79 -22.01 3.70

6.24 7.52 6.25 14.16 8.11
14.77 13.02 14.29 29.61 19.46
0.91 0.36 0.53 0.73 1.13

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)
Max(ABS(df%))
MIN(ABS(df%))

ABS(Orange Frame)
<±10%

Table 4.3.3  Effect of 2nd Air Bias with Cross 2 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross2 Cross2 Cross2 Cross2 Cross2
-20 -10 0 10 20

Bottom -30 4.74 -2.46 -1.40 2.12 2.90
(JK) -10 1.45 3.39 -2.43 10.10 -2.68 

0 -6.80 -0.24 -0.42 6.28 6.59
30 -4.43 -2.65 -0.29 5.46 -0.51 

Bottom2 -30 8.60 9.64 -11.73 22.28 -21.41 
(GH) -10 -12.08 -10.51 -3.56 0.22 6.10

0 -9.58 -3.44 -2.18 -8.63 11.74
30 0.40 -1.11 -0.10 9.42 -4.60 

Middle -30 -10.36 -11.94 -1.81 -0.36 -6.97 
(EF) -10 -4.44 -2.74 -1.55 6.25 1.39

0 -1.31 -8.19 -6.10 -6.28 -5.14 
30 -8.63 -10.92 -8.65 11.57 -2.11 

Top2 -30 13.31 0.25 -3.72 6.43 -4.59 
(CD) -10 -7.54 -2.82 2.95 7.22 -5.55 

0 -2.97 -5.36 -3.26 0.99 4.83
30 0.85 -1.24 -2.42 0.35 -8.42 

Top -30 11.25 5.31 -0.14 8.93 -5.10 
(AB) -10 -1.35 -5.95 -3.95 5.78 1.58

0 -8.14 -6.32 3.45 -13.66 11.96
30 -7.95 -7.15 -9.52 -3.00 3.48

6.31 5.08 3.48 6.77 5.88
13.31 11.94 11.73 22.28 21.41
0.40 0.24 0.10 0.22 0.51

Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)

ABS(Orange Frame)
<±10%
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Table 4.3.4  Effect of 2nd Air Bias with Cross 3 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross3 Cross3 Cross3 Cross3 Cross3
-20 -10 0 10 20

Bottom -30 -2.92 -2.28 1.42 5.12 -11.49 
(JK) -10 2.21 0.81 -1.28 1.82 4.85

0 0.50 2.51 2.99 -2.55 1.13
30 5.99 4.16 1.68 -1.41 -9.43 

Bottom2 -30 -5.09 -12.80 2.56 15.32 10.27
(GH) -10 1.32 7.28 1.96 -14.58 2.26

0 2.65 1.35 2.70 -17.52 -0.81 
30 2.59 0.58 -0.05 0.20 -11.56 

Middle -30 3.50 8.27 6.05 -2.95 6.26
(EF) -10 2.90 3.26 5.56 1.72 4.49

0 5.18 2.98 -4.34 -8.72 4.48
30 7.26 8.14 6.83 -0.71 -8.74 

Top2 -30 1.65 3.14 0.27 4.30 5.31
(CD) -10 2.33 5.42 1.53 -0.02 4.80

0 1.55 5.58 4.23 -4.63 0.09
30 2.76 3.81 2.07 -6.06 -8.48 

Top -30 0.18 2.41 1.81 5.14 4.91
(AB) -10 2.70 4.86 4.40 -1.22 2.66

0 4.44 3.34 2.96 -20.40 -1.86 
30 7.92 5.75 -5.65 -6.67 -2.22 

3.28 4.44 3.02 6.05 5.31
7.92 12.80 6.83 20.40 11.56
0.18 0.58 0.05 0.02 0.09

Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)

ABS(Orange Frame)
<±10% Improve the R&L deflection 

(2)Right & Left Fuel Bias (1st Air).

Figure 4.4.1  Effect of Fuel & 1st Air Bias on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Various Profiles were Predicted!
It would be difficult to control R&L Deflection.  

Tilt = -30 deg Tilt = -10 deg

Tilt = 0 deg Tilt = +30 deg

Stable by Plus side !!
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Figure 4.4.2  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st Air Bias Cases: Expression     Bottom     (No Service Mill)     (JK)

21.2[%]               18.8[%]               6.8[%]            23.7[%]                3.9[%]

-0.4[%]               1.6[%]             12.2[%]            17.0[%]                21.1[%]

6.8[%]              11.7[%]              3.5[%]             18.4[%]              22.5[%]

-7.6[%]                0.6[%]             5.3[%]              23.7[%]               1.9[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

△

△

△

△

R L

Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st  Air Bias Cases: Expression     Bottom2     (No Service Mill)     (GH)

8.5[%]                 6.2[%]               3.8[%]            10.0[%]                7.2[%]

11.9[%]                5.7[%]              11.8[%]             5.9[%]               15.9[%]

17.6[%]                8.7[%]               7.4[%]              4.1[%]                1.0[%]

-34.4[%]             -7.2[%]             13.5[%]              6.4[%]                9.3[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

△

△

△

△

R L
Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.4.4  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st  Air Bias Cases: Expression     Middle     (No Service Mill)     (EF)

34.3[%]             32.4[%]              27.2[%]             23.4[%]            16.3[%]

21.6[%]              27.1[%]             -12.5[%]             -2.2[%]             18.7[%]

13.1[%]              13.8[%]             14.5[%]            12.3[%]               7.0[%]

33.2[%]              26.4[%]            16.1[%]              8.2[%]               -7.8[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

X

△

△

△

R L
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Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.4.5  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st  Air Bias Cases: Expression     Top2     (No Service Mill)     (CD)

17.2[%]              15.9[%]              11.4[%]            3.1[%]              -4.1[%]

15.9[%]              20.4[%]              16.1[%]            5.7[%]               -2.0[%]

17.4[%]              17.4[%]               5.7[%]             8.2[%]              12.2[%]

9.6[%]                 7.8[%]             3.5[%]              6.9[%]                4.3[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

X

△

△

△

R L Tilt Angle

-30[deg]

-10[deg]

0[deg]

+30[deg]

Figure 4.4.6  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st  Air Bias Cases: Expression     Top     (No Service Mill)     (AB)

28.0[%]               17.4[%]              -4.9[%]            -24.1[%]           -28.7[%]

17.3[%]               10.0[%]                7.7[%]             2.1[%]              -3.4[%]

15.8[%]              15.6[%]             15.2[%]            12.8[%]               9.8[%]

7.7[%]                  6.2[%]             6.8[%]              6.6[%]               8.0[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 

X

△

△

△

R L

Table 4.4.1  Effect of Fuel & 1st Air Bias on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Straight Straight Straight Straight Straight
-20 -10 0 10 20

Bottom -30 -7.60 0.61 5.32 23.72 1.88
(JK) -10 6.79 11.74 3.48 18.42 22.54

0 -0.35 1.62 12.19 16.98 21.08
30 21.23 18.75 6.81 23.72 3.92

Bottom2 -30 -34.36 -7.21 13.56 6.36 9.33
(GH) -10 17.64 8.71 7.37 4.12 1.04

0 11.89 5.74 11.84 5.90 15.89
30 8.45 6.21 3.79 10.01 7.24

Middle -30 33.18 26.38 16.10 8.23 -7.82 
(EF) -10 13.13 13.76 14.51 12.27 7.02

0 21.62 27.11 -12.53 -2.19 18.71
30 34.26 32.36 27.20 23.36 16.25

Top2 -30 9.60 7.78 3.45 6.87 4.25
(CD) -10 17.40 17.43 5.57 8.23 12.23

0 15.94 20.37 16.13 5.70 -1.96 
30 17.17 15.86 11.36 3.09 -4.06 

Top -30 7.71 6.23 6.78 6.62 7.99
(AB) -10 15.79 15.59 15.16 12.82 9.78

0 17.30 9.95 7.66 2.07 -3.37 
30 27.88 17.39 -4.92 -24.07 -28.69 

16.96 13.54 10.29 11.24 10.25
34.36 32.36 27.20 24.07 28.69
0.35 0.61 3.45 2.07 1.04

Max(ABS(df%))
MIN(ABS(df%))

    (Division Panel + Platen) 

AverageABS(df%)

Evaluation Item R&L Deflection of Heat Recovery

Figure 4.4.7  Effect of the heater combination on the R & L Deflection
under the Fuel + 1st Air bias condition
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●R & L deflection seems to be minimum in non-bias condition (Bias Fraction=0%).
●Effect of the Cross Combination 2 and 3: 

+ Cross combination 2 and 3 is very effective to minimize the deflection 
under a lot of operating conditions.

+Cross combination 1 is also effective, 
but a big deflection is sometimes found in bias condition.

●It would be better to take non-bias condition with the cross combination.

Table 4.4.2   Effect of Fuel & 1st Air Bias with Cross 1 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross1 Cross1 Cross1 Cross1 Cross1
-20 -10 0 10 20

Bottom -30 5.62 -9.78 2.50 14.02 -3.04 
(JK) -10 7.57 9.39 2.33 7.87 12.74

0 5.76 8.44 8.78 7.37 11.35
30 7.71 7.55 4.83 14.02 0.99

Bottom2 -30 -11.93 -10.98 -0.73 -9.66 -7.89 
(GH) -10 8.58 6.01 1.85 4.93 6.55

0 6.91 10.47 6.96 5.75 10.13
30 5.07 4.43 3.74 4.64 0.58

Middle -30 11.05 9.55 8.25 6.64 -2.75 
(EF) -10 4.07 6.43 7.41 7.51 6.49

0 11.60 11.84 -14.29 1.00 4.84
30 12.11 12.67 11.73 11.07 9.26

Top2 -30 6.82 5.78 -0.53 1.35 0.20
(CD) -10 8.11 5.56 6.98 7.95 8.26

0 7.96 7.47 8.64 4.12 -1.99 
30 9.41 8.62 6.87 3.29 0.61

Top -30 10.01 7.77 4.83 1.92 1.18
(AB) -10 6.98 6.51 6.81 6.28 6.86

0 7.73 5.75 8.14 5.50 6.38
30 10.39 3.65 -8.79 -18.17 -19.37 

8.27 7.93 6.25 7.15 6.07
12.11 12.67 14.29 18.17 19.37
4.07 3.65 0.53 1.00 0.20

    (Division Panel + Platen) 

AverageABS(df%)
Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery

ABS(Orange Frame)
<±10%

Table 4.4.3  Effect of Fuel & 1st Air Bias with Cross 2 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross2 Cross2 Cross2 Cross2 Cross2
-20 -10 0 10 20

Bottom -30 10.26 -10.31 -1.40 -1.17 -3.46 
(JK) -10 3.16 1.38 -2.43 -5.13 -3.19 

0 6.10 7.11 -0.42 -4.77 -3.73 
30 -7.04 -6.16 -0.29 -1.17 -4.56 

Bottom2 -30 9.20 -6.20 -11.73 -14.52 -14.42 
(GH) -10 -3.69 0.26 -3.56 2.42 6.98

0 -2.58 6.86 -2.18 1.41 -2.24 
30 -1.03 -0.72 -0.10 -4.71 -7.65 

Middle -30 -11.26 -7.99 -1.81 2.14 0.65
(EF) -10 -4.37 -2.37 -1.55 -0.23 2.46

0 -3.36 -8.13 -6.10 0.89 -11.84 
30 -12.86 -11.27 -8.65 -6.84 -4.00 

Top2 -30 0.83 0.58 -3.72 -3.40 -2.70 
(CD) -10 -5.23 -8.55 2.95 1.85 -1.19 

0 -3.39 -7.44 -3.26 -1.74 -3.55 
30 -2.29 -3.02 -2.42 -1.35 -0.10 

Top -30 4.68 3.42 -0.14 -3.60 -5.45 
(AB) -10 -4.05 -4.37 -3.95 -2.81 0.05

0 -4.28 -1.92 3.45 3.68 8.89
30 -11.14 -12.18 -9.52 -6.19 -4.39 

5.54 5.51 3.48 3.50 4.58
12.86 12.18 11.73 14.52 14.42
0.83 0.26 0.10 0.23 0.05

    (Division Panel + Platen) 

AverageABS(df%)
Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery

ABS(Orange Frame)
<±10%
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Table 4.4.4  Effect of Fuel & 1st Air Bias with Cross 3 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross3 Cross3 Cross3 Cross3 Cross3
-20 -10 0 10 20

Bottom -30 -2.96 0.07 1.42 8.53 1.45
(JK) -10 2.38 3.73 -1.28 5.42 6.62

0 0.00 0.29 2.99 4.84 6.00
30 6.48 5.04 1.68 8.53 -1.63 

Bottom2 -30 -13.22 -2.42 2.56 1.51 2.80
(GH) -10 5.37 2.96 1.96 1.61 1.48

0 2.40 2.13 2.70 1.55 3.52
30 2.35 1.06 -0.05 0.66 -0.99 

Middle -30 10.87 8.84 6.05 3.73 -4.42 
(EF) -10 4.69 4.96 5.56 4.53 3.00

0 6.66 7.14 -4.34 -2.31 2.04
30 9.28 8.42 6.83 5.46 2.99

Top2 -30 3.61 2.57 0.27 2.12 1.35
(CD) -10 4.05 3.32 1.53 2.13 2.78

0 4.59 5.45 4.23 -0.16 -3.52 
30 5.47 4.21 2.07 -1.56 -4.76 

Top -30 2.39 1.88 1.81 1.11 1.35
(AB) -10 4.76 4.72 4.40 3.74 2.97

0 5.29 2.28 2.96 0.24 -0.85 
30 6.35 1.56 -5.65 -12.09 -13.71 

5.16 3.65 3.02 3.59 3.41
13.22 8.84 6.83 12.09 13.71
0.00 0.07 0.05 0.16 0.85

    (Division Panel + Platen) 

AverageABS(df%)
Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery

ABS(Orange Frame)
<±10% Improve the R&L deflection 

(3)Right & Left   Fuel Bias (1st Air) +  2nd Air Bias.

Figure 4.5.1   Effect of Fuel & 1st Air (+2nd Air) Bias on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Stable by Plus side !!

Various Profiles were Predicted!
It would be difficult to control R&L Deflection.  

Tilt = -30 deg Tilt = -10 deg
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Figure 4.5.2  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st&2nd Air Bias Cases: Expression     Bottom     (No Service Mill)     (JK)

23.4[%]             18.7[%]               6.8[%]           -20.8[%]            -33.9[%]

14.6[%]             14.0[%]             12.2[%]            9.4[%]                 2.2[%]

15.1[%]               6.6[%]              3.5[%]            13.2[%]                5.2[%]

16.1[%]             14.0[%]             5.3[%]             -7.4[%]             -16.5[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 
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Figure 4.5.3  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st&2nd Air Bias Cases: Expression     Bottom2     (No Service Mill)     (GH)

11.1[%]                 7.7[%]               3.8[%]            -11.3[%]             -24.9[%]

16.9[%]                7.9[%]              11.8[%]            -5.3[%]              -11.2[%]

0.6[%]                0.4[%]               7.4[%]               4.4[%]                2.6[%]

-3.2[%]            -36.5[%]            13.5[%]              13.1[%]              29.7[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 
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Figure 4.5.4  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st&2nd Air Bias Cases: Expression     Middle     (No Service Mill)     (EF)

27.0[%]             29.3[%]              27.2[%]             12.1[%]            -25.9[%]

20.3[%]              15.0[%]             -12.5[%]            20.7[%]             13.0[%]

14.7[%]              12.7[%]            14.5[%]              8.4[%]                 3.8[%]

3.9[%]             30.4[%]            16.1[%]              2.4[%]                21.5[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 
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X
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△
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Tilt Angle
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Figure 4.5.5  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st&2nd Air Bias Cases: Expression     Top2     (No Service Mill)     (CD)

11.9[%]               13.4[%]              11.4[%]           -18.7[%]             -15.0[%]

10.7[%]              16.0[%]              16.3[%]             3.8[%]                5.6[%]

11.9[%]              14.4[%]              5.7[%]             18.3[%]              19.4[%]

5.2[%]               10.3[%]             3.5[%]              9.2[%]              13.0[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 
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Figure 4.5.6  Isothermal Surface = 1000 deg in SH Zone

Bias%(L-R)    -20[%]            -10[%]              0[%]               +10[%]             +20[%]
Fuel+1st&2nd Air Bias Cases: Expression     Top     (No Service Mill)     (AB)

29.0[%]               29.0[%]              -4.9[%]             -8.2[%]             -7.0[%]

20.2[%]              16.6[%]                7.7[%]             -5.0[%]              -7.0[%]

14.9[%]              13.3[%]             15.2[%]             8.6[%]                3.6[%]

-5.1[%]                  4.9[%]             6.8[%]             10.7[%]              14.1[%]

Red Values: R&L Deflection of Heat Recovery (Div+Platen)
Good Condition:   Small Deflection & Flat Isothermal lines 
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Table 4.5.1    Effect of Fuel & 1st Air (+2nd Air) Bias on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Straight Straight Straight Straight Straight
-20 -10 0 10 20

Bottom -30 16.08 14.01 5.32 -7.36 16.51
(JK) -10 15.14 6.58 3.48 13.27 5.23

0 14.58 14.01 12.19 9.40 2.18
30 23.41 18.72 6.81 -20.80 -33.94 

Bottom2 -30 -3.16 -36.46 13.56 13.09 29.66
(GH) -10 0.64 0.42 7.37 4.37 2.64

0 16.85 7.89 11.84 -5.29 -11.23 
30 11.07 7.71 3.79 -11.31 -24.88 

Middle -30 3.89 30.43 16.10 2.35 21.46
(EF) -10 14.66 12.66 14.51 8.35 3.79

0 20.29 14.96 -12.53 20.70 12.99
30 26.99 29.27 27.20 12.09 -25.90 

Top2 -30 5.22 10.31 3.45 9.22 13.03
(CD) -10 11.92 14.41 5.57 18.31 19.42

0 10.72 16.00 16.13 3.80 5.55
30 11.92 13.38 11.36 -18.71 -15.02 

Top -30 -5.11 4.91 6.78 10.71 14.08
(AB) -10 14.92 13.32 15.16 8.62 3.60

0 20.21 16.58 7.66 -4.97 -6.98 
30 29.00 29.00 -4.92 -8.16 -7.00 

13.79 15.55 10.29 10.54 13.75
29.00 36.46 27.20 20.80 33.94
0.64 0.42 3.45 2.35 2.18

Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)
Figure 4.5.7  Effect of the heater combination on the R & L Deflection

under the Fuel + 1st & 2nd Air bias condition
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●R & L deflection seems to be minimum in non-bias condition (Bias Fraction=0%).
●Effect of the Cross Combination 2 and 3: 

+ Cross combination 2 and 3 is very effective to minimize the deflection 
under a lot of operating conditions.

+Cross combination 1 is also effective, 
but a big deflection is sometimes found in bias condition.

●It would be better to take non-bias condition with the cross combination.

Table 4.5.2  Effect of Fuel & 1st Air (+2nd Air) Bias with Cross 1 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross1 Cross1 Cross1 Cross1 Cross1
-20 -10 0 10 20

Bottom -30 13.37 6.92 2.50 -6.32 7.45
(JK) -10 8.47 7.94 2.33 6.07 7.16

0 5.56 6.92 8.78 7.76 7.83
30 8.17 7.44 4.83 -14.91 -19.53 

Bottom2 -30 2.32 -12.51 -0.73 -5.15 7.62
(GH) -10 -3.07 -5.59 1.85 6.53 8.03

0 -1.68 -3.68 6.96 9.07 5.80
30 5.99 4.94 3.74 -11.31 -13.80 

Middle -30 0.56 6.35 8.25 -3.53 5.59
(EF) -10 4.65 4.09 7.41 7.19 5.27

0 9.58 10.20 -14.29 9.91 8.99
30 10.37 10.43 11.73 6.22 -9.41 

Top2 -30 14.49 9.66 -0.53 2.90 4.47
(CD) -10 7.70 8.17 6.98 7.51 6.43

0 7.27 7.86 8.64 7.09 7.60
30 8.02 8.55 6.87 -16.41 -8.15 

Top -30 9.62 11.11 4.83 3.14 3.65
(AB) -10 7.71 6.67 6.81 7.06 6.81

0 8.44 5.30 8.14 6.16 5.99
30 12.35 12.33 -8.79 -1.82 3.75

7.47 7.83 6.25 7.30 7.67
14.49 12.51 14.29 16.41 19.53
0.56 3.68 0.53 1.82 3.65

Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)

ABS(Orange Frame)
<±10%

Table 4.5.3  Effect of Fuel & 1st Air (+2nd Air) Bias with Cross 2 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross2 Cross2 Cross2 Cross2 Cross2
-20 -10 0 10 20

Bottom -30 2.63 -3.72 -1.40 -3.41 -3.48 
(JK) -10 -2.81 3.47 -2.43 -4.06 2.98

0 -5.59 -3.72 -0.42 0.60 6.69
30 -6.59 -5.18 -0.29 -4.59 -0.79 

Bottom2 -30 3.94 11.24 -11.73 -13.27 -10.58 
(GH) -10 -4.25 -6.85 -3.56 3.53 6.66

0 -13.63 -10.57 -2.18 14.02 14.36
30 -0.15 -0.39 -0.10 -6.59 0.44

Middle -30 -1.85 -15.65 -1.81 -6.27 -7.86 
(EF) -10 -5.94 -4.81 -1.55 2.59 2.89

0 -4.42 0.01 -6.10 -5.77 -1.92 
30 -7.97 -10.79 -8.65 -4.31 5.04

Top2 -30 11.54 3.24 -3.72 -3.05 -3.83 
(CD) -10 -0.23 -2.20 2.95 -7.10 -8.86 

0 -0.38 -3.83 -3.26 3.26 3.15
30 1.19 -0.17 -2.42 -9.42 -3.15 

Top -30 13.30 8.19 -0.14 -4.02 -5.39 
(AB) -10 -3.33 -3.19 -3.95 1.04 4.24

0 -6.75 -6.83 3.45 9.56 10.94
30 -7.33 -8.75 -9.52 1.00 6.76

5.19 5.64 3.48 5.37 5.50
13.63 15.65 11.73 14.02 14.36
0.15 0.01 0.10 0.60 0.44

Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)

ABS(Orange Frame)
<±10%
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Table 4.5.4  Effect of Fuel & 1st Air (+2nd Air) Bias with Cross 3 on the R & L Deflection
Plus value = Left (high),  Minus value = Right (high) 

Pattern Tilt Cross3 Cross3 Cross3 Cross3 Cross3
-20 -10 0 10 20

Bottom -30 5.35 3.37 1.42 -4.45 5.58
(JK) -10 3.86 2.11 -1.28 3.14 1.04

0 3.43 3.37 2.99 2.25 1.04
30 8.64 6.10 1.68 -10.48 -15.20 

Bottom2 -30 -1.55 -12.71 2.56 4.97 11.46
(GH) -10 -0.54 -0.84 1.96 1.37 1.27

0 4.90 1.00 2.70 -0.34 -2.67 
30 4.93 2.38 -0.05 -6.59 -10.65 

Middle -30 1.48 8.44 6.05 -0.39 8.01
(EF) -10 4.08 3.76 5.56 3.74 1.40

0 6.29 4.77 -4.34 5.02 2.08
30 8.64 8.05 6.83 1.56 -11.46 

Top2 -30 2.27 3.89 0.27 3.27 4.72
(CD) -10 4.00 4.04 1.53 3.70 4.13

0 3.07 4.31 4.23 -0.03 1.10
30 5.08 4.66 2.07 -11.72 -10.01 

Top -30 -1.43 1.99 1.81 3.54 5.03
(AB) -10 3.89 3.46 4.40 2.60 1.03

0 5.02 4.45 2.96 -1.57 -2.03 
30 9.32 7.93 -5.65 -5.34 -3.99 

4.39 4.58 3.02 3.80 5.20
9.32 12.71 6.83 11.72 15.20
0.54 0.84 0.05 0.03 1.03

Max(ABS(df%))
MIN(ABS(df%))

Evaluation Item R&L Deflection of Heat Recovery
    (Division Panel + Platen) 

AverageABS(df%)

ABS(Orange Frame)
<±10%

The result of Simulation
Air and Fuel Bias 

●Effect of the Cross Combination 2 and 3: 
+ Cross combination 2 and 3 is very effective to minimize the deflection 

under a lot of operating conditions.
+However, a big deflection is sometimes found in bias condition.

●It would be better to take non-bias condition with the cross combination.

●R & L deflection dose not have a consistent tendency to the bias fraction. 
Tilt=-10deg:R & L deflection is stable by plus value.

(Strong swirl flow in the furnace)
Tilt=+30deg:The big changing by bias was predicted.

(Weak swirl flow in the furnace)

●It would be very difficult to control R&L deflection by this bias operation.  
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