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Increasing Production SpeedsIncreasing Production Speeds
via Heat Balance Controlvia Heat Balance Control

With IR SensingWith IR Sensing

FromFrom
FundamentalsFundamentals

to Frontiersto Frontiers
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Speed Increase StagesSpeed Increase Stages

Present SpeedPresent Speed

MonitorMonitor
Product ExitProduct Exit

Monitor ProductMonitor Product
in Processin Process

Monitor ProductMonitor Product
Input and  inInput and  in

ProcessProcess

Monitor ProductMonitor Product
Input PreheatInput Preheat

and  in Processand  in Process

BALANCED HEATBALANCED HEAT
INPUT VIA IRINPUT VIA IR

CONTROLCONTROL
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FundamentalsFundamentals

•• Infrared Physics and Math (Briefly)Infrared Physics and Math (Briefly)

•• EmissivityEmissivity  High and Low High and Low

•• Principles of thePrinciples of the  IRt IRt/c in Non-Contact/c in Non-Contact
Temperature MeasurementTemperature Measurement

•• Heat Transfer Physics and Math (Briefly)Heat Transfer Physics and Math (Briefly)
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FrontiersFrontiers
•• Principles of the Heat Balance inPrinciples of the Heat Balance in

Time and SpaceTime and Space

•• The Speed Boost EquationThe Speed Boost Equation

•• Balanced Heat Input via IR ControlBalanced Heat Input via IR Control

•• ApplicationsApplications
–– Laminating, Drying, Printing, Heat Sealing,Laminating, Drying, Printing, Heat Sealing,

Color CopyingColor Copying

•• High Speed Event DetectionHigh Speed Event Detection
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Max Planck ~ 1900Max Planck ~ 1900
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•• DesparationDesparation  Move to Move to
Explain Black BodyExplain Black Body
RadiationRadiation

•• Mathematical Equation forMathematical Equation for
Thermal Radiation UsingThermal Radiation Using
QuantaQuanta

Wavelength

qλ
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Albert Einstein ~ 1905Albert Einstein ~ 1905

•• Confirmed Planck’sConfirmed Planck’s
Quanta by ExplanationQuanta by Explanation
of of Photoelectric EffectPhotoelectric Effect

•• But Never Really LikedBut Never Really Liked
the Eventual Resultthe Eventual Result
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ErwinErwin
SchrodingerSchrodinger
~ 1935~ 1935

•• The Cat ParadoxThe Cat Paradox
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Basic Infrared EquationsBasic Infrared Equations
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EmissivityEmissivity
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Wavelength DependentWavelength Dependent
EmissivityEmissivity
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LowLow  Emissivity Emissivity  Surfaces Surfaces

TheoreticalTheoretical Real:Real:  Uncoated Uncoated
MetalsMetals

Perfect Mirror
Emissivity = 0.0

Reflectivity = 1.0

1.0

Poor Emitter
Emissivity = 0.1

Reflectivity = 0.9

1.0
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HighHigh  Emissivity Emissivity  Surfaces Surfaces

TheoreticalTheoretical Real:Real:
Non-MetalsNon-Metals

Perfect Blackbody
Emissivity = 1.0

Reflectivity = 0.0

1.0

Good Emitter
Emissivity = 0.9

Reflectivity = 0.1

1.0
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Measuring HighMeasuring High  Emissivity Emissivity
SurfacesSurfaces

•• Use Sensors Designed For HighUse Sensors Designed For High  Emissivity Emissivity

•• Calibrate Sensors to Actual Material inCalibrate Sensors to Actual Material in
Production Process for High AccuracyProduction Process for High Accuracy

•• Use D-Series to Determine AccurateUse D-Series to Determine Accurate
Temperature for CalibrationTemperature for Calibration
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D-Series: Measure TrueD-Series: Measure True
Temperature for CalibrationTemperature for Calibration

•• Reflective cupReflective cup
provides trueprovides true
emissivityemissivity -free,-free,
and reflection-freeand reflection-free
temperaturetemperature
measurementmeasurement

•• Primary standardPrimary standard
for calibration of IRfor calibration of IR
sensorsensor
installationsinstallations
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Measuring LowMeasuring Low  Emissivity Emissivity
SurfacesSurfaces

•• Coat the Surface, Then Use HighCoat the Surface, Then Use High  Emissivity Emissivity
If Not, ThenIf Not, Then

•• Use Sensors Designed For LowUse Sensors Designed For Low  Emissivity Emissivity

•• Calibrate Sensors to Actual Material inCalibrate Sensors to Actual Material in
Production Process for High AccuracyProduction Process for High Accuracy

•• Use D-Series to Determine AccurateUse D-Series to Determine Accurate
Temperature for CalibrationTemperature for Calibration

•• Use Cavities if Available on the PartUse Cavities if Available on the Part
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Principles of thePrinciples of the  IRt IRt/c/c

+
-

TT TS TCJ

+
-

TT TS TCJ

•• No PowerNo Power
RequiredRequired

•• T/C CompatibleT/C Compatible

•• 0.00010.0001ooCC
ResolutionResolution

•• 0.010.01ooCC
RepeatabilityRepeatability

•• Intrinsically SafeIntrinsically Safe

•• Simple, Rugged,Simple, Rugged,
InexpensiveInexpensive

mVout = c ( TT - TS ) + αα ( TS -TCJ )
    = αα ( TT - TCJ )  when c = αα
αα = Seebeck coefficient
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Principles of thePrinciples of the  IRt IRt/c/c

•• Calibrated to RealCalibrated to Real
World Surfaces toWorld Surfaces to
Reduce ErrorsReduce Errors
Caused byCaused by
EmissivityEmissivity  < 1 < 1

•• OptimumOptimum
Temperature RangeTemperature Range
Selection forSelection for
Highest PossibleHighest Possible
Accuracy in RealAccuracy in Real
World ApplicationsWorld Applications

Compensates for the AmbientCompensates for the Ambient
Reflections on Real SurfacesReflections on Real Surfaces

mVout = c(εεTT + (1-εε)TS  - TS) + αα(TS - TCJ)
      = αα(TT - TCJ) when (c εε) = αα

αα = Seebeck coefficient

+
-

TT TS TCJ
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Example of Improved Accuracy:Example of Improved Accuracy:
PrintingPrinting

IR Temperature Control Accuracy:

Conventional IR 3°F (1.7°C)
IRt/c 0.2°F (0.1°C)

IR Sensor
Ink
Platen
Roll
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IRtIRt/c Signal Output/c Signal Output

-1.00-1.00

-0.50-0.50

0.000.00

0.500.50

1.001.00

1.501.50

2.002.00

2.502.50

3.003.00

00 2020 4040 6060 8080 100 F100 F

mVmV

TemperatureTemperature

Type J thermocoupleType J thermocouple

00 2020 40 C40 C

IRtIRt /c/c
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Optimum Temperature RangeOptimum Temperature Range
Selection for Highest PossibleSelection for Highest Possible

Accuracy in Real World ApplicationsAccuracy in Real World Applications

Target Temperature

600OF

 IRt/c (*) - ** - 440F/220C  
  IRt/c (*) - ** - 340F/170C  
  IRt/c (*) - ** - 280F/140C  
  IRt/c (*) - ** - 240F/120C  
  IRt/c (*) - ** -   180F/90C  

  IRt/c (*) - ** -     50F/10C  
  IRt/c (*) - ** -     80F/27C  
  IRt/c (*) - ** -   140F/60C  

  IRt/c (*) - ** -  98.6F/37C  

0 100 200 300 400 500

Special Biomedical Calibration

100500 150 200 250

O F

CO

320 - 500F  (160 - 260C)  
280 - 370F  (140 - 190C)  
240 - 330F  (115 - 165C)
180 - 250F  (80 - 120C)
140 - 220F  (60 - 105C)

0 - 85F        (-18 - 30C)
32 - 120F    (0 - 50C)
70 - 190F    (20 - 90C)

Model Number Optimum Range
Optimum Sensor ChartSelect

Human Body Range
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Signal Output PolynomialsSignal Output Polynomials
For User ProgrammingFor User Programming

  Master Polynomial Table forMaster Polynomial Table for  IRt IRt/c Signal Output/c Signal Output

  

  

(TT - CJT) = A*(mV)^6 + B*(mV)^5 + C*(mV)^4 + D*(mV)^3 + E*(mV)^2 + F*(mV) + G(TT - CJT) = A*(mV)^6 + B*(mV)^5 + C*(mV)^4 + D*(mV)^3 + E*(mV)^2 + F*(mV) + G

  

  AA BB CC DD EE FF GG

  

IRtIRt/c./c.xxxxxx  - J - 50F/10C - J - 50F/10C   -6.14473E-09-6.14473E-092.08199E-062.08199E-06-2.72953E-04-2.72953E-041.75317E-021.75317E-02-5.84883E-01-5.84883E-011.53005E+011.53005E+0100

IRtIRt/c./c.xxxxxx  - J - 80F/27C - J - 80F/27C   -2.83996E-08-2.83996E-087.41635E-067.41635E-06-7.54046E-04-7.54046E-043.79224E-023.79224E-02-1.00406E+00 2.06592E+01-1.00406E+00 2.06592E+0100

IRtIRt/c./c.xxxxxx  - J - 140F/60C - J - 140F/60C   -4.31591E-08-4.31591E-081.06077E-051.06077E-05-1.01002E-03-1.01002E-034.72155E-024.72155E-02-1.14872E+00 2.20397E+01-1.14872E+00 2.20397E+0100

IRtIRt/c./c.xxxxxx  - J - 180F/90C - J - 180F/90C   -7.03138E-08-7.03138E-081.59317E-051.59317E-05-1.39844E-03-1.39844E-036.02655E-026.02655E-02-1.35167E+00 2.39075E+01-1.35167E+00 2.39075E+0100

IRtIRt/c./c.xxxxxx  - J - 240F/120C - J - 240F/120C   -1.05707E-07-1.05707E-072.23776E-052.23776E-05-1.83521E-03-1.83521E-037.38926E-027.38926E-02-1.54843E+00 2.55885E+01-1.54843E+00 2.55885E+0100

IRtIRt/c./c.xxxxxx  - J - 280F/140C - J - 280F/140C   -1.89514E-07-1.89514E-073.63996E-053.63996E-05-2.70839E-03-2.70839E-039.89395E-029.89395E-02-1.88106E+00 2.82034E+01-1.88106E+00 2.82034E+0100

IRtIRt/c./c.xxxxxx  - J - 340F/170C - J - 340F/170C   -2.99852E-07-2.99852E-075.33519E-055.33519E-05-3.67751E-03-3.67751E-031.24452E-011.24452E-01-2.19192E+00 3.04447E+01-2.19192E+00 3.04447E+0100

IRtIRt/c./c.xxxxxx  - J - 440F/220C - J - 440F/220C   -5.20472E-07-5.20472E-078.44263E-058.44263E-05-5.30444E-03-5.30444E-031.63572E-011.63572E-01-2.62438E+00 3.31770E+01-2.62438E+00 3.31770E+0100
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  Thermal EnergyThermal Energy
Balance in SpaceBalance in Space

and Time:and Time:
The The SpaceSpace  Domain Domain
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Principles of thePrinciples of the  IRt IRt/c:/c:
 With Heat Balance With Heat Balance

+
-

T T T S T C JT C

+
-

T T T S T C JT C

•• AutomaticallyAutomatically
Computes HeatComputes Heat
Balance, UsingBalance, Using
Material PropertiesMaterial Properties
AloneAlone

•• Can be ConfiguredCan be Configured
forfor  Unpowered Unpowered  or or
PoweredPowered
ConfigurationsConfigurations

mVout = c((TC - TS)(1/k) + TS -TS) + αα(TS - TCJ)
     = αα(TC - TCJ)     when c = (ααk)

αα = Seebeck coefficient
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Heat Balance Example:Heat Balance Example:
Internal Tire TemperaturesInternal Tire Temperatures



EXERGEN
C  O  R  P  O  R  A  T  I  O  NIncreasing Production Speeds via IR -Controlled Heat Balance

Non-Invasive FluidNon-Invasive Fluid
Temperature in Tubing viaTemperature in Tubing via  IRt IRt/c/c

Heat BalanceHeat Balance

TaTsTf

Rf Rt Ro

Tw

Radiation +
Convection
Heat Transfer

q

( )T
R R R

R
T T Tf

f t o

o
s a a=

+ +
− +
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Ultra-Miniature InfraredUltra-Miniature Infrared
Thermocouple With Heat BalanceThermocouple With Heat Balance

ø 0.625 (15.9)

.65 (16.5)

1X

1X
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  Thermal EnergyThermal Energy
Balance in SpaceBalance in Space

and Time:and Time:
The The TimeTime  Domain Domain
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JeanJean  Baptiste Baptiste  Joseph  Joseph FourierFourier
1768-18301768-1830

•• Fourier’s Equation of Heat ConductionFourier’s Equation of Heat Conduction

•• Unsteady State Heat Conduction forUnsteady State Heat Conduction for
Moving MaterialsMoving Materials

q
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Pierre Simon Marquis dePierre Simon Marquis de   LaPlaceLaPlace
1749 -18271749 -1827

•• LaplaceLaplace  Transform Method of Solution Transform Method of Solution

•• Converts Partial Differential Equation toConverts Partial Differential Equation to
Ordinary Differential EquationOrdinary Differential Equation

T x s e T x t dtst( , ) ( , )= −
∞

∫
0

d T

dx

s
T

To
2

2
− =

κκ κκ
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FrancescoFrancesco  Pompei Pompei
1948 -1948 -

•• New Method of Solution Leads to a GeneralNew Method of Solution Leads to a General
Equation for Non-Contact TemperatureEquation for Non-Contact Temperature
Monitoring of Monitoring of InternalInternal  Temperatures of Temperatures of
Moving MaterialsMoving Materials

( ) ( )T
h

k
a

T T T
a

T Tc s s s= 





− + + 





−








 −∞

ττκκ
ττκκ ττκκ

sinh cosh 1 0   
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•• Which simplifies toWhich simplifies to

T K T T T K T Tc s s s o= − + + −∞1 2( ) ( )

where

   ,   KK
a

ha
k

a a1 2
1 1 1

1)=








 =









 −τκτκ

τκτκ τκτκ
sinh (cosh

( )1 1 2

a
Fo

ha
k

Biττκκ = =/    ,   and  
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Deriving The Speed BoostDeriving The Speed Boost
EquationEquation

•• Set the surface temperature equal to theSet the surface temperature equal to the
center temperature, then the equationcenter temperature, then the equation
reduces toreduces to

•• Since Since KK22/K/K11 is a function only of material is a function only of material
properties and speed:properties and speed:

T K T T T K T Tc s s s o= − + + −∞1 2( ) ( )

T T

T T
T T

K
K

c s

s

s o

=
−
−

=∞( )
( )

2

1
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The Speed Boost EquationThe Speed Boost Equation

( )
( )

V

V

T

T
T

T T

T T
new

old

new

old

s

s o
= =

−
−

∞
∆

∆
∆,    where 

•• General Equation for Non-Contact IR TemperatureGeneral Equation for Non-Contact IR Temperature
Monitoring of Monitoring of InternalInternal  Temperatures of Moving Temperatures of Moving
Materials is Combined with Surface TemperatureMaterials is Combined with Surface Temperature

•• Leads to Uniform Material Temperature WhenLeads to Uniform Material Temperature When
Controlled via the Controlled via the Speed Boost EquationSpeed Boost Equation

•• Which Forces the Control System to Apply Heat at anWhich Forces the Control System to Apply Heat at an
Optimally Optimally BalancedBalanced  Rate Rate

The ratio can be formed, which then becomes:The ratio can be formed, which then becomes:
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ApplyingApplying
The Speed Boost EquationThe Speed Boost Equation

ToTs
T∞∞

Thermal Input (oven,
dryer, rolls, etc.)

Speed V

( )
( )

V

V

T

T
T

T T

T T
new

old

new

old

s

s o
= =

−
−

∞
∆

∆
∆,    where 



EXERGEN
C  O  R  P  O  R  A  T  I  O  NIncreasing Production Speeds via IR -Controlled Heat Balance

Speed Boost Equation is GenerallySpeed Boost Equation is Generally
Linear for Most ApplicationsLinear for Most Applications

Speed % IncreaseSpeed % Increase

∆T
T T
T T

s

s o
= −

−
∞

% Increase% Increase

2525 5050

2525

5050
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Implementing Speed BoostImplementing Speed Boost
to Include Non-to Include Non- LinearitiesLinearities

Speed % Increase

∆T
T T
T T

s

s o
= −

−
∞

% Increase

25 50

25

50

•• Apply step-wise speedApply step-wise speed
increases in accordanceincreases in accordance
with speed boostwith speed boost
equation, andequation, and  renormalize renormalize
at new operatingat new operating
condition to account forcondition to account for
property changes.property changes.

•• For variable speedFor variable speed
systems, program tosystems, program to
follow the characteristicfollow the characteristic
curve.curve.

Speed Changes
Followed by

Renormalization
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•• Existing Set-up:Existing Set-up:
TToo oo = 105 C= 105 C
TTss = 85 C = 85 C
TToo = 25C = 25C

•• New Set-up:New Set-up:
TToo oo = 120 C= 120 C
TTss = 85 C = 85 C
TToo = 25C = 25C

•• Potential SpeedPotential Speed
Increase*:Increase*:

⇒⇒ 25% 25%

Example Speed Boost: LaminatingExample Speed Boost: Laminating

∆T
T T
T T

s

s o
= −

−
∞

*Assuming all other factors are permitting

TToooo TTooTTss
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Example Speed Boost: DryingExample Speed Boost: Drying

•• Existing Set-up:Existing Set-up:
TToo oo = 260 C= 260 C
TTss = 85 C = 85 C
TToo = 25 C = 25 C

•• New Set-up:New Set-up:
TToo oo = 260 C= 260 C
TTss = 85 C = 85 C
TToo = 40 C (with preheat) = 40 C (with preheat)

•• Potential SpeedPotential Speed
Increase*:Increase*:

⇒⇒ 33% 33%

∆T
T T
T T

s

s o
= −

−
∞

*Assuming all other factors are permitting

TToo

TTooooTTss
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Precision Drying Control forPrecision Drying Control for
Maximum Production SpeedMaximum Production Speed

Relative Temperatures Relative Temperatures 
atat IRt IRt/c Locations/c Locations

Dry-Out Point (Phase Change)Dry-Out Point (Phase Change)
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Example Speed Boost: Heat SealingExample Speed Boost: Heat Sealing

•• Existing Set-up:Existing Set-up:
TToo oo = 150 C= 150 C
TTss = 120 C = 120 C
TToo = 25 C = 25 C

•• New Set-up:New Set-up:
TToo oo = 150 C= 150 C
TTss = 120 C = 120 C
TToo = 45 C (with preheat = 45 C (with preheat

added)added)

•• Potential SpeedPotential Speed
Increase:Increase:

⇒⇒ 27% 27%

TToo

TToooo

TTss

∆T
T T
T T

s

s o
= −

−
∞
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Example: High Speed  ColorExample: High Speed  Color
Copy ProcessCopy Process

Paper Flow

Energy Flow

∆T
T T
T T

s

s o
= −

−
∞

TToo

TTooooTTss
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Speed Boost EquationSpeed Boost Equation

•• Above Can Be a Simplified ControlAbove Can Be a Simplified Control
AlgorithmAlgorithm

•• Keep Equation Balanced to Within a Few %Keep Equation Balanced to Within a Few %
to Avoid Non-Uniformity in Materialto Avoid Non-Uniformity in Material
TemperatureTemperature

( )( ) ( )( ) T  ∞ = + −∆ ∆T T T Ts o1

Heat Source Temperature

Control Loop Gain

Product Surface -
setpoint

Product Input

( )
( )

V
V

T

T
T

T T
T T

new

old

new

old

s

s o
= = −

−
∞

∆

∆
∆,    where 
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SnakeEyeSnakeEye Photocell-Like Non-ContactPhotocell-Like Non-Contact
Thermal InspectionThermal Inspection
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SnakeEyeSnakeEye

Length
Line Speed

Gap

Gap/ObjectGap/Object

TemperatureTemperature

DifferenceDifference 55 msec msec
TrailingTrailing

EdgeEdge

SwitchingSwitching

LeadingLeading
EdgeEdge

SwitchingSwitching

Thermal Switching of Objects WithThermal Switching of Objects With
Less Than 1Less Than 1 ooC DifferentialC Differential

Photocell-Like Non-ContactPhotocell-Like Non-Contact
Thermal SwitchesThermal Switches
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Principles of thePrinciples of the  SnakeEye SnakeEye

time

Field of ViewField of View

Heat SourceHeat Source

InputInput
ThermalThermal

SignatureSignature

OutputOutput
ThermalThermal

SwitchingSwitching

•• The heat sourceThe heat source
enters the field-of-enters the field-of-
view of theview of the
SnakeEyeSnakeEye  and is and is
detected by thedetected by the
sensing system.sensing system.

•• If the rate of changeIf the rate of change
is of sufficientis of sufficient
magnitude themagnitude the
SnakeEyeSnakeEye  causes causes
the output to switch.the output to switch.
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Detecting Presence/AbsenceDetecting Presence/Absence
Hidden Foil Safety SealHidden Foil Safety Seal

Induction HeaterInduction Heater

PharmaceuticalPharmaceutical
BottleBottle

Heat Signature of Heated Foil Through CapHeat Signature of Heated Foil Through Cap



EXERGEN
C  O  R  P  O  R  A  T  I  O  NIncreasing Production Speeds via IR -Controlled Heat Balance

ErwinErwin
SchrodingerSchrodinger
~ 1935~ 1935

•• The Cat ParadoxThe Cat Paradox
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You Cannot Know For Sure ThatYou Cannot Know For Sure That
the Product is Right Unless Youthe Product is Right Unless You

Look...Look...

WithWith
EXERGENEXERGENIRIR

SensorsSensors
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